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Summary

Clusterof PCsis becominganimportantplatformfor parallelcomputingandanum-
berof parallelruntimesystemdave beendevelopedfor clusters.In clustercomputirg,
programmiig paradigmsareanimportanthigh-level issuethatdefinesheway to struc-
ture algorithrrs to run on a parallelsystem.Parallel applicationanay be implenented
with variousparadigmsHowever, usuallya parallelsystems basedn only oneparal-
lel programmingparadigm.

This dissertations aboutsupportingmultiple parallelprogrammingoaradigmsn a
clustercompuing systemby extendingthe memoryconsiséng/ modeland providing
userlevel sharedvirtual memory Basedon Cilk, an efficient multithreadedparallel
systemthe RC _dag memoryconsisteng modelis proposedndthe SilkRoadsoftware
runtimesystemis developed.An ExtendedStealingBasedCoherencalgorithmis also
proposedtio maintainthe RC _dag consisteng and at the sametime reducethe net-
work traffic in Cilk/SilkRoad-like multithreadedgarallelcomputirg with work-stealing
scheduler

In orderto analyzeparallel programmingparadigmsandthe relationshp between
paradigmsand memorymodels,we alsodevelop a formal graph-theoreticgbaradigm
framework. With the supportof multiple paradigmsanduserlevel sharedvirtual mem-
ory, programmabiliy of Cilk/SilkRoadis alsoexaminedby providing solutionsto a set
of examplesknown asSalisharProblems.

Our experimenal resultsshav thatwith the extendedconsisteng model(RC dag
consisteny), awider rangeof paradigmsanbe supportedy SilkRoadin clustercom-
puting,while at the sametime the applicationsgn Cilk packagecanalsorun efficiently

on SilkRoadin a multithreadedwvay with the Divide-and-Conqugparadigm.



Chapter 1

Intr oduction

In thepastdecadeclustersof PCsor Networksof WorkstationgNOW) weredeveloped
for high performanceomputng asanalternatve low costparallelcomputirg resource
in comparisorwith parallelmachines.Besidesoff-the-shelfhardware, the availability
of standardorogrammig ervironments(suchas MPI [70, 126] and PVM [65]) and
utilitieshave madeclustersa practicalalternatve asa parallelprocessinglatform.

As clustersof PCs/Wrkstationsbecomewidely usedplatformsfor parallelcom-
puting,it is desirableto provide morepowerful programmiig ervironmentswhich can
supportawide rangeof applicationsfficiently.

In clustercomputing programmingparadigmsareanimportanthigh level issueof
structuringalgorithrs to run onclusters Parallelapplicationsanbeclassifiednto sev-
eralwidely usedprogrammig paradigmg75, 39,59], suchasSingleProgramMultiple
Data(SPMD),Divide-and-ConqueMaster/Slae, etc.

At alower level, Distributed SharedMlemories(DSMs)[110, 109 103]areawidely
usedapproacho enhanceclustercomputingby enablingusersto develop parallelap-

plicationsfor clustersin a style similar to thatin physicallysharedmemorysystens.

1



Chapter 1. Intr oduction 2

As a middleware for clustercomputng, DSMs are built on top of low level network
communcationlayersand at the sametime caterfor the requirementgrom the high
level programmingparadigmswhich areaffectedby the memorymodelused.

Cilk [44, 50, 34,117 is awell known parallelruntime systemwhich supportshe
Divide-and-Conquegprogrammingparadigmefficiently. It is oneof severalwell-known
multithreadedorogramming systens for clusters.It is effective at exploiting dynamic,
highly asynchronougparallelism,which is difficult to achieve in the data-parallelor

message-passirggyles.

1.1 Motivation and Objectives

Many currentparallelapplicatiors requireglobalsharedvariablesduringthe computa-
tion, andtheir correspondingaradigmsnayvary widely. However, normallya parallel
systemis basedon one particularparadigm.Few systemssupportmultiple paradigms
efficiently. Thispreventsparallelsystemdgrom supporthgawiderrangeof applicatiors
andachieving betterapplicability .

In orderto achieve the multiple parallelprogrammingparadigmsit is desirableto
extendanexisting parallelsystemwhichis basedon a particularparadigmto enableit
to supportmorethanoneparadigm We selectCilk asthebasesystemin ourwork.

Cilk hasbeenprovento be very efficient for fully strict Divide-and-Conquecom-
putationon SMP (symmetricmultiprocessorgystens. However, Cilk systeminitially
doesnotsupporiclusterwide sharednemoryfor theuserandconsequentlyherecannot
begloballysharedrariablesn parallelapplicatiosfor clusterspecause¢hey areabsent

in Cilk’s dag-consistencmodelandarein ary casenot necessaryor the Divide-and-
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Conquermaradigm BesidesCilk’ s multithreadingandwork-stealingpolicy mayresult
in heary network traffic becausef thelarge numberof threadsandfrequentthreadmi-
gration. This canbe a problemin clusterenvironmentsin somecasesspeciallywhen
the network is relatively slow andsharedoy multiple applicatios. Reducingnetwork
traffic mayalsobe helpful to theapplicationsharingthe samenetwork.
Theobjectvesof thisresearchncludeproviding a userlevel sharedvirtual memory
for usingglobalsharedvariables consequenthgupportirg a wider rangeof paradigms
in a clustercomputing system,and reducingthe network traffic of Cilk-lik e systens
(dueto multithreadingandworking stealing).Besidesparadigmsandtheir relationshp
with underlyingmemorymodelsneedto beformally analyzedandthis work is helpful

to empiricalstudyin supporthg multiple paradigms.

1.2 Contributions

This dissertatio exploresthe ideaof extendingthe memoryconsiseng/ modelto pro-
vide userlevel sharedvirtual memoryandsupportmultiple parallelprogrammig para-

digmsin a clustercomputingsystem My maincontritution consiss of the following:

e The sharedmemory approachto multiple parallel programming paradigmsin
software DSM-basedsystemsandthe proposalof RC' _dag memoryconsisteng
model. The RC _dag consiséng is the resultof theinnovationsbasedon Cilk’s
LocationConsisteng (LC). Theinnovaionsinclude (1)the extensionof Cilk’s
LC with providing global synchronizatia and mutual exclusion,and (2)main-
taining memoryconsisteng basedon threadsteal/returroperations.it provides

programmers userlevel sharedmemorywhich is necessaryor mary parallel
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applicatiors.

e An ExtendedStealingBasedCoherenc€ESBC) algorithmto reducethe network
traffic in Cilk systemandachiere the RC _dag consisteny. It reduceshenumber
of messageandtransferreddatain compuationby implemening Cilk’ s backing

storelogically.

e TheSilkRoadsoftwareruntimesystemwhichsupportdivide-and-ConqueMas-
ter/Slave, and SPMD paradigms. SilkRoadis a variantof Cilk. It inheritsthe
featuresof Cilk andrunsa wider rangeof applicationsthat may requireshared

variableswith the paradigm®therthanDivide-and-Conquer

e The conceptof genericparallelprogrammingparadigm which is definedbased
on the executioninstancedag of the computatiom and the underlyingmemory
model. Underthis framework, differentparadigmsareits subsetsanda mixed
paradigmis definedto includesereral existing paradigms.This mixed paradigm

is theoneimplementedn SilkRoad.

1.3 Organization

The restof this dissertations organizedasfollows: Chapter2 givesa brief review on
clustercomputing,especiallythe concernedssues:parallel programmig paradigms
andDSMs. The Cilk systemis alsointrodwcedin this chapterasa backgroundf our
researclwork. Chapter3 discusseshe graphtheoreticalanalysisof parallelprogram-
ming paradigmsandexploretheir relationwith memoryconsisteng models.Chapter4

presentghe SilkRoadsystem,which is developedto supportmultiple paradigms.To
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demonstratéhe programmabity of Cilk/SilkRoad,the solution to Salishanproblems
is givenin Chapter4. Chapter5 discusssthe underlying RC _dag memoryconsis-
teng/ modelin SilkRoad,includingits definition,implemenation, andtheoreticalper
formanceanalysis. Someexperimentalresultsandanalysison the resultsaregivenin
Chapter6. Finally, Chapter7 givesthe concludingremarksof this researchwork as

well astherecommendatiosifor futurework.



Chapter 2

Literatur e Review

This chaptercarriesout a literaturereview to provide the backgroundand scopeof
this researchwork. It begins with a generalintroduction of clustercomputing. The
critical review on clustercomputirg is focusedon parallelprogrammingaradigmsand
distributed sharedmemorieswhich arethe relevantissuesin this dissertation As an
efficient parallelruntimesystenfor clustercomputingaswell asthe basesystenof our

researchwork, Cilk is alsoreviewed. At endof thischapteisomeremarksarepresented.

2.1 Cluster Computing

Clusters[108] or network of workstations (NOW) [10, 122 15, 5] provide low cost
and high scalabiliyy in parallel computirg and recentlythey have becomeimporiant
alternatves for scientificandengineeringcomputng.

A clusterconsistf a collectionof interconnectedtand-aloneomputersvorking
togetherasasingle,integratedcompuing resource Clustercomputirg is implenmented

by connectingavailable commodiy computerswith a high speednetwork to do high

6
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Parallel Applications

Programming Environments and Tools
(Compilers, PVM, MPI, etc)

Cluster Middleware (OS kernel, DSM, etc)

PC/Workstation PC/Workstation PC/Workstation

High Speed Network

Figure2.1: Thelayeredview of atypical cluster

performanceomputng. Becauseof its low cost,clusteringhasbeenan attractve ap-
proachin comparisorwith the high costMassve ParallelProcessingMPP). Thecom-
puternodesof a clustercanbe commality PCs,SMPs(symmetricmultiprocessors)or
workstatiors thatare connectedsia a Local Area Network (LAN). Figure2.1 shows
the layeredview of atypical cluster A typical clusterconsiss of bothlow-level com-
ponentgsuchashardware of eachsinglenode,network connections)high-level parts
(suchasruntimelibrary, parallelapplications programmingparadigms)and middle-
ware (suchasOS kernel, DSMs, single systemimage,etc.). A LAN basedclusterof
computersanappearasa singlesystemto usersandapplications.Sucha systemcan
provide a cost-efective way to gain featuresand benefitsthat have historically been
foundonly on moreexpensve centralizedsharednemorysystems.

Besideghe cost,the architectureof clustersis alsoadwantageousln parallelcom-
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puting architecturesSMPsare an attractve approach.In SMP architecture multiple
symrmetric processorsll have sameaccesgo the sharednemoryaddresspace.One
big adwvantageof sharedmemorysystens (suchas SMPs)is easeof programmig. In

sharednemorysystemsprogrammersio not needto considemhow the dataarelocated
in memoryandaccessethy processorsHowever, thesesystemsare not easyto scale
up.

As anotheralternatve, CC-NUMA (CacheCoherentNon-Uniform Memory Ac-
cess)is morehardwarescalable.ln CC-NUMA systemsprocessorfiaze non-unform
acces3o memorybut run single OS. Eventhoughthis architecturas scalablethe soft-
ware/operatingystemis a limitationto larger scalability Like SMB, CC-NUMA also
suffersfrom high availability problems.

In comparisonclustersbehaes betteron theseaspects.A clustercanbe easily
scaledby addingor removing nodesfrom the network. This alsomakesclusterswidely

acceptedisa platformfor parallelcomputirg.

2.2 Parallel Programming Models and Paradigms

In distributedsystemstherearemary alternatvesfor parallelprogramming models.In
termsof the expressionof parallelism,they canbasicallybe classifiedinto two cate-
gories:implicit andexplicit parallelprogrammig models.

In implicit programmiig modelsthereis no needfor the programmerso explicitly
specifyprocessreation tasksynchronizatn, anddatadistribution. Hence,program-
mersdo not specifyary parallelismandthe programsareparallelizedby parallelcom-

piler andtheruntimesystemautomatically Theimplicit parallelmodelgreatlydepends



Chapter 2. Literatur e Review 9

on parallelizingcompilersandruntime systemsuchasin Jadesysten{114]. Normally
the effectivenessof parallelizingcompilersis not very satisfyng without any userdi-
rectionsandvery few systemsachiezed implicit parallelismideally, especiallyin the
clusterervironment A performanceanalysison parallelizingcompilerswasgiven by
Blumeetal. [30].

In explicit parallelism programmersisesomespecialprogramminganguagecon-
structsor invok somespecialfunctionsto expressparallelism Widely usedexplicit
parallelismsncludedataparallelismmessag@assingandthe shared-memorynodel.

In thedataparallelmodel,samenstructionor pieceof codeis executedon different
processordut on differentdatasets. In systens suchasin High Performancd-ortran
(HPF) [88], the programmeexplicitly allocatesdata,but thereis no explicit synchro-
nization. This modelreliesmuchon theform of thedatasetandit is difficult to realize
parallelismwith lessoptimally organizeddatasetsandasynchronousperations.

The messageassingmodelis anotherwidely usedprogrammingmodel. In this
model,the programmeiexplicitly allocatesdatato the processesanduseexplicit syn-
chronizations.PVM [65] and MPI [126, 70] are two widely usedstandardibraries.
Messagassingystemsaremoreflexible andcanbeimplemengedefficiently, but they
requireprogrammergo involve in low level messagsendingandreceving issuesand
this decreasethe programmabity.

The shared-memorynodelassumeghat thereis a sharedmemoryspaceto store
shareddata. Typical examplesncludePthread$76] andOpenMP[104]. It is believed
thatthe shared-memorprogrammingmodelis easierto usein clustercomputirg than
the messag@assingnodelbecausef the useof a singleaddresspace.Unlike in the

messag@assingnodel,usersdo notallocatedataandcommuncateexplicitly, but they
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needto synchronizeaxplicitly. DSM modelsdependon compilersor systemlevel soft-
ware/hardvaredevelopmentto provide a sharednemoryontop of lower level message
passing.

All theabove programmiig modelshave beenimplementedon clustersat the mid-
dlewareandprogrammingenvironmentlevel. Generally programming modelscanbe

implementedwith the following approaches:

e Introducingnew featuresinto someexisting sequentiaprogramming languages
with the supportof pre-processorsr extendedcompilers. Many parallelcomput-
ing systemsemploy thisapproachbecausé takesadvantageof existing sequen-
tial programminganguages.For example,C* [127], C// [134], and Cilk [44]

areruntimesystemsasedntheC language.

e Providing libraries for the programswritten in a sequentiaprogramminglan-
guage.Somesoftware DSM systemgsuchasTreadMarkg85]) employ this ap-
proachto provide userlevel librariesfor C andFortranlanguagesothe programs

caninvoke the providedfunctionsto utilize DSM.

e Usingspecificallydesignegarallelor concurrenprogrammiglanguagesThere

areanumberof exampkessuchasOccam[79], Ada[2], Orca[12], etc.

Parallel programmiig paradigmsare the waysto structurealgorithmsto run on a
parallel system Different peoplemay have different classificationof programmng
paradigmsandthereareseveralwidely usedprogramming paradigmsnto which most
of theparallelapplicatiors canbeclassified.Thefollowing arepopularlyusedoneq 75,

39,59]:
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e SingleProgramMultiple Data(SPMD)

SPMDis alsocalledPhaseParallelin somecasesWith SPMD, the executon of
a parallelprogramconsistsof mary supersteps Eachsuperstephasa computa-
tion phaseandsynchronizatn phase.ln computatiorphasemultiple processes
executethe samepieceof codein the parallelprogram but on differentdataset.
In subsequendynchronizatiorphasethe processeperformsynchronizatiorop-

erationg(like barrieror blockingcommunicatioin

e Divide-and-Conquer

The Parallel Divide-and-Conqueparadigmusesthe sameideaasits sequential
counterparin problemsolving: a parentprocesglividesits work into two or more
independentvork piecesand the work piecesare doneseparately In parallel
computng, theresultedwork piecesaredoneby multiple processor#n parallel,
andthe partial resultsof the work piecesare memgedby their upperlevel parent
process. Usually the dividing and merging proceduresare donerecursvely in

parallelprograms.

e Master/Slae

In the Master/Slae paradigm,a mastermprocessvorks asthe coordinatorandit
keepson producingparallelwork piecesanddistributesthemto slave processes.
Whenthe slave processefinish executon, they returntheir resultsto the master
processand wait for anotherwork pieceuntil all the parallelwork pieceshave

beencreatedandfinished.

e DataPipelining
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In the Pipelineparadigm,multiple processe$orm a virtual pipeline anda con-
tinuows datastreamis inputinto the pipeline. In the pipeline,the outputdataof

a processs the input dataof the subsequenprocess.The processegxecuteat
differentstagesf computatbn andthey areoverlappedn orderto achieve paral-
lelism. Thehardwareversionof thisparadigms widely usedn moderncomputer

processor$o improve theprocessingpeed.

e \Work Pool

In this paradigm,a pool is realizedasshareddatastructurein parallelprograms
to storethework pieces.Processesreatework piecesandputtheminto thework
pool. Meanwhik, processealsofetchwork piecesfrom the pool to executeuntil
thework poolis empty The poolcanbeconsideredsa passve Master;alsothe

pipelinecanbe consideredisadistributed pool.

Usually the choiceof paradigmis determinedoy the available parallelcomputng

resourcesindthetype of parallelisminherentin the problemto be solved.

2.3 Software DSMs

Becauseof the phystally distributed memory programmeriave to managethe data
transferbetweenclusternodes(for example,by usingmessaggassing). DSM is an
approacho integratethe advantage®f SMP andmessag@assingsystemsAs a clus-
termiddleware,distributedsharednemoryprovidesa simple andgeneraprogramming
model for higher level programmingernvironmentsby enablingshared-ariable pro-

gramming DSM systens canbe implementedat softwareand/orhardwarelevel. Fig-



Chapter 2. Literatur e Review 13

Processor 1 Processor2 | """ | Processor N
Memoryl Memory2 »sx | Memory N

Shared Virtual Memory

Network

Figure2.2: lllustration of Distributed Sharedviemory.

ure 2.2 illustratesa DSM systemconsising of N interconnecteaodes.eachof which
hasits own local memoryand can seethe sharedvirtual addressspace(denotedby
dottedoutline), which consistf memorypieceson eachnode.

In orderto build a sharedvirtual memoryamongthe clusternodes,DSM systens
mustdeal with the following problems mappirg the logically sharedmemoryspace
to the physically distributed memoryof eachnode keepingthe consisteng of the data
amongthe clusternodes,and locating and accessinglatafrom the memoryof each
node. In the software level implementabn of DSMs, mappingthe memoryspaceis
usually doneby mappingsomefiles in to memory The processof locatingand ac-
cessingdata dependsundamentallyon the consisteng semanticsj.e. the memory
consisteng model.

In implemening a software distributed sharedmemory the consisteng modelis
critical to thebehaiorsandperformancef theDSM. Theoriginalmemoryconsisteng

modelwassequentiatonsisteng [90], which waslaterprovento betoo strictandhard
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to implementefficiently in distributed ernvironments. Someotherrelaxed consisteng
modelswere proposedo improve the efficiency while keepingthe correctness.They
will beintroducedn following subsections

SoftwareDSM systens have thefollowing characteristicsThey areusuallybuilt as
a separatedayer on top of the communcationinterface; They take full advantageof
the applicationcharacteristicsT hey take virtual pagespbjects,andlanguageypesas
sharingunits. As the popularityof clustercompuing grows, sharednemorysystemis
adoptedasoneof theapproacheso achiere high performancelustercomputig.

A numberof softwarelevel DSMshave beenimplemenedin clustercomputingsys-
tems.Many of themwereimplementedaspage-base®SMs,suchasTreadMarkg85],
SHRIMP[23], Mill ipede[80], CVM [128], Midway[21, 141],JIAJIA [74], ORION[101],
etc;someothersareobject-base®SMs,suchasOrca[12], Aurora[96], DOSMOS[38],
CRL [83], etc.

Thereare someotherwaysto provide sharedmemoryspacein parallelprogram-
ming, suchastuplespace.Tuplespacas to provideawayto enabledifferentprocessors
to sharedatain theform of tuples.Tuplespacads aplacefor processorto putandshare
databy using“in” or “out” operationsThisideahasbeenimplemengédin Linda[6, 40]

andsomeLinda-basesdystemsuchasBalinda[139, 140].

2.3.1 CacheCoherenceProtocols

In a parallelanddistributedcompuing ervironmentsuchasclusterstherecanbe mul-
tiple copiesof datain local memoryspace/cachef eachprocessarThis raisesthe co-

herenceproblem,whichis to ensurghatno processoreadsdatafrom anobsoktecopy.
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Usuallytherearetwo alternatve mechanisms$o addresghis problem:write-invalidate
andwrite-update[52]. In write-invalidate,whena datumis written, the writer proces-
sorsendsnvalidation message® the otherprocessorsvhich may have copiesof this
datum,so subsequenaccesseto this datumby processor®therthanthe writer will
askthe writer processoffor the mostup-to-datevalue of the datum. In write-update,
the writer processosendgshe new valueto every otherprocessoto updatetheir local
copiesof thedatum.

Eachprotocolhasprosand cons. Write-updatehelpsreduceaveragereadlatenc
but resultsin moreinter-processocommunicationwhile write-invalidationavoidsthe
retrieval of informationthatmightneverbeusedandhencereduceghenumberof com-
municatirg messagesut the readlateng is higher In design,a trade-of mustbe

achievedaccordingto the performancef theinterconnectia network.

2.3.2 Memory ConsistencyModels

The memoryconsisteng modelhasa significantinfluenceon the behaior andsystem
performancef clusters.Generallythememoryconsisteng modelspecifiesvhatevent
orderingsarelegalwhenseveralprocesseareaccessingcommonsetof locationg66].
In otherwords,memoryconsiséng/ modelsdeterminethe valuethatmay bereturned
by readoperationsn asequencef parallelreadandwrite operations.
Theultimategoalis to make systemdehae like sequentiaachinesthereforethe

earlychoicewassequentiatonsisency whichwasdefinedby Lamport[90] asfollows:

Definition 2.3.1 A systemis sequentidl/ consistentf theresultof anyexecutionis the

sameasif the opemtionsof all the processos were executedn somesequentiabrder,
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and the opefations of ead individual processorappearin this sequencen the order

specifiedoy its program.

Unfortunately sequentiaktonsiséng/ imposesvery strict orderingon memoryaccess
operationssoit cannot beideally optimizedfor high performanceHencesomeother
relaxedmemoryconsiséngy modelsweredevelopedin orderto achiese significantper
formanceimprovementsin parallel programming. The various memory consistenyg

modelsarebriefly introducedn thefollowing:

1. SequentiaConsisteng

SequentialConsisteng (SC) saysthat all processor®bsene the sameorder of
readandwrite operationsf eachprocessorenthememory It wasimplemented
in someearly DSM systemssuchasIVY [93] andMirage [58]. SinceSC pre-
cludesmary potential optimizations, it is difficult to implement efficiently in

loosely-couped distributed systems.

2. Processo€onsisteng

GoodmanintroducesProcesso Consistency[68] in order to relax Sequential
Consisteng. In ProcessorConsistencytwo processorsnay obsenre different
ordersof memoryoperationssoit is wealer thanSequentiaConsistencybut the

orderof eachprocessos memoryoperations maintaired.

3. WeakConsisteng

Duboiset al. proposesan even wealker memory consisteng model, the Weak
Consistency51]. In Weak Consistencythe ordinarymemoryaccesseare sep-

aratedfrom the synchronizatioomemoryaccesseandthe memoryis consisént
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only on synchronizatioraccesses.

4. Release&Consisteng

In ReleaseConsistency{RC) [66], synchronzationaccessesre further divided
into acquire andrelease Thosememoryaccessethat needto be protectedare
performedwithin acquire-releasepairs. Ordinaryaccessewait until all the prior
acquire operationcompletereleaseoperationsalsomustcompletefor all previ-

ousordinaryaccesse® becomevisible to otherprocessors.

5. Entry Consisteng

Entry Consistency{EC) [19] wasfirst introducedand implenentedin Midway
system[20]. It requiresexplicit associatios of shareddatawith synchronza-
tion variables.On an acquire,only the dataassociateavith the synchronizatn

variabless guaranteedo be consisént.

6. ScopeConsisteng

ScopeConsistencyScC)[78] providesa bridgebetweenRC and EC'. It usesa
concepfcalledconsisteng scopeto implicitly establisithe relationshipbetween
dataandsynchronizatin events,thusrealizinga consisteng modelthatis more

relaxedthan RC', without the explicit dataspecificatiorof EC.

Thewealer memoryconsisteng modelsare proposedn orderto improve the per
formanceof clusterswith DSM systemsIn themeantinge, programmersnustbe aware
of thesynchronizatioroperationsvhenusingthe wealer memorymodels.

Usuallytheavailablememoryconsisteng modelsareprovidedby the parallelcom-

puting systens, but sometimesan applicationmay also requirea particularmemory
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consisteng becauseof the problemnature. Generally strongerconsisteng models
simplify programmngwork butincreasehememoryaccessateng, while wealker con-
sisteny modelsimprove the performancdut usuallyrequireprogrammerso insertthe

relevantsynchronizatn construct§or memoryacces®perations.

2.3.3 Lazy ReleaseConsistency

The ReleaseConsisteng memorymodelguaranteesnemoryconsisteng only at syn-
chronizationpoints.A synchronizations representetdy acquire or releaseoperations.
RC allows the notificationof changego sharedmemoryto be deferreduntil the time
of synchronizatia.

RCcanbefurtherclassifiednto LazyRelease€onsistencyL RC)[84,86] andEager
ReleaseConsistency41] dependingon whenthe modificationsof memorypagesare
propagated.

Accordingto TreadMarkg132], the information of changego the sharedmemory
canbe passedrom the lock releaserto the subsequeniock acquirerat either of the
following two moments whenthe lock is releasedandwhenit is acquired. In the
eager releaseconsisteny, the lock releasemotifiesall processe®sf the modifications
to sharedmemorypagesbecausehe next acquireris unknovn at releasetime. With
lazyreleaseconsistenyg, the acquirerof thelock getsthe information of the changedo
sharednemoryonly whenit recevesthelock from thereleaserandthe otherprocesses
arenotawareof theinformation.

LRC is arefinementof RC andit hasbeenimplementedn the TreadMarksDSM

system[85] developed at Rice university The mainideaof LRC in TreadMarksis
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thatthe modificationsof the pagegor diffs) in the sharedaddresspacearepropagated
only whenthe requiremenbf the diffs comesfrom a remoteprocessar The delay of
propagatia of diffs is to avoid transferringunnecessargatabetweenprocessors.n
TreadMarks LRC doesnot make the modifications(which are madeafter a lock ac-
quisition) visible to all processorat thetime of a release Instead,only the processor
thatacquireghe samelock will getthe diffs from the previouslock acquirer Besides,
TreadMarksalsoemplgys a multiple-readermultiple-writer protocolwith someadap-
tive policiesto helpkeepthecoherenceg9, 49,45, 8]. Someof thecoherencerotocols
arealsowidely adoptedanddiscussedn mary otherresearclwork [125,67, 3].
Thoughthe memoryconsisteng modelsarerathermature,in theaspecof theoret-
ical performancenodelandthe scalabilityof software DSMs, thereis still unexplored

terrain.

2.3.4 Performance Considerationsof DSMs

By relaxing the memoryconsisteng model away from sequentialconsisteny, soft-
ware implementedDSMs canimprove the performancewith someadwancedmecha-
nisms suchas multiple-writer, delayedpropagatio, etc. Reducingthe network traf-
fic also helpsimprove the efficiency of processorand henceimprove the computa-
tion/conmunicationratio.

Sincethenetwork communicationis themainoverheadf softwareDSMsin cluster
computng, the performanceof DSM greatlydepend®n the lateng of the underlying
network connection Otherconsiderationicludepagesize,coherencerotocol,gran-

ularity, addresspaceorganizationgtc.
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Therehasbeenalot of work doneon performanceanalysisof DSM systens [77, 1,
135 54,138 24,120 133,94], but they arebasicallybasednexperimentabrempirical

resultsof benchmarkingvithout theoreticallypredictableperformancenodels.

2.4 Intr oduction to Cilk

In this section,we introduceCilk, a multithreadedparallelprogramming languageand
run-timesystemon which our work is based Cilk’ s languagdeaturesschedulingool-

icy, memorymodeltheory andthe analyticalperformancenodelwill beintroduced.

2.4.1 Cilk Language

Cilk! is analgorithnic multithreadedanguage “The philosoply behindCilk is thata
programmeirshouldconcentrateon structuringhis programto exposeparallelismand
exploit locality, leaving the runtime systemwith the responsility of schedulingthe
computatbn to run efficiently on a given platform. Cilk’ s runtimesystenmtakescareof
detailslike load balancingand communicatiorprotocols Unlike other multithreaded
languageshowever, Cilk is algorithmic in thatthe runtimesystems scheduleguaran-
teesprovably efficientandpredictableperformancé.[44, 50,112

The Cilk languagéas basedon ANSIC. ThebasicCilk languageconsistsof C' and
someadditionalkeywordsindicatingparallelismandsynchronizationThesekeywords
are:spawn, sync, cilk, inlet, abort, etc.

Whena Cilk programis beingexecuted,it keepson creatingthreadsin orderto

IThelatestversionis Cilk 5.3,whichis availableonthe Cilk website.Unlessotherwisestatedn the
following contet, Cilk meansthe Cilk-NOW (alsocalleddistributed Cilk), the version for network of
workstatiors.
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Figure 2.3: In Cilk, the procedureinstancescan be viewed as a spavn tree and the
parallelcontrolflow of the Cilk threadscanbeviewedasadag.

exploreparallelism.In Cilk terminology athreadis amaximal sequencef instructiors
thatendswith aspawn, sync, orreturn (eitherexplicit orimplicit) statementA
procedurein a Cilk programcanbe brokeninto a sequencef threads.The creationof
threadss accomplishedby the spawn keywordin Cilk programs At runtime, thecre-
atedthreadscanfurther“spawn” otherthreadsandthis “spavn” relationshipstructures
the proceduressa rootedspawntree with their threadsdagembeddedwhichis illus-
tratedby Figure2.3.In Figure2.3,theroundedectanglesndicateproceduresndthe
circlesindicatethreads.A downward edgeindicatesthe spavning of a subprocedure.
A horizontaledgeindicatesthe continuaton to a successothread. An upward edge
indicateghereturningof a valueto a parentprocedureAll thethreetypesof edgesare
dependenciewhich constrainthe orderin which threadsmaybe scheduled.

We seethattheparallelcontrolflow of the Cilk programcanbeviewedasadirected
acyclic graph, or dag. Dag is an importanttheoreticalbasisof Cilk, which will be
discussedh latersections.

Cilk programsarepre-compiledo C programdeforethey areexecuted.To explore

the power of local processorandat the sametime enablethe parallelism Cilk proce-
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durescanbe executedn fastandslow style,correspondingo local runningandremote
stealingrespectrely (work stealingis introducedin the following subsection When
thereareno stealrequestsproceduresireexecutedn afaststyle,whichis comparable
to normalC procedureaxecutbn. In the caseof stealing,slow styleis usedin orderto
passadditionalinformatian to supportparallelexecution
Thebasicparallelprogrammingparadigmof Cilk is Divide-and-ConqueBY using
theDivide-and-Conquestratey, a Cilk programseparatea probleminto smallerprob-

lemsby recursvely spavningthreadswvhich areassignegmallercomputation tasks.

2.4.2 The Work StealingScheduler

In parallelcomputng, schedulings critical to the efficiency of the whole system Dif-
ferentschedulingpoliciesmayresultin quitedifferentperformance.

Generally it is hardto achieve pre-scheduledoad balancingfor the Divide-and-
Conquerparadigmbecauseof its dynamism For dynamicparallelism,usuallya dy-
namicschedulingpolicy is adopted.Therehasbeenalot of work doneondynamicload
balancing[102, 25,115,18, 13§ andschedulingpolicies[47, 26,99, 100,89, 27, 48,
26,99, 136] for parallelsystemsandCilk is the oneusingwork stealing [37, 36, 35]
andthreadmigration [129, 82,119.

In the Cilk runtimesystem a work-stealingbasedandomizedchedulingpolicy is
employed[36, 63, 34]. During the execution whena processorunsout of work, it
will actively “steal” work from otherbusyprocessordy randomlychoosinga “victim”
processar

The spavn treeis exploredin a depth-firstmanner In implementabn, the proce-
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duresare managedy usinga doubleendedqueue(dequ¢. The bottomof the deque
canbe pushedn or poppedout, while the top canonly be poppedout. Whena child
procedurds spavned,thelocal variablesof the parentare saved on the bottomof the
dequeandthe processobeginsto executethe child procedure Whenthe child proce-
durereturns,the bottomof the dequeis poppedandthe parentresumes.On the other
hand,if thereis a stealfrom anothemprocessarthe top-mostprocedurdan the dequeis
poppedout and sentto the stealingnode. This is to make surethatthe stealingnode
stealsthe shallavestreadythreadin the victim’s spavn treein orderto stealasmuch
work aspossible.

To implementthe above work-stealingschedulerefficiently, the THE protocolis
employed, which usesthreeatomicsharedvariablesT, H, and E to realizethe mutual
exclusian onthedeque Thedetailsof the THE protocolcanbefoundin [63]. However,
the sharingof information betweenthe sourceand destinatio processor®f a stolen

proceduregivesriseto nev memoryconsisteng issues.

2.4.3 Memory ConsistencyModels

Memoryconsisteng modelsareanimportantissueto programmern distributedervi-
ronment. Cilk peopledevelopeda computatiorcentrictheory [62, 61, 60] of mem-
ory consisteng modelfor parallel multithreadedcompuations. Basedon the dag-
consisteng model[33, 32], a seriesof relatedmemoryconsisteng modelswere de-
velopedfor the Cilk-lik e multithreadedcompuations. In Cilk, the dag-consistencys
implementedby usingthe BACKER algorithm(which is introducedin this subsection

later).
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Computation-Centric Memory ConsistencyModel

Comparingwith theprocessor-centricnemorymodeld51, 4, 68, 86,66, 20, 78], which
areexpressedn termsof processorsctingon memory the computaton-certric mem-
ory modelis morefocusedon the computatia itself. The philosophyof computaton-
centricmemorymodelis to separatehe logical dependencieamonginstructons (the
computatbn) from the way instructionsare mappedo processorgthe schedule]62].
This approacheadsto defining formal propertiesof memorymodelsthat are imple-
mentationndependent.

The computatiorcentricmemorymodeltheoryis basedon the conceptof compu-

tation andobsener function, which aredefinedasfollows [62, 61]:

Definition 2.4.1 AcomputationC' = (G, op) is a pair of afinitedirectedacyclicgraph
(dag) G = (V, ) andafunctionop: V—0O, wher V is the setof all nodesin the dag,
£ isthesetof all edgesin thedag, and O is a setof abstact instructions(sud asread

andwrite).

In computatbn-centricmemorymodeltheory amemoryis characterized by asetL
of locationsandasetO of abstracinstructions Intuitively, eachnodeu € V represents
aninstanceof theinstructionop(u), andeachedgeindicatesa dependeng betweents
endpoints Readsandwrites to location! aredenotedby R(1) andW (I) respectiely.
In the dag of a computationjf thereis a pathfrom nodewu to nodew, thenit is said
thatu precedes), which is denotedby u < v. To indicatestrict precedenceye write
u < v. Two nodesu andv areincompagble if v £ v andv £ u. An emptyelement
L indicatesthat no write operationhasbeenobsenedand L < « for every nodeu of

arny compuation. Basedon the above semanticof compuation,an obsener function
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is definedasfollows:

Definition 2.4.2 Anobsenrer function for acomputatiorC'is afunction®: £xVuU{L

} — VU {L} satidying thefollowing propertiesfor all / € £ andu € VU {L}:
1. If ®(l,u) = v #L thenopc(v) = W(I).
2. u £ ®(,u).
3. Ifu #L andopc(u) = W (1) then®(l, u) = u.

On thebasisof the conceptof computatiorandobsenrer function,memorymodel

is definedasa setof pairsof computationandobsener functions:

Definition 2.4.3 Amemorymodelis a setA sucthat{(¢, @)} CA C {(C,®): Dis

an observeifunctionfor C'}.

In computatn-centricmemorymodeltheory the strictnessof memorymodelsis

comparedaccordingo thefollowing definition:

Definition 2.4.4 AmemorymodelA is strongerthana memorymodelA’ (or memory

modelA’ is weaker thanmemorymodelA) if A C A,

It meanssubseis strongetbecausehe subsetllows fewer memorybehaiors.
There are also somepropertiesdefinedin computatbn-centrictheory i.e. con-

structiblity, completenes®tc,which arefully discussedn [61], [60] and [62].



Chapter 2. Literatur e Review 26

Dag Consistencyand Location Consistency

Initially the dag consisteng wasdevelopedto supportthe Cilk multithreadedoarallel
programmirg, andlaterit wasenlagedto beafamily of consisteng models including
location consistency[61] 2. Thememorymodelscanbe definedbasedn thetopolagi-
cal sortsof thedag of compuationandthelastwriter function. A topologcal sortT" of
adag graphg is atotal orderonthenodeset) consistentith the precedenceelation.
The setof all topologcal sortsof a dag graphg is denotedoy 7°'S(G). Thelastwriter

function is definedasfollows;

Definition 2.4.5 LetC beacomputaibn,and7 € T'S(C) beatopolagical sortof C.
Thelastwriter functionaccodingto T is Wy : L x VU {L} — VU {L} sud thatfor

alll e Landu € VU {L}:
1. 1f Wr(l,u) = v #L thenopc(v) = W ().
2. Wr(l,u) <t u.
3. Wr(l,u) <7 v 2r u = opc(v) # W(l) forall v € V.

Thelastwriter function is actuallyanobsenerfunctionfor computatia.
Basedonthetopolagical sortsandlastwriter functions, sequentialconsistencyand

location consistencyaredefinedin computation-centritheoryasfollows respectrely:

Definition 2.4.6 Sequatial Consistencys thememorymodel

SC = {(C,Wy) : T € TS(C)}

2This location consisteng is not the mocel with the same name introdwed by Gao and
Sarkan64)]. [60] hasthedetailedjustification.
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Definition 2.4.7 Location Consistencys thememorymodel

LC = {(C,®) : VI3T} € TS(C)Vu, ®(l,u) = Wr(l,u)}

Accordingto the above definitions,sequentiatonsisteng requiresthat the topo-
logical sort be the samefor all locations,while location consiseéng/ requiresthat all
writesto the samelocationbehae asif they wereserialized solocationconsisteng is
wealer thansequentiatonsiséng. In locationconsisteng memory for all location/
thereexists a topologicalsortT; of compuation suchthat every readoperationon lo-
cation/ returnsthe valueof the lastwrite to location/ occurringin 7;. Thewholedag
consisteng memorymodelfamily is fully discusedin [61].

Locationconsiséntsharednemoryis developedfor fully strict multithreadedcom-
putatiors [31], which meansn the dag of a computatio every dependeng edgegoes
from a procedureo eitheritself or its parentprocedure The computatims of Cilk pro-
gramsarefully strictbecauseheresultof a Cilk procedurecanonly bereturnedo the
procedurdhatcallsit. Accordingto thesemantic®f the Divide-and-Conquestratayy,
a big problemis dividedinto mary independensmall problems sothereareno inter
actingmechanisméor thesibling Cilk threads However, for thosecomputatonswhich
arenot fully strict, the semanticof the memorymodeland computatios have to be

modifiedor redefined.This problemwill befurtheraddresseth Chapter3.

The BACKER Algorithm

TheBACKER algorithm[33] wasproposedo implementthedag consiseng. With the
BACKER algorithm,sharednemorylocationscanhave differentversionsn ary of the

processocachesandthe mainmemory— bading store, which is the homeof the data
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of memorylocations In orderfor eachprocessoto accesshe mostup-to-datedataof a
memorylocation,the datamustbetransferredrom the badking store to thelocal cache
of theprocessofirst.

The BACKER algorithmworks asfollows. therearethreebasicoperationdor pro-
cessorgo operateon sharedmemorylocations: fetd, reconcile,andflush. A fetch
operatiorncopiesalocationfrom thebading store to thecacheof aprocessoandmarks
thecachedocationasclean,sothe processohasthe mostrecentcopy of thelocation.
A reconcileoperationcopiesadirty locationfrom a processocachebackto the back-
ing storein orderto keepthe copy at “home” mostup-to-date.Meanwhile,the cached
locationis marked asclean. Lastly, a flush operationremovesa cleanlocationfrom a
processos cache.

Thesharednemoryis keptcoherenby the BACKER by usingtheabovethreebasic
operationsWhena processoaccessefreadfrom or write to) a memorylocation,the
operations performedonthecopy in its local cache If acopy is notpresenin thelocal
cachejt will fetchfrom thebackingstoreto getthelatestversionandthenperformthe
operation.For write operationsthedirty bit will be set.Sincethe capacityof the cache
is limited,sometinesit is necessaryo flushsomecleanlocationsto make spaceor the
new locations.To removedirty locations processorfirst reconcileandthenflushthem.

The BACKER algorithmalsoperformsadditionalreconcilesandflushesto enforce
locationconsiséng besideghethreebasicoperationsFor eachedgeu < v in thedag
of acomputaton, if nodesu andv areondifferentprocessorg andq respectiey, then
p will reconcileall its cachedocationsafter executng u but beforeenablingv, andg
will alsoreconcileandflushits entirecachebeforeexecutingu.

The BACKER algorithmusesa cornvenientway to keepthe coherencef the copies
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in differentlocations,andit is not so comple to implement. It is similar to “home-
based’coherencerotocol[45], in which casethe homekeepsthe mostrecentversion
of locationdataandthe processorsiwayskeepin touchwith the home. Actually, the
backingstorecanalsobe logical: reconcilejust makesthe local cachepages‘latest”
and other remotecopies“invalid”; whenthe other copiesare accessedpagemisses
occurandthis will causedatatransferfrom the processowherethe “latest” versionis

located.Thisis theapproactwe have adoptedn ourwork.

2.4.4 The PerformanceModel

A lot of work hasbeendoneon the performanceboundsof parallel computng with
variousmethoddogies, suchasfork/join [97, 89], heterogeneousystens [14], DSM
systemg87, 95,121,98], multithreadednultiprocessor$43], etc.

Cilk providesusersanalgorithmic modelof applicationperformanceo predictthe
runtime of Cilk programs. The executon time of Cilk programscanbe measuredn
termsof its work and critical path length. The work of a computatio, denotedl’,
is the numberof instructonsin the dag of the computationwhich correspondso the
amountof time requiredby an one-processoexecuton. The critical path length of a
computatbn, denotedl, is the maximumnumker of instructionson ary directedpath
in thedag of the compuation,which correspond$o theamountof time requiredby an
infinite-processoexecution

For fully strict multithreadedalgorithns runningon P processorsCilk’s random-
ized work stealingschedulerachieres performancecloseto a lower bound,which is

T,/ P or T,,. Specifically for any suchalgorithmandany numberP of processorghe



Chapter 2. Literatur e Review 30

Cilk scheduleexecuteghealgorithmin expectedtime O (T /P + T.,) [31, 36].
Theabove modelaccountdor variousoverheadsntroducedn 7', andT,, by theop-
eratingsystem sharedmemoryprotocol,etc. Observingsomefactors(i.e. cachesize,
cachemissservicetime, etc) which affect runningtimes, Cilk’ s performancemodelis
furtherrefined[32, 61]. With cachesize Z whichis partitioredinto Z/ L linesof length
L oneachprocessattotal work 7' (Z, L) is definedastheserialexecutbntimeonama-
chinewith a (Z, L) cache andT; is referred asthe computationalwork, which corre-
sponddo theserialexecutbntimeif all cachemissedake zerotimeto beserviced.The
numberof cachemissegakenin theserialexecutian is definedasserial cache complex-
ity, whichis denotedy Q(Z, L), sothereexistsT(Z, L) = Ty + pQ(Z, L). Similarly,
the critical-pathlengthcanalsobe split into two portions: Oneis total critical-path
length 7, (Z, L), which is the maximum overall directedpathsin the dag of computa-
tion, including the cachemissesto executealongthe pathby a single processomith
a(Z, L) cache.Theotheris computatonal critical-path length T.,, with zerocache
misscostof thetime. Thefollowing theoren{61] boundghe parallelexecutiontime of

multithreadedCilk programs:

Theorem 2.4.8 Consideranyfully strict multthreadedcomputatiorexecutedn P pro-
cessos, eah with an LRU cade of height H, usingthe Cilk work-stealingscheduler
in conjuncton with the BACKER coheencealgorithm. Let ;1 bethe servicetimefor a
cache missthat encountes no congestian, and assumehat accesseso the mainmem-
ory arerandomandindependentSuppos thecomputatio hasT; computaibnal work,
Q(Z, L) serial cachemisses];(Z,L) = T; + pQ(Z, L) total work, and Ty, critical-

pathlength.Thenfor anye > 0, theexecutiontimeis O(7:(Z, L)/ P+ uHT+pulg P+



Chapter 2. Literatur e Review 31

wH 1g(1/€)) with probablity at leastl — e. Moreover, the expectedexecutiontime is

O(T\(Z,L)/P + pHTy).

Proof: See [61]. (I

2.5 Remarks

Clustercomputingis arapidly groving technologyfor parallelanddistributed comput-
ing anda numberof parallelsystemshave beendevelgpedfor clusters. Somecluster
computng systens usedistributed sharedmemoryasa middlevare,andthe memory
consisteng modelof DSM actsasan underlyingbaseof the high level programming
paradigms.

Even thoughmary parallel systens have beendevelopedfor clustercomputiry,
few of them are efficient in multiple paradigms. In addition, parallel programmig
paradigmsarenotformally andsystematicallyanalyzed.

Cilk is an efficient multithreadedparallelruntime system In clusterenvironment,
thereis no userlevel sharedmemoryin Cilk, becauseCilk was initiatedfor solving
problemsby usingDivide-and-Conquewith recursion.However, in clustercomputirg,
clusterwide userlevel sharedsirtual memoryis necessarin mary casesn orderto run
parallel applicationsusing sharedvariableswith someparadigmsotherthan Divide-
and-ConquerSoit is valuableanddesirableto develop a runtime systemto supporta

wider rangeof applicatiors with moreparadigms.
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The Mixed Parallel Programming

Paradigm

Thischaptet elaboratesn theideaof developing andsupportingnultiple parallelpro-
grammingparadigmdy usingformal methodsasedon computatbn-centrictheoryof
memorymodel[62].

Parallel programmingparadigmg(or parallel algorithmic paradigms)defineways
to structurealgorithns to run on a parallelsystem[75]. Usually a particularparallel
systemis goodat oneparticularprogrammiig paradigms.This limits the generalityof
parallelruntimesystens. Soit is desirableo enablea parallelsystemo supportmixed
programmirg paradigms.n this chapterformal methodsaredevelopedto addresshe
problemof supportirg multiple paradigmsWe show a graph-theoreticalvay to realize
mixed parallelprogrammingparadigmgrom the viewpointof memorymodels.

Theexecutionof bothsequentiastatementandparallelcontrolstatementsf a par

1The contentsof this chapterarepartially pubishedin [106].
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allel programcanbe describedby an executioninstancedag G = (V, E), wherethe
nodesetV representshe executian of a parallel task forking of tasks,or synchronza-
tion, andtheedgesetE representthe datadependencieBetweerthenodes.

Given that the executioninstancedagsof differentparadigmshave differentfea-
tures,we definea generalparallel programmingparadigmwith commonattributesof
dagsandthen definespecific paradigmgsuchas SPMD, Divide-and-ConqueMas-
ter/Slave, etc) with their specialfeatureson the dags. Under this graph-theoretical
framework of paradigmswe show that SPMD, Divide-and-ConqueandMaster/Slae
areall subsetof the generalparadigm.We further extend Divide-and-Conqueto the
mixedparadigmandthis mixed paradigms a supersetof Divide-and-Conque6SPMD,
andMaster/Slae.

We alsoobsenre thatthereare somerelationsips amongthe strictnessof compu-
tation, paradigms,and the memory consisteng models. Accordingto computatbn-
centricmemorymodeltheory Cilk with LC' memoryconsisteng modelis adequatéor
the fully strict multi-threadedcomputatio underthe Divide-and-Conqueparadigm.
Basedon this, the memorymodelis extendedwith RC _dag consisteng (seedetailsin
Chapter5), andthe resultedSilkRoadis capableof supportinga wider rangeof com-
putationandmore paradigmsesidedivide-and-ConquelThisimpliesthatunderthe
graph-theoreticaframewvork of parallelprogrammingparadigm by extendingthe un-
derlyingmemoryconsisteng model,it is possibleto supporiessstrictcomputatiorand
moreparadigms.

The remainderof this chapteris organizedas follows: Section3.1 proposeghe
graphtheoryfor parallelprogrammingparadigmsthensomewidely usedparallelpara-

digmsareformally definedin Section3.2. In Section3.3,we definethemixedparadigm
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andanalyzéits relationshipwith parallelcompuation. Somerelatedwork is introduced

in Section3.4. Finally, Section3.5 givesa summary for this chapter

3.1 Graph Theory of Parallel Programming Paradigm

Therearemary differentdefinitionsfor parallelprogramming paradigm.The parallel
programmirg paradigmwe discusshereis the algorithnic paradigm.A programmig
paradigmis aclassof algorithmsthatsolve differentproblemsut have thesamecontrol
structure[72]. In somecasesit is alsocalledparallelprogramming model.

As suggestedby lan Foster[59], the designof parallelalgorithmsconsistsof four
distinct stages:(1)Partitioning; (2) Communcation; (3)Agglomeration;and (4)Map-
ping. The agglomeratiorand mappingare lower level concreteimplementationcon-
siderationg(they have, for example,a closerelationshipwith load balancing),while
the partitioning and communicaton dependon abstractsemanticof the higherlevel
programmitg paradigms.That meanghe paradigmsshoulddefinethe meansof parti-
tioning andcommuncationof thetasks.

We try to characterizgparallelprogrammig paradigmsrom the viewpoint of pro-
gramexecution. We saya graph-viev of an execution of a parallelprogramis an exe-
cutioninstance Notethatthe executio instancedagdefinedin this chapteiis different
from the dag definedin computatiorcentric memorymodeltheory in thatthe setof
nodesin the latter is definedin a finer granularity (it representshe instanceof in-
structiondik e readandwrite operationson memory)anddoesnot includethe parallel
control constructs.Before we formally defineexecuton instance somenotationsand

itemsusedin this chapterareintroducedfirst.



Chapter 3. The Mixed Parallel Programming Paradigm 35

In a parallelprogramwhich implementsa parallelalgorithm the statementsanbe
dividedinto two classesthe sequentiatomputng statemertt (including assignmers,
selectionstatementsiepetitionstatementsfunction calls, etc) andthe parallelcontrol
statementsvhich dealwith parallelcontrolissuessuchasdecompositbn andsynchro-
nization.Many paradigmsequiresomeparallelcontrolstatementat the programmig
level to explicitly expressparallelism.

In variousparallelcontrolstatements'fork/join” is awidely usedfor dynamc par
allelism In fork/join parallelism the sequentiacomputatio is split by “fork”ing some
tasksandtheresultsarethen®join’ed, sothatthereshouldbe someforking andjoining
statementsactingasparallelcontrolstatemers.

“Barrier” and“lock” aretwo otherwidely usedparallel control mechanisra for
globalsynchronizatio andmutualexclusion. In following discussio we usethesepar
allel control statementgi.e. fork, join, barrier andlock) to expressthe decompositin
of asequentiatomputatbn aswell asthe commuiicationin programs.

To simplify the analysisof variousparallel paradigmsijt is assumedhat parallel
programswith a certainkind of paradigmcanbe written in a baseparallellanguagel,
which consistf a setof necessargequentiaktatemerg plusa setof parallelcontrol
statement3 he EBNF syntaxof statementé L canbedemonstratedsfollows (SS is
for sequentiastatemers; PS is for parallelcontrolstatements$ L is for statemenlist;
tokenid represents variable;andtokenexpr representanexpression):

SS u= ]
lid = expr
|if EthenSL [elseSL]end

| for Name ' :=" E'to E [by F] do SL end
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|return E
PS =[]

| fork SL | join | lock (E) | unlock (E) | barrier

| forall Name':=' Eto E [by E]do SL end
SL = (SS|PS){; SL}
Hencethe executionof the parallelprogramis separatedhto mary “small executons”
by performingparallelcontroloperationspecifiedby the parallelcontrol statementf
the programwritten in L. Eachsmallexecutbn is a paralleltask,which is definedas

follows:

Definition 3.1.1 A (parallel) taskis anexecutionbetweeriwo consecutiv@arallel con-
trol opeationson a processoduring therunningof a parallel programwrittenin base

parallel language L.

Fromthedefinitionwe know thata paralleltaskis adynamicconcept.lt is thebasic
unit of continuousexecutionwithout beinginterruptedby parallelizingconstructson a
processar

To clarify theabove definition, Figure3.1(a)shovsthe corepseudaodeof sequen-
tial matrix multiplication (A, B, R arematricesand R = A x B), and Figure 3.1(b)
shaws its parallelizedcounterpartin Figure3.1(b),thedatais (implicitly) dividedinto
several parts(i; rangesrom start_Pi to end_P1) to be processedn parallel. Thereis
alsoa global synchronizatior(the barrier statement)n orderto join all of the partial
results.In this example,eachsub-computatio betweerthe startpoint andthe joining
pointcanbetreatedasa paralleltask. Similarly, In Figure3.2,the pseudccodeof cal-

culatingFibonaccinumberds shaovn (boththe sequentiabndthe parallelversion). In
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for i :=0to matrix_size do for i:= start Pi to end_Pi do
for j :=0to matrix_size do for j:=0to matrix_size do
for k :=0to matrix_size do for k :=0to matrix_size do
R(i, j) +=A(ik) x B(kj ); R(T,j)+=A(i k )xB(k,]);
end end
end
egd end
en :
() barrier; (b) (©)

Figure 3.1: Demonstratiorof a parallelmatrix multiplication program(R = A x B)
andits executbninstancedag.

the parallelcode,“fork” and*join” are usedto specifythe explicit decomposingand
synchronizatia of thetaskswhile no explicit fork is usedin Figure3.1.

Like in the graphanalysisof sequentiabrogramstheremay also be precedence
constraintdetweerthe paralleltasks.Sometaskscannotbe executeduntil someother
taskshasbeenfinished. In our notations,< is usedto describethis relationship. For
tasksu andw, if v mustbe executedbeforev andthereis no othertasksin between,
thenwe sayu < v, which meansthereis an edgee from u to v andit is denotedas
e: (u,v). If u < v, wesayu is theimmediatepredecessauf v, or pred(v) = v andv is
theimmediatesuccessoof u, or succ(u) = v. This precedenceonstraintalsoapply

to the parallelcontroloperations.

Definition 3.1.2 Anexecutioninstanceof a parallel programis adirectedacyclicgraph
(dag) G = (V, E), wher V is a setof verticesrepresentingasksand parallel control
opemations, E is a setof edgesrepresentingorecedenceonstrints betweerntasksand

parallel control operations.V and E are definedasfollows:
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Fib (n) Fib (n)

if n < 2 then return n; ifn<2 thenreturnn;
else else

x = Fib (n-1); x = fork Fib (n-1);

y = Fib (n-2): y = fork Fib (n-2);

return (X +Y); join;
end return (x +y);

end
(a) (b) ()

Figure3.2: Demonstratiorof a programcalculatingFibonaccinumbersandits execute
instancedag

o V=VrUVrJVs, whee

— Vr = {v|v is anoderepresentingan executionof a task},
— Vr = {v|v isanodeandoutgoirg degreqv) > 1}, and

— Vg = {w|incomirg dggregv) > 1}.
e ¢ = (u,v) € Eiffu < v. Furthermae, £ = Ep | Es, whee

- Ep = {(u,v)|u € V¥} and

— Es ={(u,v)|lueVsVvuve Vst U{(u,v)|lueVprAveVp}

Theverticesin G aredividedinto threeclassestasknodesVr, forking nodesVr,
andsynchronizatiomodesVs. Specifically the forking nodesrepresenthe behaior
of spliting compugtioninto mary tasksundera paradigm. This canbe doneimplic-
itly or explicitly, staticalyy or dynamically dependingon the semanticof the different
paradigmsAn explicit way is usingthefork parallelcontrolstatementFor staticsplit-

ting, wehave |Vr| = 1, whichmeanghesplitting is doneatthebeginning of thecompu-
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tationby theforking node( the startnodev,). For thoseparadigmsvhich split compu-
tationdynamically we have | Vx| > 1, whichmeandesideshew,, therearesomeother
splitings during the computatim. The outgoingedgesfrom the nodesin V' arethen
definedasdistributingedgesF p, whichrepresentthebehaior of distributing thetasks
to theavailableprocessorslLastly, Vs is abstractedrom the synchronizationoining of

tasks. Intuitively they arethe joining of partial resultsor barrierlike synchronizatn

betweenthetasks. It actuallyshavs the datadependencen parallelcomputaton. Vg

canrepresengitherpartial or globalsynchronzation. The edgesconnectingo or from

Vs arealsoclassifiednto syndironizatonedgesFEs. Eg alsoincludesthemutualedges
which representhe synchronizatin betweentwo individual tasks(intuitively, this is

abstractedrom “lock” and“unlock” operationsn computaton).

To furtherillustratethe definition of executioninstancedag, Figure3.1(c)andFig-
ure 3.2(c) show the parallelexecutian instancedagscorrespondingo the parallelized
programin Figure3.1(b)andFigure3.2(b)respectiely.

Paradigmsdiffer in partitioning computatbn, mappingtasksto processorsand
definingthe synchronizatio mannersof tasks. So their execution instancedagsalso
differ from eachother Theimplementatiorof a paradigmdepend®n theruntime sys-
temwith the scheduliig andload balancingpolicies. The detailsof implemenéationare
out of the scopeof our discussio andwe only careaboutthe semantic®f the abstract
logical executionof computatia.

With memorymodeldefinitionin the computatim-centrictheory [62] (seeChap-
ter 2) andthedefinitionof executioninstancedag,now parallelprogrammingparadigm
canbedefinedasa setof tuplesof parallelprogramsmemorymodel,andthe executon

instancedags:
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Definition 3.1.3 A parallel programmingparadgmis aset¥,, = {(4,A,G) : Aisa

parallel programand G is an executioninstancedag of A on memorymodelA}.

We say V¥, is ageneralparallel progranming paradigm for parallelcomputng. It
definesthe generaklementsn paradigmsHowever, specificparadigmsnayalsovary
in semanticsvith theunderlyirg runtimesystemandschedulerin thefollowing section
we defineseveralwidely usedparadigmsandprove thatthey aresubset®f thegeneral

paradigm.

3.2 SomeSpecificParadigms

In this section,we defineandanalyzeseveral specificparadigmsj.e. SPMD, Divide-

and-ConquerandMaster/Slae andtheir relationshig with the generalparadigm.

SPMD

Definition 3.2.1 TheSPMD(SingleProgram Multiple Data) paradigm ¥ spmp = { (A4,
A, G)| whee G = (V, E) is an executioninstancedag of parallel program A on mem-
ory model A on P processos }, the verticessetV and edges set E are definedas

follows:

o V= VTUVFUVS,Whele

— Vr = {v|v is anoderepresentingan executionof a task},
— Vp = { startnodeuv, }, and

— Vs = { outgoiry degreg(v) = 0 or PA incomingdegreg(v) = P}.
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. Distri D
forall i :=0 tondo istribute Data

for j :=0 toNdo Calculate  Calculate Calculate  Calculate . _

~— ~ s -

X[i] = fi(x); Exchange «>Exchange<*Exchange<«>Exchange

barrier: Calculate  Calculate Calculate  Calculate 0
end \ / /
)

end Collect Results

(a) An example program (b) Basic structure of a SPMD program (c) execution instance dag

Figure3.3: Thestructureandexecutioninstancedagof SPMD programs

e ¢ = (u,v) € Eiffu < v. Furthermae, E = Ep | Es, whee

- Ep = {(u,v)|u € V¥} and

- Eg = {(U,U)‘U eVsVue Vs}

In SPMD the datais staticallydividedinto P partitionsat the startnodev, (where
P isthenumberof processors)The processorthenexecutethe samepieceof program
codeoperatingon differentdatasets.During the compuing, the sub-computatin may
needto synchronizeat the barriernodes. The partial resultson all processorsvill be
joined togetherat the final vertex of the executio instancedag. Figure 3.3 shavs a
sampleSPMD program the structureof typical SPMD programgfigure(b)comesrom
[39]), andthedemonstratie executbn instancedag.

In the following, the relationshp betweenthe SPMD paradigmand the general
paradigmis discussed.First, it is necessaryo definethe “¢” relation of two graph
sets.We saysetA is a subsebf setB (denotedby A & B) if for ary elementa € A,

thereexists an“equivalent”element € B, andthereexists atleaseoneelementc in B
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which hasno equivalentelementsn A. Herewe sayelementh is “equivalent” to ele-
menta means is a (b = a) or b isisomorphicto a. This“equivadent” concepitanalso
be appliedto setsof multi-tuples,in which casean elementis a multi-tuple. We saya
multi-tuple (a1, as, .., a,,) is equivalentto amulti-tuple (by, bo, ..., by,) if a; is equivalent

to by, as IS equialentto by, ..., anda,, is equivdentto b,,.
Theorem 3.2.2 ¥spyp & ¥ gp.

Proof: V atuple (4, A, G) € ¥spyp, thereis an executioninstancedag G'spmp =
(Vspmp, F'spump)- We constructanisomorphc graphG’ = (V', E') of G andthenprove
theequivdentthreetuple (4, A, G') € ¥,,. Wefirst constructanisonorphicgraphG’

by following steps:

1. LetG’ hasthesame V| asGspwp, SOV’ canalsobedefinedasV’ = V. | J Vi U V4
similarly where V7, Vi, and Vg have the samesemanticsas V0, Vg » @Nd

Vseoun r€SPECtrely.

2. Uniquelytag all the verticesin Vspyp With 0 and naturalnumbers say tag the

startnodewith 0 andfinal nodewith & — 1, wherek = |Vspmp|-
3. Carrythetagsof thenodesn Gspyp overto thenodesn G'.

4. For eachnodev; € Vspmp(i = 0, 1,2, ...k — 1), for all edgesconnectingy and
otheradjacennhodesn Vspyp, createcorrespondingdgesconnecting’ andcor-

respondinghodesin V.

So we have a graph G’ which is isomorphic to Gspyp. Now we prove that the
equivalentthreetuple (4, A, G") € ¥,

Yo' € V', we considerthreepossbilities:
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1. if o' € V], v’ representanexecutionof atask,whichis mappedrom thevertices

in G spmb, sov' € VTgp;
2. if v' € Vi, thenwe have v’ = v, sov’ € Vg,,;

3. if v € V{, accordingo definitionof ¥ spyp, we haveincomingdegregv’) = P >

!
1,s0v' € Vggp.
Ve' = (v/,v") € E', two possbilities areconsidered:
1. if ¢’ € B}, sinceu’ € Vi, so0e’ € Ep,,;

2. if ' € Eg, thenu' € Vg, orv’ € Vg, , accordingto Definition 3.1.2,¢" also

€ Es,,.

SoG' is alsoanexecutioninstancedagandaccordingto Definition3.1.3,(4, A, G') €
U, ,. Thatis to say for every (A, A, Gspmp) tuplein ¥gspyp, We canconstructa G
suchthatthereis a equivalentthreetuple (A4, A, G') € ¥,

Ontheotherhand,we canfind atleastone (4, A, G) in ¥, suchthat(4, A, G) is
notin ¥spyp. For example,we canfind a G whose|Vr| > 1, which meanst hassome
otherdistributing nodeshesideghe startnodev,, sothis G is notanexecutoninstance

of Uspup, sothistuple (4, A, G) ¢ Uspyp. Finally we have ¥spmp & Uy, O

Divide-and-Conquer

Definition 3.2.3 The Divide-and-Conqueparadigm ¥pc = {(A, A, G)| whee G =
(V, E) is an executioninstarce dag of parallel program A on memorymodelA}, and

theverticessetl” andedgessetE are definedasfollows:

o V= VTUVFUVS,Whele
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— Vr = {v|v is anoderepresentingan executionof a task},

— Vp = { startnodev, } | J{v|incomhgdegregv) = 1A outgoirg degreeg(v) >

1}, and

— Vs = {v|incomirg degreg(v) > 1A outgang degregv) = 1}.
o ¢ = (u,v) € Eiffu < v. Furthermae, E = Ep |J Es, whee
- Ep ={(u,v)|u € Vp}and
— Es ={(u,v)|v € Vs}.
Theorem3.2.4 Wpc & Vg,

Proof: V atuple (4,A,G) € Upc whereGpe = (Vbe, Ebc), We constructan
isomaphic graphG’ = (V', E') of G by usingthe samemethodof theorem3.2.2. In
thefollowing we thenprove (4, A, G') € ¥,

Vo' € V', threepossibiities areconsidered:

1. if o' € VI, v’ representanexecutionof atask,whichis mappedrom thevertices

in Gpc, sov' € Vr,,;

2. if v' € Vi, thenwe haveincomingdegreg(v’) = 0 or 1 andoutgoirg degreg(v’) >
1, thatis to sayv’ is the startnodewv; or a nodewith outgoirg degregv’) > 1, so

v e Vng;

3. if v" € Vi, accordingto definitionof ¥pc, we have incomingdegregv’) > 1, so

v e ngp.

Ve' = (u',v") € E', two possbilities areconsidered:
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1. if ¢’ € B}, sinceu’ € Vi, s0e' € Ep,,;
2. if ¢’ € B, thenv' € Vg, accordingto Definition3.1.2,¢’ alsoe Es,, .

So (G is alsoanexecutbn instancedagandaccordingto Definition 3.1.3,(A, A, G’ €
V. Thatisto say for every (4, A, Gpc) tuplein ¥ ¢, we canconstructa G’ suchthat
(A, A, G") € T,

Ontheotherhand,we canfind atleastone (4, A, G) in ¥, suchthat(4, A, G) is
notin ¥pc. For example we canfind aG whose| Vx| = 1, whichmeanst hasonly one
forking node,i.e. thestartnodew,, sothis executioninstancedag(G is notanexecuton
instanceof ¥pc, sothistuple (A4, A, G) & Vpc. Finally we have Upe & ¥y, O

Figure3.2(c)shawvs the executioninstancedagof programFib(3).

Master/Slave

Definition 3.2.5 TheMaster/Shveparadigm¥ ;s = {(A, A, G)| wheeG = (V, E) is
anexecutioninstarcedag of parallel program A onmemorymodelA}, andthevertices

setV andedgessetE are definedasfollows:

o V= VTUVFUVS,Whele

— Vr = {v|v is anoderepresentingan executionof a task},

— Vg = { startnodev, }, and

— Vs = {v|incomirg degreg(v) = 2A outgang degregv) = 1}.
e ¢ = (u,v) € Eiffu < v. Furthermae, E = Ep |J Es, whee

- Ep = {(u,v)|u € V¥} and
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master
distribute tasks

slavel slave2 slave3 slave4

g

terminate

(@ (b)

Figure3.4: The structureandexecutioninstancedagof staticMaster/Slae programs

— Es ={(u,v)|v € Vs}.

In the Master/Slae structure,masterprocesgproducegasksand distributesthem
to slaves. Whenslavesfinish tasks,they returnthe resultsbackto the master Com-
munication only occursbetweenthe masterandslaves,sothe incoming degreeof the
synchronizatia nodesis two (onefrom mastertself andthe otherfrom a slave). The
tasksareproducedstatically sothe forking nodeis the startnode,whichis in the mas-
ter process.Staticor dynamicload balancingstrateyy canused. Figure 3.4 shows the
structureof static Master/Slae programsand the executioninstancedag (wherefig-

ure(b)comesfrom [39]).
Theorem3.2.6 W5 & Vg,

Proof: V atuple (A, A,G) € ¥ys whereGus = (Vus, Ems), We constructan
isomaphic graphG’ = (V', E') of G by usingthe samemethodof theorem3.2.2. In
thefollowing we thenprove (4, A, G') € ¥,

Yo' € V', we considerthreepossbilities:
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1. if o' € VI, v’ representanexecutionof atask,whichis mappedrom thevertices

in Gus, sov' € Vg,
2. if v' € Vi, thenv' = vy, s0v' € Vp,,;

3. if v' € Vi, accordingo definitionof ¥ ys, we haveincomingdegregv’) = 2 > 1,

sov' € Vg,,.
Ve' = (u/,v") € E', we considertwo possibiities:
1. if ¢’ € B}, sinceu’ € Vi, soe’ € Ep,,;
2. if ¢’ € B, thenv' € Vg, ,, accordingto Definition 3.1.2,¢’ alsoe Es,,.

So(G' is alsoanexecutioninstancedagandaccordingto Definition 3.1.3,(4, A, G’) €
U,,. Thatisto say for every (A, A, Gus) tuplein ¥ ¢, we canconstrucea G’ suchthat
(A, A, G") € Wy,

Ontheotherhand,we canfind atleastone (4, A, G) in ¥, suchthat(4, A, G) is
notin ¥ys. For example,we canfind a G whose|Vr| > 1, which meanst hasmore
thanoneforking node,sothis executioninstancedagG' is not anexecutia instanceof
Uys, sothistuple (4, A, G) € ¥ys. Finally we have Uys & ¥, O

In Master/Slae, the decompositin is performedstatically by the masterprocess
beforeparallel computng beging the distribution andjoining are doneby the master
processandslave processeareonly responsile for compuation.

Thereis no overlappingbetween¥ spyp and Upc, becausdor the nodesin Vs,,,o.
their outgoirg degreeis 0 (for thefinal node)or the numberof processors’, while for
thenodesin Vg, ., their outgang degreeis 1. Intuitively, the synchronizabn nodesin

SPMD arefor global synchronizatin (suchasbarrier)andthe synchronizatiomodes
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Figure3.5: Therelationshp betweerthediscussd parallelprogrammingparadigms.

in Divide-and-Conqueonly go to the next taskor returnto its fathertask’s procedure.
TherelationbetweenSPMD, Divide-and-CongqueandMaster/Slae canbeillustrated

by Figure3.5.

3.3 The Mixed Paradigm

A memorymodelspecifieshevaluesthatmaybe returnedoy memorywith the execu-
tion of a memoryoperation. Differentparadigmamnay have differentsynchronizatn

features:implicit or explicit, local or global. This resultsin differentmemorymodel

requirementsFor example,for Divide-and-Conquet.ocationConsisteng is enough,
sinceno global sharedvariablesand synchronizatinsrequired. However, for SPMD

or MasterSlave, they may needuserlevel globally sharednemory sincethe programs
may have global sharedvariablesand synchronizationsFor a particularparallelpro-

grammingparadigm the expressionof parallelismis a high level programmirg issue,
andits lower level memorymodelimplementatn canvary greatly.

With theabove obsenation we attemptedo enlage Divide-and-Conqueparadigm
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by extendingthe memoryconsiséng/ modelandproviding userlevel sharednemory

We startour discussiorfrom the strictnesof parallelcomputatbn.

3.3.1 Strictnessof Parallel Computation

Our discussbn on the strictnesof parallelcomputationis basedon the discussionn
Blumofe’s Ph.Dthesis [31]. Blumofedefinedthe strictnesscondition of multithreaded
computatbn. Accordingto [31], a strict multithreadeccomputatio is a computatbn
whereevery dependengcedgegoesfrom athreadto oneof its ancestothreadsin fully
strict computationthefatherthreadonly synchronizesvith its child threadsandits own
parent. This definitionis built on multithreadedcomputng with Divide-and-Conquer
in which casea compuation is divided into independensub-computatins and they
only returntheresultsto their uppetrlevel computatbn.

For the parallelprogrammingparadigmstherthanDivide-and-Conquetheremay
be somecasesvherethe sub-computionsneedto synchronze with eachother If we
extendthe executon instancedagsof Divide-and-Conquely providing suchsynchro-
nizationnodesor edgesthenextendeddagsalsoallow synchronizatns betweenthe
sibling threads.We saythe correspondingaradigmis a mixed parallel programmning
paradign and the parallel computaton is partially strict computatio, which canbe

definedasfollows:

Definition 3.3.1 For a givenfully strict computationC' = (G, op), if there existssyn-
chronizationedges E'; andsyndwronizationnodesV} sudthatG' = G U Eq U Viisa

directedacyclicgraph, then(G’, op) is a partially strict computatbn.

We saythedag G’ is an extendeddagof G' andit is an executioninstancedag of
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a partially strict parallelcomputatio. In the extensionof the dag, a global synchro-
nizationcanbe mappedo a synchronizatia nodewith someincoming edgesandsame
numberof outgong edgequsuallythis numberequalsto the numberof processors)a
global mutualexclusion canbe mappedo a singlesynchronizatioredgebetweenwo

nodes.More detailswill beillustratedin Chapters.

3.3.2 Computation Strictnessand Paradigms

The programming paradigmdefinitionalsosuggeststs relationslip with the strictness
of computatbn. In this sectionour discusson is basedn thedefinitionof the strictness
of computationin [31]. Accordingto [31], computatbn canbe non-strict,strict, or
fully strict. In thefully strictcomputatio, every dependeng goesfrom athreadto its
parent(directancestor)In a strict multithreadeccomputatbn, every dependengcedge
goesfrom athreadto oneof its ancestothreads.LC is suitablefor thefully strictcom-
putation By extendingthe dagwith synchronizatioredgeswe relaxthe strictnessof
computatbn andhave the partially strict computaton. In partially strict computatio,
a threadcan synchronizenot only with its parents,but alsowith its siblings. Based
on the extendeddag, a consisteng modelnamedRC' _dag (seefurther discussia in
Section5.3)is defined.If the strictnesf computations furtherrelaxed, thenwe get
thenon.strictcompuation,in which casethreadscansynchronizewith eachotherarbi-
trarily. Theappropriateanemorymodelsupporing this computations SC' (Sequential
Consisteng). Therelationshipbetweerprogrammingparadigm strictnessof memory
model,strictnesof compuationcanbe demonstrateddy Figure3.6. This figure shovs

thatwhenextendingthe memoryconsisteng model,the correspondingomputations
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fewer paradigms

,‘
’
g
g

LC

.Q'C_dag

. greater computation
‘SC strictness

non-strict partially fully strict
strict

Figure3.6: Therelationshipbetweerparadigmsmemorymodels,andcomputatons.

stricter andit mayalsosupportmoreprogrammng paradigms.

3.3.3 Paradigmsand Memory Models

In DSM-basedbarallelsystemsparallel programmng paradigmaeedthe underlying
supportfrom memory consisteng modelsfor certainkinds of parallel computatio.
Specifically Divide-and-Conqueparadigmrequiresthe underlying LC for fully strict
computatbn; the needednemorymodelin the mixed paradigm(seenext section)is
actuallythe RC _dag memorymodelfor partially strict computaton; andthe general

paradigmwith SC' is appropriatgor non-strictcompuation.

3.3.4 The Mixed Paradigm

In this sectiona mixed parallel programmig paradigmis developed on the basisof

Divide-and-Conqueandtheextensionfrom LC to RC' dag.

Definition 3.3.2 The mixedparadigmis a set¥yp = {(4, A, G)|G is the extended
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executioninstancedag of parallel program A on the correspondingextendedmemory

consistencynodelA}.

Theorem 3.3.3 ¥yp D VYpc.

Proof:V(A, A, Gpc) € ¥pc, A is LC consistentnemorymodel,Gpc is the execu-
tion instancedagof A on A. Accordingto definition3.3.1,Gpc € G’ whereG’ is an
extendeddagof G. Sothereexist athreetuple (A, A, G’) suchthat(A, A, G') € Uyp.

Sowe have Unmp 2 Ype. U

Theorem 3.3.4 Uur 2 Yspup

Proof:V(A, A, Gspmp) € Yspump, Gspup IS theexecutioninstancalagof A. Accord-
ing to definition 3.3.1anddefinition 3.2.1,the nodesand edgesof G spymp are subsets
of thoseof G ;p (i.e. G') respectiely, soGspyp C G’ whereG’ is an extendeddag
of G. Sothereexist athreetuple (4, A, G') suchthat (A4, A, G’") € ¥yp. Sowe have

Upp 2 Yspymp. [

Theorem 3.3.5 Upyp D Yys.

Proof:V(A, A, Gys) € ¥us, Gus is theexecutioninstancedagof A. Accordingto
definition3.3.1anddefinition3.2.5,thenodesandedgesf G5 aresubset®f thoseof
Gup (i.e. G') respectiely, soGys C G’ whereG' is anextendeddagof G. Sothere
existathreetuple (A, A, G') suchthat(A, A, G') € ¥yp. Sowe have ¥yp DO ¥Uys. O

Intuitively, introducirg globalbarriersmakesSPMDpossibé, andintroducingglobal
locksfacilitatesthe Master/Slae paradigm.Themixed paradigms shovn in Figure3.5

(thedottedcircle).
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3.4 Related Work

This sectioncovers the relatedwork on following varioustopics: integrating mult-
ple parallelprogramming paradigms/radels,languagesupportfor multiple paradigms,
graphanalysisof programsor compuation, strictnesf computatio, etc.

Therehasbeensomeresearb work onthemultiple parallelprogramming paradigms
accordingto variousdefinitionsof paradignthataredifferentfrom ours. Milli pedevir-
tual parallelmaching81] providesasetof interfaceto supportParC[17], CParPar[16],
andJava[69, 91] for clustercomputng, eachof which standgor a socalledparadigm.
Hamelinet.alprovideda multi-paradigmobjectorientedparallelervironment[71] sup-
porting both control and dataparallelismusing both SPMD modeland sharedvirtual
memory Leichl etal. analyzedthe multi-parallel parallelism,which was definedby
themto be the simutaneousapplicationof both distributed and sharedmemory par
allel processingechniquego a singlke problem[92] in clusters. Anthory Hey et.al
implementedmulti-paradigmparallel programmng with Occam[73] for transputers
by supportilg “processoifarm”, “geometricarray”, and“algorithmic pipe” paradigms.
Hansendefineda programming paradigmand a programmingmethodolgy for sci-
entific compuing basedon programmingparadigmdor multicomputersan [72]. He
discussedhe following paradigms:pipeline, divide andconquey parallelmontecarlo
trials,andparallelcellularautomatalan Fosterdiscussedhedesignissuesn designng
parallelalgorithm proceduren [59]. A lot of work hasbeendoneon integrating par
allel programmingparadigms/radels, but the paradigmswere defineddifferently and
few of themformally analyzetherole of memoryconsisteng modelin paradigms.

Somerelatedwork is focusednoreonparallelprogrammindanguagesAik enetal.
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examinedsynchronizatn patterndor differentstyle paradigmsandlanguagesn [7].
Mani Chandyandlan Fosteretal. [42] providedanintegratedsupportfor taskanddata
parallelismby providing languageextensons and compile-timeanalysis. Their work
wasbasednintegrating FortranM andHPF. Scottetal. discusseanulti-model parallel
programmirg in PSYCHEIn [118] basednsharednemoryandmessag@assingnod-
els. Rabhi[111] analyzedanapproachof providing anintermediatdevel consising of
commonparallelprogrammingparadigmsncluding dataparallel,processonetworks,
etc. Rehgetal. [113] discussed integratedtaskanddataparallelsupportfor dynamic
applications Theabove work did not discusgherelationshipbetweermemorymodels
andparadigms.

Therewerealsoa lot of graphanalysiswork (or dag-basedvork) on parallelpro-
grammingand scheduling,but they are not focusedon both parallel programming
paradigmsand memorymodels. Filho et al. useda graph-theoretienodelto analyze
shared-memonegality [57]. Their modelis basedon graphexpressionof read/write
operationson memorylocationsandshavs whatoperationordersarevalid. Although
they alsousetheacyclic dagto analyzememorymodels theirwork is focusedonrather
basicformal discussioron memoryoperationordersand programmiig paradigmsare
not mentioned.Jeannd-erranteet al. presentegprogramdependencgraph(PDG)in
[56]. V. Sarkaretal. [117,116 studiedparallelprogramgraph(PPG)on the basis
of controlflow graphsanddatadependencgraphs.T.Ball andS. Horwitz proposech
way to constructcontrol flow from datadependencen [13]. Bliebemgeretal. [29]
analyzedsymboic dataflow for taskingprograms.Cytron [46] analyzedcontroland
datadependenc@roposedautomaticgenerationof DAG parallelismfrom sequential

programs.StoltzandWolfe [123, 124] studieda sparsadata-flav techniquefor DAG
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parallelprogramsusingprecedencgraph.Thorntonetal. gave agraphanalysidor run-
time minimizing in multi-threadedarchitecturesn [131]. Blellochetal. studiedrelated
parallelalgorithmsanddefinedanddiscussedlirectedacyclic graphs(dags)in NESL
[27, 25, 28]. Alain Darteet al. discused schedulingandautomatt parallelizationin
[48].

The strictnessof compuation is discussedn Blumofe’s Ph.D thesis[31], where
fully strictcompuationis definedandanalyzedn Cilk system.However, it is basedn

Divide-and-Conqueonly andis notrelatedto multiple paradigms.

3.5 Summary

This chaptempresents novel way to view anddefineparallelprogrammingparadigms
by taking the underlyingmemory modelsinto accountas an importantfactor The
programmiig paradigmsare definedand analyzedin termsof a dagview of the exe-
cution. It shows the approacho supportmultiple paradigmsy extending the memory
model,andhencesupporta wider rangeof parallelcomputation A mixed paradigmis
proposediasedon the extensionsof the dagof Divide-and-Conqueprogramgbased
on LC), The mixed paradigmis a supersetof someparadigmsncluding Divide-and-
Conquey SPMD, and Master/Slae. Our mixed paradigmis supportedby SilkRoad,

whichis basednthe RC _dag consisengy modelextendedrom LC.
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SilkRoad

This chapterdescribeghe SilkRoadsystem which is developedto explore theideaof
supportng multiple parallelprogrammng paradigms.

SilkRoadis avariantof the Cilk system .t is developedbasedn Cilk by extending
its memoryconsisteng modelwith RC _dag consisteng (seeChapter5 for details).
SilkRoaddoesnot usethe backingstoreasthe “home” of the global virtual memory
pagedor theruntimesystem.Instead,t introduceshe semanticof the Lazy Release
Consisteng (LRC) [84] to maintainthe consisteng of the pageson eachprocessos
localmemory

At the programmiig level, SilkRoadprovidesa sharednemoryfor users.With the
userlevel sharedvirtual memory therecanbe sharedvariablesin parallelprogramsn
SilkRoad,andprogrammerganuseclusterwide globallocksfor mutual exclusian on
sharedvariablesaswell asbarriersfor globalsynchronization.

The consequencef the extensimsis that SilkRoadis ableto supportboth Divide-

and-Conqueapplicationsandsomeotherapplicationghatneedto usesharedrariables.

56
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Theseapplicationsare not fully strict computation(seeChapter3 for detaileddiscus-
sion)andthey cannotberun directly on Cilk.

Cilk is not only a multithreadedparallel runtime system,but also a parallel pro-
gramminglanguagebasedon ANSIC with someparallel constructs.As a variantof
Cilk, SilkRoadinheritsthe programming featuresof Cilk while introdwing morefacil-
ities to users. In this chapterwe alsoshowvs how the additioral facilities in SilkRoad
can contritute to programmabily andthis is illustratedby the soluionsto Salishan
problemg55].

Therestof this chapteris organizedasfollows: Section4.1 introdwesthefeatures
of SilkRoad. Section4.2 introducesthe programmng in SilkRoad, including using
lock andbarriermechanisra for global sharedvariables.In Section4.3 we show that
the addedfacilities are usedin Salishanprogramsandin the end, Section4.4 givesa

sumnary for this chapter

4.1 The Featuresof SilkRoad

SilkRoadinheritsmostof thefeaturesf Cilk. Its runtimesystenmalsokeepsCilk’ swork
stealingpolicy for load balancing.However, SilkRoaddoesnot usea backingstoreas
the homeof the pagesin sharedmemory Instead,theideaof LRC is introducedto
maintainthe memoryconsiséng betweerthedistributed nodesof a cluster anda user

level sharedmemoryis provided.
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4.1.1 Removing Backing Store

Without the backingstore,in SilkRoad,the modificationsof the local cachedpages
arenot reconciledwith their homes.They are propagatedo the next nodethat needs
the freshcontents possiblyafter performingwork stealingandthreadmigration. It is
similar to the situatiors in LRC, wherethe propagationof diffs is delayeduntil the
next remotelock requisitioncomes.The differenceis thatin SilkRoad,the transferof
the modificationsof the systeminformatian is triggeredby threadstealingsandthread
returns,not lock acquisitonsandreleasegin SilkRoadonly the modificationsof the
userdefinedshareddataaretransferreasedon lock or barrieroperations).

In SilkRoad,whenparentthreadandits child threads(assuminghat they areini-
tially runningat the samenode)are separateéndrunningon differentnodesbecause
of threadstealingachild threadwill keepits change®f thememorypagedocally until
threadreturning(see Figure4.1).

Sincethe memoryconsisteng operationsaretriggeredby threadstealingsandre-
turns, we call it stealing-basedoherencgSBC). When stealinghappensthe corre-
spondig nodesdo not “reconcile” its modificationto backingstore.Insteadthey keep
themlocally. Similarly, whenathreadneedsamemorypage,t “fetches”from thenode
which is thelastmodifier Onesequenc®f remaoving the backingstoreis thatthereis
lesscommunicationdatabetweerthenodesn thecluster More detailsof implementa-

tion will be providedin Chapters.
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(A) Cilk (with backing store)

parent and .
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child . reques C @ @
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(B) SilkRoad (without backing store)

parent and .
pariﬂt“gnd steal child child parent
@ © @@
thread
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(1): Parent and child thread are on nO and n1 sends steal request to n0

(2): The modifications of the memory pages on n0 are saved

(3): The parent thread migrated from n0 to n1

(4): The child thread on n0 is finished and save modifications before return
(5): The threads on node nl1 need the related pages and fetch them from nO

Figure4.1: A simpleillustrationof memoryconsiséng in Cilk (figureA) andSilkRoad
(figure B) betweertwo nodegn0Oandnl).
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Programming Environment
and paradigms

User level shared memory

Run-time level memory

Network Interconnection

Figure4.2: The sharedmemoryin SilkRoadconsistsof userlevel sharednemoryand
runtimelevel sharednemory

4.1.2 UserLevel Shared Memory

As it is mentionedbefore, SilkRoad provides a sharedvirtual memoryin the cluster
scale.Programmersanusesharedvariablesn their parallelapplicationswithout con-
sideratiorof thephyscal locationof thedata.Figure4.2illustratesthesharednmemories
in SilkRoad.

Unlike in sequentiaprogramming, programmersre responsika for dealingwith
themutualexclusionissuegshemseles Thiscanbedoneby usingSilkRoads SRlock()
and SRunlod() pairs. To performthe global synchronizationSRbarrier() function

shouldbecalled.
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4.2 Programming in SilkRoad

The applicationsxecutableon SilkRoadare a supersetof thoseon Cilk. Besideshe
Divide-and-Conqueprogramsoriginally supportedy Cilk, someapplicationsn other

paradigmswith sharedrariablesandglobalsynchronizatiosalsocanrun on SilkRoad.

4.2.1 Divide-and-Conquer

Programmingy usingDivide-and-Conquewith recursionsn SilkRoadis sameasthat

in Cilk [44].

4.2.2 Locks

In Cilk SMP versions,there are also mutual exclusion provided, which meanspro-
grammersanusesharedvariablesvia C'ilk _lock andC'ilk_unlock functioncalls. This
featureis directly availableon physcally sharednemorymachinesnsteadof clusters.
Likemary DSM-basealustercomputng systemsSilkRoadprovidesthelock mech-
anismfor globalmutualexclusion. Althoughboth SilkRoads lock andCilk’ slock pro-
vide a mechanisnto enableusersto usesharedvariables,Cilk’ s lock is implemented
by usingOSlevel locks of SMP machineswhile SilkRoads lock is implemenéd with

clusterwide sharedvirtual memory The generaformatof usinglocksin SilkRoadis:

SR_lock (i);
...... /I accessin g and operati ng on the shared variab le

SR_unlo ck(i);

wherei is thelock number(identificationof the lock).
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Figure 4.3 demongstatesa typical SilkRoadexample programusing sharedvari-
ables.In SilkRoadprogramsthe memoryof the sharedvariablesmustbe allocatedby
usingdynamicmemoryallocation(i.e. SR_malloc_shared()) andbeaccessedy using

pointers.

4.2.3 Barriers

Besideghesynchronizatn betweerparenthreadandchild threadg whichis inherited
from Cilk), globalsynchronizations alsosupportedn SilkRoad.In orderto do global
synchronizatia betweerall of thethreadgthis mayberequiredby someprogrammng

paradigmsuchasSPMD), barriersmustbe used.The generalusageof barriersis:

...... /[ doing parall el computing work

...... /[ doing parall el computing work

wheres is the barriernumber(theidentificationof the barrier).

Figure4.4demongtatesatypical useof SilkRoads barriermechanism

In SilkRoad,barriersare mainly usedfor SPMD programsinsteadof Divide and
Conquerwith recursions.When programming using SilkRoadbarriers,the program-
mer shoutl be aware of which particularbarriersthe threadswill stopandwait at. In
SPMD, the numberof threadsare usuallysetequalto the numberof the processorin
the systemandthisis theassumptinfor bothprogrammersndtheruntimesystem.So
programmerspavn asmary threadsasthe numberof processorsandat the barriers

theruntimesystemnis awareof thist. For example, Figure4.4shovsa SPMDstylepro-

In chapters, thereaderswill find thatin implemeration of barrier the barier managr will court
thenumter of barrig requestsandcompareit with thetotalnumker of processorslf they areequal then
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#include <cilk.h>
#include <cilk-lib.h>

int *n = NULL:

cilk void foo0(){
SR_lock(1);
I operations on shared variable n
SR_unlock(1);

cilk int main (void)
{
n = (int *)SR_malloc_shared(sizeof(int));
=0
spawn foo0();
spawn foo0();
sync;

Figure4.3: Demonstratiorof the usageof SilkRoadlock
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#include <cilk.h>
#include <cilk-lib.h>

cilk void foo0()
{

II'... computation;
SR _barrier(0);
II'... computation;

}

cilk int main (voia)
{
J..
for (inti=0;1<Cilk active_size; ++i)

{

spawn foo0)();

}
Sync;
Il.

Figure4.4: Demonstratiorof the usageof SilkRoadbarrier
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gram. The Cilk_active_size is a constantvhich meanshessizeof the systemandit is
detectedby runtimesystem Both the programmeandthe runtimesystenmknow there
areC'ilk_active_size threadgotentialy waitingattheglobalbarriernumbered, since
thereare C'ilk_active_size processordn total andthe userspavnedCilk_active_size

threads.

4.3 SilkRoad Solutionsto SalishanProblems

Thissectionexplorestheprogrammalbity of Cilk/SilkRoadattheparallelprogramming
languagdevel. The discussions basedon Cilk/SilkRoad’s solutionsto the Salishan
Problemd55].

The SalishanProblemsare a setof four problemsproposedat the 1988 Salishan
High-SpeedComputingConferenceslt wasproposedisa standardo compareparallel
programmiig languageslinvited spealerspresentedoluionsto the problemsn eight
different parallel programming languagegAda, Occam,Haslel, 1d, Sisal, C*, PCN,
and Scheme).Thosesoluions were editedand publishedby Feoin [55]. Someother
parallelprogrammiig languagegsuchasCC++[130]) alsousedSalishanProblemgo
demonstratéhe programmabiliy.

Thereareseveral parallelconstructsn Cilk/SilkRoad(SilkRoadinheritsthesefea-
turesfrom Cilk), andin solving Salisharproblemsthefollowing languagdeaturesare

used:

e cilk: To specifyafunction/procedurgvhichwill be executedasathread.

it meansall thethread have arrivedthe barier andthe compuationcancontinie



Chapter 4. SilkRoad 66

e spawn Thespawnkeyword is usedto createa child thread.After creatingchild
threads,the parentthreadand child threadsmay be executedin parallel. The
procedureof spavning a threadin Cilk/SilkRoadis similar to functioncall in C

languageexceptthatthe spavnedthreadscanbe stolenby otherprocessors.

e sync Thesynckeywordis usedo synchronizearenthreadandits child threads,
which meanghe parentthreadcannot continueunlessall its child threadshave

finished.Thisis to shav thedependenciesetweerthreads.

e return: Thereturnof athreadcanbe doneexplicitly orimplicitly. It shovsthata

threadis over andits partialresultsareto bereturnedo its parentthread.

In thefollowing sections Section4.3.1describegshe Hammings problemanddis-
cusseghe Cilk/SilkRoads solutian; Section4.3.2describeshe Parafins Problemand
Cilk/SilkRoad's solution Section4.3.3describeshe Doctor’s Office Problemandthen
gives the Cilk/SilkRoad’s soluion; Then Section4.3.4 describeghe Skyline Matrix

Solver andshaows the Cilk/SilkRoad's solution.

4.3.1 Hamming’'s Problem (extended)
Problem Description

TheHammirg’s Problem(extended)s describedasfollows:

Givenasetof primesa, b, ¢, ... of unknavn sizeandaninteger n, outputin increas-
ing orderandwithout duplicatesall integersof theform a? b’ x cF... <= n. Obsene
thatif r is in the outputstreamthen,a * r,b x r,c x r, ... <= n arealsoin the output

stream.
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Theproblemtestsalanguages ability to expressecursve streamcomputatbnsand

producer/consumegrarallelismandto supportdynamictaskcreation.

Solution

This problemcaneasilybe expressedn Cilk/SilkRoadprogramby usingDivide-and-
Conquerwith recursions.The prime numbersare storedin an arrayandone primeis
fetchedin eachrecursionasillustratedin Figure4.5.

The programstartsfrom thefirst primein the prime arrayby creatinga threadwith
theindex value0. Duringtherecursionall possibé exponensin arecursionlevel are
exploredandthenthe next level is exploredif the condition(the currentintegeris less
thann) is satisfied.The primearrayis alsopassedsa parameteto thethreadof next
recursionlevel. The maximun depthof the recursionis determinedoy the numberof
primes.The parallelismis exploredwith therecursionandthe threadsxhaustpossble
solutions on different processorsn parallel. The satisfyingintegers are storedin a
globalsharedarray(by invoking save_result() function)andaccessinghis arrayneeds
theacquisitionof alock. Finally theintegersin thearraywill be sortedandprintedout

afterthe searchhasbeenfinished.

4.3.2 Paraffins Problems
Problem Description

The problemis describedasfollows:
Givenanintegern, outputthe chemicalstructureof all parafin moleculedor i <=

n, without repetitiors andin orderof increasingsize. The resultsshouldincludeall
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cilk void Hamming(int prime_index, int curr_int, int n, int *primes_arr)

{

int next_prime;

if (prime_index == NUM_OF _PRIMES)
return;

next_prime = primes_arr[prime_index];

[* try each possible exponent for next prime number */
while (curr_int <=n)

{
if(prime_index+1 < NUM_OF PRIMES)
spawn Hamming(prime_index+1, curr_int, n, primes_arr);
curr_int = next_prime * curr_int;
if(curr_int <=n)
{
save_result(curr_int);
}
}
return;

Figure4.5: Thesolutionto Hammings problem.
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isomers,but no duplicates. The chemicalformulafor parafin moleculesis C; Hy; ;5.
Youmaychooseary representatiofor themoleculessolongasit clearlydistinguishes
amongisomers. The problemaddressethe representationf recursve treestructures,

the creationsandmanipuhtionof thosestructuresandnestedoop parallelism.

Solution

Oursolutian to this problemis basedntherelationshipbetweerparafin moleculesand
radical moleculeg(moleculeswith chemicalformula C; Hs;, 1), asanalyzedin [130].
We generatdists of radicalsof size0 to n/2, andgeneratdists of parafins of size1 to
n from thoseradicals.The generatiorof radicalsandparafins of all sizescanbedone
in parallel. Sincethereis no “parallel loop” mechanismn Cilk/SilkRoad,we createas
mary threadsasthenumberof processorandeachthreadexecutesa portionof thework
in theloop. Theoverall programusesan SPMD paradigmandthe threadsmay needto
synchronizeduringthe procedureof generatingadicalsandparafins. Figure4.6 and
Figure4.7illustratepartialcodeof theideaof generatiorof parafins.

In Figure 4.6, the datastructureof radicalsandthe code of the top level of the
programareshonvn. The number_of _trails is the maximumvalueof ; in theformula
C;H; 5. At thetop level, eachiterationgeneratea resultwith the corresponding. In
Figured.7,thegenerate_paraf fins() threadgeneratetheradicalsof varioussizesand
thengenerateshe parafins. Sincegeneratingparafins is basedon generatingadicals,

thereis abarrierbetweerthesetwo stepsor globalsynchronizatiao.
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typedef struct radical_data{
unsigned char data[2];
} radical_data;

typedef struct radical {
struct radical* subradical[3];
int kind;
} radical;

typedef struct radical_array{
int length;
radical* element;

} radical_array;

typedef struct radical_array array{
int length;
radical_array* element;

} radical_array_array;

cilk int cilk_main(int argc, char *argv[])

{

for(i=1;i<=number_of _trials;i++)
{
[* spawn threads to generate the paraffins */
for(j = 0; j < Cilk_active_size; ++j)
spawn generate_paraffins(&r,&p,maximum_paraffin_size);
sync;

clean(&r,&p); /* clean the results */

}

Figure4.6: Thedatastructuresandtop level codeof the solutionto Parafins problem.
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cilk void generate_paraffins(
radical_array_array* radicals,
paraffin_array array* paraffins,
const int largest_size)

int radical_array_size, a,i,j;
a=largest_size;
radical_array_size=a/2+1;
radicals->length=radical_array_size;
paraffins->length=Ilargest_size+1,

/[* initializing the range */

radical_start = Self * radicals->length / Cilk_active_size;
radical_end = (Self+1) * radicals->length / Cilk_active_size;
paraffin_start = Self * paraffins->length / Cilk_active_size;
paraffin_end = (Self+1) * paraffins->length / Cilk_active_size;

for(i=radical_start; i<=radical_end-1;i++)

{

}
SR_barrier(0) ;
for(j=paraffin_start; j<=paraffin_end;j++)

{

}
}

generate_radicals_of size(&(radicals->element)[i],i,radicals);

generate paraffins_of_size(&(paraffins->element)[j],j,radicals);

Figure4.7: Codeof thethreadgeneratingheradicalsandparafins.
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4.3.3 The Doctor’s Office

Problem Description

The Doctor’s Office Problemis describedasfollows:

Givena setof patientsa setof doctors,anda receptionistmodelthe following in-
teractionsinitially, all patientsarewell, andall doctorsarein FIFO queueawaiting sick
patients.At randomtimes, patientsbecomesick andentera FIFO queuefor treatment
by oneof the doctors. The receptionisthandlesthe two queuesassigningpatientsto
doctorsin afirst-in-first-outmanner Oncea doctorandpatientarepaired thedoctordi-
agnosesheillnessandcuresthepatientin arandomamountof time. Thepatientis then
releasedandthe doctorre-joinsthe doctorqueueto await anothempatient. The output
of the problemis intentionally unspecified.The problemteststhe languages ability to

programa setof concurrentasynchronouprocessewith circulardependencies.

Solution

This problemis actuallynota sequentiatomputatiorbeingparallelized .t is a simula-
tion of synchronougntitiesandsomeparallelconstructareusedduringthesimulatian.
In this problem,the patientsanddoctorsaredefinedby arraysof structuresandin each
structureghestatusof thepatientsor doctorss defined asillustratedby Figure4.8. The
patientsarray doctorsarray patientsqueue,anddoctorsqueueare storedin a global
sharedstructureand accessinghe datamustbe exclusive. This canbe accomplished
by usinglocks. Figure4.8 alsoshaows thetop level of the program,wherea number
of threadsarespavnedto simuate the patientsanddoctors.The codeof patientthread

anddoctorthreadareillustratedn Figure4.9.
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typedef struct Patient{
int cure_time;
int waiting;
int patient_id;
} Patient;
typedef struct Doctor{
int cure_time;
int busy;
int doctor_id;
} Doctor;
typedef struct Patient_queue{
int num;
int patients|[NUM_OF_PATIENTS];
} Patient_queue;
typedef struct Doctor_queue{
int num;
int doctors[NUM_OF_DOCTORS];
} Doctor_queue;
struct sharedd {

Patient Patients[NUM_OF_PATIENTS];
Doctor Doctors[NUM_OF_DOCTORS];
Patient_queue PatientQ;
Doctor_queue DoctorQ;

} *sharing = NULL;

cilk int cilk_main(int argc, char *argv]])

{

for(i=0; i < NUM_OF_PATIENTS ; i++)

spawn patient(i);

for(i = 0; i < NUM_OF_DOCTORS ; i++)

spawn doctor(i);
sync;

Figure 4.8: Definitions of the datastructuresand top level code of the solutionsto
Doctor’s Office problem.
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cilk void patient(int ID)

{
for(;;)
{
being_fine(ID);
add_to_patient_Q(ID);
/* try to find a doctor from the doctor queue*/
if(find_a_doctor(ID))
{
being_cured(ID);
}
}
}
cilk void doctor(int ID)
{
for(;;)
{
[* if it is not busy, then join the doctor queue.*/
if('sharing->Doctors[ID].busy)
add_to_doctor_Q(ID);
else
continue;
/[* try to find a patient from the patient queue*/
if(find_a_patient(ID))
{
curing_patient(ID);
}
}
}

Figure4.9: PatientthreadandDoctorthreadin the solution to Doctor’s Office.
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For eachpatientthread,it basicallyexecutesan infinite loop in which the status
of the correspondingelementin the Patients arrayis changedaccordingly Whena
patientbecomesick (afterbeingfine for arandomperiodof time), hejoinsthe patient
gueueand keepson checkingthe doctor queueto find an available doctor Whena
doctoris available ,boththewaiting patientandthe doctorquit from theirwaiting queue
andbegin the curing procedurgcuretime is generatedandomly). Eachdoctor when
heis free, joins the Doctor@ andkeepson checkingthe Patient( until hefindsone
patientand then startswith the curing procedurewith the statusof busy After the
doctorhasfinishedthe curingprocedurehis statuss changedo be“free” andhejoins

thewaiting queueagain.

4.3.4 Skyline Matrix Solver
Problem Description

The Skyline Matrix Solver Problemds describedasfollows:

Solwve the systemof linearequationsdz = b without pivoting whereA isann x n
skyline matrix. A skyline matrix hasnonzerovaluesin row ¢ in columnk throughi,
1 < k < ¢, andnonzerovaluesin columnk throughj, 1 < k£ < j. Figure4.10shows
anexampleof skyline matrix with the givenrow andcolumnarrays.

The problemteststhe ability to definearray structuresthat include nonesseil
elementqi.e. the zeros),andgiventhosestructuresefficiengy of parallelanditerative

arraycomputations
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Figure4.10: An exampleof sky matrix.

Solution

Our soluton makesuseof the LU exampk in Cilk, which performsanLU decomposi-
tion of ann x n matrixwithoutpivoting [32]. A Divide-and-Conquealgorithmis used
for theproblemandthematrix A andits factorsL andU aredividedinto four partssuch
thatA = LU canbewrittenas

AOO AOl LOO 0 UOO UOl

AlO All LlO Lll 0 Ull

Accordingto Cilk [32], the L andU arecomputedasfollows: It recursvely factors

Ago Into Ly - Uyy. Then Uy, is calculatedin the formula Aq; = Ly - Uy, While
simukaneouslyL, is solvedin A,q = Lo - Uyg. Finally, it recursvely factorsthe Schur
complementd,; = Lo - Uy INt0O Ly - Uy;y.

BecauseCilk/SilkRoadis basedon ANSIC, the skyline matrix canbe storein two
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“ragged” arrays: oneis for the rows of the lower triangle, the otheris for the upper
triangle. The whole computaibn consistsof threesteps: LU decompositin, forward
substiution, and backward substitition. Eachstepcanbe dividedand parallelizedby
Divide-and-Conquewith loop rangesadjustedo avoid accessingnatrix elementsout-
sideof theskyline.

Figure4.11shownsthe partialcodeof the LU decompogion. Theforward substiu-

tion andbackward substiution stepscanalsobeimplementedsimilarly.

4.4 Summary

SilkRoadprovidesuserlevel sharednemorybesideghe inheritedCilk features.Pro-
grammersare able to defineglobal sharedvariableslike in sequentiaprogramsbut
they have to controlthe accesdo the sharedvariableso make surethelogic is correct.
Mutual exclusion canbe ensuredy usinglock mechanisnandglobalsynchronizatbn
can be donewith barriers. The above featuresenableSilkRoadto supportthe appli-
cationsusing sharedvariablesand programedwith the paradigmsotherthan Divide-
and-Conque(suchasSPMD,Master/Slae). Theseareachiezedby usinga underlying
memoryconsisteng modelextendedrom LC of Cilk, namelyRC' _dag model.

In this chapterSalisharnproblemsarealsousedto examinethe programmabitly of
Cilk/ SilkRoadasa parallelprogrammnglanguageCilk is goodatexpressingecursve
parallelismanddynamicallyspavning threadssoit is easyfor Cilk/SilkRoadto solve
Hamminds problemwith Divide-and-Conqueparadigmwith recursions.SilkRoads
extensiao onuserlevel globalsharednemorymalesit possibleo replaceparallelloops

by spavning threadsandenablingthemto synchronizevia global barriersin Parafin’s
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/* a skyline matrix is represented by two "ragged" arrays: Mr
and Mc. Mr is for the rows of the lower triangle, Mc is for
the columns of the upper triangle */
cilk void lu(Matrix Mc, Matrix Mr, int num_of _block)
{

/* check if the matrix is small enough */

if(num_of_block == 1){

block lu(*Mc, *Mr);
return;

}

/* divide the matrix into 4 pieces */

nb = num_of_block/2;

Mc00 = &MATRIX(Mc, 0, 0);

Mr0O0 = &MATRIX(Mr, 0, 0);

McO1 = &MATRIX(Mc, 0, nb);

MrO1 = &MATRIX(Mr, 0O, nb);

Mc10 = &MATRIX(Mc, nb, 0);

Mr10 = &MATRIX(Mr, nb, 0);

Mcll = &MATRIX(Mc, nb, nb);

Mrll = &MATRIX(Mr, nb, nb);

/* decompose upper left piece */

spawn lu(Mc00, Mr00 nb);

sync;

/* solve for upper right and lower left piece */

spawn lower_slove(Mc01, MrO1, Mc00, MrOO0, nb);

spawn upper_slove(Mc10, Mr10, Mc00, Mr0O0, nb);

sync;

[* .. 0%

/* decompose lower right piece */

spawn lu(Mcl11, Mrl1, nb);

sync;

return;

Figure4.11: Thesolutionto Skyline Matrix Solver problem.
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problemwith a SPMD style. It alsoenablesusersto programasynchronougntitiesin
Doctor’s Office problemby allowing themto communcatevia mutualexclusion.Since
Cilk is basedon ANSIC languageit canmake useof C’s “ragged”arraysandpointers
to represensparsematrixin Skyline Matrix Solver problemandsolve theproblemwith

Divide-and-Conqueparadigm.



Chapter 5

RC_dag Consistency

In previous chapterstheideaof supportingmultiple paradigmsy extendingthe mem-
ory consisteng modelwasdiscussedheoretically andthenwe mainly introducedthe
addedfeaturesof SilkRoad,whichis developedfor supporing multiple paradigms.In
thischapterthecorepartof SilkRoad,i.e. theunderlyingRC' _dag consiseng/ modelis
discussedncludingits formal definitionandpropertiesits designandimplementation,
andits theoreticaperformancassues.

The work in this chapterconsiss of two parts. First, a conceptof stealingbased
coherencés proposedo implementalogical backingstore.Secondthedagof compu-
tationin Cilk is extendedandthe conceptof RC _dag consisteng is proposed.Mean-
while, the stealingbasedcoherence&oncepis alsoextendedo implementthe RC' dag
consisteng.

The LocationConsisteng (LC) in Cilk is maintainedby the BACKER algorithm
(usingthe backingstore)collaboratig with work-stealingscheduler Underthis situa-

tion, if the numberof threadss potentiallyhugeandthereis frequentmigration,then

80
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therecouldbe considerableetwork communcation. In a clusterervironment,observ-
ing thatthe coherenceof the datapagescanalsobe maintaired logically without the
backingstore,the dirty cachedoageseednot to bereconciledbackto the homenode
in orderto reducenetwork traffic. In this case,the memorycoherencealgorithmis
tightly coupledwith the stealingandreturnoperations.

For Divide-and-Conqueparadigm,thereis no needto provide userlevel shared
memorybecausef its intrinsic nature. However, in clustercomputng, sharedvirtual
memoryis widely usedbecauset providesa simple andgeneralprogrammingmodel
for programmersWith a userlevel sharedvirtual memory programmerslo not need
to careaboutcommuncationissuesamongprocessorandthey canjust assumehat
thereis a sharedmemoryin the distributed ervironment, like they do programmng
in physicallysharednemorysystems.Therefore,in orderto supportmore paradigms
andrun awider rangeof applicationsproviding userlevel sharedvirtual memoryis a
practicalapproach.

Providing theuserevel sharednemoryimpliesthattheexecutondagof thecompu-
tationwill beextendedwith thesharednemoryoperationsUsuallysomesynchronta-
tion mechanismarerequiredto performthe operationson the sharedvirtual memory
In our work, we mainly considerlock and barrier mechanismd$or mutual exclusion
andsynchronizatiorrespectiely. A lock (releaseacquire)pair canbe modeledasa
synchronizatio edgeanda global barriercanbe modeledasa nodewith someedges
connectingo it in thedag.

Along with the extendeddag,the correspondingnemoryconsisteng modelis also
changed,which resultsin the RC _dag consiséng. RC _dag consisteng is devel-

opedbasedon the LC' consisteng underthe computation-centritheory We shawv
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that RC' _dag consisteng is a more stringentmemoryconsisteng modelthanthe LC

consisteny, but it is wealer than SequentialConsisteng (SC'). The relationsiip be-
tweenLC', RC _dag, SC, andthesharednemoryM canbedescribedy aninteraction

function Theinteractionfunctiondefinestheway the memoryM behaesfor theread
andwrite operations.We show thatif thereexist two nodesin the dagoperateon the
samememorylocationandthe datais sharedvia thewaysof local synchronzationbe-
tweenparentthreadandchild thread thememoryis LC' consistentif thedatais shared
via mutualexclusion or global synchronizatiorbesidedocal synchronizationthenthe

memoryis RC _dag consisént;if all of the memorylocationsare protectecby mutual
exclusian, the memoryis actually sequentiaconsistent.Moreover, we showv that by

extendirg LC to RC _dag, moreparadigmsandwider computatbn aresupported.

Meanwhile,an ExtendedStealingBasedCoherenc ESBQ algorithmis usedto
implementthe RC' _dag consisteng model. The extensionof the algorithmis basedon
theextendeddagandthesemantic®f thelock andbarrieroperation®nsharednemory
We prove that the ESBC function is actually an observerfunction which definesthe
semantic®f thebehaiors of the RC' _dag memoryconsisteng model.

In implementhg RC _dag consiséng in SilkRoadwith SBC/ESBCalgorithm the
semantic®f LRC areintroducedn orderto implementthe backingstorelogically and
provide globallocksandbarriersatthe programmiig level. Herethesemantisof LRC
meansthe “lazy” style of not propagatingthe modificationsuntil they are required.
Eagerdiff creationandlazy diff propagatio mechanismsre usedandthe lazy write
notice propagatiormechanisnis proposedspeciallyfor the work stealingandthread
migrationervironment.In lazy write noticepropagationwhenathreadfinishesexecu-

tion andreturnsto its parentthread,t postpmessendingoutthewrite noticeof thedirty
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pageauntil it finally findsoutthelocationof its parentthread becauséts parentthread
may be stolenandmigrating. This helpsreducenetwork communcationmessageand
data.

We alsotry to theoreticallyanalyzethe performanceof the SilkRoadsystemwhich
is built on RC _dag consistenmemorymodel. The analysisis basedon Cilk’ s original
performancanodel, plus the consideratiorof synchronizatioroverheadlock acquisi-
tion andwaiting).

The remainderof this chapteris organizedasfollows. Section5.1 discusseshe
StealingBasedCoherenceavhich is proposedo reducethe network traffic. Section5.2
introduceghe extensionof the dagwith lock andbarriermechanismsSection5.3 de-
finesthe RC _dag consistenmemoryon the basisof the extendeddag. Section5.4 pro-
posedhe ExtendedStealingBasedCoherencealgorithmfor implementhgthe RC' _dag
consisteng. The implementationof locks andbarriersare introducedin Section5.5.
Section5.6theoreticallydiscussesomeperformancassues Finally, Section5.8 gives

asummaryof this chapter

5.1 Stealing BasedCoherence

Thebackingstoreof Cilk is actuallyasetof “homes”of all locally cachegagesoneach
node,andit is physcally distributedon all of the nodesin the cluster In each“recon-
cile” operation,modficationsof the dirty pagesare propagatedo the corresponding
“home” nodeandin each“fetch” operation,the whole requestedageis transferred
from the “home” nodeto the requestinghode. In this situaton, with large numter of

threadsandfrequentthreadstealingsandreturns the overheadf resultednhetwork traf-
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fic mustbe considerable.

Oneof our attemptsto improve Cilk is to implementthe backingstorelogically,
aimingatreducingthereconcilingmessageéencethetotal numberof messagesand
transferreddatain computation 1. This is meaningfulespeciallywhenthe network is

slow or therearemorethanoneapplicationsharingthe network.

5.1.1 SBC CoherenceAlgorithm

With the work-stealingschedulerthe coherenceperationshappenwith threadmigra-
tion (stealingandreturn). This is differentfrom the casein LRC in which the shared
dataaremainlytransferredria thelock releaseandacquirechains.Therefore astealing
basedcoherenc€SBC) algorithmis proposedor our situation.

The SBC still usesthe basicoperationdn Cilk: fetch, reconcile andflush(please
refer to chapter2 for how theseoperationswork). The differenceis thatin SBC a
fetch operationcopiesthe diffs from the nodewho did the modification not from the
backingstore; a reconcileoperationjust savesthe diffs locally and propagateshem
whenrequired,nsteadof copying themfrom local cacheto backingstore.

Whendescribehow the SBC algorithmworks,we try to showv thatthe SBC canalso
keepthe datacoherenceas BACKER algorithmcan. Therearetwo situationsneedto

beconsidered:

1. threadi andthreadj have datadependeng (suppose < j) andboth of them
arelocatedin the sameclusternode. In BACKER algorithm,when: finishes,it

performsa reconcileoperationto put its modified datato the backingstoreand

1Thecontentsof this chapterarepartially puldishedin [107, 106.



Chapter 5. RC_dag Consistency 85

j performsa fetch operationto getthe neededdatafrom the backingstorewhen
necessaryln SBC, i alsodoesthe reconcilation but keepsthe datalocally. So
whenj needghedata,it is alreadyin thelocal memoryof thenode.So SBCis

equivalentto BACKER in this case.

2. threadi andthreadj have datadependeng (suppose < j) but they arelocated
in differentclusternodesbecausef threadstealing In BACKER algorithm,the
nodeexecutng i reconciledts datato the backingstore(in implementationit is
logically mappednto a particularnode,saynodep) when: finishesandbefore;
begins And j performsa fetch operationto getthe datafrom the backingstore
(i.e. nodep) whennecessary SBC algorithm operatesas follows. The node
running: (say nodegq) alsoperformsreconcileoperation but the modifieddata
arenot sendto the backingstore.Insteadthey arekeptlocally on ¢ node.When
j needghe datawhich wasmodifiedby ¢, the nodeexecuting; performsa fetch
operationto getthe datafrom the nodeq. In this casethe nodeq in SBCtakes
therole of the nodep in BACKER in the above description. Thatis to say the
coherencef the differentcopiesof datapagescanalsobe maintaired logically

by the nodeshatmodify them.

Sincetheremay be multiple copiesof data,in implementabn, steallevel is used
to identify the “time stamp”of a page.lt is definedasthe numberof successfuthread
stealingof eachnode.To keepthe consisteng of differentversionsof data,eachnode
hasan independensteallevel of its own (initiated to be 0) andkeepsa recordof the
lateststeallevel of the othernodeg(initiatedto be -1) whenit getsdiffs from any other

nodeg(seeFigure5.1). In Figure5.1,eachnode(P0,P1,P2)keepsanonedementiomal
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Figure5.1: Thesteallevel in theimplementationof RC dag.

array of steallevels of all nodes,andthey areupdatedin successfuktealing. Dotted
arrows are stealingrequestsand arravs are grantsfor stealing. Whena nodefetches
diffs of a pagefrom othernodesjt updateg1)its own steallevel, (2) therecordsof the
lateststeallevels of the othernodesareupdatedaccordingly Thoserecordsshovs how
up-to-datethe copy of the pageis on this nodeandwill be usedto filter the obsolete
diffs in decidingwhich diffs shouldbe fetchedwhenit needddiffs later For example,
in athreenodecluster if node2 hasthesteallevel recordof [2,3,5] of apaggejt means
thatit hasthelevel 2 copy of the pageon nodeO, level 3 copy of the pageon nodel,
andlevel 5 copy of the pageon node2. Solaterif node2 performsfetch operationto
getthedataof the pagefrom nodel andsupposehesteallevel of the pageonnodel is
5, nodel shouldpassnode? thediffs of the pagegangingfrom 3 to 5 (notincluding3,
becausaode?2 hasthelevel 3 copy already).And afterthis propagatn, the steallevel

recordof this pageon node2 shouldbe updateto [2,5,5].
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5.1.2 EagerDiff Creationand Lazy Diff Propagation

In SilkRoad,thediffs of the“dirty” pagesarecreated‘eagerly” whenathreadis stolen
or whenachild threadreturns.In stealing thevictim nodesavesandkeepgshediffs and
thensendghe stealingreply. In returning,the child threadsarzesandkeepsthe diffs of
thelocally modifiedpagesandthensendswrite noticesto its directparenthread.When
diff requestcomes,the nodewill checkthe steallevel of both requesteanditself in
orderto decidewhich diffs to propagateHerelazy diff creationmaynotbeappropriate
becausé thread=o notsave diffs whenreturning themodificationsamaybelostwhen
the nodestealsanotherthreadto executelater, in which caseits local memorywill be

refreshed.

5.1.3 Lazy Write Notice Propagation

In the stealingbasedcoherencewe proposelazy write notice propogation i.e. the
propagatia of the write noticesis delayeduntil needed. This meanswhen a child
threadreturnsto its parent,it doesnot sendwrite noticesto its parentimmediately
because¢he nodewhereits parentstaysmay be changingbecausef threadmigratian,
andin thatcaseits returningrequeswill beforwardedto anothemodewhereits parent
maybelocated.To reducethetransferrediatasize thewrite noticeswill notbesentout
until the child finally findsits parent.Figure5.2illustratesthe procedureof lazy write
notice propagatio. In Figure5.2, write noticeswill not be sentout until the current
locationof the parentthreadis finally foundon P3node(i.e. thethreadreturnmessage

is forwardedto the parentthread).
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Figure5.2: Demonstratia of lazy write noticepropagatio.

5.2 Extending the DAG

Our motivationto supportmorecomputatbn by extending the dagof computatiorcan
be realizedby enclosingmutualexclusionandglobal synchronization With theseex-

tensions the compuationis not fully strict any moreandwe sayit is partially strict
computatdn (the formal definitionis in Chapter3). Thetwo extensiors areintroduced

in thefollowing.

5.2.1 Mutual Exclusion Extension

We considerthe caseof locking for themutualexclusion. A lock pair (releaseacquire)

is modeledasa synchronizatioredgein the dag. For example,in Figure5.3,1, j, and
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Figure5.3: In theextendeddag,threadscansynchronizewith their siblings.

k arethe proceduresn parentthread;u andv areproceduresn child threads.If node
u releases lock andlaterthelock is acquiredoy nodewv, thena mutual edgefrom « to
v is defined.This shaws first . thenv enterthe samecritical section(for example they
may usethe samesharedvariablein the program),andif « performsa write operation
on a memorylocationandv performsa readoperationon the samememorylocation,
thenthereadvalueatv depend®n the written valueat«. Thedottedarrow (u,v) is a

synchronizatia edge.

5.2.2 Global Synchronization Extension

At the barrierlike global synchronizatia point, the partial resultsof all nodesare ex-
changedand memged. The sharedmemoryis madeconsistenfor all processorsThe
global barrier synchronzation can be modeledin two ways: (1) Edgesonly and (2)
Nodesand edges,asdemonstratedh Figure 5.4, wherefigure(a)shows that a global
synchronizatia is modeledas a setof interceptededgesandfigure (b) shows that a
globalsynchronizatia is modeledasa synchronizatiomodeandtheconnecteadges.
We adoptthe secondvay by modelingbarrierasa nodeandsomeconnecteadges,

which producesnuchlessedgesbut only onemorenodethanthefirst way does.
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Figure5.4: Graphmodelingof globalsynchronzations.

5.3 RC_dagConsgstent Memory Model

Accordingto computatbn-centrionemorymodeltheory[62] in Cilk, Divide-and-Conquer
paradigmhasunderlyingsupportig memorymodel LC for fully strictcomputaion. In
thissection,RC _dag consistentnemorymodelis proposedn SilkRoadfor thepartially
strictcomputatio to supportwider paradigmson the basisof LC.

We first definethe extensionof a dag. An extensionof adagg = (V,€) is a
dagg’ = (V',&') suchthaty C V' and& C &'. For computatio C = (G, op) and
C' = (G',op), if G' is anextenson of G, andop’ is the extensionof op to G’, thenwe
say(C' is anextendedcomputatio of C.

Now thelastwriter functioncanbe definedby introducingadditioral propertiefor

the extendeddag on the basisof the definitionsin Cilk’ stheory[6].

Definition 5.3.1 Let C = (G, op) be a computation(G = (V,€) is a dag), C' =
(G', op') bean extensionof C' (G' = Ve, Ecr), whee Vo = VU Vs, Ecr = E U Ej
and Vs is the setof syndironization nodes,E s is the setof syndironization edges,and
T € TS(C") beatopolaical sortof C’. Let £ denotethe setof memorylocatiors, the
lastwriter function accodingto 7 is Wr : £ x Vir U{L} — V& U { L} sud thatfor

alll € Landu € Vo U {L}:
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1. If Wp(l,u) = v #1 thenope (v) = W(I).

2. Wr(l,u) <7 u.

3. Wr(l,u) <7 v <1 u = opcr(v) # W(I) forall v € Ver.
4. If 3e = (u,v) € Eg,thendl € L, Wy(l,v) = Wr(l,u).
5. If Ju € Vg, thenWy(l, succ(u)) = Wy (l, u).

Propertiesl,2,and 3 werealreadydefinedin computatiorcentrictheory Property
4 in theabove definitionshavsthatthe syndironizationedgesintroducedatadependen-
ciesbetweennodesin the dag. Property5 shavs that the immediatesuccessorsf a
synchronizatio nodegetthe samevaluesasthe synchronizatiomodedoes.

With thedefinitionof the lastwriter function,now the correspondingnemorycon-

sisteng modelcanbedefinedasfollows:

Definition 5.3.2 RCdag-consisencyisthememorymodelRC _dag = {(C, ®) : VI3T, €

TS(Cgy)Vu, (1, u) = Wr(l,u)}.

Notethatwith theextensio of dagandcomputaton,theformaldefinitionof RC dag
consisteng is the sameasthe LC' exceptthe definitionof thelastwriter function. Ac-
tually, with this definition of RC dag, the obsenationsrangefrom LC' to Sequential
Consisteng (SC) [90], dependingn how stringentthe lastwriter functionis in setting
mutual exclusionregions. If all locationsin memoryare protectedby mutual exclu-
sion(sayall locationaccessingneeda lock acquisiton), thenthe memorymodelequals

SC'. If nomutualexclusian is usedat all, thenit is LC. Fromthis point, we cansay
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Figure5.5: The RC _dag consstercy is morestringentthan LC but wealer thanSC.

that RC _dag consiséng is strongerthan LC. TherelationshippetweenSC, LC, and
RC_dag canbedemonstrateth Figure5.5.

Formally, we canuseaninteraction function to shav the differentsynchronizatin
featuresbetweersubcomputionsin eachmemorymodelandtherelationshipbetween
the memory models. Here a subcomptation is the computatbn that one processor
performsfrom the time it obtainswork to the time it finishesthe work or enablesa
synchronizatia task.

First, let usseehow theinteractionfunctioncanbedefinedfor the LocationConsis-

tengy:

Definition 5.3.3 The interaction functionfor a computaion C'is I¢: {C;} x L +—
{C;} x L (L is thesetof all shaled memorylocationg, satidying the following prop-
erty for all subcomputatinsC;: VI € L, if op(u,l) and op(v, 1), then(u,v) is nota

syndironizationedge in dag (u andv are nodesin dag).

It meandf two nodesoperateon the samememorylocation,thenthe datavalueof

thislocationis sharedvia thewaysotherthanglobalsynchronizatiofbetweersubcom-
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putatiors. This definitionis suitableto describethe situationin LC, in thatthe sub-
computatbnsreturntheresultsto a higherlevel computatiorandthereis no extra syn-
chronizationprotectionneededor the memorylocationsfor the Divide-and-Conquer
paradigm.

The propertiesn definitionof interactionfunctioncanbe strengthenedsfollows:

Definition 5.3.4 Theinteraction functionfor a computaibn C'is I¢: {C;} x L —
{C;} x L, satisfing thefollowing propertyfor all subcomptationsC;: 3l € L, thatif

op(u, 1) andop(v, ), thenthereis edee (u, v) for global syndronizatian.

This meansthat there are certainmemorylocationsthat needto be protectedby
global synchronization. The synchronizatia edge(u, v) is an extensionof the dag
of LC (seeFigure5.3). With this strengtheningsomeother paradigmsare possiby
supportedbecausdt providesglobalsharedvariableswvhich areprotectedby synchro-
nization. The correspondingomputatio canalsobe representedhy an extendeddag
with synchronizatioredges.

Thedefinitionof interactionfunctioncanbe evenfurther strengthenedsfollows:

Definition 5.3.5 Theinteraction functionfor a computaion C'is I: {C;} x L +—
{C;} x L, satis§ing thefollowing propertyfor all subcomptationsC;: Vi € L, thatif

op(u, 1) andop(v, ), thenthereis ede (u, v) for global syndronization.

With this definition, all memorylocationsneedsynchronizatiorprotection.Thisis
actuallythe semantic®f the SequentialConsisteng (SC') [90].
Extendingthe memorymodelmakesit possble to supportwider computatio mod-

els.Ontheotherhand,SC hasbeenprovento betoohardto beimplementecefficiently
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in the distributed ervironment,so theremustbe a compromse betweenrefficiency and
theweaknes®f memorymodels. RC' _dag aimsat supportingmoreapplicationswith-

outbecomingoo strongto beimplementednexpensvely.
Theorem5.3.6 RC'_dag memorymodelis wealer thanSC, i.e. SC C RC _dag.

Proof: This theoremfollows from the definitionsof SC' and RC .dag. SC requires
that the topological sort be the samefor all memorylocations,while RC dag allows
differenttopolagical sortsfor differentmemorylocations.V(C, W) € SC, according
to definitionof RC _dag, 3T, € T'S(C) suchthatVu, Wr (I, u) = ®(l,u). So(C, Wr) €
RC _dag. Thetheorentollows. [

We say RC _dag consisteng modelis anextensio of LC, becauseRC _dag’scom-
putationCre 444 IS an extenson of LC's computtion C, and @ ¢ 44, definesmore
propertieshan ®;. Thatis to say the computatbn runningon LC canalsorun on
RC_dag. However, thereverseis notalwaystrue. Sowe say RC' _dag is morestringent
thanLC.

We definea new relation“<” for theextendeddag,andthis relationwill beusedto

prove somepropertienf the RC _dag consisentmemorymodel.

Definition 5.3.7 For Gs = (V, £) ofacomputaibn C, anobservaibn (C, &4, ) induces

arelation< on(C’sdag graph’s nodesasfollows:
1. If u < v, thenu < v,
2. If u < vandv <« w, thenu < w.

3. If u readslocation, then®g (I, u) < u.
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Thefollowing is the descriptionof the agyclicity of the RC _dag consisteng.

Definition 5.3.8 We sayan observatio (Cg, s) is RC_dag consistentf
1. q)s = WT-
2. For anyu thatreadsl, u &« Wr(l,u).

Theorem 5.3.9 (Acyclicity Theoem) Given an observation(Cg,, Wr), (Cgg, Wr) is

RC _dag consistentff < is acyclic.

Proof: (<) Supposex is agyclic, we prove by contradictionthatthe propertiesof
RC _dag consisteng aretrue. Propertyl is true obviously. Assumeproperty? is false,
i.e. thereis nodes readse suchthat: < Wr(z,7). Let Wr(z,i) = j, wehave i < j.
However, accordingto the definition5.3.7,Wr(z,i) < i, i.e. j < i. Thereis acycle
with 7 andj.

(=) Assume(Cg,, W) is RC _dag consistentwe prove < is agyclic by contradic-
tion. Assumethereis acycle. If j readsromi, Wr(z, j) = i. Ontheotherhand,j < i
becausehey arein cycle, thusj < Wr(z, ) corvicting the property2 of definition

5.3.8.0

5.4 The ExtendedStealing BasedCoherenae Algorithm

To implementthe RC' _dag in SilkRoad,we further definean extendedstealingbased

coherencdunctionasfollows:

Definition 5.4.1 An ExtendedStealirg BasedCoheence(ESBC)functionis &5 : £ x

VU{l}—VU{L} sudthat
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1. ®5(l,u) = uif u #L andu writesonlocation;
2. If ®5(l,v) = u #L thenu writeson! and:

(a) v readsthevalueof ! written by u through threadstealing/eturn;
(b) v readsthevalueof ! written by u through mutualexclusion;or

(c) vreadsthevalueof! writtenbyu andthereis a global syndironizationnode

w € Vg sudthatu < w < v.
3. u £ Pg(l,u).

Propertie2(a) and2(b) in the above definition arefor the caseof (u,v) € £ and

(u,v) € Eg respectiely.
Lemma5.4.2 ®¢ is anobserverfunction

Proof: We comparethe above definitionof ®¢ with the definitionof obsener func-
tionin Chapter2. Theabove propertyl is actuallythe property3 of definition 2.4.2.
The above property 3 is the sameas the property2 in definition 2.4.2. The above
property2 is thesameasthe propertyl of definition 2.4.2andit explainsthethreepos-
sibilitiesof thevaluewritten by » onlocall beingseerby v: via threadstealingfeturn,
via lock acquisition,or via barrier So we seethat &g satisfiesthe propertiesof an

obsenrerfunction.d

Lemma5.4.3 Given(C, ®s) where &g is an ESBCfunction Gs = (VU Vs, EU Eg) is
thedag of C' anda write nodeu € V which writeson location/. For anynodev € V
accessingocation, if u < v, then® (I, u) writeson! in the cache before v writeson

L.
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Proof: Two case®f (u, v) areconsidered:

1. If (u,v) € &,1.e.u < v, if thereis threadstealing/retin between; andv, accord-
ing to property2 of ESBC,®(/, u) will be propagatedo v if v accessekcation
[, soit musthapperbeforev writeson/!. If thereis no threadstealingfeturnbe-
tweenu andv, thenu andv areonthe sameprocessqrthe orderof their writing

on! is accordingto thetopologicalorder so® 5(1, u) writesbeforev writes.

2. If (u,v) € Eg, thentheremustbe a (release, acquire) pair betweenu andw.
Accordingto property3 of ESBC,®(l, u) will bepropagatedo v beforev writes

onlocation]. O

Theorem 5.4.4 The ExtendedStealingBasedCoheenceis RC _dag consistenti.e. if

Vo, dg is an ESBCobserverfunctin, thenwehave(C, ®5) € RC _dag.

Proof: By contradiction If the ExtendedStealingBasedCoherencealgorithmis not
RC_dag consistentthenthereis an obsenation (C, ®s) suchthat < (g, ) is cyclic.
Supposer; K uy K uz K -+ K u, < u; isacircle andu, is awrite node. By
Lemma5.4.3,u; writesonu’slocal cachebeforeitself does.Sowe geta contradiction.
O

In thefollowing theimplemenationof the RC' _dag memorymodelin the SilkRoad

systemis described.

5.5 Implementation of RC dag

We borrow the semanticof Lazy ReleaseConsisteng (LRC') in TreadMarkq84, 85]

in implemenationwith theextendedstealingbasedcoheencealgorithm. In work steal-
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ing, asdiscussedh Section5.1,thevictim nodepropagate#s modificationsonits local
cachepagedo the stealeronly whenthe stealerrequestdor it. In lock acquisiton, the
lastlock requestedoesnot propagatets modificationsin the critical sectionuntil the
next requesteneedshem. This sectionintroduceshe implementatiordetailsof lock

andbarrierin SilkRoad.

5.5.1 Mutual Exclusion

A straightforvard centralizedschemads usedin implementing mutual exclusion. For
eachlock (identified by a lock number),a processoiis chosenstaticallyin a round-
robinmannetto beits manageaccordingo thelock number To enterthe samecritical
sectiondifferentprocessorsustacquirethesamdock. To obtainalock, therequester
will sendalock requestmessagéo thelock’smanagerlf nootherthreadis holdingthe
lock, the managesendsa reply messagéo the requestegrantingthe lock acquisiton
request.If thelock is alreadyheld by anotherthread the requeswill beforwardedto
the latestrequesteandthe currentrequestemwaitsin a queueassociatedvith thelock.
In this casethereis a distributed waiting queue: eachrequesteremembersts direct
successoandthelock holderremembershefirst waiting nodein the queue.Thelock
holderwill senda messageo the first waiting threadwhenit releaseghe lock. The
otherwaiting nodesremainin the queue.To conformto the messagingornvention in
Distributed Cilk, we usedactive messagefb3] for messag@assing

Eagerdiff creationand the write invalidation protocol are usedto propagatethe
modifications Userprogramshave to acquireclusterwide locksto accesghe shared

variablesandreleasat afterfinishingusingthesharedsariables Whenreleasingalock,
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the diffs for the modificationson sharedpagesduringthis lock arecreatedandstored.
Thusthereis a correspondencbetweendiffs andlocks. During the next remotelock
acquisitian, write noticeswill be sentto therequesterWhentherequesterequiresthe
diffs of a page,only thediffs associatedvith this lock will be sentoutto therequester
Soin thisway the numberof transferredliffs is greatlyreduced.Theideaof associate
diffs with thelock numberis similar to scopeconsiséngy, whichimplicitly build arela-
tionshp betweerdataandsynchronizatioroperationsThis makesour implementation
differentfrom theonein TreadMarks.

In implemenétion,thelock acquisitionconsiss of following steps:

1. Save diffs of local dirty pagesandset“write-protect” for the pageqthe statusof

thepageswill notbe changedintil thenext access).
2. Sendtherequesto themanagenof thelock.
3. Wait for thegrantmessage.

4. Whenthegrantmessagarrives,save thewrite noticesandinvalidatecorrespond-
ing pagesaccordingo thewrite notices.After that,if thememorylocationsin the
invalidatedpagesareaccessedhe saved diffs will be transferredrom previous

lock holderto the currentholder
Thelock releaseperformsthefollowing basicoperations:

1. Savediffs of local dirty pagesandset“write-protect” for the pages.
2. Createwrite noticesfor thedirty pages.

3. Checkthe waiting queueof the lock. If thereis an direct successorthe lock

releasesendshewrite noticesto thesuccessonode.
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The mutual exclusion is guaranteedy the lock managersinceevery time when
thereis lock acquireor releaseoperationthe managemvill checkif thelock is held by
anyoneelse,or checkif thereis anyoneelsewaiting for the samelock. If alock is re-
leasedy onethreadandthenacquiredoy anothetthread thisprocedureanbemodeled
asansynchronizatioredgeaccordingto thedescriptionof Sections.2. Meanwhile the
lock releaseisaresthe diffs (operationl of above lock releasedescription)andif the
samelocationis accessetyy thefollowing lock acquire the diffs will be propagatedo
the acquirer(operationd of above lock acquiredescription). This satisfiegoroperty4
of definition 5.3.1.Similarly, in barrieroperationgseethe subsequergubsectia), op-
erationl save the diffs andthey will be propagatedo the appropriatenodesaccording
operatiord. And this satisfiegproperty5 of definition 5.3.1. Propertiesl, 2, and3 of
definition 5.3.1aredefinedby Cilk andinheritedby SilkRoad,they apply to normal
threadstealingandreturningsituatians. Lastly, accordingto definition 5.3.2,we sayit

implementsRC' _dag consiséngy.

5.5.2 Global Synchronization

Thebarrierglobalsynchronizations implementedby usinga centralmanagerWhena
nodearrivesat a barrier it sendswrite noticesof its dirty pagedo the barriermanager
andthenwaitsfor themanagesreply. Thebarriermanageassemblethewrite notices
from eachnodeandthe forward themto the restof the nodeswhenthe managetas
recevedthebarrierrequestgrom all nodeq(it countsthe numberof therequest®f this
particularbarrierandcompareit with the clustersize). Eachnodethendis-assemles

the write noticesfrom the managerand marksthe pagesinvalid accordingly After
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that,they candeparturdrom the barrierpointandbegin with subsequentomputatio.
During the subsequentomputaibn, if a nodeneedso getthe mostup-to-datedataof
aninvalidatedpage it sendsa messagé¢o the modifierdirectly to getthe diffs.

In implemenéation,eachbarrierparticipaniperformsthefollowing basicoperations:

1. Createwrite noticesandsave diffs of the dirty pagesandset“write-protect” for

thepages.

2. Sendbarrier requestmessagdincluding the write notices)to barrier manager

node.
3. Wait for thereply messagérom managenode.

4. Whenthe reply messagarrives,invalidatethe pagesaccordingto the write no-
ticesin the reply messageAfter that,if the memorylocationsin theinvalidated
pagesareaccessedliffs will be requiredby the accessinghodeandpropagated

from the previous modifying node.

5.5.3 UserShared Memory Allocation

In orderto organizethe virtual memoryefficiently, the usersharedmemoryis differ-
entiatedfrom the systemlevel sharedmemory In SilkRoad,to allocateglobal shared
memoryin programmingtheuserneedto use“ S R _malloc_shared()” function.Hence
the allocatedmemoryspaces in anothempartof the heap(usersharednemoryspace)
and consisteng of thesesharedpagesare assuredoy the extensia part of RC _dag.
Meanwhile,usermay alsousegloballock or barrierto accessr synchronizehe data

onthesepages.
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5.6 The Theoretical PerformanceAnalysis

In softwareDSM systemstheexecutiontime of applicationsusuallyconsistsof thefol-
lowing parts: computationtime, schedulingoverhead,and synchronizatioroverhead.
The computationtime is the actualtime spentin computing andthis is determined
by the applicationitself andthe hardware of the nodes. The scheduliig overheadis
the overheadin distributing computatio to eachnode. In the systens with dynamic
schedulingsuchasCilk andSilkRoad),the schedulingoverheadexists throughat the
execution. The synchronizatioroverheads the overheadn performingsynchronza-
tion operationse.g.,lock acquisitionfor a critical sectionor barriersynchronizatn. In
RC _dag consiséngy, the synchronizatioroverheads tracablebecausef the semantic
propertyof the ReleaseConsisteny: it allows the consisteng of updateddatato be
delayeduntil releasesandacquiresoccurs.With theabove obsenation,thetotal execu-
tiontime Tp of anapplicationrunningon a softwareDSM systemwith P nodescanbe
expressedsfollows.

Tp=Tc+Ts+ T _syn

whereT¢ is the computaton time, Ts is the schedulingoverhead,and 7" _syn is the
overheadecaus®f globalsynchronization

In Cilk, for a multi-threadedcompuation which hasT; total work (the executbn
time ononeprocessorandT,, critical-pathlength(the executiontime oninfinite num-
ber of processors)the expectedexecutian time on P processotis O(T(Z,L)/P +
pHT,,), whereZ is cachesize, L is theline sizeof thecache,H = Z/L is thecache
height,and is theservicetime for a cachemisswithoutcongestiorj61, 32]. Actually,

this performanceamodelis for LC' andit hasalreadyincludedthe computatbntime T



Chapter 5. RC_dag Consistency 103

andschedulingoverheadl’s. SinceCilk doesnot supportglobal mutual exclusian in
clustercomputirg ervironmentsthe T’ _syn portiondoesnotexistin Cilk. With the ex-
tendeddag, for thepartially strictcomputatiol, the 7" _syn portionshout be considered
in SilkRoadbecause¢heremaybe globalsynchronizatia betweerthreads.

For thesynchronizatin overheadl"_syn, thefollowing situationis considereddur-
ing the computaibn, therearea large numberof locking acquisitiors (so thatthe lock
waiting time is not too insignificantto be nggligible), andcomputatbn time betweera
lock acquireandreleasepair is very little (this meansthat the granularityof the lock
shouldnot be large, asa genericsuggestiorior programming).In this case the proce-
dureof acquiringa particularlock (identifiedby a lock number)canbe modeledasa
M /M /1 queueAll theacquirersof thesamedock arequeuingandwaitingto besened
(i.e. gettingthe grantfor the lock acquisiton). If the averagecomputatbn time inside
thelock (i.e. aftergettingthe grantfrom the lock managemandbeforelock release)s
denotedvy t;, thelock requestate(i.e. the numberof lock requestsvithin a unit time)

is A\, theaveragewaiting time of eachacquisiton onthislock is T; . If thereare

— 1

%—)\
totally m request®n this lock, the total waiting time is m x 7). If therearetotally n
locks (identifiedby lock numberin program)andfor eachlock therearem, ma, ...m,,

suchkind of requestsespectrely (assumingherearenotrecursvelockings),thentotal

L
T .
E_A

lock waiting time canbeexpresse@sT _syn = Y .| m;

In [61] and[32], it wasproventhatfor any e > 0, with probabiliy atleastl — e,
the total numberof stealrequestsand relatedpagetransfersis at mostO(H P71, +
HPIlg(1/e)). Thislemmaappliesto fully strict multithreadeccompuationwith work-
stealingschedulerandthe pagetransfersareresultedfrom threadstealingsandthread

returnswith the randomwork stealingscheduler In SilkRoad,all the pagetransfers
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canbedividedinto two sets:oneis the schedulingransfercausedy the randomwork
stealingscheduler(the above mentionedemmaappliesto this situaton), the otheris
causedyy the extensimsin SilkRoadlik e global mutualexclusians (its overheadis in
T _syn). Basedon this obsenation, we have the following theoremfor situations with
large numberof locksandsmalllock granularity(referto Chapter2 for explanaton of

someof theterminobgies).

Theorem 5.6.1 Consideranypatrtially strict multithreadedcomputatbn executecon P
processas, each withan LRU (7, L)-cacheof heightH, usingthework-stealingsched-
uler (likein Cilk and SilkRoad)n conjunctionwith the ESBCcoheencealgorithm Let
1 bethe servicetime for a cache missthat encountes no congestion,and assumethat
accesse$o the mainmemoryare randomand independent Supposehe computatbn
hasT; computaton work, Q(Z, L) serial cache misses,T;(Z,L) = Ty + pQ(Z, L)
total work, and T, critical-path length. Thenfor any e > 0, the executiontime
isO((Ty(Z, L) + Y1, miﬁ)/P + uHT, + plg P + pH1g(1/¢€)) with probabi-
I
ity at least1l — ¢, whee n is the total numberof locks identified by lock numbey
m;(i = 1,2,...,n) is the numberof requeston lock i in the computaibon, ¢, is the

average computatiortimeinsidethelock and A is thefrequencyof thelocks. Moreover,

theexpectedexecutiontimeis O((71(Z, L) + (3.1, mi%—l_A))/P + pHT,,).

Proof: As in [61] and[32], we shallalsouseanaccountingargumentto boundthe
runningtime. During the execution,at eachtime step,eachprocessoputsa pieceof
silver into one particularbucketsaccordingto its actvity at thattime step. However,
for partially strict multithreadedcomputatio, two morebucketsareconsideredLOCK

and LOCKWAIT. Additionally, unlike in [61], sincethe ESBCalgorithmis not using
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bading store asasharedvirtual memoryfor therun-timesystemthereis alittl e change

with the bucketsXFERWAIT.

e WORK. A pieceof silveris putin thisbucketif theprocessoexecutesatask.So
this bucket containsexactly 7' dollars,becausahereare exactly 7 tasksin the

computaton.

e STEAL. A pieceof silver is put in this bucket if the processorsendsa steal
requestSincethereareO(H PT,, + HPlg(1/¢')) stealrequest§seeLemma26
of[61]), thereareO(H PT,,+ H P 1g(1/€')) piecesof silver in the STEAL bucket.

This portionis determinedy therandomwork-stealingscheduler

e STEALWAIT . A pieceof silver is putin this bucketif the processomwaitsfor a
responsdo a stealrequest.Accordingto therecyclinggamg36], if N requests
are distributed randomlyto P processordor service,with at most P requests
outstanthg simuktaneouslythe total time waiting for the requestdo complete
is O(N + Plg P + Plg(1/¢)) with probability at leastl — ¢'. Sincethereare
O(HPT, + HP1g(1/€)) stealsthenthetotal time waiting for stealrequestss
O(HPT, + PlgP + HP1g(1/€¢)) with probability at leastl — €'[61]. How-
ever, in this case sincethereis no reconcilingcacheto bading store for ESBC
algorithm we do not needto accountfor the time spentin reconciling. With the
consideratiomf theidle stepgo avoid toofrequentstealrequests[6,132], thetotal

numberof piecesof silver in thisbucketis O(uH PT, + Plg P+ HP1g(1/¢)).

e XFER. If aprocessosendsa line-transferrequestjt putsa pieceof silver into

this bucket. Eventhoughin ESBCalgorithmthe requesis sentto thelastvictim
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insteadof the bading store, the numberof piecesof silver in this bucket is still

OwuQ(Z, L)+ unHPT,, + pHP1g(1/€))[61].

e XFERWAIT . If a processowaitsfor aline transferto completejt putsa piece
of silverinto thisbucket. Theregycling gameshawvsthatthereareO (uQ(Z, L) +
uHPT,, + nPlg P + uHP1g(1/€')) piecesof silverin this bucket with proba-

bility atleastl — ¢'.

e LOCK. If aprocessoperformsanacquire operationjt putsapieceof silverinto
this bucket. This resultsfrom the extendeddagfor partially strict multithreaded
computatbn. Thenumberof lock acquisitimmsdepend®ntheapplicationandthe
scheduler If n is the total numberof locks identified by lock numbey m;(i =

1,2, ...,n) is thenumberof requestnlock i in the computationthenthe total

)

numberof locksin thewholecompugtionis " | m;.

e LOCKWAIT . Accordingto the analysisabove, the lock waiting time can be

1
T .
E—A

expressedsT _syn =Y . m;

Now we add up the silver in eachbucket and divide by P to get the runningtime.
With probabilityat leastl — 2¢’, the sumof all the piecesof silverin all the bucketsis
T1+0(uQ(Z, L)+pH PTo+puPlg P+pHPIg(1/e)+> 1, mz-ﬁ) with probability
atleasel — 2¢'. Dividing by P, we canobtainruntime7’p < O((Tll +uQ(Z,L))/P +
pHT o + plg P+ pHIg(1/e) + (30, mzﬁ)/P) with probability atleasel — 2¢'.
Usingtheidentity 71 (Z, L) = T1 + pQ(Z, Ll) andsubsituting e = 2¢’ yieldsthe high-
probability bound.The expectedboundfollows similarly. [

The performanceanodelof distributedsharednemoryis aninterestingproblembut

thereis not muchtheoreticalwork onit. Somerelatedwork doneon thistopicinclude:
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DonaldYeungetal.[137, 13§ startedrom theclustersof SMPswith arelatively simple
protocol. Theirfocusis ontheperformancef thelarge scalemulti-grainsystemwhich
consistsof clustersof SMP machineqtotally hundredsof CPUsor even more) with
differentlevels of memory They modelthe performancewith the consideratiorof
pagefault, network lateng, etc, sothey analyzethe performanceat a lower level than
we do. Bilas [22] analyzedthe performanceof sharedvirtual memoryon networks
from communicabn layer, protocollayer, andapplicationlayer. The factorsthatmay
affect performanceare analyzedin detail, but no theoreticalperformancemodelsare
proposed Our performancenodelis basedon Cilk’ sinitial theoreticaimodelwith the

consideratiorof the overheaddf sharednemoryoperations.

5.7 Discussion

Cilk is featuredby its efficient load balancingand LRC' is aboutdistributed shared
memory They seemsto be orthogonal,but there exists a crosspoint, which is the
memoryconsiseng/ model. Memory consisteng modelis a critical elementof DSM.
On the other hand, Cilk’ s efficient load balancingis built on both work-stealingand
Divide and Conquerparadigm. Its underlyingsupporthg memoryconsisteng model
is LC. In our work, our main target is to achieve the supportof multiple paradigms
(including Divide and Conquerand SPMD, etc). In orderto achieve this goal, we
explorethememorymodelapproachWe focusourwork ontheoverlappedpartof these
two topic andhopeto extendthe underlyingmemorymodelandhencemoreparadigm
canbesupportedsee Figure5.6). In addition,L RC’s “lazy” ideaprovidessomehints

of reducingnetwork traffic for existing system.
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Cilk/load halancing S1lkEoad

Work Divide and Other paradigms __________ Multiple
stealing Conguer (SPMD, ...) Paradizms
¥ Y
Loclat ion -
Consistency
\ ___________________ / ¥
Wemory : RC_dag
i Model consistency

Figure5.6: Thememorymodelapproacho achieve multiple paradigmsn SilkRoad.

In ourearlierimplementatiorof SilkRoad[105], the barriermechanisnwasnotim-
plementedindwe only introducedhelock mechanismvithout changingCilk’ sbacking
storeandthe way to keepmemoryconsiséntin Cilk runtimesystem. So the consis-
teng of the systeminformationwasmaintairedby LC', andthelock wasimplenmented
with L RC' semanticsIn our laterwork, the barrierwasintroduced.More imporiantly,
RC _dag is formally analyzedbasedon the computatiorcentricmemorymodeltheory
systemandthe laterimplemenation differsfrom the earlieronein that“lazy” seman-
ticsareintroducedandthebackingstoreof Cilk areremoved. Sothesimilarity between
RC _dag and LRC is thatthe modificationsof sharednemorypagesare propagatedn
a‘“lazy” stylein bothmemorymodels.However, onedifferenceis thatthe systemdata
modificationpropagatiorsaretriggeredby threadstealingor returnsin RC' _dag, while

in LRC all propagatnsaretriggeredby lock or barrieroperationsSowe canalsosay
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node 0 node 1 node 2

lock(1) ﬂlock(l) 4lock(1)

4 4

a=0: soasl SoX=g
unlock() * unlock(l) < unlock(1)

Figure5.7: A situaton that might be affectedby interferenceof lock operationsand
threadmigratian

RC _dag is a“hybrid” modelin thatthe pagepropagatnsare coupledwith eitherthe
operationof threadstealingsor global synchronizationgi.e. globallock acquisitiors
andbarriers)accordingto the ESBCintroducedn this chapter
At the programmindevel, our extensiongntroducedifferentsemanticsrom LRC

in that more restrictionsare appliedto the programmerssince threadmigration and
memoryconsisteng operationsco-exist. With typical LRC, programmersareabout
the datasharingvia the mechanismdik e barrierandlock. In contrast,RC dag con-
sisteng putsmorerestrictionson programmersin the programswith locks, the user
shouldreducehelock granularityandmalke surethatthereis no threadspavningwithin

thelocks. For example, Figure5.7 illustratesa simplesituationof usingsharedvari-

ableswith locks(thedottedarrons shav thelock transferringsequence)the threadon

nodeOacquiresalock andwrite avalueto the sharedvariablea whichs followedby a
lock releasethenthethreadon nodelalsodoesawrite operationon a; lastly thethread
on node2doesa readoperationon a. Therewill be no problemif thesethreepieces

codearerunningon differentnodeunder L RC. However, with RC _dag, the scenario
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node 0 node 1
barrier(0): barrier(0);
x = a[0][0] + a[O][1]; y = a[0][0] - a[O]1];
a[0][0] = x; alO][1] =,
barrier(L): barrier(L)

Figure5.8: A situatian thatmight be affectedby interferenceof barrieroperationsand
threadmigratian

may be changedf, afterlock acquisiton, the threadon node2 spavns anotherthread
andit is migratedto nodeOif nodeOis free while nodeZ2is heavy loaded.In this case,
thereadoperation(i.e. x = a;) will possiblygetanobsoletevaluesincenodeOis not
thelastwriter of a.

In SPMD programswith globalbarriers,the usershouldcareaboutthe numberof
threadsandtheirlevel in the spavn tree. Usersaresuggestedb spavn asmary threads
asthe numberof processorandthesethreadsareleavesin the spavn tree. Otherwise,
threadmigration might alsointerferewith memoryconsisteng operations.For exam-
ple, the pseudocodein Figure 5.8 illustratesthis situation: in betweentwo barriers
(i.e. barrier(0) andbarrier(1)), the programcalculatethe valuesof the elementsn a
2 x 2 matrix (storedin sharedmemory):the valueof thefirst columnis calculatedby
sumning thevaluesof theelementsn thesamerow of thetwo columnsandthesecond
columnis calculatedby subtractinghe valuesof the elementdn the samerow of the
two columns(the codein the figure only shavs the calculationof the first elementsof

the columns).If thisis doneby two threadson two processorandeachcalculatesone
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columnof elementseachthreadwill getthe samevaluesof the sharedvariableswhen

they leave thefirst barrier(i.e. barrier(0)). Accordingto LRC, the written valuesof

write operationgi.e. ¢[0][0] = z anda[0][1] = y) on the sharedmemorywill not be

“seen”by eachotheruntil they all arrivethebarrier(i.e. barrier(1)). Sothosewrite op-

erationdo not affect the otherthreads readoperation.However, in RC _dag, afterthey

leave barrierO, if threadO spavns someotherthreadsanditself is migratedto nodel
becauseof the load imbalance the write operationanight affect the readoperations,
dependingnthe executionspeedf thetwo threads.

Sowe canseethatfor thethreadghatdo memoryconsiseng/ operationglike lock
release/acquirandbarrier),theserestrictiong(which do not exist in normal LRC' sys-
tems)keepthemrunningat the leaf level in a spavn treesothatthey arenot migrated
(accordingto Cilk’ s policy, the parentthreadsareusuallystolensothatthe stealercan
getmorework to do), henceavoiding the complicatedsituaton in which memorycon-
sisteng operationsandthreadmigratiansinterferewith eachother Thethreadmigra-
tion in SilkRoadis randomandnot predictablesofar we did somefeasibility studyon
thesynthesi®of thesetwo aspectsilt is still achallengingandinterestimg futureresearch

topicto dofurtherexploration.

5.8 Condusions

OnedifferencebetweenSilkRoadand Cilk is that SilkRoaddoesnot usethe backing
storeto maintainthe consisteng of the cachepagesin orderto reducethe network
traffic. SilkRoademplgys SBC to maintainthe coherenceat runtime level. Without

backingstore,the consisteng of systemdatais maintainedwith the event of thread
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stealingandreturn,which makesit differentfrom LRC. Moreover, RC' _dag memory
consisteng modelis built onthebasisof LC andit is motivatedby the attemptto pro-
viding userlevel sharedmemorybasedon LC' to supportwider rangeof computatio.
The semanticof the LRC areintroduced andthe BACKER algorithmin Cilk is re-
placedby ESBCalgorithm. This shovsaway to supportmoreprogrammig paradigms

in aparallelsystem.



Chapter 6

SilkRoad Performance Evaluation

This chapterevaluateghe performancef the SilkRoadsystem.Our experimens areto

demonstratéwo majoraspect®f SilkRoad:
e Theefficiency andperformancef RC _dag.
e Theability to supportmultiple paradigms.

As it is mentionedn previouschapterstheimplementationof RC' dag consisteng
makesSilkRoadprovide a userlevel sharedvirtual memoryandconsequentlynakesit
possibé to supportthe applicationgprogrammedn the paradigmsotherthanDivide-
and-Conquer This chaptershavs the experimenaél performanceand discussios on
the results. The speedupof variousapplicationswith differentproblemsizeswill be
showvnfirstto demonstratéheoverallperformancef SilkRoad.We furthercomparehe
performanceof SilkRoadandCilk by runningsomeDivide-and-Conqueapplicatiors
choserfrom Cilk’ s testsuite. This is to shaw the effect of reducingnetwork traffic and

the introducedoverheadin SilkRoadwhen providing a global sharedmemorybased

113
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on Cilk’ s runtime system.The performanceof SilkRoadis alsocomparedvith thatof
TreadMarksThisis doneby runningsomenon-Divide-and-Conqueapplications.
The remainderof this chapteris organizedasfollows: Section6.1 introducesthe
platformusedfor the performancesvaluation. Section6.2 describeshe applicationsn
our testsuite andtheir attributes.In Section6.3, the experimentakesultsareshovn as
well astheanalysisanddiscussbn onthem. The comparisongetweerSilkRoad,Cilk,
and TreadMarksarealsoshavn andanalyzed.Finally, Section6.4 gives a conclusion

of this chapter

6.1 Experimental Platform

Thetest-bedor ourexperimentds a 16-nodePCcluster Theprocessoof eachnodeis

Intel Pentium-I1500MHz CPU.Thememorysizeis 256 MB (or 512MB for thenode
actingasthe NFS/NISsener). Nodesareinterconnectedavith 100MbpsFastEthernet
network in a startopologythrougha 100BaseTswitch. The operatingsystemof each

nodeis RedHatLinux 6.2 with thekernelof version2.2.18.

6.2 TestApplication Suite

In our experimens, nine applicationsare usedand they are introducedbelon. De-
pendingon the natureof the applicationsdifferentprogrammingparadigmsvereused.
Specifically the Matrix Multiplication, N queen,LU, and Knary are selectedfrom
Cilk’ stestsuiteandthe Divide-and-Conqueparadigmis usedin theseprograms.The

Traveling SalesProblemprogramis basicallywritten with Master/Slae paradigmand
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it usessharedvariables. EmbarrassinglyParallel, Red-Back Successie Over Relax-
ation, Jacobiiteration, and GaussiarElimination usethe SPMD paradigmsand also

needa globalsharednemory

Matrix Multiplication (Matmul) Matrix multiplication is a basicapplicationwhich
is widely usedin benchmarking. The Matmul programmultiplies two n x n
matricesA andB andputstheresultsinto anothematrix C. In our testsuite,the
Matmul programusesclassicalalgorithmto do the multiplication. It fits into the
divide-and-conqueparadigmwell: recursvely splitting the probleminto eight
n/2 x n/2 matrixmultiplication subproblers andcombiningtheresultswith one
n x n additin. This programneedsthe runtime level sharedmemorysupport
becauseghreematricesare sharedamongthe spavnedthreads.Neitherlock nor

barrieris needechowever asthe basicparallelcontrolconstructssufice.

N QueenProblem (NQueer) Theobjectve of theNQueerprogramisto placen queens
onann x n chesdboardsuchthatthey donotattackeachother Theprogramfinds
all suchconfigurationgor agivenchesdoardsizeanddiffersfrom theoriginaln
gueengprogramin Cilk, in whichcasef onesoluion is foundall theothersearch-
ing threadsareaborted.The SilkRoadprogramexploresthedifferentcolumrs of
arow in parallel,usinga divide-and-conquestratey. The chessoardis placed
in the DSM suchthat child threadscan get the chessboardconfigurationfrom
theirparentthread.Thedatain thechesdoardmustbekeptconsistenatruntime

level. Againtheuserlock is not necessaryn the program.

LU decomposition(LU) The LU programperformsthe Divide-and-Conqueform of

ablocked LU decompositio of adensematrix (A = LU). LU factorizationis
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themosttime consumingstepof a commonmethodof solving a systemof linear
equations.The densen x n matrix is dividedinto an N x N arrayof B x B
blocksto exploit temporallocality of sub-matrixelementyn = NB). In our

experimenal programLU, theblock sizeis setto be 16.

Knary (Knary) Knary is a synthetichenchmarkn Cilk. Its parameterganbe setto
producea variety of valuesfor work andcritical pathlength. The syntaxof the
commandine is knary < serial >< parallel >< work >< depth >. With
the provided parametersit generates tree of depth< depth > andbranching
factorin which thefirst < serial > childrenat every level areexecutedserially
andtheremainder< parallel > childrenareexecutedin parallel. At eachnode

of thetree,the programrunsanempty“for” loop for anumberof times.

Traveling SalesmanProblem (TSP) The TSPprogramsolvesthe traveling salesman
problemusingabranchandboundalgorithm In thisprogramanumberof work-
ers(i.e., threads)are spavnedto explore differentpaths. The actualnumberof
workers dependson the numberof available processors.Unexplored pathsare
storedin a global priority queuein the userlevel sharedmemory All workers
will retrieve the pathsfrom the priority queue. Soit is basicallya work-pool
paradigm.Theboundis alsokeptin thesharednemory andeachthreadaccesses

(i.e.,readsor writes)theboundthroughalock, in orderto ensuregheconsisteny.

Embarrassingly Parallel (EP) The Embarrassing Parallel (EP) from NAS bench-
mark suite [11] accumulateswo-dimengonal statisticsfrom a large numberof
Gaussiarpseudo-randonmumberswhich are generatedaccordingto particular

schemehatis well-suitedfor parallelcomputaibn. Thecomputation-communica-
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tion ratio of the parallelversionis very high andthe only communicatioroccurs
whensummirg up alist in thefinal of theprogram.The updatego the sharedist

areprotectedoy alock.

Red-Black Successive Over-Relaxation (SOR Red-BlackSuccessie Over-Relaxation
(SOR is amethodof solving partial differentialequationsin parallelSOR The
red andthe black arraysare divided into roughly equalsize bandsof rows and
eachof themis distributed to a differentprocessar It is a typical SPMD style:
samecodeare executedon differentmatricesand during the computatbn, com-
municaton occursacrossthe boundaryrows betweenbands. In SilkRoad,the
red andblack arraysare storedin sharedmemoryandthe programusesglobal

barriersto synchronize.

Jacobiiteration (Jacobi Jacobiis a methodfor solving partial differentialequations.
The Jacobiprogramiteratesover atwo-dimensimal array During eachiteration,
every matrix elementis updatedto the averageof its nearesheighbors(above,
below, left, andright). Becauseof the strongdatadependencet is hardto divide
the probleminto several smallerindependenproblems,so we usethe SPMD
paradigmto solve this problem. The programusesa local arrayto storethe new
valuescomputedduringeachiterationin orderto avoid overwriting theold value
of the elementbeforeit is usedby its neighbor In the parallelversion,the two-
dimensonalarrayis dividedinto roughlyequalsizepartsanddistributed to each
node. Their boundaryrows are sharedby the neighboringnodes. Barriersare
usedfor synchronizatiorafterthe calculationandcopying datafrom sharedarray

tolocal arrayin eachiteration.
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GaussianElimination (Gausg GaussiarElimination (Gaus3 decomposes square
matrix into upperandlower triangularsubmatricesby repeatedlyeliminatingthe
elementsof the matrix underdiagonal,one column at a time. In this SPMD
paradigmgcommuncationoccursafterthe calculationin eachiterationvia global

barriers.

6.3 Experimental Resultsand Discussion

6.3.1 Performance Evaluation

The overall performanceof SilkRoadprogramss listedin Table6.1. In the following
analysisthe speedups computedoy dividing the sequentiaprograms executingtime
by the correspondingparallel programs executingtime. We usedthe gcc compiler

(version2.91.66)to compileall of the applicationprograms.

| Applications | serial | 2procs | 4procs | 8procs | 16procs |
Matmul(1K x 1K) | 84.66s| 38.41s2.20 | 28.14s/3.00 24.73s/342 | 21.27sB.98
NQueel(l3) 76.64s| 39.44s1.94 | 19.78s/3.87 10.84s/707 | 5.43s14.11
LU(1K x 1K) 83.55s| 28.30s2.95| 21.59s/3.87 16.33s/511 | 13.74s6.08
Knary(0,10,10,7) | 31.77s| 15.95s1.99 | 8.08s/3.93| 4.13s/769 | 2.69s11.81
TSR19b) 11.54s| 6.89s/167 | 5.43s/2.13| 3.37s/342 | 4.92sP.34
EP(2%) 22.99s| 11.62s1.98 | 6.01s/3.83| 3.15s/730 | 1.59s14.46
SOR2K x 2K) 21.69s| 11.62s1.87 | 6.57s/3.30| 3.78s/574 | 2.55s8.50
Jacob(1K x 1K) | 12.06s| 6.19s/194 | 3.72s/3.24| 2.67s/451 | 1.94s6.21
Gaus$l K x 1K) | 23.51s| 13.42s1.74 | 8.43s/2.79| 5.14s/457 | 7.32sB.21

Table6.1: Timing/speedupf the SilkRoadapplications
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Matmul

In Matmul the Divide-and-Conquestratgy usedin the SilkRoadprogramachiered
a good performancespeedup.We testedwith the matrix sizeof 1024 x 1024 andwe
achieved goodspeedumndeven superlinear speedup.The speedups 2.200n 2 pro-
cessors;3.000n 4 processors3.42 on 8 processorsand3.98 on 16 processors.The
supeflinear speedupn two processorgomesfrom the datalocality. In SilkRoad, if

all elementsf a divided Matmulblock canfit in thelocal cache therearemuchfewer
cachemissesin comparisorwith the sequentiaprogramthatstoresthe matricesin the
cachein row majororder Whenthe matricescannotfit into thelocal cache thrashing
occurs. In the SilkRoadMatmul program,the matricesare dividedinto small blocks
until it reacheghesizeof 16 x 16 allowing themto fit easilyinto thelocal cache.The
systemoverheadreducesthe overall speedupa lot in Matmul For example,for the
problemsizeof 1024 x 1024 onfour nodesthe CPUworking time takesabout65% of

the overall executiontime andtherestis takenby systemwhich spends lot of time to

procesghelarge sizeof datain the sharednemory

NQueen

We ranthe NQueerprogramwith the boardsizeof 13. It achiezed speedupf 1.940n
2 processors3.87on 4 processors/.07on 8 processorsand14.11on 16 processors.
In this program,the chessboardis storedin the DSM, but the amountof data(i.e.,
the currentchessboard configuration)to be transferredis lessthan that of Matmul
Thus, the parallel executiondoesnot suffer too much from the DSM overheadand

it achieved betterspeedupghan Matmul In our experimentsthe systemoverheadof
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the executbn is lessthan1% of the total executbn time sothatthe over speedupsire
good. In comparisorwith Cilk NQueen(shovn in Table6.3),the speedupf SilkRoad

NQueerns comparablen scaleof our experimentakluster

LU

We ran LU programwith the matrix size of 1024 x 1024, andwe got speedu®.95,
3.87,5.11,and6.080n 2, 4, 8, and 16 processorsespectiely. Like the Matmul by
dividing large matricesinto the smallsizeblocks(16 x 16 blocksin this application),
datalocality wasutilized and parallelismwasincreased.In comparisorwith Cilk LU
(asit is shavn in Table 6.3), SilkRoad performscloseto Cilk. However, whenthe
problemsizeis large,the systemoverheadgoesup quickly (for example,it takesabout
20% of the executiontime for 1024 x 1024 onfour nodesin our experimentsjandthe

overall speedups affecteda lot.

Knary

We ran Knary programby providing the parametersvith the values(0,10,10,7)and
achivedthe speedup.99,3.93,7.69,and11.81on 2, 4, 8, and 16 processorsespec-
tively. In thisexample theserialwork is specifiedo be null andhencehigh parallelism

is achieved.

TSP

In TSP the distancesf all cities, the currentshortestroute, the boundof the current

shortestroute, and a priority queuestoring all unexplored routesare held in global
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sharedmemorythatis frequentlyaccessetby multiple worker threadsvia locks. This
paradigmis notdirectly supportedn Cilk becausé requiresuserlevel sharednemory
andglobalmutualexclusion. Currentlythe SilkRoadTSPprogramwith the sizeof 19b
achivesspeedupf 1.680n 2 processorsspeedumf 2.130n 4 processors3.42on 8
processorsand2.350n 16 processorsespectrely for the sameproblemsize. When
thenumberof processorss increasedo 16, the executionslows down. This shavs that
therapidincreaseof commurication overheadon 16 processor®ffsetsthe benefitsof

parallelism.

EP

For EP, with 22* randomnumberswe obtainedspeedumf 1.98,3.83,7.30,and14.46
on 2, 4, 8, and 16 nodesrespectiely. In this program,the computationto commu-
nicationratio is very high sothe commuicationoverheadare compensatedndgood
speedupareachieved. This programalsocannotbedirectly supporedby Cilk because

it needsagloballock to accesslatastoredin the sharedvariable.

SOR

For the typical SPMD style SOR we ranit with the problemsizeof 80 iterationswith
2048 x 2048 matrix size.On 2 processorshespeedups 1.87.0n4, 8, and16 proces-
sorsthe speedupsre3.30,5.74,and8.51 respectiely. This programusesbarrierfor
global synchronzationduring computation Usually the barrieroperationsare consid-
eredto betime consuming.In SilkRoad,for exampk, with problemsizeof 512 x 512

runningon four processorsthe barrieroperationgincluding barrierwaiting andmes-
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sageprocessingjake aboutd% of thetotal executontime. The speedupshow thatthe

barriercanbeefficiently realizedin RC _dag consisteny.

Jacobi

In anotherSPMD programJacobi with 100 iterationson the matrix size of 1024 x
1024, we achieved speedup®f 1.940n 2 processors3.240n 4 processors4.52on 8
processorsand6.21on 16 processorslt shavs the efficiengy of the RC' _dag’s barrier

for globalsynchronizationin SPMD paradigms.

Gauss

Gaussgot speedupf 1.75,2.79,4.57,and3.210on 2, 4, 8, and 16 processorsespec-
tively. On larger clustersize (16 nodes),the speedugs decreasediown andthis is
becausehe overheadof processingarrierwrite notices(i.e. assembledby the barrier
manageanddis-assemled by eachnode)increase$astwhenmorenodesareinvolved
into the computation Meanwhile,this problemsize may not put enoughcomputatbn
on eachnodeto offsettheincreaseoverhead.

We alsotest SilkRoads scalability with problemsize. We ran the NQueenwith
problemsizeof 11,12,13,and14. We alsoranthe SORwith matrix sizeof 512 x 512,
1024 x 1024, 2048 x 1024, and2048 x 2048. Theresultsareshovn in Table6.2.

For SORwith 512 x 512 matrix size, SilkRoads speedups not asgoodasthose
with larger matrix sizes. The speedupeven dropswhenthe numberof processorss
increasedo 16. This shaws that for small problemsize the overheadof the system

cannotbe offsetby the achieved parallelismandlarger datasize makesthe application
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| Applications| problemsize | 2 procs| 4 procs| 8 procs| 16 procs|
512 x 512 1.71 2.76 3.24 2.59
SOR 1024 x 1024 1.80 2.99 3.53 3.71
2048 x 1024 1.79 3.01 3.96 5.09
2048 x 2048 1.87 3.30 574 8.50

11 1.92 3.20 4.69 5.61
NQueen 12 1.96 3.76 6.18 7.82
13 1.94 3.87 7.07 14.11
14 1.99 3.94 7.60 14.67

Table6.2: SilkRoads speedupvith differentproblemsizes.

benefitmorefrom parallelism.
Similarly, NQueenalso achieved betterspeedupsvith larger problemsizes,espe-
cially on larger clusterscales.This is mainly becausef therelatvely smalldatacom-

municatia in compuation.

6.3.2 Comparing with Cilk

In orderto seethe effectsof extending the memorymodelof Cilk, the performanceof
the SilkRoadis comparedwvith thatof Cilk in Table6.3. Theapplicationsshown in the
tableareall using Divide-and-Conqueparadigm. Table6.4,Table 6.5, and Table 6.6
shav thatgenerallyRC _dag consisteng resultsin lesscommunicatio dataandmes-
sagessincethe stealingbasedazy stylediff propagatia policy is employedandhence
the modificationsof sharedpagesare not written backto the bading store eachtime
whenthreadstealingandreturnhappen.

For Matmul SilkRoadrunsin a speeccloseto Cilk with smallerclusterscale,even
thoughSilkRoadsendslessmessageandtransferredessdata. This is becausero-

cessinghe messagem SilkRoadtakeslongertime sincemoredataare piggy bacled
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within the messagesSilkRoadachieves betterperformancewith larger clusterscale.
This shavs thatwhenthe numter of processorss increasedtheintroducton of LRC

ideastakesmoreeffect. However, whenthe clusterscalesup, we noticethatthetrans-
ferred dataincreasefasterthan the numberof message¢ Table 6.6 showvs SilkRoad
MatmultransferrednoredatathanCilk Matmul). Thisis because¢he numberof diffs

in themessagemicreasevery fastwith the numberof processorssoit shavs the diffs

maintenanc@olicy in SilkRoadcanbefurtheroptimized.

For NQueenthe speedof SilkRoadgetscloseto thatof Cilk whenincreasingthe
numberof processorsSincethe dataof NQueens muchlessthanthatof Matmul the
network communicatia is lessfrequentthanCilk evenwhenthe numberof processors
increases.Like in Matmul application,SilkRoadtransferredessdataand messages
thanCilk.

For LU andKnary, SilkRoadalsoachiezedcomparablespeedumnall of thecluster
scales.Generallywe canseethatwith removing the backingstoreandmaintainirg the
memoryconsisteng with threadmigration,SilkRoadperformscomparableéo Cilk with

four of our applicationsvhich useDivide-and-Conqueparadigm.

6.3.3 Comparing with TreadMarks

For the applicationghatare not directly supportedby Cilk andareimplemenéd with
the paradigmstherthanDivide-and-Conquetheir performancerecomparedgainst
TreadMarkgversionl.0.3),awell-known softnareDSM system.Theresultsareshavn
in Table6.7.

For SOR(2Kx 2K, 80 iterations), SilkRoadgot the speedupwery closeto that of
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| Applications | Numberof processorg SilkRoad| Cilk |

Matmul 2 38.41s | 29.36s
(1K x 1K) 4 28.14s | 26.08s
8 24.73s | 24.39s

16 21.27s | 22.01s

2 39.44s | 38.32s

NQueen(13) 4 19.78s | 19.58s
8 10.14s | 9.98s

16 5.43s | 5.65s

2 28.30s | 28.55s

LU 4 21.59s | 22.64s
(1K x 1K) 8 16.33s | 17.06s
16 13.74s | 15.04s

2 15.95s | 15.82s

Knary 4 8.08s | 8.05s
(0,10,10,7) 8 4.13s | 4.08s
16 2.69s | 2.66s

Table6.3: Timing of theapplicationgor both SilkRoadandCilk.

TreadMarkswith a smallnumberof processorshut whenthe numberof processorss
increasedthe speedupof SilkRoadis lessthanthat of TreadMarks. This shaws that
the barrierimplementabn in SilkRoadis asefficient as TreadMarkswith smallscale
clusterbut lessefficient whenthe clusterscalesup. Thisis mainly becausehe quickly
increasednessagsizein SilkRoadoffsetssomeof the gainedperformance.

For TSPwith 19cities,bothTreadMarksandSilkRoadachievedincreasedpeedups

Applicatiors Transferreddata | Numberof messages
SilkRoad| Cilk | SilkRoad| Cilk

Matmul(1K x 1K) | 30.6MB | 78.5MB| 28,404 | 98,849
NQueer(14) 132KB | 296KB | 561 633

LU(K x 1K) | 6.1MB | 30.7MB| 16,232 | 39,555
Knary(0,10,10,7) | 35KB | 107KB | 375 381

Table6.4: Messageandtransferreddatain the executionof SilkRoadandCilk appli-
cations(runningon 2 processors).
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Applications Transferreddata | Numberof messages
SilkRoad| Cilk SilkRoad| Cilk
Matmul(1K x 1K) | 94.4MB | 160.5MB| 95,619 | 195,169
NQueen14) 617.6KB| 1.9MB 2,793 4,216
LU (1K x 1K) 17.9MB | 63.9MB | 51,498 | 116,971
Knary (0,10,10,7) | 138KB | 765KB | 1,285 2,493

Table6.5: Messageandtransferreddatain the executionof SilkRoadandCilk appli-
cations(runningon 4 processors).

Applications Transferreddata Numberof messages
SilkRoad | Cilk SilkRoad| Cilk
Matmul(1K x 1K) | 343MB 268MB | 207,955 | 330,193
NQueern(14) 277VB | 6.94MB | 7,877 | 15,938
LU (1K x 1K) 122.39MB | 147.6MB| 138,214 | 319,495
Knary(0,10,10,7) | 765KB | 1.87MB | 5207 6460

Table6.6: Messagesndtransferreddatain the executionof SilkRoadandCilk appli-
cations(runningon 8 processors).

with smallerclusterscale but the speedugslows down with largerclusterscale(sixteen
processors)The performancelescreasen sixteennodesshowvs theimplementatiorof

lock needasmprovementbecauséahe overheadof diff processingcreatingdiffs, com-
paringandfiltering diffs, andapplyingdiffs) increase$astwhenthe clustersizeis big.

TreadMarksoutperformsSilkRoad,becausén TSP, thelock for theglobalqueug(stor

ing the partial results)haslarge granularityand SilkRoadthreadsspendmoretime in

waiting for the lock. This alsoshaws the implementationof SilkRoadneedsfurther
optimization. Moreover, the eagerdiff creationin SilkRoadalsotakesmoretime than
TreadMarksn creatingdiffs thatwill possilly notbeusediater.

For Gauss the speedumf both SilkRoadand TreadMarksare increasingon two,
four, andeightprocessorsut decreasewhenthe numberof processorss increasedo

sixteen.The SilkRoadperformancealescreasen sixteennodesds dueto theintroduced
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| Applicatiors | No. of processorg Speedupf SilkRoad| Speedupf TreadMarks|

SOR 2 1.87 1.82
(2K x 2K, 4 3.30 3.49
80iterations) 8 5.74 6.36

16 8.50 10.09
2 1.67 1.88
TSP(19b) 4 2.13 3.60
8 3.42 4.47
16 2.34 2.92

Gauss 2 1.74 1.85

(1K x 1K) 4 2.79 3.02
8 4.57 5.03

16 3.21 4.89

2 1.98 1.99

EP (224) 4 3.83 3.99
8 7.30 7.98

16 14.46 15.98

Table6.7: Comparisorof speedugor both SilkRoadand TreadMarksapplications

barrieroverheadwhich is big whenthe clustersizeis big. The barriermanagels po-
tentially a performancebottleneckbecauseat needsto assemblehe write notices(i.e.
theinformationaboutwhich pageshave beenmodifiedby which node)andbroadcasts
to eachnode. Eachnodedis-assemial the write noticesuponreceving from the man-
ager Thisassemblyatthe manageside)anddis-assemlyl (ateachbarrierparticipant)
procedurefor eachbarrier can be time-consming whenthe numberof processorss
large, sincethe managemeedsto assemblehe write noticesfor a lot moretimesand
eachtime with moresourcenodes'write notices.Eachnodealsoneeddo dis-assemble
morenodes’write notices.This overheadncreasesjuickly whenthe numberof nodes
grows large (greaterthan eight). Meanwhile,every nodesendsthe barrierrequestto
the managemodeand waiting in a queuefor the reply. Whenthe numberof nodes

increasedrom eightto sixteen the barrierwaiting time increase®bvioudy sincethere
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areeightmorerequestsn thequeue.In this program SilkRoadalsoachiesedspeedups
closeto but alittle lessthanTreadMarksgespeciallywith large clusterscale.

EP alsoachievedgoodperformancentwo, four, eight,andsixteenprocessorsom-
paringto TreadMarks.This shavs thatthe low communcationin Embarrassingl Par-
allel resultsin very low communcationoverheadandhigh speedupn SilkRoad.

It canbe seenthatthe performanceof SilkRoadis not significantlyworsethanthat
of TreadMarks Ontheotherhand,sinceit is morenaturalto solve someproblemswith
Divide-and-Conqueparadigm SilkRoadprovidesuseranorechoicesof paradigmgor
their parallel programming. In the supportof the paradigmsother than Divide and
Conquey we noticethat someprograms(for example,Guass)of the newly supported
paradigmgfor example,SPMD) get performancealecreasevhenthe clustersizeis big
(i.e. sixteen).Theeffect of reducingnetwork traffic is notobviousontheseapplicatiors
andthisis mainly dueto (1) Therearevery few threadmigratiors (for exampk, for four
nodesonly four threadsspavnedandthey only migratefrom the startingnodeto the
restcompuing nodesandthenbackto the startingnodewhenfinish) andhencevery
few operationon backingstore.In comparisonDivide andConquemprogramsusually
producethousand or morethreadmigrations,sotheeffect of removing backingstoreis
obvious;(2) Thequickly increasedbarrierprocessing@verheadasexplainedin previous
page).Ontheotherhand,we alsonoticethatthe TreadMarkssersionof thoseprograms
alsobehaesimilarly (i.e. performancelecreasith sixteemodes)n ourexperimens,
which impliesnot only the runtime systemmatters but alsothe characteristicef pro-
gramscanaffect the performancen large clusters.In summarythe experimentsshov
that SilkRoadis ableto allow new typesof applicationsto be programmedyvhich is

our maintarget. The inefficiengy of somenewly supportedorogramswith large clus-
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ter sizeimpliesthatthe reductionin messagemay generatenenv overheadsandsome
of the implementaibns needimprovement, so the overall efficiency is not necessarily
improved(i.e. it depend®n the programmingparadigmusedby the applications).
Last, the experimentsalsoshaow that the extensionof memorymodelin SilkRoad
doesnot hurttheloadbalancingnheritedfrom Cilk. With theinheritedmultithreading
anddynamicparallelism,SilkRoadcanachiere goodload balancingwith Divide-and-
Conquerparadigm. Table 6.8 shovs somestatidical datain onetypical executian of
the Matmulexampleand Table6.9 shaws theresultsof Matmul programimplenmented
in TreadMarkswith SPMD paradigm.Eventhoughnot all datais directly comparable,

theresultshov SilkRoadgot goodloadbalanceamongprocessors.

ProcessoNo. Totalwork | Receved Messages
0 41.04 29851
1 53.35 20824
2 53.94 20616
3 40.95 23079
TOTAL 189.28 94370

Table 6.8: Outputof processoiload (in secondsland messagen one executon of
Matmul (1024 x 1024) on4 processorin SilkRoad.

| ProcessoNo. | messages barrierwaiting time (seconds)

0 1274 1.3
1 3593 161
2 3530 0.49
3 5838 0.49
TOTAL 20235 3.89

Table6.9: Somestatistt datain oneexecutian of matmul(1024 x 1024) on4 processors
in TreadMarks.
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6.4 Condusion

In this chapterthe performanceof SilkRoadis evaluatedandanalyzedo show its effi-
cieng. In additionto Cilk’ stestprogramswith Divide andConquerto testtheuserlevel
sharedrirtual memory someapplicationswith otherparadigmsarealsoselectedor the
evaluaton. The overall performanceof SilkRoadandits scalabilitywith problemsize
areexamined.A comparisorbetweerSilkRoadandCilk is presentedh orderto exam-
inetheside-efectsof extendingCilk’ s LocationConsisteng andto show theefficiency
of RC _dag consisteng modelin reducingthe network traffic whensolving problems
with Divide-and-Conqueparadigm. For thoseapplicationswith otherparadigmswe
comparedhemwith TreadMarksapplications.

In Chapterd andChapter5 theideaof removing Cilk’ s backingstoreis introduced
andin this chapterthe experimentaprogrammingvork shavs thattheideacanbeused
empirically Theprogramsn thischapteraremainlyto shaov the performancgwhichis
morerelevantto our topic), but they alsoshov how theadditionalfacilitiesof SilkRoad
(i.e. globallock andbarriermechanismsganbeusedin programming

In summaryour experimenal resultsshowv thatwith the extendedmemoryconsis-
tengy model(i.e. RC _dag consistenyg), SilkRoadhasthe performancecomparabldo
Cilk while reducingthenetwork traffic andsupporing moreparadigmgusinguserlevel

sharednemory)with fairly goodefficiency.



Chapter 7

Conclusions

This chapteisummarizeshethesisandoutlinesareasvhich meritfurtherinvestigation.

7.1 Condusions

In this dissertationwe explored the techniquego supportmultiple parallelprogram-
ming paradigmgheoreticallyandempirically.

Theoretically a graph-theoreticahnalysisapproachis presentedn orderto ana-
lyze parallelprogrammg paradigmsnoregenerically Underthis framework, several
paradigmsaredefineduniformly basedntheconcepbf executioninstancedag. More-
over, it is shavnthattheunderlyingmemorymodelof aparallelcomputng systenplays
animportantrole in supportingmultiple paradigms.

In orderto achiere our goal of supporthg multiple paradigmswe find the cross
point of the “orthogonal” Cilk andDSM, which is the underlyingmemoryconsisteng
model. Empirically, it is shavn thatextendirg the memorymodelof oneexisting par

allel systemis afeasibleway to supportmoreparadigmsBy extendingLC to RC dag,
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we developedavariantsystenof Cilk, i.e. SilkRoad,to provide userlevel sharednem-
ory (with linguistic supportfor mutual exclusionandglobalsynchronizationandhence
supportmore programming paradigms. The performancesvaluationshoved the effi-
cieng/ of RC _dag consiseng/ and SilkRoads ability to supportmultiple parallelpro-
grammingparadigmswith the utilization of userlevel sharednemory The comparison
betweenSilkRoadand Cilk shoved that SilkRoadachiezesgoodoverall performance
while extendingthe memorymodelof Cilk. With the comparisorto Cilk and Tread-
Markssystemwe shavedthatSilkRoadsupportsvider paradigm$asedn Cilk, while
atthe sametime achievesrathergoodperformance Moreover, the programmabity of
Cilk/SilkRoadasa parallelprogrammiig languages alsoexamined. Cilk/SilkRoad’s
solutions to variousexamplesshaw its effectivenessn parallel programming. With
SilkRoads extension Cilk/SilkRoad’s programmabity is alsoenhanced.

In summaryourwork exploredanapproacho supportmoreparadigmsy strength-
eningtheunderlyingmemorymodelof anexisting parallelsystemandthe performance

of SilkRoadsystenshavedthefeasibility of thisapproach.

7.2 Futurework

The memory consisteng modelin SilkRoadwas originally inspired by the needof
extensimsto supportotherkindsof synchronizatia in Cilk. RC' _dag consisteng pro-
videstheadditioral operationdik e globalmutualexclusionandsynchronizatiorfwhich
is actuallythe way it extendsthe LC of Cilk), andthe experimenal programsdemon-
stratetheir usein programmng with different paradigms.In our work we explored

a way of extendingthe memoryconsiséng/ model, but it is too early to saythatthe
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synchronizatia in SilkRoadis very easy-to-useand efficient. There may be better
waysfor synchronizatn. Theefficiency of locksin SilkRoadstill needsmprovement.
Moreover, the efficient supportand managemenfior producer/consumdik e synchro-
nizationsstill remainto be explored.

In thefuturethefollowing improvementsareto beachiered:

Otherapproacheso extend LC. In SilkRoad,we introducethe semanticof lazy
releaseconsisteng. It is also possilbe to usesomeotherwaysto extendLC. For ex-
ample,introducingthe semanticf the scopeconsisteny, etc. A “lazy” style policy
without “home” is usedto achiese lessnetwork traffic. However, otherapproachesare
alsoworth exploring.

In SMP systemsor other centralizedervironments Cilk mainly supportsDivide-
and-Conqueparadigm.Sincesharedvariablesarealreadyusedin Cilk (the SMP ver-
sion),it shouldbe easierto write Cilk programswith otherparadigmslt canbe exam-
inedto find outwhataretheconcretaequirementgat bothruntimelevel anduserlevel)
for supportig multiple paradigmsasedon Divide-and-Conquer

Besidesproviding userlevel sharedmemory are there otherwaysto enlage the
supportegaradigms? his depend®nthe particularparadigmsandmorefurtherstudy
work is neededEvenfor the userlevel sharednemory besidedock andbarriermech-
anismshow to implementothermechanismsothata morepowerful parallelprogram-
ming systemcanbe providedalsoneeddo befiguredout.

SilkRoadis still in experimentalstageand more applicationsareto be developed
with variousparadigms.Besidesthe benchmarkingorogramsusedin this thesis,the
applicationssolvingreal problemsarestill neededo testthe system.

Supportingmultiple parallelprogrammingparadigmds in demandbut the theory
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andtechnologyarenotreadyto bewidely acceptedaindused.SilkRoadshows a practi-
calapproachn thisfield, butit is farfrom completeandmature.Meanwhile thecurrent

implementationcanbefurtheroptimizedto achieve betterperformance.



Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

G. A. Abandd andE. S. Davidson. Charactezing Distributed SharedMemroy Per
formance: A CaseStudy of the Corvex SPP1000.IEEE Transationson Parallel and
Distributed Systems9(2).206—-21.6, Feh 1998.

Ada9X Projed. Ada9x Requiements,1990. Office of the UnderSecreary of Defen®
for Acquigtion, Washingon, D.C.

S. V. Adve andK. Gharachdoo. Sharedmemoryconsisterty models A tutorial. In

RiceUniversity ECE Tedhnical Report9512, 1995

S.V. Adve andM. D. Hill. Weakordeing- new definition. In Proceedngsof the 17th
Annud International Sympasiumon ComputerArchitecture, pages 2—14 May 1990.

A. Agarwal, G. D’Souza,K. Johrson,D. Kranz,J. Kubiatowicz K. oshiKuriharg B.-H.

Lim, G. Maa,D. Nussbam, M. Parkin, andD. Yeung. The MIT Alewife machine: A

large-s@ledistributed-memorymultiprocesso. In Procealingsof Worksh@ on Scahble
ShaedMemoryMultiprocessrs. Kluwer Academic,1991

S. Ahuja, N. Carrierg andD. Gelerrter. Lindaandfriends. IEEE Computer 19(8)26—
34,Aug. 1986

A. AikenandD. Gay. Barrierinference.In Sympaiumon Principlesof Programming

Languages pages 342-354,199%8.

135



BIBLIOGRAPHY 136

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

C. Amza, A. Cox, K. Rajamanj andW. Zwaenepel. Tradedfs betweenfalse shaing

andaggegationin softwaredistributed sharednemory In ACM Sympogim on Princple
and Practicsof Parallel Programming(PPoPP), pages90-9, 1997.

C.Amza,A. L. Cox, S. Dwarkads, K. RajamanjandW. Zwaenepok Adapfive proto-

cols for software distributed shaed memory Proceedhngs of the IEEE, 87(3):467-475,
Mar. 199.

T. E.Anderon,D. E. Culler, andD. A. Patterson A Casefor Networks of Worksiations

NOW. IEEE Micro, feb 1995

D. Bailey, J.Barton T. Lasinsk, andH. Simon.TheNAS paralkel benchmarks.In Report
RNR-9100Revision 2. Moffett Field, Calif.: Numericd AerodynamicSimulaton (NAS)
sydemsDivision, NASAAmesResearh Center 1991

H. Bal, M. Kaashe&k, andA. Tanenbam. Experierce with Distributed Progranmingin

Orca. In IEEE CSInt. Conf on Compute Languages pages79-89, Mar. 1990

T. Ball andS. Horwitz. Constricting contrd flow from datadependere. In Tedhnica

repat, University of Wisconsn-Madison, TRNo. 1091, 1992

S. Balsamo,L. Donatidlo, andN. M. V. Dijk. Bound perfoomancemodelsof hetera

gereousparalel processiny systans. IEEE Transadions on Parallel and Distributed
Sydems 9(10)1041-10%, Oct. 1998.

A. BarakandO. La’adan. The MOSIX Multicomputer Operding Systemfor High Per

formanceCluste Computirg, 1998.

M. Bari, L. Jafe, S. Zur, A. Itzkovich, andA. Schuser. Cparpa-a naturd paralel ex-

tention of C++. Technion's laboratory for distributed-parallel computhg internal docu
ment 1996.

Y. Ben-Asher D. G. Feitelsa, andL. Rudolgh. ParC: An Extensia of C for Shared
Memory Parallel Procesig. Softwae Parctice and Experierce, 26(5):581-612 May

19%.



BIBLIOGRAPHY 137

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

P. Berenbimk, T. Friedetzly, andA. Steger Randanized and adwersarial load balane
ing. In Procedlings of the 11th Annual ACM Symposim on Parallel Algorithmsand
Architedures(SFAA), pagesl 75-184,199.

B. Bershal. Sharednemorypardlel proggammingwith entry consigengy for distributed
memorymultiprocessrs. In CMU Tedhnical ReportCMU-CS-91-70, 1991

B. N. Bershad M. J. Zekaukas,andW. A. Savdon. The midway distributed sharel
memorysystem.In Digestof Papers fromthe 38thIEEE ComputerSocidy International
Confeaence(Spring COMPCN), pages28-537,Feb 1993

B. N. Bershad andM. J. Zekaugas. Midway: SharedViemory Parallel Programmiig
with Entry Consist@cy for DistributedMemory Multiprocessrs. In Tech. ReportCMU-
CS-9170, 1991.

A. Bilas. Improving the Performarce of Shaed Virtual Memoryon Systen Area Net-
works PhDthesis,Departmenof Compute SciencePrinceta Universiy, Nov. 1998.
A. BilasandE. W. Felten.FastRPConthe SHRIMP Virtual Memory MappedNetwork
Interface Journal of Parallel and Distributed Computing Specal Issueon Workstéion
Cluste and Network-ased Computirg, Feh 1997.

A. Bilas,D. Jiang Y. Zhou,andJ.P. Singh.Limits to the perfomanceof softwaresharel
memory: A layeredapgoach In Proceedngsof fifth International Sympogim on High
PerformanceComputerArchitectue, pagesl 93-202 1999

G. E. Blelloch. Programmingpardlel algarithms. In D. B. John®n, F. Makedm, and
P. Metaxas, editors, Procealingsof the Dartmouthinstitute for Advancel GraduateStud/
in Parallel Computaion Symposim, pages 11-18, 1992.

G.E.Blelloch, P.B. Gibbors,andY. Matias. Provably efficient scheluling for languages

with fine-graned paralelism. Journal of the ACM, 46(2):281-321, 19909.



BIBLIOGRAPHY 138

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

G. E. Blelloch, P. B. Gibbors, Y. Matias,andG. J. Narlikar. Space-#icient scheluling
of pardlism with syndironization variables. In Procealings of the 9th Annud ACM
Sympaiumon Parallel Algorithmsand Architectues(SPAA), pages12-23, Junel997.
G. E. Blelloch and J. Greiner A provable time and spae efficient implemenation of
NESL. ACM SIGPLANNOotices, 31(6).213-225,19%.

J.Blieberger, B. Burgstdler, andB. Scholz SymbolicDataFlow Analyss for Detectirg
Deadbcksin Ada TaskingPrograms.in Ada-Euppe, pages 225-237,2000.

W. Blume and R. Eigenmam. Performarce Analyss of Parallelizng Compilerson
the PerfectBenchmark Prograns. IEEE Trans.on Parallel and Distributed Systems
3(6):643-656,1992

R. D. Blumofe. Executirg MultithreadedProgramsEfficiently. PhDthess, Departmen
of Electrical Engineeing andComputerScience Massachsettsinstitute of Techndogy,
Sept.1995.

R. D. Blumofe, M. Frigo, C. F. Joeg, C. E. Leisesson,andK. H. Randal. An Analysis
of Dag-Consstent Distributed SharedMemory Algorithms. In Proceedngs of the 8th
Annud ACM Sympogim on Parallel Algorithmsand Architecdures(SFAA), Padua ltaly,
Jure 1996

R.D. Blumofe,M. Frigo,C.F. Joeq, C.E. Leisersm, andK. H. Randdl. Dag-corsisten
distributedsharednemory In Proceedngsof the 10th International Parallel Procesing
Sympagium(IPPS) pages 132-141,Honolulu, Hawaii, Apr. 1996

R. D. Blumofe, C. F. Joerg,B. C. Kuszmaul,C. E. Leiser®n, K. H. Randall, and
Y. Zhou. Cilk: An efficient multithreaded runtime systen. In Proceedngsof the ACM
SIGPLAN'95Sympomimon Principlesand Practiceof Parallel Programming(PFPoPP),

SantaBarbag, CA, July 19%.



BIBLIOGRAPHY 139

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

R. D. Blumofe andC. E. Leiser®n. Space-#icient schediling of multithreadedcom-
putations In Proceedingsof the Trenty-Rfth Annud ACM Sympaiumon the Theoryof
Computng (STOC’93), May 1993.

R. D. BlumofeandC. E. Leisersm. Schedulng multithreadel computdions by work
steding. In Proceedngs of the 35th Annual Symposim on Foundations of Compute
Science(FOCS) pages 356-368, SantalFe, New Mexico, Nov. 1994.

R. D. Blumofe and C. E. Leisersm. Schedulhg multithreadel computaions by work
steding. Journal of the ACM, 46(5):720—+748,Sept.1999

L. BrunieandL. Lefevre. DOSMOS: A DistributedSharedviemorybasel on PVM. In
FirsteuropeanPVM usess group meeting Oct. 1994

R. Buyya. High Performane Cluste Computirg:programmingand appications. Vol-
ume2. PrenticeHall, 199.

N. CarrieroandD. Gelernte. Lindain context. Communicéon of the ACM, 32(4):444-
458, Apr. 1989

J. B. Carter J. K. Bennet and W.Zwaenepoel Implemengtion and Performaie of
Munin. In Proc. of the 13th ACM Symposim on Opermting SystenPrinciples, pages
152-164 Oct. 1991

M. Chandy I. Foster K. Kennedy C. Koelbel, and C.-W. Tseng. Integrated support
for taskanddataparalkelism. Thelnternational Journal of Supecompute Applications
8(2):80-98, Summerl994

Y.-K. Chongand K. Hwang. Evaluatin of relaxed memory consstercy modelsfor
multithreaced multiprocessrs. 19%.

Cilk-5.2 Refererwe Manud. Availabe on the websitehtt p:// super tech .Ics.
mit.e du/c ilk

A. L. Cox, E. delara, Y. C. Hu, andW. Zwaenepel. A perfoomancecomparson of

homekssandhome-baedlazy relesseconsgsteng protocolsin softwareshaedmemory



BIBLIOGRAPHY 140

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

In Proceedngs of the fifth High Performarce ComputerArchitecture Confeence, Jan.
1990.

R. Cytron, M. Hind, andW. Hsieh. Automaticgeneation of DAG paralklism. In Pro-
cealingsof the ACM SIGPLAN'89 Confeenceon ProgramminglLanguaye Desigh and
Implementation, volume24, pages54—8, Portland OR, June1989.

S. Darbhaand D. P. Agrawal. Optimal schediling algorithm for distributedmemory
machines. IEEE Transadions on Parallel and Distributed Sysems 9(1).87—%, Jan.
1998.

A. Darte, Y. Robert and F. Vivien. Sdediling and Automatc Parallelization.
Birkhausey2000.

E.de.Lara,Y. C. Hu, H. Lu, A. L. Cox,andW. Zwaenepel. The effect of contention
on the scdability of pagebasedsoftware sharel memrg sysems. In Proceedngs of
Languages Compileis,and Runtimedor Scdable Computirg, May 2000.
DistributedCilk - Releasé.lalphal. Availableonthewebsitehtt p://s  uper tech.
Ilcs.m it.e du/ci Ik/r elea se/di stci Ik5.1 .htm .

M. Dubois C. Scheurch, andF. Briggs. Memory accesduffering in multiprocessaes.
In Proceedings of the 13th Annud International Symposim on ComputerArchitectue
(ISCA) pages434-442,Junel986

S.EggersandR. Katz. Evaluation of the perfarmanceof four sncoping cacdecoheencg
protocols In Proceedngsof the 16th International Sympogim on ComputerArchitec-
ture, pages 2—15 1989

T. V. Eicken D. E.Culler, S.C. Goldstén, andK. E. Schause Active messags:amech-
anismfor integratedcommunicéion andcompugtion. In Procealingsof the 19thAnnud
International Sympaiumon Compute Architecture (ISCA) page256-266,Gold Coast,

Austrdia, May 1992.



BIBLIOGRAPHY 141

[54] A. Erlichsm, N. Nuckolls, G. Chessa, andJ. Hennessy Softflash: Analyzing the per
formanceof clugereddistributedvirtual sharedmemory In ACM Symposimon Archi-
tectural Sugport for ProgrammingLanguayesand Opetating Sysems pages210-220,
19%.

[55] J. T. Feo. A Compaative Studyof Parallel Programming Languajes: The Salishan
Problems Elsevier SciencePubliskers,Holland, 1992

[56] J. Ferrang, K. J. Ottengein, and J. D. Warren. The program dependerte gragh and
its usein optimization ACM Transadions on ProgrammingLanguaes and Systems
(9(3)):319-349 1987.

[57] A.L.O.FilhoandV. C.BarbosaA GraphTheoreic Model of SharedMemoryLegality.
Techncal ReportES-531/@, Apr. 2000. UFRJtechrical repott, Rio de Janeio, Brazil.

[58] B. D. Fleisch N. C. Jud, andR. L. Hyde. Miraget+. A kernel implementatio of dis-
tributed sharel memoryfor a network of personal computes. Sofivare Practice and
Expetience 24(10), Oct. 199%.

[59] I. Foster Designing and Building Parallel Programs Addison Weslegy, 1996. available
at http//www.mcs.anl.ge/dbpp.

[60] M. Frigo. Thewealestresmablememorymodel. Mastets thess, Departmenbf Elec-
trical EngineeringandComputerSciene, Massachsettslnstitute of Technolay, 1998

[61] M. Frigo. Portable High-PerformancePrograms PhDthesis Departmehof Electricd
EngireeringandComputerScience Massatiusets Institute of Technobgy, June1999

[62] M. Frigo andV. Luchangco. Computaion-centric memorymodek. In Proceedngs of
the10th AnnualACM Sympaiumon Parallel AlgorithmsandArchitectures(SFAA), Jure
1998.

[63] M. Frigo, K. H. Randall andC. E. Leisersm. Theimplemenation of the Cilk-5 multi-
threadedlanguage. In Proceedngs of the ACM SIGPLAN'98 Confeenceon Program-

ming Languaye Designand Implemenation (PLDI), Montreal, CanadaJunel998.



BIBLIOGRAPHY 142

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

G. R. GaoandV. Sarkar Steppirg beyong memorycoherencebariier. In Proceedngs
of the 1995 International Confeence on Parallel Procesing (ICPP’95), pages 73—-7,
Aug. 19%.

A. Geist, A. Beguein, J. Dongarra W. Jiarg, R. Manch&, and V. Sun-
deam. PVM: Parallel Virtual Machine. MIT Press,1994. PVM homemge
http: //ww w.epm.orn l.go v/pvm /pvm homehtm | .

K. Gharaclorloo, D.E.LenoskiJ.Laudm, P.Gibbons A.Gupta,andJ.L.Hennesg Mem-
ory conskteny aneventordeing in scabbleshaed-memorymultiprocessrs. In Proc.
of the 17th Annualint’l Symp.on ComputerArchitectue (ISCA90), pagesl5—26, May
1990.

P. B. Gibbors. Whatgoodareshare-memorymodels?In International Confeenceon
Parallel Processng Workshop, pages 103—-114, 199%.

J.R. Goodman.Cacheconssteny andsequatial consisterty. In Technicad ReportNo.
61, SCICommittee1989.

J. Gosling, B. Joy, and G. Steele TheJava Language Speciication. Addison-Wesley,
19%.

W. Gropp S. Huss-Ledeman, A. Lumsdaire, E. Lusk, B. Nitzberg, W. Saphiy and
M. Snir. MPI: TheCompleteRefeence. Volume2 — TheMPI-2 Extensims. MIT Press,
1998. MPI forum homepaehttp: //ww w.mpi-for um.org .

F. Hamelin,J. Jezegel,andT. Priol. A multi-paradigm objectoriented paralel eviron-
ment. In Proceedings of the 8th International Parallel Processing Sympaium pages
182-186 1994

P. B. Hansen Model programsfor compugtional scierce: A progammingmethalology

for multicomputes. Currency: practiceand experience, (5(5)):407-427,1993.



BIBLIOGRAPHY 143

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

A. Hey, D. Pritchard andC. Whitby-Strevens.Multi-paradgm parallel programming.In
Procedalings of the TwentySeconl Annual Hawaii International Confeenceon System
Scencespages 716—7225,1989.

W. Hu, W. Shi,andZ. Tang. JIAJIA: An SVM SystemBasedon A New CacheCoher-
enc Protoml. In In Procealingsof the High Performarce Computingand Networkirg
(HPCN'99),LNCS1593 pages463-472, Apr. 1999.

K. HwangandZ. Xu. Scdable Parallel Computng. McGraw-Hill, 1998

IEEE. Information techndogy—Portabé Operatng Systeminterface (POSIX)-Rartl:
SystemApplication Programinterface (API) [C Langua@], 199. ANSI/IEEE Std
1003.1, 1996 Edition.

L. Iftode andJ. P. Singh. Sharedvirtual memory: Progressandchallenges In Proceed
ings of the IEEE, pages498-507,Mar. 1999.

L. Iftode,J.P. Singh,andK. Li. Scopeconssteng: A bridgebetwee releag consistercy
andentry consisteng. In Proceedigs of the 8th Annud ACM Sympagiumon Parallel
Algorithmsand Architedure (SFAA), pages277-287,Junel996

Inmos Progranmingin Occam2, 1988. PrenticeHall.

A. ltzkovitz and A. Schuser. MultiView and Millipage — Fine-GrainSharirg in Page
BasedDSMs. In 3rd Sympomim on Opemating Systemd®esignand Implemetation
(OSDI'99), Feb 1999.

A. ltzkovitz, A. SchusterandL. Shale. Supporing Multiple Paralld Programmiig
Paradignson Top of the Millipede Virtual ParallelMachine In Procealingsof the Sec-
ond International Worksh@ on High Level ProgrammingModek and Supprtive Envi-
ronments(HIPS’'97), pages25-3#4, Apr. 1997.

A. Itzkovitz, A. Schuser, andL. Shale. Threadmigraion andits applicationin dis-

tributedsharel memorysystens. TheJournal of Sysemsand Sotware, 42:71-87,1998.



BIBLIOGRAPHY 144

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

K. L. John®n, M. F. Kaashek, and D. A. Wallach. CRL: High-PerfamanceAll-
SoftwareDistributed Sharedviemory In the Fifteerth Sympgiumon Operating Sysems
Principles Dec.19%.

P. Keleher LazyReleaseConsisencyfor Distributed Shaed Memory PhDthesis De-
partmentof Electrical Engineeing andComputerSciene, Rice University, Jan.19%.

P. Keleher A. L. Cox, S. Dwarkada, and W. Zwaenepel. TreadMarls: Distributed
shaed memoryon stardard workstations and operating sysems. In USENIXWinter
199 ConfeeenceProcealings pages115-132, SanFranciso, Ca,Jan.1994

P. Kelehe, A. L. Cox, andW. Zwaenepel. Lazy releag conssteny for software dis-
tributedshaedmemory In Proc. of the 19th AnaualInternational Sympgiumon Com-
puter Architecture (ISCA92), pages 13—-21 May 1992

J.-H.Kim andN. H. Vaidya A costmodelfor distributed sharel memoryusingcompe-
itive update. 1997.

C. H. Koelbel D. B. Loveman,R. S. Schreber, J. Guy L. SteeleandM. E. Zosel. The
High Performarce Fortran Handbak MIT Press 1994

A. KumarandR. Shorg. Performaie analysis andschediling of stoclasticfork-join
jobsin amulticomputersygem. IEEE Transactions on Parallel and DistributedSystems
4(10):1147-1364, Oct. 1993

L. Lamport. How to make a multiprocessr computr that correctly executes multipro-
ces programs?In IEEE Transacionson Computes, pages 690-691, Sept.1979.

D. Lea. ConcurentProgrammingin Java AddisonWesley, 1996.

J.Leichtl, P. E. Crandd, andM. J. Clement Parallel progammingin multi-paradgm
clusters.In SixthIEEE International Sympasiumon High Performarce Distributed Com-
puting, pages326-335,1997.

K. Li. IVY: A shaedvirtual memorysystemfor pardlel computing. In Procealingsof

the International Confeence on Parallel Computirg (ICPP), pages94-1QL, Aug. 1988



BIBLIOGRAPHY 145

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

B.-H. Lim, C.-C.Chang G. Czajkowski, andT. von Eicken. Performaie implications
of communcation mechaismsin all-software globd addessspae sygems. In ACM
Sympaiumon Princple and Practicsof Parallel Programming(PPoPP), pages 230-239,
1997.

C. LindemannandF. Schon. Perfomanceevaluaion of consisgeng/ modek for multi-
compuerswith virtually shaedmemory 1993.

P. Lu. Implemening Scope&l Behaviour for Flexible Distributed Data Shar
ing. IEEE Concurency 8(3):63-73, July-Septembe 2000. Available at
http://www.cs.ualbeta.ca/paullu/.

J. C. Lui, R. R. Muntz, andD. Towsley. Computirg perfomancebourds of fork-join
parallel programsunder a multiprocesing ervironment. IEEE Transacitons on Parallel
and Distributed Systems9(3):295-3L1, Mar. 1998.

D. Marinov, D. Magdic, A. Milenkovic, J. Protic, I. Tartalja,and V. Milutinovic. An
Approachto Charaterizdion of Parallel Applicatiors for DSM Systemsin Proceedngs
of the 314 AnnualHawaii International Confaenceon SysemSciences(HICSS) pages
782-783 1998

G. J.Narlikar. Schedling thread for low spacerequrementandgood|ocality. In Pro-
cealingsof the 11th AnnualACM Sympomim on Parallel Algorithmsand Architedures
(SRAA), pages83-%, 1999

R. Nelsonand A. N. Tantavi. Approximate analysis of fork/join synchronization in
parallel quewes. IEEE Transactionson Computes, 37(6).739-+743,Junel988

M. C. Ng andW. F. Wong. ORION: An Adaptive Home-BasedSoftware Distributed
SharedMemory System. In Proc. of 2000 International Confeence on Parallel and

Distributed System$lCPADS2000), pagesl87-194,2000



BIBLIOGRAPHY 146

[102] R. V. V. Nieuwpoot, T. Kielmann andH. E. Bal. Efficient load balarcing for wide-

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

areadivide-andconquerappications. In ACM Sympaiumon Principlesand Practice of
Parallel Programming(PPoPP), pages34-43, June200L.

B. Nitzberg andV. Lo. Distributed sharednemory: A suney of issues andalgorithms.
IEEE Computer pages 52—, Aug. 1991.

OpenMPArchitectureReview Board OpenMPC and C++ application program inter-
face,1998. Available onthelnternetfrom http ://ww w.op enmp.org/

L. PengW. F. Wong,M. D. Feng,andC. K. Yuen. SilkRoad A MultithreadedRuntime
Systemwith SoftwareDistributed SharedMemoryfor SMP Clustes. In Proc. of the2nd
IEEE International Confeence on ClusterComputirg (CLUSTERO0QO), Nov. 2000.

L. PengW. F. Wong,andC. K. Yuen. SilkRoadll: MixedParadign ClusterComputirg
with RC' _dag Conssteng. Journal of Parallel Computing Acceped.

L. Peng,W. F. Wong, and C. K. Yuen. SilkRoadll: A Multiple-Raradign Runtime
Systemfor Cluste Computing In Proc. of the 4th IEEE International Confeence on
Clustg Computirg (CLUSTHER2003, Chicago, U.S.A Sept.2002

G. F. Pfister In seach of clustes, Edition 2nd ed. Imprint Upper SaddleRiver, NJ :
PrentceHall PTR,1998.

J. Protic, M. Tomaseic, and V. Milutinovic. A surwy of distributed shar@ memory
sygems. In Proceedngs of the 28th IEEE/ACM Hawaii International Confeenceon
SysemScierces(HICSS) pages7/4—84 Jan.1995

J. Protic,M. Tomaseic, andV. Milutinovic. DistributedShaed Memory: conceptsand
sydems IEEE Compute Society 1997.

F. Rabhi. A paralel programmingmethoalogy basedon paraligms. In Procealingsof
WbTUG-18: Transputer and occamDevelopmets, volume 44, pages239-251,Amster

dam,199%. IOS Press.



BIBLIOGRAPHY 147

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

K. H. Randal. Cilk: Efficient Multithreadel Computirg. PhD thess, Department of
Electical Engineeing and ComputerScien®, Massabtusets Institute of Techndogy,
May 1998 Available asMIT Techni@al ReportMIT/LCS/TR-749.

J.Rehg,K. Knobe,U. Ramachanihn,R. S.Nikhil, andA. Chaulan. Integratedtaskand
data paralkel support for dynamicappications. In Languages Compiless,and Run-Tme
Sysemsfor Scalable Computes, pages 167-180,1998.

M. C. Rinard D. J. ScalesandM. S.Lam. Jack: A High-Level, Machine-Inceperdent
Languagefor ParallelProgranming. IEEE Computey 26:28-38,June1993

R. RuginaandM. Rinard Automaticparalelization of divide andconquer algorithms.
In ACM Symposimon Princple and Practicsof Parallel Programming(PFPoPP), pages
72-83,1990.

V. Sarkar Analyss andoptimization of explicitly pardlel proggamsusingthe parallel
programgraphrepresentaton. In Languagesand Compiless for Parallel Computirg,
pages94-113,1997.

V. SarkarandB. Simons. Parallel proggamgraph andtheir classification. In LNCS768
Languagesand Compile s for Parallel Computirg, pages633-655,1993

M. L. Scott,T. J. LeBlanc,andB. D. Marsh. Multi-model pardlel progrcammingin Psy-
che In Proc. 2nd Annual ACM SIGPLANSymp.on Principlesand Practice of Parallel
Programming pagesr0-78, Seattle WA (USA), 1990

Y. J. Soo,M. D. Feng,and C. K. Yuen. Parallel C Progranming Systemon Cluste
of Workstatons with ProcessMigration. In Proceedngs of the Elevent IASTEDIn-
ternational Confeenceon Parallel and DistributedComputingand Sysems(PDCS’99)
Bostan, USA, Nov. 1999.

S. Srbljic and L. Budin. Analytical performanceevaluaion of datareplication basel
shaedmemorymodel. In Procealingsof 2ndInternational Sympasiumon High Perfor-

manceDistributed Commputingpages326-335 1999



BIBLIOGRAPHY 148

[121] S.Srbljic,Z.G.Vranesc,andL. Budin. Performamepredidion for differentconsistercy
sclemesin distributedshaed memorysysems.1994.

[122] T. Sterling, D. Savarese, D. J. Becker, J. E. Dorbard, U. A. Ranavake, andC. V. P.
er. BEOWULF: A paralel workgation for sciertific compugtion. In Procealings of
the 24t International Confeenceon Parallel Procesing, pagesl:11-14, Oconomaevoc,
Wi, 1995

[123] E.Stoltz H. Srinivasan,J.Hook,andM. Wolfe. Staticsingle assigimentform for explic-
itly paralel programs: Theoryandpracice. In Tech. report, Dept.of ComputerScience
and Engineering, Oregon Graduae Institute of Scierte a nd Technology, Portland, Ore-
gon, 199,

[124] E. Stoltzand M. Wolfe. Sparsedataflow analsis for dag pardlel programs. 1994.
http://citeseenj.nec.com/®ltzH4spase.html.

[125] M. StummandS. Zhou. Algorithmsimplemeriing distributed sharel memory IEEE
Compute, pagesH4-64, May 1990.

[126] TheMPI Forum.MPI. A messgepassng interface.In Supecomputng’93, pages378-
883 Portlard, Oregon,Nov. 1993. MPI homepaehttp ://ww w.mpi-for um.org .

[127] Thinking Machines Co. C* Refererwe Manud. Versian 4.3.,1983. Thinking Machines
Corpaation, Cambridg, MA.

[128] K. Thitikamol andP. Kelehe. Multi-threadng and remotelatency in software DSMs
(award pape). In The 17th International Confeence on Distributed Computirg Sys-
tems(CDCS) May 1997.

[129] K. ThitikamolandP. Keleher ThreadMigration and Communicatbn Minimization in
DSM Systems Proceedngs of the IEEE, 87(3):487—-497 Mar. 199.

[130] J. Thornley. Integrating functional and imperatiwe pardlel programming: CC++ solu
tions to the salishan problems. In Procealings of the 1994 International Parallel Pro-

cessing Sympomim (IPPS’94) 1994.



BIBLIOGRAPHY 149

[131] M. Thorntan andD. Andrews. Graphanalysisandtrangormation techniquesfor runtime
minimization in multithreackd architectures. In Proc. of the 30th Hawaii International
Confaenceon Systentciertes 19%.

[132] TreadMaks UserManual. Available in TreadMaks’ distribution.

[133] A. WaheedandJ. Yan. Performaigce modelirg and measuementof pardlelized code
for distributed shaed memorymultiprocesors. In Proceealings of Sixth International
Sympaiumon Modeling, Analyss and Simulaton of compugr and Telecommuitation
Sydems pagesl61-166 1998

[134] Z. Xu andK. Hwang. Coheret ParallelProgrammingn C//. In Proceedngsof Interna-
tional Confeence on Advarcesin Parallel and Distributed Computing pages 116-122,
Mar. 1997.

[135] Z. Xu, J.R. Larus,andB. P. Miller. Sharedmemoryperfamanceprdfiling. In ACM
Sympasiumon Princple andPracticsof Parallel Programming(PPoPP), pages 240-251,
1997.

[136] T. YangandC. Fu. Spaceiime-eficient scheluling and execution of paralel irregular
compuations.ACM Transactonson ProgrammingLanguaesandSystens 20(6).1195-
1222, Nov. 1998.

[137] D. Yeung. Thescalaility of multigrain sydgems. In 13th Annud International Confer-
ence on Supercompuing, Jure 1999

[138] D. Yeung,J.Kubiatowicz,and A.Agarwal. Mgs: A multigrain sharedmemorysysten.
In 23th Annud Symposimon ComputerArchitedure, pages44-5%, May 1996

[139] C.K. Yuen.BaLindaLisp: Realizationof a pragmaic pardlel progranming model. In
Procealingsof ACM JapanChapterlnaugural Confeence pages253-260,Mar. 1994

[140] C. K. Yuen. Functionfamilies and reflectve active objectsin BaLindaK. Journd of

High Performarce Computiry, 3(1):3-6,199%.



BIBLIOGRAPHY 150

[141] M. J. Zekauslas, W. A. Savdon, andB. N. Bershal. Software write detedion for a
distributedshaedmemory In Proceedngsof theFirstSympgiumon Operating Sysems

Design and Implemenation (OSDI), 19%4.



