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Abstract

Thispaperoverviewsresultsfrom ourrecentwork onbuilding customizedsystemsoft-
waresupportfor DistributedSharedMemoryMultiprocessors.Themechanismsandpoli-
ciesoutlinedin this paperareconnectedwith a singleconceptualthread:they all attempt
to reducethememorylatency of parallelprogramsby optimizingcritical systemservices,
while hiding the complex architecturaldetailsof Distributed SharedMemory from the
programmer. We presentfour techniquesthat exhibit solid performanceimprovements:
Efficientmemorymanagementfor lightweightmultithreading,highly scalablehybridsyn-
chronizationprimitives, a virtual memory managementschemefor DSM systemsand
transparentoperatingsystemservicesfor adaptingparallelprogramsto multiprogrammed
environments.

1. Introduction
DistributedSharedMemory(DSM) multiprocessorsarenowadaysanattractiveandviableplat-
form for bothparallelandmainstreamcomputing.DSM systemsarerealizedeitherastightly
integratedcache-coherentnon-uniformmemoryaccess(ccNUMA) systems,or aslooselyinte-
gratednetworksof commodityworkstationsandsymmetricmultiprocessors(SMPs),equipped
with a softwareDSM layer on top of a message-passinginfrastructure[1]. Although DSM
systemspresentstrongadvantagesin termsof scalability, programmabilityandcosteffective-
ness,obtaininghighperformanceoutof thesesystemsturnsout to bemuchmorecumbersome
thanexpected.Theprimaryhurdletowardshigh performancein modernDSM systemsis the
ever-increasinggapbetweenprocessorspeedsandmemoryaccesstimes[1, 2].

The structuralorganizationof DSM systemspresentsthe programmerwith a globally
sharedmemoryaddressspace,althoughtheactualmemorymodulesarephysicallydistributed
amongprocessingnodes. This simplifies the task of building parallel programsas natural
extensionsof thecorrespondingsequentialprograms,by usingloadsandstoresin sharedmem-
ory as the communicationmedium. However, the very sameDSM organizationhidesfrom
theprogrammerthedetailsof theunderlyingmemoryhierarchyandparticularlythediversity
(non-uniformity)of memoryaccesslatencies.Despitethe rapid advancesof interconnection
network technology, accessingaremotememorymoduleonastate-of-the-arttightly integrated
DSM system(suchastheSGI Origin2000[5] or theSequentNUMA-Q [6]) costs3 to 8 times
asmuchasaccessinglocal memory. This cost is severely magnifiedin the caseof networks
of workstationsandSMPs,whereaccessingremotememorymaycost100or even1000times
asmuchasaccessinglocal memory. Theside-effect of non-uniformmemoryaccesslatencies



is that programmershave to carefully tunetheir applicationsby handin a mannerthat mini-
mizesremotememoryaccessesandexploitsdatalocality. Althoughintensiveresearchis being
conductedin parallelprogramminglanguages,parallelizingcompilers,runtimesystemsand
operatingsystems,it appearsthat tuning the performanceof parallelprogramsfor moderate
andlarge-scaleDSM systemsremainsan ad-hocprocedurethat putsa lot of a burdento the
programmerandeffectively negatestheprogrammabilityof DSM systems[3]. Putsimply, the
programmermustbe awareof all the detailsof the underlyingDSM architectureandspend
mostof his/herdevelopmenttimeondauntingtaskssuchasdataalignmentandpadding,false-
sharingelimination,minimizationof synchronization,extensivelow-levelanalysesof hardware
performanceetc. This problemis intensified,by the fact that modernDSM systemsarealso
usedasmultiprogrammedcomputationalservers,whereparallelcompute-intensive jobs exe-
cuteconcurrentlywith sequentialI/O or network-intensivejobs.Theprogrammercannolonger
assumethatparallelprogramswill run on a dedicatedsystemandhasto take into accountthat
the threadsof his/herprogrammay be arbitrarily preemptedandmigratebetweenprocessors
duringthecourseof execution.

In this paper, we presenta summaryof resultsfrom our recentresearchwork on building
coresystemsoftwarefor DSM systems.Thethesisalongwhich this researchwasconducted,
is that mostof the burdenfor tuning the memoryperformanceof parallelprogramson DSM
systemsshouldbemovedto systemsoftwareandmorespecificallyto theruntimesystemand
theoperatingsystemlayers.Theselayersshouldexport rich functionalityandprovideadequate
flexibility for enhancingthe performanceof parallelapplicationson DSM systems,without
significantprogrammerintervention.Thisapproachis consistentwith theinitial designgoalsof
DSM systems,namelyscalabilityandprogrammability. Towardsthis direction,we developed
abroadsetof mechanismsandpoliciesincluding:

� Memory managementmechanismsfor lightweight threadcontexts with fine computa-
tionalgranularity.

� Scalablesynchronizationalgorithmswith minimalhardwaresupport.

� Virtual memorymanagementschemesfor reducingremotememoryaccesseson DSM
systems.

� Kernelmechanismsfor multiprogrammingscalabilityof parallelprograms.

Most of thework presentedin this paperwasconductedaspartof theNANOSproject[7].
NANOS was initiated in October1996, as an ESPRITlong-termresearchproject, with the
purposeof investigatingthe potentialsof fine-grainmultilevel parallelizationandits integra-
tion with multiprogrammingon modernsharedmemorymultiprocessors.During the course
of the project, it becamemore than evident that achieving high performanceon DSM sys-
temshitsagainstthememorylatency wall. Thisobservationmotivatedintensiveresearchwork
on providing sophisticatedruntimeandoperatingsystemsupportfor improving the memory
performanceof parallelapplicationson DSM systems.Thereaderis referredto relatedpubli-
cationsof theauthors[9, 10, 11,12,13,14, 15] for moreelaboratediscussionsandanalysesof
theissuesoutlinedin thispaper. Sections2 through5 provideabrief overview of thiswork and
Section6 reportson lessonslearnedandsomeplannedfuturework.

2. Memory Management for Lightweight Multithreading
Multithreadinga sharedmemoryaddressspaceis a techniqueproposedto expressparallelism
with reducedsystemoverhead,andhide latency by overlappingcostlyoperationswith useful
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Figure1: Performanceof threadmanagementalternativesona32-processorSGIOrigin2000.

computation. The advancesin parallelizingcompilersand runtime systemstechnologyen-
abledtheextractionof fine-grainparallelism— in theorderof tensor hundredsof processor
instructions—from sequentialapplications.Multithreadingwasproposedasa viablesolution
for exploiting fine-grainparallelism,due to the low runtimecostof threads. Unfortunately,
our early studieswith a highly tunedmultithreadingruntimesystemon the SGI Origin2000
indicatedthat the cost of managingthreadswas so high, that the critical task size (i.e. the
sizebeyondwhich parallelizingthe taskwith multithreadingmakessense)wasat leasta few
thousandprocessorinstructions.This trendclearly counteractsthe ability of the compilerto
discoverfine-grainparallelism.

After analyzingthe threadmanagementmechanismsof several multithreadingruntime
systems,we detectedthat reducingthe cost of managingthreadstranslatednaturally into a
problemof poor memoryperformanceof the actual threadmanagementmechanisms.Op-
erationssuchasthreadcreation,stackallocationandcontext switching incur frequentcache
missesand remotememoryaccessesthat exacerbatethe cost of a thread’s life cycle (cre-
ation/execution/termination).Drivenfrom this observationwe designedandimplementedtwo
simplealgorithmsfor managingthe memoryallocatedfor threadcontexts, usingdistributed
LIFO memorypoolsandacontext recyclepolicy thatenablesfrequentmemoryrecycling from
the processorcaches.We matchedmemorypoolswith threadrun queuesin orderto couple
thethreadsschedulerwith thememoryallocatorandwe extendedthebasicpolicy to arbitrary
memoryhierarchies,by building a systemof hierarchicalmemorypoolsandrun queuesfor
threadmanagement.In this way, threadsmemorycanbemanagedin closedMemory Local-
ity Domains(MLDs), without incurringexpensive remotememoryaccesses.Detailson these
mechanismscanbefoundin [9].

We implementedthemechanismsin theNanoThreadsruntimelibrary [8]. Figure1 illus-
tratesa sampleof the resultsfrom a syntheticmicrobenchmarkwhich evaluatestheoverhead
of threadsmanagementin the NanoThreadslibrary. The experimentshows that the devised
mechanismsreducethecostof threadmanagementby 52%on averageandtheir performance
doesnotdegradeasthegranularityof threadsbecomesfiner.

3. Scalable Synchronization Algorithms
Synchronizationoverheadis anintrusivesourceof bottlenecksin parallelprogramsfor shared
memoryarchitectures.Severalstudieshave shown thatparallelprogramsmayspendasmuch
ashalf of theirexecutiontime in locksandbarriersonmoderateandlarge-scaleDSM systems.



Algorithm Processors
1 2 4 8 16 32 64

test-and-setcoherent 1.00 1.00 1.00 1.00 1.00 1.00 1.00
test-and-setat-memory 1.04 1.23 1.12 1.02 1.01 2.17 2.85

test-and-sethybrid 1.04 1.23 1.11 1.00 0.98 2.12 1.81
queuelock coherent 1.03 1.21 1.09 1.00 1.00 2.04 1.95
queuelock hybrid 1.05 1.23 1.12 1.02 1.01 2.13 3.44

ticket lock coherent 1.03 1.21 1.12 1.01 1.00 1.14 0.76
ticket lock at-memory 0.97 0.80 0.88 0.97 1.00 0.47 0.50

ticket lock hybrid 1.03 1.25 1.12 1.01 1.00 2.17 4.00

Table1: Raytraceperformancewith differentlock primitives.

Althoughsynchronizationwasextensively exploredin thepast,thesufficiency of scalablesyn-
chronizationalgorithms,aswell as the ability of existentalgorithmsto actually improve the
performanceof parallelapplicationson modernDSM systemsis an issueof considerablede-
bate[4].

A recentstudyconductedby the authors[11] indicatedthat several highly sophisticated
synchronizationalgorithms,suchasconcurrentqueuesandtreebarriers,fail to scaleon a 64-
processortightly integratedDSM system.Interestingly, thereasonbehindthis behavior lieson
thepoorscalabilityof theelementarysynchronizationprimitivesemployedby thealgorithms
(suchastest&setandcompare&swap) andnot on algorithmicdeficiencies.Elementarysyn-
chronizationoperationswhich arevisible to the cache-coherenceprotocol (i.e. implemented
on the microprocessor’s cachecontrollers)incur undueamountsof network contentionand
non-overlappedtraffic dueto coherencetransactionsperformedon remotememorymodules.
Thesamestudyhasshown that thescalabilityproblemsof elementarysynchronizationprimi-
tivescanberesolvedby implementingtheseprimitivesdirectlyattheprocessingnode’sDRAM
memorieswith asingleround-tripnetwork transaction,thusmakingtheminvisible to thecache
coherenceprotocol.This implementationrequiresminimal hardwaresupportwhich is already
availablein commoditysystemssuchasthe SGI Origin2000andthe Cray T3E. In this case
however, carefultuningof theimplementationsof synchronizationalgorithmsis needed,in or-
derto avoid dilating synchronizationperiodsby creatinga hot spotat thememorynodewhich
holdsthesynchronizationflags.

Weconstructedasetof hybridsynchronizationalgorithms[14] thatleveragehardwaresup-
port to implementelementarysynchronizationoperationsat-memoryandalgorithmicsupport
for exploiting the cachesduring the synchronizationacquireandreleasephases.Our experi-
mentalresultsshow that hybrid synchronizationalgorithmsexhibit a significantpotentialfor
performanceimprovementson realapplicationswith high synchronizationoverhead.Table1
illustratesthespeedupsobtainedby modifying the lock algorithmsusedin a parallelray trac-
ing programfrom theSPLASH-2benchmarksuite[20]. Theexperimentswereconductedona
64-processorSGI Origin2000.Hybrid locksprovidedup to 4-fold improvementson execution
timecomparedto traditionallock implementations.

4. Virtual Memory Management for DSM Systems
Virtual memorymanagementin complex memoryhierarchiesis a complicatedtaskwhich re-
quiresacoordinatedeffort from thehardwareandtheoperatingsystemin orderto meettheper-
formancerequirementsof applicationswithoutunderutilizingmemoryresources.In thecaseof
DSM systems,managingvirtual memorysubsumesthat theoperatingsystemwill provide ad-
ditional functionality for dataalignmentandtopologicalcollocationof computationswith the
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Figure2: Averagememorylatency with two pagemigrationalgorithms(flat competitive and
cost-based)for theSPLASH-2OCEANandLU benchmarks.

datathatthesecomputationsuse.In otherwords,processesshouldexecutetopologicallyclose
to theirworkingsetsandviceversa,i.e. theworkingsetshouldbestoredtopologicallycloseto
theprocessesthey belongto. TheDSM propertycallsfor memoryallocationschemesthatex-
ploit MemoryLocality Domains,i.e. clustersof neighboringmemoryandprocessormodules,
wherecomputationsexecutein isolationfrom othercomputationsrunningondifferentmodules
[19].

Memoryisolationschemesarenot alwayssufficient for parallelprogramsthatutilize large
numbersof possiblydistancedprocessorandmemorymodules,programswith dynamicandun-
predictablememoryaccesspatterns,or evenprogramsthatmigratebetweenprocessorsdueto
theoperatingsystemschedulingstrategy. In thesecases,thehardwareandtheoperatingsystem
shouldmake specialprovisionsfor reducingthenumberof remotememoryaccessesincurred
by the programs.Page-level coherencethroughdynamicpagemigrationandreplication[18]
is a techniqueproposedto improve locality on DSM systemsby dynamicallymoving virtual
memorypagescloserto theprocessorsthatactively usethepagesmorefrequently. Previously
proposedalgorithmsfor pagemigration usedflat competitive schemes,basedon reference
countersattachedto the memorymodules. Although suchalgorithmsarealreadyappliedin
realimplementations(e.g.in CellularIRIX), they rarelysucceedin improving thememoryper-
formanceof parallelapplications,primarily dueto thecostof pagemigrationwhichoutweighs
thepotentialbenefits.We proposea cost-basedcompetitive algorithmfor pagemigrationthat
movespagesonly if thepotentialgain from reducingremotememoryaccessesis expectedto
exceedthe costof migratingthe page[15]. Figure2 illustratespreliminaryresultsextracted
from anaccurateexecution-drivensimulatorof a 32-processorDSM architecture,runningtwo
benchmarksfrom theSPLASH-2suite,a programthatsimulatesthemovementof oceancur-
rentsandaparallelblockedLU decomposition.Cost-basedpagemigrationreducestheaverage
memorylatency experiencedby theprocessorsby 14%on average.

5. Operating System Services for Scalable Multiprogramming
Parallel programsfor sharedmemorymultiprocessorssuffer from poor scalabilitywhenexe-
cutedin multiprogrammedenvironments.The primary reasonis that the runtimesystemson
topof whichparallelprogramsexecuteareobliviousof multiprogramming,while theoperating
systemkernelis obliviousof fine-graininteractionsin parallelprogramssuchassynchroniza-
tion or interdependenciesbetweentasks.This lackof coordinationhastwo undesirableeffects:
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Figure3: Performanceof the SPLASH-2RaytraceandVolrendbenchmarkswith the native
Linux kernelandthe Linux kernelenhancedwith our nanothreadinginterface,undervarious
degreesof multiprogramming.

maliciouspreemptionsof threadsfrom the operatingsystem,which hurt the performanceof
synchronizingparallelprogramsandleadto processorunderutilization;andunfortunatethread
migrationswhichdegradememoryperformanceby forcingexcessiveremotememoryaccesses
from migratingthreads.

Wedesignedandimplementedalightweightkernelinterface(thenanothreadinginterface),
whichexportsto parallelprogramsall necessaryfunctionality, in orderto let themadaptthem-
selvesto multiprogrammedenvironments.Althoughtheideaof providing suchoperatingsys-
temservicesis notnew, ourimplementationdifferentiatedfrom previousrelatedwork in several
aspects.We minimizedthe latency of the interfaceby exploiting sharedmemoryasthecom-
municationmediumandstructuringthe kernel-usercommunicationdatastructuresin a way
that exploits datalocality within both the kerneland the applicationspaces.The latter fea-
tureis particularlyimportantfor DSM architectures.Weprovidedfastcloningpathsfor kernel
threadsthroughupcalls,aswell asa robustandhighly efficientmechanismfor resumingmali-
ciouslypreemptedkernelthreads,in orderto ensurethatparallelapplicationswill alwaysmake
progressalong their critical path, even in the presenceof a heavy multiprogrammingload.
The implementedmechanismsfor multiprogrammingadaptivity do not compromisememory
performance,asthey arecoupledwith schedulingpoliciesthatexploit thecachefootprintsof
kernelthreadsduringtheprocessorallocationphase.

Weinitially implementedasimulatorof thenanothreadinginterfacein theCellularIRIX op-
eratingsystem[16, 17] andproceededto acompleteimplementationfrom scratchin theLinux
kernel[13] andanimplementationbasedonscheduleractivationsandtheprocesscontrolmech-
anismof theSolariskernel[12]. All threeimplementationsexhibitedsignificantperformance
improvementscomparedto the native operatingsystemkernels. Figure3 for example,illus-
tratestheperformanceimprovementsachievedfrom our nanothreadingLinux kernelinterface
comparedto the native Linux SMP kernel,whentwo benchmarksfrom the SPLASH-2suite
(ray tracingandvolumerendering)areexecutedundervariousdegreesof multiprogramming.

6. Conclusions
Copingwith memorylatency in modernDSM systemsis achallengingproblemthatmotivates
in-depthinvestigationsof bothhardwareandsoftwaremechanismsthat transparentlyimprove
applicationperformancewithout sacrificingthe programmabilityof sharedmemorysystems.



Therearethreelessonslearnedfrom our recentwork on this topic. First, thereis anenormpo-
tentialfor performanceimprovementsatall levelsof systemsoftwarefor DSM systems.Many
of theseimprovementsmaycomeat low implementationcosts,by carefullytuningthememory
performanceof critical systemservicessuchasmemoryallocationand threadmanagement.
Second,properperformancetuning on state-of-the-artDSM systemscanonly be realizedby
understandingthesynergy betweenhardwareandsoftwarecomponents.Unfortunately, system
softwarevendorstendto underestimatetheimportanceof thehardware/softwareinterfaceand
expecta lot from theprogrammer, thusmakingparallelprogrammingdifficult at best. Third,
systemsoftwareshouldexploit, wheneverpossible,additionalhardwaresupportsuchascache
bypassing,prefetchingetc. for implementingcritical systemservices.

Thecurrenttrendsin parallelcomputerarchitecturesnecessitatefurtheranddeeperinvesti-
gationof theproblemof memorylatency. Parallelcomputingis moving to thedesktopandhigh
performanceclustersarenow built at extremelylow-costsby leveragingoff-the-shelfcompo-
nents.However, at thesametime,memoryhierarchiesarebecomingdeeperandmorecomplex,
while theperformanceof applicationson low-costplatformslagsfar behindtheperformance
of thesameapplicationson tightly integratedsupercomputers.Memory latency is onceagain
thecritical bottleneckandsystemsoftwareis expectedto playacatalyticrole in overcomingit.
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