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Abstract. Processcoordinationproblemshave beenextensively addressedin
thecontext of sequentialconsistency. However, modernshared-memorysystems
presenta largevarietyof orderingconstraintsonmemoryaccessesthataremuch
weaker thansequentialconsistency. We re-addressedtwo fundamentalprocess
coordinationproblemsin the context of weakmemorymodels.We proved that
many modelscannotsupportasolutionto thecritical sectionproblemwithoutad-
ditional powerful synchronizationprimitives.Nevertheless,we showedthatcer-
tain versionsof theproducer/consumerproblemcanbesolvedevenin theweak-
estmodelswithouttheneedfor suchpowerful instructions.Theseinstructionsare
expensive, andavoiding their useis desirablefor betterperformance.This brief
announcementgroupsandre-statessomeof our earlierresults[11,12,15].

1 Intr oduction

Modernshared-memorysystemspresentalargevarietyof memorymodelsthataresub-
stantiallyweaker thansequentialconsistency [16]. Theserelaxed (or weak)memory
consistency modelsincreasethe challengeof solving variouscoordinationproblems,
becausethe relaxationof orderingconstraintson memoryaccessesin thesemodels
makesreasoningaboutconcurrency a subtleand involved issue.Therefore,we read-
dressfundamentalprocesscoordinationproblemsin thecontext of weakmemorycon-
sistency models.

Algorithmsthatcoordinateprocessesvia critical sectionshavelongbeenknown for
sequentiallyconsistentsystems[22,17,20,21,4]. In fact,asshown by Lamport[17],
evensingle-readersingle-writersafebitssufficeto solvethecritical sectionproblem,as
longasaccessesto theseseeminglyweakobjectsareguaranteedto besequentiallycon-
sistent.In many weakermemorymodels,lackof onesystem-wideview of theordering
of readsandwrites makesit impossibleto constructcritical sectionsusingonly read
/
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and write operations.Therefore,shared-memorysystemscomeequippedwith addi-
tionalbasicoperationsthatmakesynchronizationpossible.Theuseof synchronization
primitives,however, incurssubstantialadditionalexecutiontime.Sowe aremotivated
to keeptheuseof strongprimitivesto a minimum.Hencewe needto determinewhat
kindsof coordinationproblemscanbesolvedon commonmemorymodelsusingjust
readandwrite operations.

Specifically, this paperdeterminesthe possibility or impossibility of solving the
critical sectionproblemandversionsof theproducer/consumer[4] problemwithoutus-
ing strongsynchronizationprimitivesonSPARC multiprocessorswith memorymodels
TotalStoreOrdering(TSO)andPartialStoreOrdering(PSO)[23,13,15], JavaConsis-
tency [18,8,12], Coherence[5], Pipelined-RAM(P-RAM) [19], Goodman’sProcessor
Consistency (PC-G)[9]), CausalConsistency (CC) [2], andWeakOrdering(WO) [5].

2 Memory ConsistencyModels

2.1 BasicFormalism

Webriefly describetheformalframeworkhere;acomprehensivetreatmentis elsewhere
[15].

We modela multiprocesssystemasa collectionof processesoperatingona collec-
tion of shareddataobjects.Wedefineadataobjectby providing thesetof all sequences
of allowableoperationstogetherwith their results(similar to thatof Herlihy andWing
[10].) Specifically, anoperation is a 4-tuple(ac,obj, in, out) where“ac” is anaction,
“obj” is anobjectname,and“in” and“out” aresequencesof parameters.Theoperation
(ac, obj, in, out) meansthat the action“ac” with input parameters“in” is appliedto
the object“obj” yielding the outputparameters“out”. A (sequentialdata) object is a
specificationof asetof sequencesof operations.An arbitrarysequenceof operationsis
valid for objectx if andonly if it is in thespecificationof x.

An operationo 0 (ac,obj, in, out)canbedecomposedinto thetwo matchingcompo-
nents,(ac,obj, in), calledtheoperation-invocationanddenotedinvoc(o), and(ac,obj,
out), calledthematchingoperation-responseanddenotedresp(o). Let 1 e1 2 e2 243(3+365 bea
sequenceconsistingof operation-invocationsandoperation-responses.Thenej follows
ei if andonly if i 7 j andej immediatelyfollows ei if andonly if i 0 j 8 1.

Informally, a processinteractswith dataobjectsby issuinga streamof invocations
to somesubsetof themandreceiving a streamof responsesthat areinterleavedwith
its invocations.This is formalizedas follows. A processis a sequenceof operation-
invocations.A processexecutionis a sequenceof operation-invocationsandoperation-
responsessuchthateachresponsefollowsits matchinginvocation.A processcomputa-
tion is thesequenceof operationscreatedfrom aprocessexecutionby augmentingeach
invocationin theprocesssequencewith its matchingresponse.Notethatoperationsin
aprocesscomputationmaintaintheorderof their invocationcomponentsin theprocess
execution.

A (multiprocess)system, 1 P2 J 5 , is a collectionP of processesanda collectionJ of
objects,suchthateachoperation-invocationof eachprocessin P is appliedto anobject
in J. A (multiprocess)systemexecutionfor a system 1 P2 J 5 , is a collectionof process
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executions,onefor eachprocessin P. Similarly, a (multiprocess)systemcomputationis
a collectionof processcomputations,onefor eachp in P.

Let 1 P2 J 5 bea multiprocesssystem,andO beall theoperationsin acomputationof
this system.O 9 p denotesall theoperationsthatarein theprocesscomputationof p in
P. O 9 x denotesall theoperationsthatareappliedto objectx in J.

For thedefinitionof somememoryconsistency modelsit is necessaryto distinguish
theoperationsthatchangea sharedobjectfrom thosethatonly inspecta sharedobject.
Let O 9w denotethatsubsetof O consistingof thoseoperationsin O thatupdate(write) a
sharedobject,andO 9 r denotethatsubsetconsistingof theoperationsthatonly inspect
(read)a sharedobject.

A (strict) partial order is an antireflexive, transitive relationon a set.1 Given any
collectionof operationsO on a setof objectsJ, a linearizationof O is a (strict) linear

order2 1 O 2 L8.: 5 suchthatfor eachobjectx in J, thesubsequence1 O 9 x 2 L8;: 5 of 1 O 2 L8.: 5
is valid for x.

A (memory)consistencymodelis a setof constraintson systemcomputations.A
finite systemcomputationof 1 P2 J 5 satisfiesconsistency modelD if the computation
meetsall the constraintsin D. For any system 1 P2 J 5 with only finite processes,1 P2 J 5
deliversmemoryconsistency D if everycomputationthatcanarisefrom it satisfiesD.

2.2 UsefulPartial Orders

Five partial orderson operationsin a systemwill be usedin the memoryconsistency
definitionsbelow.

program order: Defineprogram order, denoted1 O 2 prog8.: 5 , by o1
prog8.: o2 if andonly if

invoc(o2) follows invoc(o1) in thedefinitionof p, for someprocessp < P.

weak program order: Defineweakprogramorder, denoted1 O 2 wpo8.: 5 , by o1
wpo8.: o2 if

o1
prog8.: o2 ando1 ando2 areappliedto thesameobject.

write-before-readorder: Definewrite-before-readorder, denoted1 O 2 wbr8.: 5 , byo1
wbr8.: o2

if o1 is awrite ando2 is a read,ando2 readsthevaluewrittenby o1.

causalorder: Definecausalorder, denoted1 O 2 causal8�: 5 , by theirreflexive transitiveclo-

sureof theunionof 1 O 2 prog8.: 5 and 1 O 2 wbr8.: 5 . Namely, 1 O 2 causal8.: 5 0=141 O 2 prog8�: 5�> 1 O 2 wbr8?: 545�@ .

Java program order: DefineJavaprogramorder [7], denoted1 O 2 j po8;: 5 , by o1
j po8.: o2

if o1
prog8�: o2 andoneof thefollowing holds:

1 Whenever we usethe term partial order, we meana strict partial order. A partial order is
denotedby apair A SB RC whereS is asetandR D S E S. Thenotations1Rs2 meansA s1 B s2 C�F R.
Whenthe setS is understood,R denotesthe partial order. If SGHD S then A SGIB RC denotesthe
relation A SB R JKA SG E SG C�C .

2 A strict linearorderis a strict partialorder A SB RC suchthat L x B y F Sx MN y, eitherxRyor yRx.
Wealsouselinearorderto meanastrict linearorder.
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1. o1 ando2 areappliedto thesameobject,

2. o1 is areadando2 is awrite, andoO wbr8.: o1 whereoO is awrite by aprocessdifferent
from thatof o1 (or o2), or

3. thereexistsoO suchthato1
j po8.: oO andoO j po8.: o2.

2.3 Memory ConsistencyDefinitions

In thissection,werestatethedefinitionsfor thememoryconsistency modelsusedin this
paper. Thedefinitionsof WO, Java,andSPARC TSOandPSObelow arespecializedto
ordinaryread/writeoperations.Fordetaileddevelopmentandfor thegeneraldefinitions,
readersarereferredto earlierwork [15,14,12].

Let O beall theoperationsof a computationC of themultiprocesssystem1 P2 J 5 .
– C satisfiesSequentiallyConsistency(abbreviatedSC)[16] if thereis a linearization

1 O 2 L8.: 5 suchthat 1 O 2 prog8;: 5QP 1 O 2 L8.: 5 .
– C satisfiesCoherence[5] if for eachobjectx < J thereis a linearization1 O 9 x 2 Lx8.: 5

suchthat 1 O 9 x 2 prog8?: 5RP 1 O 9 x 2 Lx8�: 5 .
– C satisfiesPipelined–RAM(abbreviatedP-RAM) [19] if for eachprocessp < P

thereisalinearization1 O 9 p > O 9w2 Lp8;: 5 suchthat 1 O 9 p > O 9w2 prog8.: 5?P 1 O 9 p > O 9w2 Lp8�: 5 .
– C satisfiesProcessorConsistency–Goodman’s version (abbreviatedPC-G) [9] if

for eachprocessp < P thereis a linearization1 O 9 p > O 9w2 Lp8�: 5 suchthat

1. 1 O 9 p > O 9w2 prog8.: 5RP 1 O 9 p > O 9w2 Lp8.: 5 , and

2. S q < P and S x < J, 1 O 9w 9 x 2 Lp8�: 5 0T1 O 9w 9 x 2 Lq8.: 5 .
– C satisfiesCausalConsistency(abbreviatedCC) [2] if for eachprocessp < P there

is alinearization1 O 9 p > O 9w2 Lp8;: 5 suchthat 1 O 9 p > O 9w2 causal8.: 5�P 1 O 9 p > O 9w2 Lp8.: 5 .
– C satisfiesWeakOrdering (abbreviatedWO) [5] if for eachprocessp < P thereis

somelinearization1 O 9 p > O 9w2 Lp8;: 5 suchthat 1 O 9 p > O 9w2 wpo8.: 5?P 1 O 9 p > O 9w2 Lp8.: 5 .
– C satisfiesSPARCTotal Store Ordering (abbreviatedTSO) [14,15] if thereexists

a total order 1 O 9w2 writes8.: 5 suchthat 1 O 9w2 prog8;: 5UP 1 O 9w2 writes8�: 5 and S p < P thereis a

total order 1 O 9 p V O 9w2 mergep8�: 5 3, suchthat:

1. 1 O 9 p 2 prog8.: 5 0T1 O 9 p 2 mergep8.: 5 ,
2. 1 O 9w2 writes8;: 5 0T1 O 9w2 mergep8;: 5 ,
3. if w <W1 O 9 p 9w5 thenwO X pmergep8.: wO Xw, and

4. 1Y1 O 9 p V O 9w5[Z 1 Oinvp > Omwp 5-2 mergep8.: 5 is a linearization,where

Oinvp 0]\ w 9 w <^1 O 9wZ O 9 p5 9 x _a` wOb< O 9 p 9w 9 x _ wOO X pmergep8.: w
mergep8.: wOO Xw c

Omwp 0d\ wO Xw 9 w < O 9 p 9w c .
3 A e B denotesthedisjointunionof A andB. If x F A J B, thenthecopy of x in A (respectively

B) is denotedxA (respectively xB).
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– C satisfiesSPARCPartial StoreOrdering(abbreviatedPSO)[14,15] if thereexists

a total order 1 O 9w2 writes8.: 5 suchthat S x, 1 O 9w 9 x 2 prog8.: 5fP 1 O 9w 9 x 2 writes8.: 5 and S p < P

thereis a total order 1 O 9 p V O 9w2 mergep8�: 5 , suchthatconditions1 through4 of TSO
aresatisfied.

– C satisfiesJavaConsistency(abbreviatedJava) [12,15] if thereis sometotal order

1 O 9w2 writes8.: 5 suchthat, S p < P:

1. thereis alinearization1 O 9 p > Ovisp 2 Lp8.: 5 suchthat 1 O 9 p > Ovisp 2 j po8;: 5RP 1 O 9 p >
Ovisp 2 Lp8�: 5 ,

2. 1 Ovisp 2 writes8.: 5 0T1 Ovisp 2 Lp8;: 5 , where

Ovisp 0g\ w 9w < O 9 x for somex < J _h` r < O 9 p _ w
wbr8.: r or ` wO�< O 9 x _ w

writes8�: wO�_
wO wbr8�: r c .

3 Critical SectionProblem

In the critical sectionproblem(CSP)[22],a setof processescoordinateto sharea re-
source.Weinvestigateminimumrequirementsfor memorymodelsto beableto provide
a solutionto CSPwithout theuseof strongsynchronizationprimitives.

A solution4 to CSP must satisfy the safetyproperty, mutual exclusion, and the
progressproperty, freedomfrom deadlock.Typically, a fairnessproperty is also re-
quired.Let CSP(n) denotea CSPproblemwith n processes.

Theorem1. TheredoesnotexistanalgorithmthatsolvesCSP(n),evenfor n 0 2, for:

1. anysystemthatdeliversSPARCTSO(withouttheuseof swap-atomicinstructions).
2. anysystemthatdeliversSPARCPSO(withouttheuseof store-barrierinstructions).
3. anysystemthatdeliversJava(withouttheuseof volatilevariablesor synchronized

constructs).
4. anysystemthatdeliversPC-G(withouttheuseof multi-writer objects).
5. anysystemthatdeliversP-RAMandCoherencebut notPC-G.5

6. anysystemthatdeliversCC.
7. anysystemthatdeliversWO.

The systemslisted in Theorem1 cannotevensupportan unfair solutionfor CSP.
Theproofsappearedin [11,12,15].

An observation follows after recallingthat Peterson’s Algorithm [21], which uses
multi-writer registers,is a correctsolutionfor the CSPeven for PC-G[1]. However,
Theorem1(4)establishesthatCSPis impossiblein PC-Gwith single-writerobjects.

Corollary 1. In a systemthat delivers PC-G, multi-writer objectscannotbe imple-
mentedfromsingle-writerobjects.

For the restof the systemsin Theorem1, the impossibilitiesapply even to multi-
writer objects.

4 Thesolutionsreferredto in thispaperarenon-cooperative [3].
5 A systemthatis bothP-RAM andCoherentis notnecessarilyPC-G[14].
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4 Producer/ConsumerProblem

Producer/Consumer[4] objectsarefrequentlyusedfor processcoordination.Thepro-
duceris aprocessthatproducesitemsandplacesthemin asharedstructure.A consumer
is a processthat consumestheseitemsby removing themfrom thestructure.We dis-
tinguishtwo structureswith differentsolutionrequirements:thesetstructurewherethe
orderof consumptionis insignificant,andthequeuestructurewhereitemsareconsumed
in thesameorderasthatin which they wereproduced.

We denotethe producer/consumerqueueproblemasPmCn-queuewherem andn
are respectively the numberof producerandconsumerprocesses.Similarly the pro-
ducer/consumersetproblemis denotedPmCn-set.

A solution to PmCn-setmustsatisfy the safetypropertythat guaranteesa one-to-
onecorrespondencebetweenproducedandconsumeditems,andtheprogressproperty,
freedomfrom deadlock.

A solutionto PmCn-queuemustsatisfythesafetyandprogresspropertiesin addition
to the order property, which requiressometotal order on items that preserves both
productionandconsumptionorders.Theproductionorder is givenby: if theproduction
of item i completesbeforethe productionof item j begins, then i productionorder
precedesj. Theconsumptionorder is definedsimilarly.

4.1 QueueProblem

Figure1 shows a P1C1-queuealgorithmthatusesonly single-writerobjects,i . Let an
item j�k be composedof k bits, j�k is encodedsuchthat the actualdatais composed
of k 8 1 bits. The kth bit is usedfor implicit synchronization.So initially, itemsare
initializedto l concatenatedwith bit 0 (concatenationis denotedby 9+9 ). Wealsodenote
thecomplementof bit b asb̄.

Proofsfor thefollowing appearedelsewhere[11,12,15].

Theorem2. i solvesP1C1-queuefor:

1. anysystemthatdeliversSPARCTSO(withouttheuseof swap-atomicinstructions).
2. anysystemthatdeliversSPARCPSO(withouttheuseof store-barrierinstructions).
3. anysystemthatdeliversPC-G(withouttheuseof multi-writer objects).
4. anysystemthatdeliversP-RAMandCoherencebut notPC-G.
5. anysystemthatdeliversCC.
6. anysystemthatdeliversWO.

WheneverP1C1-queue(andhenceP1C1-set)canbesolvedusingonly single-writer
objects,it canbe solvedusingmulti-writer objects.A solutionto PmCn-queuecanbe
constructedfromasolutiontoCSPbyprotectingthequeuestructurein acritical section,
sothatit is accessedby only oneprocessata time.Hence,thePmCn-queueproblemcan
besolvedin SCandPC-G(with multi-writers)systems.

Lemma 1. There doesnot exist an algorithmthat solvesP1Cn-queueor PmC1-queue,
evenfor n 0 2 or m 0 2, for each of thesystemsof Theorem1.

Theorem3. There doesnot exist an algorithmthat solvesPmCn-queuefor each of the
systemsof Theorem1 for m m n n 3.
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Fig.1. � , aP1C1-queuealgorithm
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4.2 SetProblem

AlthoughthePmCn-queuecannotbesolvedin many weaksystems,wehaveshown that
thePmCn-setcanbesolvedin many of thosesystems[11,12,15].

Corollary 2. There existsan algorithmthat solvesPmCn-setfor each of thesystemsof
Theorem2.

Theorem4. There doesnot exist an algorithm that solvesPmCn-set,even for n 0 1
andm 0 1, for anysystemthat delivers Java(without theuseof volatile variablesor
synchronizedconstructs).

4.3 Summary

Table1 summarizesour impossibilityandpossibilityresults.

Table1. Summaryof possibilities( � ) andimpossibilities( � )

CSP P1C1-queue P1Cn-queue PmC1-queue PmCn-queue PmCn-set
Java � � � � � �

with only read/writeoperations

SPARC TSOor PSO � � � � � �
with only read/writeoperations

P-RAM & Coherence � � � � � �
but notPC-G

CC � � � � � �
WO � � � � � �

with only read/writeoperations

PC-G � � � � � �
with only single-writers

PC-G � � � � � �
with multi-writers[1]

SC � � � � � �
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