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ABSTRACT

Thememoryconsistencymodel,or memorymodel,supportedby a shared-memorymultiprocessordirectly
affectsits performance.The mostcommonlyassumedmemorymodelis sequentialconsistency(SC). While SC
providesa simplemodelfor theprogrammer,it imposesrigid constraintson theorderingof memoryaccessesand
restrictsthe useof commonhardwareand compiler optimizations.To remedythe shortcomingsof SC, several
relaxedmemorymodelshavebeenproposedin the literature.Theseinclude processorconsistency(PC), weak
ordering(WO), releaseconsistency(RCsc/RCpc),total storeordering(TSO), and partial storeordering(PSO).
While the relaxedmodelsprovide the potentialfor higherperformance,they presenta morecomplexmodel for
programmerswhencomparedto SC.

Our previousresearchhasaddressedthis tradeoffby takinga programmer-centricapproach.We havepro-
posedmemorymodels(DRF0,DRF1,PL) thatallow theprogrammerto reasonwith SC,but requirecertaininfor-
mationaboutthememoryaccesses.This informationis usedby thesystemto relax theorderingamongmemory
accesseswhile still maintainingSC for the programmer.Our previousmodelsformalizedthe information that
allowed optimizationsassociatedwith WO and RCsc to be used. This paperextendsthe aboveapproachby
defininga new model,PLpc, that allows optimizationsof the TSO, PSO,PC, and RCpcmodelsas well. Thus,
PLpc providesa unified programmingmodel that maintainsthe easeof reasoningwith SC while providing for
efficiencyandportabilityacrossa wide rangeof proposedsystemdesigns.

1. Introduction

A memory consistency model or a memory model for a shared-memorymultiprocessorsystemis a formal

specificationof how memory readand write accessesof a programwill appearto executeto the programmer

[2,5]. Sequential consistency (SC)[11] is themostcommonlyusedmemorymodelsinceit requirestheexecution

of a parallel programto appearas someinterleavingof the executionof the parallel processeson a sequential

machine.While SCallowsfor simplereasoningaboutprograms,it restrictsmanycommonuniprocessorhardware

andcompileroptimizationsthatreorderor overlaptheexecutionof memoryaccesses[4,13].
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To achievebettersystemperformance,researchershaveproposedalternatememorymodels:processor con-

sistency (PC) [5]1, total store ordering (TSO) [15], partial store ordering (PSO)[15], weak ordering (WO) [4],

and release consistency (RCsc/RCpc)[5]. The optimizationsallowed by thesemodelscan provide substantial

improvementin systemperformance,especiallyas memory latenciesgrow relative to processorspeeds[6,7].

However, the formal definitionsof the modelsare presentedalmostcompletelyin termsof the optimizations

allowed.Definingmodelsin this mannerleadsto two problems:(1) everynew hardwareoptimizationpotentially

resultsin a newmodel,requiringprogrammersto reasonwith a wide varietyof specifications,and(2) themodels

aretoo hardware-centric sincetheymainly expressthehardwareoptimizationstheyallow; mostprogrammersdo

notwantto dealdirectly with hardwareoptimizations.

Our previousresearchhasaddressedtheabovedilemmaby proposinga moreprogrammer-centric approach

thatprovidesa higherlevel of abstractionto theprogrammer.This approachguaranteesSCif certaininformation

aboutthememoryaccessesis provided;the informationis usedto exploit variousoptimizationswithout violating

SC. Thedata-race-free-0(DRF0)[1] anddata-race-free-1(DRF1)[2] memorymodels,andthenotionof properly

labeled(PL) programs2 [5] allow theprogrammerto reasonwith SC,andat thesametime allow theoptimizations

of WO andRCsc. This is achievedby requiringtheprogrammerto explicitly identify theaccessesin theprogram

thatcouldbeinvolvedin a race.

Our newmemorymodel,calledPLpc3, extendsour previousframeworkto allow theprogrammerto reason

with SC, while allowing the additionaloptimizationsof TSO, PSO,PC and RCpc as well. It achievesthis by

requiringtheprogrammerto additionallyidentify a commonclassof synchronizationaccesseswhereoneprocess

waitsona locationuntil a particularvalueis written by anotherprocess.

A direct impactof our work is thatprogrammerswho preferto reasonwith SCneedonly provideprogram-

level information(asspecifiedby the PLpc memorymodel) to exploit the sameoptimizationsasallowedby the

hardware-centricmodels.We claim thatprovidingthis typeof informationis easierandmorenaturalfor thepro-

grammerthan reasoningwith the hardware-centricmodelsdirectly. More broadly, the PLpc memory model

unifiesa largesetof seeminglydifferent systemsfor both programmersandsystemdesigners.For programmers,

writing programsfor the PLpc memorymodelallows for simplereasoningandportability acrossmanysystems.

Forsystemdesigners,specifyingPLpcasthememorymodelallowsbuildingsystemswith a wide rangeof optimi-

zationswithoutsacrificingportabilityor easeof use.
�����������������������������������

1. Theprocessorconsistencymodelconsideredin this paperis differentfrom thatproposedby Goodman[9].

2. Wewill alsousePL to imply amemorymodelthatguaranteesSCto all PL programs.

3. ThePL memorymodelencompassessystemsthat guaranteeSC amongcompetingaccesses(definedlater) [5]. The
PLpcmemorymodelextendsPL to includesystemsthatatmostguaranteePCamongsuchaccesses.ThusthenamePLpc.
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The restof the paperis organizedasfollows. Section2 definesthe PLpc memorymodel. Section3 pro-

videsintuition for the optimizationsthat canbe exploitedby a systemthat obeysthePLpcmemorymodel. Sec-

tion 4 givesmappingsfrom PLpc to the hardware-centricmodels,which allow programswritten for PLpc to be

run efficiently on thehardware-centricmodelswithoutviolatingSC.Section5 concludesthepaper.

The proofsto supportthe materialin Sections3 and4 appearin anotherpaper[3]. The paperdevelopsa

formal and generalframework for defining, implementing,and proving equivalencesamongseveralmemory

models[3]. It illustratestheuseof this frameworkby derivinga setof sufficientconditionsfor systemsthatsatisfy

thePLpcmemorymodelandprovingthat thehardware-centricmodelssatisfytheseconditionswith themappings

of Section4.

2. The PLpc Memory Model

This sectionpresentsthe PLpc memory model. Section 2.1 gives a categorizationof sharedmemory

accessesthat forms thebasisof the informationrequiredby thePLpcmemorymodel. Section2.2 stateshow the

informationon the categoryof an accesscanbe correctlyconveyedfor PLpc and formalizesthe PLpc memory

model.

2.1. Categorization of Memory Accesses

The PLpc memorymodelusestwo notionsto categorizememoryaccesses.First, it distinguishesbetween

accessesthatmaybe involved in a race(usuallysynchronizationaccesses)andthosethatareneverinvolved in a

race(usuallydataaccesses).Second,of the accessesthat may be involved in a race,PLpc identifiesa classof

synchronizationaccesseswherea processorrepeatedlyreadsa locationuntil anotherprocessorwritesa particular

valueto thatlocation. In thissection,we formalizetheaboveaccesscategories.Section3 discussestheoptimiza-

tionsthatsucha categorizationmakespossible.

We startby clarifying someterminologythatwill be usedin the restof this section. A memoryaccess,or

simply an access,is a singlereador write to a specificsharedmemorylocation.4 For everyexecutionof a pro-

gram,theprogramtext definesa partialorder,calledtheprogram order ( po ), on thememoryaccessesof each

processin the execution[17]. An SC execution refersto an executionof a programon an SC system(Refer to

[2,3] for formal definitionsof a program,anexecution,anda system.)A systemis SCif theresultof everyexecu-
�����������������������������������

4. An atomicread-modify-writeis treatedasa readaccessfollowed by a write access[2,5]. We implicitly assumean
implementationthat doesnot allow a write to be executedbetweenthe readand the write of a read-modify-writeto the
samelocation[3].
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tion on it canbe obtainedby sometotal order ( to ) of the memoryaccessesof the executionsuchthat to

obeys po [11]. Theresultof anexecutionhasbeeninterpretedasthevaluesits readsreturn[2,8]. Finally, two

accessesareconsideredconflicting if theyareto thesamelocationandat leastoneof themis a write [17].

Figure 1(a) showsa typical producer/consumerinteraction that we use as an exampleto illustrate the

accessescategories.Theproducer(P1)writes two locationsandsetsa flag,while theconsumer(P2)waitsfor the

flag to besetandthenreadsthetwo locations.We nextformalizetheaccesscategories.

P1 P2

Flag = 1;
B = 1;
A = 1;

while (Flag == 0);
... = B;
... = A;

(a) Program Text

P1 P2

Write B

Write Flag Read Flag

Write A

Read B

Read A

po

po

po

po

to

(b) Program Order and
Total Order

Read Flag

Figure 1. Examplecodesegment.

In Figure1(a), theaccessesto A (andB) arealwaysseparatedor orderedby theaccessesto flag. We refer

to the accessesto A and B as non-competing accesses and to thoseto flag as competing accesses. The formal

definitionsfollow.

Definition 1: Ordering Chain: For two conflictingaccessesu andv of anSCexecutionwith a total

order to , anorderingchainexistsfrom accessu to accessv if u po v or

u po w1
to r1

po w2
to r2

po w3
. . . to rn

po v,

wheren ≥ 1, wi is a write access,rj is a readaccess,andwi andrj areto thesamelocationif i = j. If
all accessesin the abovechainareto the samelocation,thenu maybethe sameasw1, andv maybe

thesameasrn aslongasthereis at leastone po arcin thechain.5

�����������������������������������

5. Similar orderingrelationsarealsousedin [1,2,8].
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Definition 2: Competing and Non-competingAccesses:Two conflicting accessesof an execution
of a programform a competing pair if thereis at leastoneSCexecutionof theprogramwherethereis
no orderingchainbetweentheaccesses.An accessis a competing access if it belongsto at leastone
competingpair.Otherwise,it is non-competing.6

Figure1(b) showsthe po and to arcsthatprovideanorderingchainbetweentheaccessesto A andto

B in everySCexecutionof thecodein Figure1(a). Thereis no orderingchainbetweenthewrite andthereadsto

flag. Therefore,theaccessesto A andB arenon-competing,while thoseto flagarecompeting.

In Figure1(a),P2readsflag in a loop until P1writes it. Sucha loop is calleda synchronizationloop con-

struct. Below, we formalizea simplecaseof a synchronizationloop constructin which the loop repeatedlyexe-

cutesa reador a read-modify-writeto a specificlocationuntil it returnsoneof certainspecificvalues. In theap-

pendix,we give a moregeneraldefinition that, for example,allows implementationsof locksusingtest&test&set

[14] or back-off [12] techniquesto beconsideredassynchronizationloopconstructs.

Definition 3: Synchronization Loop Construct: A synchronization loop construct is a sequenceof
instructionsin a programthat satisfiesthe following. (i) The constructexecutesa reador a read-
modify-write to a specific location. Dependingon whether the value returnedis one of certain
specifiedvalues,the constructeitherterminatesor repeatsthe above. (ii) If the constructexecutesa
read-modify-write,thenthe writes of all but the last read-modify-writestorevaluesreturnedby the
correspondingreads.(iii) Theconstructterminatesin everySCexecution.

Giventhata synchronizationloop constructeventuallyterminates,thenumberof timestheloop executesor

thevaluesreturnedby its unsuccessfulreadscannotbedetectedandshouldnot matterto theprogrammer.For ex-

ample,in Figure1(a), it cannotbedetectedanddoesnot matterhow manytimesP2readsflag unsuccessfully,or

evenwhatvaluestheunsuccessfulreadsreturn,aslongaseventuallya readreturns1 andterminatestheloop. For

this reason,we assumethat the unsuccessfulreadsof a synchronizationloop constructdo not contributeto the

resultof anSCexecution.Thus,if all theaccessesof a synchronizationloop constructarereplacedwith only the

lastreador read-modify-writethatexitedtheloop,we still getanSCexecutionwith thesameresultasbefore[3].

Therefore,in analyzingSC executions,we treata synchronizationloop constructasa singleaccesswhich is the

lastreador read-modify-writethatterminatestheloopconstruct.

Synchronizationloop constructsoften haveanotherspecialproperty. Generally,accessesin a competing

pair canexecutein any order. However,with the competingpair comprisingof the write that terminatesa syn-

chronizationloop constructand the final readof the loop construct, the write alwaysexecutesbeforethe read.

For example,in Figure1(a),P1’swrite to flag mustexecutebeforeP2’sfinal readof flag. Suchwrite-readcom-

peting pairs for which the order of executionis fixed allow for optimizationsthat are not possiblefor other

accesses.We call suchwritesandreadsloopaccessesandformalizethembelow.
�����������������������������������

6. DRF1 and PL definedthe notion of data races[1,2] and competingaccesses[5] that are similar to competing
accessesdefinedabove.Themajordifferenceis thatDefinition 1 allowsu = w1 andv = rn only if all accesseson theorder-
ing chainareto thesamelocation. DRF1andPL donot havesucharestriction.
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Definition 4: Loop and Non-Loop Reads:A competingreadis a loop read if (i) it is thefinal readof
a synchronizationloop constructthat terminatestheconstruct,(ii) it competeswith at mostonewrite
in anySCexecution,and(iii) if it competeswith a write in anSCexecution,thenit returnsthevalue
of that write; i.e., the write is necessaryto make the synchronizationloop constructterminate. A
competingreadthatis nota loop readis a non-loop read.

Definition 5: Loop and Non-Loop Writes: A competingwrite is a loop write if it competesonly
with loop readsin everySCexecution.A competingwrite thatis nota loopwrite is a non-loop write.

In summary,we categorizeaccessesascompetingor non-competing.We further categorizethe competing

accessesasloop or non-loop. Figure2 summarizesthis categorization.Althoughour definitionsmayseemcom-

plex, the intuition is fairly simpleandthe informationwe require,i.e., whetheranaccessis competingor not and

whetherit is a loopaccessor not, is naturallyavailableto theprogrammerin mostcases.

non−loop loop

shared

competing non−competing

Figure 2. Categorizationfor readandwrite accessesto shareddata.

2.2. Properly-Labeled Programs

We discusshow accesscategoriescanbe correctlyconveyedfor the PLpc memorymodelby formalizing

thenotionof a PLpcprogram,andthendefinethePLpcmemorymodel.

Thereareno restrictionson how thecategoryof anaccesscanbeconveyed.Severalmethodsarediscussed

in our earlierwork which apply to PLpcaswell [1, 2,5]. Onesuchmethodis for a systemto provideeasyto use

high-levelsynchronizationconstructs(e.g.,monitorsanddistributedtaskqueues),andto requireprogrammersto

order all conflicting memoryaccessesthroughtheseconstructs.With suchan approach,only the writers of the

high-levelsynchronizationconstructsneedto seethe full complexityof PLpc. Irrespectiveof how thecategories

areactuallyconveyed,we canusean abstractionwhereeveryaccesshasa label associatedwith it that identifies

its category.Thevalid labelsfor PLpcarenon-competing,loop andnon-loop. Notethat labelingdoesnot require

adding extra instructionsin the program; it only requiresdistinguishingmemory accessesaccordingto their

categories.

We now discusswhen accessesare consideredcorrectly labeled. If every accessis labeled with the

categoryit actuallybelongsto, thelabelingis clearlycorrect. However,suchinformationmaynotbeavailablefor

certainaccesses.For thosecases,we allow thelabelingto beconservative.This ensurescorrectnessat thecostof

not fully exploiting the potentialfor performance.Informally, a label is conservativeif its categoryrequiresless

information than the actualcategoryof the access.Conservativelabelsare shownin bold in Figure 2. Thus,a
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non-competingaccesscan be conservativelylabeledas competing(loop or non-loop)anda loop accesscanbe

conservativelylabeledas non-loop.The following formalizeswhen a programis properly labeled. We usethe

subscriptL to distinguishthelabelfor anaccessfrom theintrinsiccategoryof theaccess.

Definition 6: Properly-Labeled Programs (PLpc programs): A program is properly-labeled
(PLpc) if (i) all accesseslabelednon −competingL arenon-competingaccesses,and(ii) all accesses
labeledloopL areloopaccesses.7

To illustrateproperlabeling,Figure3 showstwo commonsynchronizationscenarios(sharedlocationsare

shown starting with an upper caseletter). Figure 3(a) showsthe implementationof locks and unlocks using

test&setandunset. Thewhile loop containingthe test&setformsa synchronizationloop construct;therefore,we

ignoreunsuccessfultest&sets.The testof a final test&setcompetesonly with the unsetthat is requiredfor the

loop to terminate.Therefore,thetestis a loop read.Thesetof a final test&setis non-competing.Theunsetcom-

petesonly with a final test;therefore,it is a loopwrite.8

test&set(S)

write(S)

(b) barrier

write(Flag)
write(Count)

fetch&incr(Count)

read(Flag)

(a) critical section

non−competing write

loop read &
non−competing write

loop write

non−loop read &
non−loop write

loop write

loop read

while ( test&set(S) );

unset(S);

accesses to data

/* barrier code */
local_flag = ! local_flag;
if ( fetch&incr(Count) == N ) {
          Count = 1;
          Flag = local_flag;
} else {
          while ( Flag != local_flag ) ;
}	

accesses to data

accesses to data

Figure 3. Examplesof accesscategoriesandaccesslabels.

Figure3(b) showstheimplementationof a barrier[12] usinganatomicfetch-and-incrementoperation[10].

The while loop containingthe readson flag forms a synchronizationloop construct;therefore,we ignoretheun-

successfulreadsof flag. Thewrite to countis a non-competingaccess;the fetchandincrementon count,andthe

write and the final readto flag are competingaccesses.The readandwrite to flag are loop accesses,while the
�����������������������������������

7. Condition(i) is verysimilar to thatfor PL [5] andDRF1[2].

8. DRF1 and PL did not ignore unsuccessfulaccessesof a synchronizationloop construct.An unsuccessfulset can
competewith an unsetand was thereforeconsideredcompeting. To differentiatebetweenan unsetand set, competing
accesseswerefurthercategorizedaspairedandunpairedsynchronizationin DRF1,andsyncsandnsyncsin PL. PLpcdoes
not needthesedistinctions.
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fetchandincrementarenon-loopaccesses.

ThePLpcmodelis definedasfollows.

Definition 7: The PLpc Memory Model: A systemobeysthePLpcmemorymodelif all executions
of anyPLpcprogramon thesystemareSCexecutions.

3. PossibleOptimizations with the PLpc Memory Model

This sectionprovidesthe intuition for how the information in a PLpc programcan be usedby a system

obeyingthe PLpc memorymodel to exploit certainoptimizationsboth in the hardwareandcompilerwhile still

maintainingSC. A moregeneralsetof optimizationsallowedby the PLpc memorymodelalongwith a proof of

correctnessappearsin [3]. Below we first statea setof sufficientrequirementsfor SCandthenshowhow these

requirementscanbeweakenedfor systemsthatsatisfyonly thePLpcmemorymodel.

To provideSCexecutions,it is sufficientif (i) accessesof a singleprocessorareexecutedoneat a time in

programorder,and(ii) a write is madevisible to all processorssimultaneously(referredto asatomicity) [16]. If

(i) is satisfied,it follows thata weakernotionof theatomicityconditionin (ii) suffices:it is sufficientif a write be-

comesvisible simultaneouslyto all processorsother thanthe onethat issuedthe write. In the following, we use

atomic to refer to this weakernotion. The information in a PLpc programallows a systemobeyingthe PLpc

memorymodelto reorderandoverlapcertainaccessesof a processorandto allow certainwritesto benon-atomic.

The first level of information provided in PLpc programsdistinguishesbetweencompetingand non-

competingaccesses.This allows for virtually thesameoptimizationsasthePL andDRF1models.PL andDRF1

allow for all optimizationsof WO andRCsc[2,5]. Thus,non-competingaccessescanbefully reorderedandover-

lapped(aslong asintra-processordependencesareobserved)in theregionbetweena competingreadanda com-

petingwrite.9 However,with just this level of information,competingaccesseshaveto be executedason an SC

system(asis thecasefor WO andRCsc).

The secondlevel of information provided in PLpc programsdecreasesthe restrictionson competing

accesses.This resultsin potentiallyhigherperformancethanWO andRCsc,andallowstheoptimizationsof TSO,

PSO,PCandRCpcasdiscussedin Section4. Specifically,we haveshownthata loop readdoesnot haveto wait

for previouswrites,anda non-loopreaddoesnot haveto wait for previousloop writes [3]. Equivalently,whena

readfollows a write, the readneedwait for the write only if both arenon-loopaccesses.Further,we havealso

shownthat loop writesdo not haveto beatomic[3]. While we do not give theproof for theseoptimizationshere,
�����������������������������������

9. In thediscussion,relationsamongaccessessuchasbetween,previous,following, etc.,arein thecontextof program
order.
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the following examplesconveythe intuition for why they work, and also indicate the performancegains they

yield.

Considerthecodesegmentshownin Figure4(a).Eachprocessorproducesa value,setsa flag,waits for the

other processor’sflag to be set, and consumesthe value producedby the other processor.The readand write

accessesto theflag locationsarecompetingloop accessesandareshownin bold.As long aswe ignoretheunsuc-

cessfulintermediatereadsin the loops,theexecutionsof theprogramappearSCevenif loop readsoverlapprevi-

ousloop writes. Considerthe performancegain from this optimization.AssumeP1 hassetFlag1first. Now as-

sumeP2 setsFlag2.The optimizationallows P2 to continuewith the loop-readbeforethe write of Flag2com-

pletes,in effectoverlappingandhiding thelatencyof thewrite with thefollowing computation.10

P1 P2

A = 1;

... = B;
while (           == 0);Flag2

        = 1;Flag1

... = A;

B = 1;

         = 1;Flag2

while (           == 0);Flag1

(a)

P2

... = A;

B = 1;

lock L1;

unlock L2;

P1

A = 1;

... = B;

unlock L1;

lock L2;

(b)

Figure 4. Examplecodesegmentswith loop readsandloopwrites.

As anotherexample,considerthe codesegmentshownin Figure4(b). The codeis similar to Figure4(a)

exceptthat it useslocks andunlocksinsteadof flags.Assumethe implementationof locksandunlocksshownin

Figure3(a). PLpcallowstheread(loop read)andthewrite (non-competingwrite) of thetest-and-setto occurbe-

fore thepreviousunset(loop write). Thus,theacquiringof onelock canoccurfully beforethepreviousreleaseof

anotherlock without violating SCandprovidesperformancegainssimilar to thosedescribedfor thepreviousex-

ample.

�����������������������������������

10. EitherP2hasa valid copyof Flag1andsuccessfullycompletestheloop andcontinuesor it needsto fetcha copyof
Flag1andthusoverlapsthelatencyof this readwith thepreviouswrite.
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Finally, the loop writes to the flagsin Figure4(a), to the lock locationsin Figure4(b), or to the flag in the

barriercodein Figure3(b) neednot beatomicto getSCexecutions.The writes in theseexampleswould benefit

from usingupdates(versusinvalidates)in a cache-coherentenvironmentto reducethecommunicationlatencyfor

the critical synchronization.However,supportingatomic updatesin a large-scalesystemis both unnaturaland

inefficient [5]. Thus, there is clear benefit from allowing certain competingwrites to be non-atomicwith the

guaranteeof SCresults.

In summary,PLpcprogramsprovidetwo typesof informationaboutsharedaccesses.The informationdis-

tinguishingbetweencompetingandnon-competingaccessesallowsfor virtually thesameoptimizationsasPL and

DRF1. The secondtype of information (i.e., loop and non-loop category)allows for relaxing the ordering

betweencompetingaccessesfurther while still maintainingSC. The gain from the latter optimizationbecomes

morepronouncedin programswith a high frequencyof competingaccesses(i.e.,with finegrainsynchronization).

Althoughwe havemainly concernedourselveswith hardwareoptimizationsin theaboveexamples,optimi-

zations possiblein the compiler are directly related to the flexibility the hardwarehas in ordering memory

accesses.Due to its extraflexibility, PLpc hasthe potentialof allowing further compileroptimizationsthanal-

lowedby PL andDRF modelsaswell. However,sincemanycompileroptimizationsrequirethe full flexibility of

reorderingbothreadandwrite accesses,we believetheextragainfrom thelimited reorderingbetweencompeting

accessesasallowedby PLpcwill bemoreprominentin hardwarethanin thecompiler.

4. Porting PLpc Programs to Hardware-Centric Models

This sectiondiscusseshow the informationcontainedin a PLpcprogram(in the form of accesslabels)can

be usedto efficiently executetheprogramon a systemsupportinga hardware-centricmodelwhile still maintain-

ing SC. This is done by providing a mapping from the accesscategoriessupportedby PLpc to the access

categoriessupportedby thehardware-centricmodels. This mappingis mechanical,therebyallowing for automat-

ic andefficientportabilityof PLpcprogramsto a varietyof systemarchitectures.

4.1. Porting PLpc Programs to WO and RCsc

DRF1andPL alreadyindicatehow PLpcprogramscanbemappedto WO andRCsc[2,5]. For WO, com-

petingaccessesshouldbe mappedto synchronizationaccesses.For RCsc,competingreadsandwritesshouldbe

mappedto acquiresandreleasesrespectively.SinceWO andRCscrequireacquiresandreleasesto be SC, they

donotbenefitfrom theloopversusnon-loopcategorizationof PLpc.
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4.2. Porting PLpc Programs to TSO, PSO,PC, and RCpc

TSO, PSO,PC, and RCpcallow readsto bypasspreviouswrites, while PC and RCpcallow writes to be

non-atomic.As discussedin Section3, allowing theseoptimizationsfor loop accessesdoesnot violateSC. How-

ever,allowing non-loopreadsto bypasspreviousnon-loopwrites, and makingnon-loopwrites non-atomiccan

violate SC as illustratedby the examplesin Figure5. In the figure, all accessesare non-loopaccesses.For the

codesegmentin Figure5(a),TSO,PSO,PC,andRCpcallow the readsto executebeforepreviouswrites. Thus,

the non-SCoutcome(x,y) = (0,0) is possible. Similarly, for the codesegmentin Figure5(b), non-atomicityof

writesmakesthenon-SCoutcomeof (u,v,w) = (1,1,0)possibleunderPCandRCpc.

x = B;
A = 1;

P1

y = A;
B = 1;

P2

(a)

A = 1;

P1 P3

v = B;
w = A;

P2

B = 1;
u = A;

(b)

Figure 5. Examplecodesegmentsto illustrateviolationof SC.

TSO,PSO,PC,andRCpcdo not providea directway in which non-loopreadscanbemadeto stall before

previousnon-loopwrites complete. Furthermore,PC andRCpcdo not providea direct way in which non-loop

writescanbemadeatomic. However,we haveshownthatusingatomicread-modify-writesfor certainnon-loop

accessescanachievea similar effect by satisfyinga setof moregeneralsufficientconditionsfor a PLpc system

[3]. Theexactmappingis describedbelow.

ForTSOandPSO,for everynon-loopwrite followed by a non-loopread,at leastoneof theaccessesshould

bepartof anatomicread-modify-writeoperation.Additionally, PSOalsoallowswritesto bereorderedif theyare

not separatedby a STBAR (storebarrier). Therefore,competingwrites(whetherloopingor non-looping)needto

be precededby a STBAR for PSO.For PC and RCpc, all non-loop readsshouldbe part of an atomic read-

modify-write operation.Additionally, for RCpc,competingreadsandwritesshouldbe identifiedasacquiresand

releasesrespectively.

The abovemappingsuseatomic read-modify-writesfor non-loopaccessessincethe basesystems(TSO,

PSO,PC,andRCpc)do not providea moredirect way of achievingtheordersdescribedin Section3. It mayat

first seemunnaturaland inefficient to useread-modify-writesinsteadof regularaccesses.However,many syn-

chronizationconstructssuchaslocksandbarriersarealreadyimplementedwith atomicread-modify-writeopera-

tions.In programsthat usethis type of synchronization,the non-loopaccessesareoften confinedto theseopera-

tions.Therefore,manyprogramsnaturally(andhenceefficiently) obeyour mappingfor non-loopaccesses.For

example,in Figure 3(b), the competingnon-loop accessesto location Count are alreadypart of a fetch-and-

incrementoperation. This explainswhy manyprogramswritten for SC systemswork correctlyon TSO andPC
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systemswithoutanychanges.

In theuncommoncaseswherea competingnon-loopaccessis not naturallypartof a read-modify-write,the

accessmayneedto beconvertedinto a dummyread-modify-writeoperationto providethecorrectmapping.Con-

verting the normal accessinto a more expensiveread-modify-writeaccessmay be inefficient. In somecases,

conversionto a read-modify-writemay be impossibleif the hardwaredoesnot providesufficiently generalread-

modify-write operationsrequiredfor the conversion(e.g.,a test&setcannot be usedto providethe functionality

of anarbitrarywrite operation).To solvethis problem,a basesystem(TSO,PSO,PC,or RCpc)canbeextended

to provide direct mechanismsfor achievingthe requiredorder amongcompetingaccesses.For TSO and PSO,

supportinga fencemechanism[5] to delayfuture readsfor previouswritesallows for directly delayingnon-loop

readsfor previousnon-loopwrites. For PC andRCpc,the extra ability to force certainwrites to appearatomic

providesanalternativecorrectmapping:a fenceis requiredbetweeneverynon-loopwrite andnon-loopreadand

all non-loopwritesneedto bemappedto atomicwrites.

Of all thehardware-centricmodelsconsideredin thissection,RCpcprovidesthemostaggressivesystemfor

translatingthe informationprovidedin a PLpcprograminto performancegainswhile still maintainingSC.How-

ever,it is possibleto build a moreaggressiveimplementationthat obeysthe PLpc modelbasedon the sufficient

systemconstraintsspecifiedin [3].

5. Conclusions

Sequentialconsistency(SC)is a simplemodelfor programmers,but restrictstheuseof commonuniproces-

sorhardwareandcompileroptimizations.To achievehigherperformance,severalalternatememorymodelshave

beenproposed.Unfortunately, this divergencefrom SC, along with the hardware-orienteddescriptionof the

models,resultsin morecomplicatedmodelsfor theprogrammer.

We proposedthe memorymodelPLpc usinga moreprogrammer-centricapproachto addressthe tradeoff

betweensimplicity andefficiency. PLpcallowsprogrammersto reasonwith SC,but requiresprogrammersto ex-

plicitly identify accessesthat race,and accessesthat are part of a commonwaiting-synchronizationconstruct.

Thesetwo piecesof information are usedto exploit the optimizationsproposedby previousmodelswhile still

maintainingSC. Using PLpc is simple becausethe requiredinformation about the programis often naturally

knownandconveyedby theprogrammer.

PLpcservesasa unifying memorymodelfor thevariousmemoryaccessoptimizationsthathavebeenpro-

posedby hardwareandcompilerdesigners.For programmers,PLpcprogramscanbeeasilyandefficiently ported

from onesystemto another.With theearliermodels,this would requireprogrammersto re-establishthecorrect-
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nessof their programsusingthe hardwarespecificationsof eachsystem.Correspondingly,for systemdesigners,

thePLpcmodelallowsfor systemswith variousdegreesof optimizationswithout sacrificingprogrammingsimpli-

city or portability.

AlthoughPLpcallowsoptimizationsproposedby all currenthardware-centricmodels,it is possibleto allow

moreoptimizationsif moreinformationis knownabouttheprogram.In [3], we developa generalframeworkthat

givesintuition for the type of informationthat canbe usedfor different optimizations,andalsoprovidespecific

examplesof suchinformation.
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Appendix

Below,we give a moregeneraldefinitionfor synchronizationloopconstructsthanDefinition3.

Definition A: Loop construct: A loop construct is a sequenceof instructionsin a programthatwould
be repeatedlyexecuteduntil a specificreadin the sequence(the exit read) readsa specificlocation
(theexit location) andreturnsoneof certainvalues(the exit read values). If theexit readis part of a
read-modify-write,then the write of the read-modify-writeis called the exit write and the value it
writesis calledtheexit write value.

Definition B: Synchronization Loop Construct: A loop constructin a programis a synchronization
loop constructif it alwaysterminatesfor every SC executionof the program,and if the following
holds. Considera modificationof the programso that it executesbeginningat the loop construct.
Add anotherprocessto the programthat randomlychangesthe datamemory. Considerevery SC
execution with every possible initial state of the data memory and processorregisters.At the
beginningof everysuchSCexecution,theexit read,exit location,andexit readvaluesshouldonly be
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a functionof the initial stateof memoryandregisters,andof the programtext. The exit write value
can additionally be a function of the value that the exit read returns. Then for every such SC
execution,

(i) exceptfor thefinal exit write, loop instructionsshouldnot changethevalueof anysharedmemory
location,

(ii) thevaluesof registersor privatememorychangedby any loop instructioncannotbeaccessedby
anyinstructionnot in theloopconstruct,

(iii) a loop instructioncannotmodify the exit read,exit location,exit readvalues,or the exit write
valuescorrespondingto a particularexit readvalue,

(iv) the loop terminatesonly when the exit read returnsone of the exit readvaluesfrom the exit
locationandtheexit write storestheexit write valuecorrespondingto theexit readvaluereturned,

(v) if exit readvaluespersistin theexit location,thentheloopeventuallyexits.

WhenanalyzinganSCexecutionfor accesscategories,all accessesof a synchronizationloop constructcan

be replacedonly by the final successfulexit readandexit write [3]. The unsuccessfulaccessesmay be labeled

non-competingsincenon-competingaccessesallow themostaggressiveoptimizations.

The above definition is fairly general (which is a reasonfor its complexity). For example, it allows

implementationsof locksusingtest&test&set[14] or back-off [12] techniquesto beconsideredassynchronization

loopconstructs.
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