Ev aluating W eak Memories with Ma y a

Divyak ant Agrawal Manhoi Choy Hong V a Leong Ambuj K. Singh

Department of Computer Science

Universit y of California at Santa Barbara

Santa Barbara, CA 93106

Abstract

Maya is a simulation platform for ev aluating the p erformance of parallel programs on parallel archi-

tectures with di�erent memory coherence proto cols. Rapid prototyping of di�erent memory proto cols

supp orting v arying degrees of coherence is p ossible and the impact of these proto cols on the p erformance

of application programs can b e studied. Implementations of existing weak memories along with some

new primitives using Maya are presented. The results of running some user applications are summarized

and the impact of weak memories on the e�ciency of parallel programs is discussed.

Keywords: distributed shared memory

, memory consistency

, parallel programming, weak

memories

1 In tro duction

Programming parallel systems is a di�cult task. The inherent concurre ncy of these systems p oses a numb er

of problems, namely

, data placement, load balancing, race conditions, and non-determinism. Using message

passing for interpro cess communication adds a further degree of complexity since the programmer has to

explicitly manage the shared data. Due to these considerations, the shared memory paradigm is b ecoming

increasingly p opular with hardware architects and application programmers. In order to decrease the latency

of access ing shared memory

, pro cesses keep lo cal copies of shared v ariables. This leads to the c ache c oher enc e

pr oblem of keeping multiple copies of a shared v ariable consistent with each other [25, 9]. The proto col that

maintains the consistenc y of replicated copies of the shared memory among di�erent distributed pro cessors

is called the distribute d shar e d memory pr oto c ol [18] and the shared memory viewed by the programmers is

called distribute d shar e d memory (DSM). Several de�nitions have b een prop osed for relaxing the degree of

coupling b etween the copies of shared v ariables. In general, the degree of coupling is closely related to the

latency of memory access and to the cost of maintaining consistency .

Most de�nitions of shared memories abandon atomicity of access, the usual correctn ess condition in

sequential systems. Examples of such non-atomic memories are c ausal memory [2] and pip eline d r andom

ac c ess memory [19], and memories based on the notions of r ele ase c onsistency [11], entry c onsistency [5], and

hybrid c onsistency [4]. In addition, some of these de�nitions are sp eci�c to a particular architecture . Though

these non-atomic memories improve the execution e�ciency

, their impact on the programming mo del is far

from clear and there are a numb er of unresolved questions: Which memory is ideal for a given application?

Which memory is suitable for a given architecture ? Which proto col should b e used to implement a given

memory? How is the correc tnes s of a program ensured in the presenc e of weak memories? At Santa Barbara,

we are developing a system called Maya

1

to answer these questions.

Maya is a testb ed that p ermits exp erimentation with di�erent shared memories and their proto cols,

di�erent user applications, as well as mo deling and simulation of di�erent architectures . Internally

, it uses a

p ortable message passing interface, which allows it to b e p orted quite easily to a wide v ariety of machines,

including heterogeneous architecture s. It op erates principally in two di�erent mo des: the simulation mo de

and the native mo de. The simulation mo de p erforms a simulated execution of a parallel program on the

target architecture with a sp eci�c memory coherence proto col. In the native mo de, the target and the host

architectures are identical. A direct execution of the proto col is carried out and no simulation is p erformed.

In either mo de, it is easy to replace one memory coherence proto col by another. Users of Maya write their

programs by using an extension of C that enables pro cesse s to share v ariables and presents an abstraction

of shared memory to the programmers.

This pap er describ es the results of our exp eriments with distributed shared memory based on three

di�erent notions of consistency: se quential c onsistency [16], c ausal memory [2, 3], and pip eline d r andom

ac c ess memory (PRAM) [19]. Since weak memories reduce the amount of implicit synchronization, explicit

primitives are needed in order to synchronize user pro cesses . Maya supp orts lo cks and barriers as explicit

synchronization primitives. W e consider two di�erent user applications: synchronous iterative linear equation

solver [2] and Cholesky factorization of a sparse matrix [21]. The �rst problem is solved using a co ordinator

and a numb er of worker pro cesses . Each worker is resp onsible for up dating a blo ck of the input array

. Prop er

handshaking b etween the co ordinator and the workers ensures that the worker pro cess es obtain the correct

v alues for the current contents of the input array when up dating their individual blo cks. In the case of

Cholesky factorization, the input matrix is �rst symb olically factorized and an elimination tree of columns is

then constructe d [10]. Next, the columns are partitioned b etween the pro cesse s and the actual factorization

is carried out. W e concentrate on this phase of computation during our exp eriments, since this is the most

time consuming phase. W e ran our exp eriments on a network of workstations and an Intel Paragon with

similar results.

Maya is closely related to Munin [7, 14] at Rice and Midway [5] at CMU. Munin is one of the �rst

DSM systems that supp orts multiple coherence proto cols within the same system. Shared v ariables are

classi�ed according to their access pattern and Munin uses this information to maintain the coherenc e for

1

Maya is b orrowed from Sanskrit and means il lusion.

each v ariable. Munin supp orts sequential consistency as well as eager and lazy implementations of release

consistency

. Midway is a DSM system that is capable of supp orting multiple notions of consistenc y: release

consistency

, pro cessor consistency

, and entry consistency

. Maya and Midway di�er from Munin in that they

are capable of supp orting di�erent notions of coherenc e within the same program. Maya di�ers from Midway

in that it supp orts a di�erent class of consistency de�nitions. F urthermore, Maya is capable of simulating

di�erent parallel architecture s on a given host machine. This enables us to ev aluate the p erformance of

parallel programs and DSM proto cols on di�erent parallel architectures .

The main contributions of the pap er are as follows. W e show that substantial p erformance gains can b e

achieved by using weakly consistent memory for a numb er of applications. In the pro cess of implementing

weakly consistent memory

, we devise a numb er of useful optimizations for reducing storage and communi-

cation overhead. W e also generalize the notion of weak consistency to arbitrary ob jects and illustrate the

usefulness of this idea. Finally

, we consider the relationship b etween communication and synchronization and

de�ne a numb er of new synchronization primitives. The rest of the pap er is organized as follo ws. Section 2

intro duces di�erent kinds of weak memories. Section 3 contains a brief overview of Maya. Sections 4 and 5

outline the implementation of di�erent memory proto cols in Maya. The p erformance results are detailed in

Section 6 and we conclude with a brief discussion in Section 7.

2 Consistency Requiremen ts of Distributed Shared Memories

The most widely accepted coherence requirement in the shared memory programming paradigm is the

assumption of sequentially consistent memory [16]. It is the extension of the memory requirement from a

single-pro cessor environment to the multi-pro cessor environment. It requires that the result of any execution

b e as if the op erations of all the pro cess ors were executed in some sequential order, and the op erations of each

individual pro cess or app ear in this sequenc e in the order sp eci�ed by its program. In other words, it should

b e p ossible to construct a sequential global history by interleaving the individual pro cess histories. A notion

related to sequential consistency of memory is line arizability [13] or atomicity . Linearizability strengthens

sequential consistency by requiring the preserv ation of op eration orderings across di�erent pro cesses in the

construction of the sequential global history

. Thus, if there is only a single copy of every ob ject and the

read and write op erations are implemented as remote pro cedure calls, then linearizability (and therefore,

sequential consistency) is automatically enforced.

Pip elined random access memory (PRAM) was intro duced by Lipton and Sandb erg [19]. In this mo del,

pro cesse s maintain a complete copy of the globally shared memory

. A pro cess reads and up dates shared v ari-

ables in its lo cal copy

. The up dates are later broadcast to other pro cess es where they o ccur asynchronously .

The broadcasts of the up dated v alues are assumed to o ccur along p oint-to-p oint FIFO channels. Note that

this de�nition allows multiple copies of the same v ariable that reside at di�erent pro cess es to have di�erent

v alues. However, due to the FIFO channel assumption, all up dates p erformed by a pro cess are observed in

the same order at any other pro cess.

Recently

, Ahamad, Burns, Hutto, and Neiger [2, 3] have prop osed c ausal memory based on the idea of

causality of reads and writes [15]. In this de�nition, events b elonging to the same pro cess are causally related

by the pr o gr am or der and a read event is causally related to the write whose v alue it returns. A system

execution is acceptable if and only if the causal order is acyclic and the v alues read are consistent with

the causal order. Causal memory is reminiscent of causal message delivery in distributed systems just as

PRAM is reminiscent of ordered message delivery [6]. F or the case of two pro cesses , causal memory b ecomes

equiv alent to PRAM.

The simple program fragment shown in Figure 1 can b e used to distinguish b etween the ab ove kinds of

shared memory

. There are three pro cesses p; q ; s and three shared v ariables x; y ; z . The following history of

the simple program is sequentially consistent:

p :: w (y ; 1) r (x; 1)

q :: w (x; 1) r (y ; 1) r (y ; 1) w (z ; 1)

s :: r (z ; 1) r (y ; 1) initial ly x = y = z = 0

p :: q :: s ::

y := 1; x := 1; r ead(z );

r ead(x) r ead(y ); r ead(y )

r ead(y );

z := 1

Figure 1: A simple program

This is b ecause the individual pro cess histories can b e interleaved into the following legal sequential global

history .

w

p

(y ; 1) w

q

(x; 1) r

p

(x; 1) r

q

(y ; 1) r

q

(y ; 1) w

q

(z ; 1) r

s

(z ; 1) r

s

(y ; 1)

Next, consider the follo wing history .

p :: w (y ; 1) r (x; 0)

q :: w (x; 1) r (y ; 0) r (y ; 1) w (z ; 1)

s :: r (z ; 1) r (y ; 1)

It is not sequentially consistent since in any interleaved global history

, either the read op eration by p

returns an inconsistent v alue or the �rst read op eration by q returns an inconsistent v alue. The history is

however causally consistent since the resulting causal ordering, given in Figure 2, is acyclic.

p ::r(x,0) w(y,1) q ::w(x,1) r(y,0) s ::r(y,1) w(z,1) r(y,1) r(z,1)

Figure 2: The causal ordering of read and write op erations

Finally

, consider the follo wing history .

p :: w (y ; 1) r (x; 0)

q :: w (x; 1) r (y ; 0) r (y ; 1) w (z ; 1)

s :: r (z ; 1) r (y ; 0)

It is not causally consistent since the second read by s returns a v alue of 0 instead of the v alue 1 that is

determined by the causal ordering

w

p

(y ; 1) ! r

q

(y ; 1) ! w

q

(z ; 1) ! r

s

(z ; 1) ! r

s

(y ; ?).

However, the history satis�es the de�nition of PRAM.

W e end this section by brie y discussing some other consistenc y conditions. R ele ase c onsistency [11]

classi�es the shared accesse s into non-synchr onization and synchr onization op erations. Synchronization

4 op erations are further classi�ed into ac quir e and r ele ase op erations. An acquire op eration essentially signals

that the shared data is needed and a release op eration signals that the shared data is av ailable. Consistency

is maintained only across synchronization op erations. Entry c onsistency [5] strengthens release consistenc y

by asso ciating a unique synchronization ob ject (e.g., a semaphore) with each critical section, i.e., a matching

pair of acquire and release op erations. A recent pap er by Sandhu, Gamsa, and Zhou [22] advo cates shar e d

r e gions , an idea similar to entry consistency

. Other de�nitions of memory consistency in the literature

include pr o c essor c onsistency [12], we ak or dering [8], and hybrid c onsistency [4].

3 An Ov erview of Ma y a

Maya is designed to b e a versatile to ol for parallel programming with a v ariety of features. First, it is

capable of simulating a target parallel architecture on a di�erent host machine. Second, it is useful as a

programming environment for rapid prototyping of parallel programs. Finally

, it is intended as a test-b ed

for exp erimenting with proto cols for di�erent kinds of shared memories. T o provide these features, Maya

op erates either in the simulation mo de or in the native mo de. In the simulation mo de, Maya simulates the

execution of the user program on a given target architecture using a sp eci�c memory coherenc e proto col. In

the native mo de, Maya executes the user program on the host architecture again using a sp eci�ed memory

coherence proto col.

User

Process

0User

1User

n-1Data

Placement

Module

Coherence

Synchronization

M E M O R Y S U B S Y S T E M

Figure 3: The logical organization of MayThe logicalorganization of Maya in either mo de is depicted in Figure 3. Users of Maya write programs by using an extension of C that enables pro cesses to share v ariables. Shared v ariables are explicitly and curren tly we restrict such sharing to the primitive typ es in C as well as to arrays comp osed these primitive typ es. A pre-pro ces sor (curre ntly under design) scans the user parallel program to identhe shared v ariables and arrays. These are allo cated in the memory subsystem and the memory allo catiois done with pages of a �xed size. The pre-pro cess or also translates the accesse s to the shared v ariables the user program to standard C macro calls supp orted by the memory subsyste m in Maya. The subsystem is comp osed of three mo dules: the data allo cation mo dule, the synchronization mo dule, and coherence mo dule. The data allo cation mo dule is resp onsible for allo cating space in the memory for the shared data and co op erating with other memory subsystems to partition the data. The aim is reduce communication overhead in the sharing of the data and to minimize the e�ect of false sharing. Apresent, the data allo cation algorithm is relatively straightforward. A round-robin manager-based placemen5 strategy is adopted. On the average, each no de manages 1=n of the total numb er of shared pages in n-no de system. Several user-controlled directives, which allow the declaration of p ossible con icting items involved in concurrent accesse s, are provided to reduce false sharing. The pre-pro ce ssor translates placement directives into data placement calls. The synchronization mo dule provides primitives for pro synchronization: b oth explicit and implicit. Explicit synchronization includes primitiv es such as b and lo cks that can b e separated from the issues of data coherence . Implicit synchronization refers to synchronized starting of user pro cess es and the initialization of shared v ariables. The coherence mo enforces the required level of coherenc e for shared data by executing the sp eci�c memory coherenc e proto when shared data is access ed. This is the main ingredient of a distributed shared memory proto

Subsystem

Communication

Memory

useruserSubsystem useruserMemory useruserC O M M U N I C A T I O N N E T W O R K

Figure 4: The physical organization of MayFigure 4 illustrates the physical organization of Maya. W e assume that the host architecture of a set of pro cessors each with its priv ate memory (referre d to as a no de) connected by a network. Maya environment on each no de consists of three layers: the user program or application layer, the subsystem layer, and the communication subsyste m layer. The memory subsystem in Maya acts as interface b etween the user pro cesse s and the network to supp ort shared memory in a distributed environmenAs discussed ab ove, the accesse s to the shared v ariables result in macro calls to the memory Currently the interface b etween the users and the memory subsyste m is based on messages. The subsystem execute s the underlying distributed shared memory proto col by communicating with the subsystems on other no des. The memory subsystem in Maya is extensible. W e have develop ed a to supp ort distributed shared memory proto cols based on se quential ly c onsistent memory, c ausal memorypip eline d r andom ac c ess memory , and entry c onsistency The primary resp onsibility of the communication subsystem is to facilitate communication among memory subsystems, which co op erate with one another to implement distributed shared memory

. The munication subsyste m in Maya is based on the message passing library PVM [26]. Since PVM is av ailable most distributed memory architecture s, Maya can b e supp orted on a v ariety of hardware platforms. adv antage of using PVM is that it can b e used in a network of heterogene ous Unix compatible macsince PVM uses an external message passing standard. Although PVM imp oses certain bu�er managemen6 and daemon computation overhead, we consider fast prototyping and p ortability more imp ortant. W e investigating alternatives such as asynchronous or parallel I/O to eliminate these ovMaya is designed so that it can b e con�gured as a simulation environment for parallel architecture F unctioning as a simulator, Maya transforms the user program and the memory coherenc e proto col insimulation programs using a set of macros. Monitoring co de is inserted for each communication event the coherence proto col and cycle counting co de is added to maintain timing information in the simenvironment. Scheduling of user pro cess es residing at the same no de is handled by the memory which co op erates with the network manager . The network manager, currently implemented as a cenpro cess, executes a parallel discrete event simulation over the host machine no des and network. Two ma comp onents exist in the network manager: message delay mo del and communication event scheduler. message delay mo del is used to determine the arriv al time of a message over the target architecture munication network. The communication event scheduler is used for scheduling non-lo cal simulation evensuch as transmissions and deliveries of messages. F urther discussion of the simulation asp ects of Maya b e found in [14 Implemen tation of W eak Memories and Sync hronization itiv

Maya manages the shared memory in terms of a set of pages that are allo cated by the system initialization.Small ob jects such as integers and oating p oint v ariables are placed on the same page; ob jects such as arrays of integers may span several pages. Synchronization ob jects such as lo cks and can also b e group ed into pages. Each page can house either ordinary shared ob jects or syncob jects but not b oth. This is achieved by using a sp ecial function that forces a page break even when current page b eing allo cated is not full. Each page is managed by a sp eci�c pro cess that is statically

. This is called the manager of the page. In order to achieve a go o d load balance, the are currently mapp ed to managers using a round robin assignment. F or sequentially consistent proto cols, this manager maintains the directory for the pages. The basic interface b etween the user and the memory subsystem is via a set of macros de�ned for the sp eci�c coherence proto col. These are de�ned using Maya primitives sim r e quest and sim getr eply that send a request to the memory and get a reply from the memory subsystem resp ec tively

. Currently

, these primitives are mapp ed into message transmission routines in the native mo de and into simulation routines in the simulation mo de. memory subsyste m execute s the follo wing lo op: wait for a message (either a request from the user or a coherenc e message from other memory subsystems), up date any needed lo cal data structures , and invokthe appropriate message handler. The message handlers are sp eci�c to the coherence proto cols and the cases of a switch statement. Next, we describ e the implementations of the coherence proto cols and synchronization primitiv4.1 Sequen tially Consisten t The sequentially consistent memory proto col supp orted by the current Maya implementation is the based dynamic ownership proto col using inv alidations [18]. At any time, only a single pro cess may have write access privilege to a page; this pro cess is called the owner of the page. Ownership of a page machange dynamically when the v ariables of the page are b eing accessed. The manager keeps track of current owner of the page as well as its c opy set , i.e., the set of no des currently holding a copy of the When the no de where a read or write request is originated has the required access right, the op eration p erformed and the result returned to the user pro cess . Otherwise, the read or write request is forwarded the manager. T o serve a read request, the manager sends a copy of the request ed page to the no de and registers the requester in the copy set. Meanwhile, the write access privilege of the owner no is revoked. T o serve a write request, all copies of the page as indicated in the copy set are inv aliWhen acknowledgements for all inv alidations are received, the page is granted to the requeste r with write access privilege. The requeste r also b ecomes the new owner of the page. This implementation 7 sequentially consistent memory also guarantees linearizability . W e are currently examining up proto cols for implementing sequential consistency as they may b e more e�cient for certain However, we exp ect that most of our future exp eriments will fo cus on memory consistency conditions weakthan sequential consistency

4.2 Causal The causal memory proto col in Maya is a fully replicated non-blo cking implementation [2]. Both read write op erations are never blo cked. In this proto col, each no de holds a copy of the shared memory

. op erations are served lo cally by returning the v alue of the lo cal copy of the memory word. W rite op are p erformed by writing the new v alue to the lo cal copy and broadcasting up date messages to all no des along with a vector timestamp that provides a causal ordering on the messages [20]. In particular, vector timestamp counts the numb er of those messages on each no de that are causally preceding the currenmessage. When a message is sent, the �eld corresp onding to the sending no de in the vector timestamp incremented by one. When a message is received, the �eld corresp onding to the sender no de in the is up dated to b e the maximum of the corresp onding �eld of the current timestamp and the same �eld of timestamp of the message, and the message is placed in a bag. Meanwhile, every message in the bag with strictly smaller vector timestamp than the current timestamp is extracted into a list. This list includes up date messages that may precede the current timestamp. Finally

, the list is sorted in a top ological based on the timestamps and incorp orated into the lo cal memory

. Our implementation of causal timestamps each access instead of each v ariable or lo cation. So, there is no storage overhead due to timestamps with v ariables or 4.3 Pip elined Random Access The PRAM proto col in Maya is also a fully replicated non-blo cking implementation [19]. Read op are served lo cally and write op erations are p erformed by up dating the lo cal copy follow ed by up date messages to remote no des in a FIFO manner. When an up date message is received, the e�ect incorp orated into the lo cal copy without any delay

. No vector timestamp or sorting is needed here, with the causal memory implementation. Optimization is p ossible by batching the up dates and sending together in larger messages. This preserve s correct ness as long as all messages are eventually senThe storage overhead of full replication in causal memory and PRAM implementations can b e quite and may lead to scalability problems. W e solve this problem by intro ducing fr e eze op erations with whicfull replication can b e avoided. This is discussed further in Section 4.4 En try Consisten t The notion of entry consistency was de�ned by Bershad, Zek ausk as and Sawdon [5] and indep endently bSandhu, Gamsa and Zhou [22]. In entry consistenc y

, synchronization ob jects are used to protect a section of co de access ing shared data. The consistenc y of shared data is only enforced when a critical is entered. In the Maya implementation of entry consistenc y

, each critical section is guarded by a lo ck. order to leave the synchronization mo dule intact, a separate lo cking mechanism is implemented as part of entry consistency proto col. A lo ck is asso ciated uniquely with each disjoint set of shared v ariables in a critical section. These lo cks are mapp ed to and managed by lo ck managers that are resp onsible issuing grant messages. Communication of up dated v alues is p erformed in a lazy manner [5, 14]: when lo ck is acquired by a pro cess , the current v alues of shared v ariables asso ciated with the critical section sent to the pro cess together with the lo ck grant message. The acquirer then up dates the lo cal memory enters the critical section. When the lo ck is released, the lo ck manager is informed so that the next pro may enter the critical 8

4.5 Sync hronization PrimitivW eak memories derive their adv antage by making all synchronization explicit, thus separating the needs communication from that of synchronization. While weak memories supply the mechanisms for commcation, synchronization primitives are needed in order to harness the e�ciency of weak memories. W e havimplemented two such primitives: lo cks and barriers. A lo ck ensures exclusive access to a section of co However, it do es not guarantee any data coherence (as in entry consistency). A barrier is a syncp oint for a set of pro cess es. A pro cess participating in a barrier waits until all the participating pro cess reach the barrier. Again, no coherenc e of shared data is guaranteed at a barrier. It is up to the to ensure data coherence by using appropriate kind of memory or by a judicious use of lo cks and Currently

, lo cks and barriers in Maya are implemented in a centralized manner. Each lo ck and barrier assigned to a manager that manages the resource . F or example, all lo ck request s are sent to the manager the lo ck, which queues up these request when the lo ck is in use. Similarly

,the manager of a barrier counthe numb er of pro cesse s reaching a barrier and sends a signal to each participating pro cess when the numb er of pro cess es have reached the 5 P erformance In this section we discuss some schemes for improvingthe p erformance of distributed shared mmeory in Maythe implementation of sp ecialized synchronization primitives, the use of fr e eze op erations for reducing numb er of messages, the use of bulk access , and the ob ject-orientation of shared memories. Exp erimenresults (in Section 6) show the e�ectivenes s of these 5.1 Sp ecialized Sync hronization Primitiv

In the course of exp erimenting with user applications, we discovered some useful v ariations of the synchronization primitives. In particular, we intro duced the concept of a barrier in the context of called the P-b arrier. Besides ensuring the synchronization of participating pro cesse s like a traditional a P-barrier imp oses an additional requirement. It requires that all up dates initiated by any pro cess b efore reaching the barrier are observed by any other participating pro cess b efore leaving the In order to implement it, every pro cess counts the numb er of messages it has broadcast prior to reacthe barrier. This count is sent to the barrier manager which in turn broadcasts the vector of message counto each participating pro cess once all pro cesse s have reached the barrier. Each participant then waits unall messages indicated in the message count vector have b een received and pro cesse d. In a similar vthe concept of a C-b arrier can b e de�ned for causal memory

. The concept of a P-lo ck ensures that a pro cess acquires the lo ck, it is informed of all up dates p erformed since it last acquired the lo ck. notion is closely related to release consistenc y [11]. However, the coherence of memory is not ensure d pro cesse s since the up dates may b e p erformed in di�erent 5.2 Reducing the Num b er of Since the pattern of data sharing is usually not global and limited to only a few pro cesse s, the numb of messages sent in the implementations of PRAM and causal memory can b e reduced greatly by new v alues only to pro cess es that need them. This is implemented by the idea of fr e eze op erations. T supp ort freeze op eration, each copy of an ob ject has an additional �eld containing the list of subscrib to the ob ject. A freeze op eration is implemented by broadcasting a message to other pro cess es to drop requesting pro cess from the subscription list. Later, instead of broadcasting an up date message to evpro cess, up date messages are only sent to the subscrib er s of the ob ject. Though this needs extra space store the subscription list, overall memory requirements can actually b e reduce d since unwanted of memory is av9

5.3 Bulk The cost of access ing shared memory from a remote site can usually b e reduced with bulk access, accessing data in blo cks instead of individually .F or example, in Li and Hudak’s implementation [18], a of data is retrieved whenever a page fault o ccurs. However, cho osing a prop er page size is di�cult. a large page size may lead to false sharing and using a small page size may not b e e�cient. In Maya, wallow the user to sp ecify the p ortion of data structure that should b e treated as a single unit. Since shared memory is divided into pages, the smallest set of pages containing the sp eci�ed unit is accesse d resp onse to a read/write request by the user. Adding bulk accesse s to a DSM system do es not a�ect memory consistency scheme b ecause the resp onsibility of using bulk accesse s lies with the user; the currenimplementation however allo ws bulk accesses only for data structur es allo cated contiguously

5.4 Ob ject-orien ted Ob ject-oriented distributed shared memory is a natural generalization of distributed shared memory tems [17]. It also leads to b etter p erformance for certain applications. F or example, in Cholesky a considerable amount of lo cking/unlo ckingoverhead can b e eliminated by treating the array elements abstract ob jects providing increment/decre ment op erations. Herlihy and Wing have extended the idea atomic v ariables to abstract ob jects [13]; the resulting condition is called line arizability .This strong sistency requirement for ob jects can b e weakened in the spirit of weak consistency conditions for v ariables. F or example, based on the degree of desired coherence , a counter ob ject can b e implemented sequential consistency

, causal memory

, or The simplest proto col for implementing sequential consistency for ob jects is based on remote pro calls. Only one copy of the memory ob ject is maintained and all op erations are p erformed atomically at no de owning the ob ject. Another approach is to use replication and consider an op eration that mo di�es ob ject state as a write op eration. The previously descr ib ed implementation for read/write v ariables can b e used. F urthermore, in situations where a certain typ e of op eration o ccurs far more often than proto cols that are based on the semantics of the op erations can b e used to improve e�ciency [17]. and PRAM implementations of shared ob jects are similar to the analogous implementations of v ariables. F or example, ob ject-oriented PRAM is implemented by replicating the ob jects and any up dates to other no des along FIFO channels. These up dates are then applied asynchronously to lo cal copies of the ob ject as in ordinary PRAM implementatio6 P erformance In order to compare the p erformance of the implementations of weak memories, we chose application grams with di�erent patterns of data accesse s. The �rst application is a co ordinator/worker-based chronous iterative linear equation solver [2] and the second application is a Cholesky factorization The �rst program exhibits a static data sharing and up dating pattern, whereas the second program data statically but up dates data dynamically

. The �rst application is slightly computation b ound and second application is communication b ound. W e examine how these characteristics a�ect the p of the programs through May6.1 Linear Equation Solv

In the synchronous iterative linear equation solver, an input array is partitioned statically into blo cks, whicare assigned to a numb er of worker pro cesses . A worker computes the new set of v alues for its blo ck busing the current contents of the array

. In order to ensure a synchronous b ehavior, the worker pro cess p erform a handshake with a co ordinator b efore and after up dating their blo ck of v alues. The co ordinator resp onsible for toggling the handshaking v ariables and for checking the convergence of the solution. All computations are carried out by the worker pro cess es . In order to ev aluate the relative merits of v 10 weaker memory sp eci�cations, we develop di�erent DSM proto cols and use them in the application The following �ve strategies have b een 1. Proto col S : sequentially consistent memory without any explicit synchronization primitiv2. Proto col S P : sequentially consistent memory for the input and output arrays and PRAM for handshaking v

3. Proto col S B : sequentially consistent memory with barrier as a synchronization primitiv

4. Proto col C : causal memory without any explicit synchronization primitiv5. Proto col P B : PRAM with 3 Proto col S 2 Proto col S P � Proto col S B � Proto col C 4 Proto col P

numb er of pro cess es

numb er of pro cesses

2 a) Sun Sparc/LX b) Intel PFigure 5: Comparing weak memories using linear equation solvW e conducted the exp eriments on a network of SUN Sparc/LX workstations and on an Intel PThe p erformance of the proto cols is shown in Figure 5. F or all �ve proto cols, the p erformance improvas the numb er of pro cesse s is increased. However, with a large numb er of pro cess es the commnetwork saturates, resulting in a degraded p erformance. Proto col S P p erforms b etter than Proto col b ecause no inv alidation messages are sent for the handshaking v ariables. Proto col S B p erforms well the handshaking v ariables are replaced by a barrier. The improvement of Proto col C is mainly b ecause items are always cached and inv alidation messages are never sent. Proto col P B exhibits the b est p as it combines the merits of proto cols S P and S B . The relative p erformances of the proto cols are on b oth architecture s except that the U-shap e of the curves is less pronounced for the Intel Paragon. can b e explained by the fact that the communication network on the Intel Paragon is much faster than Ethernet connecting the Sun w6.2 Cholesky F

Our second application, Cholesky factorization, is b orrowed from the SPLASH suite [24]. It is intended ev aluate the e�ectiveness of ob ject-oriented DSM. Here, the input sparse matrix is symb olically factorized an elimination tree of columns is construc ted [10, 21] in an initial phase. The time sp ent in the initial is usually negligible compared with the remaining factorization phase and is ignored here. The eliminatiotree captures the dep endency of the columns and restricts the order of the computation: a column is up only after all columns it dep ends on have b een up dated. F or each column i, the numb er of columns 11

i dep ends on and that have not b een up dated is kept in a shared v ariable count[i]. These v ariables initialized to appropriate v alues during the initial phase. After column i is up dated, the count v ariables each of the columns that dep ends on column i are decremented by 1. The task of up dating columns b e allo cated to pro cesse s either static al ly or dynamic al ly. In dynamic assignment, an idle pro cess cho oses ready column (i.e., a column with a zero count) in a critical section. In this pap er, static assignment is for simplicity: the matrix is partitioned into �xed-size blo cks, which are assigned to pro cess es in a robin fashion during the initial phase. Pro cesse s restrict their choice of a column only to the set of blo cassigned to them initially. Even in static assignment, the scheme for cho osing the next ready column the p erformance of the algorithm signi�cantly .W e tested a numb er of schemes and settled on one in whicpreferenc e is given to columns with smaller W e considered b enchmark programs from SPLASH in order to motiv ate the prop er memory mo del b e used in the Cholesky factorization algorithm.This particular b enchmark is designed for memory mo in which lo cks are av ailable and up dates to shared lo cations are protected by lo cks. Consequently

, if twpro cesse s try to up date a column at the same time, the two up dates must b e sequentialized and must b e sent b etween the pro cess es . However, in the Cholesky factorization algorithm, all op erations shared v ariables are in the form of additions and subtractions. Since these op erations commute with eacother, they do not have to b e sequentialized. As a result, lo cking and unlo cking to the shared v ariables are necess ary

. Instead, concurrent up dates to shared v ariables could b e supp orted. This led to the intro of ob jects in memory mo del. The Cholesky factorization algorithm is execute d with the following proto 1. Proto col S : sequentially consistent memory

2. Proto col S O : sequentially consistent memory with counter ob 3. Proto col P O : PRAM with counter ob 4. Proto col P O F : PRAM with counter ob jects and freeze op 3 Proto col S 2 Proto col S O � Proto col P O � Proto col P O

numb er of mac

Figure 6: Comparing weak memories with ob jects on Sun using Cholesky Proto col S uses sequentially consistent memory and critical sections for up dating columns. Proto col S allows incrementing and decrementing a shared v ariable in one op eration without explicitly acquiring a lo c12

Also, op erations are p erformed in a sequentially consistent manner. W e exp ect Proto col S O to outp proto col S since there is no overhead due to lo cking and unlo cking. Proto col P O also allows incremenand decrementing a shared v ariable in one op eration without explicitly acquiring a lo ck. W e exp ect Proto P O to p erform b etter than Proto col S O since PRAM memory is more e�cient. Proto col P O F is the as Proto col P O except that it also allows memory lo cations to b e frozen with resp e ct to a pro cess. Proto col P O F is an improvement over P O as it uses freeze op erations to reduce the numb er of message; wexp ect it to b e more e�cient than P O W e conducted our exp eriment on a network of Sun workstations and the results obtained are depicted Figure 6. The p erformance of Proto col S is p o or as up dates to the same column are p erformed in sections and the delays due to lo ck acquisitions dominate the computation. W e demonstrate the e�ectivene of the ob ject-oriented approach by noting an increase in sp eed of Proto col S O over that of Proto col S by factor of 2 to 2.5 times. Similarly

,as predicted, Proto col P O p erforms b etter than Proto col S O for numb er of pro cesse s, even though the improvement is not that prominent. However, S O p erforms b than P O for larger numb er of pro cesses . This anomaly can b e explained by noting that Proto col P O involvthe broadcasting of messages, whose count is prop ortional to the numb er of pro cesses and starts to the network when n is large. Proto col S O on the other hand sends only a constant numb er of for each access to a shared v ariable. Finally

, Proto col P O F p erforms consistently b etter than P O and improvement increases as the numb er of pro cesse s n increases. This is b ecause the size of the copy set in general, at most two in this application. As a result, the numb er of messages required p er inv alidation reduced from (n) to a constant with the use of freeze op Cholesky factorization of sparse matrices is a di�cult problem to solve e�ciently in parallel b ecause is communication-b ound and has an irregular communication structure. In our exp eriments, we used a slocommunication network (Etherne t) that was sub ject to contention with a large numb er of pro cessors . addition, the use of the p ortable message passing interface PVM ampli�es the communication overhead to extra bu�ering and unnecess ary communication b etween application programs and the daemon pro cesse This further distorts the computation/communication ratio of the application and as evident from Figure impacts the scalability of the problem. A fast communication network and a small overhead comminterface seem essential for achieving any sp eedup for this problem. W e are currently working on a asynchronous interface b etween user pro cess es and the memory subsyste 7 In this pap er, we have presented an overview of the architecture of Maya, concentrating on the the nativmo de of execution which is useful for fast prototyping of distributed shared memory proto cols. The mentation of several proto cols were describ ed and exp eriments on two applications were conducted. exp erimental results led us to several new ideas: de�nitions of new synchronization primitives such as lo cand barriers for weak memories, ob ject-oriented design of shared memories, and the use of freeze op for p erformance Programming in a weak memory mo del may involve changing the application program so that it the same result as when running on sequentially consistent memory . F or the applications outlined these changes are minimalor non-existent. F or example, for the linear equation solver, it is p ossible to shothat causal memory leads to the same output as that obtained using sequentially consistent memory [23(The pro of is esse ntially based on the commutativity of the actions of the pro cesses .) Currently

, we investigating such well-formedness conditions for programs that use di�erent consistency conditions such causal memory

, PRAM, and that rely on explicit synchronization primitives such as lo cks and In the future, we intend to formalize the de�nitions of ob ject-oriented shared memories and syncnization primitives for other weak memories. W e will also supp ort a more comprehensive library of memory coherence proto cols. It is generally agreed that there is no single typ e of shared memory that is b suited for all applications. W e envision a library of shared memory coherence proto cols from which users cho ose the b est proto col for their applications. W e are currently incorp orating other kinds of consistenc requirements in Maya in order to supp ort such a library 13 Ac kno wledgemen W e would like to acknowledge the San Diego Sup ercomputing Center for providing us access to the InPReference[1] D. Agrawal, M. Choy

, H.V. Leong, and A.K. Singh. Maya: A simulation platform for parallel arctecture s and distributed shared memories. T echnical Rep ort TRCS-93-24, University of CaliforniaSanta Barbara, Department of Computer Science, [2] Mustaque Ahamad, James E. Burns, Phillip W. Hutto, and Gil Neiger. Causal memory

. In Pr o c e e of the 5th International Workshop on Distribute d Algorithms, pages 9{30. LNCS, Octob er [3] Mustaque Ahamad, Phillip W. Hutto, and Ranjit John. Implementing and programming causal tributed shared memory

. In Pr o c e e dings of the 11th International Confer enc e on Distribute d Systems, pages 274{281. IEEE, May [4] Hagit Attiya and Roy F riedman. A correctne ss condition for high-p erformance multipro cessors. Pr o c e e dings of the 24th Annual ACM Symp osium on the The ory of Computing, pages 679{690, [5] B.N. Bershad and M.J. Zek ausk as. Midway: Shared memory parallel programming with entry tency for distributed memory multipro cessors. In COMPCON, [6] K.P

. Birman, T.A. Joseph, K. Kane, and F. Schmuck. ISIS - a distributed programming environmenuser’s guide and referenc e manual. T echnical rep ort, Cornell University

, Department of Science, March [7] John B. Carter, John K. Bennett, and Willy Zwaenep o el. Implementation and p erformance of In Pr o c e e dings of the Symp osium on Op er ating System Principles, pages 152{164. ACM, [8] Michael Dub ois, Christoph Scheurich, and F ay� e A. Briggs. Memory access bu�ering in multipro In Pr o c e e dings of the 13th Annual International Symp osium on Computer Ar chite ctur e, pages 434{442,

May [9] Michael Dub ois, Christoph Scheurich, and F ay� e A. Briggs. Synchronization, coherence , and evenordering in multipro cessors. IEEE Computer, 21(2):9{21,F ebruary [10] A. George and J. Liu. Computer Solution of L ar ge Sp arse Positive De�nite Systems. Prentice [11] K. Gharachorlo o, D. Lenoski, J. Laudon, P

. Gibb ons, A. Gupta, and J.L. Hennessy

. Memory consistenc and event ordering in scalable shared-memory multipro cessors. In Pr o c e e dings of the 17th AInternational Symp osium on Computer Ar chite ctur e, pages 15{26. IEEE, May [12] J.R. Go o dman. Cache consistenc y and sequential consistenc y . T echnical Rep ort CS-1006, University Wisconsin-Madison, F ebruary [13] Maurice P

. Herlihy and Jeannette M. Wing. Linearizability: a correctne ss condition for concurrenob jects. ACM T r ansactions on Pr o gr amming L anguages and Systems, 12(3):463{492,July [14] Pete Keleher, Alan L. Cox, and Willy Zwaenep o el. Lazy release consistency for software shared memory

. In Pr o c e e dings of the 19th Annual International Symp osium on Computer Ar chite ctur e,

pages 13{21.IEEE, [15] Leslie Lamp ort. Time, clo cks, and the ordering of events in a distributed system. Communic ations the ACM, 21(7):558{565, July 14

[16] Leslie Lamp ort. How to make a multipro cessor computer that correctly execute s multipro cess IEEE T r ansactions on Computers, 28(9):690{691,Septemb er [17] H.V. Leong and D. Agrawal. Typ e-sp eci�c coherenc e proto col for distributed shared memory

. Pr o c e e dings of the 12th International Confer enc e on Distribute d Computing Systems, pages 434{441.

IEEE, June [18] Kai Li and Paul Hudak. Memory coherence in shared virtual memory systems. ACM T r ansactions Computer Systems, 7(4):321{359,Novemb er [19] Richard J. Lipton and Jonathan S. Sandb erg. PRAM: A scalable shared memory . T echnical Rep CS-TR-180-88,Princeton University

, Department of Computer Science, Septemb er [20] F riedemann Mattern. Virtual time and global states of distributed systems. In M. Cosnard et. al.,

editor, Par al lel and Distribute d Algorithms: pr o c e e dings of the International Workshop on Par al lel Distribute d Algorithms,pages 215{226.Elsevier Science Publishers B. V., [21] Edward Eric Rothb erg. Exploiting the Memory Hier ar chy in Se quential and Par al lel Sp arse F actorization. PhD thesis, Stanford University

, Department of Computer Science, Decemb er [22] Harjinder S. Sandhu, Benjamin Gamsa, and Songnian Zhou. The shared regions approach to softwcache coherenc e on multipro cessors. In Pr o c e e dings of the F ourth ACM SIGPLAN Symp osium Principles and Pr actic e of Par al lel Pr o gr amming, pages 229{238.ACM, [23] Ambuj K. Singh. A framework for programming using non-atomic v ariables. In Pr o c e e dings of the International Par al lel Pr o c essing Symp osium, 1994, to app [24] J.P

. Singh, W.D. W eb er, and A. Gupta. SPLASH: Stanford parallel applications for shared memory T echnical rep ort, Stanford, Computer Systems Lab oratory

, [25] A. J. Smith. Cache memories. Computing Surveys, 14:473{540,[26] V. Sunderam. PVM: A framework for parallel distributed computing. Concurr ency: Pr actic e Exp erienc e, 2(4):315{339, Decemb er 15