Memory Consistencyand ProcessCoordination for
SPARC Multipr ocessors

LisaHigham® and JalalKawash™

Departmenbf ComputerScienceThe University of Calgary CanadaT2N 1N4
{higham|kawash}@cpsc.ucalgary.ca

In the proceedings of the 7th International Conference on High Performance Computing (HIPC
2000), India, December 2000, Lecture Notes in Computer Science #1970, pages 355 - 366,

Soringer.

Abstract. Simple andunified non-operationaspecificationof the threemem-
ory consisteng modelsTotal StoreOrdering(TSO),Partial StoreOrdering(PSO),
andRelaxedMemoryOrder(RMO) of SFARC multiprocessorarepresente@nd

proved correct.The specificationsare intuitive partial order constraintson pos-
sible computationsaandarederived from naturalsuccessie wealening of Lam-

port's SequentialConsisteng. The formalismsare then usedto determinethe

capabilitiesof eachmodelto supportsolutionsto critical sectioncoordination
andboth setand queuevariantsof producer/consumeroordinationwithout re-

sortingto expensve synchronizatiorprimitives. Our resultsshav that noneof

RMO, PSOnor TSOis capableof supportinga read/writesolutionto thecritical

sectionproblem but eachcansupportsucha solutionto somevariantsof thepro-

ducer/consumeproblem.Theseresultscontrastwith the two previous attempts
to specify thesemachinesone of which would incorrectlyimply a read/write
solutionto the critical sectionproblemfor TSO, andthe other of which is too

complicatedto be usefulto programmersOur generalframewvork for defining
andproving the correctnes®f the memoryconsisteng modelswaskey in un-

covering the previous error andin achiezing our simplification,and hencemay
be of independeninterest.

1 Intr oduction

Sun Microsystemsintroducedthe three memory memory consisteng models Total
StoreOrdering(TSO),Partial StoreOrdering(PSO),andRelaxedMemoryOrder(RMO).
TSOandPSOwereintroducedn theversion8 architecture[16andretainedn version
9. RMO wasintroducedin the version9 architecture[17]Thesemodelsare specified
axiomatically— somepartial ordersaredefined relationshipdetweerthemarespec-
ified, and an axiom given that determineghe valuesreturnedby reads.Thesespeci-
ficationsare complicatedand not intuitive. Henceit is challengingfor a programmer

* Supportedn partby the NaturalSciencesandEngineeringResearctCouncilof Canadayrant
OGP0041900.
** Supportedn partby aNaturalSciencesandEngineeringResearciCouncilof Canadaloctoral
scholarshippndanizaakWaltonKillam Memorial scholarship.



to be certainof the possibleprogramoutcomesandto determinecorrectand efficient
solutionsto basicprocessoordinationproblems.

Thisdilemmais typical of currentandproposednultiprocessomachinesWealen-
ing the memoryconsisteng modelof a multiprocessystemimprovesits performance
and scalability However, thesemodelssacrificeprogrammabilitybecausehey create
complex behaviors of sharedmemory Without the useof expensve, built-in synchro-
nization, thesemodelsexhibit poor capabilitiesto supportsolutionsfor fundamental
processcoordinationproblems[9]. This leadsprogrammergo aggressiely usethese
formsof synchronizationincurringadditionalperformancéurdenson the system.

Sinceuseof synchronizatiomprimitivesdeteriorateperformancewe aremotivated
to studythe limitations and capabilitiesof weakmemoryconsisteng modelswithout
the use of theseprimitives. If the useof explicit synchronizations avoidable,then
efficient librariesfor certainclassef applicationscanbe built. This would easethe
job of distributedapplicationprogrammersndmalke their applicationanoreefficient.

In this paper we derive a mathematicaldescriptionof the behaior of the three
SFARC variantsin termsof partial order constraintson possiblecomputationsOur
specificationsare surprisinglysimple;eachis a naturalwealeningof SequentialCon-
sisteny (SC)[12]. Becausehey areshortandprecisewe believe they give program-
mersa much improved tool for reasoningaboutthe outcomesof their multiprocess
programsThey alsomake it easierto constructverificationtoolsthatdependon auto-
matedreasoningFinally, thesimplicity of thedescriptiondacilitatesthe comparisorof
the SFARC modelsto eachotherandto several proposedtonsisteng modelsincluding
ProcessoConsisteng[6], CausalConsisteng[1], andJava Consisteng[5, 7].

Our definitionsfor TSO and PSOare provento exactly capturethe machinede-
scription of the version8 architecture(and henceof version9 sincethey are known
to be equivalent).Our RMO definitionis provento exactly capturethe version9 spec-
ification. To achieve our proofswe establisha frameawork for describingoperational
andnon-operationainodelsandatechniquéor proving their equivalence Becauseéhis
framawork is notrestrictedo any particularmachinejt maybeof independeninterest.
We have usedit to prove correctnessf othermodels[9].

We next useour partial order specificationgo study the capabilitiesof the three
SFARC memoryconsisteng modelsTSO,PSO,andRMO to supportsolutionsto fun-
damentaprocesgoordinatiorproblemsawithoutresortingto expensve synchronization
primitives. The processcoordinationproblemsstudiedin this paperare critical sec-
tion coordinationand producer/consumegoordination We distinguishtwo variantsof
producer/consumeroordinationwhosesolutionrequirementgliffer: the setandqueue
variants.Our resultsshowv that the TSO (and hencePSO and RMO) modelis inca-
pableof supportinga read/writesolutionto the critical sectionproblem,but evenRMO
(and hencePSOand TSO) can supportsuch solutionsto somevariantsof the pro-
ducer/consumegproblem.

Capturingthe semanticof the three SFARC memaoryconsisteng modelssimply
andpreciselyhasprovento be surprisinglytricky. Oneearlierattemptto defineTSO
[11] resultedn a definitionthatis muchstrongerthanwhatthis architectureeally pro-
videsandleadsto erroneousonclusionsaboutthe coordinationcapabilitiesof TSO.In
fact,we shaw thatarny program(with only read/writeoperations}hatis correctfor SC



canbe compiledinto an equivalentprogram(with only read/writeoperations}hatis
correctfor this erroneousersionof Total StoreOrdering[10]. To the contrary this pa-
perprovesthatread/writeoperationsareinsufficientto solve certaincoordinatiorprob-
lemsfor TSO.Anotherearlierdefinitionfor Total StoreOrderingis oneof our own that
is alsobasedon partial orders.Thoughit is provedequivalentto TSO[10], it is much
more complicatedthan TSO asdefinedhereandit is not completelynon-operational.
The original operationakpecification®f TSOandPSO[16] arealsocomplex andare
not particularly useful for studyingthe questionsaddressedh this paper The subse-
quentupdateto version9 definitionsandthe extensionto RMO is renavnedfor the
compleity of its mary partial ordersandespeciallyof the valueaxiom. Park and Dill
alsostudythe RelaxedMemory Order[14]. Thegoalof theirwork is averificationtool
for RMO constructedrom the Murg languageratherthana reformulationof the spec-
ifications. Their definition of RMO is taken unchangedrom the SFARC Architecture
Manualv9 .

Section2 containoneof ourmaincontributions— simple,unified,non-operational
modelsof the SFARC TSO,PSOandRMO memoryconsistenciesThe SFARC version
8 machinds overviewedin Section3 in orderto provide the basisof the proofsthatour
non-operationamodelsfor TSO and PSOare correct. Section4 sketchesthis proof
for TSOandoverviewsthe correspondingroofsfor PSOandRMO. Section5 briefly
examinesthe error with the earlierattemptat a simple partial orderto capturethe se-
manticsof TSO.Section6 containsourothermainresultsit establishethepossibilities
andimpossibilitiesfor processoordinationproblemsn SFARC TSO,PSO,andRMO
machinesThe SFARC modelsarecomparedvith othersin Section?.

Thispresentatiomddressesnly readandwrite operationgo variables SFARC ma-
chinessupportmary otheroperationghat affect sharedmemorysuchas swap-atomic
andbarrier(version8) andthe family of membaroperationgversion9). It is straight-
forwardto extendour modelsandour proofsto includetheseoperationsSereral proofs
areomittedhereandotheronly sketched Thefull versionof this paper8] containghe
completemodelsandall proofs.

2 The SPARC Memory ConsistencyModels

This sectiondefinesthree memory consisteng models,called TSO, PSO,and RMO
basedn progressie wealeningof SC.Thedefinitionsreferonly to theorderingof op-
erationsthey arevery simpleandnatural;they donotdependnamachinedescription.
We will seein Section4, however, thatthesedefinitionsdo indeedcaptureexactly the
behaior of the correspondingPARC architectures.

We first summarizethe way thatwe formalize ary memoryconsisteng model. A
multiprocesssystemcanbe modeledasa collectionof processesperatingon acollec-
tion of shareddataobjects.The only shareddataobjectsconsiderecherearevariables
supportingreadandwrite operationsThefull versionof this paper[8] providesthe ex-
tensionto otherSAARC operationsThenotationr (X)v andw(x)u denotesrespectiely,
a readoperationof variablex returningv and a write operationto x of valueu. The
invocation of operation o, is justthe operationwithout its outputvaluedeterminedand
is denotedin(o). A readr(x)v anda readinvocationwith v asyet undeterminedare



distinguishedoy 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 sequencef readandwrite invocations,anda
multiprocess system as a collection of processesogetherwith the sharedvariables.
Henceforth,we denotea multiprocesssystemby the pair (P,J) whereP is a set of
processeandJ is a setof variables.A process computation is the sequencef oper
ationsobtainedfrom the processhy augmentingeachreadoperationinvocationwith
its matchingresponseA system computation is a collectionof processcomputations,
onefor eachprocessLet O beall the (readandwrite) operationsn acomputatiorof a
system(P,J). Then,O|p denotesall the operationghatarein the processcomputation
of processp € P; O|x denotesall the operationghatareappliedto variablex € J; Olw
denotesall the write operationsandO|r denotesall the readoperationsThesenota-
tions arealsocombinedto selectthe combinedrestrictionof operationsFor example,
O|w|x|p is the setof all write operationdy process to variablex.

A sequencef readandwrite operationgo variablex is valid if andonly if eachread
operationn thesequenceeturnsthevaluewritten by themostrecentlyprecedingwrite
operation.Givenary collectionof readandwrite operationgO on a setof variables],

alinearization of O is a (strict) linearorder (O, —L>) suchthatfor eachvariablexin J,

the subsequenc@O|x, —L>) of (O, L)) is valid. For ary relationR, the notations; Rs,
means(s;, ) € R A readoperationis foreign if the valuereturnedby the readwas
written by a procesdifferentfrom the oneinvoking the read. Otherwise,it is called
domestic.

Let O beasetof operationsn acomputatiorof asystem(P,J). Definetheprogram

order, denoted O, M), by 01@02 if andonly if o, follows 07 in the computatiorof
p. Considerthefollowing conditionson o; ando, whereolwozz

same-\ariable: 01, 0 € O|x, for somex € J.
preceding-read 01 € O|r ando; is foreign.
following-write : 0 € O|w.

The RMO partial program order, denoted(O, 1‘3), is the transitve closureof the
relation: (O, &Og) intersectsame-ariable.

The PSO partial program order, denoted(O, ﬂ), is the transitve closureof the
relation: (O, M) intersect(eithersame-ariableor preceding-read).

The TSO partial program order, denoted(O, tiO>), is the transitive closureof the
relation: (O, M) intersecieithersame-ariableor preceding-readr following-write).

Definition 1. Let O be all the operations of a computation C of a multiprocess system
(PJ). Then

CisTSOif there exists a linearization (O,%) such that (O,t;w)) C (G, —L>),
CisPSOif there exists a linearization (O,—L>) such that (O, E)) C (0, —L>),
CisRMO if there exists a linearization (O,%) such that (0, 53) C (O, —L>).

Notice that RMO, whenrestrictedto readsandwrites, is just the well-known con-
sisteny modelknown asCoherencé3].



3 The SPARC v8 Multipr ocessorMachines

In SFARC v8 (a two processversionis in Figure 1) thereis one write-buffer associ-
atedwith eachprocessn the system.The main memoryis single portedwith a non-
deterministicswitch providing onememoryaccessat atime. Whena procesperforms
a write, it is sentto its write-buffer, which is responsibldor committingthe pending
writesto mainmemory The processin the meantimegcancontinueexecuting.Whena
readisissuedby aprocesstheassociateavrite-bufferis checledfor ary pendingwrites
to thesamevariable.If thereis ary suchwrite, thevalue“to bewritten” by thelastsuch
write is returnedIf thereis no suchpendingwrite in the buffer, thereadaccessemain
memoryin the normalmannerTheorderin which the write-buffer commitsthe writes
to mainmemorydifferentiatedetweertwo machinevariantsof the SUN SRARC v8. If

thebuffer is FIFO, the resultingmachineis called Total StoreOrderingandis denoted
Mrso. If it is FIFO only on a pervariablebasis,the resultingmachineis Partial Store
Ordering,denotedMpgy. SFARC v8 doesnotdefinea RelaxedMemoryOrdermachine.

Fig. 1. A two-procesSSFARC architecture

To describethe preciseoperationalbehaior of the SFARC machine,we specify
the sequencef eventsthatis triggeredby eachoperationinvocationandthe rulesthat
constrairhow theseeventsinterleare andinstantiatevariablesThis descriptiorfollows
in a straightforvard way from the descriptionprovided by SUN Microsystemg16].
Becausef pagelimitations,we only provide the detailsfor Mt 0.

The Mtg is a machinethat acceptgeadandwrite operationinvocations,andfor
eachexecutesisequencef events. Mt is specifiedby thetriple (£, I, R ) asfollows.

£, thesetof event types, containdoad-requesipad-reply buffer-store andmemory-
store.A load-request(p,X) is a requestby processp to load the value storedin
variablex. The event load-reply(p,X,V) returnsa value,v, of x to p. The event
buffer-store(p,X,U) is a storerequesty p to x of avalueu; therequests placed
in the store-luffer associatedvith p. A memory-store(p,X,u) commitsp’s request,
buffer-store(p,X,uU), by removing the requestfrom the buffer and applyingit to
mainmemory

I, the implementation function, definesthe sequencef two eventsthat occursfor
eachoperationinvocation.



— A write in Mtg is implementedby the orderedpair that representgplacing the
write in the buffer andlatercommittingit to mainmemory

I(w(X)u, p) = (buffer-store(p,X,U),memory-store (p,X,U))

— A readis implementedby an orderedpair thatrepresent requestor a valuefol-
lowedby returnof therequestedalue.

I(r(X)v?, p) = (load-request (p,x), load-reply(p,X,v?))

Theeventsthatimplementanoperatiorinvocationcorrespond to thatoperatiorand
two sucheventsarematching.

R, the setof machinerules, {pi|1 <i < 4}, furtherrestrictsthe machinebehaior
asfollows. The implementationfunction, I, producesan orderedpair of two events
for eachreador write in (P,J). The setE of all sucheventsoccurin sometotal order

(E, —E>) thatrespectghe orderingof thesepairsandthe additionalconstraints, p2
and pz and hasvariablesinstantiatedaccordingto p4. (E,—) is alsodenotedby =.
Recallthat =% denotegprogramorder

— p1 (buffersare FIFO): Let e; ande; be buffer-storeeventsby the sameprocess.
Also, let €] and€], bethe matchingmemory-storeventsof e; andey, respectiely.
If e1—=e, thene,—»€,.

— p2 (loadsareblocking):Let erepresenaiload-requesande represenits matching
load-replyevent.If thereis an eventé by the sameprocessuchthate—é-=¢,
thené is necessarilya memory-storevent.

— p3(requesbrdermatchegprogramorder):Let 1(in(o1), p) = (e1,€;) and(in(0z), p)
= (e2,6). If 01 2%0, thene,—=se.

— p4 (variableinstantiation):A load-reply(p,X,v?) evente instantiates/? asfol-
lows. If themostrecentouffer-storethatprecedegin =|p|xis buf fer-store (p, X, u)
suchthat its matchingmemory-store(p,x,u) follows e in Z|x, then we have
load-reply (p,X,v?4+ Uu).Otherwiseload-reply (p,X,v?+ u) wherethemost
recentmemory-store@ventthatprecede® in =|X is memory-store (g, X,U).

Call ary suchsequencef events(E, —) thatis generatedy I actingon (P,J) and
satisfying® , an execution of (P,J) on Mtso. An execution,=, of the system(P,J) in-
ducesacomputatiorC= of (P,J) — simplytheonethatattacheso eachreadinvocation
of the systemtheresponsealueof the correspondindpad-replyevent.

4 Correctnesf the SPARC Definitions

This sectionillustratesoneof our proof techniquesy sketchingthe proofthatthe ma-
chine Mtg of Section3 and the memory consisteng model TSO of Section2 are
equialentin the senseof the commutingdiagramin Figure2. Or goalis to prove that
a computationof a system(P,J) could arisefrom anexecutionon Mrg if andonly if

that computationsatisfiesTSO. This goal is achiezed throughtwo lemmas.Let (P,J)

be a multiprocessystemwith readandwrite operationinvocationsIf areadr returns
thevaluewritten by awrite w, r andw aresaidto be causally-related.



Lemma 1. Any computation that is induced by an execution of the system (P,J) on
Mtso isTO.

Proof Sketch: Let O beall theoperation®f acomputatiorC: thatis inducedby anex-
ecution= of thesystem(P, J) on M. First,construcasequencef operations from
= asfollows. For eachload-reply(—,Xx,v) (respectiely, memory-store(—,X,u))
eventin = placear(x)v (respectiely, w(x)u) operationin X, with readandwrite oper
ationsorderedn X asthecorrespondindpad-repliesandmemory-storegreorderedn
=. For areadthatcompletedat main memory the correspondindpad-replyinstantiates
its parametewrariableaccordingto a precedingnemoryevent. So, this constructiorof
X guaranteeshat sucha read(domesticor foreign) follows its causally-relatedvrite.
This doesnot hold for a readthat correspondgo a load-replythat completedat the
buffer level. Suchareadprecededts causally-relatedvrite in X, violating bothvalidity
and-%. Becauséts causally-relatedvrite is (necessarilypppliedto the samevariable
astheread,theprogramorderof suchawrite followedby thatreadmustbe maintained
in =2 (same-ariablecondition).Now we adjustX by moving the domesticreadsthat
violate validity asfollows. Initially, mark every domesticreadoperationin X asunvis-
ited. IteratethroughX examiningeachurvisiteddomesticreadoperationo in turn. Let
ebeo’'scorrespondindoad-replyeventin =. Let € bethememoryeventin = suchthat
e returnsthe value written by €. By constructionof X, € hasa correspondingvrite
operationd’ in X. If o precede® in X, thenmark o asvisited and continuewith the
first unvisitedreadin X. If o’ followsoin X, thenmove o in X suchthatit immediately
followsthelatestof o’ or thelastmovedreadoperationMark o asvisited,andcontinue

with the first urvisited readin X. Finally, define (O, —L>) to be this adjustedX. The
proof proceeddiy shaving with careful caseanalysisthat (O, —L>) is a linearization

tso,
thatextends(O, —). .
10 e
® PO {ch=1{cz}
Mrso Mpso induced
computation
Partial Order | total order extension | =}
onE instantiation (v?+ v) =

Fig. 2. Proving thecorrectnessf TSOandPSO

Lemma 2. Any TSO computation of the system (P, J) isa computation induced by some
execution of the system (P,J) on Mrso.

Proof Sketch: LetC beaTSOcomputatiorof system(P,J). We construcainexecution
= of (P,J) onMr g thatinduceshecomputatiorC. Let O beall theoperationsesulting
fromC.



Giventhe linearization(O, —L>) guaranteedy Definition 1 (for TSO), first con-
structa sequenceX of operationsasfollows. Initially X is empty For eachprocessp
computatiorof C, maintaina pointerp thatinitially pointsatthefirst operationin p’s
computationlf |, pointsat o, thenwe say|p = o. Similarly, maintainthe pointer}_

to operationdn (O,—L>). Initially, | pointsat the first operationin (O,%). When
thereareno moreoperationgo considelin asequences, we sayls =1. Also, advanc-
ing Js meanghe pointeris incrementedo point at the next operationin s. Initially, all
operationsaareunmarked. Let 6 denotethe marked copy of operatioro.

Repeatuntil || =1:
If {L =o€ O|pfor somep, and|p = othen
Appendo to X. Advanceboth |, andp.
Else-if L = 0 € O|p andois unmarledbut |, = 0’ # o then
Appendo’ to X, andrecordo’ asmarked (denotedy). Advancel, only.
Else( )L = oandois marked)
If oisawrite, then append to X.
Advance], .

In eachiterationof therepealoop, either), is advancedr anoperationn (O, —L>)
is marked, and no operationis marked more than once.Furthermore,|, always ad-
vancesover marked operationsThereforethis proceduregerminatesfor finite compu-
tations.Noticethatsomewritesareduplicatedn X with theunmarledcopy preceding
the marked one. At theend(when|, =1), if therearewrite operationghat have not
beenduplicatedin X, thenfor eachsuchwrite o inserta marked copy 6 immediately
aftero.

Now, construct= from X as follows. Iterating through X, considereachopera-
tion o. If o is ar(x)v by p, thenappendto = load-request (p,x) immediatelyfol-
lowed by load-reply(p,x, V). If 0is aw(x)u by p, thenif o is unmarled, append
buffer-store(p,X,u) to = andif ois marked,appendremory-store (p,X,u) to =.

To completethe proof, we needto shav thatexecution= complieswith 7 and®_ of
Mrso. Thisis achiezedwith a seriesof sublemmasndcasestudiesasgivenin the full
versionof this paper8]. ]

Lemmasl and2 togetherimply:

Theorem1. A computation isinduced by an execution of the system (P, J) on Mt if
and only if it is TSO.

Thecorrectnessf our definitionof PSOis provedsimilarly to thatfor TSO[10].

To shaw thatour definitionof RMO is correctrequiresa differentstrategyy because
RMO is not definedasa machine Rather RMO is introducedin SFARC v9 [17] and
specifiedby a complicatedseriesof definitions.Again, let O be all the operationof a
computationof system(P, J). First a dependence order is definedon O asathree-part
restrictionof programorder Thenmemory order is definedasa total orderon O that
extendsthe unionof arestrictionof dependencerderanda differentrestrictionof pro-
gramorder Finally, a value axiom determinedrom the memoryorderhow the value



returnedby areadis relatedto the valuewritten by awrite. In thefull versionof the pa-

per[8], we showv thatsuchamemoryorderexistsif andonly thereis adifferentorderon

O thatis both a linearizationandthat maintainsprogramorderon a pervariablebasis.
Hencetheformal specificatiorof RelaxedMemoryOrdergivenby SUN Microsystems
[17] is equivalentto thatof Definition 1.

5 A Small Changewith a Huge Consequence

Kohli et al. attemptedio provide a non-operationatiefinition for Total Store Order
ing [11]. We referto their definition by TSO-K. TSO-K differsfrom TSO only in the
preceding-readondition,which appliesto all readsratherthanjust foreignreads.The

K-partial program order, denoted(O, ﬂ), is the transitive closureof the relation:
01@}02 intersect(o1,0z € O|x, for somex, or 01 € OJr or 0z € O|w). Kohli etal. de-
finedtheTotal StoreOrderingmodelfrom thepointof view of processebut adefinition
equialentto theirsis asfollows (se€[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,%) such that (O,@)) C

(0,—3).

Definition 2 doesnotcaptureT SOsemanticsln fact, TSO-Kwould have substantial
implicationson the processcoordinationcapabilitiesof the SFARC architecture(see
[10] for proof).

Theorem 2. Let P denote a multiprocess program that uses just reads and writes to
variablesin J, and let P’ 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
P. Then any computation of (?’,J) on a TSO-K system has exactly the same outcome
as some computation of (?,J) on a SC system.

Thereare several solutionsto the critical sectionproblemfor SC machineausing
only readand writes of sharedvariables.Thesecan be automaticallycompiledinto
solutionsfor machinessatisfying TSO-K, using the techniqueof Theorem2 [10,8].
This compilationwill not work if the target machinesatisfiesonly TSO becausehe
addedreadscould be domesticandthusimposeno additionalorderingconstraintsin
fact,aswill beconfirmedn Section6, thereis nosolutionto thecritical sectionproblem
usingonly readsandwritesfor machinesatisfyingonly TSO.

6 ProcesgCoordination for SPARC multipr ocessors

6.1 Critical SectionsCoordination

In the Critical SectionProblem(CSP)[15], (alsocalledthe Mutual ExclusionProblem)
asetof processesoordinateo sharearesourceEachprocessepeatedigyclesthrough
the four procedures<remainder-, <entry>, <critical section>, <exit> suchthat



(1) Mutual Exclusion: At ary timethereis atmostoneprocessn its <critical section>
and(2) Progress: If atleastoneprocesss in <entry>, theneventuallyonewill bein
<critical section>.

We denotea CSPproblemby CSP ) wheren > 2 is thenumberof processem the
system.

Theorem 3. There does not exist an algorithm that solves CSP(n) for TSO, for any
n>2.

Proof Sketch: Assumethatthereis an algorithm A that solves CSPg) for TSO for
somen > 2. If A runswith processop in <entry> andprocessoq in <remainder
andthe otherprocessorsot participating thenby the Progresgproperty p mustenter
its <critical section> producinga partial computationof the form of Computationt,
whereA denoteghe emptysequencvandoip denoteg'sith operation.

. p p p . . . o, . .
. p:0;,05,...,0, (pisinits < critical section>)
Computation 1 { q:A

Similarly, if A runswith g's participationonly, Progresgjuaranteethat Computa-
tion 2 exists.

Computation 2 {q 107,05,...,00 (gisinits < critical section >)

Now, computationd and?2 areusedto constructComputation3 whereboth p and
g areparticipating,andboth arein their <critical section>. By shaving that Compu-
tation 3 satisfiesT SO, we reacha contradictionbecausélutual Exclusionis violated.

p: oé’,oé’,...,oéf (pisinits < critical section >)

Computation 3 {q :07,0,,...,0 (gisinits < critical section>)

To seethat Computation3 satisfiesTSO, imaginea situationwherep andq enter
their critical sectionsbeforethe contentsof their store-luffers are committedto main
memory So, the domesticreadsby g completeat the buffer level, while foreignreads
necessarilyeturninitial values.

Moreformally, constructasequences, of operationsasfollows. Initially, S= A. Set
sequence) to be g's computation(o],03---,0/). Examineeacho{! in Q in orderfrom
i=1ltol.If oiq is aforeignread,appencbiq to Sandremoveit from Q. Whenthereare
noforeignreaddeft in Q, appendo S p's computation(of, 0, - - -, of). Finally, append
Q (with foreignreadsremoved)to S.

10



Define(O,—L>) to beS. (O, —L>) consistsof threesggments Thefirst consistsen-
tirely of foreign readsby q, the secondconsistsentirely of p’'s computationandthe
third consisteentirely of g's computatiorminusoperationsn thefirst segment.

It is straightforvardto checkthat (O, —L>) is alinearization.To seethat (O, —L>)
satisfiesT SO,notefirstthat(O|p, %) =(Olp, @}). Consequently(O|p, tic’>) C (Olp,

—L>). Second programorderis maintainedin the first sggmentby constructionand
alsoin the third sgment.Finally, eachreadmovedto the first sggmentis foreignand
returnstheinitial value.Therefore sucha readis not precededn g's computationby
ary writesto the samevariable.Sothemovedreadsdo notviolate (O, tio)). Therefore,

(O, ti°>) C (0, —L>). Thus,ComputatiorB satisfiesTSO. ]

Sincetheprecedingmpossibilityresultmadeno assumptiormboutfairnesor about
size of variables,it implies impossibility even of unfair solutionsor solutionsusing
unboundedrariables.

6.2 Producer/ConsumerCoordination

Producer/Consumg?] objectsarefrequentlyusedfor processcoordination.The pro-
ducer(respectiely, consumer)s a processhat repeatedlycyclesthroughthe proce-
dures<entry>, <producing> (respectiely, <consuming>), <exit>. Let mandn be,
respectiely, thenumberof produceiandconsumeprocessediVe distinguishtwo prob-
lemsthe solutionrequirement®f which vary: the producer/consumer set problem,de-
noted PyC,-set, and the producer/consumer queue problem,denotedP,C-queue.A
solutionto PCy-setmustsatisfy(1) Safety: Every producedtemis consumeaxactly
once,andevery consumedtem is producedexactly once,and (2) Progress. If a pro-
ducer(respectiely consumerjsin <entry>, thenit will eventuallybein <producing>
((respectiely <consuming>) andsubsequentlyn <exit>. A solutionto P,Cy-queue
mustsatisfy Safety Progressand(3) Order: Consumptiorordermustrespecthe pro-
ductionorder, wheretheseordersaredefinedasfollows. Iltem x precedes in production
order itemy if the productionof x completesheforethe productionof y begins. Con-
sumptionorderis definedsimilarly.

Impossibilities:  The generalqueueproblemsP,C,-queue,P1Cy-queue,or PyCi-
queueareunsohablefor TSO,PSO,andRMO without usingexplicit synchronization.
The proof of thefollowing theoremis very similar to thatof Theorems3.

Theorem4. There does not exist an algorithm that solves P \Ch-queue or P Ch-queue
for TSO when m+n> 3.

Possibilities  Proofsof the following theoremsarein the full versionof the paper
(8].

Theorem5. Thereisa single-writer solution for P;C;-queue for TSO (which fails for
PSO and hence RMO).

Theorem 6. There is a multi-writer solution for P;C;-queue for RMO (and hence for
PSO and TO).

Theorem7. PyCy-setis solvable for RMO (and hence for TSO or PSO).
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7

SPARC Modelsversusother ConsistencyModels

In thefull paperf8] we comparer SO,PSOandRMO with otherknawn memorymod-
elsincluding Weak Ordering(WO) [3], Java[5, 7], CausalConsisteng (CC) [1], Pro-
cessoiConsisteng (PC-G)[6], andPipelined-RandomccessMachine(P-RAM) [13],
Coherencé3], andSequentiaConsisteng (SC)[12]. A summaryof thesecomparisons
is givenin Figure3 In this figure,an arrov from model A to model B meansthatthe
constraintof A imply thoseof B.

SC
TSO
PSO

P- RAM

Coherencs RMO /

Java

Fig. 3. RelationshipdhetweerSFARC modelsandothermodels
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