Ma y a: A Sim ulation Platform for P arallel

Arc hitectures and Distributed Shared Memories

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

architectures with di�erent memory coherence proto cols. It uses the communication library

PVM to ensure p ortability

. Rapid prototyping of di�erent memory proto cols of 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. W e describ e the design of Maya and the simulation mechanism

brie y

. Some of the p erformance results on architectural simulation with di�erent memory

coherence proto cols are presente d. Parallel discrete event simulation techniques are adopted for

the execution-driven simulation of parallel architectures.

Keywords: mo deling of parallel architectures, parallel and distributed simulation,

parallel programming, weak memories

1 In tro duction

Recent interest in high p erformance computing has led to a greater need for adequate simulation

to ols and mo dels for ev aluating parallel architectures and parallel programs on these architectures.

Several simulation systems have b een develop ed [AHH88, CLN90, EKKL90, BDCW91, DGH91,

RHL

+

93] and based on the granularit y of the simulator, the simulation techniques used in these

simulators can b e broadly classi�ed into three categories: tr ac e-driven or statistical simulation,

functional or instruction level simulation, and exe cution-driven simulation with direct execution.

T race-driven simulation systems [AHH88, BKW90, EKKL90 ] have b een used for a long time. They

are fast but su�er from a low accuracy . F unctional simulators such as the ASIM simulation sys-

tem [CLN90] provide a high degree of accuracy of a simulated execution with resp ect to the real-time

execution. However, these simulators are slow with a slowdown generally in the range of two to

three orders of magnitude. Execution-driven simulators, on the other hand, represent a compro-

mise b etween the two extremes. These simulators sacri�ce the sp eed of trace-driven simulations for

greater accuracy

. The representatives of this class are the T ango system from Stanford [DGH91],

the Proteus system from MIT [BDCW91], and the Wisconsin Wind T unnel [RHL

+

93]. These sim-

ulation systems provide a reasonable level of accuracy b etween simulated and real-time executions

with a mo derate slowdown of ab out one to two orders of magnitude. In this pap er, we describ e an

execution-driven simulation system, Maya

1

, that is b eing develop ed.

In trace-driven simulators, a program trace of a parallel program is generated by running the

parallel program either on a sequential machine, on the target parallel machine, or on another

parallel machine. The trace contains all the required accesses to the shared memory by the execution

threads of the parallel program. This trace is used as an input to the simulator which in turn

simulates the target architecture or a proto col (e.g., a distributed shared memory proto col [LH89])

running on the target architecture. The input traces can also b e generated statistically from some

b enchmarks or some measured distributions. These simulators do not actually execute the parallel

program or the proto col. The input program trace determines the runtime dep enden cy of the

simulated program statically

. As a result, dynamic dep enden cies, which may arise in the program

due to the target architecture or the proto col, cannot b e simulated. Since the simulator do es not

incur the latencies due to the actual execution of the program or the proto col, the overheads in

trace-driven simulation are low. In fact, the simulation may even take less time than the actual

execution.

F unctional simulators mimic every single step of the target architecture down to the instruction

level, or even to the micro-co de level. They therefore represent the software sp eci�cation of the

underlying architecture. Though they are extremely accurate, the overhead in mimicking every

single step in the execution is often quite high, and this renders them impractical in the p erformance

ev aluation of useful parallel programs. In addition, each parallel architecture requires a time-

consuming analysis and development of a new simulator.

Execution-driven simulation has achieved a considerable amount of success as a compromise

of the ab ove two approaches. The high cost of simulating every single instruction is avoided by

executing parallel programs directly on the host machine. In order to simulate the execution

of parallel programs on a target architecture, timing information must b e maintained for b oth

1

Maya in Sanskrit means \illusion".

computation and communication. Only accesses that are of interest to the simulation are considered

and their e�ects are integrated into the state of the simulation. Complete program dep endenc ies

and program output are repro duced. T ango [DGH91

], an example of such a simulator, mo dels each

simulated user pro cess by a Unix pro cess and uses semaphores for pro cess synchronization. Shared

accesses to memory are replaced with function calls to the simulator, which maintains all the timing

and scheduling information. The simulator then selects the access or simulation event with the

smallest simulated time and carries out the relev ant computation or communication. The original

implementation of T ango is only av ailable on SGI and DEC workstations and is not p ortable.

Proteus [BDCW91

] uses lightweight threads to reduce the overhead of context switching and data

copying. All data of user pro cesses are encapsulated into a single large address space and shared

accesses are replaced by function calls to the simulator during the pre-pro cessing phase. Both T ango

and Proteus implementations are intended for sequential or shared memory architectures. The

Wisconsin Wind T unnel (WWT) [RHL

+

93] is a solitary example of an execution-driven simulation

system that can b e executed on a distributed memory machine. The system distinguishes b etween

lo cal and shared memory accesses by exploiting the ECC hardware of CM-5. In particular, shared

accesses to the memory that is mapp ed on a di�erent pro cessor result in a trap. This approach is

go o d since lo cally mapp ed shared memory accesses incur no overhead. The main drawback with

the WWT is that it can only b e run on a CM-5 and is not p ortable to other parallel architectures.

Maya is a parallel programming system which supp orts execution-driven simulation on dis-

tributed memory architectures. Inspired by the success of WWT in exploiting multiple pro cessors

to sp eed up the simulation, Maya is intended to work primarily on a distributed memory platform.

It is based on the PVM communication library [Sun90], and can b e p orted to any environment that

supp orts Unix and PVM. W e have so far p orted Maya to a network of Sun workstations and the

Intel Paragon.

Maya is intended to radically change the pro cess of parallel program development on MIMD

architectures. In particular, parallel program designers have a tendency to use the low-level message

passing interface in MIMD environment at the user level to get around the ine�ciencies resulting

from traditional distributed shared memory implementations. Our approach is to encourage the

programmers to develop programs in the shared memory paradigm, which is considered simpler for

parallel programming, by providing alternative consistency notions of memory at the lower level.

Thus a ma jor thrust of Maya has b een the examination of di�erent proto cols for shared memories,

esp ecially the implementations of memories that are not sequentially consistent [Lam79]. These

weaker memories have a lower latency and when used correctly

, can enhance the p erformance

of parallel programs [ABHN91, AH90, DSB86, GLL

+

90, LS88]. Maya is capable of simulating

the execution of a numb er of such memories including c ausal memory [ABHN91], and pip eline d

r andom ac c ess memory [LS88]. Preliminary ev aluation results for a numb er of user applications

app ear in [Maya93 ].

This pap er is organized as follows. An overview of the design of Maya is presented in Sec-

tion 2. In Section 3, the simulation environment and the mo deling of parallel architectures are

discussed. Section 4 contains some architectural simulation results and a p erformance comparison

with Proteus. W e conclude with a brief discussion in Section 5.

2 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 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 and no simulation is needed. In either mo de, it is easy to

replace one memory coherence proto col by another.

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 1: The logical organization of MayThe logical organization of Maya is depicted in Figure 1. Users of Maya write their by using an extension of C that enables pro cesses to share v ariables. Shared v ariables are explicitly and currently we restrict such sharing to the primitive typ es in C as well as to arracomp osed of these primitive typ es. A pre-pro cessor (currently under design) scans the user program to identify the shared v ariables and arrays. These are allo cated in the memory and the memory allo cation is done with pages of a �xed size. The pre-pro cessor also the accesses to the shared v ariables in the user program to standard C macro calls supp orted bthe memory subsystem in Maya. The memory subsystem is comp osed of three mo dules: the allo cation mo dule, the synchronization mo dule, and the coherence mo dule. The data allo catimo dule is resp onsible for allo cating space in the memory subsystem for the shared data and co erating with other memory subsystems to partition the data. The aim is to reduce commoverhead in the sharing of the data and to minimize the e�ect of false sharing. At present, data allo cation algorithm is relativ ely straightforward. A round-robin manager-based placemenstrategy is adopted. On the average, each no de manages 1=n of the total numb er of shared 3 in an n-no de system. Several user-controlled directives, which allow the declaration of p con icting data items involved in concurrent accesses, are provided to reduce false sharing. pre-pro cessor translates data placement directives into data placement calls. The syncmo dule provides primitives for pro cess synchronization: b oth explicit and implicit. Explicit chronization includes b arriers and lo cks ,which can b e detached from the issues of data Implicit synchronization refers to the synchronized starting of user pro cesses and the initializatiof shared v ariables. The coherence mo dule enforces the required level of coherence for shared by executing the sp eci�c memory coherence proto col when shared data is accessed. This is 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 2: The physical organization of MayFigure 2 illustrates the physical organization of Maya. W e assume that the host arcconsists of a set of pro cessors each with its priv ate memory (referred to as a no de) by a network. The Maya environment on each no de comprises of three layers: the user or application layer, the memory subsystem layer, and the communication subsystem layer. memory subsystem in Maya acts as an interface b etween the user pro cesses and the network supp ort shared memory in a distributed environment. As discussed ab ove, the accesses to shared v ariables result in macro calls to the memory subsystem. Currently the interface b etwthe users and the memory subsystem is based on messages. The memory subsystem executes underlying distributed shared memory proto col by communicating with the memory on other no des. The distributed static manager scheme [LH89] is implemented as the base memory proto col (referred to as \atomic memory" proto col in this pap er) for b oth comparison testing purp oses. The memory subsystem in Maya is extensible. Currently

, we have develop ed 4 library to supp ort distributed shared memory proto cols based on se quential ly c onsistent memoryc ausal memory, and pip eline d r andom ac c ess memory [Maya93The primary resp onsibility of the communication subsystem is to facilitate commamong the memory subsystems, which co op erate with one another to implement distributed memory

. The communication subsystem in Maya is based on the message passing library PVM [Sun90Since PVM is av ailable on most distributed memory architectures, Maya can b e supp orted on v ariety of hardware platforms. Another adv antage of using PVM is that it can b e used in a netwof heterogeneous Unix compatible machines since PVM uses an external message passing Although PVM imp oses certain bu�er management and daemon computation overhead, we sider fast prototyping and p ortability more imp ortant.W e are investigating alternatives such asynchronous I/O to eliminate these overheads. The communication subsystem in Maya can b con�gured to simulate a target parallel architecture on the host machine. As a simulator,the of Maya changes slightly and is discussed in the next 3 Arc hitectural Sim

Maya can b e con�gured as a simulation environment for parallel architectures. F unctioning as simulator, Maya automatically transforms b oth the parallel user program and the memory ence proto col into simulation programs using a set of macros. Monitoring co des are inserted each communication event in the coherence proto col and cycle counting co des are added to tain timing information in the simulated environment. A numb er of useful statistical informatican b e obtained from Maya in the simulation mo de. Examples include the numb er of requests p user, the numb er of messages sent due to the coherence proto col, the hit and miss counts for memory accesses, and the total simulated execution time. The total simulated execution time b e broken down into comp onents such as the time due to the execution of the user pro cesses the memory subsystem, and the time for which user pro cesses are idle (waitingfor syncor for results from shared The con�guration of Maya in the simulation mo de is shown in Figure 3. Scheduling of pro cesses residing at the same no de is handled by the memory subsystem, which co op erates the network simulator (called the network manager henceforth). The network manager, currenimplemented as a centralized pro cess, executes a parallel discrete event simulation over the machine no des and network. Two ma jor comp onents exist in the network manager: message delamo del and communication event scheduler. The message delay mo del is used to determine arriv al time of a message sent over the target architecture communication network. The munication event scheduler schedules the delivery of messages and resolves any deadlo ck. Maysimulation ensures r ep e atability: rep eated execution of the same user program with the same will yield exactly the same output and simulated execution time. This feature is useful for prototyping of parallel programs by making it easier for debugging timing anomalies. In the lowing subsections, we will discuss the target parallel architecture mo deling, the event scmechanism, and the network contention mo deling in greater 5

Subsystem

Communication

Memory

useruserSubsystem useruserH O S T M A C H I N E C O M M U N I C A T I O N N E T W O R K

Target Machine Network Simulation Module

Event Scheduler

Message

Delay Model

Figure 3: Architectural simulation in May3.1 Mo deling P arallel Arc

Several mo dels exist for parallel architectures and computations [FW78, Gib89, V al90, CKP

93The traditional PRAM mo dels [FW78, Gib89] are not accurate enough for useful mo deling many imp ortant architectural asp ects such as communication overheads are missing. The synchronous parallel computer mo del [V al90] views a computation as a sequence of sup ersteps. each sup erstep, each comp onent of the system is allo cated a task consisting of lo cal message transmission, and message reception. These comp onents are synchronized at the end regular interv als of �xed time units to see if the allo cated sup erstep has completed. If it has, system pro ceeds to the next sup erstep. Otherwise, the next interv al is allo cated to the sup erstep. This mo del is simple to implement, but it is only appropriate for parallel that conform to the mo del. The LogP mo del [CKP

93] characterizes a parallel architecture bthe communication delay L, the communication overhead o, the communication bandwidth g , the numb er of pro cessors P . V arious asp ects of the architecture are approximated by these parameters. Our architectural simulation mo del is similar to that of the LogP mo del. Pused in Maya can b e categorized to mo del the delay

, overhead and bandwidth. The numb er pro cessors P is not explicitly used in our mo In Maya,the characteristics of the parallel architecture are mo deled by two sets of The �rst set of parameters captures the computational asp ects of the parallel architecture, the second set delineates the communication asp ects. The parameters on computational sp eed categorized based on instruction groups such as integer addition, integer multiplication, 6 p oint addition, oating p oint division, pro cedure call, etc. Cycle counting statements are into the user program to maintain the timing information for lo cal computation. The simulaticlo ck is adv anced accordingly as the simulation pro ceeds. F or faster simulations,these statements are not added after every statement of the user program. Instead, they are b efore blo cks of lo cal accesses. T o cater for the communication delay b etween no des, we the simulation mo del designer to provide a function netdel ay that mo dels the target commnetwork after taking the network congestion level into account. In the current prototyp e of Maya,

the network manager in Figure 3 schedules the message delivery events using netdelay since it the complete knowledge of all communication events o ccurring b etween no 3.2 Ev en t Sc

In order to mimic the execution of the parallel program on the target architecture, events pro cesses need to b e scheduled correctly

. This execution is mo deled in terms of a set of simulatievents which corresp ond to the accesses to shared v ariables and the resulting message transmission,

delivery

, and pro cessing in the memory subsystems. Maya schedules all these events in the order as they would app ear in a real execution on the target architecture by tagging each event a timestamp from the simulation clo ck and executing them in timestamp order. Simulation evenlo cal to a pro cess are executed in timestamp order. Non-lo cal simulation events such as sions and deliveries of messages are scheduled by the network manager. Logically

, all interno messages are sent to their destination no de via the network manager, which maintains a queue relev ant events ordered by their timestamps. Based on the message transmission timestamps senders, the network manager computes the timestamp of a message delivery event by adding network delay estimated by the network delay mo del and redirects the message to the receivThis scheme results in a consistent interface for b oth the native and the simulation mo While the manager pro cess is resp onsible for the scheduling of communication events memory subsystems, memory subsystems are resp onsible for the scheduling of events on the no These events include shared access requests from user pro cesses and the receipt of messages other memory subsystems. Each memory subsystem maintains an ordered queue for these simlation events in the same manner as the manager do es. F or events due to messages from memory subsystems, the arriv al timestamps of the events are supplied by the manager. F or evendue to shared access requests, a sp ecial function time mapping is used to determine the arriv timestamps. F unction time mapping mo dels the sp eci�c scheduling algorithm employed by op erating system on the target architecture. It takes the lo cal timestamp of an event which supplied by the user pro cess and the relev ant past history of the execution on the no de and a mo di�ed lo cal timestamp. This mo di�ed timestamp is the real scheduling time of the evenafter taking op erating system scheduling overheads and delays into account. Di�erent scschemes require di�erent time mapping functions. F or the applications we are simulating,is only a single user pro cess residing at each no de. Consequently

, function time mapping mo dels the overheads and delays of a memory Event scheduling follows the framework of parallel discrete event simulation [F uj90]. Owing the asynchrony of the simulated system, one has to make sure that events are scheduled in the order as in the actual execution. This can b e guaranteed by observing the input waiting rule and 7 output waiting rule as in the conserv ative approach for parallel discrete event simulation [CM79]. Maya, the input waiting rule is enforced by requiring the manager to wait until it receives a from each memory subsystem. The output waiting rule is enforced by requiring the manager schedule a message only when the simulation clo ck has adv anced to the send time of the Conserv ative approaches in parallel discrete event simulation may lead to deadlo cks. One way avoid deadlo cks is to ush all the communication channels p erio dically with nul l messages [CM79In Maya, the deadlo ck resolution scheme is attached to the centralized manager. The deadlo cresolution scheme is a combination of deadlo ck avoidance and deadlo ck detection. The keeps track of the numb er of outstanding messages of each memory subsystem. When the numb of outstanding messages drops to zero, the manager calculates the largest time T such that memory subsystem will receive another messages with send timestamp smaller than T . The v of T is then broadcast to all memory subsystems. Memory subsystems are allowed to sclo cal events only if they are issued b efore time T . If T is up dated and broadcast frequently

, scheme tends to avoid deadlo cks b efore they actually o ccur. F urthermore, if deadlo ck do es o the numb er of outstanding messages among the memory subsystems will eventually b ecome Subsequently

, the manager will b e able to detect the deadlo ck and resolve it by sending v alue of T . T o compute the largest p ossible v alue of T , lo ok ahead techniques [LL90] are In particular, supp ose the smallest send timestamp of all the messages the manager has receivis t and the minimum message delay on the target architecture is d. It can b e shown that the manager �nds that the numb er of outstanding messages is zero, no memory subsystem receive any message b efore time t + d. Consequently

, T can b e taken as t + d. Our scscheme is further optimized in the case where successive shared accesses are separated by a blo ck of lo cal access and computation. In this situation, the application pro cess is setup to rep the largest timestamp b efore which it will not make any shared access. Event scheduling on no des may b e accelerated based on this additional informatio3.3 Mo deling Con ten tion and Comm unication Dela

It is imp ortant to take the congestion level of the target communication network into account order to obtain a realistic estimate of the parallel program p erformance. T o simplify the mo pro cess, we assume the existence of a function netdel ay that takes into account the contenlevel in the network and computes the message delay . F unction netdelay takes an event of transmission and returns the time at which the message should b e received by the receiver. F some network contention mo dels, the arriv al time of a message dep end s not only on the currennetwork contention, but also on the tra�c in the immediate future. The function netdelay allowed to return ?, if there is inadequate information to determine the arriv al time of a Eventually

, when su�cient information b ecomes av ailable, an arriv al time is returned. The amounof information needed to estimate the receipt time of a message v aries for di�erent accuracy levIn our prototyp e, we assume that the scheduling of messages on most networks is indep endent the lo cal computation on the no des of the target machine. Therefore, a separate network can b e used for the scheduling of messages during simulatIn the current prototyp e of Maya, the ideal delay of a message is mo deled as the sum of sender overhead, the receiver overhead, and the transmission delay

. Sender and receiver ov8 are assumed to b e constant. T ransmission delay is mo deled as a linear function prop ortional the length of the message. The actual delay of a message is the ideal delay plus a factor to network contention. A collision-based mo del is intro duced to mo del the e�ect of contenThis mo del is useful for communication networks that exhibit the b ehavior of message collisions.

Let the pr op agation interval of a message transmitted at time t b e the interv al [t; t + d) d is the calculated transmission delay of the message. A collision is said to o ccur b etween twor more messages transmitted over a common channel if their propagation interv als overlap. W handle collision by rescheduling messages whose propagation interv als overlap. In our based mo del, when a collision o ccurs, the message with the smallest transmission time and all the others are re-transmitted. Note that this results in recomputation of the interv als for the delayed messages when they are re-transmitted. A p enalty e is charged to delaymessages so that they are re-transmitted e units of time after the end of the propagation interv of the �rst message. The v alue of e dep ends on the communication network b eing used. collision-based mo del can b e easily implemented in the context of Maya and can b e used to mo a p oint-to-p oint network or an Intel Paragon mesh under mo derate network tra�c by setting e = However, our mo del may underestimate the e�ect of collision on some networks. F or example, Ethernet, it is p ossible that the message with the smallest transmission time t is also delayed another message is transmitted within time t plus the round trip propagation delay on F ortunately

, the probabilit y of this o ccurring is almost zero as the round trip propagation delay Ethernet is very 4 Exp erimen tal The �rst version of Maya includes a library of coherence proto cols: atomic memory, c ausal pip eline d r andom ac c ess memory , and some of their v ariations. Several application programs ing the Gaussian elimination and matrix inversion (Gaussian inverse), all pairs shortest path, traveling salesp ersons problem, the Jo cabi iterativ e synchronous linear equation solver [ABHN91and the Cholesky factorization from the SPLASH b enchmark [SWG91] have b een used. inary results of the p erformance of some of these coherence proto cols and application when used in the native mo de are obtained from a network of Sun workstations and from an InParagon [Maya93

]. In this section, results from the simulation mo de are presented. These are based on one user application: a Gaussian inverse algorithm, two kinds of coherence proto atomic memory and causal memory

, and two di�erent architectures: a network of Sun workstatioand an Intel Paragon.The results obtained from the simulation mo de are compared with the sults obtained from the native mo de. Finally

,the p erformance of Maya is ev aluated by it with another simulation to ol Proteus [BDCW91

] and by v arying the degree of concurrency

4.1 Results of Arc hitectural Sim

The input to the Gaussian inverse problem is a matrix of size N � N and the output is the invof the input matrix.The Gaussian inverse algorithm in our exp eriment is comp osed of an stage, a computation stage consisting of N phases separated by barriers, and an output stage. input and output stages corresp ond to the reading of the input matrix and writing of the 9 matrix and the time for this part of the execution is omitted from all our results. The N rows the matrix are evenly assigned to the n participating pro cesses. In phase i, the pro cess in charge row i selects one of its rows as a pivot row. All the pro cesses cache this row and use it for their lo computation on their rows. Due to the use of barriers and v ariable sharing patterns in the inverse algorithm, coherence proto cols weaker than atomic memory can b e used. W e cho ose to atomic memory and causal memory in our exp eriments. In the case of atomic memory

, all reads writes are blo cking, i.e., the user pro cesses issuing these op erations are blo cked until the op are successfully p erformed. Copies of the memory may migrate dynamically and are kept track by a distributed directory [LH89]. In the case of causal memory

, each memory subsystem keeps copy of the shared memory

. Reads to the shared memory are served lo cally . W rites to the memory are broadcast and p erformed in a causal order

numb er of pro cesse s Actual execution

Simulated

numb er of pro cesse s Actual execution

Simulated

a) Causal memory on Paragon b) Causal memory on workstati

numb er of pro cesse s Actual execution

Simulated

numb er of pro cesse s Actual execution

Simulated

c) Atomic memory on Paragon d) Atomic memory on workstatFigure 4: Native mo de versus simulation mo de for Gaussian inverse with N = A network of Sun workstations is used as the host machine in our simulation exp eriments. target machines b eing simulated are the same network of Sun workstations and an Intel Paragon.

The application program is run with n user pro cesses. In a network of Sun workstations, an

This causal order re ects the happ en-b efore relations [Lam78] b etween the read and write op erations to memory lo 10 is used to connect a set of Sparc LX workstations. Each user pro cess and the memory subsystem communicates with are assigned to one workstation so that there are a total of n workstations. In Intel Paragon, a set of no des are connected by a two-dimensionalmesh of communication cEach no de consists of two i860 micropro cessors, one for computation and one for communication.

In executing Gaussian inverse, a partition of 2n no des is used and user pro cesses and subsystems are assigned to di�erent no des. With the use of communication micropro cessors, communication delay b etween no des that are far away on the mesh is not much di�erent from communication delay b etween adjacent no des on the mesh. T o obtain the necessary parameters simulating the two target machines, we have written simple b enchmark programs to estimate sp eeds of the pro cessors for lo cal computation, the communication overheads when using PVM the underlying communication interface, and the bandwidths of the netwFigure 4 compares the actual execution times and simulated times running Gaussian invfor N = 500 with n equal to 2; 4; 6; and 8. As shown in �gures 4a and 4b, the simulated obtained for causal memory match the actual execution time within a small p ercentage on b a Paragon and a network of workstations. In the case of atomic memory

, the simulated obtained also agree with the actual execution time on the Paragon (Figure 4c). However, simulated times obtained in the case of a network of workstations are relatively low with the actual execution time (Figure 4d). One particular reason for this is that activities to internal pro cesses of PVM are not mo deled. Consequently

, the costs of some op erating activities such as context switching are underestimated. The e�ect is more signi�cant in memory b ecause read and write op erations are blo cking and the errors of underestimated activitiare accum4.2 P erformance of Ma y In Figure 5, we compare the times needed to simulate Gaussian inverse for N = 500 using Maya Proteus with n user pro cesses. W e cho ose to compare with Proteus b ecause it is av ailable on and it is claimed to b e one of the fastest simulator in its category

. Since Proteus only proatomic coherence proto col, atomic memory is used in this exp eriment. The design of Proteus quite similar to that of Maya. User programs are compiled into assembly language which are then pre-pro cessed to convert shared access into traps to the Proteus simulator. counting statements are also inserted during pre-pro cessing. The resulting programs are linkwith the simulation programs of Proteus to obtain an executable �le. Note that the pre-pro in Proteus is more machine dep ende nt as it uses assembly language F or the simulation with Maya,n + 1 Sparc LX workstations connected by an Ethernet are so that each user and its corresp onding memory subsystem are assigned to one workstation and manager pro cess is assigned to a separate workstation.The target machine b eing simulated the same architecture, a network of Sun workstations connected by an Ethernet. F or simplicity ,

communication delay under no contention is estimated by the formula k

+ k

�(message length), some constants k

and k

. F or the simulation with Proteus, a single Sparc LX workstation is to p erform the simulation. The communication network of the target machine b eing simulated a fully connected bidirectional network. T o mo del such a network, Proteus also estimates comm

Some native mo de results are not av ailable at this time due to a recent system upgrade on P11

numb er of pro cesse s

Maya, simulation mo

Maya, native mo

2

Figure 5: Comparison b etween Maya and nication delay by ev aluating an analyticalformula. Consequently

, the computational requiremendue to the estimation of communication delays are similar in Maya and Proteus and the simtion results should re ect the p erformances of the two simulators in terms of their e�ciencies simulating the chosen coherence proto col and application program. Also, for fair comparison, same optimization level is used for compilations and statistical data outputs are disabled in b It turns out that Proteus can only b e used for the simulation of Gaussian inverse for N large as ab out 500 on the workstations we are using. This is probably due to the large requirement of simulating large numb er of pro cesses on a single machine. On the other hand, Maycan b e used for N over 1000. Figure 5 compares the p erformance of Maya and Proteus for N = 500. Proteus is ab out 14 to 17 times slower than the native mo de while Maya is ab out 3 11 times slower than the native mo de. (Note that Proteus uses one Sparc LX workstation for eacsimulation but the numb er of workstations used in case of Maya v aries with n.) W e also the exp eriment on di�erent problem sizes and discover that for problem sizes larger than 500, ratio b etween the sp eed of the simulation program and the original user program remains the same. However, for the case of Proteus, we exp ect that the simulation will b e much slowas the additional computation due to b oth the originaluser program and the simulation is Figure 6 shows the sp eedup of p erforming simulation in Maya by v arying the numb er of pro sors used in the host environment. In this exp eriment, we �x the numb er of user pro cesses to W e assume that each user pro cess resides on a di�erent pro cessing unit of the target machine there is a memory subsystem corresp onding to each user. W e simulate the same Gaussian invalgorithm using 1 or more workstations. Since the b ottleneck of the simulator is in the 12 numb er of wMaya’s execution

Figure 6: Simulating using v arious numb er of machines (N = 500; n = pro cess, only mo derate sp eedup is obtained as more workstations are

numb er of user pro cess es Maya’s execution

Figure 7: Simulating v arying numb er of user pro cesses using 2 workstations (N = The slowdown of p erforming simulation in Maya with 2 workstations is depicted in Figure As the numb er of user pro cesses is increased, the numb er of memory subsystems and the numb er pro cessors in the target machine are also increased corresp ondingly

. The slowdown is almost to n, which is exp ected as more computation and communication are needed to simulate numb er of user pro 13

5 Discussion and F uture W

In this pap er we have presented the system overview of Maya which is a simulation platform ev aluating parallel architectures and distributed shared memory proto cols. Maya is an driven simulator and can b e p orted to a v ariety of distributed memory architectures. It can b e for rapid prototyping of parallel programs employing the shared memory paradigm. F

Maya facilitates shared memory parallel program development based on di�erent notions of consistency . W e feel that this is a b etter approach of developing parallel programs instead exp osing the low-level message passing paradigm to the users. Finally

, users can exp eriment a v ariety of parallel architectures which can b e simulated easily through Maya.

Currently

, Maya is installed on a network of Sun workstations and on an Intel Paragon. W e also redesigning certain asp ects of the current architecture of Maya. The message-based inb etween user pro cesses and the memory subsystem is b eing coupled tightly by integrating memory subsystem in the virtual memory of the user pro cesses. This approach will result minimal overhead for user accesses to the shared memory that is mapp ed lo cally at the no de. Non-lo cal memory accesses will result in software traps which will trigger the distributed shared memory proto col. Another issue that we are investigating is to decentralize current implementation of the network manager. One approach would b e �xed partitioning of single network manager to a set of network managers. The other approach would b e to implemena fully distributed network manager. F uture work includes further research into weak systems and their impacts on parallel programs and the class of parallel programs that can b from weaker Reference[ABHN91] Mustaque Ahamad, James E. Burns, Phillip W. Hutto, and Gil Neiger. Causal memory

In Pr o c e e dings of the 5th International Workshop on Distribute d Algorithms, pages 30. LNCS, Octob er [AH90] S.V. Adve and M.D. Hill. W eak ordering - A new de�nition. In Pr o c e e dingsof the Annual International Symp osium on Computer Ar chite ctur e, pages 2{14. IEEE, Ma[AHH88] A. Agarwal, J. Hennessy

, and M. Horowitz.Cache p erformance of op erating and multipro cessing workloads.ACM T r ansactions on Computer Systems, 6(4):393{

431, Novemb er [BDCW91] Eric A. Brewer, Chrysanthos N. Dellaro cas, Adrian Colbro ok, and William W eihl. Proteus: A high-p erformance parallel-architecture simulator. T echnical p ort MIT/LCS/TR-516, MIT, Lab oratory for Computer Science, Septemb er [BKW90] A. Borg, R.E. Kessler, and D.W. W all. Generation and analysis of very long traces. In Pr o c e e dings of the 17th Annual International Symp osium on Computer Achite ctur e, pages 270{279, [CKP

93] D. Culler, R. Karp, D. Patterson, A. Sahay

, K.E. Schauser, E. Santos, R. and T. von Eicken. LogP: Towards a realistic mo del of parallel computation. 14

Pr o c e e dings of the F ourth ACM SIGPLAN Symp osium on Principles and Pr actic e Par al lel Pr o gr amming, pages 1{12, [CLN90] D. Chaiken, B.H. Lim, and D. Nussbaum. ASIM User Manual. ALEWIFE Memo#13, August [CM79] K.M. Chandy and J. Misra.Distributed simulation: A case study in design and vcation of distributed programs. IEEE T r ansactions on Softwar e Engine ering, 5(9):440{

452, Septemb er [DGH91] H. Davis, S.R. Goldschmidt, and J. Hennessy

. Multipro cessor simulation and using Tango. In Pr o c e e dings of the 1991 International Confer enc e on Par al lel Pr o c ing, volume I I, pages 99{107, August [DSB86] Michael Dub ois, Christoph Scheurich, and F ay� e A. Briggs. Memory access in multipro cessors.In Pr o c e e dingsof the 13th Annual International Symp osium Computer Ar chite ctur e, pages 434{442,May [EKKL90] S.J. Eggers, D.R. Kepp el, E.J. Koldinger, and H.M. Levy . T echnique for e�cieninline tracing on a shared-memory multipro cessor. In Pr o c e e dings of the 1990 ASIGMETRICS Confer enc e on Me asur ement and Mo deling of Computer Systems, 37{47, May [F uj90] R. F ujimoto. Parallel distributed discrete event simulation. Communic ations of ACM, 33(10):30{53,Octob er [FW78] S. F ortune and J. Wyllie. Parallelismin random access machines. In Pr o c e e dingsof 10th Annual ACM Symp osium on the The ory of Computing, pages 114{118, [Gib89] P

.B. Gibb ons. A more practical PRAM mo del. In Pr o c e e dingsof the 1st Annual ASymp osium on Par al lel Algorithms and Ar chite ctur es, pages 158{168, [GLL

90] K. Gharachorlo o, D. Lenoski, J. Laudon, P

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

Memory consistency and event ordering in scalable shared-memory multipro cessors. Pr o c e e dings of the 17th Annual International Symp osium on Computer Ar chite ctur epages 15{26. IEEE, May [Lam78] Leslie Lamp ort. Time, clo cks, and the ordering of events in a distributed Communic ations of the ACM, 21(7):558{565,July [Lam79] Leslie Lamp ort. How to make a multipro cessor computer that correctly executes mpro cess programs. IEEE T r ansactionson Computers, 28(9):690{691, Septemb er [LH89] Kai Li and Paul Hudak. Memory coherence in shared virtual memory systems. AT r ansactionson Computer Systems, 7(4):321{359,Novemb er [LL90] Y.B. Lin and E.D. Lazowsk a. Exploiting lo ok ahead in parallel simulation. IEEE T r actions on Par al lel and Distribute d Systems, 1(4):457{469,Octob er [LS88] Richard J. Lipton and Jonathan S. Sandb erg. PRAM: A scalable shared memory . T ecnical Rep ort CS-TR-180-88, Princeton University

, Department of Computer Septemb er 15

[Maya93] Ev aluating weak memories with Maya.T echnical rep ort, [RHL

93] Steven K. Reinhardt, Mark D. Hill, James R. Larus, Alvin R. Leb eck, James C. and David A. W o o d. The Wisconsin Wind T unnel: Virtual prototyping of parallel puters. In Pr o c e e dings of the 1993 ACM SIGMETRICSConfer enc e on Me asur and Mo deling of Computer Systems, pages 48{60, May [Sun90] V. Sunderam. PVM: A framework for parallel distributed computing. Concurr Pr actic e and Exp erienc e, 2(4):315{339, Decemb er [SWG91] J.P

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

, [V al90] Leslie G. V aliant. A bridging mo del for parallel computation. Communic ations of ACM, 33(8):103{111, August 16