Page 1 of 8MPI-SIM: USING PARALLEL SIMULATION TO EVALUATE MPI PROGRAMSSundeep PrakashRajive L. BagrodiaUniversity of CaliforniaComputer Science DepartmentLos Angeles, CA 90095, U.S.A.ABSTRACTThis paper describes the design and implementation ofMPI-SIM, a library for the execution driven parallelsimulation of MPI programs. MPI-LITE, a portablelibrary that supports multithreaded MPI is also de-scribed. MPI-SIM, which is built on top of MPI-LITE,can be used to predict the performance of existing MPIprograms as a function of architectural characteristicsincluding number of processors and message commu-nication latencies. The simulation models can be exe-cuted sequentially or in parallel. Parallel executions ofMPI-SIM models are synchronized using a set of asyn-chronous conservative protocols. MPI-SIM reducessynchronization overheads by exploiting the communi-cation characteristics of the program that it simulates.The paper presents validation and performance resultsfrom the use of MPI-SIM to simulate applications fromthe NAS Parallel Benchmark suite. Using the tech-niques described in this paper, we were able to reducethe number of synchronizations in the parallel simula-tion as compared with the synchronous quantum proto-col and were able to achieve speedups ranging from3.2-11.9 in going from sequential to parallel simulationusing 16 processors on the IBM SP2.1 INTRODUCTIONSimulators for parallel programs can be used to test,debug and predict the performance of parallel programsfor a variety of parallel architectures. Most existingsimulators (Brewer et al 1991, Davis et al 1991, Co-vington et al 1991) use direct execution to simulate thesequential blocks of code, and simulate only the com-munication and/or I/O events. As sequential executionof such models (Legedza and Weihl 1996, Reinhardt etal 1993, Dickens et al 1994, Dickens et al 1996) aretypically slow (slowdown factors of 2 to 15 per proces-sor are not atypical), several researchers have used par-allel execution of such models with varying degrees ofsuccess. The primary difficulty in obtaining better per-formance is the significant synchronization overhead inthe parallel simulator.In this paper we explore the use of a novel conser-vative synchronization algorithm for parallel simula-tion of message passing parallel programs. We com-bine the existing null message (Misra 1986) and condi-tional event (Chandy and Sherman 1989) protocolstogether with a number of optimizations to signifi-cantly reduce the frequency and cost of synchroniza-tions in the parallel simulator. The optimized simula-tion protocol has been incorporated in a simulationlibrary for MPI (MPI Forum 1993), called MPI-SIM.An existing MPI program may be linked with the MPI-SIM library (after an appropriate pre-processing stagedescribed subsequently) to predict its performance as afunction of the desired architectural characteristics; aprogrammer is not required to make any modificationsto the original MPI program. This paper also presentsthe results of an experimental study to evaluate theutility of MPI-SIM in the simulation of the NAS Par-allel Benchmark Suite.2 MPI SIMULATION MODEL2.1 MPI Overview and Core FunctionsMPI (MPI Forum 1993) is a message passing librarywhich offers a host of point-to-point and collectiveinterprocess communication functions to a set of singlethreaded processes executing in parallel. All communi-cation is performed using a communicator�whichdescribes the group of communicating processes. Onlymember processes may use a given communicator.This paper assumes that the program does not have anyI/O commands; simulation of the I/O constructs is de-scribed in Bagrodia et al (1997). In the subset of MPIwe simulate, all collective communication functionsare implemented in terms of point-to-point communi-cation functions, and all point-to-point communicationfunctions are implemented using a set of core non-blocking MPI functions. The core functions includeMPI_Issend, a non-blocking synchronous send,MPI_Ibsend, a non-blocking buffered send, MPI_Irecvnon-blocking receive and MPI_Wait.The primary difference between the two sends is thatthe synchronous send completes only when the receiver

Page 2 of 8has accepted the message using a matching receive; thebuffered send completes as soon as the data has beencopied to a local buffer. The buffer space is releasedonly when the data has been transmitted to the receivervia a synchronous send. Each point-to-point MPI mes-sage carries a tag and the sender-id. A receive may beselective, accepting a message only from a given sen-der and/or with a given tag. Alternately, it may use thewild card arguments MPI_ANY_SOURCE orMPI_ANY_TAG to indicate that a message from anysource process or with any tag value is acceptable. Thewait is simply a function which blocks the process untilthe specified non-blocking (send or receive) operationhas completed.In this paper, we use the terms Target Program torefer to the MPI program whose performance is to bepredicted, Target Machine as the machine on which thetarget program executes, Simulator as the program thatsimulates execution of the target program on the targetmachine, and Host Machine as the machine on whichthe simulator executes. In general the host machinemay be sequential or parallel. For direct execution, it isimportant that the processor configurations in the hostand target machine be similar.2.2 Preprocessing MPI programs for MPI-SIMIn general, the host machine will have fewer processorsthan the target machine (for sequential simulation, thehost machine has only one processor); this requires thatthe simulator provides the capability for multithreadedexecution. As MPI programs execute as a collection ofsingle threaded processes, it is necessary to provide acapability for multithreaded execution of MPI pro-grams in MPI-SIM. We have developed MPI-LITE, aportable library to support multithreaded MPI pro-grams. Executing an existing MPI program as a multi-threaded program requires additional modifications.The primary one deals with transforming the perma-nent variable, i.e. global variables and static variableswithin functions. If the unmodified MPI program isexecuted as a multithreaded program, all threads on agiven host process will access a single copy of eachpermanent variable. To prevent this, it is necessary toprivatize the permanent variable such that each threadhas a local copy. Each permanent variable is redeclaredwith an additional dimension whose size is equal to themaximum number of threads in a host process. Eachreference to the permanent variable is also modifiedsuch that each thread uses its id to access its own copyof the permanent variable. This process of adding adimension to the permanent variables is referred to asprivatization. A preprocessor is provided with MPI-SIM that automatically privatizes permanent variables,converts each MPI call to the corresponding MPI-SIMcall, and implements miscellaneous transformationsneeded to link the program with the MPI-SIM library.In MPI-SIM the routines for inter-thread communica-tion are syntactically identical to those for inter-processcommunication except for the use of a special prefix todistinguish between the two.2.3 Simulation Model for Core FunctionsWe present a model for execution and simulation of thefour core functions. The simulation model defines alogical process (LP) for each process in the target pro-gram. Each LP, has a message queue for each commu-nicator of which the LP is a member, a simulationclock, and an ordered list (ordered by simulation time-stamp) of the pending (send and receive) operations ofthe LP; this list is referred to as the request list. Simu-lation of a process in the target program by a corre-sponding LP in the simulator proceeds as follows: se-quential code blocks are simulated via direct execution.Each call to an MPI communication statement (collec-tive or point-to-point) is translated to a call to the cor-responding MPI-SIM function. MPI-SIM internallyimplements each call to a collective function in termsof the core communication commands described inSection 2.1. For brevity, we do not describe the trans-lation in the paper; the reader is referred to Prakash(1996). We briefly describe the simulation of the corecommands.The sends in the MPI core are simulated by sendinga message (with source, destination, tag, communicatorand data) to the receiver LP. The message is timestam-ped with the send timestamp, which is the currentsimulation time of the sending LP and the receive time-stamp, which is the send timestamp plus the predictedmessage latency. For buffered sends, the overheads andfunctionality for buffer availability check are includedin the simulation. The simulation of MPI_Irecv simplyadds a request to the request list. The action taken forthe wait depends on the type of the specified operation.For instance, for wait on a receive operation, the LP isblocked until a matched message is available. Ofcourse, the LP must remove messages in the order oftheir simulation timestamps and not in the order inwhich messages are physically deposited in its queue.When an appropriate matching message is removed,the LP�s simulation clock is updated to the maximumof the current simulation time and the receive time-stamp of the matching message, an acknowledgment issent to the sender, and the LP is resumed. For the syn-chronous send operation, the LP blocks until the corre-sponding acknowledgment has been received from thedestination. At this time, the simulation time of the LPis updated to the maximum of the current simulationtime and the receive timestamp of the acknowledg-ment.

Page 3 of 83 PARALLEL EXECUTION OF MPISIMULATION MODELTwo types of protocols have commonly been used inthe parallel simulation of parallel programs: the syn-chronous or quantum protocol (e.g. SimOS (Rosen-blum et al 1995, Rosenblum et al 1997)), and the asyn-chronous protocols (e.g. LAPSE (Dickens et al 1994)).In the synchronous protocol, each LP periodicallysimulates its corresponding process for a previouslydetermined interval Q, termed the simulation quan-tum, and then executes a global barrier. These barriersare used to ensure that messages from remote LPs willbe accepted in their correct timestamp order. An LPwaiting at a receive will accept a matching messagefrom its buffer only if the receive timestamp of themessage is less than the simulation time at which thecurrent quantum terminates. If more that one suchmessage is present, the LP will select the one with theearliest timestamp; if no such messages are present, theLP remains blocked, and its simulation time is updatedto the end of the current quantum. The synchronousprotocol is guaranteed to be accurate only if Q<L,where L is the communication latency of the targetarchitecture. However, a small Q implies frequentglobal synchronizations leading to poor performance.(If the host machine provides an efficient hardwareimplementation of global synchronization (e.g., CM5),it might be feasible to obtain good performance evenwith a small value of Q.) Simulation efficiency can beimproved by using a larger quantum; however withQ>L, it is no longer possible to guarantee that thesimulator is accurate. Thus parallel simulators (e.g.SimOS) that use this protocol offer two simulationmodes: fast and inaccurate, or slow and accurate.MPI-SIM uses an asynchronous protocol, whichreproduces the communication ordering of the targetprogram in the simulator. LPs have two attributes asso-ciated with them at all times: Execution Status(blocked, running or terminated) and SimulationStatus (deterministic or non-deterministic mode). AnLP is blocked if it has executed a receive statementand no matching message is available; otherwise it issaid to be running. An LP is in deterministic mode ifevery receive request in its request list explicitly speci-fies the source (i.e. no receive containsMPI_ANY_SOURCE as the source). Each LP executeswithout synchronizing with other LPs until it getsblocked on some wait operation; a synchronizationprotocol is used to decide if the LP can or cannot pro-ceed with a message from its buffer. We briefly de-scribe our protocol.Each LP in the model computes a local quantitycalled its Earliest Input Time or EIT (Jha and Bagrodia1993). The EIT represents a lower bound on the re-ceive timestamp of future messages that the LP mayreceive. Consequently, upon executing a wait state-ment, an LP can safely select a matching message witha receive timestamp less than its EIT. Different asyn-chronous protocols differ only in their method forcomputing EIT. Our implementation supports variousprotocols including the Null Message Protocol (NMP)(Chandy and J. Misra 1979), the Conditional EventProtocol (CEP) (Chandy and Sherman 1989), and anew protocol, which is a combination the two (Jha andBagrodia 1993). Due to space limitations, we haveomitted details of the protocol; the interested reader isreferred to Prakash (1996).The primary overhead in implementing parallel con-servative protocols is due to the communications tocompute EIT and the blocking suffered by an LP thathas not been able to advance its EIT. We have sug-gested and implemented a number of optimizations tosignificantly reduce the frequency and strength of syn-chronization in the parallel simulator thus reducingunnecessary blocking in its execution. The primaryoptimizations include:1. Automatic detection of deterministic fragmentsin the parallel program. In general, an LP isblocked either if its buffer does not contain amatching message or if the timestamp on the mes-sage is greater than the LP�s EIT. However, an LPin the deterministic mode can proceed as soon as itfinds a matching message, regardless of its EIT.This is an optimization within the framework of thenull message protocol.2. Reducing blocking time of an LP by exploitingthe communication characteristics of the appli-cation. By precisely defining potential messagesources, an LP can reduce the communications thatare used to advance its EIT.3. Reducing the frequency of synchronization withdynamic extraction of lookahead. Lookahead isthe ability of an LP to predict lower bounds on fu-ture times at which it will generate a message forother LPs. Extracting tight estimates for each com-municating partner leads to fewer synchronizationsthan the commonly used static methods for com-puting lookahead.4 RESULTS4.1 BenchmarksWe have validated MPI-SIM, and measured its per-formance for the NAS (Numerical AerodynamicSimulation) Parallel Benchmarks (NPB 2) (Bailey et al1995), a set of programs designed at the NASA NASprogram to evaluate supercomputers. The IBM-SP2 atUCLA was selected as both the target and host ma-chines. Each node of the IBM-SP2 is a POWER2 nodewith 128Kb of cache and 256Mb of main memory.

Page 4 of 8Nodes are connected using a high performance switch,which offers a point-to-point bandwidth of 40Mb/s,and has a hardware latency of 500ns. The NPB bench-marks are written in Fortran 77 with embedded MPIcalls for communication. Since MPI-SIM currentlysupports privatization only for C programs, it was nec-essary to convert the benchmarks to C. We were able toconvert four out of the five benchmarks using f2c(Feldman et al 1990), a Fortran-to-C converter. Thespecific configurations of the benchmarks that wereused in the performance study were constrained pri-marily by their memory and CPU requirements. Table1 summarizes the relevant configuration informationfor the benchmarks. Each benchmark was executed forthree target machine configurations. For example, LUwas executed on 4, 8 and 16 processors.4.2 Verification & ValidationThe target programs and the simulators were executedfor all processor configurations listed in Table 1. Foreach target and host processor configuration, eachsimulator was executed in four modes described inSection 4.3. The NPB 2 benchmarks are self-verifying,meaning that each benchmark after completion com-pares the computed results against precomputed resultsto ensure that it executed correctly. All target programsand simulators were found to verify correctly.Figure 1 plots the target program execution time(solid line) and the execution time as predicted by thesimulator (dashed lines) as a function of various targetmachine configurations; note that the simulator pre-dicted times are plotted for each host configurationlisted in Table 1. The graphs were nearly identical inall simulator modes, and consequently the figure showsonly one mode: the NMP+CEP+Det mode. In the bestcase the predicted and measured times differed by lessthan 5% and in the worst by 20% lending reasonablecredibility to the simulations.4.3 Simulator ModesA simulator can be executed in four modes. In three ofthese the simulation status is non-deterministic, butTable 1: NAS BenchmarksTarget 1Target 2Target 3NamesLinesClassTargetProcs..Target Program Size/Simulator Size (Host Procs. for Simulator)LU4623 A 4,8,16 14M/57M (1,2,4) 8M/32M(2,4,8) 5M/18M(4,8,16)MG2712 S 4,8,16 600K/8M (1,2,4) 400K/5M (1,2,4,8) 300K/3M (1,2,4,8,16)BT6290 S 4,9,16 2M/24M (1,2,4) 1M/15M (1,2,4,9) 1M/12M (1,2,4,9,16)SP5555 S 4,9,16 700K/7M (1,2,4) 500K/6M (1,2,4,9) 500K/5M (1,2,4,9,16)

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

4 6 8 10 12 14 16

Time in Seconds Number of Processors

(NMP+CEP+Det) Simulator Vs Target (SP)

Target Execution 1 Processor Simulation 2 Processor Simulation 4 Processor Simulation 9 Processor Simulation 16 Processor Simulation

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

4 6 8 10 12 14 16

Time in Seconds Number of Processors

(NMP+CEP+Det) Simulator Vs Target (BT)

Target Execution 1 Processor Simulation 2 Processor Simulation 4 Processor Simulation 9 Processor Simulation 16 Processor Simulation

0.05

0.055

0.06

0.065

0.07

0.075

0.08

0.085

0.09

0.095 0.1

4 6 8 10 12 14 16

Time in Seconds Number of Processors

(NMP+CEP+Det) Simulator Vs Target (MG)

Target Execution 1 Processor Simulation 2 Processor Simulation 4 Processor Simulation 8 Processor Simulation 16 Processor Simulation

300 400 500 600 700 800 900 1000

1100

1200

1300

4 6 8 10 12 14 16

Time in Seconds Number of Processors

(NMP+CEP+Det) Simulator Vs Target (LU)

Target Execution 1 Processor Simulation 2 Processor Simulation 4 Processor Simulation 8 Processor Simulation 16 Processor Simulation

Target Execution Time vs. Simulator Predictions for NAS Benchmarks they differ in the use of the protocol for EIT advance-ment. The CEP mode (uses conditional event protocol),NMP mode (uses null message protocol) andCEP+NMP mode (combines both). In the last mode thesimulation status is deterministic and both the cond tional event and the null message protocol(CEP+NMP+DET mode) are used. These simulatormodes allow us to determine the contribution of eachprotocol and each optimization to the performance of

Reducing SynchronizationsWe compared all modes of each simulator against thetraditional quantum protocol. Performance of thesimulation protocol in each simulator mode is gaugedby the number of rounds of protocol messages, R, sentper processor. The performance of the quantum proto col is measured as the number of global synchroniz tions it takes to simulate the same target program. Around of protocol messages is similar to a global syn chronization, although it is frequently less expensive,since in many cases a processor does not need to wait tocol messages from all other processors.

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in SP: Targ Procs: 16, Host Procs: 4

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in SP: Targ Procs: 9, Host Procs: 4

: Performance of Simulators for SPGiven a target processor configuration, we foundthat R decreases only modestly as the number of hostprocessors used to simulate the configuration is in creased. Figures 2, 3, 4, and 5 show the variation of Rwith the simulator modes for two representative targetand host processor configurations of each benchmark.In each graph, the number of rounds of protocol mes sages is normalized against the number of global sy chronizations of the quantum protocol. The X-axisshows the simulator mode, where �N+C� refers to theNMP+CEP mode and the �N+C+D� mode refers to theNMP+CEP+Det mode.

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in BT: Targ Procs: 16, Host Procs: 4

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in BT: Targ Procs: 9, Host Procs: 4

Perfomance for Simulators

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in MG: Targ Procs: 16, Host Procs: 4

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in MG: Targ Procs: 8, Host Procs: 4

: Performance of Simulators

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in LU: Targ Procs: 16, Host Procs: 4

0 0.2 0.4 0.6 0.8 1

Quant NMP CEP N+C N+C+D

Norm. Sync. in LU: Targ Procs: 8, Host Procs: 4

: Performance of Simulators

Consider only the CEP mode: the amount of im provement over the quantum protocol is strongly de-pendent on the average duration for which an LP (i.e.thread) executes before getting blocked. Table 2 showsthis average duration for each benchmark and eachtarget program configuration. L is the minimum mes sage latency of the target machine. The 9-processor BTbenchmark has the largest average uninterrupted ex cution time per thread, and in the simulation, the CEPmode is able to eliminate more than 80% of the globalsynchronizations of the quantum protocol. The NMPmode is able to eliminate only 40% of the global syn chronizations of the quantum protocol. This is becausethe CEP significantly improves over the NMP whensome LPs are far ahead of the others in simulationtime, requiring the other LPs to exchange many roundsof null messages to update their simulation times. The16-processor MG benchmark has the smallest averageuninterrupted execution time per thread, and theNMP+CEP mode is unable to significantly reduce thenumber of global synchronizations of the quantum

Using our optimizations for exploiting the dete minism in the program, we note that it is possible toeliminate all global synchronizations in the BT and SPbenchmarks. The optimizations were not effective insignificantly reducing the synchronizations from theMG and LU benchmarks as discussed in the next sec-

0 2 4 6 8 10 12

0 2 4 6 8 10 12 14 16

Speedup Number of Processors In Simulation

(NMP+CEP+Det) Sim. Char.: Speedup for SP

4 Processor Problem 9 Processor Problem 16 Processor Problem

1 2 3 4 5 6 7 8

0 2 4 6 8 10 12 14 16

Speedup Number of Processors In Simulation

(NMP+CEP+Det) Sim. Char.: Speedup for BT

4 Processor Problem 9 Processor Problem 16 Processor Problem

1 1.5 2 2.5 3 3.5 4

0 2 4 6 8 10 12 14 16

Speedup Number of Processors In Simulation

(NMP+CEP+Det) Sim. Char.: Speedup for MG

4 Processor Problem 8 Processor Problem 16 Processor Problem

1 1.5 2 2.5 3 3.5

0 2 4 6 8 10 12 14 16

Speedup Number of Processors In Simulation

(NMP+CEP+Det) Sim. Char.: Speedup for LU

4 Processor Problem 8 Processor Problem 16 Processor Problem

Figure 6: Fast Simulator Speedups

Reducing Simulator Execution TimesWe present the speedup measured by executing theparallel simulator using the combined NMP and CEPalgorithm as well as the deterministic protocol. A r ceive can be deterministic either if it specifies thesource explicitly or it specifies an explicit tag and eachsource uses unique tags. Although the first type of de-terminism can be detected automatically by the currentsimulator, we have not yet implemented the secondmode. Out of the four benchmarks used, SP and BThave the determinism of first type. The MG and LUbenchmarks have determinism of second kind. Al-though this optimization is not automatically imple-mented in the compiler, we manually inserted the o timizations to evaluate the potential benefit that can bederived from exploiting this form of non-determinism.The final speedups obtained from the execution of allthe benchmarks are presented in Figure 6. We measurespeedup(N) by taking the ratio of the execution time ofthe sequential simulator to the execution time of thesimulator using N processors. The speedups for the LUbenchmarks are relative to the smallest host processorconfiguration that could be used to run the simulator.For example, the 8 target processor simulator could beexecuted on 2, 4 or 8 host processors. Hence, the refer ence execution time is of the 2-processor simulation.This the expected performance improve-ment for this application. Notice that the speedupsachieved with the simulation are characteristic of theapplication itself, as the simulation overhead is rela-

Most simulation engines use sequential or parallel i plementations of the quantum protocol. Among theseare Proteus (Brewer et al 1991), a parallel architecturesimulation engine, Tango (Davis et al 1991), a sharedmemory architecture simulation engine, WisconsinWind Tunnel (Reinhardt et al 1993), a shared memoryarchitecture simulation engine and SimOS, a completesystem simulator (multiple programs plus operatingsystem). Two simulation engines which use approachessimilar to ours are Parallel Proteus (Legedza and Weihl

Parallel Proteus is the parallelization of the Proteussimulation engine, which uses the quantum protocol.The synchronization overhead caused by frequent ba riers is reduced using two methods: (a) Predictive bar riers and (b) Local barriers. Predictive barriers is amethod for safely increasing the simulation quantumbeyond L, the minimum communication latency of thetarget machine. This method uses runtime and compiletime analysis to determine, at the beginning of a simu lation quantum, the earliest simulation time at whichany LP will send a message to any other LP. Conse-quently, the simulation quantum can be extended untilthat time. Runtime analysis involves simply running anLP until it communicates. If it stops at the equivalent ofa receive statement, analysis performed at compile timeis used to predict when it would have sent a message ifit were instantly resumed. The method of local barriersuses statically available communication topology in formation (i.e. groups of LPs that communicate onlywithin the groups they belong to) to reduce the globalsynchronization at the end of a simulation quantum tolocal synchronizations between groups of LPs.LAPSE (Dickens et al 1994) is a parallel simulationengine for programs using the message passing libraryof the Intel Paragon. It uses a quantum protocol calledWHOA (Window-based Halting On Appointments).Like Parallel Proteus, it uses runtime analysis to deter mine the size of the simulation quantum, but the run time analysis is not supplemented with compile time

In comparison, we use the equivalent of runtimeanalysis since we execute an LP until it reaches a re-ceive statement. The benefits of compile time analysisare achieved using the conditional event protocol,which is portable and does not need target instructionset analysis. In addition, our implementation of the nullmessage protocol adapts automatically to the dynami-cally changing communication topology specified bythe target program. Perhaps most importantly, it auto matically recognizes (some forms of) deterministiccode and switches off all synchronization while simu lating it; automatic recognition of other forms of d terminism are being added to the simulator. As seen inSection 4, this optimization helps us eliminate almostall the synchronization overhead in simulating many

In this paper, we have shown the usefulness of the nullmessage and the conditional event protocols in the co servative parallel simulation of parallel programs. Wehave used application characteristics to optimize theperformance of the null message protocol, and used thecomparatively slower conditional event protocol onlywhere the null message protocol fails. We have demo strated that for deterministic sections of code, thesimulation protocol can be bypassed completely wit out affecting the correctness of the simulation. Theseoptimizations have been implemented in a simulationlibrary (MPI-SIM) for a subset of MPI, an acceptedstandard for message passing parallel programs. MPI-SIM has been validated and shown to be fast for a sub set of the NAS Parallel Benchmarks (NPB 2).

This work was supported by the Advanced ResearchProjects Agency, DARPA/CSTO, under Contract F-30602-94-C-0273, �Scalable Systems Software Mea urement and Evaluation� and by DARPA/ITO ContractN-66001-97-C-8533, �End-to-End Performance Mod eling of Large Heterogenous Adaptive Paral-lel/Distributed Computer/Communication Systems.�All data was collected on the IBM SP2 at UCLA�s O fice of Academic Computing, granted to UCLA byIBM Corporation under the Shared University Re-

Brewer, E. A., C. N. Dellarocas, A. Colbrook, And W.E. Weihl., Technical Report MIT/LCS/TR-516,Massachusetts Institute of Technology, Ca

Bagrodia, R., S.

, and A. Kahn, Parallel Simula-tion of Parallel File Systems and I/O Programs. In

Bailey, D., T. Harris, W. Saphir, R. V. D.

A. Woo, and M. Yarrow. The NAS ParallelBenchmarks 2.0. Technical Report Nas-95-020,Nasa Ames Research Center, Moffet Field, CA

Covington, R. G., S. Dwarkadas, J. R. Jump, J.B. Si

, and S. Madala. The Efficient Simulation of

Chandy K. M., and J. Misra. Distributed Simulation: ACase Study in Design and Verification of Distrib uted Programs. IEEE Transactions on Software

, Pages 440-452, September 1979.Chandy K. M., and R. Sherman. The Conditional EventApproach to Distributed Simulation. In ings of the SCS Multiconference on Distributed

Davis, H., S. R. Goldschmidt, and

.processor Simulation and Tracing Using Tango. InProceedings of ICPP ’91, Pages 99-107, August

Dickens, P., P.

, and D. Nicol. A Distri uted Memory Lapse: Parallel Simulation of Me sage-Passing Programs. In Workshop on Paralleland Distributed Simulation, Pages 32-38, July

Dickens, P. M., P.

, and

Nicol. Pa allelized Direct Execution Simulation of Message-Passing Parallel Programs. IEEE Transactions onParallel and Distributed Systems, 6(4)

Feldman, S. I., D. M. Gay, Mark W. Maimone, And N.L. Schryer. A Fortran-To-C Converter. TechnicalReport No. 149, AT&T Bell Laboratories, Murray

MPI Forum. MPI: A Message Passing Interface. InProceedings of 1993 Supercomputing Conference

Fujimoto, R. Parallel Discrete Event Simulation.Communications of The ACM, 33(10):30-53, O

Jha V., and R. Bagrodia. Transparent Implementationof Conservative Algorithms In Parallel SimulationLanguages. In Winter Simulation Conference, D

Legedza U., and W. E. Weihl. Reducing Synchroniza-tion Overhead in Parallel Simulation. In

Workshop on Parallel and Distributed Simulation

Misra, J. Distributed Discrete-Event Simulation. ACMComputing Surveys, 18(1):39-65, March 1986.Prakash, S. Performance Prediction of Parallel Pro grams. Ph.D. Thesis, Computer Science Depart-ment, Ucla, Los Angeles, CA 90095, November

Rosenblum, M.. E.

, S. Devine, and S. A. He

. Using The SimOS Machine Simulator toStudy Complex Computer Systems. ACM Tran actions on Modeling and Computer Simulation

Reinhardt, S. K.. M. D. Hill, J. R. Larus, A. R.

J. C. Lewis, and D. A. Wood. The WisconsinWind Tunnel: Virtual Prototyping of ParallelComputers. In Proceedings of the 1993 ACM

Rosenblum, M.. S. A. Herrod, Emmett Witchel, and A.Gupta. Complete Computer System Simulation:The SimOS Approach. IEEE Parallel and Distrib

AUTHOR BIOGRAPHIESSUNDEEP PRAKASH Sundeep Prakash received aB.Tech in Electrical Engineering from the Indian I stitute of Technology, Delhi, India in 1989, an from the University of Florida in 1991 and a Ph.D inComputer Science from UCLA, Los Angeles in 1996.Since 1997, he has been a software engineer at TIBCO,Palo Alto. His research interests include algorithms forparallel and distributed simulation, compilation of pa allel programs for shared and distributed memory ma-chines, and messaging interfaces and pro

RAJIVE L. BAGRODIA is a professor in the D partment of Computer Science at the University ofCalifornia, Los Angeles. He holds an M.S. and Ph.D. inComputer Science from the University of Texas atAustin. His research interests include computer communication networks, nomadic systems, and pa