Efficient Runtime Thread Managementfor the
Nano-ThreadsProgramming Model

Dimitrios S. Nikolopoulos EleftheriosD. Polychronopoulos
andTheodoreS. Papatheodorou

High Performanc&omputingArchitectures.aboratory
Departmenbf ComputerEngineeringandinformatics
University of Patras
Rio 26500,Patras,Greece

Abstract. Thenano-threadprogrammingnodelwasproposedo effectively in-
tegratemultiprogrammingpn shared-memorynultiprocessorsyith theexploita-
tion of fine-grainparallelismfrom standardapplications A prerequisitefor the
applicabilityof thenano-threadprogrammingmodelis theability of theruntime
ervironmentto manageparallelismatary level of granularitywith minimal over-
headsIn this paperwe introduceruntimetechniquedor efficient memoryman-
agementinduserlevel schedulingn an experimentalruntime systemdesigned
to supportthe nano-threadprogrammingmodel. We evaluatethe exploitation
of processomaffinity for the managementf nano-threadcontexts, and the use
of hierarchicalqueuedo implementuserlevel schedulingstratgiesfor applica-
tionswith inherentmultilevel parallelism.The proposednechanismattemptto
obtainmaximumbenefitsfrom datalocality on cache-cohereiUMA multipro-
cessorsThroughthe useof syntheticbenchmarksye find that our mechanism
for memorymanagemenin the runtime systemreducesoverheadsy 52% on
average comparedo otherknowvn mechanismsThe useof hierarchicalqueues
givessignificantperformanceémprovementsbetweenl7% and 40%, compared
to schedulingstratgiesthatuselocal queues.

1 Intr oduction

The nano-threadprogrammingmodel,introducedn [Poly93, integratesparallelizing
compilerstechnologyuserlevel multithreading andoperatingsystemsupport,to pro-

vide an efficient executionernvironmentfor paralleljobs on multiprogrammedhared-
memorymultiprocessorsThe modeluseslightweight userlevel threadsfor the effec-

tive exploitationof fine-grainparallelismat differentlevelsof granularity Multithread-
ing is consideredhot only asa way to expressparallelism,but alsoasa mechanisnto

supportmultiprogrammingThemodelintroducegheconcepbf scalablebinaries i.e.,

autoscheduledpplicationswhich adaptto change®f the resourcesllocatedto them
from the operatingsystem.Applicationsadaptdynamically at runtime, by adjusting
their degreeof parallelism.Constructiorandefficient executionof scalablebinariesis

achievedthroughclosecoordinationbetweerthe compiler, the multithreadingruntime
systemandthe operatingsystem.
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The executionervironmentof the nano-threadgrogrammingmodelprovidesrun-
time supportto createand scheduleparallelthreadsof executioncallednano-threads.
Runtimesupportcanbeprovidedeitherby aruntimelibrary usedatthe compilerback-
end,or by a mechanisnwhich directly injects multithreadingcodeinto applications.
Both approacheshoulduse mechanismshat introduceminimal overheaddor nano-
threadamanagemensinceexploitation of fine-grainparallelismis desirable Further
more, the runtime systemshould provide a cornvenientframework for implementing
efficient userlevel schedulersAmong other properties like preservingdatalocality
andload balancing the userlevel schedulershouldbe ableto handlemultilevel and
unstructuregbarallelism.

Martorell et.al.[Mart95, Mart96], have recentlypresentedthLib, a prototyperun-
time library that supportsthe nano-threadprogrammingmodel. NthLib implements
userlevel multithreadingandprovidesprimitivesto translateandschedulgaskgraphs.
In this paper we proposetwo efficient threadmanagemenalternatves,which we im-
plementedn thecontet of NthLib. Thefirst alternate aimsatreducingthe overheads
of memorymanagemerin the runtimesystemWe introducea techniquethat exploits
the affinity of threadsfor processorsluring the initialization of nano-threaaontexts.
The secondalternative providesa framawork for the developmentof efficient schedul-
ing stratgjiesfor parallelapplicationsrunningin the nano-threadgxecutionerviron-
ment.We introducea mechanisnfor userlevel schedulingbasedn hierarchicaready
queuesThis mechanisntanbeusedto efficiently scheduleoarseandfine-grainnano-
threadsderived from the exploitation of differentlevels of parallelismfrom different
sourceswithin the sameprogram.We evaluateour approachesn a Silicon Graphics
Origin2000with syntheticbenchmarksThe resultsshown that our memory manage-
menttechniquereduceghe runtime systemoverheaddy 41% on averagewhenlocal
memorypoolsareused,andby 52% on averagewhena hierarchyof memorypoolsis
used.Theproposediserlevel schedulingnechanisngivesperformancejainsbetween
17%and41%,comparedo mechanismghatuselocalreadyqueuesTheoverallresults
of thiswork shav thatmemorylocality canbeexploitedto improve notonly theperfor
manceof a parallelcomputationput alsothe performanceof the runtimemechanisms
thatexecutethis computation.

The restof this paperis organizedasfollows: Section2 givesa brief overview of
NthLib. Section3 present®urthreadmanagemerdlternatves.Section4 describesur
evaluationmethodologyandSection5 presentgxperimentakesults Section6 summa-
rizesour conclusionsandpresentsguture work.

2 NthLib: The Nano-ThreadsLibrary

NthLib [Mart95, Mart96 providesa runtime executionervironmentfor applications
written in standardC or FORTRAN. The runtime ervironmentassumeshat appli-
cationsare automaticallyparallelizedby a compiler, which producesan intermediate
representatiocalledthe HierarchicalTaskGraph(HTG)[Girk92]. The HTG represen-
tation hasthe ability to capturedifferentlevels of both structured(loop-level) andun-
structured(task-level) parallelism.The runtime systemusesthe HTG representation
to apply an autosdedulingexecutionmechanisn{More95. This mechanisngener



atesdrive code which createsand schedulemano-threadshat executethe parallel
tasksrepresentetty the HTG. Theruntimesystemoperatesn closecoordinationwith
the operatingsystem,n orderto dynamicallycontrol the granularityof the generated
nano-threadsGranularitycontrol is basedon information like the numberof proces-
sorsavailableto the application,estimationsof the runtime systemoverheadsandthe
critical tasksize.

NthLib implementsnano-threadith private contexts, which are keptin nano-
threadstacks.The library usesthe mechanismsrovided by QuickThread§K epp93,
a portabletool for building multithreadingpackagesAn importantaspecof NthLib is
thatit usesthe C runtimestackto executenano-threadsThis meanghatnano-threads
usestandardmechanismdo accesdocal and global data. Thesemechanismsan be
highly optimizedby existing C compilers Moreover, they avoid theoverheadf explicit
memoryallocationof activationframesfrom the heapandthe maintenancef a cactus
stack[More95. Therefore they simplify memorymanagemenat userlevel. NthLib
allocatesmemoryfrom the heaponly for nano-threadtacks.Stacksareregycledin a
memorypool, in orderto avoid the overheacdf invoking the operatingsystemmemory
allocatoreachtime a new nano-threads created.Context switching and blocking of
nano-threads implementedvith the QuickThreadprimitives.

NthLib useslocal (perprocessdr) readyqueuesanda global readyqueue where
nano-threadsanbe submittedfor execution.The queuegrovide a framework for im-
plementinguserlevel schedulingpoliciesin the context of NthLib. Local queuescan
be employed mainly to scheduleparallel loops for maintaininglocality. The global
gqueuecanbe usedfor coarse-grairtasksandload balancing.The processorgxecute
a schedulingloop throughoutthe lifetime of the application.In eachiteration of the
schedulingloop, a processotries to dispatcha nano-threador executionby visiting
the readyqueuesn a predefinedorder Dispatchingof nano-threadss performedin-
ternallyin NthLib. However, creationand enqueuingdf nano-threadé readyqueues
is left entirely to the application.Theseactionscan be performedeitherby the com-
piler, or directly by the programmerwho may provide schedulinghintsto the runtime
system.This approachincreasedlexibility, sinceuserlevel schedulings oftendepen-
dentontheapplicationcharacteristicsSeveralschedulingalgorithmsfor parallelloops
implementedn Nthlib, canbefoundin [Mart97, Poly97.

3 ThreadManagementAlter natives

In this sectionwe introducetwo threadmanagementechniquesvhich we have imple-
mentedin NthLib. The first techniqueperformsefficient memorymanagemenin the
runtimesystempy exploiting theaffinity of nano-threadfor processorsTheproposed
mechanismaims at reducingthe overheadof initializing and managingnano-thread
contets at userlevel. The secondtechniqueuseshierarchicalreadyqueuedor user
level schedulingin the runtime system.This techniqueprovidesa schedulingframe-
work for applicationswith multilevel parallelism.Theideais to executenestedparal-

! Throughouthis paperthetermprocessas refersto kernelthreadswith asharecaddresspace,
thatthe operatingsystemprovidesto parallelapplications.



lelism that originatesfrom differentsourcesn the sameprogram,in differentclusters
of the multiprocessarin orderto exploit memorylocality to the extent possible.Our
techniquesanbe effectively combinedto handleefficiently fine-grain,multilevel par

allelismin NUMA multiprocessors.

3.1 Memory Management

Beforepresentingour mechanismyve provide somebackgrouncdbn memorymanage-
mentin NthLib andothermultithreadingruntimesystems.

In orderto implementthe semantic®f theautoschedulingnodelof execution Nth-
Lib makesacleardistinctionbetweemano-threadreationandnano-threadubmission
for execution(enqueing) A nano-threads createdassoonastheincomingcontrolde-
pendence®f the correspondingHTG task are satisfied.Therefore,nano-threadsire
createdwheniit is explicitly known thatthey are going to be executed.However, if
the correspondindiTG taskhaspendingincomingdatadependenceshe nano-thread
cannotbeinsertedn areadyqueuebeforethesedatadependencesareresohed.

Creationof a nano-threadtonsistsof allocatingandinitializing a nano-threadie-
scriptor. Thedescriptoris a datastructurewith fixedsize,thatcontainghe nano-thread
stack,the successorsf the nano-threadn the HTG andthe numberof unresohedin-
comingdatadependence3hefunctionthatthe nano-threads goingto executeandthe
argumentsof this function arepassedo the nano-threadtack.Memory for the stacks
is allocatedfrom the heapand stacksareregycledin orderto avoid the overheadf
memoryallocationby the operatingsystemReg/cling is performedwith a centralpool
of free stacks.The runtime systemaddsa stackto the pool whenthe corresponding
nano-threadinishesexecution.Whena new nano-threads createdtheruntimesystem
tries to obtaina stackfrom the pool, beforeattemptingto allocatememoryfrom the
heap.Regycling of stacksis acommonapproactfor reducingoverheadsandmemory
consumptiorin multithreadingruntimesystems.

General-purposeultithreadingruntime systemsdo not necessarilyusethe above
mechanismio createthreadsOnealternatve approachs to createthreadswithout pri-
vatecontets. The applicability of this approachn the nano-threads$brary is limited,
sincethe library mustprovide a way to maintainthe scopeof variables,aswell asthe
context of blocked nano-threadsAn additionaldravbackis thatthe numberof nano-
threadsandhencethenumberof contextsthatwill be createdduringprogramexecution
remainsunknown until runtime,dueto the dynamiccontrol of nano-threadgranular
ity by the runtimelibrary. Lazy stackallocationis anotherapproachwhich decouples
the initialization of the threaddescriptorfrom the allocationof the threadstack. The
stackallocationin this caseis postponedintil the threadis readyfor execution.Due
to efficiency reasonswe preferto performa singlememoryallocationof afixed data
structurefor the nano-threadlescriptorandthe nano-threadtack,insteadof two dis-
tinct allocationsin thisway, we alsoavoid addingthe overheadf initializing the stack
in context-switchtime. Stacklesghreadsare usedin the FilamentspackagegFree98§.
The ELITE runtime system[Bell96] useslazy stackallocation.A thoroughinvestiga-
tion of thesetechniquesanbefoundin [Nik097.

Usingacentralmemorypoolfor stackrecycling doesnotalwaysminimizetheover-



headsf memoryallocationin thenano-threadBbrary. If, ata certainpointduringpro-
gramexecution,several processorsreatenano-threadsimultaneouslyaccesset the
memorypool may causehigh contentionandresultto a bottleneck A simplesolution
is to uselocal poolsof stacksasproposedn [Ande89. Althoughthis solutionreduces
contentionjt shouldsatisfya setof criteriain orderto be practicallyapplicable Local
poolsmustbekeptbalancedn orderto avoid situationswheresomeprocessoraiways
find free stacksin their local pools,while othersinvoke repeatedlythe operatingsys-
temmemoryallocator Furthermorelocal poolsshouldenablethe exploitation of data
locality, particularlyin NUMA multiprocessorsvherelocality is a performance-critical
factor In this case|ocality canbe exploited whenthe nano-threadlescriptorandthe
nano-threadtackareinitialized. If thememoryaddresseaccesseduringinitialization
residein the cacheof theintializing processaror ascloseto the processoaspossible
in thememoryhierarchytheinitializationtime will besignificantlyreduced.

In orderto meettheabove criteriawe introducea stackallocationschemedhatuses
local poolsof stacksanda centralpool. PoolsareimplementedasLIFO buffers with
fixed size.Our experimentatiorwith buffer sizesshaved that buffers of 4 to 8 entries
areadequatdor stackregycling. The buffers operaten the following way: Whenever
a processofinishesthe executionof a nano-threadit putsthe nano-threadtackin the
front of its local LIFO. Whenthe sameprocessocreatesa new nano-threadit triesto
obtaina stackfrom thefront of its local LIFO. In this way, we increasahe probability
that the processowill accesgecentlytouchedaddresseghat may still residein the
cache.The mechanismestablishes form of affinity of newly createchano-threadfor
processorsNano-threadpreferto obtaintheir contexts from other nano-threadshat
ran recentlyon the sameprocessarThis form of affinity canbe exploited to reduce
the overhead®f managingthe nano-threadtontets. In orderto keepthe local pools
balancedwve usethe centralpool, whereprocessorganfind stacksif their local pools
areempty Stacksareinsertedn thecentralpool by a processowhoselocal poolis full,
in orderto beusedby otherprocessors.

Thepreviously describedechniques very simpleandtheresultsin Sect.5 indicate
thatit hassignificantgainscomparedo the schemeproposedn [Mart96]. An inter-
estingalternatve, is to usethe samemechanisnwith a hierarchyof pools.Intuitively,
this hierarchymay correspondo the actualmemoryhierarchyof aNUMA systemWe
evaluatethis approachin conjuctionwith the useof hierarchicareadyqueueswhichis
discussedn the next subsection.

3.2 Hierarchical ReadyQueues

DandamundandCheng[Dand99 have recentlyevaluatedthroughsimulationsthe ef-
ficiengy of using hierarchicalready queuesfor schedulingon sharedmemorymulti-
processorsln the proposedschemefeadyqueuesare organizedas a tree which has
a centralreadyqueueat the root andlocal readyqueuesat the leaves.Eachprocessor
mayaccesshe queueghatresidealongthe paththatstartsfrom therootandendsatthe
processotocal queue However, a processomay dispatchthreadsfor executiononly
from the local queue.Whenaccessing readyqueueat a higherlevel, the processor
simply transfersa fraction of the numberof threadsn thereadyqueueonelevel down



in thetree.Readythreadsarealwaysenqueuedt therootof thehierarchyHierarchical
gqueuexombinetheload balancingpropertieof the centralreadyqueuewith the data
locality propertieof local readyqueuesA drawvbackof this schemas thattheaverage
numberof accesseseededo dispatchathreadfor execution,is alwayshigherthanthat
neededvhenusinga centralreadyqueuejocal readyqueuespr a combinationof both.

In this work we considethierarchicalgueuesasan effective alternatve for schedul-
ing nano-threaden NUMA multiprocessorsTheideais to mapthe hierarchyof ready
queuedo the memoryhierarchyof the multiprocessorlndtry to exploit locality. We
present concreteexampleusingthe Silicon GraphicsOrigin2000[Laud97 asarefer
enceNUMA architecture.

The block diagramof a 32-processoOrigin2000systemis outlinedin Fig. 1. The
basichbuilding block of Origin2000is a dual-processonode,which containsup to 4
gigabytesof main memory the directory andthe I/O subsystemThesecomponents
areconnectedo a hubandhubsin turn, areconnectedo six-portedroutersthatform
a high-speednterconnectiometwork with a hypercubetopology A straightforvard
mappingof hierarchicareadyqueuedo the Origin2000architectureijs to assigrready
gqueuego individual processorsiodesyoutersandfinally thewhole systemThisleads
to acompletehierarchyshowvn in Fig. 2(a) for a 16-processosystem Alternatively, in
orderto reducethe averagenumberof queueaccesseseededor dispatchingathread,
we canconsidemnly local queuesrouterqueuesanda centralsystemqueue andbuild
thethree-level hierarchyshovnin Fig. 2(b). Hierarchiedor otherNUMA architectures
canbeeasilybuilt in a similar manner
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Fig. 1. Origin2000block diagram

We modify the schemeproposedn [Dand99, to adaptit to the nano-threadgro-
grammingmodel.Our goalis to usethe hierarchicalqueuedo schedulenano-threads,
giventhefollowing facts:

— Theruntimesystemmaydecideto exploit nestedparallelism.
— Theruntimesystemmay decideto exploit parallelismthatmay originatefrom dif-
ferentsourceswithin the sameprogram.
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Fig. 2. Two hierarchicalqueueorganizationsor a 16-processo0rigin2000system

— Parallel tasksthat originate from differentsourcesaccesdifferentdatasetsand
may have differentsynchronizatiorpatterns.

We allow processors$o enqueudhreadsarbitrarily in arny queuethatresidesn the
pathfrom the root to their local queue.Furthermorewe let processorslispatchand
executethreadsfrom ary queuealongthe samepath, startingfrom their local queue
andmoving up the hierarchyto theroot of thetree,in eachiterationof their scheduling
loop.

Theintuition behindthis approachs thatnestedparallelnano-threadshouldbeex-
ecutedn thesameclusterof themachinejn orderto preseredatalocality. At thesame
time, parallelismthat originatesfrom different sourcescan be executedon different
clusters,in orderto avoid the undesirablenterferencedbetweemnano-threadshat ac-
cesdlifferentdatasets A clustercanbearbitrarily definedasamemorylocality domain
of the underlyingmachinearchitectureEachlevel of the queueshierarchyrepresents
a partitioning of the machinein memorylocality domains.If level I of the hierarchy
containsn readyqueuesy;;, ¢ = 1...n, thenthislevel representa partitioningof the
machineinto n domains.Eachdomaini containsthe processorsvhoselocal queues
areattheleavesof the subtreeemanatingrom @);;. Our mechanisnietstheapplication
map the generatedparallelismto memorylocality domains.The numberof domains
useddependwn the applicationcharacteristicenddetermineghe level of the hierar
chy selectedo scheduleghe computation Furthermoreijf nano-threadscheduledata
givenlevel of the hierarchycreatenestechano-threadgheinnermostnano-threadare
scheduledn the samedomainswith their outermostounterparts.

As an example,consideran instanceof a programwheretwo processorgiener
atethreadso executetwo distinctnestedparallelloops,thatreferenceliffrent data.A
schedulingschemethat useslocal queueswvould suggesto scheduleboth loops con-
currentlyacrossall executingprocessorsAlthoughthis schemeamaximizesthe degree
of parallelismfor the executionof theloops,it maynotactuallybethe bestalternatie.
Nano-thread$rom thefirst loop pollute the cachefootprintsof nano-threadérom the



secondoop andvice versaThisinterferencenayleadto poorcacheperformancegven
if eachindividual loop exhibits gooddatalocality. Following the hierarchicalscheme,
we canremedythis problemby assigningthe loopsto two distinct clustersof the ma-
chine. This approachmaximizesdatalocality and avoids cacheinterferencesat the
expenseof reducingthe degreeof parallelismfor eachloop. In addition,the hierarchi-
cal schemdets iterationsfrom the innermostioops executein the sameclusterswith
their outermostounterpartsThis strateyy allows the computatiorto establishproces-
soraffinity andexploit cachereuse.

Therearetwo more obsenationsconcerninghierarchicalqueuesThe first obser
vation, is that the schemehatwe proposedoesnot lack flexibility comparedo other
schemeshat use a centralqueueand/orlocal queues Generationand enqueuingof
nano-threadareleft entirelyto theapplicationor the compiler Both areableto sched-
ule the computationaccordingto application-specificharacteristicsThe secondob-
senation, is thatthe proposedmechanismeedssomeadditionalsupportfrom the op-
eratingsystemwhenusedin a multiprogrammingernvironment.The basicrequirement
is thatthe processoallocationpolicy of the operatingsystemshouldestablistphysical
partitionsof themachinethatcanbemappedo hierarchiesAlgorithmsfor partitioning
canbefoundin [Feit97].

4 Evaluation Methodology

We evaluateour approachewith synthetichenchmarksyhich we codedin C usingthe
NthLib interface.We conductedour experimentson a 32-processofilicon Graphics
Origin2000.0ur performanceevaluationis basedon the comparisorof the following

threadmanagemenrdlternatves.

— Base Thisschemaisesaglobalreadyqueueandlocalreadyqueuedor scheduling,
anda centralmemorypool for stackallocationandregycling. This is the scheme
currentlyimplementedn NthLib andwe useit asthe basefor our comparisons.

— Stak aff: This schemeusesa global ready queueand local ready queuesfor
schedulingandthe mechanisnpresentedn Sect.3.1 for allocationandrecgycling
of nano-threadontexts. The sizeof thelocal LIFOs is experimentallysetto 8.

— Hier: This schemeusesthe hierarchyof readyqueuesshownn in Fig. 2(b). We in-
corporatethe affinity mechanisnfor stackinitialization presentedn Sect.3.1, by
usinga hierarchyof LIFOs with a one-to-onemappingbetweenLIFOs andready
gueuesTheaffinity mechanisnusedin thiscasdsidenticalto themechanisnused
in Stad_aff, with the exceptionthat processorscanone morelevel of LIFOs for
free stacks.

We usetwo synthetichenchmarkso evaluateourapproacheurprimarygoalis to
evaluatethe efficiency of the proposedschemesyith respecto thefollowing criteria:

— Exploitationof parallelismat the finestlevel of granularityat ary instanceduring
programexecution.

— Exploitationof multilevel andnestedparallelism thatmay originatefrom different
sourceswithin aprogram.



We usetwo benchmarkshat capturedifferentmodelsof parallelism which canbe
metin awide rangeof applications.

Thefirst benchmarkollows the fork/join model. The benchmarlcreatesl million
emptynano-threadNano-threadsarecreatedn parallelby all processorparticipating
in the execution.Eachprocessorcreatesan equalnumberof nano-threadsn bursts.
After creatinga burst, a processoiblocks and waits for the executionof the burstto
terminate.In the Baseand Stad_ aff alternatves,the numberof nano-threadén each
burstis setto be equalto the numberof processorsin orderto modela computation
with frequentsynchronizatiorbetweermprocessordn theHier alternatve, the machine
is dividedin clustersandeachburstis executedn a singlecluster The burstsizeused
in this caseis equalto the numberof processorin the cluster Theimplementatiorof
Hier presereslocality, attheexpenseof increasinghesynchronizatiortostsfor thread
managementn all schemesano-threadwithin aburstarescheduledn aninterleaved
manneracrosgheavailableprocessors.

This benchmarkis appropriatefor estimatingthe pure runtime overheadsof the
nano-threadnanagemenalternatves,sincenano-threadperformno usefulcomputa-
tion. We usethis benchmarko evaluatethe performanceof the memorymanagement
mechanisnpresentedn Sect.3.1.

The secondsyntheticbenchmarkis representetby the taskgraphshown in Fig. 3.
EachtaskT;,i = 1...8 correspondso a parallelloop. TasksT; ... Ty correspondo
scalarby-vectorproductscomputedor four differentvectorsof doubleprecisionnum-
bers.TasksT5 . .. Ty correspondo dot products,computedwith the outputsof tasks
T ...T,. Thearcsindicateprecedenceelationshipdetweernthetasksthatresultfrom
inherentdatadependenced.he sizesof the vectorsarevariedfrom 2048to 16384el-
ementsn subsequengxecutionsof the benchmarkin eachexecution,the whole task
graphis traversedrepeatedly

Fig. 3. Taskgraphfor the secondoenchmark

ThisbenchmarlhassomedesirablgropertiesThe benchmarlallows the exploita-
tion of two levels of parallelism.At thefirst level, tasksT; ... T, canbe executedin
parallel,followed by tasksT5 ... Ts. At the secondlevel, the loopsinside eachtask
canbe parallelizedwith alooptranslationschemeTasksTh, Ty, Ts, andT; accesshe



samevectors,soschedulinghesetasksandthe generatedoopslocally in themachine
is beneficial. The sameholdsfor tasksTs, T3, Ts, andTs. Repeatedxecutionof the
taskgraphallows tasksto establishaffinity for certainprocessors.

For the parallelizationof loopswe usethe adaptve-sizechunkingalgorithm pro-
posedin [Mart97]. This algorithm executedoopswith burstsof nano-threadsn the
implementatiorfor the Baseand Stad_aff alternatves,loop parallelizationis doneus-
ing all theavailableprocessordn theHier version parallelizations doneby partition-
ing the machineand correspondinglythe queueshierarchyin two symmetricclusters.
TasksTy, Ty, Ty, andT7 arescheduledn thefirst cluster while Ts, T3, T, andTg are
scheduledn the second Partitioning is performedto maximizelocality of references,
sincetasksscheduledn thesameclusterreferenceahesamevectors TasksT; aresched-
uleddirectly in routerqueuesThe parallelloop generatedrom eachtaskT; is sched-
uledwith adaptie-sizechunkingin the clusterto which the processothatexecutesr;
belongs.

The structureof this benchmarkis representatie for mary scientific codeswith
multilevel and irregular parallelism. The SWIM and HYDRO2D codesfrom the
SPECfpbenchmarlksuite,aswell asComputationaFluid Dynamics(CFD) codesare
indicative examples.

5 Experimental Results

In this sectionwe presendetailedexperimentakesults derivedfrom experimentswvith
thethreadmanagemerulternatvespresentedn Sect.3.

Figure 4(a) plots the executiontime for the first benchmarkpsing4, 8, 16 and32
processorsEachgroupof barscorrespondso thethreealternatvesBase Stadk aff and
Hier. Executiontime in this benchmarks dominatecdoy runtimesystemoverheadsnd
the costof synchronizatiorbetweenprocessorsTherefore,it is not expectedto give
significantspeedupsif arny. ComparingBasewith Stad aff we seethatthe useof our
memorymanagemennechanisngivesperformanceainsbetweern 3%and63%with
anaveragegain of 41%.Baseperformsworsebecaus®f the frequentsynchronization
betweenprocessordor the accesof the centralmemorypool. Hier performsbetter
thanboth Baseand Stad_aff, with 8 or moreprocessorsNote thatwhen4 processors
are used,Hier performsno partitioning, thereforeit is not able to obtain significant
benefitdrom locality. Comparedo Stadk_aff, Hier reducesxecutiontime by 5%-67%.
The averagegain of Hier comparedo Baseis 52%. This indicatesthatincorporating
our memorymanagemenmechanismin a hierarchicalkschemas highly effective. The
benefitof Hier over Stadk_aff arejustifiedby thefactthatHier clustereshemanagement
of parallelism(including initialization, scheduling,synchronizatiorand regycling of
nano-threadontexts) in memorylocality domains.This allows betterexploitation of
locality.

In orderto evaluatethe ability of the proposedmechanismdo handleefficiently
parallelismof very fine granularity we ran the first benchmarkon 32 processorand
let the nano-threadexecutea smallamountof work rangingfrom 0 to 2000floating
point multiplications. The executiontime is plottedin Fig. 4(b). We obsene that de-
spitetheincreaseof granularity which implies anincreaseof the ratio of computation



to overheadsthe performanceof the threeapproachess practically unafected.Hier
remainsthe bestalternatve for fine nano-threadyranularitiesand the performanceof
the alternatvesdoesnot corvergeasgranularityremainsat low levels.

Benchmark 1 execution time vs. thread granularity
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Fig. 4. Executiontime for thefirst benchmarkwith zeroandvaryingthreadgranularity

Figures5(a) through(d) plot the executiontime of the secondoenchmarlfor dif-
ferentvectorsizesrangingfrom 2048to 16384 elementsEachchartplots execution
time versusthe numberof processorsor Base Stad aff, and Hier, for executionson
up to 16 processorsThe resultsverify our intuition that hierarchicalqueuesexploit
betternestedparallelism.Hier outperformsclearly the otherapproachesThe gainsof
Hier comparedo Baseon 32 processorsiangebetweenl 7% and41%. Stad aff has
only marginal gainsover Base Thesegainscanbe attributedto the useof our memory
managemenmnechanism.

Themain advantageof Hier, is thatit performsefficient partitioningand mapping
of thecomputatiorto themachinearchitecturein orderto maximizelocality andavoid
interferencedetweennano-threadsvith differentdataaccesdraces.Both Baseand
Stak_aff have poorercacheperformancehanHier, despitethefactthatthey useall the
availableprocessorso executethe parallelloops.Notethatthebenchmarlksuffersfrom
performancealegradationwhen executedon morethan 8 processorskuthermorethe
benchmarkexhibits reasonablespeedupsvith all threealternatves,only whenvector
sizesof 16384 are used.The exceptionis Hier, that achieves speedupwith a vector
sizeof 8192too. This problemis progresstely alleviatedwhenthe sizeof the vectors
andthe nano-threadgranularityareadequatelyncreasedHowever, we experimented
with small vectorsizes,in orderto measurehe ability of our mechanismgo handle
effectively fine-grainparallelism.

Preliminaryresultsfrom experimentswvith applicationbenchmarkgnotshavn here)
verify thevalidiy of ourapproachedlier givesaverageperformanceyainsof 48%and
17%comparedo Base with the kernelof a FourierChebyshe spectrakomputational



Benchmark 2 execution time (n=2048) Benchmark 2 execution time (n=4096)
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Fig. 5. Executiontimesfor the secondbenchmarlwith differentproblemsizes.

fluid dynamicscodeanda complex matrix multiplicationkernelrespectiely.

Summarizing,we concludethat the use of hierarchicalschemedor scheduling
and memory managemenin the runtime systemgives substantiaberformancegains
on NUMA multiprocessorsThis is a direct consequencef the way that hierarchical
schemeslecompos¢he managemenrandexecutionof parallelismin memorylocality
domains.

6 Conclusionsand Future Work

In this paperwe introducedhreadmanagemertdlternatves whichwe appliedin arun-
time systemdesignedo supportthe nano-threadprogrammingmodel.We proposech
mechanismnthat exploits affinity of threadsfor processorsan orderto reducethe over-
headof managingnano-threadcontexts in the runtime system.We also proposeda
schedulingramework basedon hierarchicakreadyqueueswhich allows effective par
titioning of parallelcomputationdy takinginto accounthe platformarchitectureOur
resultsshav thatthe useof hierarchicaschemesn NUMA machinesarehighly effec-



tive, becausef their ability to take full advantageof datalocality. We recommendhe
useof theseschemesn the nano-threadprogrammingmodelfor two reasonsFirst,
they areableto manageparallelismof very fine granularitywith minimal overheads.
Secondthey areappropriatdor schedulingunstructuredandnestedparallelismwhich
may be extractedfrom differentsourceswithin anapplication.

We currently investigatethe effectivenessof further optimizationsin the nano-
threadslibrary, including the useof parallel-accesgjueuesand software prefetching.
We alsoinvestigateconcretaiserlevel partitioningalgorithmswith hierarchicabueues,
which we evaluatewith scientificapplicationcodes.
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