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Abstract. Thenano-threadsprogrammingmodelwasproposedto effectively in-
tegratemultiprogrammingonshared-memorymultiprocessors,with theexploita-
tion of fine-grainparallelismfrom standardapplications.A prerequisitefor the
applicabilityof thenano-threadsprogrammingmodelis theability of theruntime
environmentto manageparallelismatany level of granularitywith minimalover-
heads.In this paper, we introduceruntimetechniquesfor efficient memoryman-
agementanduser-level schedulingin an experimentalruntimesystemdesigned
to supportthe nano-threadsprogrammingmodel.We evaluatethe exploitation
of processoraffinity for the managementof nano-threadcontexts, and the use
of hierarchicalqueuesto implementuser-level schedulingstrategiesfor applica-
tionswith inherentmultilevel parallelism.Theproposedmechanismsattemptto
obtainmaximumbenefitsfrom datalocality oncache-coherentNUMA multipro-
cessors.Throughtheuseof syntheticbenchmarks,we find thatour mechanism
for memorymanagementin the runtimesystemreducesoverheadsby 52% on
average,comparedto otherknown mechanisms.Theuseof hierarchicalqueues
givessignificantperformanceimprovementsbetween17% and40%,compared
to schedulingstrategiesthatuselocalqueues.

1 Intr oduction

Thenano-threadsprogrammingmodel,introducedin [Poly93], integratesparallelizing
compilerstechnology, user-level multithreading,andoperatingsystemsupport,to pro-
vide anefficient executionenvironmentfor paralleljobson multiprogrammedshared-
memorymultiprocessors.Themodeluseslightweightuser-level threadsfor the effec-
tiveexploitationof fine-grainparallelismatdifferentlevelsof granularity. Multithread-
ing is considerednot only asa way to expressparallelism,but alsoasa mechanismto
supportmultiprogramming.Themodelintroducestheconceptof scalablebinaries, i.e.,
autoscheduledapplications,which adaptto changesof theresourcesallocatedto them
from the operatingsystem.Applicationsadaptdynamicallyat runtime,by adjusting
their degreeof parallelism.Constructionandefficient executionof scalablebinariesis
achievedthroughclosecoordinationbetweenthecompiler, themultithreadingruntime
system,andtheoperatingsystem.
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Theexecutionenvironmentof thenano-threadsprogrammingmodelprovidesrun-
time supportto createandscheduleparallelthreadsof executioncallednano-threads.
Runtimesupportcanbeprovidedeitherby a runtimelibrary usedat thecompilerback-
end,or by a mechanismwhich directly injectsmultithreadingcodeinto applications.
Both approachesshouldusemechanismsthat introduceminimal overheadsfor nano-
threadsmanagement,sinceexploitationof fine-grainparallelismis desirable.Further-
more, the runtime systemshouldprovide a convenientframework for implementing
efficient user-level schedulers.Among other properties,like preservingdatalocality
andload balancing,the user-level schedulersshouldbe ableto handlemultilevel and
unstructuredparallelism.

Martorell et.al.[Mart95, Mart96], haverecentlypresentedNthLib, aprototyperun-
time library that supportsthe nano-threadsprogrammingmodel.NthLib implements
user-level multithreadingandprovidesprimitivesto translateandscheduletaskgraphs.
In this paper, we proposetwo efficient threadmanagementalternatives,which we im-
plementedin thecontext of NthLib. Thefirst alternativeaimsat reducingtheoverheads
of memorymanagementin theruntimesystem.We introducea techniquethatexploits
the affinity of threadsfor processorsduring the initialization of nano-threadcontexts.
Thesecondalternativeprovidesa framework for thedevelopmentof efficient schedul-
ing strategiesfor parallelapplicationsrunningin the nano-threadsexecutionenviron-
ment.Weintroduceamechanismfor user-level scheduling,basedonhierarchicalready
queues.Thismechanismcanbeusedto efficiently schedulecoarseandfine-grainnano-
threads,derived from the exploitationof differentlevels of parallelismfrom different
sourceswithin the sameprogram.We evaluateour approacheson a Silicon Graphics
Origin2000with syntheticbenchmarks.The resultsshow that our memorymanage-
menttechniquereducesthe runtimesystemoverheadsby 41%on averagewhenlocal
memorypoolsareused,andby 52%on averagewhena hierarchyof memorypoolsis
used.Theproposeduser-level schedulingmechanismgivesperformancegainsbetween
17%and41%,comparedto mechanismsthatuselocalreadyqueues.Theoverallresults
of thiswork show thatmemorylocality canbeexploitedto improvenotonly theperfor-
manceof a parallelcomputation,but alsotheperformanceof theruntimemechanisms
thatexecutethis computation.

The restof this paperis organizedasfollows: Section2 givesa brief overview of
NthLib. Section3 presentsour threadmanagementalternatives.Section4 describesour
evaluationmethodologyandSection5 presentsexperimentalresults.Section6 summa-
rizesour conclusionsandpresentsfuturework.

2 NthLib: The Nano-ThreadsLibrary

NthLib [Mart95, Mart96] providesa runtimeexecutionenvironmentfor applications
written in standardC or FORTRAN. The runtime environmentassumesthat appli-
cationsareautomaticallyparallelizedby a compiler, which producesan intermediate
representationcalledtheHierarchicalTaskGraph(HTG)[Girk92]. TheHTG represen-
tationhastheability to capturedifferentlevelsof bothstructured(loop-level) andun-
structured(task-level) parallelism.The runtime systemusesthe HTG representation
to apply an autoschedulingexecutionmechanism[More95]. This mechanismgener-



atesdrive code, which createsand schedulesnano-threadsthat executethe parallel
tasksrepresentedby theHTG. Theruntimesystemoperatesin closecoordinationwith
the operatingsystem,in orderto dynamicallycontrol the granularityof the generated
nano-threads.Granularitycontrol is basedon information like the numberof proces-
sorsavailableto theapplication,estimationsof theruntimesystemoverheads,andthe
critical tasksize.

NthLib implementsnano-threadswith private contexts, which are kept in nano-
threadstacks.The library usesthe mechanismsprovidedby QuickThreads[Kepp93],
a portabletool for building multithreadingpackages.An importantaspectof NthLib is
that it usestheC runtimestackto executenano-threads.This meansthatnano-threads
usestandardmechanismsto accesslocal andglobal data.Thesemechanismscanbe
highly optimizedby existingC compilers.Moreover, they avoid theoverheadof explicit
memoryallocationof activationframesfrom theheapandthemaintenanceof a cactus
stack[More95]. Therefore,they simplify memorymanagementat user-level. NthLib
allocatesmemoryfrom the heaponly for nano-threadstacks.Stacksarerecycled in a
memorypool, in orderto avoid theoverheadof invokingtheoperatingsystemmemory
allocatoreachtime a new nano-threadis created.Context switchingandblocking of
nano-threadsis implementedwith theQuickThreadsprimitives.

NthLib useslocal (per-processor
�
) readyqueuesanda global readyqueue,where

nano-threadscanbesubmittedfor execution.Thequeuesprovide a framework for im-
plementinguser-level schedulingpoliciesin the context of NthLib. Local queuescan
be employed mainly to scheduleparallel loops for maintaininglocality. The global
queuecanbe usedfor coarse-graintasksandload balancing.The processorsexecute
a schedulingloop throughoutthe lifetime of the application.In eachiterationof the
schedulingloop, a processortries to dispatcha nano-threadfor executionby visiting
the readyqueuesin a predefinedorder. Dispatchingof nano-threadsis performedin-
ternally in NthLib. However, creationandenqueuingof nano-threadsin readyqueues
is left entirely to the application.Theseactionscanbe performedeitherby the com-
piler, or directly by theprogrammer, who mayprovide schedulinghintsto theruntime
system.This approachincreasesflexibility , sinceuser-level schedulingis oftendepen-
denton theapplicationcharacteristics.Severalschedulingalgorithmsfor parallelloops
implementedin Nthlib, canbefoundin [Mart97, Poly97].

3 ThreadManagementAlter natives

In this sectionwe introducetwo threadmanagementtechniqueswhich we have imple-
mentedin NthLib. The first techniqueperformsefficient memorymanagementin the
runtimesystem,by exploiting theaffinity of nano-threadsfor processors.Theproposed
mechanismaims at reducingthe overheadof initializing and managingnano-thread
contexts at user-level. The secondtechniqueuseshierarchicalreadyqueuesfor user-
level schedulingin the runtimesystem.This techniqueprovidesa schedulingframe-
work for applicationswith multilevel parallelism.The ideais to executenestedparal-
�

Throughoutthispaperthetermprocessors refersto kernelthreadswith asharedaddressspace,
thattheoperatingsystemprovidesto parallelapplications.



lelism thatoriginatesfrom differentsourcesin thesameprogram,in differentclusters
of the multiprocessor, in orderto exploit memorylocality to the extent possible.Our
techniquescanbeeffectively combinedto handleefficiently fine-grain,multilevel par-
allelismin NUMA multiprocessors.

3.1 Memory Management

Beforepresentingour mechanism,we provide somebackgroundon memorymanage-
mentin NthLib andothermultithreadingruntimesystems.

In orderto implementthesemanticsof theautoschedulingmodelof execution,Nth-
Lib makesacleardistinctionbetweennano-threadcreationandnano-threadsubmission
for execution(enqueing).A nano-threadis createdassoonastheincomingcontrolde-
pendencesof the correspondingHTG task are satisfied.Therefore,nano-threadsare
createdwhen it is explicitly known that they are going to be executed.However, if
thecorrespondingHTG taskhaspendingincomingdatadependences,thenano-thread
cannotbeinsertedin a readyqueuebeforethesedatadependencesareresolved.

Creationof a nano-threadconsistsof allocatingandinitializing a nano-threadde-
scriptor. Thedescriptoris adatastructurewith fixedsize,thatcontainsthenano-thread
stack,thesuccessorsof thenano-threadin theHTG andthenumberof unresolvedin-
comingdatadependences.Thefunctionthatthenano-threadis goingto executeandthe
argumentsof this functionarepassedto thenano-threadstack.Memoryfor thestacks
is allocatedfrom the heapandstacksarerecycled in order to avoid the overheadsof
memoryallocationby theoperatingsystem.Recycling is performedwith acentralpool
of free stacks.The runtimesystemaddsa stackto the pool when the corresponding
nano-threadfinishesexecution.Whenanew nano-threadis created,theruntimesystem
tries to obtaina stackfrom the pool, beforeattemptingto allocatememoryfrom the
heap.Recycling of stacksis a commonapproachfor reducingoverheadsandmemory
consumptionin multithreadingruntimesystems.

General-purposemultithreadingruntimesystemsdo not necessarilyusethe above
mechanismto createthreads.Onealternativeapproachis to createthreadswithout pri-
vatecontexts.Theapplicabilityof this approachin thenano-threadslibrary is limited,
sincethe library mustprovide a way to maintainthescopeof variables,aswell asthe
context of blockednano-threads.An additionaldrawbackis that the numberof nano-
threadsandhencethenumberof contextsthatwill becreatedduringprogramexecution
remainsunknown until runtime,dueto the dynamiccontrolof nano-threadsgranular-
ity by the runtimelibrary. Lazy stackallocationis anotherapproachwhich decouples
the initialization of the threaddescriptorfrom the allocationof the threadstack.The
stackallocationin this caseis postponeduntil the threadis readyfor execution.Due
to efficiency reasons,we preferto performa singlememoryallocationof a fixeddata
structurefor thenano-threaddescriptorandthe nano-threadstack,insteadof two dis-
tinct allocations.In thisway, wealsoavoid addingtheoverheadof initializing thestack
in context-switch time. Stacklessthreadsareusedin the Filamentspackage[Free96].
TheELiTE runtimesystem[Bell96] useslazy stackallocation.A thoroughinvestiga-
tion of thesetechniquescanbefoundin [Niko97].

Usingacentralmemorypoolfor stackrecyclingdoesnotalwaysminimizetheover-



headsof memoryallocationin thenano-threadslibrary. If, atacertainpointduringpro-
gramexecution,severalprocessorscreatenano-threadssimultaneously, accessesto the
memorypool maycausehigh contentionandresultto a bottleneck.A simplesolution
is to uselocal poolsof stacksasproposedin [Ande89]. Althoughthis solutionreduces
contention,it shouldsatisfya setof criteriain orderto bepracticallyapplicable.Local
poolsmustbekeptbalancedin orderto avoid situationswheresomeprocessorsalways
find free stacksin their local pools,while othersinvoke repeatedlythe operatingsys-
temmemoryallocator. Furthermore,local poolsshouldenabletheexploitationof data
locality, particularlyin NUMA multiprocessorswherelocality is aperformance-critical
factor. In this case,locality canbe exploited whenthe nano-threaddescriptorandthe
nano-threadstackareinitialized.If thememoryaddressesaccessedduringinitialization
residein thecacheof the intializing processor, or ascloseto theprocessoraspossible
in thememoryhierarchy, theinitialization time will besignificantlyreduced.

In orderto meettheabovecriteriawe introducea stackallocationschemethatuses
local poolsof stacksanda centralpool. PoolsareimplementedasLIFO buffers with
fixedsize.Our experimentationwith buffer sizesshowedthatbuffersof 4 to 8 entries
areadequatefor stackrecycling. Thebuffersoperatein the following way: Whenever
a processorfinishestheexecutionof a nano-thread,it putsthenano-threadstackin the
front of its local LIFO. Whenthesameprocessorcreatesa new nano-thread,it tries to
obtaina stackfrom thefront of its local LIFO. In this way, we increasetheprobability
that the processorwill accessrecentlytouchedaddresses,that may still residein the
cache.Themechanismestablishesa form of affinity of newly creatednano-threadsfor
processors.Nano-threadsprefer to obtaintheir contexts from othernano-threadsthat
ran recentlyon the sameprocessor. This form of affinity canbe exploited to reduce
the overheadsof managingthe nano-threadcontexts. In orderto keepthe local pools
balancedwe usethecentralpool, whereprocessorscanfind stacksif their local pools
areempty. Stacksareinsertedin thecentralpoolby aprocessorwhoselocalpool is full,
in orderto beusedby otherprocessors.

Thepreviouslydescribedtechniqueis verysimpleandtheresultsin Sect.5 indicate
that it hassignificantgainscomparedto the schemeproposedin [Mart96]. An inter-
estingalternative, is to usethesamemechanismwith a hierarchyof pools.Intuitively,
this hierarchymaycorrespondto theactualmemoryhierarchyof aNUMA system.We
evaluatethisapproachin conjuctionwith theuseof hierarchicalreadyqueues,which is
discussedin thenext subsection.

3.2 Hierar chical ReadyQueues

DandamundiandCheng[Dand95] have recentlyevaluatedthroughsimulationstheef-
ficiency of usinghierarchicalreadyqueuesfor schedulingon sharedmemorymulti-
processors.In the proposedscheme,readyqueuesareorganizedasa treewhich has
a centralreadyqueueat the root andlocal readyqueuesat the leaves.Eachprocessor
mayaccessthequeuesthatresidealongthepaththatstartsfrom therootandendsat the
processorlocal queue.However, a processormay dispatchthreadsfor executiononly
from the local queue.Whenaccessinga readyqueueat a higher level, the processor
simply transfersa fractionof thenumberof threadsin thereadyqueueonelevel down



in thetree.Readythreadsarealwaysenqueuedat therootof thehierarchy. Hierarchical
queuescombinetheloadbalancingpropertiesof thecentralreadyqueue,with thedata
locality propertiesof local readyqueues.A drawbackof thisschemeis thattheaverage
numberof accessesneededto dispatchathreadfor execution,is alwayshigherthanthat
neededwhenusingacentralreadyqueue,local readyqueues,or acombinationof both.

In thiswork weconsiderhierarchicalqueuesasaneffectivealternative for schedul-
ing nano-threadsonNUMA multiprocessors.Theideais to mapthehierarchyof ready
queuesto the memoryhierarchyof the multiprocessorandtry to exploit locality. We
presenta concreteexampleusingtheSiliconGraphicsOrigin2000[Laud97] asa refer-
enceNUMA architecture.

Theblock diagramof a 32-processorOrigin2000systemis outlinedin Fig. 1. The
basicbuilding block of Origin2000is a dual-processornode,which containsup to 4
gigabytesof main memory, the directory and the I/O subsystem.Thesecomponents
areconnectedto a hubandhubsin turn, areconnectedto six-portedroutersthat form
a high-speedinterconnectionnetwork with a hypercubetopology. A straightforward
mappingof hierarchicalreadyqueuesto theOrigin2000architecture,is to assignready
queuesto individualprocessors,nodes,routersandfinally thewholesystem.This leads
to a completehierarchyshown in Fig. 2(a)for a 16-processorsystem.Alternatively, in
orderto reducetheaveragenumberof queueaccessesneededfor dispatchinga thread,
wecanconsideronly localqueues,routerqueuesandacentralsystemqueue,andbuild
thethree-level hierarchyshown in Fig. 2(b).Hierarchiesfor otherNUMA architectures
canbeeasilybuilt in a similarmanner.
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Fig.1. Origin2000block diagram

We modify the schemeproposedin [Dand95], to adaptit to thenano-threadspro-
grammingmodel.Our goal is to usethehierarchicalqueuesto schedulenano-threads,
giventhefollowing facts:

– Theruntimesystemmaydecideto exploit nestedparallelism.
– Theruntimesystemmaydecideto exploit parallelismthatmayoriginatefrom dif-

ferentsourceswithin thesameprogram.



level 0 level 1 level 2 level 3 level 0 level 1 level 2

(a) (b)

Fig.2. Two hierarchicalqueueorganizationsfor a 16-processorOrigin2000system

– Parallel tasksthat originatefrom differentsourcesaccessdifferentdatasetsand
mayhavedifferentsynchronizationpatterns.

We allow processorsto enqueuethreadsarbitrarily in any queuethatresidesin the
path from the root to their local queue.Furthermore,we let processorsdispatchand
executethreadsfrom any queuealongthe samepath,startingfrom their local queue
andmoving up thehierarchyto therootof thetree,in eachiterationof theirscheduling
loop.

Theintuition behindthisapproachis thatnestedparallelnano-threadsshouldbeex-
ecutedin thesameclusterof themachine,in orderto preservedatalocality. At thesame
time, parallelismthat originatesfrom different sourcescan be executedon different
clusters,in orderto avoid the undesirableinterferencesbetweennano-threadsthatac-
cessdifferentdatasets.A clustercanbearbitrarilydefinedasamemorylocality domain
of the underlyingmachinearchitecture.Eachlevel of the queueshierarchyrepresents
a partitioningof the machinein memorylocality domains.If level

�
of the hierarchy

contains� readyqueues��� � � 	�

��� � � � , thenthis level representsa partitioningof the
machineinto � domains.Eachdomain 	 containsthe processorswhoselocal queues
areat theleavesof thesubtreeemanatingfrom ��� � . Ourmechanismletstheapplication
mapthe generatedparallelismto memorylocality domains.The numberof domains
useddependson theapplicationcharacteristicsanddeterminesthe level of thehierar-
chy selectedto schedulethecomputation.Furthermore,if nano-threadsscheduledat a
givenlevel of thehierarchycreatenestednano-threads,theinnermostnano-threadsare
scheduledin thesamedomainswith their outermostcounterparts.

As an example,consideran instanceof a programwheretwo processorsgener-
atethreadsto executetwo distinctnestedparallelloops,thatreferencediffrent data.A
schedulingschemethat useslocal queueswould suggestto scheduleboth loopscon-
currentlyacrossall executingprocessors.Althoughthis schememaximizesthedegree
of parallelismfor theexecutionof theloops,it maynot actuallybethebestalternative.
Nano-threadsfrom thefirst loop pollute thecachefootprintsof nano-threadsfrom the



secondloopandviceversa.Thisinterferencemayleadto poorcacheperformance,even
if eachindividual loop exhibits gooddatalocality. Following thehierarchicalscheme,
we canremedythis problemby assigningthe loopsto two distinctclustersof thema-
chine.This approachmaximizesdatalocality and avoids cacheinterferences,at the
expenseof reducingthedegreeof parallelismfor eachloop. In addition,thehierarchi-
cal schemelets iterationsfrom the innermostloopsexecutein the sameclusterswith
their outermostcounterparts.This strategy allows thecomputationto establishproces-
soraffinity andexploit cachereuse.

Therearetwo moreobservationsconcerninghierarchicalqueues.The first obser-
vation, is that the schemethatwe proposedoesnot lack flexibility comparedto other
schemesthat usea centralqueueand/or local queues.Generationand enqueuingof
nano-threadsareleft entirelyto theapplicationor thecompiler. Bothareableto sched-
ule the computationaccordingto application-specificcharacteristics.The secondob-
servation,is that theproposedmechanismneedssomeadditionalsupportfrom theop-
eratingsystem,whenusedin amultiprogrammingenvironment.Thebasicrequirement
is thattheprocessorallocationpolicy of theoperatingsystemshouldestablishphysical
partitionsof themachinethatcanbemappedto hierarchies.Algorithmsfor partitioning
canbefoundin [Feit97].

4 Evaluation Methodology

Weevaluateourapproacheswith syntheticbenchmarks,whichwecodedin C usingthe
NthLib interface.We conductedour experimentson a 32-processorSilicon Graphics
Origin2000.Our performanceevaluationis basedon the comparisonof the following
threadmanagementalternatives.

– Base: Thisschemeusesaglobalreadyqueueandlocalreadyqueuesfor scheduling,
anda centralmemorypool for stackallocationandrecycling. This is the scheme
currentlyimplementedin NthLib andwe useit asthebasefor our comparisons.

– Stack aff: This schemeusesa global ready queueand local ready queuesfor
scheduling,andthemechanismpresentedin Sect.3.1 for allocationandrecycling
of nano-threadcontexts.Thesizeof thelocalLIFOs is experimentallysetto 8.

– Hier: This schemeusesthe hierarchyof readyqueuesshown in Fig. 2(b). We in-
corporatetheaffinity mechanismfor stackinitialization presentedin Sect.3.1,by
usinga hierarchyof LIFOs with a one-to-onemappingbetweenLIFOs andready
queues.Theaffinity mechanismusedin thiscaseis identicalto themechanismused
in Stack aff, with the exceptionthatprocessorsscanonemorelevel of LIFOs for
freestacks.

Weusetwo syntheticbenchmarksto evaluateourapproaches.Ourprimarygoalis to
evaluatetheefficiency of theproposedschemes,with respectto thefollowing criteria:

– Exploitationof parallelismat thefinestlevel of granularityat any instanceduring
programexecution.

– Exploitationof multilevel andnestedparallelism,thatmayoriginatefrom different
sourceswithin aprogram.



We usetwo benchmarksthatcapturedifferentmodelsof parallelism,which canbe
metin a wide rangeof applications.

Thefirst benchmarkfollows thefork/join model.Thebenchmarkcreates1 million
emptynano-threads.Nano-threadsarecreatedin parallelby all processorsparticipating
in the execution.Eachprocessorcreatesan equalnumberof nano-threadsin bursts.
After creatinga burst, a processorblocksandwaits for the executionof the burst to
terminate.In the BaseandStack aff alternatives,the numberof nano-threadsin each
burst is setto be equalto the numberof processors,in orderto modela computation
with frequentsynchronizationbetweenprocessors.In theHier alternative,themachine
is dividedin clustersandeachburst is executedin a singlecluster. Theburstsizeused
in this caseis equalto thenumberof processorsin thecluster. The implementationof
Hier preserveslocality, at theexpenseof increasingthesynchronizationcostsfor thread
management.In all schemesnano-threadswithin aburstarescheduledin aninterleaved
manneracrosstheavailableprocessors.

This benchmarkis appropriatefor estimatingthe pure runtime overheadsof the
nano-threadmanagementalternatives,sincenano-threadsperformno usefulcomputa-
tion. We usethis benchmarkto evaluatetheperformanceof thememorymanagement
mechanismpresentedin Sect.3.1.

Thesecondsyntheticbenchmarkis representedby thetaskgraphshown in Fig. 3.
Eachtask ��� � ������� � � � correspondsto a parallel loop. Tasks����� � � ��� correspondto
scalar-by-vectorproducts,computedfor four differentvectorsof doubleprecisionnum-
bers.Tasks ����� � � ��� correspondto dot products,computedwith the outputsof tasks
����� � � ��� . Thearcsindicateprecedencerelationshipsbetweenthetasksthatresultfrom
inherentdatadependences.Thesizesof thevectorsarevariedfrom 2048to 16384el-
ementsin subsequentexecutionsof thebenchmark.In eachexecution,the whole task
graphis traversedrepeatedly.

T1 T2 T3 T4

T6 T7 T8T5

Fig.3. Taskgraphfor thesecondbenchmark

Thisbenchmarkhassomedesirableproperties.Thebenchmarkallowstheexploita-
tion of two levels of parallelism.At the first level, tasks����� � � ��� canbe executedin
parallel, followed by tasks ����� � � ��� . At the secondlevel, the loops inside eachtask
canbeparallelizedwith a loop translationscheme.Tasks��� � ��� � �� � and ��! accessthe



samevectors,soschedulingthesetasksandthegeneratedloopslocally in themachine
is beneficial.The sameholdsfor tasks "�# $ "�% $ "�& $ and "�' . Repeatedexecutionof the
taskgraphallows tasksto establishaffinity for certainprocessors.

For the parallelizationof loopswe usethe adaptive-sizechunkingalgorithmpro-
posedin [Mart97]. This algorithmexecutesloopswith burstsof nano-threads.In the
implementationfor theBaseandStack aff alternatives,loop parallelizationis doneus-
ing all theavailableprocessors.In theHier version,parallelizationis doneby partition-
ing themachineandcorrespondinglythe queueshierarchyin two symmetricclusters.
Tasks"�( $ "�) $ "�* $ and "�+ arescheduledin thefirst cluster, while "�# $ "�% $ "�& $ and "�' are
scheduledin thesecond.Partitioning is performedto maximizelocality of references,
sincetasksscheduledin thesameclusterreferencethesamevectors.Tasks"�, aresched-
uleddirectly in routerqueues.Theparallelloop generatedfrom eachtask "�, is sched-
uledwith adaptive-sizechunkingin theclusterto which theprocessorthatexecutes"�,
belongs.

The structureof this benchmarkis representative for many scientific codeswith
multilevel and irregular parallelism. The SWIM and HYDRO2D codes from the
SPECfpbenchmarksuite,aswell asComputationalFluid Dynamics(CFD) codesare
indicativeexamples.

5 Experimental Results

In thissection,wepresentdetailedexperimentalresults,derivedfrom experimentswith
thethreadmanagementalternativespresentedin Sect.3.

Figure4(a)plots theexecutiontime for thefirst benchmark,using4, 8, 16 and32
processors.Eachgroupof barscorrespondsto thethreealternativesBase, Stack aff and
Hier. Executiontime in thisbenchmarkis dominatedby runtimesystemoverheadsand
the costof synchronizationbetweenprocessors.Therefore,it is not expectedto give
significantspeedups,if any. ComparingBasewith Stack aff we seethat theuseof our
memorymanagementmechanismgivesperformancegainsbetween13%and63%with
anaveragegainof 41%.Baseperformsworsebecauseof thefrequentsynchronization
betweenprocessorsfor the accessof the centralmemorypool. Hier performsbetter
thanbothBaseandStack aff, with 8 or moreprocessors.Note thatwhen4 processors
are used,Hier performsno partitioning, thereforeit is not able to obtain significant
benefitsfrom locality. Comparedto Stack aff, Hier reducesexecutiontimeby 5%-67%.
The averagegain of Hier comparedto Baseis 52%.This indicatesthat incorporating
our memorymanagementmechanismin a hierarchicalschemeis highly effective.The
benefitsof Hier overStack aff arejustifiedby thefactthatHier clustersthemanagement
of parallelism(including initialization, scheduling,synchronizationand recycling of
nano-threadcontexts) in memorylocality domains.This allows betterexploitation of
locality.

In order to evaluatethe ability of the proposedmechanismsto handleefficiently
parallelismof very fine granularity, we ran the first benchmarkon 32 processorsand
let the nano-threadsexecutea small amountof work rangingfrom 0 to 2000floating
point multiplications.The executiontime is plotted in Fig. 4(b). We observe that de-
spitetheincreaseof granularity, which impliesanincreaseof theratio of computation



to overheads,the performanceof the threeapproachesis practicallyunaffected.Hier
remainsthe bestalternative for fine nano-threadgranularitiesandthe performanceof
thealternativesdoesnotconvergeasgranularityremainsat low levels.
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Fig.4. Executiontime for thefirst benchmarkwith zeroandvaryingthreadgranularity

Figures5(a) through(d) plot the executiontime of the secondbenchmarkfor dif-
ferentvectorsizesrangingfrom 2048to 16384elements.Eachchartplots execution
time versusthe numberof processorsfor Base, Stack aff, andHier, for executionson
up to 16 processors.The resultsverify our intuition that hierarchicalqueuesexploit
betternestedparallelism.Hier outperformsclearly theotherapproaches.Thegainsof
Hier comparedto Baseon 32 processors,rangebetween17% and41%.Stack aff has
only marginal gainsoverBase. Thesegainscanbeattributedto theuseof our memory
managementmechanism.

Themainadvantageof Hier, is that it performsefficient partitioningandmapping
of thecomputationto themachinearchitecture,in orderto maximizelocality andavoid
interferencesbetweennano-threadswith differentdataaccesstraces.Both Baseand
Stack aff havepoorercacheperformancethanHier, despitethefactthatthey useall the
availableprocessorsto executetheparallelloops.Notethatthebenchmarksuffersfrom
performancedegradationwhenexecutedon morethan8 processors.Futhermore,the
benchmarkexhibits reasonablespeedupswith all threealternatives,only whenvector
sizesof 16384areused.The exceptionis Hier, that achievesspeedupwith a vector
sizeof 8192too.This problemis progressively alleviatedwhenthesizeof thevectors
andthenano-threadsgranularityareadequatelyincreased.However, we experimented
with small vectorsizes,in order to measurethe ability of our mechanismsto handle
effectively fine-grainparallelism.

Preliminaryresultsfrom experimentswith applicationbenchmarks(notshownhere)
verify thevalidiy of ourapproaches.Hier givesaverageperformancegainsof 48%and
17%comparedto Base, with thekernelof aFourier-Chebyshev spectralcomputational
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Fig.5. Executiontimesfor thesecondbenchmarkwith differentproblemsizes.

fluid dynamicscodeanda complex matrixmultiplicationkernelrespectively.
Summarizing,we concludethat the use of hierarchicalschemesfor scheduling

andmemorymanagementin the runtimesystemgivessubstantialperformancegains
on NUMA multiprocessors.This is a direct consequenceof the way that hierarchical
schemesdecomposethemanagementandexecutionof parallelismin memorylocality
domains.

6 Conclusionsand Future Work

In thispaper, weintroducedthreadmanagementalternatives,whichweappliedin arun-
time systemdesignedto supportthenano-threadsprogrammingmodel.We proposeda
mechanismthatexploits affinity of threadsfor processors,in orderto reducetheover-
headof managingnano-threadcontexts in the runtime system.We also proposeda
schedulingframework basedon hierarchicalreadyqueues,which allows effective par-
titioning of parallelcomputationsby takinginto accounttheplatformarchitecture.Our
resultsshow thattheuseof hierarchicalschemesin NUMA machinesarehighly effec-



tive,becauseof their ability to take full advantageof datalocality. We recommendthe
useof theseschemesin the nano-threadsprogrammingmodel for two reasons:First,
they areableto manageparallelismof very fine granularitywith minimal overheads.
Second,they areappropriatefor schedulingunstructuredandnestedparallelism,which
maybeextractedfrom differentsourceswithin anapplication.

We currently investigatethe effectivenessof further optimizationsin the nano-
threadslibrary, including the useof parallel-accessqueuesandsoftwareprefetching.
Wealsoinvestigateconcreteuser-levelpartitioningalgorithmswith hierarchicalqueues,
which we evaluatewith scientificapplicationcodes.
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