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Abstract

SharedMemorySystemswith a globally consistentmem-
ory abstractionare currentlyverysuccessful.Themainrea-
son for this can be seenin their ease–of–useand the con-
venientprogrammingmodel which is close to the sequen-
tial one. Especiallythememorycoherencymechanismscon-
tributeto this,astheprogrammerdoesnot haveto take care
of anydataconflictsor memoryupdateoperations.Thiscon-
venience, however, comeswith theprice of a restrictedscal-
ability of such systemssinceconsistencyenforcing mecha-
nismsareof globalnatureandthereforeinfer machineglobal
data traffic. This is true for both UMA architectures with
their snoopingprotocolsand NUMA systems,which mostly
deploysomekind of directoryscheme. Onewayto solvethis
scalability problem,while maintainingthe abstraction of a
global memory, is to omit any hardware coherencymech-
anism and to replaceit with appropriate software mecha-
nisms. This can be done in a way that the impact on the
programmingmodelis minimizedby relyingon a formalized
relaxedconsistencymodel,a formalismwell establishedin
SW–DSMsystems.Theresultare architectureswith similar
programmabilitypropertiescomparedto their coherentcoun-
terparts,but with significantlyhigherscalabilityproperties.

1 Moti vation

Currently, a trend towardssharedmemorysystemswith
a globally consistentmemoryabstractioncan be observed;
in recent years several of such systemshave been built
andsuccessfullymarketedusingbothUniform MemoryAc-
cess(UMA) architectures,like the SUN Enterpriseservers
[33] or the HP Superdomesystems[31], or Non Uniform
MemoryAccess(NUMA) architectures,like theSGI Origin
2000/3000[14]. In addition,severalnew systemsof thisclass
areplannedor announcedfor thenearfuture.

Thesesystemsmaintainthe coherency betweenthe indi-
vidual processorsandcachesin hardwareusinga cacheco-
herency protocolwhichguaranteesaconsistentmemoryview
at any timeon any processor. While this is averyconvenient
abstractionfor the userof suchsystems,it often provides
a consistency which is too strongwith respectto the actual

applicationrequirementsandhenceinfersunnecessaryover-
head. In addition,thesecachecoherency mechanismsarea
major sourceof the scalability limitations of currentshared
memorymultiprocessors.They all rely, independentof their
internalorganization,on theautomaticinvalidationof shared
cachelines in the caseof updatesfrom a remoteprocessor
andhenceinvolve somekind of global communicationpro-
cedureon every sharedwrite operation.Thenecessaryhard-
waremechanismsalsoaddcomplexity to theoverall system
designand mostly rely on complex proprietaryor custom
hardwarecomponentsin orderto supporta competitive sys-
temsize.

Sharedmemorysystemsbasedon HardWareDistributed
SharedMemory (HW–DSM) mechanisms,but without co-
herency mechanisms,ontheotherhand,aresimplerandmore
straightforward to build. They canbe basedon commodity
processor/cachemodules,which do not needto beawareof
thefactthatthey areusedin amultiprocessorsystem,andon
simplifiedinterconnectionfabricswithouttheneedto support
specialcoherency mechanisms.This leadsto asignificantre-
ductionin systemdevelopmentandproductioncost,andad-
ditionally to performanceimprovementsdueto reducedcom-
munication/updatetraffic. This forms the basefor a higher
systemscalability.

Themaindisadvantageof this approachis the lossof the
consistentview on thememory, which needsto becompen-
satedin orderto reacha stableandreliableenvironmentfor
the user. This, however, canbe easilyaccomplishedby ap-
plying the formalismof relaxed consistency models,which
arewell known from theSW–DSM domain[16, 18, 5], and
researchin thisarea(e.g.[13, 10, 21]) hasshown thatrelaxed
consistency modelsonly leadto aminimal impactonthepro-
grammability. Hence,the ease-of-useis maintaineddespite
themissinghardwarecoherency mechanisms.Non–coherent
systems,in coordinationwith an appropriatehardware co-
herency management,arethereforecompetitive alternatives
to their coherentcounterpartsandhave thepotentialto break
thescalabilitybarrierfor this classof machines.

This paperinvestigatesthe architecturalbenefitsgained
from dropping hardware consistency mechanismsand de-
scribesthe necessarysoftware consistency techniquesre-
quired to establisha reliableprogrammingplatform on top
of them. This also includesa detaileddescriptionon how



to implementReleaseandScopeConsistencyin suchanen-
vironment. In addition, the paperpresentsa setof simula-
tion resultsvalidating the claim for increasedperformance
andscalabilityonsuchsystems.They show thattheseareca-
pableof outperformingtheir hardwarecoherentcounterparts
in mostcasesandespeciallyin largersystemconfigurations.

Theremainderof this paperis structuredasfollows. Sec-
tion 2 featuresa brief introductioninto currentconsistency
mechanismsfor both UMA andNUMA machines.In Sec-
tion 3 the relaxationof memoryconsistency andits impact
on both the architectureand the programmingof suchsys-
temsis discussed,followedby a detaileddescriptionon how
to implementtwo samplerelaxedconsistency modelsonsuch
a platform in Section4. In Section5, the resultsof a study
is shown comparingtheperformanceof non–cache–coherent
sharedmemorymachineswith their coherentcounterparts.
The paperis roundedup by someconclusionsand a brief
outlookon futurework in Section6.

2 Consistencyin Shared Memory Systems

Currentsharedmemorysystemsaremostly implemented
in a hardware coherentfashion. This meansthat the co-
herency betweentheindividualcaches,whicharedistributed
in thesystem,is maintainedautomaticallyandtransparently
by thesystem.Dependingon thebasearchitecture,two prin-
ciple approachesfor this can be distinguished:passive ap-
proachesbasedon snoopingprotocolsandactiveapproaches
basedon somekind of directoryinformationaboutthecon-
tentsof remotecaches.

Thebestknown representativesof theformergroupis the
MESI or Illinois protocol[19]. It is typically appliedin bus–
basedSMPsystemsasit dependson all processorsor cache
controllerslisteningto all memorytraffic on thebus. Based
on thissnoopedinformationthestatusof thelocalcachetags
is accordinglyadjustedusinga simplestatemachine.By re-
lying on this kind of broadcastpropertyof a bus,however, it
alsoinheritsthescalabilitylimitationsof bussystems.In ad-
dition, it requiresthatall traffic is globallypropagatedwithin
abuscycle limiting thebusclock frequency andthephysical
systemsize.

Thesecondgroup,theactivecoherency protocols,aimsat
avoiding the necessityof relying on the observation of co-
herency eventsonacommonbusandhenceenablenon–bus–
basedsharedmemorymultiprocessors.They maintaindis-
tributedinformationaboutsharedreplicateddataon remote
processors.Several differentwayshave beenproposedand
implementedto managethis information,including directo-
riesasit is donein theStanfordDASH [15] or theSGI Ori-
gin O2000/3000[14], or hardwaremaintainedlinkedlists as
it is donein theScalableCoherentInterface(SCI) [9]. How-
ever, alsohereall updatesneedto bepropagatedto processors
holdingreplicasof thatdata,againleadingto globalcommu-
nication. In addition, the maintenanceof either directories
or linked–listsrequirescomplex customhardwarewith direct
accessto theprocessor/memorybus. In mostcasesthis pro-
hibits theuseof low–costcommoditycomponents.

3 RelaxedConsistencyand its Implications

As discussedabove,thepresenceof animplementationof
coherentsharedmemoryin hardwarelimits thescalabilityof
theunderlyingsystem.In addition,it increasesthehardware
complexity of suchsystemsandpreventstheir implementa-
tion from commoditycomponents.To avoid theseproblems,
this work thereforeinvestigatesthe useof sharedmemory
architectureswithout hardwaresupportfor coherency andil-
lustratesboththebenefitsandchallengesencounteredin this
classof systems.

The modificationsexaminedin this work are, however,
solelydirectedto thecoherency mechanismsof sharedmem-
ory systems.Thebasearchitectureproviding a globalmem-
ory abstractionin hardwareat eithera physicalor virtual ad-
dressspaceis always maintained. This has to be seenin
contrastto the well examineddistributedmemoryarchitec-
turesin combinationwith SoftWareDSM (SW–DSM) sys-
tems,which establisha global memoryabstractionin soft-
ware. Theseareableto work on any parallelarchitectureas
they canbe basedon top of any communicationsubsystem,
but have to copewith an increasedsoftwarecomplexity. By
assuminga hardwareDSM system,asit is donehere,these
overheadsareavoided[25]. In addition,thiskind of hardware
supportis easyandstraightforwardto achieve, doesinvolve
only minimal hardwarecomplexity, andprovidesanefficient
supportfor both messagepassingandsharedmemory[12].
Therefore,this kind of support,eitherin a coherentor non–
coherentfashion,is ontherisewith moreandmoreUMA and
NUMA beingintroducedby themajor systemsvendorsand
canthereforebeassumedto bepresentin a largepercentage
of futureparallelarchitectures.

3.1 Ar chitectural Advantages

Themostsignificantadvantageof non–coherentarchitec-
tures,comparedto their coherentcounterparts,is that they
canrely on fully independentprocessor/cachemodules.The
needfor any global componentor infrastructureaswell as
any systemwidedependency is removed.Theonly hardware
requirementis aninterconnectionfabriccapableof establish-
ing a global memoryabstraction,which can be reducedto
theability to performremotememoryaccessesdirectly from
the local processor. As this doesnot imposea significant
hardwarecomplexity, it leadsto astraightforwardsystemde-
sign with similarly goodscalabilitypropertiesasdistributed
memorymachines,but with theadvantageof asystemglobal
memoryabstraction.

In addition,the requirementsfor the interconnectionfab-
ric within themultiprocessorwill besignificantlyreduced,as
globalcoherency with its complex multi– or broadcaststruc-
turescanbeavoided. In addition,the interconnectionfabric
nolongerneedstobeintegratedintoacoherency controlleror
connecteddirectly to thesystembus.Altogether, they enable
theuseof commoditySystemAreaNetwork (SAN) technol-
ogyknown from clusteringinsteadof having to rely oncom-
plex custominterconnectionfabrics.



In summary, theuseof non–coherentsharedmemorysys-
temswill leadto simplerandlessspecializedsystems.It will
alsoopenthe door to developstate-of-the-artNUMA archi-
tecturesbasedon commodityclusteringtechniquesleading
to a significantreductionin bothhardwareanddevelopment
costandto a highersystemscalability. In addition,it will be
possibleto leverageonhigherbusclockspeedsat thevarious
levelsof thememorysubsystem,asglobaldependenciesare
removed.

3.2 Control Consistencyin Software

Thepricefor this reducedhardwarecomplexity is a miss-
ing consistency control for theoverall system.Thiswill lead
to inconsistentcachecontentandstaledatabeingreturnedon
readaccessesto sharedmemoryareas.A samplescenariofor
this situationis shown in Figure1. While all cachesarecon-
sistentat time ��� , thestoreoperationat time ��� only appears
in thememoryhierarchyof theissuingprocessorleaving the
old valuein thesecondcache.

Sincein the modeldiscussedin this paperall communi-
cation is solely handledin hardware, thesekind of consis-
tenciescan not be avoided. In order to still ensurea safe
andreliableexecutionenvironment,adequatesoftwaremech-
anismsneedto be deployed which arecapableof handling
the consequencesby directly controlling the variousbuffers
which canpotentiallycontainstaledata.Thesecanbefound
in any componentof the memoryhierarchy, including pro-
cessorwrite buffers, streamingbuffers in the network card,
andprefetchbuffers for both thenetwork andtheprocessor,
but themainsourceof potentialproblemsis foundin theac-
tual processorcachessincethesehave the largestcapacities.
The problemsandissuesfound in all of thesecomponents,
however, is the same. Hence,without a lossof generality,
they can be combinedinto two blocks: (1) buffers in the
readpipelinekeepingdataduplicatesincludingall hardware
cachesand(2) buffers in thewrite pipelineusedto optimize
stores.In thefollowing, theformerwill simplybereferredto
ascaches,while thelatterwill bedenotedaswrite buffers.

Eachof thesetwo componentscanbecontrolledby asep-
arateoperation.Cachescanbe invalidateddeletingall data,
includingany stalecopy; write bufferscanbeflushedandthe
datatherebypropagatedthroughthecompletestorepipeline
The former enablesthe deletionof staledatafrom the lo-
cal cache,guaranteeingthat the next accesswill producea
missandthenleadto a fetch of the mostcurrentdatafrom
main memory, while the latter representsa memorybarrier
which ensuresthat the current statusof the local proces-
sor is guaranteedto have propagatedto main memoryand
henceis available to other processors. Within this work,
both operationsare therebyassumedto work globally, i.e.
all cachesor write buffers on the local nodeareinvalidated
or flushedwithout any restrictionswith respectto address
ranges. This is doneto realistically model currentproces-
sorarchitectures,whichmostlydonotprovidethepossibility
for partial cacheinvalidations;this includesIntel’s x86 ar-
chitecture[11], which is usedasthebasearchitecturein this
study.

It shouldbe notedthat the invalidationoperationsthem-
selvesareof purely local effect, as they only affect the lo-
cally cacheddata. They arenormally implementedby call-
ing thecacheflushinstructionof theunderlyingarchitecture
andhencedo not includeany communication.Write propa-
gations,on theotherhand,causecommunicationby flushing
datato otherprocessors.However, only thedatacontainedin
currentwrite buffers is affected.As this datais of very lim-
ited size,alsothewrite flushhasonly aninsignificantglobal
impact.

Programsintendedfor non–coherentarchitecturescanuse
thesetwo operationsat thosepointsin theprogramin which
consistentdatais requiredandtherebyensurea correctpro-
gram execution. As a consequence,updatesare only per-
formedwhennecessaryfor theapplication,enablinganopti-
mizeduseof thememorysystemcustomizedto the specific
coherency requirementsof therespectiveapplication.

3.3 RelaxedConsistencyModels

This needto control theconsistency behavior in software
andthe possibilityof inconsistentdatabetweenflushes(ob-
viously) hasadirectimpacton theprogrammingmodel.The
useris (in principle)responsibleto marktheshareddataand
to identify whenaconsistentview onthedatais required— a
difficult, error-prone,andtedioustaskwhichwouldseriously
restricttheacceptanceof non–coherentmachines.

Fortunately, this taskcanbe hiddenfrom the userby ap-
plying theconceptof relaxedconsistency models.They for-
malize the useof inconsistentmemoryand hencegive the
usera safeabstraction. They are combinedwith synchro-
nizationoperations,like locks andbarriers,which arecon-
tainedin any sharedmemorycode. As accessesto shared
datanormally needsto be synchronizedanyway in orderto
preventraces,it therebyintroducesa naturalway to enforce
a consistentaccessto shareddata. This ensuresa level of
programmabilityon suchsystemswhich is closeto that of
hardwarecoherentarchitectures.

This claim hasbeensufficiently shown to be true in the
context of so called Software Distributed SharedMemory
systems(SW–DSM) [16, 18, 5]. Thesesystemsaredesigned
to provide a globalmemoryabstractionin distributedmem-
ory systemswithout any hardwaresupportfor remotemem-
ory accesses.Here,it wasnecessaryto purposelyintroduce
memory inconsistency in order to be able to delay update
propagationaslong aspossibleuntil the datais actuallyre-
questedin orderto reducethecommunicationoverhead.The
consequencesfor applications,however, are the sameas in
thecontext of non-coherentsharedmemorymachines,where
the inconsistenciesstemfrom uncoordinatedcaches;hence
thesameformalismcanbeused.

This similarity, however, is restrictedto theactualconsis-
tency model with the effect that, given any particularcon-
sistency model,any systemadheringto it providesthesame
environmentin termsof memorybehavior to theapplication.
The implementation,however, variessignificantly between
SW–DSM implementationsandthehardwarebasedsystems
with softwareconsistency controldiscussedhere.While the
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former rely on sophisticatedand complex memory update
protocolswhich are responsiblefor the actualdatatransfer
betweennodes,the approachdiscussedhererelieson hard-
wareto performthe actualdatatransfersandonly provides
meansto insertthenecessaryflushand/orinvalidationoper-
ationsinto the applicationcodes.Unlike in traditionalSW–
DSM systems,no furtherprotocolsarerequiredtherebysig-
nificantly reducingthesystemsoftwarecomplexity.

This is alsotruecomparedto existing systems,which im-
plementa global memoryabstractionusinga DSM system
relyingonmodesthardwaresupportfor efficientupdateprop-
agation.Examplesfor suchsystemsareShrimp[3] with its
automaticupdatesupportenablinglocal writes to be prop-
agatedto a secondremotenodeandCashmere[27], which
is built on top of a remotewrite network. In both cases,
though,theunderlyinginterconnectionfabricmissessupport
for readsfrom remotememory. Therefore,they still have to
rely on additionalsoftwareprotocolsto requestandretrieve
remotedata,an operationunnecessaryin the approachdis-
cussedin this paperdueto theassumedHW–DSM capabili-
ties.

4 Implementing RelaxedConsistencyModels

Thework on SW–DSM systemshasleadto thedefinition
andimplementationof several differentconsistency models
(e.g. [13, 10, 4]). Almost all of them,mostprominentlyRe-
leaseConsistency[13], canbeimplementedonnon–coherent
hardwarebycombiningtheuseof synchronizationoperations
in userapplications,like locks andbarriers,with cachein-
validationsandwrite buffer flushesasintroducedabove. In
the following, this will be demonstratedusingboth Release
ConsistencyandScopeConsistency[10], followedby abrief
outlookon how to dealwith otherconsistency models.

4.1 Example 1: ReleaseConsistency(RC)

ReleaseConsistency, asdefinedin [13], is oneof themost
commonlyusedrelaxed consistency models. Especiallyin
therealmof SW–DSM approaches,many systemshavebeen
built on top of this memorymodel, including TreadMarks
[1], HLRC [20], Quarks[28], DSM–PM2 [2], and Shasta
[22]. Eventhough,their implementationdifferssignificantly,

aseachsystemis built on top of a differentmemoryupdate
protocol, they all provide the sameconsistency model, i.e.
provide thesamememoryguaranteesto theapplication1.

ConsistencyConditions and Inter pretation

WhenusingReleaseConsistency, all memoryoperationsare
divided into synchronizingand non synchronizingopera-
tions. The first group is further split into so calledAcquire
andReleaseconstructs.The former is usedto gain permis-
sion to accessshareddata,while the latter is usedto grant
accessto shareddatato otherprocesses.

Basedon thisdivision,ReleaseConsistencyis definedus-
ing thefollowing threeconsistency conditions[13]:

1. Beforea reador write accessis allowedto performwith
respectto any otherprocessor, all previousAcquirepro-
cessesmustbeperformed.

2. Beforea Releaseis allowed to performwith respectto
any otherprocess,all previous readandwrite accesses
mustbeperformed.

3. AcquireandReleaseaccessesaresequentiallyconsistent
with respectto 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 control thetaskstructure,asonly this
groupingenablesa combinationof dataandtaskcontrol as
requiredby applicationcodes.

With regardsto locks, an Acquire is typically combined
with a lock operation,while a Releaseis combinedwith a
correspondingunlock operation. This ensuresthat the data
accessedduringthecritical sectionalwaysrepresentsthecur-
rentglobalstate(dueto theAcquire) andthatany modifica-
tion is madeavailable after the critical section(due to the
Release).

1The literature,especially[13], describesminor differencesin Release
Consistency models(Eagervs. Lazy RC). This is, however, of negligible
importancefor the application,andratheran importantclassificationcrite-
rion for theactualRCprotocolimplementation.This is thereforenot further
consideredin this work.



Implementation

Basedon this informal description,it is clearly visible that
the Acquire operationcorrespondsto the cacheinvalidation
describedabove,asin bothcasesthedataon thelocal nodes
needsto beupdated,i.e. old dataneedsto beinvalidated.On
the other side, the Releaseoperationscan be implemented
with a write flush,asin bothoperationsthelocally modified
datais pushedacrossthenetwork andthereforemadeavail-
able.

Moreprecisely, theimplementationis asfollows:

� Aquire

– Performlock operation

– Performcacheinvalidation

� Release

– Flushwrite buffers

– Performunlockoperation

This implementationapproachsatisfiesall three condi-
tions statedabove: by combiningthe consistency enforcing
operationswith therespectivesynchronizationoperationsthe
sequentialconsistency of Acquire andReleaseoperationsis
enforced,as demandedin (3). In addition, any accessto
shareddata is assumedto take placewithin the region of
mutualexclusion,ensuringthat is preceededby anAcquire,
which itself is preceededby any previousRelease. This en-
suresthatall memoryaccessesto thesharedregionhavebeen
completedandtheir resultsarefully visible. The resultsis,
therefore,a fully compliantReleaseConsistencyimplemen-
tation.

4.2 Example 2: ScopeConsistency(ScC)

The ReleaseConsistencymodeldescribedabove creates
an implicit relationbetweenReleaseand the following Ac-
quire, asany datawritten beforethe Releasemustbe made
visibleafterthefollowing Acquire. This relationcanbeloos-
enedby introducinganexplicit relationshipbetweengroups
of Acquire andReleaseoperationsandrestrict the visibility
of dataafteranAcquire to the datawritten beforea Release
within the samegroup. This createsso calledConsistency
Scopes,first introducedby [10] andimplementedin systems
likeBrazos[26] andJiaJia[7].

ConsistencyConditions

As this conceptof ScopeConsistency is just a straightfor-
wardextensionor generalizationof theReleaseConsistency
alreadydiscussedabove, alsoits consistency conditionsare
very closely related. The key differenceis the introduction
of consistency scopes,which canbe openedandclosedby
applications.Any reador write operationis thenperformed
with respectto any openscopeandwrite operationsareas-
sumedto be completedwith respectto a scopeon closing
this scope.Usingtheseconcepts,theconsistency conditions
of ScopeConsistency canbedefinedasin [10]:

1. Beforea new sessionof a consistency scopeis allowed
to openat a processP, any write previously performed
with respectto that consistency scopemust be per-
formedwith respectto P.

2. A memoryaccessis allowedto performwith respectto
aprocessPonly afterall consistency scopesessionspre-
viously enteredby P (in programorder)have beensuc-
cessfullyopened.

Informally, this definition leadsto the memorybehavior
thatmemoryaccessesmadeduringa scopeareonly guaran-
teedto be visible after the scopehasbeenclosedand also
only within thesamescopeopenedby anotherprocess.Any
otheraccessis not guaranteedto be visible. The important
consistency enforcingmechanismsin this conceptsare the
openingandclosingof scopes,astheserepresentthepoints
during a program’s executionin which the visibility of data
changes.Contrastedto ReleaseConsistency, openingascope
is the sameasan Acquire (only restrictedto the scope)and
closinga scopeis thesameasa Release(againrestrictedto
thescope).

As ReleaseConsistency, alsothis concepthasto beused
in conjunctionwith synchronizationmechanismsin orderto
allow applicationsa usefulassumptionabouttheunderlying
memorybehavior. In order to exploit the scopeconceptto
a maximum,normally eachlock is associatedwith its own
scope,asit is assumedthat eachlock is responsiblefor the
managementof a distinct part of the overall dataset. Dur-
ing thelock operationtherespectivescopeis opened,i.e. the
scopedAcquire is performed,and during the unlock oper-
ation the scopeis closedagain, i.e. the scopedReleaseis
performed.

Using this inherent connection,the usability of Scope
Consistency is drastically increased,as an explicit scope
managementwould significantly increasethe coding com-
plexity of applications. Experiments[10] have actually
shown that mostcodeswritten for ReleaseConsistency can
directly be usedwith ScopeConsistency without any code
modification,but at improvedperformance.

Implementation

The basicschemeof theScopeConsistencyimplementation
on top of HW–DSM architecturesis the sameas for the
ReleaseConsistencyimplementationdescribedabove. The
only differencelies in theexecutionof thewrite buffer flush
andcacheinvalidationoperations.Theseareenhancedby a
mechanismto detect,whethera cacheinvalidationis neces-
saryin relationto its scope,i.e. if awrite bufferflushhasbeen
donewith respectto thesamescopesincethelastcacheinval-
idation on the local node. Unnecessarycacheinvalidations
canthenbe omitted,which not only resultsin reducingthe
executiontimeby thecostof this invalidation,but evenmore
importantavoidsthenegativeimpactof invalidatedcacheson
thefurtherapplicationexecution.

To implement this schemeit is necessaryto provide a
global time stampidentifying the temporalrelationbetween
cacheinvalidationsand write buffer flushes. Such a time



stampmechanismscaneasilyimplementedbasedonaglobal
counter, in thefollowing denotedasGlobal Activity Counter
(GAC). Eachcacheinvalidationor write buffer flushis tagged
with such a time stampby reading this counter followed
by an atomicincrement.Beforea cacheinvalidation,these
time stampsarecheckedto detectunnecessaryinvalidations,
which arethenomitted.

Usingthis extendedscheme,thewrite buffer flushis per-
formedasfollows:

� Performactualwrite buffer flush

� Getnew timestampfrom theGAC

� Save the time stampin the global variableLastGlobal
Flush, which is distinctfor eachscope(LGF-scoped).

A scopedcacheinvalidationusesthis information in the
following manner:

� Checkwhethertherehasbeena write buffer flushsince
the last invalidationsby comparingthe time stampsin
LGF-scopedandLastLocal Invalidation(LLI), anode–
local variablecontainingthe time stampof the last in-
validationperformedon thelocalnode

� If LGF-scopedhasan earlier time stampthanLLI, the
invalidationis unnecessaryandcanbeomitted

� Getnew timestampfrom theGAC andstoreit in LLI

� Performactualcacheinvalidation

Again, this implementationsatisfiesthe consistency con-
straintsstatedabove,dueto thesameargumentationasabove,
andhenceguaranteesthe global visibility of datawithin its
scope.

Impact in Comparison to RC

In orderto makea first attemptto quantifythedifferencebe-
tweenReleaseandScopeConsistency, two applicationsfrom
theSPLASH–2suite[32], namelytheRADIXsortingkernel
andthe WATERN-Squared moleculardynamicscode,have
beenchosen.Thesetwo codesbothusearatherlargenumber
of locks andthereforeprovide a usefulbasisfor ananalysis
of thesetwo consistency models.

Both codeshave been executedusing the HAMSTER
environment [24]2, a framework for sharedmemory pro-
grammingon top of loosely coupledNUMA architectures.
Its currentimplementationis targetedtowardsnon–coherent
NUMA cluster basedon the ScalableCoherentInterface
(SCI) [6, 9] and implementsthe two relaxed consistency
modelsasdescribedabove. It thereforealsoprovesthefeasi-
bility andusabilityof theproposedapproachin a realworld
scenario.

Table1 summerizestheresultsof this setof experiments.
It includesdatafor bothcodesgatheredduringtwo runseach:
oneusingReleaseandoneusingScopeConsistency. In both

2For moreinformation,seealsohttp://hamster.in.tum.de/.

casesthenumberof lock, barrier, andconsistency operations
have beencollectedusingHAMSTER’s performancemon-
itoring interfaceand are presentedfor two areas: the total
code(including any operationneededby the NUMA–DSM
framework for its own setupandinitialization),andthecom-
putationalcore.

In bothcodes,theuseof Scopeconsistency enablesa sig-
nificantreductionof thenumberof Acquireoperationsduring
the execution,mainly during thecorephase.Up to 68 % of
all Acquireswereavoidedandwith themthe relatedcache
invalidationoperations.

4.3 Capabilities and Limitations

It is importantto notethat the conceptspresentedin this
work arenotboundto animplementationof Releaseor Scope
Consistencyalone. By using the samebasic mechanisms
also other known consistency modelscan be implemented
for non–coherentsharedmemoryarchitecturesrelyingonthe
invalidationandflush primitivesintroducedabove. An im-
portantexamplefor this is WeakConsistency(WC)[8], a less
relaxed modelwhich featuresonly onetype of synchroniz-
ing access(in contrastto two in RC) andis usede.g. in the
POSIXthreadstandard[30], In addition,it is alsopossibleto
customizememoryconsistency modelsto specificneedsand
applicationrequirementsleadingto thewidefield of applica-
tion or applicationdomainspecificconsistency models.

However, givencertainrestrictionsof theunderlyinghard-
warearchitecture,it maynot alwayspossibleto fully exploit
theadvantagesof specificmemorymodels,dueto deficitsin
certainarchitectures(bothwithin theprocessorandor thein-
terconnectionfabric). Onetypical exampleis an implemen-
tationof Entry Consistency(EC). This modelis alsoderived
from RC, but allows the userto explicitly specifythe mem-
ory regionson which to apply synchronizationroutine. In
order to make useof this additionalapplicationspecificin-
formation,a correspondingnon–coherentsystemimplemen-
tation would have to be ableto only invalidatethis specific
memoryregion. As statedabove, however, many architec-
tures,including any x86 architecture[11], areonly capable
of invalidatingthe completecache,missingout on the per-
formancechancesofferedby suchmodels. In the future it
mightbeaninterestingapproachto furtherinvestigatein this
andto exploretheperformanceadvantagesthatcanbeexpect
by architecturescapableof executingpartial cacheinvalida-
tions.

5 First Experimental Results

As alreadymentionedabove, the technicalfeasibility of
the proposedconceptshasbeenshown beforeusinga sam-
ple NCC–NUMA systembasedon a cluster of PCs con-
nectedvia SCI [6, 9] (using SCI–PCIbridgeswithout co-
herency support)andwith a comprehensivesoftwareframe-
work calledHAMSTER [24] capableof supportinga large
rangeof sharedmemoryprogrammingmodelson 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
Release(total) 621 621 2295 2295
Release(core) 24 24 113 113
Opssaved(total) 6 / 0.97% 112/ 4.88%
Opssaved(core) 6 / 25% 77 / 68.14%

Table 1. Proper ties of two applications running with both Release and Scope Consistenc y (on 4 nodes).

nels[25] andlargescaleapplicationsfromtheareaof medical
imaging[23] havebeenexecutedsuccessfullyandefficiently.

In orderto show thescalabilityadvantages,however, and
to discussvarioustradeoffs associatedwith moving from a
hardwarecoherentplatformto a software–enforcedcoherent
sharedmemoryenvironment,it is necessaryto deploy simu-
lation. Only this will allow a fair comparisonbetweensoft-
ware and hardwareconsistency mechanismswhile keeping
all other parametersidentical. So far, however, this study
doesnot accountfor additional architecturalbenefitsthat
could be appliedin the caseof non–coherentarchitectures,
which includeincreasedprocessorspeedandenhancednet-
worksthroughsimplifieddesignrequirements.This studyis
thereforea conservative first attemptto characterizethe ad-
vantagesof non–coherentarchitectures.

5.1 Simulation Setupand TargetApplications

Thesimulationsin thefollowing sectionshave beendone
using the SIMT framework [29], a detailedsimulator for
sharedmemory multiprocessors,which itself is basedon
Augmint [17]. This systemallows the simulationof archi-
tectureswith anarbitrarynumberof processors,eachwith its
own multilevel cachehierarchy. Thecoherencebetweenthe
cachescanbe variedbetweena hardwarecoherentscheme
(HCC) similar to MESI anda relaxed schemebasedon the
conceptsof ReleaseConsistency(NCC). The concretepa-
rametersusedin the following simulationsaresummarized
in Table2.

For thispaperfour applicationsfrom theSPLASH-2suite
[32], namelyRADIX, WATER,OCEAN,andLU, aswell as
a self–codedSuccessive Over-Relaxation(SOR) have been
used. Eachcodehasbeenexecutedwith a working setsize
suitablefor the simulationsystem. In addition, the LU de-
compositionhasbeenexecutedusingthreedifferentworking
setsizesin order to alsobe ableto studythe impactof the
working set size. The concreteworking set sizesfor each
applicationis givenin Table3.

3The rathersmall cachesizeshave beenchosento matchthe relatively
smallworkingsetsizesof thetestapplicationswhicharenecessaryto allow
thesimulation.

Numberof Processors 2–32
Levelsin CacheHierarchy 2

Sizeof L1 cache 8 KB3

L1 cacheline size 32 Bytes
L1 associativity 2–way
L1 accesslatency 1 cycle

Sizeof L2 cache 64 KB3

L2 cacheline size 32 Bytes
L2 associativity 2–way
L2 accesslatency 10 cycles

Main memoryaccesslatency 100cycles
Remoteaccesslatency (NUMA) 100–2000cycles
NUMA memorydistribution Round–Robin

Table 2. Simulation parameter s.

5.2 Application Scalability

Thefirst setof experimentstakesa look at thescalability
of codesrunningon the two differentsharedmemoryarchi-
tectures. For this purposethe executionof the benchmark
suitedescribedabove wassimulatedwith a varyingnumber
of processorsrangingfrom 2 to 32. In additionthebasear-
chitecturewasvariedwith respectto theassumedlatency of
remotememoryaccesses.Both a UMA scenariowith equal
accesstimes for local and remotememoriesand a loosely
coupledNUMA environmentwere investigated.In the lat-
ter case,a differencein latency of a factorof 20 is assumed,
whichcorrespondsto theactualdifferencein looselycoupled
NUMA environmentsasit is e.g. given in SCI–basedclus-
ters.

In orderto investigatethedifferencebetweentheHCCand
theNCC case,Figure2 shows theresultsof theexperiments
asa ratio betweenthe executiontimesof the HCC andthe
NCC case.Valueslower than1 show a performancebenefit
for HCC, while valueshigherthan1 indicatea fasterexecu-
tion in anNCCenvironment.

As ageneraltrend,thegraphsshow arisingadvantagefor
the NCC schemewith increasingsystemsizes. Especially



Application Working set

SOR 512x512densematrix
RADIX 262144keys
WATER 512molecules
WATER 66x66oceansegments
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 environment
with a performanceimprovementof morethana factorof 2
on 32 processorsin boththeUMA andtheNUMA scenario.
This canbeattributedto its regularmemoryaccessbehavior
andlow consistency requirements.In thiscase,thehardware
schemetriggersa significantamountof unnecessaryupdates
andinvalidations,whichareavoidedin theNCC scheme.

Comparingthe UMA and the NUMA results,it can be
seenthat the resultsin the latter scenarioseemlessregular
than in the UMA system. This is especiallyobvious when
looking at resultsfor RADIX andLU, which do not provide
a cleartrendacrossall numbersof processors.This canbe
most likely attributedto the fact that in this casethe global
memoryis distributedtransparentlywithoutany NUMA data
locality optimizations.The inducedmemoryaccesspattern
andwith it theperformancecharacteristicscanthereforesig-
nificantly vary betweendifferentprocessconfigurations.It
is expectedthatthis behavior will changeafterapplyingdata
layoutoptimizationson all codes.

Despitetheseirregularities,though,NCC outperformsits
HCCcounterpartin all of thesecases.In addition,theresults
of LU show thatthebenefitincreasesfor largerdatasetsizes,
mostlikely dueto increasedpressureon thememoryhierar-
chy, whichcanbemoreeasilyhandledby theNCCapproach.

5.3 SystemScalability

Besidesthescalingpropertiesof applicationson top these
architectures,it is alsouseful to look at the scalingproper-
tiesof thearchitecturesthemselves.A goodindicatorfor this
is thelatency usedfor remotememoryaccessesin a NUMA
scenario,asthis latency dependson thephysicaldistancebe-
tweenprocessorsand on the requirementsset forth for the
interconnectionfabric.

In orderto investigatethis, the numberof processorshas
beenfixed,while varyingtheremoteaccesslatency from 100
cycles(which is againproviding the propertiesof an UMA
architecture)to 2000 cycles, a value which is typical for
SAN–basedclusterinterconnects.

As expected,with a rising remotememoryaccesslatency,
theabsoluteexecutiontime increasesin all casesalmostlin-
early. Interesting,however, is againthe ratio betweenthe
HCC andNCC executiontimes,which is depictedin Figure
3 for botha2 anda32processorsystem.For mostcodes,the
ratio increaseswith rising remoteaccesslatenciesand has

therebyshiftedin favor of theNCC architectures.
Theonly notableexceptionscanbeobservedin the32pro-

cessorsystemfor RADIX, which slightly degradesin larger
systemsdespitea largeincreaseof theratioHCC:NCCin the
two CPUscenario,andtheLU decompositionwith thesmall
working setsize. However, in the formercase,the decrease
is only very slightly and the resultsstill show a significant
advantageof NCC overHCC,andin thecaseof LU, thebe-
havior is revertedfor thelargerdatasetsizesindicatingbene-
fits for NCC in largescaleenvironmentswith respectto both
systemanddatasizes.

5.4 PerformanceSummary

In summary, it can be noted that the NCC schemeis
clearlybeneficialin largersystemsandin theby itself more
scalableNUMA scenario,while it is mostlyoutperformedby
thehardwarecoherentschemein smallUMA systems.This
shows thathardwarecoherency mechanisms,asthey arede-
ployed in currentsystems,very well supportmodestsized
SMPs,but hinderthescalabilityboth in termsof numberof
CPUsandwith respectto increasingNUMA latencies.Here,
the NCC approachcan provide an efficient alternative and
canextendthescalabilityof theunderlyingarchitecture.

6 Conclusionsand Future Work

Oneof themainfactorslimiting thescalabilityof current
sharedmemoryarchitecturesis their supportfor a globalco-
herentmemoryabstraction.This featureis motivatedby the
user’sdemandfor aprogrammingmodelwhichis closeto the
traditionalsequentialoneandhenceallows an easyconcep-
tual transferof existingcodesto thesharedmemoryplatform.
It can,however, easilybesubstitutedby relaxedconsistency
models,whichareknown to haveonly aminor impacton the
programmability. Thishasbeenshown by numerousprojects
in the SW–DSM area.As a result,it is possibleto drop the
hardwarecoherency mechanisms,which limit thescalability,
resultingin morescalableandeasy–to–build systems.

Thisclaimhasbeenvalidatedin thiswork usingadetailed
simulationframework. Comparedto theirhardwarecoherent
counterparts,non–coherentsystems,combinedwith an ap-
propriatesoftware implementationof a relaxed consistency
modelbasedoncacheinvalidationsandwrite buffer propaga-
tions,show aperformancebenefitin mostcases.Thisadvan-
tageincreasesbothwith largersystemsizeandwith increased
NUMA latency andhencepotentiallylargersystemconfigu-
rations. This indicatesthe excellentapplicationandsystem
scalabilitypropertiesof non–cache–coherentsystems.

Basedon theseencouragingresults,further researchwill
bedirectedtowardstheinvestigationof architecturalproper-
ties which allow a moreefficient implementationof relaxed
consistency models in such environments. Especiallythe
supportfor partial cacheinvalidationsis of interestin this
respect,asthis would allow to further reducethe impactof
the necessarycacheflushes.This would alsoopenthe door
for furtherconsistency enhancements,like they aree.g.done
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Figure 2. Execution time ratio HCC:NCC on several system sizes — left: remote latenc y 100 cycles
(UMA/SMP), right: remote latenc y 2000 cycles (loosel y coupled NUMA).

in Entry Consistency[4]. In addition,futurework will focus
on theimpactof droppingconsistency mechanismsfrom the
overallsystemdesign,like thepossibilityfor increasedclock
frequenciesfor processor/cachebusses,ascacheupdatesno
longerneedto bepropagatedsystemwide. An assessmentof
the concreteimpact,however, requiresa moredetailedsim-
ulationof the implementationof thecorrespondingbussys-
tems.
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