
De�ning and Comparing Memory Consistency Models�yLisa Higham, Jalal Kawash, and Nathaly VerwaalDepartment of Computer Science, The University of Calgary, Calgary, Alberta, Canadaemail:<last name>@cpsc.ucalgary.caAbstractBecause multiprocessors implement sophisticatedmemory structures in order to enhance performance,processes can have inconsistent views of memorywhichmay result in unexpected program outcomes. A mem-ory consistency model is a set of guarantees that de-scribes constraints on the outcome of sequences of in-terleaved and simultaneous operations in a multipro-cessor. In this paper, we present a unifying frameworkto describe, understand, and compare memory consis-tency models. The framework is used to rede�ne andcompare several widely used consistency models.Key Words: memory consistency models,TSO,PSO.1 IntroductionIn order to enhance performance, multiprocessorstend to implement sophisticated memory structures.These memoriesmay replicate data through constructssuch as caches and write bu�ers. Furthermore, thetime required to access a data object may vary be-tween processes and between objects. Any of thesearchitectural features allow processes to have incon-sistent views of memory, which, in turn, can result inunexpected program outcomes.A memory consistency model is a set of guaranteesdescribing constraints on the outcome of sequences ofinterleaved and simultaneous operations. Fewer guar-antees allowmore performance optimizations but yieldmachines that are very complex to understand andprogram. It is thus essential to provide multiprocessorprogrammers with a precise description of the memorymodel of the underlying machine.Several memory consistency models have been de-scribed in the literature. These descriptions arisefrom a wide variety of sources including architecture,� c
1997 ISCA. Published in the Proceedings of PDCS'97,October 1997 in New Orleans, USA.yThis research was supported in part by the Natural Sciencesand EngineeringResearchCouncil of Canada in the form of trustfunding and a post-graduate scholarship.

system, and database designers, application program-mers, and theoreticians. These descriptions use di�er-ent types and degrees of formalism and hence are dif-�cult to compare. Others are informal and sometimesambiguous. There is no single uni�ed formalizationthat describes the memory models addressed in theliterature or provided by several existing machines.In this paper, we present a unifying framework todescribe, understand, and reason about memory con-sistency models. Precision is essential for providing anunambiguous view of the logical behaviour of a mem-ory system. Uni�cation provides a common basis bywhich memory consistency models can be compared.The framework is de�ned in Section 2. Sections 3and 4 use the framework to rede�ne and compare sev-eral widely used memory consistency models. In Sec-tion 3, we look at linearizability [10], sequential con-sistency [14], coherence [9], pipelined-RAM [15], andprocessor consistency [9]. Section 4 addresses mod-els that make distinctions between kinds of accesses.These include SPARC's total store order and partialstore order machines [18], and weak consistency [2].Section 5 provides a summary and directions for fur-ther research.2 The ModelOur goal is to have a framework that applies to anymultiprocessor system of processes whether message-passing or shared-memory or any hybrid of the two.For any distributed system, this framework should becapable of describing the exact behaviour of the mem-ory of that system. As shown in �gure 1, we wish tomodel a multiprocessor system as a collection of pro-cesses operating on a collection of shared data objects.Informally, the program of each process issues astream of invocations to a collection of abstract ob-jects and receives a collection of responses that, fromthe process's point of view, are interleaved with itsstream of invocations. We do not specify how the ob-jects are implemented, how the communication pro-
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n Figure 1: A multiprocessor systemceeds or how the invocations are serviced. Insteadwe precisely de�ne the constraints that the memorysystem imposes on the invocations and responses ob-served by each process. This is achieved by formalizingobjects, processes, executions and the constraints onthese executions.One way to de�ne a data object is to describe theobject's initial state, the operations that can be ap-plied to the object and the change of state that resultsfrom each applicable operation. For our model it suf-�ces to de�ne a data object to be the set of all sequenceof allowable operations together with their results, asfollows. An action is a 4-tuple (op, obj, in, out) where\op" is an operation, \obj" is an object name, and\in" and \out" are sequences of parameters. The ac-tion (op, obj, in, out) means that the operation \op"with input parameters \in" is applied to the object\obj" yielding the output parameters \out". A (data)object is speci�ed by a set of sequences of actions. Asequence of actions is valid for object x if and only ifit is in the speci�cation of x. For example, we spec-ify a shared atomic read-write register by the set ofall sequences (o1; o2; :::) such that 1) each oi is eithera read action, denoted by a four-tuple (R; x; �; (vi))1,that returns a value vi of register x, or a write action,denoted (W;x; (vi); �), that assigns a value vi to regis-ter x, and 2) for every read action, the value returnedis the same as the value written by the most recentpreceding write action in the sequence.An action (op, obj, in, out) can be decomposed intotwo matching components, namely (op, obj, in) and(op, obj, out). The component (op, obj, in) is calledthe action-invocation and (op, obj, out) is the match-ing action-response. Given an action o = (op, obj, in,out), the action-invocation components of o are de-noted invoc(o), and the action-response componentsare denoted resp(o). An event is either an action-invocation or an action-response. Let (e1; e2; :::) be asequence of events. Then event ej follows event ei1� denotes the empty sequence.

if and only if i < j and event ej immediately followsevent ei if and only if i = j � 1.A process is a sequence of action-invocations.A (multiprocess) system, (P; J), is a collection P ofprocesses and a collection J of objects, such that forevery process p 2 P the action-invocations of p areapplied to objects in J .A process execution is a (possibly in�nite) sequenceof events, such that each response event follows itsmatching invocation event. A (multiprocess) systemexecution for a system (P; J), is a collection of processexecutions, one for each p 2 P .Note that an operation applied to an object maynot produce an explicit output. (For example, anatomic write of a register by a process may not befollowed by an acknowledgment of that write and thusthe output component of the write action is empty.)We assume however, that in a process execution, eachinvocation event is followed by a matching responseevent by augmenting the stream of response eventswith implicit acknowledgement events for each invo-cation that does not have an explicit response. Weplace these implicit responses immediately followingthe matching invocation, thus re
ecting the semanticsof the process | that the invocation is assumed to beimmediately executed. A process execution is blockingif each response event immediately follows its match-ing invocation event.A system execution gives rise to a set of actions| namely the set of actions that result from combin-ing each action-invocation with its matching action-response.A timed-action on an object is a 6-tuple (op, obj, in,input-time, out, output-time) obtained by augmentingan action with the process's local time for the invo-cation and the response of the action. For a timed-action o, time(invoc(o)) (respectively, time(resp(o)) )denotes the input-time (respectively, output-time) ofthe timed-action.Let (P; J) be a multiprocess system, and O be theset of actions that result from an execution of thissystem. Ojp denotes the set of actions o 2 O suchthat invoc(o) is in the sequence of action-invocationsthat de�nes p in P . Ojx is the set of actions that areapplied to object x in J .We de�ne two partial orders on the actions of a sys-tem. Action o1 program-precedes o2, denoted o1prog�!o2,if and only if invoc(o2) follows invoc(o1) in the def-inition of p. The partial order (O; prog�!) is calledthe program order. Let o1 and o2 be timed-actionsin O. A timed-action o1 time-precedes action o2,denoted o1time�!o2, if and only if time(invoc(o2)) >2



time(resp(o1)). The partial order (O; time�!) is calledthe time order. Observe that for each process p 2 P ,the program order is a total order on Ojp.For the de�nition of somememory consistency mod-els it is necessary to distinguish the actions that change(write) a shared object from those that only inspect(read) a shared object. Let Ow be that subset of Oconsisting of those actions in O that update a sharedobject, and Or be that subset consisting of the ac-tions that only inspect a shared object. There are alsosome consistency models that provide other synchro-nization operations. Their corresponding actions arede�ned when needed.Given any set of actions O on a set of objects J , alinearization of O is a linear order (O;<L) such thatfor each object x 2 J , the subsequence (Ojx;<L) of(O;<L) is valid for x.In the following sections, we de�ne various consis-tency conditions by stating restrictions on executions.An execution E meets some consistency condition Cif the execution meets all the conditions of C. A sys-tem provides memory consistency C if every executionthat can arise from the system meets the consistencycondition C 2.3 Memory Consistency ModelsThe literature describes many consistency condi-tions. The strongest, linearizability, is usually as-sumed by theoreticians designing distributed algo-rithms. One of the weakest, coherence, is typicallyassumed to be a necessary requirement of any reason-able machine. Numerous others fall between these twoextremes and often are incomparable. We have chosena selection here to illustrate the appropriateness and
exibility of our framework.In the following example executions w(x)v denotesa write of value v to variable x. Similarly, r(x)v de-notes a read from x returning v. We write the processidenti�er as a pre�x for its own execution. Sometimes,we write wp(x)v or rp(x)v to emphasize that these op-erations are performed by process p.3.1 LinearizabilityLinearizability, the strongest correctness conditionin the literature, was de�ned by Herlihy and Wing[10]. Mosberger calls linearizability dynamic atomic2The de�nitions of the various memory consistency modelsare given assuming that the multiprocess system terminates.They can be extended so that they apply to long-lived systemsby using ideas similar to those of Herlihy and Wing [10, 17].

consistency [16]. An execution is linearizable if there isan assignment of each action to one distinct point afterthe action invocation, and before the action responseon the time line such that the resulting sequential viewof this execution is valid for each object.
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 w(x)1  w(x)2 r(x)3

 r(x)2 w(x)3Figure 2: Linearizable sequence of actionsThe execution in �gure 2 shows an execution of thesystem with P = fp; qg and J = fxg that is lineariz-able. Notice that because the time interval of the r(x)2overlaps that of both w(x)1 and w(x)2 other total or-derings may be considered but only the one indicated(by the projected dashed lines) in �gure 2 is valid forobject x (assuming x 6= 2 initially).De�nition 3.1 Let O be the set of actions that re-sults from an execution E of the multiprocess system(P; J). Then E is linearizable if there is a lineariza-tion (O;<L) satisfying:1. (O; prog�!) � (O;<L), and2. (O; time�!) � (O;<L).Herlihy and Wing require that each process's execu-tion is blocking, de�nition 3.1 extends to non-blockingexecutions while agreeing with the de�nition of Her-lihy and Wing when the execution is blocking.3.2 Sequential ConsistencySequential Consistency (henceforth abbreviatedSC), de�ned by Lamport [14], is the most widely usedmemory consistency model. According to Lamport:\A multi process is said to be sequentially consis-tent if the result of any execution is the same as ifthe actions of all the processes were executed in somesequential order, and the actions of each individualprocess appear in this sequence in the order speci�edby its program."SC is a weaker model of correctness than lineariz-ability because the real time ordering of events doesnot have to be maintained. However, it must be pos-sible to list all actions by all processes in the systemin one linear order (a linearization) that agrees with3



program order. Several other papers [4, 10, 9, 16] de-scribe the same consistency condition possibly undera di�erent name or using di�erent de�nitions.De�nition 3.2 Let O be the set of actions that re-sults from the execution E of the multiprocess system(P; J). Then E is sequentially consistent if there is alinearization (O;<L) such that (O; prog�!) � (O;<L).Dubois, Scheurich and Briggs de�ne strong orderingas a su�cient condition for SC [5] and Goodman statesthat \A system that adheres to this level of consistencyis said to be a strongly ordered system" [9]. However,Adve and Hill show that strong ordering and SC aresimilar, but are not equivalent [2].3.3 CoherenceCoherence, also called cache consistency, is amongthe weakest consistency conditions. Goodman statesthat coherence \only guarantees that accesses to agiven memory location are strongly ordered" [9]. Sim-ilarly, Mosberger indicates that \Coherence only re-quires that accesses are SC on a per-location basis"[16]. These descriptions imply that an execution iscoherent if, for each location, all read and write ac-tions to that location can be ordered such that theresulting sequence is valid and that program order ismaintained.De�nition 3.3 Let O be the set of actions resultingfrom an execution E of the multiprocess system (P; J).Then E is coherent if for each object x 2 J there issome linearization (Ojx;<Lx) satisfying (Ojx; prog�!) �(Ojx;<Lx).Execution 1 gives an example of an execution thatis coherent but not SC. The linearizations for objectsx and y are <Lx = w(x)0 r(x)0 w(x)1 and <Ly =w(y)0 r(y)0 w(y)1. However, there is no linearizationof all these actions that maintains the program order.Execution 1 � p : w(x)0 w(x)1 r(y)0q : w(y)0 w(y)1 r(x)0Often coherence is described as a system where allprocesses view all the write actions to the same lo-cation in the same order [1, 8, 13] , or \all writes tothe same location are serialized in some order and areperformed in that order with respect to any proces-sor" [8]. With the assumption that program order ismaintained, this alternate de�nition is equivalent tode�nition 3.3 [17].

3.4 Pipelined-RAMLipton and Sandberg de�ned the Pipelined Ran-dom Access Machine (P-RAM) model of memory con-sistency [15]. Whereas coherence orders actions fromthe point of view of each object, P-RAM orders allactions from the process's point of view. Each processonly \sees" all of its own actions and other process'swrites. In P-RAM there must be, for each process, alinear ordering of its actions and all others' write ac-tions that maintains program order and is valid. Thisdoes not mean that all processes will order all actionsin the same way since the interleaving of the actions bydi�erent processes can be perceived di�erently by eachprocess. P-RAM was introduced to capture a modelwhere each process has a local copy of the memory.The propagation of writes to the processes could causewrites to arrive in di�erent orders [16].The following de�nition is based on that of Ahamedet al. [4] but reformulated using our framework:De�nition 3.4 Let O be the set of actions that resultsfrom an execution E of the multiprocess system (P; J).The execution E is P-RAM if for each process p 2P there is a linearization (Ojp [ Ow; <Lp) satisfying(Ojp [Ow; prog�!) � (Ojp [Ow; <Lp).Execution 1 is P-RAM as well as coherent. Execu-tion 2 is P-RAM but not coherent.Execution 2 � p : w(x)0 r(x)1q : w(x)1 r(x)0Let <p = w(x)0 w(x)1 r(x)1 and <q = w(x)1w(x)0r(x)0. Then <p (respectively, <q) is a linearization ofthe actions by p (respectively, q) together with all thewrite actions, which maintains program order. Hencethis execution is P-RAM. Since it is not possible toconstruct a linearization of all the actions to locationx that maintains program order, it is not coherent.Execution 3 � p : w(x)0 w(x)1 w(y)2q : r(y)2 r(x)0Execution 3 is coherent but not P-RAM. Let thelinearization for the objects be: <Lx = w(x)0 r(x)0w(x)1 and <Ly = w(y)2 r(y)2. Both these lineariza-tions maintain program order and thus the executionis coherent. It is, however, not possible to constructa linearization for the actions by q together with thewrites by p that extends program order, and hence theexecution is not P-RAM. These two examples showthat P-RAM and coherence are incomparable consis-tency conditions.4



3.5 Processor ConsistencyThe term Processor Consistency (PC) was �rst usedby Goodman [9] to capture a consistency conditionthat is stronger than coherence but weaker than SC.Many others [4, 8, 13, 16, 7] have used the same term tode�ne memory consistency models that have in com-mon Goodman's original intentions, but that di�er insubtle ways. We are preparing a separate work toreveal the relations and di�erences between these dif-ferent versions of PC [11]. In this paper, we limitour discussion to the original de�nition by Goodman(denoted PCG). All PC de�nitions guarantee at leastcoherence, but are weaker than SC. In addition to co-herence, Goodman3 required [9]:\ the order in which writes from two processes oc-cur, as observed by themselves or a third process neednot be identical, but writes issuing from any processmay not be observed in any order other than that inwhich they are issued."Goodman allows the interleaving of writes by twodi�erent processes to be viewed di�erently by each pro-cess, as long as program order and coherence is main-tained. Again, the following de�nition is similar tothat of Ahamed et al. [4].De�nition 3.5 Let O be the set of actions that resultfrom an execution E of a multiprocess system (P; J).Then E is Processor Consistent according to Good-man if for each process p 2 P there is a linearization(Ojp [Ow; <Lp) satisfying1. (Ojp [Ow; prog�!) � (Ojp [Ow; <Lp), and2. 8q 2 P (Ow \Ojx;<Lp) = (Ow \Ojx;<Lq)By comparing this de�nition with de�nition 3.3 itis easily con�rmed that PCG implies coherence [17].Execution 4 � p : w(x)1 w(y)1 r(y)0q : w(y)0 w(x)0 r(x)1Consider execution 4. The following linearizations<Lp = wp(x)1 wp(y)1 wq(y)0 rp(y)0 wq(x)0 and<Lq = wq(y)0 wq(x)0 wp(x)1 rq(x)1 wp(y)1 show thatexecution 4 is P-RAM. However, it is not possible tobuild linearizations for p and q such that they agreeon the ordering of write actions to the same loca-tion; therefore, execution 4 is not PCG. Furthermore,the �rst condition of PCG is exactly the de�nition of3Goodmanuses the termweak ordering instead of coherence.In the literature, weak ordering usually refers to a di�erent con-sistency model.

P-RAM. Therefore PCG is strictly stronger than P-RAM.Although PCG implies both P-RAM and coherence,an execution that is both coherent and P-RAM is notnecessarily PCG as illustrated by execution 5.Execution 5 8<: p : w(x)0 w(y)0q : r(y)0 w(x)1r : r(x)1 r(x)0For each location there is a linearization (Ojx;<Lx)that maintains the program order. In execution 5, let<Lx = w(x)1 r(x)1 w(x)0 r(x)0 and let <Ly = w(y)0r(y)0. These are linearizations for each object thatmaintain program order. Now consider the sequences:<Lp= w(x)1 w(x)0 w(y)0, <Lq= w(x)0 w(y)0 r(y)0w(x)1, and <Lr= w(x)1 r(x)1 w(x)0 r(x)0 w(y)0.These linearizations establish that the execution is P-RAM. However, notice that it is necessary to changethe order in which the writes to location x were per-ceived by q and r to get a linearization for each. Inorder for an execution to be PCG, the writes to thesame object must be perceived by each process in thesame order as given by the linearization for that ob-ject. Therefore, execution 5 is not PCG.Finally, execution 1 is PCG, establishing that PCGis strictly weaker than SC.4 Hybrid ModelsHybrid models distinguish operations according totheir function. Operations are classi�ed as special orordinary. Special operations may be divided into syn-chronization or non-synchronization. Synchronizationoperations may be further classi�ed into acquires andreleases. Further classi�cation has been proposed [6].These models aim at utilizing system optimizationswhile still appearing sequentially consistent to the pro-grammer. This is achieved by requiring the program-mer to (sometimes conservatively) label program op-erations according to their classi�cations. Gharachor-loo et al.[6] used this idea in what they called theprogrammer-centric approach. In this paper, only thememory models themselves are explored without con-sidering the programming style.The hybrid models described in this section areweak consistency, and SPARC's total store orderingand partial store ordering. More hybrid models havebeen proposed in the literature. These include DRF0[2], DRF1 [3], release consistency [8, 7], PLSC [8], andPLPC [6]. These models can be similarly describedusing our framework.5



The formal de�nitions of the hybrid models mightseem overly complex, especially compared to more in-formal de�nitions. However, the subtle problems thata programmer encounters in systems that implement ahybrid memory model are underlined by these formalde�nitions, and hidden by more informal de�nitions.4.1 Weak ConsistencyDubois, Scheurich and Briggs were the �rst topropose weak consistency (WC) [5] (Adve and Hillcall it weak ordering [2]). A WC system distin-guishes between ordinary and synchronization oper-ations, and guarantees minimum constraints for eachclass. The synchronization operations must satisfy se-quential consistency, and all processes must view anordinary action before (respectively after) a synchro-nization action if they are ordered so in program order.Gharachorloo et al. [8] de�ne WC as follows:1. before an ordinary LOAD or STORE access isallowed to perform with respect to any other pro-cess, all previous synchronization accesses mustbe performed, and2. before a synchronization access is allowed to per-form with respect to any process, all previous or-dinary LOAD and STORE accesses must be per-formed, and3. synchronization accesses are sequentially consis-tent with respect to one another.In addition, Gharachorloo implies that WC maintainscoherence and that each process views its own opera-tions in program order.The de�nition of WC using our framework follows.Let Osynch denote the set of synchronization actions.Let E be a coherent execution of system (P; J) withresulting set of actions O, and 8x 2 J let (Ojx;<Lx)be the linearization guaranteed by coherence. De�neo1weak<Lx�! o2 by o1<Lxo2 and one of fo1; o2g is a readaction and one is a write action. De�ne o1weak�prog�! o2by o1prog�!o2 and at least one of fo1; o2g is a synchro-nization action. Now de�ne 8o1; o2 2 O o1 wc7�!o2 i�either1. o1weak�prog�! o2 or2. 9o0 2 O such that o1weak�prog�! o0weak<Lx�! o2 or3. 9o0 such that o1 wc7�!o0 wc7�!o2.

De�nition 4.1 Let O be the set of actions that resultfrom an execution E of a multiprocess system (P; J).Then E is weakly consistent if for each process p 2 Pthere is some linearization (Ojp [Ow; <Lp) satisfying1. (Ojp; prog�!) = (Ojp;<Lp), and2. 8q 2 P (Ojx \Ow; <Lp) = (Ojx\Ow; <Lq), and3. (Ojp [Ow; wc7�!) � (Ojp [Ow; <Lp), and4. 8q 2 P (Ow \Osynch; <Lp) = (Ow \Osynch; <Lq)4.2 SPARC v8The SPARC v8 [18] architecture implements, se-lectively, two memory models: Total Store Order-ing (TSO) and Partial Store Ordering (PSO). SPARCmultiprocessors utilize store bu�ers; one is associatedwith each processor in the system. Each bu�er oper-ates in parallel with the processor, which does not wait(block) for a store to be committed to main memory.Instead, the processor inserts the store into the bu�er(we call this a bu�er store). The store bu�er subse-quently commits pending stores to main memory (wecall this a memory store). The order in which bu�erstores are committed to main memory di�erentiatesbetween TSO and PSO. When the bu�er behaves as aFirst In First Out (FIFO) queue, the model is calledTSO. The model is PSO, when it is only guaranteedthat stores performed to the same location are sent tomain memory in FIFO order. In both models, when aload to location, say l, is executed, the processor's ownstore bu�er is consulted to see if the latest store to l isstill pending. In this case, the load returns the valueto be written by that pending store to l. If the bu�ercontains no stores to l, main memory is accessed.In SPARC, main memory accepts one memory ac-tion at a time. A bus (or a nondeterministic switch)serves one processor memory request at a time. Thisensures that memory stores of the store bu�ers areexecuted sequentially4.TSO and PSO both include the special operationswap atomic [18], which is both a load and a store.Since it has write5 semantics, it is thrown into thebu�er as any other store, and since it has read seman-tics, every other following load has to wait until the4Overlapping loads or bu�er stores by two processors canbe assumed to occur in an arbitrary sequential order since theoutcome of the computation would be una�ected by such se-quentialization.5The architecture of the SPARC v8 is described in terms ofloads and stores. We specify constraints on executions in termsof reads and writes.6



swap completes (commits to mainmemory and returnsthe loaded value). Thus, a swap atomic in TSO blocksthe processor and 
ushes the store bu�er.PSO also includes an additional special action, astore barrier, which is also inserted into the store bu�er[18]. This fence instruction is used to impose addi-tional constraints on the ordering of stores. No storeissued after (in program order) a store barrier is al-lowed to complete before a store that is issued before(in program order) the barrier. Let (Ow;writes�! ) be atotal order on all the writes of an execution ordered inthe same order as the corresponding memory stores.Each processor \sees" writes by other processors. Thewrites of a processor p, however, are visible to p (asbu�er stores) before they are visible to other proces-sors. It is also possible that a write by some otherprocessor is invisible to p. This happens if there is alocation l and processor q, such that the following se-quence takes place in this order: p bu�er stores a valuev to location l, q memory stores v0 to l, then, pmemorystores v to l. In this case, the write by q to l is nevervisible to p. These observations provide the intuitionfor de�nition 4.2. In the following, (A ] B) denotesthe disjoint union of sets A and B, and if x 2 A \ Bthen the copy of x in A is denoted xA and the copy ofx in B is denoted xB . Let Oa denote the set of swapatomic actions. Note that, Ow \ Or = Oa where Ordenotes the set of read actions.De�nition 4.2 Let O be the set of actions that resultsfrom an execution E of the multiprocess system (P; J).Then E is TSO if there exists a total order (Ow;writes�! )such that (Ow; prog�!) � (Ow;writes�! ) and 8p 2 P thereis a total order (Ojp ]Ow;mergep�! ), satisfying:1. (Ojp; prog�!) = (Ojp;mergep�! ), and2. (Ow;writes�! ) = (Ow;mergep�! ), and3. if w 2 (Ojp \Ow) (i.e. necessarily, a write by p)then wOjpmergep�! wOw , and4. ((Ojp]Ow)n(Oinvisiblep[Omemwritesp);mergep�! ) isa linearization, whereOinvisiblep = fw j w is a write by q 6= p to x ^9w0 2 Ojx \Ojp \Ow ^w0Ojpmergep�! wmergep�! w0OwgOmemwritesp = fwOw j w 2 Ojp\Owg, and5. let w 2 (Ojp\Ow) and a 2 (Ojp\Oa), if wprog�!a,then wOwmergep�! a.PSO provides fewer guarantees than TSO; speci�-cally, the total order over all writes imposed by TSO

is true for PSO only if these writes are to the samelocation. Therefore, a swap atomic 
ushes the bu�erin PSO only if all pending stores (including the swaps)are to the same location. For this reason, swap atom-ics need no exclusive treatment in our de�nition (recallthat Oa � Ow). Let Osb denote the set of store barrieractions.De�nition 4.3 Let O be the set of actions that resultsfrom an execution E of the multiprocess system (P; J).Then E is PSO if there exists a total order (Ow;writes�! )such that 8x, (Ow \ Ojx; prog�!) � (Ow \ Ojx;writes�! )and 8p 2 P there is a total order (Ojp ] Ow;mergep�! ),satisfying items 1 through 4 of TSO and (5) if sb 2(Ojp\Osb) and w, u 2 (Ojp\Ow) and w prog�! sb andsb prog�! u, then wOwmergep�! uOw .Any TSO execution is also PSO. We wish to com-pare TSO and PSO with the other models using onlyordinary actions. Thus, we assume Oa = ; in the fol-lowing discussion.For a write w(x)v 2 Ojp\Ow, let bw(x)v denote thecopy in Ojp, and let w(x)v denote the copy in Ow.Execution 6 � p : w(x)0 r(y)1 r(y)2 r(y)3 r(x)0q : w(y)1 w(y)2 w(x)6 w(y)3Let (Ow;writes�! ) be given by the ordering: wq(y)1,wq(y)2, wq(x)6, wq(y)3, wp(x)0. Let (Ojp ]Ow;mergep�! ) be given by the ordering: bwp(x)0, wq(y)1,rp(y)1, wq(y)2, rp(y)2, wq(x)6, wq(y)3, rp(y)3, rp(x)0,wp(x)0 and (Ojq ]Ow;mergeq�! ) be given by the order-ing: bwq(y)1, wq(y)1, bwq(y)2, wq(y)2, bwq(x)6, wq(x)6,bwq(y)3, wq(y)3, wp(x)0.It is easily checked that conditions 1, 2, and 3of de�nition 4.2 hold. Notice that Oinvisiblep =fwq(x)6g and Omemwritesp = fwp(x)0g. Omit-ting the actions in these two sets from the or-dering (Ojp ] Ow;mergep�! ) given above results in alinearization. Also, Oinvisibleq = ; and (Ojq ]OwnOmemwritesq;mergeq�! ) is a (trivial) linearization.Therefore, condition 4 of de�nition 4.2 also holds, andExecution 6 is TSO.However it is not P-RAM. Notice that to maintainvalidity and program order, weneed: w(y)1<Lpr(y)1<Lpw(y)2 <Lpr(y)2 <Lpw(y)3<Lpr(y)3. Therefore, to �nd a linearization <Lp pre-serving prog�! over (Ojp[Ow), we have w(x)0 prog�! r(y)1<Lp w(y)2 prog�! w(x)6 prog�! w(y)3 <Lp r(y)3prog�!r(x)0.This resolves to w(x)0<Lpw(x)6<Lpr(x)0 which is in-valid. Since TSO (PSO) is not P-RAM, it is neitherPCG nor SC.7
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