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Abstract

This paperoverviews resultsfrom ourrecentwork on building customizedystensoft-
waresupportfor Distributed SharedVlemory MultiprocessorsThe mechanismandpoli-
ciesoutlinedin this paperare connectedvith a singleconceptuathread:they all attempt
to reducethe memorylateng of parallelprogramsby optimizing critical systemservices,
while hiding the complex architecturaldetails of Distributed SharedMemory from the
programmer We presentfour techniqueghat exhibit solid performancamprovements:
Efficientmemorymanagemerfor lightweightmultithreading highly scalablehybrid syn-
chronizationprimitives, a virtual memory managemenschemefor DSM systemsand
transparenbperatingsystemservicesor adaptingparallelprogramgo multiprogrammed
ervironments.

1. Introduction

DistributedSharedMemory(DSM) multiprocessorarenowadaysanattractve andviableplat-
form for both parallelandmainstreantomputing.DSM systemsarerealizedeitherastightly
integratedcache-coheremton-uniformmemoryaccesgccNUMA) systemsgr aslooselyinte-
gratednetworksof commodityworkstationsandsymmetricmultiprocessor§SMPSs),equipped
with a software DSM layer on top of a message-passingfrastructure[1]. Although DSM
systemgresenstrongadvantagesn termsof scalability programmabilityand costeffective-
nesspbtaininghigh performanceut of thesesystemgurnsoutto bemuchmorecumbersome
thanexpected.The primary hurdletowardshigh performancen modernDSM systemss the
ever-increasinggapbetweernprocessospeedandmemoryaccesgimes[l, 2].

The structural organizationof DSM systemspresentsthe programmerwith a globally
sharednemoryaddresspacealthoughthe actualmemorymodulesare physicallydistributed
amongprocessingnodes. This simplifies the task of building parallel programsas natural
extensionsof the correspondingequentiaprogramspy usingloadsandstoresn sharedmem-
ory asthe communicatiormedium. However, the very sameDSM organizationhidesfrom
the programmethe detailsof the underlyingmemoryhierarchyandparticularlythe diversity
(non-uniformity) of memoryaccesdatencies. Despitethe rapid advancesof interconnection
network technologyaccessing remotememorymoduleon a state-of-the-artightly integrated
DSM system(suchasthe SGI Origin2000[5] or the SequenNUMA-Q [6]) costs3 to 8 times
asmuchasaccessindocal memory This costis severely magnifiedin the caseof networks
of workstationsandSMPs,whereaccessingemotememorymay cost100or even1000times
asmuchasaccessindgocal memory The side-efect of non-uniformmemoryaccesdatencies



is that programmerdave to carefully tunetheir applicationsby handin a mannerthat mini-
mizesremotememoryaccesseandexploits datalocality. Althoughintensveresearchs being
conductedn parallel programminglanguagesparallelizingcompilers,runtime systemsand
operatingsystemsjt appearghat tuning the performanceof parallelprogramsfor moderate
andlarge-scaleDSM systemgemainsan ad-hocprocedurethat putsa lot of a burdento the
programmerndeffectively negatesthe programmabilityof DSM systemg3]. Putsimply, the
programmemustbe aware of all the detailsof the underlyingDSM architectureand spend
mostof his/herdevelopmentime on dauntingtaskssuchasdataalignmentandpadding false-
sharingelimination,minimizationof synchronizationextensvelow-level analyse®f hardware
performanceetc. This problemis intensified,by the factthat modernDSM systemsarealso
usedas multiprogrammedcomputationakeners, whereparallelcompute-intensie jobs exe-
cuteconcurrentlywith sequential/O or network-intensvejobs. Theprogrammecannolonger
assumehatparallelprogramswill runon a dedicatedsystemandhasto take into accounthat
the threadsof his/herprogrammay be arbitrarily preemptedand migratebetweenprocessors
duringthe courseof execution.

In this paper we presenta summaryof resultsfrom our recentresearchwork on building
coresystemsoftwarefor DSM systems.The thesisalongwhich this researclwasconducted,
is that mostof the burdenfor tuning the memoryperformanceof parallelprogramson DSM
systemsshouldbe movedto systemsoftwareandmorespecificallyto the runtimesystemand
theoperatingsystenlayers.Thesdayersshouldexportrich functionalityandprovide adequate
flexibility for enhancingthe performanceof parallel applicationson DSM systemswithout
significantprogrammeintervention. Thisapproachs consistentith theinitial designgoalsof
DSM systemsnamelyscalabilityandprogrammability Towardsthis direction,we developed
abroadsetof mechanismandpoliciesincluding:

e Memory managementmechanismgor lightweight threadcontects with fine computa-
tional granularity

e Scalablesynchronizatioralgorithmswith minimal hardwaresupport.

¢ Virtual memorymanagemenschemedor reducingremotememoryaccessesn DSM
systems.

e Kernelmechanism$or multiprogrammingscalabilityof parallelprograms.

Most of thework presentedh this paperwasconductedaspartof the NANOS project[7].
NANOS wasi 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 achiezing high performanceon DSM sys-
temshits againsthememorylateng wall. This obsenationmotivatedintensveresearchvork
on providing sophisticateduntime and operatingsystemsupportfor improving the memory
performanceof parallelapplicationson DSM systems.The readeris referredto relatedpubli-
cationsof theauthorgq9, 10, 11,12,13, 14, 15] for moreelaborateliscussionandanalyse®of
theissueutlinedin this paper Section2 through5 provide abrief overview of thiswork and
Section6 reportson lessondearnedandsomeplannedfuture work.

2. Memory Management for Lightweight Multithreading
Multithreadinga sharedmemoryaddresspaces a techniqueproposedo expressparallelism
with reducedsystemoverheadandhide lateng by overlappingcostly operationswith useful
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Figurel: Performancef threadmanagemendlternatveson a 32-processosGI Origin2000.

computation. The adwancesin parallelizingcompilersand runtime systemstechnologyen-
abledthe extractionof fine-grainparallelism— in the orderof tensor hundredsof processor
instructions—from sequentiabpplications.Multithreadingwasproposedasa viable solution
for exploiting fine-grainparallelism,dueto the low runtime costof threads. Unfortunately
our early studieswith a highly tunedmultithreadingruntime systemon the SGI Origin2000
indicatedthat the cost of managingthreadswas so high, that the critical task size (i.e. the
sizebeyond which parallelizingthe taskwith multithreadingmakessense)wasat leasta few
thousandprocessoinstructions. This trend clearly counteractghe ability of the compilerto
discoverfine-grainparallelism.

After analyzingthe thread managementmechanism=f several multithreadingruntime
systems,we detectedthat reducingthe costof managingthreadstranslatednaturally into a
problemof poor memory performanceof the actualthreadmanagemeniechanisms.Op-
erationssuchasthreadcreation,stackallocationand context switchingincur frequentcache
missesand remote memory accesseshat exacerbatethe cost of a threads life cycle (cre-
ation/execution/termination)Drivenfrom this obsenationwe designecandimplementedwo
simple algorithmsfor managingthe memoryallocatedfor threadcontexts, usingdistributed
LIFO memorypoolsanda context regycle policy thatenablegrequentmemoryregycling from
the processorcaches.We matchedmemorypoolswith threadrun queuesn orderto couple
thethreadsschedulemwith the memoryallocatorandwe extendedthe basicpolicy to arbitrary
memoryhierarchiespy building a systemof hierarchicalmemorypoolsand run queuesor
threadmanagementin this way, threadsmemorycanbe managedn closedMemory Local-
ity Domains(MLDs), without incurring expensve remotememoryaccessesDetailson these
mechanismsanbefoundin [9].

We implementedhe mechanismsn the NanoThreadsuntimelibrary [8]. Figurel illus-
tratesa sampleof the resultsfrom a syntheticmicrobenchmarkvhich evaluateshe overhead
of threadsmanagemenin the NanoThreaddibrary. The experimentshows that the devised
mechanismseducethe costof threadmanagemernivy 52% on averageandtheir performance
doesnot degradeasthe granularityof threadsbecomesginer.

3. Scalable Synchronization Algorithms

Synchronizatioroverheads anintrusive sourceof bottlenecksn parallelprogramdor shared
memoryarchitecturesSeveral studieshave shovn that parallelprogramsmay spendasmuch
ashalf of their executiontime in locksandbarrierson moderateandlarge-scaleDSM systems.



Algorithm Processors
1 2 4 8 16 | 32 | 64
test-and-setoherent | 1.00| 1.00 | 1.00| 1.00| 1.00| 1.00| 1.00
test-and-sedit-memory| 1.04 | 1.23| 1.12| 1.02| 1.01| 2.17 | 2.85
test-and-setybrid 1.04|1.23|1.11|1.00|0.98| 2.12| 1.81
queudock coherent | 1.03| 1.21| 1.09| 1.00| 1.00 | 2.04 | 1.95
queudock hybrid 1.05]1.23|1.12|1.02|1.01| 2.13| 3.44
ticketlock coherent | 1.03| 1.21| 1.12| 1.01| 1.00| 1.14| 0.76
ticketlock at-memory | 0.97 | 0.80 | 0.88 | 0.97 | 1.00| 0.47 | 0.50
ticketlock hybrid 1.03]1.25|1.12|1.01| 1.00| 2.17| 4.00

Tablel: Raytraceperformancevith differentlock primitives.

Althoughsynchronizatiorwasextensvely exploredin the past,thesufficiengy of scalablesyn-
chronizationalgorithms,aswell asthe ability of existentalgorithmsto actuallyimprove the
performanceof parallelapplicationson modernDSM systemss anissueof considerablale-
bate[4].

A recentstudy conductedby the authors[11] indicatedthat several highly sophisticated
synchronizatioralgorithms,suchasconcurrengueuesandtreebarriers fail to scaleon a 64-
processotightly integratedDSM system.Interestingly thereasorbehindthis behaior lies on
the poor scalability of the elementarysynchronizatiorprimitivesemployed by the algorithms
(suchastest&setand compare&svap) and not on algorithmic deficiencies.Elementarysyn-
chronizationoperationsvhich arevisible to the cache-coherengerotocol (i.e. implemented
on the microprocessos cachecontrollers)incur undueamountsof network contentionand
non-overlappedraffic dueto coherencdransactiongperformedon remotememorymodules.
The samestudy hasshawn thatthe scalabilityproblemsof elementarysynchronizatiorprimi-
tivescanberesolhedby implementingheseprimitivesdirectly attheprocessingjodes DRAM
memoriesvith asingleround-tripnetwork transactionthusmakingtheminvisible to thecache
coherencerotocol. Thisimplementatiorrequiresminimal hardwaresupportwhich is already
availablein commoditysystemssuchasthe SGI Origin2000andthe Cray T3E. In this case
however, carefultuningof theimplementation®f synchronizatioralgorithmsis neededin or-
derto avoid dilating synchronizatiorperiodsby creatinga hot spotat the memorynodewhich
holdsthe synchronizatiorflags.

We constructea setof hybrid synchronizatioralgorithms[14] thatleveragehardwaresup-
port to implementelementarysynchronizatioroperationsat-memoryandalgorithmic support
for exploiting the cachesduring the synchronizatioracquireandreleasephases.Our experi-
mentalresultsshav that hybrid synchronizatioralgorithmsexhibit a significantpotentialfor
performancemprovementson real applicationswith high synchronizatioroverhead.Table 1
illustratesthe speedup®btainedoy modifying the lock algorithmsusedin a parallelray trac-
ing programfrom the SPLASH-2benchmarisuite[20]. Theexperimentsvereconductedna
64-processoBGI Origin2000.Hybrid locks provided up to 4-fold improvementson execution
time comparedo traditionallock implementations.

4. Virtual Memory Management for DSM Systems

Virtual memorymanagemenin complex memoryhierarchiess a complicatedtaskwhich re-
guiresacoordinateceffort from thehardwareandtheoperatingsystemn orderto meettheper
formancerequirementsf applicationsvithoutunderutilizingmemoryresourcesln the caseof
DSM systemsmanagingvirtual memorysubsumeshatthe operatingsystemwill provide ad-
ditional functionality for dataalignmentandtopologicalcollocationof computationsvith the
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Figure2: Averagememorylatengy with two pagemigrationalgorithms(flat competitve and
cost-basedjor the SPLASH-20CEAN andLU benchmarks.

datathatthesecomputationsuse.In otherwords,processeshouldexecutetopologicallyclose
to theirworking setsandvice versaj.e. theworking setshouldbe storedtopologicallycloseto
the processethey belongto. The DSM propertycallsfor memoryallocationschemeshat ex-
ploit Memory Locality Domains,i.e. clustersof neighboringmemoryandprocessomodules,
wherecomputationgxecutein isolationfrom othercomputationsunningondifferentmodules
[19].

Memoryisolationschemesrenot alwayssuficient for parallelprogramshatutilize large
numbersf possiblydistancegrocessoandmemorymodulesprogramswith dynamicandun-
predictablememoryaccesgatternspor evenprogramshatmigratebetweernprocessorslueto
theoperatingsystemschedulingstrategy. In thesecasesthehardwareandtheoperatingsystem
shouldmalke specialprovisionsfor reducingthe numberof remotememoryaccessesicurred
by the programs.Page-lerel coherencghroughdynamicpagemigrationandreplication[18]
is atechniqueproposedo improve locality on DSM systemdy dynamicallymoving virtual
memorypage<scloserto the processorshatactively usethe pagesmorefrequently Previously
proposedalgorithmsfor pagemigration usedflat competitve schemespasedon reference
countersattachedo the memorymodules. Although suchalgorithmsare alreadyappliedin
realimplementationge.g.in CellularIRIX), they rarelysucceedn improving thememoryper
formanceof parallelapplicationsprimarily dueto the costof pagemigrationwhich outweighs
the potentialbenefits.We proposea cost-based@ompetitve algorithmfor pagemigrationthat
movespagesonly if the potentialgain from reducingremotememoryaccessess expectedto
exceedthe costof migratingthe page[15]. Figure2 illustratespreliminaryresultsextracted
from anaccurateexecution-drvensimulatorof a 32-processoDSM architecturerunningtwo
benchmarkd$rom the SPLASH-2suite,a programthat simulatesthe movementof oceancur-
rentsanda parallelblocked LU decompositionCost-basegagemigrationreducesheaverage
memorylateng experiencedy the processordy 14%on average.

5. Operating System Services for Scalable Multiprogramming

Parallel programsfor sharedmemorymultiprocessorsuffer from poor scalabilitywhenexe-
cutedin multiprogrammedervironments. The primary reasonis that the runtime systemson
top of which parallelprogramsexecuteareobliviousof multiprogrammingwhile theoperating
systemkernelis oblivious of fine-graininteractionsn parallelprogramssuchassynchroniza-
tion or interdependencidsetweertasks.This lack of coordinatiorhastwo undesirableffects:
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Figure 3: Performanceof the SPLASH-2Raytraceand VVolrend benchmarkswith the native
Linux kernelandthe Linux kernelenhancedvith our nanothreadingnterface,undervarious
degreesof multiprogramming.

maliciouspreemptionsof threadsfrom the operatingsystem,which hurt the performanceof
synchronizingparallelprogramsandleadto processounderutilizationandunfortunatehread
migrationswhich degradememoryperformancdy forcing excessve remotememoryaccesses
from migratingthreads.

We designedandimplemented lightweightkernelinterface(the nanotheadinginterface,
which exportsto parallelprogramsall necessaryunctionality, in orderto let themadaptthem-
selvesto multiprogrammedenvironments.Althoughtheideaof providing suchoperatingsys-
temservicess notnew, ourimplementatiordifferentiatedrom previousrelatedworkin several
aspectsWe minimizedthe lateng of theinterfaceby exploiting sharedmemoryasthe com-
municationmediumand structuringthe kernel-userrommunicationdatastructuresn a way
that exploits datalocality within both the kerneland the applicationspaces.The latter fea-
tureis particularlyimportantfor DSM architecturesWe providedfastcloning pathsfor kernel
threadghroughupcalls,aswell asarobustandhighly efficient mechanisnior resumingmali-
ciouslypreemptedernelthreadsjn orderto ensurehatparallelapplicationswill alwaysmake
progressalong their critical path, evenin the presenceof a heary multiprogrammingload.
The implementedmechanismg$or multiprogrammingadaptvity do not compromisememory
performanceasthey arecoupledwith schedulingpoliciesthatexploit the cachefootprintsof
kernelthreadsduringthe processoallocationphase.

Weinitially implementedisimulatorof thenanothreadingnterfacein theCellularIRIX op-
eratingsystem16, 17] andproceededo a completemplementatiorfrom scratchin the Linux
kernel[13] andanimplementatiorbasednscheduleractivationsandtheprocescontrolmech-
anismof the Solariskernel[12]. All threeimplementationgxhibited significantperformance
improvementscomparedo the native operatingsystemkernels. Figure 3 for example,illus-
tratesthe performancemprovementsachiezed from our nanothreadindLinux kernelinterface
comparedo the native Linux SMP kernel,whentwo benchmarkgrom the SPLASH-2suite
(ray tracingandvolumerendering)areexecutedundervariousdegreesof multiprogramming.

6. Conclusions

Copingwith memorylateng in modernDSM systemss a challengingproblemthatmotivates
in-depthinvestigationf both hardware and softwaremechanismshattransparentlymprove

applicationperformancewithout sacrificingthe programmabilityof sharedmemorysystems.



Therearethreelessondearnedrom our recentwork on thistopic. First, thereis anenormpo-
tentialfor performancemprovementsat all levelsof systensoftwarefor DSM systemsMarny
of thesemprovementsnay comeatlow implementatiorcosts by carefullytuningthememory
performanceof critical systemservicessuchas memoryallocationand threadmanagement.
Second properperformanceuning on state-of-the-arDSM systemscanonly be realizedby
understandinghe synepgy betweerhardwareandsoftwarecomponentsUnfortunately system
softwarevendorstendto underestimatéhe importanceof the hardware/softvareinterfaceand
expecta lot from the programmerthus making parallelprogrammingdifficult at best. Third,
systemsoftwareshouldexploit, wheneer possible additionalhardwaresupportsuchascache
bypassingprefetchingetc. for implementingeritical systemservices.

Thecurrenttrendsin parallelcomputerarchitecturesecessitatéurtheranddeepeinvesti-
gationof the problemof memorylateng. Parallelcomputingis moving to thedesktopandhigh
performanceclustersarenow built at extremelylow-costsby leveragingoff-the-shelfcompo-
nents.However, atthesameime, memoryhierarchiesarebecomingdeepeandmorecomple,
while the performanceof applicationson low-costplatformslagsfar behindthe performance
of the sameapplicationson tightly integratedsupercomputersMemory lateng is onceagain
thecritical bottleneckandsystenmsoftwareis expectedo play a catalyticrole in overcomingit.
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