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Abstract. Simpleandunified non-operationalspecificationsof the threemem-
oryconsistency modelsTotalStoreOrdering(TSO),PartialStoreOrdering(PSO),
andRelaxedMemoryOrder(RMO) of SPARCmultiprocessorsarepresentedand
proved correct.The specificationsareintuitive partial orderconstraintson pos-
sible computationsandarederived from naturalsuccessive weakeningof Lam-
port’s SequentialConsistency. The formalismsare then usedto determinethe
capabilitiesof eachmodel to supportsolutionsto critical sectioncoordination
andboth setandqueuevariantsof producer/consumercoordinationwithout re-
sorting to expensive synchronizationprimitives.Our resultsshow that noneof
RMO, PSOnor TSOis capableof supportinga read/writesolutionto thecritical
sectionproblem,but eachcansupportsuchasolutionto somevariantsof thepro-
ducer/consumerproblem.Theseresultscontrastwith the two previous attempts
to specify thesemachines,one of which would incorrectly imply a read/write
solution to the critical sectionproblemfor TSO, and the otherof which is too
complicatedto be useful to programmers.Our generalframework for defining
andproving the correctnessof the memoryconsistency modelswaskey in un-
covering the previous error andin achieving our simplification,andhencemay
beof independentinterest.

1 Intr oduction

Sun Microsystemsintroducedthe three memory memory consistency modelsTotal
StoreOrdering(TSO),PartialStoreOrdering(PSO),andRelaxedMemoryOrder(RMO).
TSOandPSOwereintroducedin theversion8 architecture[16]andretainedin version
9. RMO wasintroducedin the version9 architecture[17].Thesemodelsarespecified
axiomatically— somepartialordersaredefined,relationshipsbetweenthemarespec-
ified, andan axiom given that determinesthe valuesreturnedby reads.Thesespeci-
ficationsarecomplicatedandnot intuitive. Henceit is challengingfor a programmer'
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to be certainof the possibleprogramoutcomesandto determinecorrectandefficient
solutionsto basicprocesscoordinationproblems.

Thisdilemmais typicalof currentandproposedmultiprocessormachines.Weaken-
ing thememoryconsistency modelof a multiprocesssystemimprovesits performance
andscalability. However, thesemodelssacrificeprogrammabilitybecausethey create
complex behaviors of sharedmemory. Without theuseof expensive,built-in synchro-
nization, thesemodelsexhibit poor capabilitiesto supportsolutionsfor fundamental
processcoordinationproblems[9]. This leadsprogrammersto aggressively usethese
formsof synchronization,incurringadditionalperformanceburdenson thesystem.

Sinceuseof synchronizationprimitivesdeterioratesperformance,wearemotivated
to studythe limitations andcapabilitiesof weakmemoryconsistency modelswithout
the useof theseprimitives. If the useof explicit synchronizationis avoidable,then
efficient librariesfor certainclassesof applicationscanbe built. This would easethe
job of distributedapplicationprogrammersandmake their applicationsmoreefficient.

In this paper, we derive a mathematicaldescriptionof the behavior of the three
SPARC variantsin termsof partial order constraintson possiblecomputations.Our
specificationsaresurprisinglysimple;eachis a naturalweakeningof SequentialCon-
sistency (SC) [12]. Becausethey areshortandprecise,we believe they give program-
mersa much improved tool for reasoningaboutthe outcomesof their multiprocess
programs.They alsomake it easierto constructverificationtools thatdependon auto-
matedreasoning.Finally, thesimplicity of thedescriptionsfacilitatesthecomparisonof
theSPARC modelsto eachotherandto severalproposedconsistency modelsincluding
ProcessorConsistency[6], CausalConsistency[1], andJavaConsistency[5,7].

Our definitionsfor TSO andPSOareproven to exactly capturethe machinede-
scriptionof the version8 architecture(andhenceof version9 sincethey areknown
to beequivalent).Our RMO definitionis provento exactly capturetheversion9 spec-
ification. To achieve our proofswe establisha framework for describingoperational
andnon-operationalmodelsandatechniquefor proving theirequivalence.Becausethis
framework is notrestrictedto any particularmachine,it maybeof independentinterest.
We haveusedit to provecorrectnessof othermodels[9].

We next useour partial orderspecificationsto study the capabilitiesof the three
SPARC memoryconsistency modelsTSO,PSO,andRMO to supportsolutionsto fun-
damentalprocesscoordinationproblemswithoutresortingto expensivesynchronization
primitives.The processcoordinationproblemsstudiedin this paperare critical sec-
tion coordinationandproducer/consumercoordination.We distinguishtwo variantsof
producer/consumercoordinationwhosesolutionrequirementsdiffer: thesetandqueue
variants.Our resultsshow that the TSO (and hencePSOand RMO) model is inca-
pableof supportinga read/writesolutionto thecritical sectionproblem,but evenRMO
(and hencePSOand TSO) can supportsuchsolutionsto somevariantsof the pro-
ducer/consumerproblem.

Capturingthe semanticsof the threeSPARC memoryconsistency modelssimply
andpreciselyhasproven to be surprisinglytricky. Oneearlierattemptto defineTSO
[11] resultedin adefinitionthatis muchstrongerthanwhatthisarchitecturereallypro-
videsandleadsto erroneousconclusionsaboutthecoordinationcapabilitiesof TSO.In
fact,we show thatany program(with only read/writeoperations)thatis correctfor SC
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canbe compiledinto an equivalentprogram(with only read/writeoperations)that is
correctfor this erroneousversionof TotalStoreOrdering[10]. To thecontrary, this pa-
perprovesthatread/writeoperationsareinsufficientto solvecertaincoordinationprob-
lemsfor TSO.Anotherearlierdefinitionfor TotalStoreOrderingis oneof ourown that
is alsobasedon partialorders.Thoughit is provedequivalentto TSO[10], it is much
morecomplicatedthanTSOasdefinedhereandit is not completelynon-operational.
Theoriginal operationalspecificationsof TSOandPSO[16] arealsocomplex andare
not particularlyuseful for studyingthe questionsaddressedin this paper. The subse-
quentupdateto version9 definitionsand the extensionto RMO is renownedfor the
complexity of its many partialordersandespeciallyof thevalueaxiom.Park andDill
alsostudytheRelaxedMemoryOrder[14]. Thegoalof theirwork is averificationtool
for RMO constructedfrom theMurφ language,ratherthana reformulationof thespec-
ifications.Their definitionof RMO is takenunchangedfrom theSPARC Architecture
Manualv9 .

Section2 containsoneof ourmaincontributions— simple,unified,non-operational
modelsof theSPARC TSO,PSOandRMO memoryconsistencies.TheSPARC version
8 machineis overviewedin Section3 in orderto providethebasisof theproofsthatour
non-operationalmodelsfor TSO andPSOare correct.Section4 sketchesthis proof
for TSOandoverviews thecorrespondingproofsfor PSOandRMO. Section5 briefly
examinesthe error with the earlierattemptat a simplepartial orderto capturethe se-
manticsof TSO.Section6 containsourothermainresults.It establishesthepossibilities
andimpossibilitiesfor processcoordinationproblemsin SPARC TSO,PSO,andRMO
machines.TheSPARC modelsarecomparedwith othersin Section7.

Thispresentationaddressesonly readandwrite operationsto variables.SPARC ma-
chinessupportmany otheroperationsthataffect sharedmemorysuchasswap-atomic
andbarrier(version8) andthefamily of membaroperations(version9). It is straight-
forwardto extendourmodelsandourproofsto includetheseoperations.Severalproofs
areomittedhereandotheronly sketched.Thefull versionof thispaper[8] containsthe
completemodelsandall proofs.

2 The SPARC Memory ConsistencyModels

This sectiondefinesthreememoryconsistency models,calledTSO, PSO,andRMO
basedonprogressiveweakeningof SC.Thedefinitionsreferonly to theorderingof op-
erations;they areverysimpleandnatural;they donotdependonamachinedescription.
We will seein Section4, however, that thesedefinitionsdo indeedcaptureexactly the
behavior of thecorrespondingSPARC architectures.

We first summarizethe way thatwe formalizeany memoryconsistency model.A
multiprocesssystemcanbemodeledasacollectionof processesoperatingon acollec-
tion of shareddataobjects.Theonly shareddataobjectsconsideredherearevariables
supportingreadandwrite operations.Thefull versionof thispaper[8] providestheex-
tensionto otherSPARC operations.Thenotationr ) x * v andw ) x * u denotes,respectively,
a readoperationof variablex returningv anda write operationto x of valueu. The
invocation of operation o, is just theoperationwithout its outputvaluedeterminedand
is denotedin ) o * . A readr ) x * v anda readinvocationwith v asyet undetermined,are
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distinguishedby writing in ) r ) x * v *,+ r ) x * v?. Sincea write invocationhasno response
value,in ) w ) x * u *-+ w ) x * u.

It sufficesto modela process asa sequenceof readandwrite invocations,anda
multiprocess system as a collection of processestogetherwith the sharedvariables.
Henceforth,we denotea multiprocesssystemby the pair ) P. J * whereP is a set of
processesandJ is a setof variables.A process computation is the sequenceof oper-
ationsobtainedfrom the processby augmentingeachreadoperationinvocationwith
its matchingresponse.A system computation is a collectionof processcomputations,
onefor eachprocess.Let O beall the(readandwrite) operationsin acomputationof a
system) P. J * . Then,O / p denotesall theoperationsthatarein theprocesscomputation
of processp 0 P; O / x denotesall theoperationsthatareappliedto variablex 0 J; O / w
denotesall the write operations;andO / r denotesall the readoperations.Thesenota-
tionsarealsocombinedto selectthecombinedrestrictionof operations.For example,
O / w / x / p is thesetof all write operationsby processp to variablex.

A sequenceof readandwrite operationsto variablex is valid if andonly if eachread
operationin thesequencereturnsthevaluewrittenby themostrecentlyprecedingwrite
operation.Givenany collectionof readandwrite operationsO on a setof variablesJ,

a linearization of O is a (strict) linearorder ) O . L1�2 * suchthat for eachvariablex in J,

thesubsequence) O / x . L132 * of ) O . L1�2 * is valid. For any relationR, thenotations1Rs2

means) s1 . s2 *40 R. A readoperationis foreign if the valuereturnedby the readwas
written by a processdifferent from the oneinvoking the read.Otherwise,it is called
domestic.

Let O beasetof operationsin acomputationof asystem) P. J * . Definetheprogram

order, denoted) O . prog1�2 * , by o1
prog1�2 o2 if andonly if o2 follows o1 in thecomputationof

p. Considerthefollowing conditionson o1 ando2 whereo1
prog132 o2:

same-variable: o1, o2 0 O / x, for somex 0 J.
preceding-read: o1 0 O / r ando1 is foreign.
following-write : o2 0 O / w.

TheRMO partial program order, denoted) O . rmo1�2 * , is the transitive closureof the

relation: ) O . prog1�2 * intersectsame-variable.

The PSO partial program order, denoted) O . pso132 * , is the transitive closureof the

relation: ) O . prog1�2 * intersect(eithersame-variableor preceding-read).

The TSO partial program order, denoted) O . tso1�2 * , is the transitive closureof the

relation: ) O . prog152 * intersect(eithersame-variableor preceding-reador following-write).

Definition 1. Let O be all the operations of a computation C of a multiprocess system) P. J * . Then

C is TSO if there exists a linearization ) O . L132 * such that ) O . tso1�2 *768) O . L132 * ,
C is PSO if there exists a linearization ) O . L1�2 * such that ) O . pso1�2 *768) O . L1�2 * ,
C is RMO if there exists a linearization ) O . L1�2 * such that ) O . rmo1�2 *�69) O . L1�2 * .

Notice thatRMO, whenrestrictedto readsandwrites,is just thewell-known con-
sistency modelknown asCoherence[3].
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3 The SPARC v8 Multipr ocessorMachines

In SPARC v8 (a two processversionis in Figure1) thereis onewrite-buffer associ-
atedwith eachprocessin the system.The main memoryis singleportedwith a non-
deterministicswitchproviding onememoryaccessat a time.Whena processperforms
a write, it is sentto its write-buffer, which is responsiblefor committingthe pending
writesto mainmemory. Theprocess,in themeantime,cancontinueexecuting.Whena
readis issuedby aprocess,theassociatedwrite-buffer is checkedfor any pendingwrites
to thesamevariable.If thereis any suchwrite, thevalue“to bewritten” by thelastsuch
write is returned.If thereis no suchpendingwrite in thebuffer, thereadaccessesmain
memoryin thenormalmanner. Theorderin which thewrite-buffer commitsthewrites
to mainmemorydifferentiatesbetweentwo machinevariantsof theSUNSPARC v8. If
thebuffer is FIFO, theresultingmachineis calledTotal StoreOrderingandis denoted
MT SO. If it is FIFO only on a per-variablebasis,theresultingmachineis Partial Store
Ordering,denotedMPSO. SPARC v8 doesnotdefineaRelaxedMemoryOrdermachine.

:<;=?>
Processor@ A :B;=<>

Processor@ A�C D E E F G H I J K G FL K M N H G F O D F I J
Store
BufferP

Store
BufferP Q F Q K G R H I J K G FL K M N H G F O D F I J

L K M N H G F S L R

Main Memory

TTT U
switch

Fig.1. A two-processSPARC architecture

To describethe preciseoperationalbehavior of the SPARC machine,we specify
thesequenceof eventsthat is triggeredby eachoperationinvocationandtherulesthat
constrainhow theseeventsinterleaveandinstantiatevariables.Thisdescriptionfollows
in a straightforward way from the descriptionprovided by SUN Microsystems[16].
Becauseof pagelimitations,weonly providethedetailsfor MT SO.

TheMT SO is a machinethatacceptsreadandwrite operationinvocations,andfor
eachexecutesasequenceof events.MT SO is specifiedby thetriple )WVX.ZY[. \]* asfollows.V , thesetof event types, containsload-request,load-reply,buffer-store,andmemory-
store.A ^`_`a`b[c�d[e�f�ghehi�jlk p . x m is a requestby processp to load the value storedin
variablex. The event ^�_na`b[c�doe�pq^�r7k p . x . v m returnsa value, v, of x to p. The events g[tntoe�d[c[i�j[_�doe,k p . x . u m is a storerequestby p to x of a valueu; the requestis placed
in the store-buffer associatedwith p. A u3e�u3_�dnrhc[i�jo_�d[e,k p . x . u m commitsp’s request,s g[tntoe�d[c[i�j[_�doe,k p . x . u m , by removing the requestfrom the buffer and applying it to
mainmemory.Y , the implementation function, definesthesequenceof two eventsthatoccursfor
eachoperationinvocation.
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– A write in MT SO is implementedby the orderedpair that representsplacing the
write in thebuffer andlatercommittingit to mainmemory.Yh) w ) x * u . p *-+8v s g[tntoe�d[c[i�j[_�doe,k p . x . u m , u3e�u3_�dnrhc[i�jo_�d[e,k p . x . u m
w

– A readis implementedby anorderedpair that representa requestfor a valuefol-
lowedby returnof therequestedvalue.Yh) r ) x * v?. p *-+8v ^�_na`b[c�doe`f�ghehi�j7k p . x m , ^`_na`b[c�d[e�pq^�rlk p . x . v?m�w
Theeventsthatimplementanoperationinvocationcorrespond to thatoperationand

two sucheventsarematching.\ , thesetof machine rules, x ρi / 1 y i y 4 z , further restrictsthemachinebehavior
as follows. The implementationfunction, Y , producesan orderedpair of two events
for eachreador write in ) P. J * . ThesetE of all sucheventsoccurin sometotal order) E . Ξ1�2 * that respectstheorderingof thesepairsandthe additionalconstraintsρ1, ρ2

andρ3 andhasvariablesinstantiatedaccordingto ρ4. ) E . Ξ1�2 * is alsodenotedby Ξ.

Recallthat
prog1�2 denotesprogramorder.

– ρ1 (buffers areFIFO): Let e1 ande2 be buffer-storeeventsby the sameprocess.
Also, let e {1 ande {2 bethematchingmemory-storeeventsof e1 ande2, respectively.

If e1
Ξ132 e2 thene {1 Ξ1q2 e {2.

– ρ2 (loadsareblocking):Let e representa load-requestande { representits matching

load-replyevent.If thereis anevent ê by thesameprocesssuchthate
Ξ132 ê

Ξ1q2 e { ,
thenê is necessarilya memory-storeevent.

– ρ3 (requestordermatchesprogramorder):Let Yh) in ) o1 *�. p *q+|v e1 . e {1 w and Yh) in ) o2 *�. p *+}v e2 . e {2 w . If o1
prog1�2 o2 thene1

Ξ1q2 e2.
– ρ4 (variableinstantiation):A ^`_`a`b[c�d[e�pq^�r7k p . x . v?m evente instantiatesv? asfol-

lows.If themostrecentbuffer-storethatprecedese in Ξ / p / x is
s g[tntoe�d[c[i�j[_�doe,k p . x . u m

such that its matching u�e�u3_�dnr[c[i�j[_�doe,k p . x . u m follows e in Ξ / x, then we have^`_`a`b[c�d[e�pq^�r7k p . x . v? ~ u m . Otherwise,̂̀ _`a`b[c�d[e�pq^�r7k p . x . v? ~ u m wherethemost
recentmemory-storeeventthatprecedese in Ξ / x is u3e�u3_�dnrhc[i�jo_�d[e,k q . x . u m .

Call any suchsequenceof events ) E . Ξ1�2 * thatis generatedby Y actingon ) P. J * and
satisfying \ , anexecution of ) P. J * on MT SO. An execution,Ξ, of thesystem) P. J * in-
ducesacomputationCΞ of ) P. J * — simplytheonethatattachesto eachreadinvocation
of thesystemtheresponsevalueof thecorrespondingload-replyevent.

4 Corr ectnessof the SPARC Definitions

This sectionillustratesoneof our proof techniquesby sketchingtheproof that thema-
chine MT SO of Section3 and the memoryconsistency model TSO of Section2 are
equivalentin thesenseof thecommutingdiagramin Figure2. Or goal is to prove that
a computationof a system) P. J * couldarisefrom anexecutionon MT SO if andonly if
that computationsatisfiesTSO.This goal is achieved throughtwo lemmas.Let ) P. J *
bea multiprocesssystemwith readandwrite operationinvocations.If a readr returns
thevaluewrittenby a write w, r andw aresaidto becausally-related.
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Lemma 1. Any computation that is induced by an execution of the system ) P. J * on
MT SO is TSO.

Proof Sketch: Let O beall theoperationsof acomputationCΞ thatis inducedby anex-
ecutionΞ of thesystem) P. J * onMT SO. First,constructasequenceof operationsX from
Ξ as follows. For each ^`_na`b[c�d[e�pq^�rlk 1 . x . v m (respectively, u3e�u�_�dnrhc[i�j[_�d[e,k 1 . x . u m )
eventin Ξ placea r ) x * v (respectively, w ) x * u) operationin X , with readandwrite oper-
ationsorderedin X asthecorrespondingload-repliesandmemory-storesareorderedin
Ξ. For a readthatcompletedatmainmemory, thecorrespondingload-replyinstantiates
its parametervariableaccordingto a precedingmemoryevent.So,this constructionof
X guaranteesthat sucha read(domesticor foreign) follows its causally-relatedwrite.
This doesnot hold for a readthat correspondsto a load-replythat completedat the
buffer level.Suchareadprecedesits causally-relatedwrite in X , violatingbothvalidity
and

tso132 . Becauseits causally-relatedwrite is (necessarily)appliedto thesamevariable
astheread,theprogramorderof suchawrite followedby thatreadmustbemaintained
in

tso1�2 (same-variablecondition).Now we adjustX by moving thedomesticreadsthat
violatevalidity asfollows. Initially, markevery domesticreadoperationin X asunvis-
ited. IteratethroughX examiningeachunvisiteddomesticreadoperationo in turn.Let
e beo’scorrespondingload-replyeventin Ξ. Let e { bethememoryeventin Ξ suchthat
e returnsthe valuewritten by e { . By constructionof X , e { hasa correspondingwrite
operationo { in X . If o { precedeso in X , thenmark o asvisited andcontinuewith the
first unvisitedreadin X . If o { followso in X , thenmoveo in X suchthatit immediately
followsthelatestof o { or thelastmovedreadoperation.Mark o asvisited,andcontinue

with the first unvisited readin X . Finally, define ) O . L1�2 * to be this adjustedX . The

proof proceedsby showing with carefulcaseanalysisthat ) O . L1�2 * is a linearization

thatextends) O . tso132 * .
�
P� J �

Partial Order
on E

�
C ��� �

CΞ �

�
Ξ �

�

�
�

�
T SO
PSO

total order extension
instantiation (v? � v)

MT SO MPSO induced
computation

Fig.2. Proving thecorrectnessof TSOandPSO

Lemma 2. Any TSO computation of the system ) P. J * is a computation induced by some
execution of the system ) P. J * on MT SO.

Proof Sketch: LetC beaTSOcomputationof system) P. J * . Weconstructanexecution
Ξ of ) P. J * onMT SO thatinducesthecomputationC. Let O beall theoperationsresulting
from C.
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Given the linearization ) O . L1�2 * guaranteedby Definition 1 (for TSO), first con-
structa sequenceX of operationsasfollows. Initially X is empty. For eachprocessp
computationof C, maintaina pointer � p thatinitially pointsat thefirst operationin p’s
computation.If � p pointsat o, thenwe say � p + o. Similarly, maintainthe pointer � L

to operationsin ) O . L1�2 * . Initially, � L pointsat the first operationin ) O . L132 * . When
thereareno moreoperationsto considerin a sequences, we say � s +�� . Also, advanc-
ing � s meansthepointeris incrementedto point at thenext operationin s. Initially, all
operationsareunmarked. Let ô denotethemarkedcopy of operationo.

Repeatuntil � L +�� :
If � L + o 0 O / p for somep, and � p + o then

Appendo to X . Advanceboth � L and � p.
Else-if � L + o 0 O / p ando is unmarkedbut � p + o {��+ o then

Appendo { to X , andrecordo { asmarked(denotedô { ). Advance� p only.
Else( � L + o ando is marked)

If o is a write, then appendô to X .
Advance� L.

In eachiterationof therepeatloop,either � L is advancedor anoperationin ) O . L1�2 *
is marked, and no operationis marked more thanonce.Furthermore,� L always ad-
vancesover markedoperations.Thereforethis procedureterminatesfor finite compu-
tations.Noticethatsomewritesareduplicatedin X with theunmarkedcopy preceding
the markedone.At the end(when � L +�� ), if therearewrite operationsthathave not
beenduplicatedin X , thenfor eachsuchwrite o inserta markedcopy ô immediately
aftero.

Now, constructΞ from X as follows. Iterating throughX , considereachopera-
tion o. If o is a r ) x * v by p, thenappendto Ξ ^`_na`b[c�d[e`f�ghe[i�j7k p . x m immediatelyfol-
lowed by ^`_na`boc�d[e�pq^�r7k p . x . v m . If o is a w ) x * u by p, then if o is unmarked, appends g[tntoe�d[c[i�j[_�doe,k p . x . u m to Ξ andif o is marked,appendu3e�u�_�dnrhc[i�j[_�d[e,k p . x . u m to Ξ.

To completetheproof,weneedto show thatexecutionΞ complieswith Y and \ of
MT SO. This is achievedwith a seriesof sublemmasandcasestudiesasgivenin thefull
versionof this paper[8].

Lemmas1 and2 togetherimply:

Theorem1. A computation is induced by an execution of the system ) P. J * on MT SO if
and only if it is TSO.

Thecorrectnessof ourdefinitionof PSOis provedsimilarly to thatfor TSO[10].
To show thatour definitionof RMO is correctrequiresa differentstrategy because

RMO is not definedasa machine.Rather, RMO is introducedin SPARC v9 [17] and
specifiedby a complicatedseriesof definitions.Again, let O beall theoperationsof a
computationof system) P. J * . First a dependence order is definedon O asa three-part
restrictionof programorder. Thenmemory order is definedasa total orderon O that
extendstheunionof arestrictionof dependenceorderandadifferentrestrictionof pro-
gramorder. Finally, a value axiom determinesfrom the memoryorderhow the value
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returnedby areadis relatedto thevaluewrittenby awrite. In thefull versionof thepa-
per[8], weshow thatsuchamemoryorderexistsif andonly thereis adifferentorderon
O that is botha linearizationandthatmaintainsprogramorderon a per-variablebasis.
Hence,theformalspecificationof RelaxedMemoryOrdergivenby SUNMicrosystems
[17] is equivalentto thatof Definition 1.

5 A Small Changewith a HugeConsequence

Kohli et al. attemptedto provide a non-operationaldefinition for Total StoreOrder-
ing [11]. We refer to their definition by TSO-K. TSO-K differs from TSOonly in the
preceding-readcondition,which appliesto all readsratherthanjust foreignreads.The

K-partial program order, denoted ) O . kpo1�2 * , is the transitive closureof the relation:

o1
prog1�2 o2 intersect(o1 . o2 0 O / x, for somex, or o1 0 O / r or o2 0 O / w). Kohli et al. de-

finedtheTotalStoreOrderingmodelfrom thepointof view of processesbut adefinition
equivalentto theirsis asfollows(see[9]):

Definition 2. Let O be all the operations of a computation C of a multiprocess system) P. J * . Then C is TSO-K if there exists a linearization ) O . L132 * such that ) O . kpo1�2 *�6) O . L132 * .
Definition2 doesnotcaptureTSOsemantics.In fact,TSO-Kwouldhavesubstantial

implicationson the processcoordinationcapabilitiesof the SPARC architecture(see
[10] for proof).

Theorem2. Let � denote a multiprocess program that uses just reads and writes to
variables in J, and let ��{ denote the program obtained from � by adding a read invoca-
tion of variable x immediately after every write invocation to x, for every variable x in� . Then any computation of )���{�. J * on a TSO-K system has exactly the same outcome
as some computation of )W��. J * on a SC system.

Thereareseveral solutionsto the critical sectionproblemfor SC machinesusing
only readand writes of sharedvariables.Thesecan be automaticallycompiledinto
solutionsfor machinessatisfyingTSO-K, using the techniqueof Theorem2 [10,8].
This compilationwill not work if the target machinesatisfiesonly TSO becausethe
addedreadscouldbe domesticandthusimposeno additionalorderingconstraints.In
fact,aswill beconfirmedin Section6, thereis nosolutionto thecritical sectionproblem
usingonly readsandwritesfor machinessatisfyingonly TSO.

6 ProcessCoordination for SPARC multipr ocessors

6.1 Critical SectionsCoordination

In theCritical SectionProblem(CSP)[15], (alsocalledtheMutualExclusionProblem)
asetof processescoordinateto sharearesource.Eachprocessrepeatedlycyclesthrough
the four procedures� remainder� , � entry� , � critical section� , � exit � suchthat
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(1) Mutual Exclusion: At any timethereis atmostoneprocessin its � critical section�
and(2) Progress: If at leastoneprocessis in � entry� , theneventuallyonewill be in� critical section� .

WedenoteaCSPproblemby CSP(n) wheren � 2 is thenumberof processesin the
system.

Theorem3. There does not exist an algorithm that solves CSP(n) for TSO, for any
n � 2.

Proof Sketch: Assumethat thereis an algorithmA that solvesCSP(n) for TSO for
somen � 2. If A runswith processorp in � entry� andprocessorq in � remainder�
andtheotherprocessorsnot participating,thenby theProgressproperty, p mustenter
its � critical section� producinga partialcomputationof the form of Computation1,
whereλ denotestheemptysequenceandop

i denotesp’s ith operation.

Computation 1 � p : op
1 . op

2 .�������. op
k ) p is in its � critical section ��*

q : λ

Similarly, if A runswith q’s participationonly, ProgressguaranteesthatComputa-
tion 2 exists.

Computation 2 � p : λ
q : oq

1 . oq
2 .�������. oq

l ) q is in its � critical section ��*
Now, computations1 and2 areusedto constructComputation3 whereboth p and

q areparticipating,andbotharein their � critical section� . By showing thatCompu-
tation3 satisfiesTSO,we reacha contradictionbecauseMutual Exclusionis violated.

Computation 3 � p : op
1 . op

2 .�������. op
k ) p is in its � critical section ��*

q : oq
1 . oq

2 .�������. oq
l ) q is in its � critical section ��*

To seethatComputation3 satisfiesTSO, imaginea situationwherep andq enter
their critical sectionsbeforethe contentsof their store-buffersarecommittedto main
memory. So,thedomesticreadsby q completeat thebuffer level, while foreignreads
necessarilyreturninitial values.

Moreformally, constructasequence,S, of operationsasfollows.Initially, S + λ. Set
sequenceQ to beq’s computationv oq

1 . oq
2 ���Z� . oq

l w . Examineeachoq
i in Q in orderfrom

i + 1 to l. If oq
i is a foreignread,appendoq

i to S andremove it from Q. Whenthereare
noforeignreadsleft in Q, appendto S p’scomputationv op

1 . op
2 . ����� . op

k w . Finally, append
Q (with foreignreadsremoved)to S.
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Define ) O . L1�2 * to beS. ) O . L1�2 * consistsof threesegments.Thefirst consistsen-
tirely of foreign readsby q, the secondconsistsentirely of p’s computation,andthe
third consistsentirelyof q’scomputationminusoperationsin thefirst segment.

It is straightforwardto checkthat ) O . L1�2 * is a linearization.To seethat ) O . L1�2 *
satisfiesTSO,notefirst that ) O / p . L1�2 *h+�) O / p . prog1q2 * . Consequently, ) O / p . tso1q2 *36�) O / p .

L1�2 * . Second,programorder is maintainedin the first segmentby constructionand
alsoin the third segment.Finally, eachreadmovedto thefirst segmentis foreignand
returnsthe initial value.Therefore,sucha readis not precededin q’s computationby
any writesto thesamevariable.Sothemovedreadsdonotviolate ) O . tso1�2 * . Therefore,) O . tso132 *,6�) O . L1�2 * . Thus,Computation3 satisfiesTSO.

Sincetheprecedingimpossibilityresultmadenoassumptionaboutfairnessor about
size of variables,it implies impossibility even of unfair solutionsor solutionsusing
unboundedvariables.

6.2 Producer/ConsumerCoordination

Producer/Consumer[2] objectsarefrequentlyusedfor processcoordination.Thepro-
ducer(respectively, consumer)is a processthat repeatedlycycles throughthe proce-
dures � entry� , � producing� (respectively, � consuming� ), � exit � . Let m andn be,
respectively, thenumberof producerandconsumerprocesses.Wedistinguishtwo prob-
lemsthesolutionrequirementsof which vary: theproducer/consumer set problem,de-
notedPmCn-set,and the producer/consumer queue problem,denotedPmCn-queue.A
solutionto PmCn-setmustsatisfy(1) Safety: Everyproduceditem is consumedexactly
once,andevery consumeditem is producedexactly once,and(2) Progress: If a pro-
ducer(respectivelyconsumer)is in � entry� , thenit will eventuallybein � producing�
((respectively � consuming� ) andsubsequentlyin � exit � . A solutionto PmCn-queue
mustsatisfySafety, Progress,and(3) Order: Consumptionordermustrespectthepro-
ductionorder, wheretheseordersaredefinedasfollows.Item x precedes in production
order item y if the productionof x completesbeforethe productionof y begins.Con-
sumptionorderis definedsimilarly.
Impossibilities: The generalqueueproblemsPmCn-queue,P1Cn-queue,or PmC1-
queueareunsolvablefor TSO,PSO,andRMO without usingexplicit synchronization.
Theproofof thefollowing theoremis verysimilar to thatof Theorem3.

Theorem4. There does not exist an algorithm that solves PmCn-queue or PmCn-queue
for TSO when m � n � 3.

Possibilities: Proofsof the following theoremsarein the full versionof the paper
[8].

Theorem5. There is a single-writer solution for P1C1-queue for TSO (which fails for
PSO and hence RMO).

Theorem6. There is a multi-writer solution for P1C1-queue for RMO (and hence for
PSO and TSO).

Theorem7. PmCn-set is solvable for RMO (and hence for TSO or PSO).

11



7 SPARC Modelsversusother ConsistencyModels

In thefull paper[8] wecompareTSO,PSOandRMO with otherknown memorymod-
els includingWeakOrdering(WO) [3], Java [5,7], CausalConsistency (CC) [1], Pro-
cessorConsistency (PC-G)[6], andPipelined-RandomAccessMachine(P-RAM) [13],
Coherence[3], andSequentialConsistency (SC)[12]. A summaryof thesecomparisons
is given in Figure3 In this figure,an arrow from modelA to modelB meansthat the
constraintsof A imply thoseof B.

SCA���� � � � � �� 
TSO PC-G CCA A� � � �� 
PSO P-RAM

WO

¡¡¡¡¡¡¡ ¢
£££££££ ¤

Coherence= RMO

Java

A
� � � �� ���� �

Fig.3. RelationshipsbetweenSPARC modelsandothermodels
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