Euskal Herriko UnibertsitateaUniversidad del Pa�s Vasco_______________________________________________Konputagailuen Arkitektura eta Teknologia SailaDep. de Arquitectura y Tecnolog�a de Computadores

Extracto - resumen

En el �mbito del dise�o de computadores, la simulaci�n es una herramientaimprescindible para la validaci�n y evaluaci�n de cualquier propuesta arquitect�nica.Las t�nicas convencionales de simulaci�n, dise�adas para su utilizaci�n encomputadores secuenciales, son demasiado lentas si el sistema a simular es grande ocomplejo. El objetivo de esta tesis es buscar t�cnicas para acelerar estas simulaciones,aprovechando el paralelismo disponible en multicomputadores comerciales, y usar esast�cnicas para el estudio de un modelo de encaminador de mensajes. Este encaminadorest� dise�ado para formar infraestructura de comunicaciones de un hipot�ticocomputador masivamente paralelo.En este trabajo se consideran tres t�cnicas de simulaci�n paralela: s�ncrona,as�ncrona-conservadora y as�ncrona-optimista. Estos algoritmos se han implementadoen tres multicomputadores: un Supernode basado en Transputers, un Intel Paragon yuna red de estaciones de trabajo. Se caracteriza la influencia que tienen en lasprestaciones de los simuladores aspectos tales como los par�metros del modelosimulado, la organizaci�n del simulador y las caracter�sticas del multicomputadorutilizado.Se concluye que las t�cnicas de simulaci�n paralela optimista no resultan adecuadaspara trabajar con el modelo considerado, aunque pueden ofrecer un buen rendimiento enotros entornos. La red de estaciones de trabajo no resulta una plataforma apropiada paraestas simulaciones, ya que una red local no re�ne condiciones para la ejecuci�n deaplicaciones paralelas de grano fino. Las t�cnicas de simulaci�n paralela s�ncrona yconservadora dan muy buenos resultados en el Supernode y en el Paragon,especialmente si el modelo a simular es complejo o grande�precisamente el peor casopara los algoritmos secuenciales. De esta forma, estudios previamente consideradosinviables, por ser demasiado costosos computacionalmente, pueden realizarse entiempos razonables. Adem�s, se ampl�a el espectro de posibilidades de losmulticomputadores, utiliz�ndolos para algo m�s que aplicaciones num�ricas.

Abstract

In the field of computer design, simulation is an essential tool to validate andevaluate architectural proposals. Conventional simulation techniques, designed for theiruse in sequential computers, are too slow if the system to simulate is large or complex.The aim of this work is to search for techniques to accelerate simulations exploiting theparallelism available in current, commercial multicomputers, and to use thesetechniques to study a model of a message router. This router has been designed toconstitute the communication infrastructure of a (hypothetical) massively parallelcomputer.Three parallel simulation techniques have been considered: synchronous,asynchronous-conservative and asynchronous-optimistic. These algorithms have beenimplemented in three multicomputers: a transputer-based Supernode, an Intel Paragonand a network of workstations. The influence that factors such as the characteristics ofthe simulated models, the organization of the simulators and the characteristics of thetarget multicomputers have in the performance of the simulations has been measuredand characterized.It is concluded that optimistic parallel simulation techniques are not suitable for theconsidered kind of models, although they may provide good performance in otherenvironments. A network of workstations is not the right platform for our experiments,because the communication demands of the parallel simulators surpass the abilities oflocal area networks�the granularity is too fine. Synchronous and conservative parallelsimulation techniques perform very well in the Supernode and in the Paragon, speciallyif the model to simulate is complex or large�precisely the worst case for traditional,sequential simulators. This way, studies previously considered as unrealizable, due totheir exceedingly high computational cost, can be performed in reasonable times.Additionally, the spectrum of possibilities of using multicomputers can be broadened toexecute more than numeric applications.

Acknowledgments

There are so many people that helped the author in making possible this enterprise toarrive, that an acknowledgment list would be nearly endless. For this reason, I�ll be asconcise as possible:To all my colleagues, faculty and staff, at the Facultad de Inform�tica,Universidad del Pa�s Vasco, with special mention to Josu, Juan and Pepe.To the personnel (again, faculty and staff) at the School of Electrical andComputer Engineering, Purdue University, in general, and the research groupleaded by Prof. Fortes in particular, with special mention to Zina.To the members of my research group: Cruz, Agus and, of course, Ram�n.In a more technical side, I want to thank the staff at the computing centers of theUniversity of the Basque Country and Purdue University (PUCC, ECN) for providingall the support that the author needed to complete this work.

A mis padres, hermano y hermanas

Table of contentsChapter 1 Introduction............................................................................. 11.1Motivation of this work........................................................................................... 21.1.1Analysis of real systems...................................................................................... 21.1.2Parallel implementation of applications in distributed memory parallelcomputers............................................................................................................ 41.2The tool: parallel simulation.................................................................................... 51.3The objective: analysis of message passing networks............................................. 61.4The means: programming in multicomputer environments.................................... 71.5Major contributions................................................................................................. 91.6Overview of this dissertation................................................................................. 10Chapter 2 Parallel Discrete Event Simulation...................................... 132.1Introduction........................................................................................................... 142.2Modeling and simulation....................................................................................... 142.3Parallel simulation alternatives............................................................................. 192.4Basic PDES concepts............................................................................................ 222.4.1Event dependencies............................................................................................ 222.4.2Model decomposition......................................................................................... 242.5Synchronous event-driven simulation................................................................... 272.6Conservative synchronization............................................................................... 282.6.1The deadlock problem........................................................................................ 312.6.2The lookahead concept....................................................................................... 352.7Optimistic synchronization.................................................................................... 37 iiAn empirical evaluation techniques for parallel simulation of message passing networks

2.7.1The basic Time Warp algorithm......................................................................... 392.7.2Global control..................................................................................................... 422.7.3Variations on the basic TW................................................................................ 442.8Conclusions........................................................................................................... 48Chapter 3 Environments for parallel computing................................. 513.1Introduction........................................................................................................... 523.2Parallel programming environments..................................................................... 533.2.1MIMD vs. SIMD................................................................................................ 533.2.2Shared memory vs. messages............................................................................. 543.2.3Semantics of send/receive operations................................................................. 553.2.4Channels vs. addresses....................................................................................... 563.2.5Parallel programming languages & tools........................................................... 573.2.6Programming environments used in this work................................................... 583.3Parallel computer design....................................................................................... 603.3.1Design of the node.............................................................................................. 613.3.2Design of the interconnection network............................................................... 643.4Conclusions........................................................................................................... 66Chapter 4 An evaluation of simulation techniques............................... 694.1Introduction........................................................................................................... 704.2Related work.......................................................................................................... 714.2.1Reed, Malony & McCredie................................................................................. 714.2.2Wagner & Lazowska.......................................................................................... 724.2.3Konas & Yew..................................................................................................... 724.2.4Fujimoto.............................................................................................................. 734.3The model under study.......................................................................................... 744.4The simulators....................................................................................................... 764.5Results of the experiments with the sequential simulators.................................... 784.6Results of the experiments with the CMB-DA simulator..................................... 804.7Results of the experiments with TW..................................................................... 854.8Conclusions........................................................................................................... 89Chapter 5 Simulation of message passing networks............................. 915.1Introduction........................................................................................................... 925.2Related work.......................................................................................................... 925.2.1Digital logic simulation...................................................................................... 93

Table of contentsiii

5.2.2Communication networks................................................................................... 945.2.3Parallel computing.............................................................................................. 945.2.4Petri nets............................................................................................................. 965.2.5Queuing systems................................................................................................. 965.2.6Other fields......................................................................................................... 975.3The model under study.......................................................................................... 975.3.1Description of the model.................................................................................... 985.3.2Types of events................................................................................................ 1015.3.3Output data...................................................................................................... 1025.4The simulators..................................................................................................... 1035.4.1Input parameters for the simulators................................................................. 1045.4.2Output results................................................................................................... 1075.5Supernode implementation of CMB-DA............................................................ 1085.5.1Components of the simulator........................................................................... 1105.5.2Algorithms....................................................................................................... 1145.6Paragon implementation of CMB-DA, TW and SPED....................................... 1185.6.1CMB-DA......................................................................................................... 1195.6.2TW................................................................................................................... 1215.6.3SPED............................................................................................................... 1255.7MPI Implementation of CMB-DA...................................................................... 1265.8Conclusions......................................................................................................... 127Chapter 6 Performance results............................................................. 1296.1Introduction......................................................................................................... 1306.2Experiments with CMB-DA................................................................................ 1316.2.1Description and results in the Supernode........................................................ 1326.2.2Analysis of the results in the Supernode.......................................................... 1366.2.3Description and results in the Paragon............................................................ 1406.2.4Analysis of the results in the Paragon.............................................................. 1416.2.5Description and results in the NOW................................................................ 1476.3Experiments with TW......................................................................................... 1516.4Experiments with SPED...................................................................................... 1536.5Conclusions......................................................................................................... 156Chapter 7 Conclusions and future work............................................. 159 ivAn empirical evaluation techniques for parallel simulation of message passing networks

Appendix A Parallel systems used in this work.................................. 165A.1Introduction......................................................................................................... 166A.2The Supernode system......................................................................................... 167A.2.1Preparing a parallel application to run in a network of raw transputers.......... 171A.2.2Running an application.................................................................................... 175A.2.3Libraries........................................................................................................... 176A.3The Paragon......................................................................................................... 180A.3.1Paragon XP/S 10 configuration and hardware description.............................. 180A.3.2Distributed OSF/1 operating system............................................................... 182A.3.3Partitions.......................................................................................................... 182A.3.4Program development...................................................................................... 182A.3.5The NX library <nx.h>.................................................................................... 186A.4MPI in a network of workstations....................................................................... 191A.4.1MPI programs.................................................................................................. 192A.4.2Point to point communication.......................................................................... 193A.4.3Collective communication............................................................................... 194A.4.4Communicators................................................................................................ 195A.4.5Data types........................................................................................................ 196A.4.6The MPICH implementation of MPI............................................................... 197References................................................................................................ 201

Chapter 1Introduction

2An empirical evaluation of techniques for parallel simulation of message passing networks

1.1Motivation of this work

The objective of the work presented in this dissertation is to propose efficient,parallel ways to simulate message passing networks. The interest of the work is, fromour point of view, twofold:¥Most of the effort of our research group is focused on the study of the architectureof parallel systems. As part of this research, we perform a significant amount ofsimulation work. These simulations are very time-consuming, hence we wouldlike to find a way of accelerating them.¥We are also interested in the efficient use of currently available and futuremulticomputers; in this context, we see simulation as an interesting application toparallelize.Next we elaborate these two ideas.1.1.1Analysis of real systemsDuring the last few years our research group has been working in the analysis anddesign of message routers, with the goal of proposing innovative and efficientarchitectural alternatives for the communication infrastructure of a distributed memorymulticomputer. The effectiveness of our proposals has to be validated somehow, andthese are the tools considered for this purpose: analytical models, actualimplementations and computer simulation. This situation is common to many fields ofscience and engineering, so from now on we will widen our focus and speak, in general,about the evaluation of any kind of real (or imaginary) system.Analytical tools can be described as cheap and fast to use. Of course thedevelopment of an analytical model of a system can be very complex, but once a set ofequations has been developed, it is easy to extract information from it. Unfortunately,this approach commonly requires the assumption of simplifications in some (or many)of the characteristics of the system, for the researcher to be able to tackle the analyticalproblem. These simplifications can lead to a model whose behavior is (or may be) far

1. Introduction3 from the behavior of the real system: the results might not be accurate if some of thesimplifying assumptions are not realistic.The second approach can be described as slow and expensive. The system has to bebuilt, which usually means a good deal of prototyping and development of auxiliarysystems, and the price to pay is high, generally speaking. Another problem of thisapproach is that it is very inflexible: once a system has been built, it is very difficult tointroduce improvements, replace parts of the system, etc. It is evident, though, that theinformation obtained from the study of the real system (after an appropriateinstrumentation) is very accurate.Computer simulation offers an interesting compromise: the system can be describedsomehow (using a simulation language, in most cases) and then simulated using acomputer. The description could include simplifying assumptions, like the analyticalmodel, and then the simulation time would be short. In contrast, the description couldbe very detailed, containing as many elements as the real system, and then a highlyaccurate insight into the behavior of the system would be obtained. Of course, theaccuracy comes at a price: long simulation times.Computer simulation is extremely flexible. It can be used in many contexts,including the following ones:¥To validate an analytical model.¥To see how an existing system works, when it cannot be easily instrumented.¥To study a non existing system, without building it. There are many reasons not tobuild a system: it might be very expensive, or it might be simply impossible.¥To analyze the effect of different design parameters, in an existing or a non-existing system.It has been mentioned already that the accuracy of the description of a system has animportant influence on the execution time of the simulations. However, not only thedegree of detail of a system description influences the execution times, but also its size.Those using simulators know that analyzing large and/or detailed systems can bedesperately slow. In this context, any possibility of increasing the execution speed ofthe simulators is very welcome. The speed increments due to the advances in VLSItechnology have been significant, but it always exists demand for more. Theintroduction in the market of reasonably priced parallel systems has allowed researchersto accelerate many computations, and it seems logical to think that simulation may alsobenefit from this technology.

4An empirical evaluation of techniques for parallel simulation of message passing networks

1.1.2Parallel implementation of applications in distributed memoryparallel computersAs researchers in the broad field of parallel computing, we are interested inarchitectural proposals for building the next generation of Massively ParallelProcessors, and also in making a good use of currently available parallel computers.During this research we have had access to three different parallel computing systems: aSupernode at the UPV/EHU, a Paragon at Purdue University and a network ofworkstations with MPI libraries also at Purdue. It was our interest to see how welltraditionally sequential applications could be adapted to run in these machines. A gooddeal of work can be found in the literature reporting parallel algorithms to solve manyproblems, mainly in scientific and engineering fields, but most of those problems havesome characteristics that make them, to some extent, easy to parallelize: big,partitionable data structures, simple communication patterns, reduced datadependencies, etc. There are many, general-purpose applications that have not receivedsuch attention: compilers, editors, document preparation programs, etc. In many cases,these applications do not have the properties that make the scientific code able to besuccessfully parallelized.Simulation can be included in this last group. While it is a tool commonly used byscientists and engineers, simulation algorithms exhibit a behavior that makes themdifficult to parallelize: data structures are not always regular, communication among theparts of the model may follow arbitrary patterns, there are very strong datadependencies, and so on. But difficult does not mean impossible. As it will be explainedin Chapter 2, simulations can be parallelized, provided that new algorithms aredeveloped, instead of simply trying to make in parallel some of the operations of thesequential programs.Being successful in the search of parallel simulators is very important, because itwidens the spectrum of applications that can be run in an available parallel computer,increasing the usefulness of the (in general expensive) investment, and demonstratingthat parallel computers are useful for more things than �number crunching�.Obviously, we are not the first research group working in this field, as many workhas been done in the last 10�15 years. Most of the work discussed in the literatureabout parallel discrete event simulation has been done using shared memorymultiprocessors. This is perfectly reasonable, for two reasons: (1) many multiprocessorshave been built and sold, so it makes sense to use them, and (2) they allow a moreoptimized implementation of many algorithms (compared to distributed memory

1. Introduction5 systems), including parallel simulation. However, it is currently assumed that futuremassively parallel systems will be distributed memory systems [Zorp92]. Manycurrently available machines, including the Intel Paragon multicomputer and systemsbased on transputers, are built this way, using messages for synchronization andcommunication. The use of a network of workstations as a fully distributed parallelsystem is also becoming very popular, because it is a very cost/effective alternative to afull-blown multicomputer. The most popular model of communication for these systemsis also message passing, and this is the approach we follow in this work.1.2The tool: parallel simulation

In the last years a considerable effort has been devoted to the parallel implementationof discrete event simulators. The objectives were (1) to exploit the parallelism availablein current multicomputers and multiprocessors and, mainly, (2) to accelerate simulationruns.For some simulation studies, it is necessary to run several simulations to study theinfluence of a certain set of parameters on the system under study. In these cases, themost convenient way of accelerating the job is simply running as many simulations asprocessors are available, each one with different input parameters. This technique iscalled replication. The achieved efficiency is very good, because the simulations arecompletely independent, and therefore there is no need of communication orsynchronization among the involved processors.However, it is not always possible to replicate the simulator. In some studies it isnecessary to have the results of one simulation before starting with the next one; this isthe case when the aim is to tune a set of parameters. It is also possible that the memoryavailable at each processor is not large enough to keep a complete copy of thesimulator. These limitations of the replication approach justify the need of ways toparallelize a single simulation run. Even if the processing elements are powerful enoughto run an individual simulation, it is possible to have more processors than experimentsto perform. Under these circumstances, it would be interesting to use many processorsfor each experiment, combining replication with other forms of parallel simulation.The most promising set of techniques to perform parallel simulation uses the modeldecomposition principle: the system to simulate is decomposed into several subsystems,and each subsystem is assigned to a logical process (LP). The collection of LPs can run

6An empirical evaluation of techniques for parallel simulation of message passing networks concurrently, each one simulating its part of the whole. However, in order to maintainthe causal relationships among the events in the simulation, a synchronizationmechanism is needed.In this work we analyze three different synchronization mechanisms: synchronous,conservative and optimistic. A brief description follows.¥Parallel simulation can be synchronous. This means that all the LPs which formthe simulator share the same vision of time, as if they had a global clock. Eventsare simulated in the same order a sequential simulator would choose, simulatingin parallel only those events scheduled for the same time.¥Parallel simulation may also be asynchronous. In this case each LP has its own,local view of time. In order to perform a simulation globally correct, each LPneeds to obey the following rule: execute all the incoming events in non-decreasing timestamp order. This rule is not easy to follow because, afterexecuting a sequence of events, a new one might arrive from other LP, with atimestamp smaller than that of the last executed event, thus impeding the receiverLP to obey the stated rule.-A conservative simulator never allows these situations to happen. To doso, LPs block before executing an event, until it is totally safe to proceed.-An optimistic simulator allows erroneous situations to arise, but those aredetected and a rollback is done to jump to an error-free point in the(simulated) past.A more comprehensive description of these techniques will be given in Chapter 2.1.3The objective: analysis of message passing networks

Previous research in parallel simulation shows that its efficiency is highly dependenton the characteristics of the system under study. For this reason it is not feasible tocharacterize the performance of the different parallel simulation algorithms in a generalcontext. It is possible, however, to select a set of related models and extract conclusionsabout how a given algorithm performs with that set of models. Our research will focuson models of message passing networks for multicomputers.

1. Introduction7

In the quest for the TeraFLOP (and even the PetaFLOP) it seems that massivelyparallel computers are the most reasonable way to go. These architectures consist of alarge collection of processors which might be able to collaborate to solve problems withfine-grain parallelism. The programming model might be based either on messagepassing or in the existence of a single memory space, although physically the memorybanks are distributed among the computer nodes. In either case, a mechanism is neededto provide communication among the nodes, with low latency and high messagethroughput.The communication subsystem is one of the key points in the design of these newarchitectures. Different designs and implementations, as those in the Cray T3D, theThinking Machines CM-5 and the Intel Paragon, are good examples of current parallelcomputers where interconnection subsystems play fundamental roles.Previous research of our group has been centered in this topic. In particular, severalinterconnection topologies, routing strategies and message flow control techniques havebeen studied with the aim of maximizing throughput and minimizing latency within areasonable cost [BHBL87, BHBA91, Migu91, IBJA93, Arru93, Izu94]. These studiesconcluded that a bi-dimensional torus network with static routing in order of dimensionand cut-through flow control is a good candidate for a high performance messagepassing network. The work presented in this dissertation has been focused on thesimulation of networks with these characteristics. A detailed description of the modelcan be found in Chapter 5.1.4The means: programming in multicomputer environments

A parallel computer might provide one or more of these programming paradigms:SIMD (Single Instruction Multiple Data), meaning that all the processes run the sameprogram, instruction by instruction, at the same time, and MIMD (Multiple InstructionMultiple Data), meaning that each process might run a completely different program. Aparticular, more restrictive case of MIMD is SPMD (Single Program Multiple Data),where all the parallel processes run the same program. The parallel simulationalgorithms briefly introduced in the Section 1.2 can be easily implemented as SPMDprograms.

8An empirical evaluation of techniques for parallel simulation of message passing networks

The processes running in parallel need a means of communication andsynchronization. The most common alternatives are shared memory and messagepassing. In the first case all the processes share the same vision of the memory space;communication is provided by means of shared data structures, while synchronizationmight be provided by mechanisms such as semaphores. In the second case each processhas its own memory space; both communication and synchronization are provided bymeans of messages sent between processes.Our work has been developed in message passing environments. There are severalreasons for making this decision. Firstly, message passing is a paradigm used widely oncertain classes of parallel machines, especially those with distributed memory; inparticular, the Supernode, the Paragon and the network of workstations (NOW) withMPI used for this work provide only message passing for communication amongprocesses. Secondly, parallel simulation algorithms based on model decomposition aredescribed by means of a set of processes which interchange messages.There is not a single paradigm for message passing, though. Communication in theSupernode is done using the concept of channel, and send/receive operations are bothblocking: an operation on a channel keeps a process blocked until the peer operation isdone by another process on the same channel. In the Paragon and MPI processes haveidentifiers (addresses), and messages are delivered using the destination address. Thesend operation is (usually) non-blocking, while a receive operation keeps a processblocked until a message is received.The hardware mechanism used for message passing should not be a concern for theprogrammer, but nevertheless it has to be taken into account, because it greatlyinfluences the performance of the communication functions and, thus, of theapplications. Slow interconnection systems favor the development of solutions withrelatively infrequent communication, while a fast system allows the development offine-grain applications, where communication is very frequent. The characteristics ofthe three different systems used in this research are quite different:¥In the network of workstations, the MPI message passing library uses TCP/IPover an Ethernet local area network. This medium provides a raw 10 Mb/s datarate, which must be shared among all the stations attached to it. Thecommunication effort is performed by the workstations CPUs, with the aid of theEthernet cards for accessing the medium.¥In the Supernode, each node (a transputer) has 4 bi-directional serial links with amaximum data rate of 10 Mb/s each, so the aggregate data rate is higher than in

1. Introduction9 the previous case. The communication effort is done inside the transputer: thereare hardware controllers for the links which can operate in parallel with the CPU,but some functions (link sharing, routing) do not have any hardware support.¥In the Paragon there is a good deal of hardware support for message passing:communication is separated of computation, by means of a collection of hardwaremessage routers organized in a mesh topology. The communication links whichjoin routers can move up to 1600 Mb/s. Additionally, each node has a secondprocessor specialized in communication, leaving the main processor free to spendits time performing computation.In Chapter 3 we will give a deeper insight into the programming models provided byparallel systems, as well as particular descriptions of the environments used in thisresearch. The influence that the communication ability of the systems have on thesimulation performance is further considered in Chapter 6.1.5Major contributions

The major contributions of this work include the implementation of a model ofmessage passing network which can be simulated using a discrete event simulator,along with six simulation engines able to work with that model: one is sequential, andthe other five are parallel, testing three different synchronization mechanism in threedifferent multicomputing environments. We have characterized:¥Which synchronization mechanisms provide an adequate tool for our studies, andwhich others are not so good. The synchronous and conservative approachesperform well, while the optimistic approach does not seem to be the right one forour purposes.¥The influence of the target multicomputer on the efficiency of the simulation. Oursimulators exploit a fine-grain parallelism which requires a fast message passinginfrastructure. A network of workstations is not efficient, because communicationis too costly compared to computation.¥The effect of the parameters of the model on the performance of the simulators.Models of large size whose components interact frequently constitute a challenge

10An empirical evaluation of techniques for parallel simulation of message passing networks for sequential simulators, but simplify the synchronization tasks of conservativeand synchronous parallel simulators, offering good levels of performance.¥The effect that the organization of a simulator has in its performance. Thepartition of a system into a set of subsystems might be done in several ways,leading to fine, medium or large grain LPs. In the case of large grain LPs, eachprocessor executes just one LP. In the case of medium and fine grain LPs eachprocessor executes several (or many) LPs. Large grain LPs provide betterperformance than fine grain LPs but, if the processors and the operating systemprovide appropriate support for concurrency, it is advantageous to assign severalmedium grain LPs to each processor.1.6Overview of this dissertation

The previous sections have given an introduction to the work presented in thisdissertation. Now we summarize how it is organized.In Chapter 2 we provide a survey of parallel simulation techniques. We start with adescription of the general process of studying a system by means or simulation,identifying the execution of a simulation program in a computer as one (but not the onlyone) step in this process. After introducing the main discrete event simulation concepts,two common sequential simulation techniques are presented: time-driven and event-driven. Then, a description of the ways of exploiting the parallelism available in currentmultiprocessors is given, focusing on those techniques based on model decomposition.After that, the synchronous, conservative and optimistic synchronization mechanismsare presented, along with a series of improvements and optimizations to the basicalgorithms.Chapter 3 gives an introduction to the programming environments available forparallel systems, with special attention to the three used in this research: a Supernode,an Intel Paragon and a network of Sun workstations with a MPI (Message PassingInterface) library. All three have in common that they are distributed memory systems,providing a message passing mechanism for synchronization and communication.Chapter 4 presents the results of a preliminary study of simulation techniquesperformed in a transputer-based system. A simplistic, synthetic model is used to testhow four different simulators (sequential time-driven, sequential event-driven, parallelconservative and parallel optimistic) behave under different parameters of the model,

1. Introduction11 using different number of processors. Although the model is not realistic, it provides asimplification of the actual models we are interested in. It is observed that thecharacteristics of the simulated model have a great impact on the achieved performance,for the case of the parallel simulators. Additionally, the performance of the conservativesimulator clearly exceeds that of the optimistic. The conclusions of this preliminarystudy were tested (and corroborated) by later studies with a more complex model.Chapter 5 describes the experimental environment developed for this work. Itincludes a detailed description of the kind of interconnection network we are interestedin: torus networks of pairs <processor, router>. The router is the key element of thestudy, because it is the network of routers what constitutes the communicationinfrastructure of a multicomputer. After the description of the model we present fiveparallel simulators which have been developed and studied as part of this work:conservative for the Supernode; conservative, optimistic and synchronous for theParagon, and conservative for a network of workstations with MPI. Some portabilityissues are also discussed: one of the algorithms has been implemented in three computersystems, needing specific tailoring to adapt it to the different programming models.Chapter 6 describes the experiments performed with the five parallel simulators.Each one is studied separately, presenting in first place the experiments, followed by theresults and a series of partial conclusions. As the conservative algorithm has beenimplemented in three different systems, the influence of the host computer on theachieved performance is discussed. The availability of three different algorithms for oneof the host computers (the Paragon) also allows for a characterization of the obtainedperformance as a function of the synchronization technique.Finally, Chapter 7 summarizes the contributions of this work, suggesting lines forfurther research.

Chapter 2Parallel discrete eventsimulationThis chapter surveys the literature about parallel discrete eventsimulation, with the purpose of introducing the terminology and algorithmsused in the remainder of this dissertation. After a general introduction todiscrete event simulation, it is shown how the concept of causal order is thekey element which allows the parallelization of simulations, when usedinstead of temporal order. The three parallel simulation algorithms used inthis research are then introduced: synchronous (SPED), conservative(CMB) and optimistic (TW).

14An empirical evaluation of techniques for parallel simulation of message passing networks

2.1Introduction

As already discussed in Chapter 1, most of the fields of science and technologyrequire the modeling and analysis of the behavior of dynamic systems. Common torealistic models of time dynamic systems is their complexity, very often prohibitingnumerical or analytical evaluation. Prototyping is a complementary tool to use, but inmany cases it is very expensive and in others it is absolutely unfeasible. For those cases,simulation remains the only tractable methodology.As computer simulation in general is such a broad field, in this chapter we willnarrow our domain of study by focusing on simulation of discrete event systems. Afterdoing so, the classical, sequential approaches to this class of simulation problems aredescribed, and then we make a survey of the currently available techniques to realizeparallel discrete event simulations (PDES). The methods and terminology described inthis chapter will be repeatedly used in the remainder of this dissertation.The chapter is structured as follows. We start considering the general topic ofanalyzing systems by means of computer simulation (⁄2.2), and then the sequentialsimulation algorithms for discrete event systems are introduced (⁄2.3). As thesealgorithms become very expensive in memory demands and execution time when theproblem being simulated grows, the need of parallel computers to perform thesimulations becomes evident. Several approaches to the parallelization of discrete eventsimulators are presented, with special attention to event-driven simulations based onmodel decomposition (⁄2.4). Sections 2.5, 2.6 and 2.7 are devoted to the description ofthree important families of parallel simulators: synchronous, asynchronous conservativeand asynchronous optimistic. The basic algorithms are introduced, with their mostimportant variations or optimizations. Finally, section 2.8 gives some conclusions andsome directions for those interested in a deeper insight into this field.2.2Modeling and simulation

We will start defining the problem to solve, i.e., the simulation of real systems usingcomputers [Zeig76, Bank84, Misr86]. This activity needs, at least, these four steps:

2. Parallel discrete-event simulation15

1Study of the real system in order to understand its characteristics.2Modeling the system. A key issue in this step is to discriminate between relevantand irrelevant characteristics of the system. The irrelevant ones are not included inthe model.3Simulation of the model, using computers.4Analysis of the simulator�s output, to understand and predict the behavior of thereal system.We are mostly interested in the third step, i.e., the simulation of the model. Theobservation of systems, the modeling process and the evaluation of results stronglydepend on the actual system under study, but most simulation algorithms areindependent of the model characteristics.The systems to study can be separated into two categories: discrete or continuous. Asystem is discrete when its state changes only at discrete times, whereas a system iscontinuous when its state varies continuously in time.A model being simulated can be classified as static or dynamic, deterministic orstochastic, and discrete or continuous. A model is static when it tries to capture asnapshot of a system, at a particular instant of time, and it is dynamic if it tries torepresent the evolution of the system along a certain interval of time. A model isdeterministic when it generates, for a given set of input values, a single set of outputvalues; it is stochastic when random variables are part of the input and, therefore, theoutput can only be considered as an estimate of the actual behavior of the system.Regarding the division of models among discrete and continuous, the same definitionsused to characterize systems are valid here too. It should be stressed that it is notnecessary to use a model of a given class to describe a system of the same class. It ispossible, for example, to use a discrete model to describe a continuous system. Theselected model depends on the nature of the system and also on the set of expectedresults.Taking into account the nature of the systems we are interested in, we willconcentrate on discrete, dynamic and stochastic simulation models. Given one of thesemodels, we will introduce different ways of performing a computer simulation. Next wewill characterize the models object of our study. Some terminology used whendescribing the different simulation techniques will also be introduced.We consider that a real system, or physical system, is modeled as a set of one ormany physical processes (PPs) which evolve in time. It is assumed that all the PPs sharea common view of time, i.e., that a global clock exists which can be used as a reference

16An empirical evaluation of techniques for parallel simulation of message passing networks of the advance of time in the system. Each PP evolves autonomously, except to interactwith other PPs in the physical system. These interactions, called events, occur atdiscrete times, and are modeled as interchanges of messages between pairs of PPs.Messages contain two fields of information: the event they represent, and the timewhere that event should happen (its timestamp). Most of the time we will use the terms�event� and �message� interchangeably, unless the distinction is important.We assume that PPs have a certain ability to predict the events that will occur in anext future. When a PPi knows that, at time t (t ‡ clock), it will interact with anotherPPj, and that the interaction will be of type e, PPi schedules an event for PPj. Thisscheduling action is modeled as PPi sending a message <e, t> to PPj (see Figure 2.1).The restriction of t belonging to the future is self-explanatory: the past cannot beaffected by a present event. The content of the message depends on the characteristicsof the sender PPi (initial state, behavioral rules) and on the messages PPi receivedpreviously. The message <e,˚t> will be consumed in PPj when the clock reaches thevalue t. As a result, PPj�s state will change accordingly to the class of interactionmodeled by e. This state change can trigger the scheduling of new events for the futureand, therefore, the emission of new messages.Sometimes a message previously scheduled for the future needs to be canceledbefore it actually happens (i.e., before the clock reaches the event�s timestamp). Thetimestamp of a message says when the event should happen. An already sent message(scheduled event) for time t can be canceled by means of another message timestampedless than t.

123<e, 7>5Clock:

Figure 2.1. A group of 3 physical processes which form part of a physical system. The(global) clock indicates that current time is 5.At this time, PP1 schedules an event e to happen at time 7 in PP3. To do so, a message <e,7> is sent from PP1 to PP3.Once we have a system modeled the way just described, and expressed in anexecutable way using either a simulation language or a general-purpose programming

2. Parallel discrete-event simulation17 language, the model can be simulated in a computer. There are two basic approaches todo the simulation: it can be either time-driven or event-driven. Next we will give asequential algorithm (i.e., designed to run in one processing element) to realize a time-driven simulation. The main elements (data structures) managed by this kind ofsimulator are:¥Aclock, which represents the advance of time in the physical system. In each stepof the algorithm this clock advances one unit of time. The value of the clockrepresents the time up to which the system has been simulated.¥A set of variables which represent the state of the set of PPs. This informationmust include the messages sent between the PPs, which represent future eventsthat will occur in the system.¥Additionally, a set of variables for statistics gathering are usually required.As already mentioned, in each step of the algorithm the clock advances one timeunit. After doing so, all the state variables are examined, to check which events mustoccur at that particular time: those whose timestamp equals the value of the clock. Then,those events are consumed. Consuming an event in a particular PP produces thefollowing effects:¥A change in the state of the PP, i.e., in its state variables.¥New events might be scheduled for the future, i.e., some messages might be sentto other PPs.¥ Some previously scheduled events might be canceled.Because consuming a message means to execute the simulation code associated withthe corresponding event, we will sometimes use �to execute an event� meaning �toconsume an event�.These two steps (clock advance, message consumption) are repeated until thesimulation finishes. Usually this happens when the clock reaches a givenend_of_simulation value, or when the system reaches a particular state.As it can be seen from the description, the advance of the clock determines theadvance in the simulation, and in each step exactly one time unit is simulated. However,in many systems events occur with a large time difference between each other, in such away that, in most of the iterations of the algorithm, there are none (or just a few) events

18An empirical evaluation of techniques for parallel simulation of message passing networks to consume. In these cases we have a low event density, where the event density isdefined as the (average) number of events consumed per unit of simulated time.Low event density scenarios led to an alternative simulation strategy, known asevent-driven, where the clock can advance faster than it does in a time-driven simulator.The main elements of an event-driven simulator are, as in the previous case, a clock anda set of state variables, but a new data structure is added: an event calendar (also calledevent list, or event queue) which stores all the messages <event, timestamp> scheduledfor the future, along with an identification of the target (destination) PP. Each messagestored in the event calendar will be consumed when the clock reaches its timestamp,unless it is previously canceled. The event calendar keeps the messages in such a waythat they can be retrieved in increasing timestamp order.In each step of the algorithm the first message of the event calendar, i.e., the one withminimum timestamp, is removed, and the clock is advanced to reach that timestamp.Then the event is consumed at the destination PP, with the effects already described (thestate of the PP might change, new messages might be sent, old messages might becanceled). This process is depicted in Figure 2.2. The way of advancing the simulationclock determines the difference between time-driven and event-driven simulation: in thelast case, after consuming an event, the clock advances to reach the value of the nextmessage�s timestamp, with time jumps which might be larger than a time unit.

1 <e4, 21> 3 <e3, 11> 2 <e2, 7> 3 <e1, 5>

1 <e4, 21> 2 <e5, 15> 3 <e3, 11> 2 <e2, 7> Event calendar s1s2s3

3(a)ClockState of the PPss1s2s3

5(b)Figure 2.2. (a) State of the event-driven simulator before executing e1, scheduled for PP3and time 5. (b) State after executing e1: the clock has advanced 2 units, the state of PP3 hasbeen changed and event e5 has been scheduled for PP2 and time 15. Event e5has beeninserted in the appropriate position in the event calendar, using the timestamp as theordering criterion.

2. Parallel discrete-event simulation19

Figure 2.3 shows how an actual simulation of a physical system consists of twoseparate parts. One part is model dependent, an executable description of the model tosimulate written in a general-purpose high-level language or in a simulation language(Simula, SimScript, etc.). This description includes the set of state variables of themodel, the set of events that affects the system and the actions to execute when an eventis consumed. The other part, or simulation engine, is model independent. It deals mainlywith the management of the events: insertion of events in the calendar and delivery ofstored events in timestamp order [DMS93].

Model independentModel dependentSimulation engineModel descriptionEventcalendarStateEvents to executeEvents for the futureFigure 2.3. Sketch of a sequential simulator, where the description of the model isseparated from the event management functions.It is very important to realize a good implementation of the simulation engine,specially in the event-driven case, because the investment will be worthwhile, as it willbe useful for many simulations. A key piece to consider in this part of the design is theimplementation of the event calendar. This data structure is the core of the simulation,and a bad implementation can introduce an unacceptable complexity in the simulator.Many algorithms can be found in the literature about this topic, where highly optimizeddata types are proposed to implement efficient insertions/extractions of messagesin/from the event calendar. A good survey can be found in [CSR93].2.3Parallel simulation alternatives

As computational demands grow and parallel computers become more popular, it isclear the need to adapt the classic sequential simulators to the new architectures. In theliterature, several proposals can be found that take advantage of parallel systems, andsome of those are reviewed here.

20An empirical evaluation of techniques for parallel simulation of message passing networks

An immediate way of using the parallelism offered by a multiprocessor or amulticomputer is simply to simultaneously run as many simulations as processingelements are available [Fuji90b, RW89]. Usually, the study of a system needs multipleexecutions of the simulator, in order to analyze the system under different sets of inputparameters or to reach a given confidence interval in the results. In these cases,replication of simulations is very efficient. However, the analysis of many systemrequires a search for a particular set of input parameters, and the output of a simulationrun is needed precisely to refine the selection of parameter for the next run. Obviously,in this case the replication approach is not valid. An additional problem of replicationcomes from memory restrictions: many processing elements might be available, butoften they do not have enough memory to keep a complete description of the systemand work with it, so replication is simply impossible. In [Vaki92] a proposal ofmassively parallel simulation of independent sets of parameters is given, specificallytailored for SIMD architectures like the CM-2.It should be apparent the need to parallelize each simulation run, to reduce theexecution time and, at the same time, to distribute the data structures of the simulatoralong the available memory modules. One approach is to modify the sequentialalgorithms, making a task distribution among different functional units (specializedprocessing elements) [RW89]. As examples of functional units, the following can bementioned: random number generation, event calendar management, statisticscollection, input/output, file manipulation, graphics generation, overall supervision, etc.The degree of speed improvement using task distribution is quite limited, because thenumber of functional units that can be identified and put to work is very reduced, and sothis technique is not viable for its implementation in massively parallel systems(although it can be effective if a specific-purpose machine is built).Another approach is to parallelize the execution of each event, by dividing it intoseveral sub-events which can be executed concurrently. This event-parallel approach isonly useful when the simulation of the actions associated to an event leads to theexecution of a highly parallelizable algorithm, and we cannot say that this is the mostcommon situation.The most promising PDES techniques realize a model decomposition, i.e., a divisionof the model into different sub-models, assigning those sub-models to processes whichwill be executed in the available processing elements. Clearly, the objective is toconcurrently execute events corresponding to different sub-models. However, amechanism must be provided to ensure that events are executed in the correct order.There are strong cause/effect relationships between events which prevent the

2. Parallel discrete-event simulation21 simultaneous consumption of an arbitrary set of events. Let us consider the followingscenario, where the existence of a single event calendar for all the simulation isassumed. The two first messages of the event calendar are m1˚=˚<e1,˚t1> andm2˚=˚<e2,˚t2>, where t1˚<˚t2. The sequential algorithm first removes m1 from thecalendar, and consumes it. The effects of executing e1 include, among other things,message m3˚=˚<e3,˚t3> being scheduled, where t3˚<˚t2. In the next iteration the selectedmessage is m3, and its effect is to cancel m2. If we try to simultaneously remove andconsume m1 and m2, later on m3 will try to cancel m2, but it will be too late. Obviously,this situation cannot be allowed.One approach to cope with this problem is to realize a synchronous PDES, where allthe processes which constitute the parallel simulator have the same (or very close) viewof time. If a time-driven approach is used, the simulation would proceed as follows: allthe processes increment the clock in one time unit, then the events whose timestampequals the value of the clock are executed and finally the processes synchronize(typically using a barrier operation) to prepare for the next iteration. Incorrect messageconsumption situations, like the one described above, cannot happen, because thesimulator behaves exactly like a sequential one. If, after finishing an iteration, thesynchronous parallel simulator performs (in a centralized or a decentralized way) acomputation of the minimum timestamp among all the pending messages, and the clockis advanced to reach that point, the simulator is still synchronous, but event-driven. Amethod like this is described in [KY91].A synchronous parallel simulator can be successful in its attempt to acceleratesimulations only if the event density is high, and events are distributed evenly among allthe processors. If this is not the case, in many iterations only a few (if any) processorswould have work to perform. Consequently, in order to make a better use of theavailable parallelism, a method to simultaneously consume events with differenttimestamps is needed. Techniques that work this way are asynchronous, because thedifferent elements of the parallel simulator might have a different perspective of time.Needless to say, mechanisms to perform some synchronization must be included in thesimulators, to prevent the consumption of events in incorrect order.Several techniques to perform asynchronous PDES have been proposed in theliterature. They can be divided into two main groups: conservative [Brya77, CM79] andoptimistic [Jeff85], with several variations. These techniques have many points incommon, mainly that they are event-driven and asynchronous, but differ in the way thesynchronization among the parallel processes which form the simulator is achieved. In

22An empirical evaluation of techniques for parallel simulation of message passing networks the following sections each technique will be described, along with the most importantvariations or evolutions product of other researchers� work.2.4Basic PDES concepts

In the previous section it was mentioned that the main challenge of PDES techniquesis to guarantee that the causal dependencies among events are respected. The simulationof an event cannot be allowed to affect other previously simulated events, because thosesituations would lead to an incorrect simulation. In this context, it can be proven that thealready described sequential event-driven simulator is correct: events are processed inthe right order, because in each iteration the event with minimum timestamp is selected,and this choice guarantees that the event dependencies are observed (a formal proof canbe found in [Misr86]). Fortunately, this is not the only way of guaranteeing correctnessin a simulation.2.4.1Event dependenciesIt this section we will formally define the classes of event dependencies that must beobserved in any event-driven simulation, sequential or parallel [Wagn89].Definition 1: we say that event ei affects the execution of ej if at least one of thesesituations arise:¥The execution of ei creates or cancels ej.¥The execution of ej reads or updates state information that was created oraltered by the execution of ei.In any case, it is assumed that the timestamp of ei is strictly less than thetimestamp of ej, because in a real system an event cannot influence past events.Definition 2: we say that event a causally affects event b (or that b causally dependson a) if there is some chain of events a = e0, e1, e2, � , en = b such that, for eachpair ei and ei+1, the execution of ei affects the execution of ei+1.Definition 3: given two events a and b, if neither a causally affects b nor b causallyaffects a, then we say that a and b are causally independent. In particular, notethat any two events with exactly the same timestamp are causally independent by

2. Parallel discrete-event simulation23 assumption. The �causally affects� relation defines a partial order on the events ina simulation.In a sequential simulator events are executed in non-decreasing timestamp order. It isnot strictly increasing order, because several events might have the same timestamp,and those can be consumed in any order, even concurrently. This gives us the idea thatsome actions can be parallelized in the simulator. However, if it is not common to haveequally timestamped events, no parallelism is available.The objective is, then, to concurrently execute events with different timestamp. Todo so we need to relax the requirement of executing events in temporal order, usinginstead the defined causal order. Given a traditional sequential event-driven simulator,and considering the previous definitions, a parallel simulator that executes all the pairsof causally dependent events in causal order satisfies these properties:¥Exactly the same events are executed in the parallel simulator and in thesequential one.¥When a given event is executed, the portion of the state of the system that affectsthe simulation of that event is exactly the same in the parallel simulator and in thesequential one.e1, 7e2, 9e4, 20e3, 14e5, 27e6, 40 e1, 7e2, 9e4, 20e6, 40e3, 14e5, 27

(a)(b)

Figure 2.4. (a) A list of scheduled events, in timestamp order. The arrows indicate thecausal relationship among them. (b) The same sequence, ordered by causal dependencies.In this case, the sequences (e2, e4, e6) and (e3, e5) can be executed concurrently.In other words, a simulation that executes events in any order consistent with thecausal order is indistinguishable from a simulation that executes events in temporalorder. Obviously, the temporal order imposed by a sequential simulator is consistentwith the causal order, but the opposite is not always true. For this reason, imposing a

24An empirical evaluation of techniques for parallel simulation of message passing networks temporal order in unnecessarily restrictive. The most important asynchronous PDESmethods precisely try to take advantage of the more relaxed causal ordering tosimultaneously execute events with (potentially) different timestamps. Figure 2.4depicts an example of restrictions imposed by causal dependencies, and shows how thesequence of events (e2, e4, e6) can be executed in parallel with the sequence (e3, e5).However, if any event were simulated in parallel with e1, the causal dependencieswould be violated.2.4.2Model decompositionNow we will describe a set of common characteristics of the most important familiesof model decomposition-based PDES techniques. We consider, as defined at thebeginning of the chapter, that the physical system to be simulated is composed of a setof physical processes which only interact at discrete times by means of messages. Themessage has two fields: the event to occur and the timestamp or time when the eventshould occur.A parallel simulator is arranged as a collection of logical processes (LPs). For thesake of simplicity, we will consider that there is one LP per PP, although it does notnecessarily have to be this way. The LPs do not share any kind of information amongthem, and the only allowed means of synchronization and information interchange ismessage passing. Each LP has its own local clock, which indicates up to what point insimulated time the evolution of the corresponding PP has been simulated.The interaction between two PPs, modeled as one PP scheduling an event for acertain time, is simulated by means of a message interchange between thecorresponding LPs. The timestamp of an event scheduled by a LP must be greater thanthe local clock of the LP; this is essential to maintain the causal relationships in thesystem.Each LP has one or several input queues, where incoming messages with eventsawaiting to be executed are stored. Some PDES techniques use only one input queue,where all the received messages are kept in timestamp order. Alternatively, a queue canbe kept for each possible source of incoming messages, without mixing messagesgenerated in different LPs. In either case, the LP selects, as the candidate to beexecuted, the event with minimum timestamp among those awaiting in the inputqueues. As it happens in the sequential simulator, the effect of executing an eventincludes the advance of the clock (in this case, the local clock) to reach the timestamp

2. Parallel discrete-event simulation25 of the event. Additionally, the state of the PP (and thus, of the LP) might be changedand new messages can be sent to other LPs.It is important to remark that there is not any global information shared by the set ofLPs. In particular, there is not a global clock but a collection of local clocks, whichmight not have the same value at a given instant of real time; similarly, there is not acentral event calendar, but a collection of input queues which play the same role. InFigure 2.5 we show a physical system composed of 3 PPs simulated by a set of 3 LPs.In this case each LP keeps a separate input queue per message source, so messagesreceived from different LPs are never mixed. 30

PP aPP bPP c

<e1, 35>(a)

202530LP aLP bLP c

(b)<e1, 35>Figure 2.5. (a) In the physical system, at time 30 PPa schedules event <e1, 35> for PPc. (b)Simulation of the previous situation: when the clock at LPa is 30, message <e1, 35> is sentto PPc, which saves it in an input queue where only messages from PPa are stored. Themessage will await there until it is time for it to be executed.In a sequential simulation with only one event calendar it is easy to make thedecision about what is the next event to execute: the one with minimum timestamp (thehead of the list). However, when there are several event calendars (input queues)distributed throughout the collection of LPs, the selection of the next event is not trivial.Of course, if all the input queues of the system were examined and the message withminimum timestamp in the whole system were selected and executed by its LP, whileall the remaining LPs await, the temporal order (and, therefore, the causal order) wouldbe observed, but no parallelism would be exploited. Fortunately, this selection criterionin unnecessarily restrictive. In order to have a correct simulation, it is sufficient

26An empirical evaluation of techniques for parallel simulation of message passing networks

(although not necessary) to obey what it is know as the local causality constraint[Wagn89, Misr86]:If each LP consumes messages in non-decreasing timestamp order, then theexecution of the simulation is correct.Remember that correct means that there are no causal errors in the simulation ofevents.It is possible, while obeying this constraint, to have the collection of LPs selectingand executing events in parallel. However, this constraint is not as easy to observe as itcan seem. Let us imagine the following scenario: a LP executes events <e1,˚t1>, <e2,˚t2>and <e3,˚t3>, stored in its input queues, in non-decreasing timestamp order; afterexecuting <e3,˚t3> a new message <e4,˚t4> is received, where t4˚<˚t3. Clearly, the localcausality constraint will be violated, because e3 has been consumed before e4. There isnot an easy way to know what the other LPs are doing, so it is clear that if nomechanism is added to allow the LPs to interchange information about its progress, thesimulation will not work.Two different strategies can be found in the literature to ensure that the localcausality constraint is kept while allowing the simultaneous execution of events withdifferent timestamp. Conservative simulators guarantee that the constraint is alwaysobeyed, stopping a LP when it does not have enough information from the other LPs tocontinue safely. Optimistic simulators allows an aggressive execution of events, withthe effect that situations may arise where the constraint is violated in some LPs, butthese situations are detected and then the affected LPs roll back to the past, undoing theerroneous computation, to reach a point where all the events were consumed in a correctcausal order.Any parallel computer that provides the SPMD or the MIMD models of computingallows the implementation of a parallel simulator with the described characteristics. Ifthe communication model is message passing, as happens with the machines used inthis research, the interchange of messages among LPs is implemented in the obviousway. If the system provides communication via shared memory, a library of functions toemulate message passing can be easily built. The communication infrastructure of theparallel computer must be able to support the interconnection topology of the LPs. Ingeneral, it is assumed that the communication is reliable: no message is lost, modified,duplicated, or delivered out of order.

2. Parallel discrete-event simulation27

2.5Synchronous event-driven simulation

In this section we will describe a possible design for a synchronous, parallel event-driven (SPED) simulator, assessing its correctness and its performance potential. Thedescription is aligned with the definitions given in the previous section, althoughdifferent algorithms could be given using different assumptions. For example, weassume that the model is distributed among a collection of LPs, and simulation eventsare also stored in a distributed fashion along the LPs. Alternative designs could bebased on a central event list, but they are not considered because this central elementlimits the scalabiliy of the design. Proposals like the one presented here can be found in[KY91, Soul92].Each LP of a SPED simulator keeps the same data structures of a single, sequentialevent-driven simulator: clock, state variables, statistics and event calendar. Followingthe terminology of the previous section, we will use the term �input queue� instead of�event calendar�. The clock of all the LPs always keep the same value, so it can be saidthat the LPs share a common clock. The rest of the data structures are private. Only aninput queue per LP is needed, where all the received messages are stored in timestamporder.Each LP performs the following algorithm:clock = 0;while (clock <= end_of_simulation) {t = minimum_timestamp(); /* step 1 */clock = global_minimum(t); /* step 2 */simulate_events(clock); /* step 3 */synchronize(); /* step 4 */}In the first step each LP obtains the timestamp of the first message of its input queue.Then, a global operation is performed to compute the minimum among thosetimestamps. This value is assigned to the clock of all the LPs. In the third step each LPconsumes all the events whose timestamp equals the new value of the clock. The laststep is needed to make the LPs start the next iteration at the same time. Thissynchronization must be done after all the messages generated in the previous step havebeen delivered and safely stored in the corresponding input queues.

28An empirical evaluation of techniques for parallel simulation of message passing networks

From the previous description, it is clear that simulations performed by a SPEDsimulator are correct. Events are consumed in timestamp order. Only those with thesame timestamp are executed concurrently, and they are (by definition) causallyindependent. The design of the LPs and the barrier synchronization ensures that thelocal causality constraint is always obeyed.Regarding the performance of this simulator, it is guaranteed that at least one LP willconsume one event in each iteration: the one that was used to compute the new clock;but this step might be void in other LPs, specially if the event density is very low or theevents are not evenly distributed among the LPs. In the worst case, this simulatorbehaves exactly like a sequential one. However, in a well balanced scenario, itefficiently exploits the available parallelism, with a moderate synchronization cost. Twopositive aspects can be found in this method: the simplicity of the design (which makesthe simulator easy to build and to maintain) and the possibility of an efficientimplementation in SIMD systems, while other approaches to model-distributionsimulation are best suited for SPMD or MIMD systems.2.6Conservative synchronization

In works by Bryant [Brya77] and, independently, by Chandy and Misra [CM79], amethod called conservative is proposed to realize parallel discrete event simulation. Thename conservative comes from the way the local causality constraint is enforced: an LPmust await, before consuming an event, until it is absolutely sure that no new messagewill arrive with smaller timestamp. To behave this way, some restrictions are imposedto the LPs:¥Each LP maintains one input queue for each possible source of messages. Theinterconnection topology of the LPs must be static, and known since thebeginning of the simulation.¥Each LP must send messages through each of its input channels in a non-decreasing timestamp order.The first restriction means that all the LPs which constitute the simulator must existsince the beginning, and that all the communication channels must also be defined since

2. Parallel discrete-event simulation29 the beginning. No dynamic LP creation is allowed, and a LP cannot communicate withanother one unless this circumstance has been foreseen.The second restriction means that a LPi cannot send a message m through thechannel that communicates it with LPj unless it is totally sure that no new outputmessages timestamped less than m will be generated. This restriction is very importantto ensure that the input queues of all the LPs receive and keep incoming messages intimestamp order. It is being assumed, as already mentioned, that the message passingsystem reliably delivers messages in the same order they are emitted.Once all the LPs of the simulator are defined, along with all the communicationchannels, the simulation can start. All the LPs execute, independently, the samealgorithm. A particular LPj keeps the following variables:Cj: Local clock of LPj. Indicates up to what point, in simulated time, the simulationof PPj has been completed. It also gives a lower bound of the timestamps of themessages that LPj may generate: it is only allowed to schedule events for thefuture.ccij: Collection of channel clocks. For each communication that has LPj asdestination and LPi as source, a channel clock is maintained in LPj, which storesthe timestamp of the last message received through that channel.mj: Auxiliary variable to store the next message to consume. Contains the event toexecute and the timestamp of that event.Hj: Message acceptance horizon of LPj. Provides an upper bound on the timestampof messages that LPj is allowed to consume. In other words, a message cannot beconsumed unless its timestamp is less or equal than Hj. This value is computed asthe minimum among the channel clocks of LPj (mini{ccij}).The algorithm is as follows [Wagn89]:Cj = 0;for (each i) ccij = 0;while (not finished) {while (input queues are empty) await message arrival;mj = message with minimum timestamp;Hj = mini{ccij};while (mj.timestamp > Hj) {await message arrival;

30An empirical evaluation of techniques for parallel simulation of message passing networks mj = message with minimum timestamp;Hj = mini{ccij};}remove(mj);Cj = mj.timestamp;execute(mj.event);}Although in the algorithm it is not explicitly indicated, it is assumed that each LPmust manage its input queues. When a message is received, the LP stores it in theappropriate input queue (the selection depends on the source LP) and updates thecorresponding channel clock.A LP starts initializing its local clock and channel clocks. After that, it awaits to havesome message in its queues, i.e., to have some work to do. Once one or more messagesare available in the input queues, the one with minimum timestamp among them isselected as a candidate to be consumed. Before proceeding to do so, the messageacceptance horizon must be computed: if the selected message falls below theacceptance horizon, it can be safely consumed; otherwise, the LP must block, awaitingfor new messages.The technique takes no risk when executing events (so its conservative character).Let us see a situation where Hj = ccij, i.e., the channel clock that communicates LPi withLPj has the minimum value among all the channel clocks and, therefore, gives the valueof the acceptance horizon. The message with smaller timestamp in LPj is mmin, withtimestamp tmin. If tmin˚>˚ccij then LPj blocks, and the channel that communicates LPiwith LPj becomes a blocking channel. A situation like this is depicted in Figure 2.6. It iseasy to see the reason LPj blocks: as ccij is smaller than tmin, it is perfectly possible toreceive from LPi a message with timestamp larger than ccij but smaller than tmin. Ifmmin were consumed in the current circumstances, it would be at the risk of violatingthe local causality constraint. The design of LPj prevents it to do that, but forces it to beblocked for a while, maybe unnecessarily. LPj can resume its work only if newmessages are received through the blocking channel: the new message from LPi willeither be consumed, if its timestamp is smaller than tmin, or cause an increment in Hj,allowing mmin to be consumed.It is important to notice how message arrival is the �fuel� that makes the simulationprogress. An incoming message gives a LP work to do, and also triggers an incrementin the receiving channel clock; this means a possibility of increasing the message

2. Parallel discrete-event simulation31 acceptance horizon and, in turn, an increment in the number of stored messages thatbecome candidates to be consumed. Note that a channel from which messages are rarelyreceived becomes soon a bottleneck, because most of the time it will be the blockingchannel, forcing the LP to stay blocked for long periods.

e1, 10 e3, 36e2, 20 e4, 18 e5, 23

36236

LP acc bacc cacc daChannelb->aChanneld->aChannelc->a

Output channels6C aFigure 2.6. LPa can receive messages from LPb, LPc and LPd, and a separate input queueis reserved for each message source. The acceptance horizon is currently 6, the timestampof the last message received from LPd, which has been already executed (so the clock isalso 6). Channel d->a is now blocking LPa. Message <e1,˚10> is the provisional candidatefor next consumption, but it must wait: a message timestamped less than 10 might arrivefrom LPd.2.6.1The deadlock problemThe previous conservative algorithm has a pitfall which prevents it to be reallyuseful: situations of deadlock, where a set of LPs await without any opportunity toresume their job, may easily arise. To determine how these situations may appear, let usdefine five possible states of a LP which participates in a conservative simulation[Wagn89]:¥A LP is halted if its state satisfies the termination condition for the simulation,and therefore it will produce no further messages.¥A LP that is not halted is idle if no message is stored in any of its input queues.

32An empirical evaluation of techniques for parallel simulation of message passing networks

¥A LP that is not halted or idle is blocked if its message acceptance horizon issmaller than the minimum timestamp among all the pending messages.¥A LP is deadlocked if either (a) it is idle and all its message sources are eitherhalted or deadlocked, or (b) it is blocked and the sources of all its blockingchannels are either deadlocked or halted.¥ A LP is active if it is not halted, idle, blocked or deadlocked.The simulation as a whole is deadlocked if at least one LP is deadlocked and allother LPs are either halted or deadlocked.From the definitions, two sources of deadlock can be identified. The simplest case ofdeadlock is the one where a LP cannot progress because it is awaiting messages fromanother LP that has already finished its work (it is halted) and will not generate newmessages. The second case is more complex: deadlock happens because a cycle of LPsappears where each of the LPs in the cycle is blocked waiting for new messages fromLPs that are in the same cycle. Figure 2.7 shows an example of a group of deadlockedLPs.Clearly, deadlocks are undesirable because they prevent advance in the simulation. Amechanism is needed to cope with deadlocks, allowing the simulation to progresswithout imposing too much overhead.The first source of deadlock is easy to avoid if each LP sends, just before halting, aspecial end_of_simulation message through all its output channels, timestamped ¥(infinity, a value larger than any possible timestamp). This way all channels with thatLP as origin will never become blocking channels.

2. Parallel discrete-event simulation33

40153523212027LP aLP bLP c172223302534402735Figure 2.7. Three deadlocked LPs. The channel clocks of LPc are 35, 23 and 21, thus Hc =21. Channel b->c is blocking the progress of LPc. LPa and LPb are in a similar condition.Note the cycle of blocking channels, where all the corresponding input queues are empty.However, a more sophisticated mechanism is needed to cope with the second sourceof deadlocks. Two main alternatives can be found in the literature: deadlock avoidance,where deadlocks never occur, and deadlock detection and recovery, where deadlocksmay occur they are detected and, after a recovery procedure, the simulation is allowedto resume.2.6.1.1Deadlock avoidanceThe original works in conservative PDES propose an avoidance mechanism to copewith deadlocks. We will call this method CMB-DA (Chandy-Misra-Bryant, withdeadlock avoidance). To implement this mechanism, a special class of messages areused in the simulator: null messages. These null messages are not directly related to themodel being simulated, in contrast with the normal (useful) messages, and they do notcarry an event field. However, null messages are, like useful messages, timestamped, sothey affect the channel clocks and may, therefore, help advance the acceptance horizonof the receiving LPs.To explain how this technique works, let us see how the use of null messages couldallow LPs of Figure 2.7 to progress without deadlock. In LPc the value of ccbc is 21.

34An empirical evaluation of techniques for parallel simulation of message passing networks

This means that a message timestamped 21 was received through channel b->c. As theassociated input queue is now empty, that message has already been consumed and,therefore, the local clock is, at least, 21. LPc is not allowed to consume any furthermessage but it might know that, even if a new message timestamped 21 arrives, nooutput message timestamped less than 22 will be generated. To infer this, the LP musthave some knowledge of the characteristics of the PP it is simulating.LPc may then send a message <null, 22> through channel c->a, meaning �I don�tknow when I�ll send a useful message through this channel, but it won�t be before time22�. The practical effect is that the reception of the null message in LPa allows ccca tobe incremented from 15 to 22, and then channel c->a is not longer blocking and themessage timestamped 17 in LPa becomes a candidate to be safely consumed.It should be clear that a wise policy for sending null messages can effectively avoiddeadlocks. A common one is to make a LP send null messages through all the outputchannels when it detects it is going to block (i.e., to become idle or blocked). Thiscircumstance can easily be detected: if no message is available, or there is at least onebut it cannot be consumed because it does not fall below the acceptance horizon, thenthe LP will block. Sending null messages will not prevent the blocking, but will allowthe neighbors to progress. A null message <null, t> is a promise not to send a usefulmessage timestamped less than t. The greater the value of t, the bigger the potentialadvance which is allowed in the receiver.The CMB-DA approach to PDES presents two serious drawbacks. The first one isthat many experiments report that the amount of null messages managed in thesimulation is huge, imposing a terrible overhead in the simulation and minimizingachieved speedups (we will present some evaluations in Chapter 4). The second is moreimportant, and even compromises the usefulness of the algorithm for some kind ofmodels. In the previous presentation of how null messages prevent the appearance ofdeadlocks, a message <null, 22> was sent when the local clock of the sending LP was21. We justified this timestamp value saying that the LP can guarantee, usinginformation about the behavior of the model, that no message timestamped less than 22will be sent. But, what if a LP does not have any prediction ability? If a group of LPssuffer from this absence of insight into the future, a cycle might appear with all the LPsin the cycle sending null messages to the others, without any increment in thetimestamp of those messages. The simulation is not deadlocked, because null messagesare consumed, but no effective progress is achieved. In Section 2.6.2 the lookaheadconcept will be introduced, which is tightly related to the prediction ability of a LP, and

2. Parallel discrete-event simulation35 the relationship between this concept and the efficiency of the CMB-DA algorithm willbe shown.2.6.1.2Deadlock detection and recoveryThe fact that CMB-DA cannot be used for some kind of models led Chandy andMisra to the development of a variant of the conservative algorithm where no nullmessages are needed: the simulation simply progresses until it eventually deadlocks.After detecting this situation, a recovery algorithm is executed and the simulation canresume [CM81]. We will call this simulator CM-DDR (from deadlock detection andrecovery). The simulation consists of two alternating phases: computation and deadlockresolution. The computation phase is done in parallel, i.e., several LPs can beconsuming events at the same time, and progress until reaching a deadlock. Thedeadlock resolution phase can be done in centralized or in a distributed fashion[CMH83]. The easiest way of resolving a deadlock is to find the message withminimum timestamp in the whole the set of LPs, then putting the corresponding LP torun simulating this event.During the deadlock resolution phase no progress is done, so this phase must beconsidered as an overhead in the simulation. This overhead is the main source ofcriticisms to this method: if deadlocks appear frequently, and solving them is costly(comparing to the actual work done in the computation phases), the method is notefficient.2.6.2The lookahead conceptWhen a conservative method is being used for parallel simulation, the simulator�sknowledge of some characteristics of the model being simulated can be very useful toachieve good performance. If the LPs are able to predict some aspects of the futurebehavior of the model, they will be able to exploit this look ahead ability to reducesynchronization overheads [Fuji88].In a conservative simulation, when a LPi schedules an event e to occur in LPj at timet, it sends the message m˚=˚<e, t>. That message must be kept in LPi until it isabsolutely certain that no new message timestamped less than t will be generated. Thisis needed to maintain the restriction of sending all the messages in timestamp order.Due to this way of working, a certain amount of time will pass since e is scheduled untilm is actually sent. The length of the time interval depends on the ability of the LPs topredict its future (look ahead). We can informally define the term lookahead as a

36An empirical evaluation of techniques for parallel simulation of message passing networks measurement of the prediction ability of a LP. If the lookahead is large, the message canbe sent soon, and this will be good for the receiver, as it will be allowed to incrementthe corresponding channel clock�hence opening opportunities for a faster advance.The bad news is that, in general, the value of the lookahead is a complex function whichvaries with time, and it is absolutely dependent on the details of the model beingsimulated.The importance of lookahead is specially clear in the CMB-DA algorithm. When LPiis next to block, it sends null messages to all its neighbors, with a timestamp calculatedas t˚=˚Ci˚+˚Li (with Li˚>˚0), i.e., the value of the local clock plus a certain increment Li.This increment is precisely the lookahead: LPi is predicting that no useful messages willbe sent through the output channels until time t. All the output pending messagestimestamped less than t can safely be sent, and the receivers of the null messages canincrement the corresponding channel clocks to reach t.It is obvious that, the larger the lookahead, the larger the timestamp of the nullmessages, and better opportunities are given to the neighbors to advance faster: a fasterincrement in channel clocks means a faster increment in the acceptance horizon and, inturn, a larger amount of messages that can be safely consumed without fear of violatingthe local causality constraint. In other words, when null messages are used to make thesimulation advance without deadlock, the level of advance is proportional to thelookahead of the LPs. An increase in the lookahead of the LPs reduces the number ofnull messages (an important overhead) and accelerates the simulation.After this description of the conservative PDES technique, Figure 2.8 shows agraphical representation of a conservative LP. Again, the model description (modeldependent part) can be separated from the simulation engine. It is important to note thatthe model description to use in a CMB simulator can be the same one used in asequential simulator, provided that some restrictions are obeyed (e.g., that no globaldata structures are accessed). The simulation engine now is not totally modelindependent: in order to achieve a good performance, the lookahead of the model mustbe exploited, so somehow this information has to be obtained.

2. Parallel discrete-event simulation37

Simulation engineModel descriptionStateEvents to executeEvents for the future

Lookahead info.

Input queuesLocal eventcalendar

Messages fromother LPsMessages to other LPsFigure 2.8. A LP in a CMB simulator. The simulation engine deals with the messages(events) scheduled for/by the LP, including null messages. The other part includes thedescription of the PP simulated by the LP.2.7Optimistic synchronization

Due, among other things, to some undesirable characteristics of the conservativePDES methods, an alternative proposal for LP synchronization was proposed byJefferson, under the name of Time Warp [Jeff85]. This and similar approaches are knowas optimistic, because they try to exploit parallelism in a most aggressive way. The twomain criticism to conservative methods that led to the development of TW were:¥The need of an static LP interconnection topology. This restriction of conservativemethods is too strong for the study of models where objects are dynamicallycreated or destroyed. The only way to cope with this kind of models in aconservative simulator is to create, since the beginning of the simulation, all theLPs that are foreseen to be needed, plus all the necessary interconnectionsbetween them. If the number of LPs is large and many of them are not active allthe time, the imposed overhead may be huge, in space and in synchronizationeffort.¥After performing some evaluations, it was seen that conservative simulators donot perform well when working with models that, in theory, are highlyparallelizable. Conservative methods guarantee the absence of causality errors,but with the side effect of introducing deadlock risks, and the price to pay to solvethis problem (in synchronization terms) is too big.

38An empirical evaluation of techniques for parallel simulation of message passing networks

Conservative and optimistic methods differ in the way they cope with causalityerrors. Conservative algorithms totally avoid the errors, while optimistic algorithmsallow errors to happen, i.e., they do not ensure that the local causality constraint isalways obeyed. Each LP consumes messages as fast as it can, without worrying aboutcausal problems. It may happen, however, that a new message arrives to a LP with atimestamp smaller than the local clock. Obviously, the local causality constraint has notbeen obeyed, and the simulation correctness is at risk. Messages that allow the detectionof causal errors are known as stragglers.Once the straggler has been received, the LP must continue its work, but from a pointin the (simulated) past when there was no causal error. To do so, a rollback mechanismis implemented, which undoes part of the simulation. The LP jumps to the past, to atime equal or less than the timestamp of the straggler, consumes the straggler (now inthe right order) and then resumes its work, consuming the messages stored in the inputqueue in timestamp order.During the period of time while the temporal order was not obeyed (that between thetimestamp of the straggler and the value of the clock when the straggler was received),surely the LP has modified its state variables and has sent messages to other LPs. Therollback procedure must jump back to an error-free situation, which means (1) recoveran error-free collection of state variables and (2) cancel all the messages sent during theerroneous computation. To be able to do so, the LP must (1) periodically save copies ofits state, just in case they are needed, and (2) maintain a log of all the generatedmessages. The last part is done keeping a list of antimessages, negative versions ofnormal (positive) messages. A message and its corresponding antimessage have theability to annihilate each other.During a rollback, a LP sends an antimessage per each erroneously sent message.When a LP receives an antimessage, it searches in its (single) input queue to see if thecorresponding positive message has been already consumed. If not, then both messagesare destroyed and no additional action is needed. However, if the positive message hasalready been consumed, an error arises, and the receiving LP must rollback to recover apoint in the simulation before the positive message was consumed, and then annihilateit. This rollback might cause, in turn, new antimessages to be sent. After a sequence ofrollbacks, the LPs will eventually reach an error-free state.Regarding the limitation that conservative methods impose in the interconnectiontopology of LPs, TW is free of such a restriction. Only one input queue is kept in eachLP, where all the received messages are merged and stored in timestamp order,independently of its source. It is assumed that the computer system that gives support to

2. Parallel discrete-event simulation39 the simulation is able to provide communication among any pair of LPs, withoutneeding to make a previous reservation of resources.2.7.1The basic Time Warp algorithmThe following data structures are needed at each LP to execute the Time Warpalgorithm:¥One input queue, where all the received messages are stored. This queue is kept intimestamp order. All the messages must be stored: those awaiting to be consumed,and those already consumed. The next message to consume, thus, need not be thefirst on the queue. A variable called next_event points to the first non-executedmessage, i.e., the next candidate to be consumed.¥Astate queue, which keeps past copies of the state of the LP. The simplest savingstrategy is to make a copy of the state and store it in the state queue immediatelybefore the consumption of each message. There exist more optimized state-savingpolicies, though.¥An output queue, where an antimessage is stored per each generated (positive)message.¥The local clock, which indicates up to what point the LP has progressed in thesimulation of its part of the physical system. This is the virtual time of the LP.

rm1rm2rm3rm4rm5s0s1s2- sm1- sm2- sm3

Input queueState queueOutput queuenext_eventFigure 2.9. Data structures managed by a LP in TW. Before rm3 was consumed, a copy ofthe state was saved in the state queue (s2). After executing rm3, messages sm2and sm3

40An empirical evaluation of techniques for parallel simulation of message passing networks were sent to other LPs, so antimessages -sm2 and -sm3 have been stored in the outputqueue. Everything is now ready to execute rm4.Figure 2.9 sketches these data structures, along with the relationships between them.The sequence of actions that each LP executes is as follows:1If no unprocessed message is awaiting in the input queue, wait for new arrivalsand then go to the next step.2Make a copy of the current state and save it in the state queue.3Consume the message pointed by next_event, i.e., advance the local clock, changethe status according to the class of event, and send new messages to other LPs.4Add an antimessage to the output queue per each message sent in the previousstep.5Advance the next_event pointer. Go to step 1.This algorithm can be interrupted each time a message arrives. The received messagecan be positive or negative, and can belong to the past (if its timestamp is smaller thanthe local virtual time) or to the future (if its timestamp is larger than the local virtualtime). Depending upon the circumstances, one of these four actions must be taken:Positive message for the future. This is the common case in any event-drivensimulator. The message simply carries an event scheduled for the LP�s future. It isstored in the input queue, in the right position according to its timestamp.Antimessage for the future. This is a kind of cancellation. The correspondingpositive message is searched for and located in the input queue (it must be there,if the communication system delivers messages in order), and both messages(positive and negative) are annihilated.Positive message for the past. This is a straggler. The local causality constraint hasnot been obeyed, so a rollback is needed. All the effects of simulating messagestimestamped more than the straggler must be undone, to be re-executed afterconsuming the straggler. The straggler is inserted in the input queue. The state isrestored to the copy saved just before consuming the message that now followsthe straggler in the input queue. All the copies of the state following the restoredone are destroyed. All the antimessages generated during the erroneouscomputation are sent. The next_event pointer is set to point the straggler. After allthese steps, normal simulation can resume.

2. Parallel discrete-event simulation41

Antimessage for the past. The corresponding positive message (already consumed)is located in the input queue, and both messages are annihilated. A rollback mustbe done, recovering the state associated to the destroyed positive message,destroying other copies of the state and sending the necessary antimessages. Thenext_event pointer is set to point to the message just after the annihilated one.Normal computation can resume. Figure 2.10 depicts this situation.It is to see how, when a LP receives a straggler, the rollback effects rarely areconfined into that LP. Instead, a kind of �chain reaction� is started: the LP rolls back,which means that some antimessages are generated (as described in case 3 before) that,in turn, will probably cause rollbacks in other LPs (as described in case 4 before). Theerroneous computation will progressively be undone, and eventually a correct state willbe reached in all the LPs.

rm1rm2rm4rm5s0s1s2- sm1

Input queueState queueOutput queuenext_eventFigure 2.10. Effect of receiving antimessage -rm3 before consuming rm4 (see Figure 2.9).State s2 has been recovered, which corresponds to the situation of the LP just beforeexecuting rm3. This message is annihilated by -rm3. As part of the rollback, antimessages-sm2 and -sm3 have been sent. The rollback has finished; simulation can resume, executingrm4.Figure 2.11 represents an optimistic LP. Again, the model description is the only partdependent on the model, while the simulation engine is totally independent, valid forany simulation. However, a TW simulation engine must be able to access the state ofthe PP, to make copies of it or to restore it to a previously stored value.

42An empirical evaluation of techniques for parallel simulation of message passing networks

Copies of the state

Simulation engineModel descriptionStateEvents to executeEvents for the future

Messages fromother LPsMessages to other LPs

Input queueState queueOutput queue

Figure 2.11. A LP in a TW simulator. The simulation engine deals with messages (events).The other part includes the description of the PP simulated by the LP.2.7.2Global controlAlthough most of the operations of the TW algorithm are done in a distributedfashion, with the LPs evolving autonomously, the system cannot work unless a series ofglobal operations are done, satisfying these requirements:¥Guarantee that simulation advances, even taking rollbacks into account. The localclock at a LP is not an accurate estimation of the actual situation of thesimulation: an unexpected straggler might arrive, making the LP jump back to thepast. A mechanism is needed to establish a fixed point in time, in such a way thatno jumps before that time will ever happen.¥Detect the end of the simulation. When a LP reaches the end_of_simulation time,it does not mean that it can finish: again, the possibility of a rollback exists, andsome work might need to be re-done.¥Realize input/output operations (usually, read/write operations into files andterminals) without risk: if a LP needs to do an I/O operation at a given time, itmust be sure that the operation will not need to be canceled due to a rollback. Ingeneral, I/O operations are considered as non-cancelable, therefore they cannot becommitted until it is safe to do so.¥The last and more important problem to solve is memory management. This isprobably the most complex part of TW. From the descriptions of the datastructures managed by the LPs, it can be deduced that those structures growunboundedly while simulation advances: all the messages are stored, a copy of thestate is done before each message execution and an antimessage is stored for eachsent message. All this information is stored because it might be needed to realize a

2. Parallel discrete-event simulation43 rollback. However, the amount of memory available to the LP is finite (sometimesit is quite small), and this limits the growth of the data structures.To help solving all these problems a TW simulator needs, in addition to thecollection of LPs, a global control mechanism whose purpose is to keep an up-to-datemeasurement of the global virtual time (GVT). This global time indicates up to whatpoint (of simulated time) the simulation has been done, with a global rather than a localpoint of view. It is computed as the minimum among the timestamps of all non-executed messages in the simulator (see Figure 2.12).Taking as a restriction that the consumption of a message can never affect the past, itcan be guaranteed that it is not possible to do a rollback to a time before the GVT.Therefore, all the memory space associated with events timestamped less than the GVTcan be safely retrieved, because it will not be needed. This includes past messages, thecopies of the state stored before the execution of those messages and the antimessagesstored as an effect of the execution of those messages. This process of retrievingmemory space is known as fossil collection. Additionally, non-cancelable operations(such as I/O operations) can be safely committed when the GVT reaches the time whenthey must be done. The problem of signaling the end of simulation can also be solvedthe same way: simulation ends when the GVT reaches the end_of_simulation value.

LPVirtual time1234567

0510152025

Figure 2.12. A snapshot of the local clocks of a collection of LPs in a TW simulator. TheGVT is 5. All the computation done by the LPs with timestamp smaller than 5 isconsolidated, because it will never be undone. The remaining computation is speculative,and may be undone by a rollback [FK91].The complexity of the memory management in the LPs, and the need of a globalcontrol, makes implementations of TW quite tricky. In comparison, SPED and CMBalgorithms are much simpler. Additionally, TW needs much more memory space to

44An empirical evaluation of techniques for parallel simulation of message passing networks work properly. Although some researchers demonstrated that a TW simulator can workwith a very reduced memory space, this does not mean that it will work efficiently. Onthe other hand, TW does not require the LPs to have a knowledge of the model beingsimulated to work properly (as it was the case with conservative simulators). A TWsimulation engine may be designed and implemented just once, and then be used tosimulate many different models without any special tailoring. This approach has beenadopted by Jefferson�s team, and led to the development of the Time Warp OperatingSystem [Jeff87], which they use to realize their experiments.2.7.3Variations on the basic TWIn [Fuji89b], Fujimoto characterizes four sources of overhead which appear whenTW is used to do parallel simulations, in comparison with an equivalent sequentialsimulation. Those are:¥Keeping a log of the history of the LPs. That is, keeping the input queue, the statequeue and the output queue.¥Message passing. This is common to all the PDES techniques based on adistribution of the model among a collection of LPs. The overhead is not only theeffort of passing messages, which can be very costly depending on the computerand the message passing software being used, but also the time to prepare themand extract information from them.¥Cancellations, rollbacks. One rollback does not impose a big overhead, but ingeneral rollbacks do not appear alone: one straggler might cause an avalanche ofrollbacks, and this in turn means the movement of an important number ofantimessages.¥Erroneous computations. All the (real) time that a LP devotes to execute eventswhose effects are undone afterwards is lost time.Once the problems have been characterized, solutions might be searched. In theliterature, several proposals can be found which try to improve TW by reducing itssources of overhead [SSH89, LP91, GT93].2.7.3.1Lazy cancellationIn the TW algorithm previously described, which will be denoted as basic TW,during a rollback a set of antimessages is immediately sent, one per positive message

2. Parallel discrete-event simulation45 generated during the erroneous computation. This policy of sending antimessages isknown as aggressive cancellation. An alternative to aggressive cancellation has beenproposed, known as lazy cancellation [Fuji90a, Fuji90b]. This approach tries tominimize the overhead imposed by the treatment of antimessages and, at the same time,to reduce the chain reaction effect of the rollbacks.The optimization is based on temporally holding the antimessages to be sent as aconsequence of the rollback. Instead of sending them immediately, the LP monitors thepositive messages it sends during the normal advance phase which follows the rollback.If it sees that a newly generated message is identical to another generated during theerroneous phase, then the first message can be considered as correct, the antimessageneed not be sent and the new positive message can be destroyed. If the describedsituation is common, i.e., many of the messages generated by a LP are correct evenwhen the LP is violating the local causality constraint, the advantages of lazycancellation are obvious: less antimessages are sent, and less rollbacks are triggered.However, in some cases lazy cancellation can be worse than aggressive cancellation. Itrequires additional overhead, and may allow erroneous computations to spread furtherthan they would under aggressive cancellation [Fuji90b].2.7.3.2Lazy re-evaluationBasic TW also performs aggressive re-evaluation, which means that past copies ofthe LP state are immediately removed during the rollback procedure. A lazy re-evaluation [Fuji90a, Fuji90b] approach also exists; in this case, copies of the state arenot destroyed so promptly. After the straggler has been executed, the LP compares thecopies of the state before and after that execution. If they are identical, then no furtheraction is needed (no antimessages need to be sent, no copies of the state need to beremoved), because the re-evaluation will produce exactly the same result as the originalevaluation. Thus, simulation may resume at the point where it was before the receptionof the straggler, without any re-evaluation of events. This is true unless new stragglersare received. The advantages of this technique are evident, provided that stragglers thatdo not modify the state are a majority. If this is not the case, the overhead imposed bystate comparisons does not compensate the possible advantages.Both lazy cancellation and lazy re-evaluation have an additional negative effect:antimessages or state copies are retained longer than in basic TW. On average, the datastructures kept for logging purposes are longer than they would under the aggressivealternatives, so a larger amount of memory is needed to store them.

46An empirical evaluation of techniques for parallel simulation of message passing networks

2.7.3.3Conservative time windowsIn many TW simulations it has been observed that, when a LP runs its part of thesimulation faster than the others (because it runs in a faster processing element orbecause is less loaded), it produces the apparition of cascades of rollbacks: somestraggler can roll back the fast processor, which has generated many messages whichare now canceled. While the slower LPs are busy annihilating message/antimessagepairs, some of them rolling back and generating additional antimessages, the fast LPmay progress forward again [NF94].To avoid this scenario, the optimism of the LPs must be somehow controlled. Ausual way of doing so is the imposition of time windows. For example, if the GVT is t, aLP is allowed to advance optimistically until time t+Dt. If all the messages in thiswindow are consumed, and the remaining ones are timestamped more than t+Dt, the LPmust block and wait until the window is advanced [SSH89].The size of the window may be fixed, but then is a parameter difficult to tune: if thewindow is too wide, it is not effective; if it is too narrow, no optimism is allowed, and asynchronous simulation is performed. Instead of using a fixed window size, it ispossible to tune it dynamically, i.e., to use an initial value and then make it varyaccording to the behavior of the LP [MAB94, Pala94]. The common approach is toincrease the current window size if the LP is mainly doing useful work (i.e., if there is asignificant advance without many rollbacks) and to narrow the window if the LP isrolling back too often. This approach is known as adaptive time windows.2.7.3.4Periodic and incremental state savingBasic TW saves a copy of the state of the LP just before the execution of eachmessage. This usually means that a huge amount of memory is consumed, specially ifthe size of the state to save is large. Using an optimization called periodic state saving,copies of the state are saved every N message executions, instead of after every messageexecution. This way memory demands are reduced considerably. However, if thisoptimization is included, the rollback procedure is more complex: the LP must recovera copy of the state saved before the one actually needed, and the right state must be re-constructed by means of a re-execution of already executed messages (this is called thecoast-forward phase of the rollback). During this phase no messages are sent to otherLPs. The practical effect is that less memory is needed, but more CPU time isconsumed, compared to basic TW. However, as state saving is also a time consumingoperation, its reduction can compensate the cost of the coast-forward phases.

2. Parallel discrete-event simulation47

Experience seems to demonstrate that this optimization actually improves theperformance of the simulator, reducing execution time and memory demands [LPLL93,Pala94].An alternative, but similar approach to periodic state saving is incremental statesaving. With this optimization the complete state of the LP is again saved every Nmessage executions. In the rest of the cases only incremental changes in state are saved.The coast-forward phase is then simpler: it is enough to find a full, old copy of the stateand then update it by applying a sequence of increments to re-construct the requiredstate value (Figure 2.13). It seems that, in general, this approach is more efficient thanthe previous one, specially when the cost of executing events is high and the amount ofmemory needed for an incremental state saving is low [PW93].In either technique, we find again the problem of tuning the value of a parameter, inthis case the interval between two full state copies. If this interval is too wide, the timespent saving copies of the state is reduced, but the coast-forward phase is very costly; ifit is too narrow, no advantage is obtained over basic TW. As happened with theconservative time window optimization, this interval can be dynamically tuned tooptimize its width, and the same tuning procedure can be used: reduce the interval if theLP is suffering from too many rollbacks, extend it otherwise.

Coast-forward phaseRe-evaluation phase(1)(3)(2)Virtual timeFigure 2.13. A graphical representation of incremental state saving. A big rectangle meansa complete state copy, while a small rectangle means a state update. When a straggler isreceived (1) the LP rolls back until it finds a full copy of the state (2). Then it applies asequence of updates until the state of the LP has the value that corresponds to a time equalto the timestamp of the straggler (3).

48An empirical evaluation of techniques for parallel simulation of message passing networks

2.8Conclusions

In this chapter we have introduced a series of basic ideas about simulation of discreteevent systems, including two sequential algorithms to realize this kind of simulation: atime-driven and an event-driven one. It has been shown how it is not trivial toimplement a parallel simulation by simply modifying a sequential one, so newapproaches to the problem have been developed, based on the model decompositionconcept. The simulation of a physical system is distributed among a set of cooperatinglogical processes, which execute the events that affect its part of the system. Thecollection of LP must be synchronized somehow, in order to prevent the violation of thecause-effect relationships among events.The synchronous approach consists of making all the LPs progress at the same pace,executing in parallel only those events with the same timestamp. The asynchronousapproach tries to go further, by executing in parallel events with different timestamp; asynchronization mechanism must be included, though, to avoid any violation of causalrestrictions. Two asynchronous strategies have been presented: conservative andoptimistic. The former totally avoids the violation of causal restrictions. The latterallows errors to happen, but recovers from them by means of a rollback procedure. Bothkinds of synchronization have been studied, and some modifications which can be doneto improve their performance have been also presented.For the interested readers, many additional surveys about PDES can be found in theliterature. Some of those concentrate on a particular technique, and many others try tocover a complete range of alternatives. Two main sources of information aboutconservative algorithms are, in addition to the seminal works [Brya77, CM79], a surveyby Misra [Misr86] and Wagner�s Ph.D. dissertation [Wagn89]. For optimistic methods,the work by Fujimoto [Fuji89b] is an excellent complement to the work by the author ofTime Warp [Jeff85]. In the group of general surveys, recommended readings are[RW89, Fuji90b, FT94, MB95]. A recent survey by Nicol and Fujimoto [NF94]summarizes the current situation and the new trends on PDES research. In the survey byFerscha & Tripathi [FT94] an interesting qualitative comparison of conservative andoptimistic methods is done; we reproduce it in Table 2.1. As it will be seen in the rest ofthis dissertation, our experiences with both classes of simulators are quite in agreementwith the information in this table. We will give some actual performance figures inChapters 4 and 6.

2. Parallel discrete-event simulation49

CMBTW

OperationalprincipleLocal causality constraint violation strictlyavoided.Lets local causality violations occur, butrecovers when detected.

Synchro-nizationAchieved by blocking LPs while awaitingfor safe messages. Deadlocks may appear,and must be avoided (CMB-DA) ordetected and broken (CM-DDR).Achieved by doing rollbacks, which mayappear in cascades, imposing seriousoverheads in computation and incommunication.

ParallelismModel parallelism cannot be fullyexploited: if causalities are probable butseldom, protocol behaves overlypessimistic.Model parallelism is fully exploitable: ifcausalities are probable and frequent, it cangain most of the time.

LookaheadNecessary to make CMB-DA operative,essential for performanceNot necessary to make TW work, but it canbe used to improve performance

BalanceCMB performs well if all channels areequally utilized (there are not pathologicalblocking channels). Large dispersion ofevents in space and time is not bothersome.TW performs well if average LVTprogression is balanced along the LPs.Otherwise performance can be seriouslydegraded.

GVTImplicitly executes along the GVT bound.No explicit computation is needed.Relies on global control to compute GVT.Centralized GVT computation isbottleneck-prone and not scalable.Distributed GVT computation imposes highcommunication overhead.

StatesConservative memory utilization, copeswith simulation models with arbitrarilylarge state spaces.Performs best when state space and storagerequirements are small.

MemoryConservative memory consumption.Aggressive memory consumption. Statesaving overhead. Fossil collection requiresefficient and frequent GVT computation tobe effective. Complex memorymanagement schemes.

Communi-cationMessages must arrive in timestamp order.Separation of input channels is required.Static LP interconnection topology.Messages can arrive out of order (butexecuted in timestamp order). One inputqueue. Topology can be dynamic.

Implemen-tationStraightforward. Simple control and datastructures.Hard to implement and debug. Complexdata manipulations. Trickyimplementations of control flow andmemory organization. Performance verydependent on the implementation.

PerformancetuningMainly relies on the deadlock managementstrategy. Computational andcommunication overhead per event issmall, on average. Protocol in favor of finegrain simulation models. Overallperformance highly dependent on thecharacteristics of the model.Mainly relies on controlling the optimismand the memory consumption.Computational and communicationoverhead per event is high, on average.Protocol in favor of large grain simulationmodels. Overall performance highlydependent on the implementation and onthe characteristics of the model.

Table 2.1. Qualitative comparison of CMB and TW [FT94].It is interesting to note that, after more than fifteen years of research in PDES, withsuccessful applications in many fields (some of those will be described in other chaptersof this dissertation), the general simulation community has not embraced thesetechniques yet. A series of articles appeared in ORSA Journal on Computing in 1993[Fuji93a, Abra93, Bagr93, Lin93, Reyn93, UC93, Fuji93b] considers this problem, and

50An empirical evaluation of techniques for parallel simulation of message passing networks the main conclusion is that a big effort has been devoted to study the PDES algorithms,analyzing its behavior and proposing improvements, but still much work must be doneto simplify the development of models, i.e., the work of researchers that use simulationas a tool, not as a research object. In this direction, future research lines are identified,including the following ones: application specific library packages, new simulationlanguages, support for shared memory, and automatic parallelization of models.

Chapter 3Environments for parallelcomputingIn this chapter we introduce a series of concepts related to thearchitecture of parallel systems, and to the different programming modelswhich can be used to develop applications in those systems. The objective isto stress the differential characteristics of the three parallel systems used inthis research, from a hardware but also from a software point of view, andto justify our interest in the study of interconnection networks and messagerouters.

52An empirical evaluation of techniques for parallel simulation of message passing networks

3.1Introduction

In Chapter 1 we stated that our interest in multicomputers is twofold: from ahardware point of view, it is our intention to make architectural proposals for efficientmulticomputer design. From the software point of view, we want to make an efficientuse of currently available (and future) multicomputers, broadening the spectrum ofapplications that can use these architectures.In this chapter we will study parallel computers in general, and multicomputers inparticular, as platforms for the design and execution of parallel applications. Whileparadigms for sequential programs are well studied and understood, there is not a clearmodel of how parallel applications should be. In fact, careful decisions must be made toselect the appropriate parallel programming model before starting with the design andimplementation of an application. In many cases, however, the available computer andprogramming tools impose a given model, reducing the spectrum of design choices.In Section 3.2 we will make an introduction to parallel programming from a softwarepoint of view, i.e., how a programmer perceives and uses a parallel computer. Some ofthe issues discussed in this chapter are purely software, independent of the underlyingarchitecture, while some others are highly dependent on the architectural design of theparallel computer. After discussing a series of concept as MIMD vs. SIMD, sharedmemory vs. messages, blocking vs. nonblocking communication modes, and partneraddressing techniques, the particular characteristics of the three environments used inthis work are summarized. A thorough discussion of these three systems can be found inAppendix A.In Section 3.3 we will give a brief introduction to some hardware issues involved inparallel computer design, again focusing on multicomputers. Some of the designchoices have a clear impact on the performance achieved when running parallelapplications. In this context, the model of message router used in Chapters 5 and 6 totest the efficiency of PDES is a case study on multicomputer design.The chapter finishes with a series of conclusions in Section 3.4.

3. Parallel programming environments53

3.2Parallel programming environments

One of the difficult aspects of parallel programming is that there is not a clearparallel programming paradigm efficient and easy to use for any kind of application andany kind of target computer. Some applications can be naturally described using amodel of communicating processes, while in many others a data parallelism approach ismore expressive. If programmers are provided with flexible tools that allow many waysof expressing and coding problems, they must make decisions about which ones areappropriate for their problems. In contrast, if the available tools provide just a paradigmof parallel programming, difficulties might arise when trying to implement applicationsthat do not easily fit in that paradigm. Now we will discuss some of the optionsprogrammers must face when designing parallel programs.3.2.1MIMD vs. SIMDAlthough it might be considered more a hardware than a software issue, theorganization of a parallel computer very often have a definite impact on the wayapplications are programmed. From a software point of view, a MIMD (MultipleInstruction Multiple Data) system allows a set of processes to execute separate streamsof instructions, each one on its own data. The memory space might be shared among allthe processes, or might be separate for each process. In contrast, a SIMD (SingleInstruction Multiple Data) system allows a collection of processes to execute the sameinstruction stream, each process working on a different piece of data. This secondmodel of parallelism is appropriate for specialized applications characterized by a highdegree of regularity, while MIMD might work for both regular and irregularapplications.Somewhere in between MIMD and SIMD, applications might follow a SPMD(Single Program Multiple Data) paradigm, which means that all the processes runexactly the same program, although not necessarily the same instruction at the sametime, on separate data. SPMD is, in fact, a restricted class of MIMD.In this research we only consider MIMD (or SPMD) applications. This restrictioncomes from the higher flexibility of this paradigm, and from the programming tools wehave available. We consider a parallel application as a set of concurrent communicationprocesses. A pair of those processes might run in parallel, if assigned to differentprocessors of a physical computer, or might time-share one processing element. The

54An empirical evaluation of techniques for parallel simulation of message passing networks term process is deliberately fuzzy: it might mean a Unix process, an Ada task or aPOSIX thread. Each process runs a sequential flow of instructions and is able tocommunicate with other processes.3.2.2Shared memory vs. messagesCommunication and synchronization are two operations needed in any concurrentprogramming environment, parallel or not. Two concurrent processes, even beingtotally unrelated, might need to compete for a shared resource, and they mustsynchronize before accessing that resource in order to guarantee that one waits whilethe other uses the resource without interferences. If the processes are cooperating toperform a common task, they might need to interchange information (communicate) inaddition to synchronize. There are two basic paradigms for communication andsynchronization among concurrent processes: shared memory and message passing. Wewill consider them separately.If two or more processes share a common memory space, one easy way tocommunicate is by means of a shared variable: one process writes the variable whileothers can read it. Communication is achieved in a fast and efficient way. However,problems might arise when more than one process try to update a variable without anykind of synchronization. Race conditions are a fundamental issue when working withthis paradigm. The variable used for communication has to be considered as a sharedresource, and accesses to it must be somehow restricted to avoid inconsistent updates.Processes must synchronize to access that resource. Many synchronization mechanismsfor shared memory environments might be found in the literature; two common ones aretest & set locks and semaphores.An alternate paradigm is message passing. In this case each process might have aseparate memory space. Explicit communication functions are provided to copy one setof data (a message) from a sender process to a receiver process. Both the sender and thereceiver must collaborate to actually perform the data movement: the sender performs asend (also called write) operation and the receiver performs a receive (also called read)operation. Send and receive operations might also provide synchronization capabilities,depending on its actual semantics. This topic will be further discussed later in thischapter.The research presented in this dissertation has been done using a message passingparadigm. There are several reasons to justify this choice:

3. Parallel programming environments55

1Message passing is a paradigm widely used in certain classes of parallelmachines, specially those with distributed memory. Although there exist manyvariations on message passing, some of those discussed in this chapter, the basicconcept of processes communicating through messages is well understood.Additionally, a message passing system might be efficiently and portablyimplemented in most parallel environments [MPI94].2The parallel simulation algorithms used in this research, based on modeldecomposition, are described by means of message interchange. Theimplementation is more direct this way.3The three parallel systems that have been available to perform this research(Supernode, Paragon, MPI) provide only message passing for communicationamong processors. Even if it was possible to select between shared memory andmessage passing in any of these machines, message passing would be the choicefor portability reasons: porting an application from one machine to another iseasier if both use the same communication paradigm.Therefore, from now on we will focus on message passing based communication.In some cases, it is possible to mix both paradigms in the same application. Acommon approach is to allow shared memory communication between processesrunning in the same processor (or, in general, multicomputer node) while messages arerequired if processes are in different nodes.3.2.3Semantics of send/receive operationsIf the basic concepts of message passing are clear, the actual semantics of the send(write) and receive (read) operations offered by a parallel programming environmentmight be very different. We will try to organize those differences. Most of the followingdescriptions will be based on MPI [MPI94], an intended standard for message passing.Communication primitives may be blocking or nonblocking. In the blockingcommunication model, read and write operations are done in one step. Returning from aread means that a message has been received; returning from a write means that themessage has been sent, but not necessarily that it has been received. The blockingnature of receive adds a degree of synchronization to the communication primitives.In the nonblocking communication model operations are done in two steps: first theread or receive primitive is posted, meaning that the corresponding function returnswithout completing the operation. A separate call must be done to actually complete the

56An empirical evaluation of techniques for parallel simulation of message passing networks communication. In this case, it is assumed that there is a separate synchronizationmechanism to inform a process when an operation finishes. For example, this might bedone by the process polling for operation completion, or using signals.In addition to the communication models, a message passing system might provideone or several of the following communication modes: basic, buffered and synchronous.The receive operation is the same for all these models, but the behavior of send isdifferent, depending on what happens with the message and how long the callingprocess must wait for the operation to complete:Basic send: completes when the message has been safely stored away so that thesender is free to access and overwrite the send buffer. The message might becopied directly into the matching receive buffer, or it might be copied into atemporary system buffer.Buffered send: completes immediately after storing the message in a local buffer. Itscompletion never depends on the occurrence of a matching receive.Synchronous send: completes when a matching receive has been posted and themessage interchange has been completed.These differences in semantics make it difficult to port a message passing basedapplication from one environment to another providing different semantics.3.2.4Channels vs. addressesIn a message passing system, a mechanism must be provided to allow the sender of amessage to identify the intended destination, and the receiver of a message to identifyits sender. Two common paradigms can be found:¥Channels. The collection of processes collaborating in a parallel application canbe depicted as a graph, where nodes represent processes and arcs representcommunication channels. A channel, then, connects two processes. Send andreceive operations are done on channels, and the identification of the interlocutoris implicit. No communication is possible between two processes not connectedby a channel. The process-channel graph can be static or dynamic.¥Addresses. Each process in the parallel application is identified, usually from 0 toN-1, where N is the number of processes. Communication is allowed between anypair of processes. Send operations include the address of the receiver. A receive

3. Parallel programming environments57 operation may include the address of a sender, meaning that it will complete onlyif a message from that particular sender is received. It is also possible to usereceive with a wild card as the sender specification, meaning that messages fromany sender are acceptable.Using the channel paradigm, a pair of communicating processes may be joined bymore than one channel, in such a way that different flows of information may beinterchanged without being mixed. When addresses are used, it is common to have away to add a tag to the messages, with the same purpose. The sender gives a tag, inaddition to the destination address, and the receiver might choose to receive only thosemessages that have a particular tag. Another possibility is to allow a process to havemore than one address.3.2.5Parallel programming languages & toolsIn order to implement a parallel application, a programmer needs a language able toexpress the parallelism. Alternatively, a programmer might design a sequentialapplication and let the compiler automatically extract as much parallelism as it can. Wewill not consider this second option, focusing on the design of applications whereparallelism is explicit. We can identify at least three alternatives to do so: (1) parallelprogramming languages; (2) conventional programming languages enhanced withextensions to express parallelism, and (3) conventional programming languages withlibraries of functions to deal with parallel operations.In the first group we can find languages like Occam [Inmo89a], developed by Inmosas the preferred programming language for the transputer family of processors. Acollection of processes run in parallel (or concurrently, if several of those are mappedonto the same processor) and communicate interchanging messages through channels,using a blocking, synchronous communication model. The PAR construct allows toexplicitly express operations performed in parallel. The main disadvantage of thisapproach is that the programmer needs to learn a completely new programminglanguage. On the other hand, the resulting executable code after compilation might bevery efficient, specially if the hardware provides a good language support (as it is thecase of transputers and Occam). Languages such as Ada might also be included in thisgroup, because the language provides support for concurrency. An Ada program mightconsist of several tasks which communicate in a RPC-like fashion (RPC stands for

58An empirical evaluation of techniques for parallel simulation of message passing networks

Remote Procedure Call), invoking special functions called entries in a blocking,synchronous way.In the second group we can find tools as CC++ and Fortran M [Fost95]. CC++ is anextension of C++, where six new keywords have been added. Those keywords allow toexpress concurrency, communicate via shared memory, synchronize access to shareddata, copy data from a process to another, etc. Globally, it is a powerful tool whichallows the programmer to use many paradigms of concurrency and communication.Fortran M is a small set of extensions to Fortran which provides language constructs forcreating concurrent processes and communication channels, and for sending andreceiving messages. Communication is blocking and buffered.In the third group we find libraries of functions which allow conventional languageslike C or Fortran to work in a parallel environment, but without modifying the languageitself. Many alternatives can be found, some of them commercial, tailored for a specificenvironment, and some others in the public domain with implementations for many hostcomputers. The advantage of this approach is the use of a familiar programminglanguage along with an available compiler�i.e., the investment is minimum. There is aprice to pay in terms of efficiency, but only if the implementation of the library is notoptimized for a given environment. In this group we can find the set of libraries whichform part of the Inmos ANSI C Toolset [Inmo90], for transputer-based environments,the NX library provided to program the Paragon [Inte93] and several publicly availableimplementations of MPI (Message Passing Interface), able to work in manyenvironments (multicomputers as IBM SP1 and SP2, Paragon, IPSC860, TouchstoneDelta, Ncube2, Meiko CS-2, KSR-1, KSR-2, Convex Exemplar; SGI and Sunmultiprocessors; networks of workstations from Sun, HP, DEC, IBM, SGI; networks ofpersonal computers with LINUX or FreeBSD) [MPI94, Brid95].In this research we have used the third alternative. The decision has been firstlyforced by the available tools; secondly, using the same programming language (C, inthis case) eases portability among platforms.3.2.6Programming environments used in this workIn this work we have used three different multicomputers, each one with a differentprogramming environment. To program the Supernode we have used the Inmos Ctoolset [Inmo90]. The Paragon has been programmed using C and the Intel NX library[Inte93]. To implement parallel programs in a NOW (Network Of Workstations) weused C plus a MPI (Message Passing Interface) library [MPI94]. These environments

3. Parallel programming environments59 have some characteristics in common, mainly the possibility of designing MIMDprograms with message passing communication. Note that the selected programminglanguage has been C for the three platforms; it has been this way to ease programportability. Inmos offers Occam as an alternative to C, while the NX and MPI librariescan be accessed from Fortran programs. The characteristics of each system aresummarized in Table 3.1.The programming models of the Paragon (NX) and MPI are quite similar, being themain differences the names of the communication functions and the parameters to pass.The Inmos C toolset, specifically tailored to exploit the characteristics of the transputer,is quite different: the blocking, synchronous nature of the message passing functions,plus the use of channels instead of addresses, require a higher complexity in theprograms. Additionally, the Supernode is much more flexible than the other machines(many aspects are user-configurable), and the practical result is that the programmermust be concerned about much more things than simply coding the application. Detailsabout these three machines and their programming environments can be found inAppendix A.SupernodeParagonNOW

Programming toolANSI C toolset, withlibraries for parallelprogrammingspecifically tailored fortransputerenvironments.ANSI C with the NXlibrary from Intel.ANSI C with MPIlibrary.

Model ofparallelismMIMD.MIMD (SPMDpreferred).MIMD (SPMDpreferred).

CommunicationparadigmMessage passing.Restricted forms ofshared memorypossible.Message passing.Restricted forms ofshared memorypossible.Message passing.

CommunicationmodelsBlocking.Blocking, nonblocking.Blocking, nonblocking.

CommunicationmodesSynchronous.Basic.Basic, buffered,synchronous.

PartneridentificationImplicit (channels).Explicit (addresses).Explicit (addresses).

Table 3.1. Summary of characteristics of the programming environments used in this work.

60An empirical evaluation of techniques for parallel simulation of message passing networks

3.3Parallel computer design

Speaking in very general terms, a parallel computer consists of a set of processingelements interconnected by means of a communication network. Two broad groups ofparallel systems might be characterized: multiprocessors and multicomputers.The term multiprocessor is used to refer to a parallel system with shared memory,where p processors are connected to m memory modules by means of aninterconnection network (Figure 3.1). The design of the network is a critical issue,because memory access times should be minimized. The most common class ofnetworks used in these designs are buses and multistage interconnection networks(MIN), as Butterfly, shuffle-exchange, Omega and de Bruijkin networks. Anotherimportant issue in the design of multiprocessors is the cache memory: a local cache isneeded at each process, to obtain a reasonable performance, and some cache coherencymechanism must be added, because a memory word might be simultaneously in severallocal caches. This issue, among other things, limits the scalability of multiprocessors.

PPPMMMMInterconnection network�Figure 3.1. Model of a multiprocessor.The term multicomputer applies to a set of nodes <processor, memory>interconnected by a network. Each node works as a conventional computer, and thenetwork provides the infrastructure for communication. The communication andsynchronization mechanisms are implemented by means of message interchangesthrough the network. The main issues in multicomputer design are the structure of the

3. Parallel programming environments61 node as well as the organization of the interconnection network. We discuss these topicsin the following subsections.

PMInterconnection network

PMPM�

Figure 3.2. Model of a multicomputer.The preferred communication paradigm in multiprocessor environments is sharedmemory, while in multicomputer environments is message passing. It is possible,however, to have the memory modules physically distributed along the nodes of amulticomputer while the programmer sees a shared memory space; a good deal ofhardware/software support is needed to achieve this. In the same context, it is possibleto simulate message passing over the shared memory space provided bymultiprocessors.3.3.1Design of the nodeTypically, each node of a multicomputer consists of a classical von Neumannmachine: a CPU plus a certain amount of memory. Some multicomputer manufacturersuse custom designs for the CPU, although in most cases general purposemicroprocessors, like those used in workstations, are utilized. In some cases, the nodesof a multicomputer are actually small multiprocessors, with several CPUs and memorymodules constituting a computing cluster; the interconnection network communicatesclusters, instead of individual CPUs.

62An empirical evaluation of techniques for parallel simulation of message passing networks

MemoryinterfaceComputation+communicationMemoryLinks to other nodes

Figure 3.3. A multicomputer node where communication and computation functions areintegrated in the same unit. Message relaying functions are implemented in software.In addition to processing tasks, a node must provide some communicationmanagement functions. The kind of networks typically used in multicomputers aredirect networks like hypercubes and meshes. In those networks, each node mustperform certain message relay functions to allow a message to flow from its origin to itsdestination, traversing intermediate nodes if necessary.First generation multicomputers, as the Cosmic Cube and systems based ontransputers (as our Supernode), bundle computation and communication in a singleelement (Figure 3.3). The processor has to divide its time among computation tasks andrelaying functions, which are implemented in software.Current multicomputers, such as the CM-5, the Cray T3D and the Paragon, separatecomputation and communication tasks, providing hardware support to implementmessage passing functions, in such a way that these functions are assigned to acollection of hardware routers, while the CPUs can concentrate on computation tasks(Figure 3.4).

3. Parallel programming environments63

ComputationMemoryLinks to other nodesMemoryinterface

Router interface

RouterFigure 3.4. A multicomputer node where message relaying is separated from computation.A hardware router performs the message passing tasks.A NOW can be considered an special case of multicomputer, where each node is acomplete workstation and the interconnection network is typically a LAN (Local AreaNetwork). Each workstation has a LAN interface which performs the network accessfunctions.In any of the three mentioned cases (first generation multicomputer, currentmulticomputer, NOW) the CPUs have to devote a certain amount of time to performcommunication functions. Message passing has a series of overheads which might bereduced with appropriate hardware support, but which are very difficult to eliminate.Sending a message from one node to another requires a series of operations,summarized in Table 3.2 [Blum95].The operations in the center of Table 3.2 might be efficiently performed in hardware,but there is still a good deal of software overhead. This can be very costly in systemslike NOWs, where message passing functions are not implemented directly over theLAN hardware, but pass over several layers of protocols. As an example, the messagepassing system of the NOW used in this work requires messages to pass through threehigh level protocol layers, in addition to the LAN layer (in this case, an Ethernet): theMPI library, TCP and IP. This software overhead can be minimized if messages arelong, but this is not a common situation when the objective is to achieve massive, fine-grain parallelism. In some machines (like the Paragon) each node consists of two CPUs,

64An empirical evaluation of techniques for parallel simulation of message passing networks one for computation and another one devoted to perform all the message passingprocessing functions. The software overhead is greatly minimized, but with a significantcost increase.Sources of overhead

At the sender CPU- Send system call- Argument processing- Allocate buffer- Prepare message- Initiation of send

At the network of routers(software or hardware)- Transfer message via network interface, at origin- Transfer message over the network- Transfer message via network interface, at destination

At the receiver CPU- Interrupt service- Buffer management- Message dispatch- Copy data to user space- Receive system call

Table 3.2. Overheads involved in a pair of send / receive operations.3.3.2Design of the interconnection networkThe interconnection network in a multicomputer must provide a message passingsupport with:1low latency: messages must traverse the network as fast as possible, and2high throughput: the network must not be a bottleneck; it must be able to manageall the messages generated by the computing elements.Other desirable characteristics are low cost, fault tolerance, expandability, andsymmetry, not necessarily in this order. There are many issues to consider in order todesign a network with these desirable characteristics. Some of those are:1Topology or shape of the network. Common topologies are: bus, ring, hypercube,mesh (2D and 3D), torus (2D and 3D) and fat-tree. Except for the bus, these aredirect networks where communication between two parties might require thecollaboration of intermediate nodes.2Switching technique: circuit switching or packet switching. Circuit switchingmeans that a physical connection (reservation of links in the nodes along the path)

3. Parallel programming environments65 must be done before communication is possible. A packet switching network doesnot require reservation of links: each message is divided (if necessary) into a setof smaller packets, and each packet traverses the network separately, usingresources like buffers and links only when they are needed. Packet switchingprovides a better way of sharing network resources, but suffers from somenegative effects, including non-constant packet delays.3Message flow control: store-and-forward, wormhole, cut-through. Using store-and-forward, a packet must be completely copied from a node to the next in thepath before it can start advancing towards the following node. With wormhole andcut-through, a packet is divided in smaller units called flits (flow control digits)and the forwarding process is done in a flit-by-flit basis. This means that a packetmight be, at a given time, dispersed along several routers. The pipelining effect ofthese techniques makes the delay much less dependent on the distance betweensource and destination. When contention arises, cut-through is able to collapse thepacket again, freeing network resources, making this technique more efficientthan wormhole.4Routing strategy: static, adaptive, with many alternatives for both cases. Staticmeans that messages traveling from a given source to a given destination alwaysfollow the same path. A common choice is to route packets in order of dimension;for example, in a 2D mesh, a packet moves first horizontally and then, when thecolumn of the destination has been reached, vertically. Most of the abovementioned topologies provide more than one route between a given pair of nodes.Adaptive techniques try to exploit the availability of alternate routes, in order tomake a better use of the network resources, or to provide fault tolerance. There aremany adaptive routing techniques; some are partially adaptive and use onlyminimum length paths, while others are fully adaptive.5Deadlock management: necessary for some combinations of topology and routingstrategy. For example, a torus network with static routing is deadlock prone.Adaptive routing techniques usually make a network deadlock prone,independently of its topology. The common approach to deal with deadlocks is toimplement a deadlock avoidance technique. Such techniques are based onimposing restrictions on the use of resources, in such a way that deadlocks cannotappear. The cost to pay is a higher complexity in the router and a lower resourceusage.

66An empirical evaluation of techniques for parallel simulation of message passing networks

A detailed description of these terms is out of the scope of this dissertation. Thosereaders interested in these topics may check [Arru93, Izu94] and the references listedthere.SupernodeParagonNOW

NodeTransputer T800Intel i860 (two)Sun Sparcstation 5

Implementation ofmessage relayfunctionsSoftwareHardware-

Network topologyUser defined2D MeshBus (Ethernet)

Switching techniquePacket switchingPacket switchingPacket switching

Message flow controlStore-and-forwardWormhole-

RoutingUser definedStatic-

DeadlockmanagementUser defined--

Table 3.3. Summary of the hardware characteristics of the multicomputersused in this work.Commercially available machines offer many combinations of these parameters.Table 3.3 summarizes the characteristics of the multicomputers used in this research.Previous research performed by this group suggested that a torus network with packetswitching, cut-through flow control, static routing and a deadlock avoidance techniquedescribed in [Arru93, Izu94], with all these functions performed by a hardware router,might provide a reasonable option for a multicomputer interconnection network, interms of cost/performance. A network with these characteristics is the object of thesimulation study presented in Chapters 5 and 6.3.4Conclusions

In this chapter we have reviewed a series of concepts related to the view aprogrammer has of a parallel programming system, and to the different architecturalorganizations that can be used to actually build such a system. The presentation hasbeen purposefully biased towards multicomputer systems, where a set of computingnodes, comprising a CPU and a certain amount of local memory, are connected bymeans of a message passing network. This decision has been motivated by thecomputing systems available for this research, and also by the model we chose to use inour experiments.The description of the hardware/software issues involved in parallel programminghas served to introduce the main characteristics of the three computers systems used in

3. Parallel programming environments67 this research: a transputer-based Supernode, an Intel Paragon and a network of Sunworkstations with a MPI library. Much more detailed information can be found inAppendix A. This chapter has also served to introduce the reasons of our interest ininterconnection networks and, particularly, in the design of hardware routers forbuilding those networks. Some general ideas have been given here, while in Chapter 5the reader will find a detailed description of a possible design for a router.

Chapter 4An evaluation of simulationtechniquesIn this chapter we summarize the experimental work carried out in theSupernode multicomputer with the purpose of evaluating the performanceof two sequential simulators (time-driven and event-driven) and twoparallel simulators (CMB-DA and TW). A toy model consisting of atoroidal network of first-come, first-served queues was used to test thesimulators. It was our aim to determine the influence that the parameters ofthe simulated model and the characteristics of the host multicomputer haveon the performance of the simulators.

70An empirical evaluation of techniques for parallel simulation of message passing networks

4.1Introduction

In this chapter we present a first collection of experiments done to evaluate andcompare different simulation techniques when implemented in distributed memoryparallel computers. A simple model was chosen and four ad-hoc simulators weredeveloped and tested:¥sequential time-driven,¥sequential event-driven,¥parallel conservative event-driven and¥parallel optimistic event-driven.The objective of the study presented in this chapter was to select an appropriateparallel simulation algorithm for the analysis of the kind of models our group isinterested in, i.e., interconnection networks for multicomputer systems.For this study the Supernode system described in Chapter 3 and Appendix A wasused. Up to 17 raw transputers were required for some of the experiments. Part of theresults shown in this chapter can also be found in [MG93, MAB93, MAB94 andMB95]. The chapter is structured as follows. In ⁄4.2 a review of the literature is done,summarizing the main results of studies similar to this one. Section 4.3 presents themodel used in the experiments. In ⁄4.4 a description of the implemented simulators isdone. In ⁄4.5 the behavior of two sequential simulators is studied. Section 4.6 isdevoted to an exhaustive analysis of a parallel conservative simulator, while ⁄4.7compares this simulator with an optimistic one. Finally, some conclusions aresummarized in ⁄4.8.Throughout this chapter, we will use TW to refer to Jefferson�s Time Warpalgorithm and CMB to refer to the Chandy-Misra-Bryant conservative algorithms.When necessary to make a distinction, the two main variants of the conservativeapproach will be denoted CMB-DA (deadlock avoidance via null messages) and CM-DDR (deadlock detection & recovery).

4. An evaluation of simulation techniques71

4.2Related work

Several works can be found in the literature making studies very much like this one,although not identical. In this section some of the most exhaustive ones will bepresented. Unfortunately, all of them have been done using shared memory parallelcomputers, and in most cases optimizations to exploit this kind of architecture havebeen used. As our research is focused on distributed memory systems like thosedescribed in the previous chapter, none of the reported optimizations could be used, soan specific analysis was needed.It should be clear that there are many other studies of parallel simulation algorithms;the four presented here have been selected because of their generality or their similarityto our work. Some other works, focused on very specific models, will be summarized inthe next chapter.4.2.1Reed, Malony & McCredieThis group analyzed in [RMM88] the performance of CMB algorithms whensimulating several queuing networks in a Sequent Balance 21000 with 20 processors, ashared memory multiprocessor. The test included both CMB-DA and CM-DDRvariants of the conservative algorithm.Their conclusions were devastating for CM-DDR, and not much better for CMB-DA,even considering that speedups were computed taking as a reference the execution timeof the parallel simulator running in one processor, instead of using a goodimplementation of a sequential simulator. The best figure they present is a speedup ofabout 7.5 using 18 processors, but in general speedups are much poorer.Fortunately, many other works (some of them mentioned here) were able to detect amajor pitfall in this study: no effort was made to exploit the lookahead of the studiedmodels, mainly networks of FCFS (firs-come, first served) queues. After this workmany other researchers concentrated on methods to exploit the lookahead of this andother networks disciplines, allowing quite impressive performance for many cases[Nico88, Fuji88, Wagn89].

72An empirical evaluation of techniques for parallel simulation of message passing networks

4.2.2Wagner & LazowskaThese two researchers analyzed in [Wagn89, WL87] several aspects of theimplementation and usefulness of CMB algorithms for speeding up simulations. Theydeveloped the two variants of these algorithms in a Sequent Symmetry with 20processors. This shared memory architecture allowed the introduction of someoptimizations to the basic algorithm. For example, when using CMB-DA, no nullmessages are needed, because a LP can directly access another LP�s channel clocks.The main contribution of their work is a collection of methods to effectively exploitthe lookahead of queuing network models, obtaining much better results than thosepresented by Reed et al. Continuing with the work by Nicol [Nico88] to accelerate theCMB simulation of FCFS servers, similar techniques are presented for other queuingdisciplines such as multiclass servers with priorities, last-come first-served andprocessor sharing.They test their proposals using several queuing network models, obtaining in most ofthe cases speedups about one half of the number of processors used in the simulations.4.2.3Konas & YewThe work by Konas and Yew [KY91] analyzes three different parallel simulators: animplementation of CMB-DA, an implementation of TW and a system called Parsim,which is basically a synchronous parallel simulator. Parsim has a (single) central eventlist and a global clock managed by a simulation kernel. The simulation is time-driven,because the clock advances step by step. In each step, all the events with the sametimestamp are processed concurrently.In their experiments they use an Alliant FX/80 shared memory multiprocessor, with8 processing elements. The centralized memory of the machine allows the introductionof several optimizations into the algorithms. To test the simulators they use two models:¥A synchronous systems consisting of a set of 16 processing elements and 16memory modules connected via an Omega network.¥An asynchronous system consisting of a 4·4 torus network of FCFS servers, verymuch like the one we will introduce in ⁄4.3.For the synchronous case, Parsim clearly surpasses TW and CMB-DA. These twosimulators show a similar behavior, in most cases, being TW slightly superior.

4. An evaluation of simulation techniques73

However, for the asynchronous system, Parsim is not able to extract any parallelism inthe simulation, while TW and CMB-DA perform reasonably well, again exhibitingsimilar speedups (about 4 with 8 processors, with a significant variance depending onseveral parameters of the simulated model).They conclude that the CMB method is inappropriate for the simulation ofsynchronous models. The TW approach can achieve good results with synchronous orasynchronous models, provided that the ratio (state saving overhead/performedcomputation) is low. Parsim performs well in the simulation of synchronous models,but the achieved speedup is very poor when dealing with asynchronous systems whenthere is not much parallelism available at each time step.4.2.4FujimotoThis researcher is one of the most active workers in the PDES field. From its vastcollection of papers, these four are specially interesting for our purposes: [Fuji88,Fuji89a, Fuji89b, Fuji90b]. The first two concentrate on the evaluation of CMB, whilethe third one analyzes the TW approach. The fourth one is an excellent survey of PDEStechniques, and summarizes most of the results previously presented by this author. Forthis reason, we will present some results that appear in this last paper. In theexperiments, a BBN Butterfly multiprocessor with 16 processing elements is used.In the case of the conservative simulators, Fujimoto repeats some of the experimentsof Reed et al., with improvements to exploit the lookahead of the models. For a queuingnetwork model where a speedup less than one was reported, he obtains speedups aboutthree (comparing with a sequential simulator). His main conclusion is that very goodperformances can be obtained with conservative methods if a careful analysis of thelookahead of the model is done. This is, however, the main criticism to this class ofalgorithms: an extra effort (compared to studies done with classical, sequentialsimulators) is required of the designer of a model in order to achieve goodperformances. Unfortunately, not all the models have good lookahead ability, or theyhave it but the way of exploiting it is not obvious.In his last works Fujimoto has paid much more attention to optimistic methods,proposing optimizations to improve their performance when implemented in a sharedmemory system, being the main one the ability to annihilate previously sent messagesdirectly accessing the memory space of the receiving LP, instead of using anti-messages.

74An empirical evaluation of techniques for parallel simulation of message passing networks

Simulating with TW a 256-node hypercube of FCFS servers, nearly linear speedupsare reported. If the queue discipline is changed to consider priorities and preemption,results are slightly worse. Not all is good news, however; he also reports that, when thesize of the state to save increases, performance reduces dramatically.The main conclusions are that TW seems to outperform the conservative methods formost of the cases, with the additional advantage of not requiring any special effort tosearch for a way of exploiting the lookahead of the model under study, although thestate saving and recovering mechanism can minimize the potential advantages. Toreduce this effect, he even considers the possibility of building special-purposehardware to perform this task.4.3The model under study

Several works of our research group have been devoted to the evaluation of toroidalnetworks of message routers. Some of our studies showed the advantages of using toriinstead of meshes when message latency and network throughput are considered[ABIM93, Arrua93, Izu94]. Most of this research was carried out using sequential time-driven simulators. It was precisely the high cost in CPU time of these simulations thereason that conduced us to the research in the field of parallel simulation.In this section we present a model of a network of FCFS servers which can be seenas a very simplified version of the kind of models we are interested in. We consider anetwork of nodes which communicate via bi-directional links arranged as shown inFigure 4.1a, i.e., forming a bi-dimensional torus. Each node of the network has, asshown in Figure 4.1b, a service center (a server) and an associated queue. The queuediscipline is strictly FCFS. The network is traversed by a fixed number of jobs whichvisit the servers to be somehow processed. Each server removes a job from its queue (ifthere is any), processes it for a time (the service time) and, when finished, sends it toone of the four neighbor�s queue. While a server is busy, queued jobs have to wait andincoming jobs are stored in the queue.This model has been used as a testbed of simulation techniques in [Fuji89a] and in[KY91]. Similar models have been used in other works. For example, in [Fuji89b] ahypercube of FCFS servers was studied, while in [Wagn89] a torus network with mixedFCFS and PS (processor sharing) servers was simulated.

4. An evaluation of simulation techniques75

ServerQueue

(a)(b)Figure 4.1. Model used in the experiments presented in this chapter. (a) Torus network ofFCFS servers. (b) Detail of a node.The simulator might measure interesting characteristics of the model, to help tocharacterize its behavior: mean queue size, occupation of the server (busy time/totaltime), number of processed jobs per (simulated) time interval, mean queue time, meanwaiting time, etc. However, we are interested in measuring the performance of oursimulators, so the basic measurement we consider is the execution time of simulationruns, for a fixed amount of simulated time. This figure is taken as the main point ofcomparison for the different simulation approaches.Some parameters of the model can be varied to evaluate their effects in theperformance of the simulators:¥Size of the network, i.e., number of nodes.¥Initial load (C) of the network. The amount of jobs in the network is established atthe beginning by inserting a number of jobs in each node�s queue. A value of loadC means that when the simulation starts each queue has C jobs waiting to beserved. The total number of jobs in the network can be calculated as C times thesize of the network.¥Distribution of the service time. A biased distribution has been considered, withmean value M and minimum value L. For this model, the minimum service time Lcan be taken as a lower bound of the lookahead of a process.¥For the parallel simulators, the number of processors�transputers�used.

76An empirical evaluation of techniques for parallel simulation of message passing networks

Using this model, an important aspect to be taken into account is that the simulationof a job consumes a negligible amount of CPU time: only some increments of countersor movements of small amounts of data are needed. For this reason, when a simulator isrunning this model, the execution time is mainly due to the simulation algorithm itself(management of events, synchronization, message passing, etc.), and not to thesimulated model (actual simulation of events). Another point to be considered is thehigh communication time needed to pass a message between two transputers, becausethe switching mechanism is store-and-forward and message management is done insoftware [IAB91, IAB92]. These considerations are specially relevant when evaluatingthe parallel simulators.4.4The simulators

The first considered simulator is sequential, time-driven. The network of queue-server pairs is represented as a bi-dimensional data structure. The simulator consists of aloop which traverses all the elements of this structure in each iteration. When a node isvisited, a time advance of one cycle is simulated: a job is put into service and removedfrom the queue if necessary, a job is inserted in other node�s queue, etc.The second simulator uses the sequential event-driven algorithm. The network ofnodes is also represented as a bi-dimensional data structure. Additionally, an event listhas been implemented using a linked list. Some other implementation of event listscould have been better, but this one was chosen for the sake of simplicity. The simulatoris also a loop; in each iteration the first event of the event queue is removed and theassociated action is simulated: arrival of a job to a node, end of service in a server orend of simulation.The third simulator is an implementation of the parallel CMB-DA [CM79, Brya77]algorithm as described in [Wagn89]. Each node of the network is simulated by a logicalprocess, running in parallel with other LPs.The fourth simulator is an implementation of TW [Jeff85] as described in [Fuji90b].Again, a LP is devoted to the simulation of each node of the model. No particularperformance improvement technique has been implemented, and a token-passingscheme is used to compute the global virtual time.Once we have the set of LPs which will form the simulator, those processes must bemapped onto a set of processors (transputers, in this case). Figure 4.2 shows the

4. An evaluation of simulation techniques77 mapping of a 8·8 network of LPs onto a 2·2 network of transputers. The logicalchannels which allow the communication between LPs have to be mapped onto eithertransputers� internal channels or external links. Unfortunately, the transputer does notallow the simple mapping show in Figure 4.2: it is not allowed to map more than onebi-directional channel onto one physical link. For this reason, and to provide a way ofmonitoring the evolution of the simulation, a set of other elements have been added tothe parallel simulator to make the whole system work.

LPLPLPLPLPLPLPLPLPLPLPLPLPLPLPLP

Figure 4.2. Mapping a set of LPs onto a set of transputers. Each transputer (dashed-linesquare) holds the same number of LPs, 4 in this example.To run a simulator over N transputers (where N = n · n), we arrange them to form atorus network, and then an additional transputer is inserted in one of the wrap-aroundlinks. A monitor process, whose purpose will be described later, runs in this lasttransputer, the only one directly connected to the Idris front-end (Figure 4.3a). Thisstructure has been suggested in several works by Izu [Izu94] and by other researchersworking with transputer systems. It is important to notice that the topology of thenetwork of transputers used by the simulator need not be the same as the topology ofthe simulated network. As in the Supernode the network of raw transputers can bearbitrarily built, we selected this one because we considered it was reasonably good forour purposes.As mentioned before, we have as many LPs as nodes in the simulated network.These LPs are evenly distributed among the available worker transputers, using thetrivial mapping shown in Figure 4.2. To allow all the LPs to communicate, in eachtransputer there is a router process which manages all the message interchange betweenLPs, inside or outside the transputer (Figure 4.3b). When a LP wants to send a message

78An empirical evaluation of techniques for parallel simulation of message passing networks to one of its neighbors, it transfers instead the message to its local router. If thedestination process is in the same transputer, the router sends the message directly to thetarget process; otherwise, the message is sent to the appropriate transputer, traversing asmany intermediate transputers as necessary, in a store-and-forward fashion and, finally,delivered to the destination LP by its local router. All the routing is done in software,which means that a considerable time is devoted to manage message movements.

HostMon.Workers

RouterLPLPLPLP(a)(b)Figure 4.3. Structure of the parallel simulator. (a) Interconnection of a network oftransputers to run the simulators. (b) Processes running in a worker transputer.The monitor is a special process which connects the network of LPs with the externalworld. If a LP has a problem, a message is sent to the monitor, which prints a diagnosticon the screen. The monitor also collects all the information sent by the LPs when theirpart of the simulation finishes, processes it and prints a summary of the results on thescreen. This is the only process with abilities to access the file system and the terminal.4.5Results of the experiments with the sequential simulators

This first set of experiments was done to evaluate and compare the performance ofthe two sequential simulators: time-driven and event-driven. We selected a set ofparameters and simulated the corresponding model using one raw transputer of ourSupernode.

4. An evaluation of simulation techniques79

110100100005101520Td-4x4Td-8x8Td-16x16Ed-4x4Ed-8x8Ed-16x16Load C

Execution time (seconds)Figure 4.4. Execution times of the sequential simulators for different values of load andsize of the simulated network. Td = time-driven. Ed = event-driven.Figure 4.4 shows the execution time, measured in seconds, for the sequentialsimulators and for different values of load (C=1, 2, 5, 10, 15 and 20) and sizes of thesimulated network (4·4, 8·8 and 16·16 nodes). Other parameters have been fixed tothe following values: 10000 simulation cycles; time of service with mean M=9.5 andminimum L=1. Other values of L have also been considered, but its effect on theperformance of the sequential simulators is negligible.From Figure 4.4 some conclusions can be drawn:¥The time-driven simulator is faster than the event-driven only when the number ofevents managed by the simulator in each cycle (of simulated time) is large. Wewill call this number the density of events in the simulation. Several parameters ofthe simulator can increment the density of events: the load C, the size of thenetwork and the service time distribution.¥The performance of the event-driven simulator is much more sensitive to thedensity of events than the time-driven one, mainly due to a non-optimizedmanagement of the event queue. As the load and the size of the network increase,

80An empirical evaluation of techniques for parallel simulation of message passing networks the number of insertions and deletions in the event list also increases, and thesame happens with the size of the list. For this reason the management of theevent list becomes a bottleneck.These conclusions should be taken into account when simulating a model, in order toselect the right simulator. If in each cycle of simulated time many events are processed,then the time-driven simulator will perform well. On the other hand, if the time intervalbetween events is large, then the event-driven simulator will be a better option.4.6Results of the experiments with the CMB-DA simulator

The next set of experiments has been designed to evaluate the conservative PDESwith deadlock avoidance (CMB-DA) and to determine the effects that the differentparameters of the model have in the performance of the simulator. Simulations with thefollowing parameters have been executed: 10000 simulation cycles; simulated networkof 12·12 nodes; distribution of the service time: M=9.5, Lookahead L=(1, 2, 4, 6, 8 and10); load C=(1, 2, 4, 6, 8 and 10); number of transputers: 4, 9 and 16. In order toevaluate the performance of the parallel simulator, similar simulations have been donewith the sequential event-driven program.

4. An evaluation of simulation techniques81

01002003004005000246810L=1L=2L=4L=6L=8L=10

Execution time (seconds)Load

Execution time (seconds)Load(a) (b)

Execution time (seconds)Load(c)Figure 4.5. Execution time as a function of the network load for different lookahead values.Simulators with (a) 4 transputers (b) 9 transputers (c) 16 transputers.Figure 4.5 shows the behavior of CMB-DA when the load, the lookahead and thenumber of processor are varied. From the figures, some conclusions can be drawn. First,it is clearly noticeable that the performance of CMB-DA is better when higher is theload of the system. When the number of jobs is large, the number of interactionsbetween the LPs is also large, so the simulation can progress naturally: the LPs do notblock often and few null messages are needed. Another characteristic of the model thatplays a relevant role in obtaining good performance is the lookahead, mainly when the

82An empirical evaluation of techniques for parallel simulation of message passing networks load level is low. Large lookaheads allow faster advance of the LPs� clocks whenreceiving null messages, so the synchronization effort is smaller. Finally, in relation tothe obtained degree of parallelism, it clearly appears that, when a bigger set oftransputers is used, a real gain in execution speed is obtained�i.e., the simulator scaleswell. For high loads, execution times are around 145 seconds in the 4-transputer case,85 for 9 transputers and 45 for 16 transputers.Figure 4.6 shows the speedups obtained when increasing the number of transputers.We use the sequential event-driven simulator as a reference point because it is notrealistic to calculate speedups from the execution times of CMB-DA running in onetransputer. In these figures, results with only one processor correspond to the sequentialevent-driven simulator, while results for 4, 9 and 16 processors correspond to CMB-DA.It can be seen that achieved speedups are really poor in some cases (e.g., when theload is 1), even smaller than 1, but simulation accelerates more than three times when16 transputers are used. Speedup increases as load increases. Lookahead is alsoimportant to improve the results, but its influence is clearly less important than theload�s; it is relevant when the load is low and then synchronization messages (nullmessages) are sent much more often. It must be said that no special effort has been donein the simulator to aggressively exploit the lookahead of the model (using techniquessuch as those by Nicol [Nico88]), so these results could be unnecessarily pessimistic.

4. An evaluation of simulation techniques83

01002003004005000123450246810121416

Execution time (seconds)

SpeedupNumber of processors01002003004005000123450246810121416

SpeedupNumber of processors(a) (b)01002003004005000123450246810121416

T.L=1T.L=6T.L=10Su.L=1Su.L=6Su.L=10

Execution time (seconds)

SpeedupNumber of processors(c)Figure 4.6. Execution time (in seconds) and speedup for different values of the load C (a)C=1 (b) C=6 (c) C=10The obtained speedups are not really bad, specially if the consideration mentioned in⁄4.3 about the cost of �housekeeping� functions in the simulator, and the effort devotedto message interchange, are taken into account. In fact, most of the execution time isdue to the cost of the simulation algorithm, mainly to the synchronization of the LPs,and to the interprocess communication, whereas the time to simulate an event isnegligible.

84An empirical evaluation of techniques for parallel simulation of message passing networks

We tested what happens when the actual cost of processing an event is high. To doso, we made some experiments artificially increasing this cost. A loop in the form �fori=1 to W do nothing� was inserted in the code of the simulator at the point where anentry of a job in the service center is simulated. The parameter W is a form of syntheticworkload, which can be varied to evaluate its effect on the execution time of thesimulator.Experiments with significant synthetic workload exhibit very satisfactory speedups.The parallel simulator is able to distribute it among the processors, and thus availableparallelism is conveniently exploited. Additionally, the communication/computationratio becomes more balanced. Figure 4.7 shows how this workload can dramaticallyimprove the obtained speedups. Figure 4.7a represents the execution times for twosimulations (the first one with C=1 and L=1; the second one with C=6 and L=1) withthe sequential event-driven simulator and a 16-transputer CMB-DA simulator. Figure4.7b represents the achieved speedups. The addition of this workload significantlyimproves the achieved speedup, even when the other parameters of the model are notspecially well suited for the parallel simulation.

10100100010000110100100010000Seq C=116T C=1Seq C=616T C=6

Execution time (seconds)Synthetic workload0246810110100100010000Su C=1Su C=6

SpeedupSynthetic workload(a) (b)Figure 4.7. Influence of a synthetic workload in the simulation.(a) Execution times for the sequential and CMB-DA (16 transputers) simulators, for C=1 and C=6. (b) Achieved speedups.A series of considerations can be done about the use of a transputer-based machineas a workbench. The first one is that communication between processes has to be doneusing messages. Other implementations of CMB-DA in shared memory multiprocessors

4. An evaluation of simulation techniques85 make optimizations when sending null messages: those messages are not actually sent,but the affected channel clocks are directly updated, accessing other LP�s memoryspaces. Additionally, software routers have to be implemented to convey messagesbetween transputers, and those routers consume both memory and CPU cycles.Messages have to be sent from the sender LP to the router (internal communication),from one router to another (external communication, maybe several times) and fromone router to the receiver LP (internal communication). The effort devoted tocommunication means a real burden, and has to be done independently of the type ofmessage (null or real).To summarize the results of all these experiments, it can be concluded that theconservative approach to parallel simulation exhibits a poor performance whensimulating the type of physical model previously described. Nonetheless, other modelscould successfully be simulated using CMB-DA, if they belong to any (or even better,several) of these groups:¥Models that synchronize in a natural way by means of useful messages. In thiscase, the need of null messages is low, which is specially convenient when amessage passing architecture is used.¥Models with high levels of lookahead, which allows progress in the simulationwhen the LPs do not have events to process. If it is not possible to process usefulmessages, at least null messages are generated less often and with largertimestamps, and the channel clocks (and then the acceptance horizons, LPs�clocks and simulation) advance faster.¥Models where the simulation of an event requires a high computation effort,which is distributed among the processors.In all these cases, the ratio �useful computation/synchronization effort� is quitefavorable. In general, this is the key parameter to optimize in order to get the bestperformance from any parallel system.4.7Results of the experiments with TW

In the previous section a quite exhaustive evaluation of the CMB-DA algorithm hasbeen presented. In this section we will focus on our implementation of TW. Our aim is

86An empirical evaluation of techniques for parallel simulation of message passing networks to discover under which circumstances TW performs better than CMB. To do so,instead of presenting a collection of figures with the same sets of parameters usedbefore, we have selected five significant experiments, using them for our comparisons.The parameters of the five selected experiments (A through E) are summarized inTable 4.1. The first three are cases without synthetic workload, and represent a bad, anaverage and a good case for the CMB-DA algorithm. The last two experiments considerthe use of a high synthetic workload, where the CMB-DA algorithm performs well oreven very well. Table 4.2 presents the figures for the conservative algorithm, extractedfrom the previous section, to be taken as a reference point. It should be remarked thatresults with 1 processor correspond to simulation runs with a sequential simulator,instead of using CMB-DA in only one processor. For each experiment, the left-handcolumn shows the execution time, and the right-hand column the obtained speedup,relative to the execution time of the sequential simulator.ExperimentCLW

A110

B660

C10100

D1110000

E6110000

Table 4.1. Input parameters for the experiments reported in Tables 4.2 and 4.3.ABCDE

Proc.TimeSUTimeSUTimeSUTimeSUTimeSU

162�30�0.290�46�2.520�44�3.394�16�5.324�02�9.56

93�32�0.201�03�1.840�58�2.57----

48�10�0.092�38�0.732�26�1.02----

10�43�11�56�12�29�122�41�138�33�1

Table 4.2. Execution times and speedups for a series of experiments done with aconservative parallel event driven simulator.Once we started experimenting with the TW simulator, we found that it was terriblygreedy in memory demands. Many of our experiments were aborted because thememory assigned to a LP was exhausted: the LPs data structures grew too fast, and thefossil collection mechanism (made possible by means of a global control mechanism tocalculate and distribute the GVT) did not free much memory to be reused. In addition tothat, the message passing subsystem also failed because of a lack of space to store

4. An evaluation of simulation techniques87 messages in their journey from a LP to another. After analyzing the evolution of theprograms, we discovered two reasons for this behavior:¥The characteristics of the model. The toroidal network used in the experimentsexhibits a high degree of local communication between neighbors. The result isthat an erroneous computation in a LP spreads quickly to the neighboring LPs,making them advance in an erroneous way. What is worse, a feedback effectappears when, after erroneously processing a job, it is sent to another LP whichalso processes it and sends it back to the original LP, where the chain starts again.In the proposed model, this situation is highly probable. The result is that, firstly,a big deal of memory space is required to store anti-messages and copies of thestate and, secondly, whenever a causal error is detected, an avalanche of anti-messages is sent, giving rise to an overflow in the message passing system.¥The transputer built-in scheduler. Many studies of optimistic simulators have beendone using ad-hoc microkernels to schedule the execution of a given number ofLPs in a smaller number of processors. Those schedulers prioritize the LPs withminimum local time [Fuji89b, Fuji90a]. Using this approach, the greediness of theoptimistic LPs is strongly limited: erroneous computations do not go too far and,consequently, anti-messages are sent less often and in smaller number. In oursimulator, instead of designing a new scheduler, we used the transputer built-inone, whose main characteristic is its attempt to be fair and distribute the CPUevenly among all the LPs.To partially solve these problems we adopted a proposal of Sokol et al. [SSH89]: weadded a certain degree of �conservatism� into the LPs. With a purely optimistic scheme,the LPs advance unboundedly (in fact, as just mentioned, they advance too fast). Theconservatism is imposed by limiting the ability to go into the future: LPs are allowed toadvance to a certain degree, calculated as the value of the GVT plus a time window size.If it tries to go beyond, it is (temporally) blocked. The window size is dynamicallychanged: if the LP is successful in its advance (i.e., if it does not force rollbacks), thewindow size is increased. Otherwise, the window is reduced. A minimum window sizeis guaranteed, to always have a degree of optimism.We did the previously introduced series of experiments to evaluate our TWimplementation with the time window mechanism. The results are compiled in Table4.3. As many authors reported that TW�s performance is much better than CMB�s

88An empirical evaluation of techniques for parallel simulation of message passing networks

[KY91, Fuji90b], we were quite disappointed: in most of the cases, the conservativesimulator ran faster than the optimistic.ABCDE

Proc.TimeSUTimeSUTimeSUTimeSUTimeSU

161�48�0.402�50�0.682�40�0.936�00�3.7811�51�3.25

92�12�0.324�00�0.483�22�0.74----

43�40�0.205�43�0.345�02�0.49----

10�43�11�56�12�29�122�41�138�33�1

Table 4.3. Execution times and speedups for a series of experiments done with anoptimistic parallel event driven simulator.Only in the worst case for CMB-DA (low load and low lookahead) the optimisticsimulator was faster. We studied the reasons of this behavior, and we found (as otherresearchers did before [TV91]) that the memory management in the LPs is absolutelycritical, up to the point that, in most cases, the overhead of managing the data structuresis higher than the effort of synchronizing processes by means of blocking and nullmessages. Additionally, although null messages are not needed, anti-messages are, andits number is not negligible, especially when the optimistic advance of the LPs is notbounded. The global time computation mechanism also adds a serious burden to thesimulator, because it needs a continuous interchange of messages among LPs to avoidan exhaustion of the memory space.An important characteristic of the TW simulator is that execution times are lesssensitive to parameters as load and, particularly, lookahead. This means that the userdoes not have to worry about the best way to exploit the lookahead of the model. Theoffered level of abstraction is higher. While a conservative simulator has to be done ad-hoc for a class of models, if a good performance is desired, the optimistic one is moregeneral, and can be applied (with similar success) to a variety of models [Wiel89,WJ89].From the results shown in Table 4.3, it can also be concluded that the speedup scaleswith the number of processors. Regarding the effect of the synthetic workload on theperformance (experiments D and E), a large value of W has an important effect on thespeedup, but this effect is not as dramatic as it was in the conservative case. The reasonis that, in the conservative simulator, the busy-wait loop which emulates a highworkload is done just whenever it is needed, and never has to be undone. On the otherhand, with the optimistic simulator, many jobs are processed in a speculative way, andits effect have to be undone later. This means that, when the workload is big, the effect

4. An evaluation of simulation techniques89 of erroneous computations is also a serious drawback: it could be better to wait andconsume a message just when it has to be consumed, than to consume it and later undoits effects. As in experiment E the simulator has more jobs to process, the probability ofmaking a mistake is bigger, so it takes more time than experiment D.To summarize our experience with TW, we only can say that we were quitedisappointed. It required much more programming effort than CMB-DA, because themanagement of the data structures of TW (i.e., the memory management) is anythingbut trivial. Additionally, it was much harder to debug. Due to the bad performanceresults, and to the limited number of experiments carried out, we are not able to state adefinite set of characteristics of the simulated models that can help in obtaining a goodperformance from TW.4.8Conclusions

The current simulation techniques are fundamentally sequential, optimized to get themaximum performance from a single processor. Unfortunately, these methods cannot beeasily adapted for its use in multicomputer systems. For this reason, new, parallelsimulation methods have been developed. Among those, two promising ones are CMBand TW.Our experiments with a conservative simulator confirms the results of other authors:high values of load, lookahead and synthetic workload make possible goodperformance. Nevertheless, the simulator has to be tailored to exploit the characteristicsof the model. The optimistic simulator is more general, offering a higher level interfaceto the user, but its performance is, in our experiments, much less brilliant than expected.The memory management tasks involved in the Time Warp mechanism wastes most ofthe CPU time. The selected model, the computer system used as workbench, and ourparticular implementation allies to make the performance even worse.

Chapter 5Simulation of messagepassing networksThis chapter is devoted to the use of PDES to study real world problems.We are interested in the study of a particular class of systems: messagepassing networks for multicomputers. We present a detailed model of one ofthese networks, along with the way this model can be described for itssimulation. Six simulators have been developed to study this model. One issequential, while the other five are parallel. Three parallel simulationstrategies (SPED, CMB-DA, TW) have been implemented in threemulticomputer environments (Supernode, Paragon, NOW).

92An empirical evaluation of techniques for parallel simulation of message passing networks

5.1Introduction

In the previous chapter we have presented our preliminary implementation andperformance evaluation of several sequential and parallel simulation techniques in amulticomputer environment. To do that evaluation we designed a toy model, quitesimple, but with a series of characteristics which were relevant to the kind of models weare interested in. The experience was useful, because it allowed us to learn about theimplementation of the simulators, and to assess some of their properties. In this chapterwe will try to advance further, abandoning toy models and concentrating our study onreal world applications where PDES has been used with different degrees of success.We will start by introducing some other researchers� accomplishments. Theapplication domains considered by those authors are quite diverse: Petri nets, queuingsystems, computer networks, war scenarios, logic circuits, etc. Following that, we willpresent our work in a particular field: the simulation of a message passing network,designed to be used as the communication infrastructure of a multicomputer. Fiveparallel simulators have been implemented to test three synchronization mechanisms(synchronous, conservative, optimistic) in three different multicomputer environments(Supernode, Paragon, network of workstations with MPI). These simulators aredescribed in detail in this chapter, while the obtained performance results are presentedin Chapter 6.5.2Related work

In this section we will review the literature to introduce significant domains ofapplication of PDES techniques. Some of the domains are very specific: logicsimulation, communication networks, computing systems, etc. Some others refer to thesimulation of models described using a kind of �specification language�, such asqueuing networks or Petri nets, while the model itself can be anything from asupermarket to a factory.

5. Simulation of message passing networks93

5.2.1Digital logic simulationThe verification of VLSI logic circuits is one of the areas where computer simulationis essential to check the circuit behavior, and has to be extensively performed beforeactually manufacturing a chip. As the complexity of VLSI circuits increases (and thetrend is clearly in this direction), the execution time of the simulation also increases. Itis clear, therefore, that any acceleration in the simulation process would be greatlywelcome.An interesting study in this field has been done by Soul� and Gupta at Stanford[SG89, SG91, Soul92]. They use parallel simulators to analyze several non-trivial logiccircuits, including some circuits of the MIPS R6000 processor, the vector control unitfor Ardent�s Titan machine, and the cache coherence directory controller for theStanford DASH multiprocessor. They identify the number of available tasks that can beperformed concurrently by a parallel simulator, ranging from 70 to 250. This numbergives a clue about the potential performance of a parallel simulator. However, it doesnot translate directly into speedups because of overheads such as communicationbetween processors and load unbalance. The experimental work is done in an ideal 64-node multiprocessor, a 16-node Encore Multimax and a 16-node Stanford DASH. Threeparallel simulators are implemented and tested: SPED, CMB-DA and CM-DDR. Theyconclude that both variants of CMB obtain better self-relative speedups (i.e., they aremore scalable) than the SPED algorithm. Nevertheless, for the amount of availableprocessors, SPED performs better. Achieved speedups using SPED range from 10 to 18using 64 processors, while CMB only ranges from 1 to 6. Therefore, CMB is notconsidered a viable approach to digital logic simulation.The work by Su [Su90] at Caltech is devoted to the development of applications forfine-grain multicomputers, using a set of CMB-DA simulations of small size logiccircuits (around 1000 gates) as a testbed. Programs were run in up to 128 nodes of aSymult 2010. Su concludes that overheads of the CMB-DA algorithm are quite large ifsmall numbers of processors are used. However, self-relative scalability of the CMB-DA algorithm is very good�almost linear, which makes CMB-DA a viable approach tosimulation on fine-grain, massively parallel computers.A research group at the University of Cincinnati studies in [Chaw94, Pala94, MW95]the applicability of Time Warp to perform logic simulations, using VHDL as the modeldescription language and a network of workstations as the hardware platform. Most ofthis work is devoted to the design and implementation of improvements for TW, toreduce execution time. No speedups (relative to a sequential simulator) are given.

94An empirical evaluation of techniques for parallel simulation of message passing networks

For those interested in the field of logic simulation, other experiences are reported in[ML93, SB93, CH94, CGFO94].5.2.2Communication networksOne of the revolutions in the past few years in the information technology field hasbeen the increasing popularity of computer networks. They are becoming ubiquitous,and the technology in this field is advancing at a very fast pace. Given the tremendousnumber of options a network manager has to consider in order to update an existingnetwork, or to build a new one, the availability of tools to analyze an existing orprojected network (local, metropolitan or even global) is a must. As the size and thecomplexity of the simulation can be quite large, PDES is a natural tool to look at.In [TV91], Time Warp is used to analyze a 5-layer, Ethernet-based communicationarchitecture in a network of transputers, with disappointing results. These badperformance results are mainly due to the huge number of rollbacks and the costlymemory management.In [EGLW93], a new parallel simulation technique, named synchronous relaxation,is used to simulate a large scale circuit-switching network. This technique is speciallyappropriate for its use in SIMD machines, while most of the techniques described in thisdissertation are specifically designed for MIMD systems.In Canada, a team leaded by Unger [ACGW95, GOR95, Gome95] is developingATM-TN, a set of tools with a modular architecture which supports modeling,simulation and analysis of ATM networks. A key piece in ATM-TN is animplementation of TW, optimized to run in shared memory environments. Previously,this team reported their experiences using TW to study a Canadian switched telephonenetwork [Clea94].5.2.3Parallel computingA growing number of papers can be found where experiences using PDES to analyzedifferent aspects of parallel computing are reported. Some common topics are:performance of message passing networks (our work could be included here),performance of cache memory schemes, and behavior of parallel programs.In this field, one interesting work is the Wisconsin Wind Tunnel [FW94, BW95],defined by the authors as �a parallel simulator for cache-coherent shared memorymachines�. The main purpose of this system is to analyze the behavior of parallel

5. Simulation of message passing networks95 programs running in multiprocessors, and the effect of different cache memory schemesin the execution efficiency of those programs. It uses a conservative algorithm forsynchronization, where the duration of the interprocess communication primitivesserves to compute the lookahead. The host machine for the simulations is a CM-5.After some experiences with the WWT, the researchers become aware of animportant pitfall in the simulator: the communication delay between (simulated)processing elements was supposed to be a constant, which is perfect to computelookahead, but rather unusual in actual parallel systems. Contention in theinterconnection network may produce arbitrary delays, which were not taken intoaccount. Some modifications in WWT allow the detailed simulation of aninterconnection network, using a model of router based in the Torus Routing Chip[Dall86]. This detailed simulation is done using a centralized (instead of a fullydistributed) approach. Although the obtained data are much more accurate, there is aprice to pay: the execution time of the simulator is about 10 times slower.A similar work is being done at the University of California at Santa Barbara, underthe name of Maya [ACLS94]. It is defined as �a simulation platform for evaluating theperformance of parallel programs on parallel architectures�. Its purpose is �to allow therapid prototyping of memory protocols with varying degrees of coherence and tofacilitate the study of the impact of these protocols on application programs�. It hasbeen developed to work in the Paragon and in networks of workstations. Again, aconservative synchronization scheme is used, with a mixture of deadlock avoidance anddeadlock detection and recovery strategies. The communication network is notsimulated in detail: the communication delay is supposed to depend on the distancebetween the communicating processing elements, plus a certain factor due to networkcontention. A major problem of this simulator is that a central network manager takescare of all the message passing among the LPs (to be able to compute communicationdelays with a reasonable accuracy), and this manager becomes a bottleneck when thenumber of LPs increases.A different aspect of parallel computing led to the development of LAPSE [DHN94],defined as a system that �allows one to use a small number of parallel processors tosimulate the behavior of a message passing code running on a large number ofprocessors, for the purpose of scalability studies and performance tuning�. It has beenimplemented in the Paragon. Again, the synchronization mechanism is conservative.The authors report very good performance figures: a simulation of the execution of a64-PE application in 16 real PEs is between 5.4 times (for computationally intensive

96An empirical evaluation of techniques for parallel simulation of message passing networks applications) and 45 times (for communication intensive applications) slower than theactual execution on 64 actual PEs.Closer to our work, Heidelberger et al. present in [ITH89, GHTY90, BH95] somesimulation studies of multistage interconnection networks, using synchronous parallelsimulation algorithms. They report speedups over 6 with 12 processors when simulatinga detailed model of the IBM SP-2 interconnection network.Other interesting work in the field is [NGL94], where a technique for massivelyparallel, trace-driven simulation of cache memory systems is presented.5.2.4Petri netsPetri nets are widely used to model asynchronous concurrent systems that haveparallelism, synchronization and resource sharing [CF93]. Analytical evaluation anddiscrete-event simulation of Petri net models allow researchers to perform qualitative aswell as quantitative analysis of the modeled systems.Ammar and Deng propose in [AD91] a method to simulate stochastic Petri nets usingthe Time Warp mechanism. They test it using an Encore Multimax with 18 processors.No speedup figures are given.Chiola and Ferscha [CF93] present a way of simulating timed Petri nets usingconservative and optimistic PDES. Tests are done using a Sequent Balance, an InteliPSC/860 and a T805-based multicomputer. They state that efficient distributedsimulations of timed Petri nets can be done, but real speedups can only be obtained afteridentifying the model�s intrinsic parallelism and causality, and using this information tooptimize the logical processes. Communication overheads seem to be the main obstacleto achieve good performance, so some methods to reduce the number of interchangedmessages are proposed. A typical advise in this direction is to make a LP have a loadbig enough to keep the computation/communication ratio properly balanced.5.2.5Queuing systemsA significant effort has been devoted to efficiently simulate queuing networkssystems, as many real world applications can be modeled using this approach. Maybethe most interesting works are those by Wagner and Lazowska, already described inChapter 4, and those by Nicol [Nico88, Nico92]. These works offer methods toeffectively exploit the lookahead of queuing systems to achieve good speedups whenthe CMB-DA method is used. The techniques to exploit the lookahead are different for

5. Simulation of message passing networks97 each queue discipline. Considered disciplines are FCFS (First Come First Serve), PS(Processor Sharing) and RR (Round Robin), with or without priorities, with or withoutpreemption.Several papers by Rego et al. at Purdue University [Sang94, SCR94a, SCR94b] alsostudy this field, although in a different context. The authors develop and analyze aparallel simulator based on process migration, instead of message interchange. Theyalso propose mechanisms for efficient simulation of round-robin and processor sharingqueue disciplines, useful in any kind of discrete event simulator (i.e., not specificallytailored for PDES).Other interesting work in the field is [MR94], where a workbench for queuingsystems simulation over a network of transputers using the CMB-DA algorithm ispresented.5.2.6Other fieldsThere are many other fields where PDES has been successfully used. For example, in[TB93] a simulation study of communicating finite state machines is done. Wieland etal. analyze in [Wiel89, WJ89] the performance of TW simulating combat scenarios.Wagner considers in [Wagn89] a model of a health care system, and a study of roadtraffic is performed in [MRR90].5.3The model under study

In this section we describe the model we use to make an exhaustive study of parallelsimulation techniques. This particular model has been selected because our researchgroup has a good deal of experience working with it, mainly using sequential time-driven simulations. Working with a well-known model, we can be sure that oursimulators are working properly.For the interested reader, a much more detailed description of this model, and ofmost the concepts introduced in this section, can be found in [Arru93], withcomplementary information in [Izu94].

98An empirical evaluation of techniques for parallel simulation of message passing networks

5.3.1Description of the modelWe study a network of message routers designed as a communication infrastructurewhich may be used for building multicomputer systems. Each node of the network is apair <processor, router>, with the two components joined by a message interface.Processors are the source of messages, as well as the final destination of them. Routersactually move messages from their source nodes to their destinations. It is assumed thatmessage length is fixed; it is measured in flits (flow control digits, [Dall86]). Eachmessage has a 1-flit header, which conveys the necessary information to make routingdecisions. Figure 5.1 shows a sketch of a message router. The main components are:¥4 input ports. They are gates to receive messages from the neighboring routers,through the corresponding input links. Each port is capable of storing one flit.¥4 output ports. They are gates to send messages to the neighbors through thecorresponding output links. Again, the storage capacity is one flit.¥An injection port, where messages from the local source of messages (processor)are received.¥A consumption port, where messages for the local sink of messages (processor)are sent.¥4 FIFO transit queues, one per output port, to temporary store messages when thecorresponding output link is busy. Each queue has 10 buffers, each one withcapacity for a full message. A buffer cannot be shared among two or moremessages.¥Arouting automaton, which decides through which output port a message will besent.¥A small FIFO injection queue, located in the message interface, where up to 4local messages can be temporally stored if the corresponding output queues arefull.The system works synchronously: in 1 cycle, a flit is moved from port to port, fromqueue to port, or from port to queue.

5. Simulation of message passing networks99

NSEWRouting

NESWI

Message interface

From/to the local processorInjectionConsumption

Figure 5.1. Model of message router.In the literature about message passing networks, several strategies are proposed tocontrol the flow of a message from its source to its destination, traversing severalrouters along its journey. The most common ones are store-and-forward, wormhole andcut-through. The model presented here, which includes internal buffering, is speciallysuited for cut-through, which is the most efficient of all these strategies.The routing strategy, i.e., the selection of the route that a message follows to reach itsdestination, could be any feasible one, but in our studies only dimension order routing(DOR) has been considered. Other strategies can easily be integrated into the model.It is assumed that processors immediately consume received messages, so they neverforce a message to stay in a router occupying resources. Processors generate messagesfollowing a certain traffic pattern. The most common ones for the analysis of this kindof models are random, hot-spot, local traffic and several permutations (perfect shuffle,bit reversal, matrix transpose, etc.). In this work we have only considered the randompattern, i.e., each node can generate messages to any other node of the network, with thesame probability. The length of the time interval between two message generations atthe same node is given by an exponentially distributed random variable; the method ofcomputing the mean for this distribution will be explained later. When a new message isgenerated at a node and it cannot be injected in the routing network because thecorresponding output port, the transit queue and even the injection queue are full, themessage is rejected (it is lost). This is considered as the saturation point of the messagepassing network.

100An empirical evaluation of techniques for parallel simulation of message passing networks

This model of router can be used to form any kind of network of degree 4. Studies ofour group considered mainly bi-dimensional meshes and tori. Here we have focused ontori, because they exhibit better performance characteristics. If the topology is a torus,deadlocks among messages competing for resources in the network might appear. Ourmodel of router uses a deadlock-avoidance strategy based on imposing some restrictionsto the injection of new messages and the change of dimension1.There are three parameters of the model whose values can be changed to exploretheir influence on the performance of the simulation algorithms. These are:¥Size of the network. We consider torus networks of D·D nodes (always a square).Typical sizes are 16·16 and 32·32.¥Message length (M). The values used in the experiments are 4 and 32 flits.¥Load of the network (L). It represents a percentage of the maximum theoreticalbandwidth of the network, for a random traffic pattern. A 100% load means thatall the bandwidth of the network bisection is used.These three parameters are needed to compute the time interval between thegeneration of two consecutive messages at a given node. As said before, this timeseparation is computed as an exponentially distributed random number. The rationale tocalculate the mean of that distribution is as follows.Let us divide the network, a bi-directional 2D torus, from north to south into twoparts of the same size. If we concentrate on the left part, under the random trafficassumption half of the messages there generated will have their destinations in the samepart, while the other half should cross the bisection to be consumed in the right part.The symmetric reasoning can be applied to the right part. At each cycle, up to 4·D flitscan traverse the bisection (2·D in each direction). This imposes a limit to the number ofmessages generated in the network in one cycle. No more than 2·(4·D) flits, or(8·D)/M messages, can be processed by the routing network in one cycle. At this pointall the bisection links are fully occupied. Distributing these messages evenly among allthe nodes, this results in (8·D/M)/(D·D) = 8/(D·M) messages per node and per cycle.This situation corresponds to a load L = 100.For a different value of load L, ranging from 0 to 100, the number of messagesgenerated per node and per cycle is (8·L)/(100·D·M) = L/(12.5·D·M). In other words,

1The concept of deadlock in the model does not have any relationship with the deadlock in aCMB simulator.

5. Simulation of message passing networks101 the time interval between two message generations at a node can be computed as(12.5·D·M)/L. It should be clear that the same value of load can mean that the networkmanages many short messages or few long messages.5.3.2Types of eventsOnce we have the general description of the model, it is essential to determine thedata structures that will represent the elements of a router, and the events that would beable to modify those elements. That is, we need to express our model in a way able tobe simulated by a generic event-driven simulator. The definition should be independentof the simulators to be used. However, the class of parallel simulators we are workingwith (based on the distribution of simulation tasks among a set of logical processes)impedes the use of any sort of shared data structure, because the LPs constituting asimulator may be distributed among different processors in an actual multicomputer.The design of the set of events needs to take this restriction into account.Each router of the simulated network is represented in the obvious way: a record(struct) with elements representing ports, queues, etc., plus some additional elements forstatistics gathering.The events which represent the evolution of the system are as follows:INJECTION: the local processor generates a new message to be routed to anothernode.STEP: the router tries to send the header flit of a message from an output port to aninput port in the neighboring router.PERMISSION: the neighboring router accepts the message.ADVANCE: after the computation of the routing function, a header flit of a messageis advanced from an input port to an output port or, if busy, to an output queueinside the router.FREE_INP: an input port has been freed, so new messages can be accepted.CONSUMPTION: a message has reached its destination.FREE_OUT: the last flit of a message abandons the output port that it occupied.FREE_QUEUE: the last flit of a message abandons the position it occupied in anoutput queue.In the parallel simulators all the events but STEP and PERMISSION are alwaysinternal, i.e., scheduled to be consumed in the same LP that generates them, so they

102An empirical evaluation of techniques for parallel simulation of message passing networks never need to be encapsulated into messages sent to other LPs. In contrast, these twoevents can be either internal or external, depending on whether the involved routers arebeing simulated in the same or in different LPs. We will explain the mapping of routersonto LPs in the next section.In the sequential simulator, PERMISSION events are not needed (and they are notused), because it is possible to directly check the availability of space in a neighboringrouter simply by accessing the data structure that represents it. In fact, they wereincluded in the parallel version precisely because global state information is notavailable and all the interactions must be done by means of messages.5.3.3Output dataThe description of the model is detailed enough to allow to obtain a good deal ofinsight into the behavior of the routers. The simulators can measure and giveinformation about:¥Maximum and average message latency. The latency of a message is defined asthe number of cycles from the instant a message is generated until it is consumed.¥Maximum and average message delay. The delay is the difference between thelatency and the time a message would need to travel through the network if itwere the only one using it.¥Maximum and average size of the transit and injection queues.¥Number of generated and consumed messages.¥Other data.This information is very valuable to us, primarily because it has already beengathered in previous studies, and allows us to validate the correctness of oursimulations.As it was done in the previous chapter, we will not present any of the output dataabout the behavior of this model that the simulators generate. A reader interested in themodel itself should consider the reference [Arru93].

5. Simulation of message passing networks103

5.4The simulators

In this section we present a general description of the simulators used in this study. Adetailed description of each simulator is given in the following sections. Six differentsimulators have been implemented and tested:¥SED (sequential event-driven), able to run in any of the parallel systems describedin Chapter 3.¥CMB-DA (Chandy-Misra-Bryant with deadlock avoidance), with versions for theSupernode, the Paragon and MPI.¥TW (Time Warp), only for the Paragon.¥SPED (synchronous parallel event-driven), only for the Paragon.All the parallel simulators work with the same description of the model. Asmentioned before, SED works with a slightly different description of the same model,optimized to reduce the number of processed events. For a given machine and parallelsimulator, the main performance figure to be considered is the speedup, taking as areference the execution time of SED running in that particular machine.All the simulators share as much code as possible, to be fair when makingcomparisons and, obviously, to reduce development effort. In particular, in all the casesa new set of functions to manipulate event lists has been used. These functions arebased on a heap data structure, following the recommendations in [CSR93]. In theprevious experiments (Chapter 4), events were stored in a linked linear list. For small,simple models where the event calendar does not grow too much, this data structureworks well enough. However, for detailed, big models the complexity of the insertionfunction in a linear list is too high: O(n), where n is the length of the list. Theextraction/deletion is trivial, O(1). Using a heap, both insertion and extraction/deletionoperations cost O(log n).The change from linear lists to heaps in the simulation engines resulted in anextraordinary performance improvement, specially for the sequential simulator, whereall the events are stored in the same calendar. The difference was less noticeable in theparallel simulators, because events are distributed among all the LPs and, therefore, listsare shorter.

104An empirical evaluation of techniques for parallel simulation of message passing networks

5.4.1Input parameters for the simulatorsIn addition to selecting the parameters of the simulated model (size D, load L andmessage length M), a user running the simulators has to facilitate a series of additionalparameters. These are enumerated in Table 5.1.The first two parameters are needed for all the simulators, sequential and parallel,and they do not need any further explanation.The number of processing elements must be given for any parallel simulator. Amapping of the simulated network of routers onto the actual network of PEs in thetarget multicomputer (or network of workstations) must be done. The number of PEs isalways a square of P·P elements, where P must be a perfect divisor of D (the numberof routers per dimension in the simulated network). This way, the partition of the modeland its mapping onto the network of PEs is trivial (a square of size (D/P) routers issimulated in each PE) and perfectly balanced (all the PEs have the same load).ParameterMeaning

CyclesSimulated amount of time while the behavior of the network of routersis studied.

SeedSeed for the random number generators.

Number of PEsNumber of processing elements used in the simulation.

Grain sizeNumber of routers assigned to each logical process of the parallelsimulator.

LookaheadA boolean value, indicating whether or not special effort must be doneto exploit the lookahead ability of the model.

Table 5.1. Parameters of the simulators.When more than one router is assigned to each PE (and this is always the case for theexperiments we have performed), there are several alternatives for organizing a parallelsimulator. A parallel simulator always consists of a collection of collaborating LP(logical processes), where each LP is, in fact, a Unix process (in the Paragon or in MPI)or a transputer process (in the Supernode). Mapping the model onto the host computerrequires 2 steps: mapping routers onto LPs, and mapping LPs onto PEs. There are twotrivial possibilities:1Map each router onto a single LP, and then map groups of (D/P)2 LPs onto eachPE. We say that the grain size of the LP is minimum. A good deal of interprocesscommunication is needed, because all the STEP and PERMISSION events areexternal, i.e., they need to be sent as messages (although not necessarily need togo from one PE to another).

5. Simulation of message passing networks105

2Map (D/P)2 routers onto one LP, and then each LP onto a different PE. We saythat the grain size of the LP is maximum. In this case, many of the STEP andPERMISSION events are internal and the interprocess communication issignificantly reduced.With the toy model of the previous chapter, we learned that it is good to have modelswith large grain size, to balance the computation/communication ratio of the PEs. Forthis reason, we redesigned the LPs to allow the simulation of a square of routers (evenof size 1), while the version previously used was only designed for minimum grain size.It is interesting to notice that, in the case of maximum grain size, any of our parallelsimulators running onto one PE behaves exactly like the sequential simulator.Note that more alternatives of grain size are possible. See, for example, Figure 5.2, acase where D/P = 4. Figure 5.2a represents the mapping for maximum grain size, Figure5.2c represents the mapping for minimum grain size and Figure 5.2b represents amapping for intermediate grain size. If the mappings are always done using squares,there can exist either none, one (like in the example) or several cases of intermediategrain size.

Router

Logical processProcessing element

(a)(b)(c)Figure 5.2. Mapping a network of 4·4 routers onto a PE. (a) Maximum grain size.(b) Intermediate grain size. (c) Minimum grain size.The last parameter in Table 5.1 is the lookahead. When CMB-DA is being used, it ishighly recommended to analyze the simulated model to see where some lookahead canbe extracted, and to tailor the simulator to exploit that lookahead. If this can beeffectively done, timestamps of null messages will have higher values and the overallnumber of required null messages will be reduced, while a faster clock advance of theLPs will be allowed.If a LP simulates only one router (i.e., the grain size is minimum), then the behaviorof the simulation is quite predictable, and some lookahead can be extracted. Let us

106An empirical evaluation of techniques for parallel simulation of message passing networks suppose that, at time t, a router has sent a message header through an output port; thesimulator can be instructed to know that no new header will be sent through the sameport at least until t+M, where M is the message length, because messages advance a flitper cycle. The difference between the current value of the LP�s clock and t+M is thelookahead.The actual lookahead computation proceeds as follows. When a LP is going to block,it first sends null messages to each of its neighbors. For our models, there are alwaysfour neighbors: north, east, west and south. Each of those channels of the LP aredirectly related to the input/output ports of the simulated router. In order to compute thetimestamp of the null message that will be sent through channel i, the followinginformation has to be kept:lps[i]: time when the LP sent the last PERMISSION message through output channeli, i.e., when the simulated router authorized the reception of a message throughinput port i.lss[i]: time when the last STEP was sent through channel i, i.e., when the router triedto send a message through output port i.lpr[i]: time when the last PERMISSION was received through i, i.e., when the routerwas authorized to send a message through output port i.lsr[i]: time when the last STEP was received through i, i.e., when the router wasasked to allow the reception of a message through input port i.Let us make a the minimum timestamp for the next STEP to send, b the minimumtimestamp for the next PERMISSION to send and ts the actual value to use astimestamp for the null message sent through channel i. If clock is the current value ofthe LP�s clock, a, b, and ts are computed as follows:if (lpr[i] > lss[i]) a = lpr[i] + M - 1;else a = lss[i] + M;if (lsr[i] > lps[i]) b = lsr[i] + 1;else b = lps[i] + M;ts = min(a, b);if (ts <= clock) ts = clock + 1The minimum timestamp for an eventual next STEP depends on whether thePERMISSION for the previous STEP has been received or not. If it has been received,

5. Simulation of message passing networks107 another STEP can be sent M-1 cycles later. Otherwise, the next STEP will have to waitat least M cycles.If a STEP has recently been received, the next PERMISSION should be granted assoon as possible, i.e., in the next cycle, unless the corresponding output queue is full. Ifno STEP has been received, the LP knows that the minimum separation between twoPERMISSION messages is M.The value of ts, a lower bound on the timestamp of the next message to generate(STEP or PERMISSION), is the minimum of the two previously calculated values. If tsfalls below the current clock value, then the lookahead computation has been useless,and the minimum value clock+1 is used for ts.Unfortunately, when a LP simulates an aggregate of routers the behavior of theaggregate is not easily predictable. The computation of the lookahead is too expensivefor the achieved result: most of the times the obtained value is one, a minimum whichcan be used without any computation. For this reason, we have only measured the effectof the lookahead for the case of minimum grain size.5.4.2Output resultsThe output of the simulator consists of a set of statistics about the model, as alreadydescribed, plus a set of measurements about the behavior of the simulator itself. Themost important of those measurements is the execution time of the simulation, becauseit is the basis for computing speedup values.Some other interesting figures are also obtained, for example:¥Number of null and useful messages in the CMB-DA simulator.¥Number of positive and negative messages in the TW simulator, plus number ofrollbacks.¥Number of messages and barrier invocations in the SPED simulator.These additional data allow us to reason about the performance of the differentparallel simulators.

108An empirical evaluation of techniques for parallel simulation of message passing networks

5.5Supernode implementation of CMB-DA

In this and the next sections we will give additional details about how each simulatoris implemented in each host multicomputer. Special attention will be paid to theSupernode implementation, because it was the origin of the others. For the Paragon andMPI versions we will pay attention to the details only where they differ from theSupernode implementation.To run a CMB-DA simulator in the Supernode, a network of raw transputers isarranged, with the same structure explained in the previous chapter (a torus network ofworker transputers with a monitor transputer inserted in one of the wrap-around links).The number of processes assigned to a worker transputer depends on the grain size ofthe LPs. The general organization of the processes in a worker transputer is shown inFigure 5.3. After the experience with the toy model, we observed that it is neithernecessary to implement a full-blown router in each transputer, nor to manage all themessages through the routers. The LPs in one transputer can be directly joined viainternal channels, while the external links are needed only if two logical neighbors aremapped onto different transputers. Even in this second case, a router is toosophisticated, because the interchange of messages always occurs between neighbors.However, channel sharing is still needed, and must be provided somehow.

5. Simulation of message passing networks109

LPMuxLPLPLPLPLPLPLPLPMuxMuxMuxFigure 5.3. Configuration of each worker transputer.The new approach is to simplify the design of the simulator, removing the routersand substituting them by low-overhead channel multiplexers. Communication throughmultiplexers is depicted on Figure 5.4. They are able to maintain several bi-directionallogical channels over just one physical link. Obviously, if maximum grain size is used(only one LP per transputer), multiplexers are not needed, so they are not used and asource of overhead is removed.

110An empirical evaluation of techniques for parallel simulation of message passing networks

Figure 5.4. Multiplexing several logical channels over a single physical channel.5.5.1Components of the simulatorEach LP is a transputer H-process (see Appendix A), compiled and linked separately.Internally, the LPs are composed of three program-created L-processes. Themultiplexers as well as the monitor are also H-processes with some internalconcurrency. Next we describe how these processes work.5.5.1.1The monitorThe monitor, placed in a separate transputer outside the network of workers, collectsstatistics, summarizes them and sends the final result to the host, to be shown on thescreen or saved in a file. Additionally, due to its location in the network, it has to act asa bypass: every message (but the statistics blocks) received from the east/west has to besent to the west/east. This way the workers do not notice its presence in the network.The structure of the monitor is shown in Figure 5.5.The monitor knows the number of LPs in the simulator. When a statistics block isreceived, always by the east channel, it is not bypassed; instead, it is stored in aninternal array. When the number of statistics blocks received equals the number of LPsa summary is computed and sent to the host, which then signals the end of thesimulation.

5. Simulation of message passing networks111

Messages + statistics

Statistics summaryMessagesArray of statisticsMessagesMessagesBypassBypass +statistics collectionFigure 5.5. Structure of the monitor process.5.5.1.2The multiplexersA multiplexer has to provide simultaneous communication between pairs ofneighboring LPs that have been placed in different (but adjacent) transputers. Asmentioned before, communication is always between immediate neighbors, so a moregeneral software router is not needed. A pair of multiplexers exist in each side of aphysical link.As shown in Figure 5.4, only peripheral LPs are connected to a multiplexer. A LPdoes not worry about whether it is connected to a multiplexer or not: all the channelsare equivalent. To keep this illusion, two communicating multiplexers maintain a verysimple protocol:¥The internal channels connected to a multiplexer are numbered from 0 to N-1.¥When a message m is received from internal channel x, a message (m, x) is sentthrough the external link. In other words, a tag with the channel number isattached to the message.¥When a message (m, x) is received from the external link, m is sent throughinternal channel x.This way, messages from different pairs of LPs are never mixed. The structure of amultiplexer is shown in Figure 5.6.

112An empirical evaluation of techniques for parallel simulation of message passing networks

Physical linkOutput multiplexerInput multiplexerLPLPLP

LPLPLP

Figure 5.6. Structure of a multiplexer.5.5.1.3The logical processes (LPs)The set of LPs constitutes the core of the simulator. All the other components areonly needed to build a working system. Internally, a LP is composed of three processes(Figure 5.7):¥An input process, which manages the input queues and the internal event calendarof the LP. It receives messages (events) from the neighboring LPs, and insertsthem into the appropriate input queue, updating important information as thechannel clocks and the message-acceptance horizon.¥A simulator process, which consumes the events. It interacts with the inputprocess, using channel pet to demand messages, which are received through sig.When an event is consumed, new events might be scheduled. Those that will beconsumed in the same LP are sent to the input process using channel loc. Thosefor other LPs are sent to the output process through s2o. When the simulatorreaches the end_of_simulation time, a block with statistics is generated and sent tothe output process.

5. Simulation of message passing networks113

¥An output process, which manages these messages to be sent to other LPs or tothe monitor. It implements minimal routing mechanisms, for the management ofstatistics blocks. An input process may receive statistics blocks from other LPs,which the output process forwards towards the monitor. The communicationbetween these two processes is done by means of a shared data structure.

petsiglocs2oInput channelsOutput channels

Input processSimulator processOutput processStatisticsFigure 5.7. Structure of a logical process.The division of the LP into three different L-processes allows to decouple theactivities of event consumption and message interchange. If the design of the LPs weremonolithic, communication deadlocks could easily appear2, due to the waycommunication is accomplished in the transputer: simultaneous send() and receive()(ChanIn() and ChanOut()) operations are needed to complete a message interchange. Ifa monolithic LP A wanted to send a message to a busy neighbor B, A would block(wasting time) until B invokes the peer operation. A deadlock would immediatelyappear if B were also blocked trying to send a message to A. More complex deadlockscenarios, involving more than two LP, are also possible.

2This is yet another class of deadlock, neither related to the model nor to the conservativesimulation algorithm. These deadlocks might appear due to a bad design of the simulator program.

114An empirical evaluation of techniques for parallel simulation of message passing networks

With the proposed design the simulator process never blocks in a send(), because thecorresponding output process is always ready to attend it. The simulator might block ina receive(), but only if no suitable event is ready to be consumed (as the CMB-DAalgorithm requires). Meanwhile, all the incoming messages can be received and storedby the input process, which is a greedy receiver. This design avoids communicationdeadlocks, while allowing events to be managed as soon as possible.5.5.2AlgorithmsIn this section we describe the algorithms of the main elements of a LP: the input,simulator and output processes, paying special attention to the input process, whichdetermines the conservative character of the simulation. A C-like language is used toexpress the algorithms.5.5.2.1Simulator processThe basic scheme of the simulator process is as follows:process simulator:repeat {send(pet, � �); /* empty message through channel pet */receive(sig, m);clock = m.timestamp;if (m.type == WILL_BLOCK) send_nulls(); /* Risk of blocking */else consume(m);if (clock > end_of_simulation) build_and_send_statistics();}The simulator process runs concurrently with the input and output processes. Theconsume() function first determines the type of the message and then proceedssimulating its effect in the (simulated) network of routers. This is done in three phases:first the status of the appropriate router is examined, then this status is modified and,finally, events for the same or other routers are scheduled, if needed. If the target routerof an event is being simulated in the same LP, then the event is internal, so a message issent through loc. Otherwise, it has to be sent to other LP, so a message is sent throughs2o for the output process to manage it.

5. Simulation of message passing networks115

The main loop never stops. When the clock reaches the end_of_simulation value, thesimulator collects a block of statistics, which is sent to the output process in order toreach the monitor. This operation is done only once, although the simulator goes onworking.A conservative simulator has to block when no message is available forconsumption. This happens when no stored message has a timestamp below themessage-acceptance horizon. When this situation arises, the input process sends aWILL_BLOCK message to the simulator process, instead of a useful message. Thismeans that, if no new messages are received, next time an event to consume isrequested no one will be given�so the simulator will block. The simulator, as always,updates its clock, and then sends null messages to its four neighbors. The timestamp ofthose null messages is calculated as the local clock plus one, unless special effort isdevoted to exploit the lookahead of the simulated model.To reduce the number of null messages, which impose an important overhead in thesimulation, a null message is not sent unless it performs a useful task. Every LP keeps,in addition to 4 channel clocks (one per input channel), 4 output channel clocks, whichstore the timestamp of the last message sent through the associated output channels.Therefore, an output channel clock kept by one LP has the same value as the channelclock kept by the neighboring LP for that channel. Before sending a null messagethrough a channel, the LP checks if it will increase the output channel clock. If this isthe case, the null message will be useful for the receiver. Otherwise, it won�t performany task, so the LP does not need to send it. This saves communication time as well asprocessing time (in the receiver).Once the null messages have been sent the simulator process blocks, waiting forinput from sig. Only the reception of new messages from other LPs will wake up thisprocess, by means of an increment on the message-acceptance horizon of the LP. This isa task for the input process.5.5.2.2Input processIt has been mentioned already that an input process manages all the messages thatwill be consumed in its LP. To do so, it maintains four input queues plus a local eventcalendar for self-scheduled events. Requests for messages to be consumed are receivedfrom pet, messages for the local calendar are received from loc and messages from theneighboring LPs are received from the four input channels.process input:

116An empirical evaluation of techniques for parallel simulation of message passing networks in = wait_for_input(); /* �in� is a channel ready for an input */if (in == pet) {receive(pet, c); /* �c� is just a synchronization signal */deliver_message();}else {receive(in, m); /* �m� is either a null or a useful message */if (in == loc) insert_local_calendar(m);else {/* the message has been received from channel in */insert_input_queue(in, m);check_blocked_simulator();}}Function deliver_message() computes the message-acceptance horizon, as well as thevalue of the minimum timestamp among all the messages awaiting to be consumed.Only if this timestamp falls below the acceptance horizon the corresponding messagecan be safely removed from its queue and consumed (sent by sig). This is the behaviorthat makes the simulator conservative.When no message is ready to be consumed, a WILL_BLOCK message is sent to thesimulator, in order to increment its clock and inform the other LPs about an incomingblocking. Next time the simulator process asks for a message, no one will be delivered(unless meanwhile a new arrival modifies the acceptance horizon) so the simulator willblock. The input process activates the flag blocked_simulator to signal this condition.function deliver_message:h = acceptance_horizon();ts = minimum_timestamp();if (ts <= h) {s = message_with_minimum_timestamp();send(sig, s);}else if (h >= clock) send(sig, WILL_BLOCK_message);else blocked_simulator = TRUE;

5. Simulation of message passing networks117

If a new message arrives from an input channel then the corresponding channel clockis advanced and, if it is not a null message, it is inserted in the associated input queue.Null messages need not be stored, because their only interest is the advance theyproduce in the channel clocks. This advance (due to a null or a useful message) mightincrease the message-acceptance horizon, so it may allow an awaiting message to beconsumed. For this reason, each time a new message is received functioncheck_blocked_simulator() is invoked, which eventually may unblock a blockedsimulator process and allow the consumption of a message.function check_blocked_simulator:if (blocked_simulator) {h = acceptance_horizon();ts = minimum_timestamp();if (ts <= h) {s = message_with_minimum_timestamp();send(sig, s);blocked_simulator = FALSE;}else if (h >= clock) {send(sig, WILL_BLOCK_message);blocked_simulator = FALSE;}}Clearly, this function is very much like deliver_message(). Note that, when therecently calculated horizon surpasses the local clock, the simulator is awaked by meansof a WILL_BLOCK message. This way no useful message is consumed, but at least theclock is advanced and this advance can be communicated to other LPs, using nullmessages.5.5.2.3Output processThis process has to accept messages from the simulator and send them to the otherLPs. The routing effort is minimum, because messages are labeled with a port numberthat clearly states which channel they must be sent through.

118An empirical evaluation of techniques for parallel simulation of message passing networks

5.5.2.4Statistics processingIn the previous algorithms few references to the statistics blocks have been done, tosimplify the descriptions. We only said that, when a simulator finishes its period ofsimulation, a statistics block is prepared and given to the output process.The output process routes it to the monitor process (which is placed in the monitortransputer), with the following strategy: if the LP is in the bottom row, send it to thewest; otherwise, send it to the south. An input process, therefore, can receive (near theend of the simulation) statistics blocks mixed with normal messages. Those blocks mustnot be inserted in the input queues, but forwarded until they reach the monitor. Theinput process transfers these blocks to the output process using a shared queue (not achannel) for communication. The statistics queue has capacity for several blocks,because an avalanche of blocks can be received from the top and/or the east (speciallyat the bottom row of LPs) by the time the LPs finish their work.In addition to its usual work, the output process has to examine the statistics queueand, if it is not empty, to forward the received blocks towards their destination. Amutual exclusion semaphore is used to avoid conflicts between the input and outputprocesses when accessing this queue.5.6Paragon implementation of CMB-DA, TW and

SPED

In Chapter 3 and Appendix A we give a description of the Supernode and theParagon as development environments for parallel applications, and some importantdifferences among these two platforms are identified. Table 5.2 summarizes the mostsignificant ones.

5. Simulation of message passing networks119

Supernode (Inmos C)Paragon (NX)

Librarieschannel.h, process.h, misc.h, etc.nx.h.

Network topologyReconfigurable. User responsibility.Static (bi-dimensional mesh).

AddressingCommunication through channels, whichmust be statically defined in theconfiguration file.To send a message, the address (node,process) of the destination process mustbe given.

Message routingHand-made (software) message passingmechanisms to share links or tocommunicate two processes in non-adjacent transputers.Fast, hardware message routingmechanisms.

CommunicationmodelBlocking and synchronous. No bufferingprovided.Blocking (or nonblocking) and basic.Buffering provided by the system.

Support for globaloperationsNone.Excellent.

NodemultiprocessingabilityExcellent. Internal RR scheduling. Aprocess is descheduled if awaiting forcommunication completion.Poor. RR scheduling. A process alwaysfinishes its quantum, even if it is blockedfor communication.

ParametersIn the configuration file. Reconfigurationis needed to re-run a program if anyparameter is changed.In the command line. No additional step isneeded after compilation.

Table 5.2. Main differences between the Supernode and the Paragon.The bottom line is: life is much more easier for a programmer in the Paragon. Thepreparation/execution of programs requires less steps and, in general, programs are lessdeadlock-prone, due to the buffering provided by the message passing system.In the next subsection we will explain the changes in the CMB-DA simulator thatwere required when porting it to the Paragon. After that, some insights into theimplementation of the TW and SPED simulators will be given.5.6.1CMB-DAThe adaptation of the CMB-DA simulator to run in the Paragon required basically tocope with two of the differences stated in Table 5.2: synchronization among processesand node multiprocessing ability. The change from channels to addresses was notdifficult, although the idea of channel was still used, because it is a key element of aCMB-DA simulator. The other differences only resulted in a simplification of theprograms.The implementation of CMB-DA in the Supernode fully exploits the goodmultiprocessing abilities of the transputer: each transputer contains several H-processes(LPs and multiplexers) which, in turn, are structured in several L-processes. There wereseveral reasons to justify this design:

120An empirical evaluation of techniques for parallel simulation of message passing networks

¥The synchronous nature of message passing functions requires a decoupling ofmessage management (reception, storage, sending) and message consumptiontasks, to avoid communication deadlocks. The division of a LP in input, simulatorand output processes provides this decoupling.¥As we will see when analyzing the performance of the simulations, it is veryefficient to share a transputer among several LPs: one LP can be working whileothers are blocked awaiting for communication. The transputer built-in schedulerrelinquishes the CPU from a process as soon as it blocks for communication.None of these considerations apply in the case of the Paragon and, for this reason, are-design of the simulator was needed. The main differences between the Supernodeand the Paragon versions of CMB-DA are:¥Elimination of the multiplexer processes, and of the bypass functions of themonitor. These simplifications have been possible because in the Paragonmessages can be interchanged between any pair of processes, independently oftheir position. Routing, link sharing and other functions related with messagepassing are managed by a separate network of message routers (very much likethe one we are using as the model to analyze), without interfering with the activityof the processes. The application controlling process acts as the monitor, and itspurpose is to launch the LPs and to gather statistics at the end of the simulationrun.¥Integration of the input, output and simulation processes (the three L-processeswhich form a LP in the transputer) into a single process. This new design has beenpossible because of the buffered nature of the communication in theParagon, andforced by the poor multiprocessing abilities of the Paragon.¥Elimination of the minimum and medium grain sizes alternatives for the LPs: onlymaximum grain size is considered. This means than only one LP run in each PE.The reason to make this decision has been, again, the inefficient scheduling policyof Paragon�s PEs.The algorithm of the LP is as follows:process LP:repeat {

5. Simulation of message passing networks121 h = acceptance_horizon();ts = minimum_timestamp();if (ts <= h) {m = message_with_minimum_timestamp();clock = m.timestamp;consume(m);if (clock > end_of_simulation) build_and_send_statistics();}else {clock = h;send_nulls();m = receive(); /* Blocking */insert_local_calendar(m);}}Note that messages from other LPs are received only when the LP needs toincrement its channel clocks in order to advance. While a LP is busy, messages canarrive from the neighbors, and they are stored in system buffers, awaiting until the LPdecides to actually receive them. This buffering provides enough decoupling to allow acollection of LPs to progress without communication deadlock.The rest of the simulator code is the same as the Supernode�s, except for changes inthe communication functions.5.6.2TWOur implementation of TW follows, except for some minor details, the descriptiongiven in Chapter 2. Among all the possible optimizations, these two were implemented:¥conservative time windows, with dynamic window size, and¥incremental state saving, dynamically adjusting the interval between full copies ofthe state.Additionally, input queues were implemented as a combination of two datastructures: past events are stored in a linked list, with the components of the outputqueue (antimessages) and the state queue (past copies of LP�s state) attached to the

122An empirical evaluation of techniques for parallel simulation of message passing networks already consumed events, while future events are stored in a heap, to optimizeinsertions.The first optimization was included after the experience gained with the experimentsreported in Chapter 4. Without it, LPs tend to eagerly consume all the allocatedmemory. Preliminary tests of TW with time windows gave us very poor performancefigures, much worse than expected. We found out that the large size of the state to saveper executed event was partially responsible for the poor results, so we addedincremental state saving.The algorithm of a TW logical process is as follows:process LP:repeat {if (message received) {m = receive();if (m.type = TOKEN_GVT) {manage_gvt();if (gvt > end_of_simulation) build_and_send_statistics();}else insert_input_queue(m);}if (next_timestamp() <= gvt + time_window) {m = next_event();clock = m.timestamp;consume(m);save_state();}}Global virtual time (GVT) computation is performed in a fully distributed fashion,using a token-based mechanism [Fuji90a]. LPs are numbered from 0 to N-1, andorganized into a logical, unidirectional ring. A special message, GVT_TOKEN, ispassed around this ring. The token contains three fields:¥owner, which identifies the LP owning the token,¥gvt, the last computed GVT, and¥min, a minimum timestamp value, which is used to compute the next GVT.

5. Simulation of message passing networks123

Each LP keeps track of its smallest local virtual time since it last received the token,min_lvt. When the token is received, the LP compares this value with the min field ofthe token. If the LP�s min_lvt is smaller, it becomes the owner by writing itsidentification and local minimum into the token (fields owner and min, respectively).The LP then passes the token to the next LP in the ring. If the token returns to its owner,then it has traversed the ring without encountering a smaller local minimum, so the minvalue of the token is actually the computed GVT value. This value is written into the gvtfield of the token. The owner then restarts the GVT computation by placing its localclock value into the min field of the token, and transmitting it to the next LP in the ring.Each time a LP receives the GVT_TOKEN, an updated GVT value is obtained in thegvt field. This allows the LP to perform the fossil collection procedure, retrievingmemory from the input, state and output queues. The updated GVT value may alsoallow a LP to progress when it is stopped because no event inside the time window isavailable. An additional operation is performed when the GVT_TOKEN is received: theadjustment of the time window size and the state saving interval [Pala94].The LP keeps an activity counter, which is incremented each time an event isconsumed, and decremented each time an event has to be undone. When the GVTcomputation is performed, the real-time interval between sending the token andreceiving it again is computed. Then a performance index can be computed as the ratioof effectively consumed events to elapsed real time. If the newly computed performanceindex is equal or bigger than the previous value, then the LP is working well, and thereward is an increment in the time window and in the state saving interval. However, ifthe performance index is lower than before, it probably means that too much work isbeing undone, so the LP reduces its degree of optimism by reducing the time windowand the state saving interval.A second key piece of the LP is the insert_input_queue() function. It is invoked eachtime a message is received, to store it in the input queue. The received message may bean event scheduled for the future, which is simply inserted in the right position of theinput queue (in fact, in the heap part of the input queue). It may also be a straggler,which causes a rollback before its insertion in the queue. Finally, it can be anantimessage, which requires a positive message to be annihilated, either withouttriggering a rollback (if the positive version has not been executed yet), or after arollback (if the positive version has been consumed already). The algorithm is asfollows:

124An empirical evaluation of techniques for parallel simulation of message passing networks function insert_input_queue (message m):if (m.timestamp > clock) {if (m.type != ANTIMESSAGE) insert_future(m);else annihilate_future(m);}else if (m.timestamp < clock) {if (m.type != ANTIMESSAGE) annihilate_past(m);else insert_past(m);}else /* m.timestamp == clock */ {if (m.type != ANTIMESSAGE) insert_future(m);else {if (already_consumed(m)) annihilate_past(m);else annihilate_future(m);}}Functions insert_past() and annihilate_past() include both the execution of a rollbackprocedure. Insert_past() is executed whenever a straggler arrives. It performs thefollowing steps:¥Search, in the input queue, the location where the straggler has to be inserted.¥Adjust the local clock to match the straggler�s timestamp. Recover the state of theLP at that time. This can be found in the state queue, in the position just before thestraggler, or may require and additional search in the past plus a coast-forwardingphase.¥Clear the state and output queues, i.e., eliminate all the elements whose timestampis larger than the straggler�s.¥Execute the straggler.¥Save the new state.Annihilate_past() is executed when a negative version of an already consumedmessage is received. This function is very similar to the previous one:¥Search the location in the input queue were the positive message is stored.Remove (annihilate) it.

5. Simulation of message passing networks125

¥Recover the state of the LP saved just before the corresponding positive messagewas consumed. As before, this can be found in the state queue, in the position justbefore the annihilated event, or may require and additional search in the past and acoast-forwarding phase.¥Clear the state and output queue, i.e., eliminate all the elements whose timestampis larger than the straggler�s.From these explanations, it is clear that our TW implementation performs aggressivecancellation and aggressive re-evaluation.5.6.3SPEDThe experience by Soul� et al. with a synchronous parallel event-driven (SPED)simulator (reported at the beginning of this chapter) encouraged us to implement andtest it in the Paragon. As the NX library offers an excellent support for globaloperations, it is easy to redesign the LPs to work synchronously (sharing the simulationclock), instead of working asynchronously (as it is the case for CMB-DA and TW). Thebasic design of a LP in our implementation of the SPED simulator follows, in broadlines, the description given in Chapter 2, with some modifications that take advantageof the set of communication operations offered by the NX library.Each LPi in the SPED simulator executes a loop of 4 basic operations:1Clock advance. LPi computes the minimum timestamp among the events stored inthe local event list, ti. Collectively, the LPs compute the minimum among allthose values, c = min(ti). This global operation also performs a barriersynchronization.2Event consumption. LPi advances its clock to reach c. All the events with thistimestamp can be executed safely, because there are no causal relationshipsamong them. During this step, internal events are stored in the local eventcalendar, while external events are stored in an auxiliary data structure.3Message distribution. LPi sends the external events generated in the previous step,using messages. This is done in two phases:a)every neighbor is informed about how many messages will be sent to itandb)messages are actually sent.

126An empirical evaluation of techniques for parallel simulation of message passing networks

4Message gathering. LPi reads all the external events, generated in other LPs, thathave been sent to it. Again, this is done in two phases:a)gathering from the neighbors the number of messages to read andb)actually reading the messages.Message distribution and gathering phases are designed in such a way that all themessages generated in one iteration are safely received and stored in the same iteration,without interfering with the next one.The resulting algorithm for a LP in a SPED simulator is as follows:process PE:while (clock <= end_of_simulation) {ts = minimum_timestamp();clock = global_min(ts); /* Minimum among all the LPs */while (next_event_time() == clock) {m = next_event();consume(m);}send_messages();receive_messages();}build_and_send_statistics();5.7MPI Implementation of CMB-DA

The MPI implementation of CMB-DA is very similar to the Paragon version. Thereare only two relevant differences:¥Functions belonging to the Paragon�s NX library (declared in <nx.h>) have beensubstituted by their equivalents in the MPI library (declared in <mpi.h>). Thechange was straightforward, because these two libraries are very close insemantics, and only a limited number of communication functions were used inthe programs.

5. Simulation of message passing networks127

¥In MPI the concept of controlling process does not exist. The two activitiesperformed by the monitor in the Paragon are (1) launching the application and (2)gathering statistics. In MPI the first activity is performed from the Unix commandline, and the second one, as it is performed after the simulation finishes, can beassigned to any LP without interfering with the simulation. This approach couldhave been used in the Paragon, too.5.8Conclusions

In this chapter we have shown how PDES has been successfully used to study avariety of real-world systems, including the study of different aspects of parallelcomputing. Our contribution in this field is the use of PDES to analyze the behavior of anetwork of routers designed to perform the message passing functions in a(hypothetical) multicomputer.Five different parallel simulators have been implemented, testing three differentsynchronization mechanisms (synchronous, conservative, optimistic) and three parallelcomputing environments (Supernode, Paragon, MPI on a network of workstations).This has not been just an exercise on parallel simulation, but also an exercise on parallelprogramming, because the characteristics of the different computing systems have hadan important influence in the way simulators have been programmed. The differencesbetween the parallel programming environment used in the Supernode and the oneprovided with the Paragon are big enough to justify major design changes. In contrast,porting from the Paragon to MPI has been straightforward, because the semantics oftheir communication functions are very close.In terms of programming effort, working with the Supernode has been harder thanworking with the Paragon or MPI. It is not only that the system is less user friendly, butalso that most of the programming effort was in first place done for the Supernodeversions and then ported to the other platforms.In terms of difficulty of implementation, we can say that the synchronous simulatorhas been the simplest to program and debug. The conservative one needed considerablymore development time, but it was done in first place, so it served to acquire most of theexperience used with the others. The optimistic has been the most difficult to program,and the hardest to debug.

Chapter 6Performance resultsIn the previous chapter we have presented a model of message router,along with five parallel simulators able to work with it. This chapterpresents the experiments that have been executed with those simulators,with the aim of characterizing how the parameters of the model, thesynchronization strategy, the ways of organizing the simulator and thecharacteristics of the target multicomputer influence the achievedperformance. An analysis of the results allows us to select suitablecombinations of algorithms and machines to efficiently carry outsimulations of message passing networks.

130An empirical evaluation of techniques for parallel simulation of message passing networks

6.1Introduction

In the previous chapter, after introducing some work by other researchers usingPDES as a system evaluation tool, we thoroughly described a model of a messagepassing network that is of interest for our research in massively parallel computers.Then we outlined the five simulators we implemented to simulate our model in threedifferent multicomputers. These simulators are:¥CMB-DA in the Supernode, the Paragon and a NOW with MPI.¥TW in the Paragon.¥SPED in the Paragon.A sequential, event-driven simulator capable to run in the three multicomputers hasalso been implemented. Its execution times will serve as the reference point for thecomputation of speedup values.In this chapter we present the results obtained after performing a set of experimentswith the parallel simulators, whose purpose was to get an insight into their behaviorunder different conditions: ways of organizing the LPs, parameters of the model andcharacteristics of the host multicomputer. As mentioned in Chapter 4, we are moreinterested in the behavior of the simulators than in getting useful information about themodel. The reason in this case is that we already have an extensive set of data about themodel, obtained with a sequential simulator and compiled in [Arru93]. What we wantnow is to show how some approaches to PDES are effectively useful for this particulardomain of application: the evaluation of interconnection networks for parallel systems.The presentation of the experiments is organized according to the synchronizationmechanism: first CMB-DA, then TW and, finally, SPED. An analysis of theperformance of each simulator is done after showing the obtained results. A finalsection is devoted to a series of overall conclusions.

6. Performance results131

6.2Experiments with CMB-DA

In this section we present the results obtained after running a collection ofexperiments using the three implementations of CMB-DA. We start with the Supernodeversion, then the Paragon version and, finally, the MPI version running on a NOW. Wemade different experiments varying parameters of the model (network size, messagelength and load) as well as parameters of the simulator (number of PEs, grain size of theLPs, use of lookahead information). Most of the times identical sets of parameters havebeen used with the three simulators, but some experiments have been specificallydesigned to stress some characteristics of one particular simulator.The obtained results are represented in the form of collections of speedup curves.Note that speedups have been calculated after running a sequential, event-drivensimulator with the same set of model parameters.The ideal of obtaining a speedup figure identical to the number of PEs used in thesimulator can be considered, from the beginning, impossible to achieve. There are someoverheads in any CMB-DA simulation which prevents things to be that way. Acharacterization of the sources of overhead follows.Let us suppose that the sequential simulation of a certain model, with a certain set ofinput parameters, requires E events. Let us further suppose that the cost (measured interms of execution time) of simulating each event, considering event consumption plusevent manipulation (including calendar insertion and extraction) is a fixed value Te (i.e.,it does not depend on the class of event). The cost of the sequential simulator is, thus,Ts = E·Te. Even when not all the events have the same cost, the value Ts could becomputed as the total execution time of the sequential simulator.Now we compute the cost of CMB-DA running on P processing elements:¥Performing a CMB-DA simulation, the same set of E events is executed, with thesame individual cost Te. Note that this is a simplifying assumption. The totalnumber of events could be bigger in CMB-DA, as it is in the case we areconsidering: PERMISSION events are required in the parallel simulators, but notin the sequential simulator. On the other hand, some management costs might bereduced in CMB-DA, because event calendars are shorter. This difference inmanagement costs can be minimized using a reasonable data structure (such as aheap) to implement event calendars. At any rate, let us consider that the cost ofsimulating the set of events is still Ts.

132An empirical evaluation of techniques for parallel simulation of message passing networks

¥In any parallel simulator messages are needed to carry events scheduled at one LPfor another; a certain amount of time is needed to encapsulate an event into amessage, send the message, receive it and extract the event from the message. Letus make Tc the total time spent by the LPs in message manipulation.¥A CMB-DA simulator needs to interchange null messages to avoid deadlocks. Letus say that the time required for null message manipulation is Tn.¥Finally, LPs in CMB-DA spend a certain amount of time blocked, awaitingincrements in the acceptance horizon which might allow some messages to beconsumed. In some cases this time is negligible, because as soon as a LP blocksthe CPU can be assigned to another LP; this is the case when the grain size of theLPs is not maximum. However, even in this case there is a cost in the form ofcontext switching. Being one way or the other, let us say that the time spent byLPs being blocked is Tb.Thus, assuming a perfect load balance, the time required for a CMB-DA simulationis Tp = ((Ts+Tc+Tn+Tb)/P). The speedup can now be computed as (Ts/Tp), which isalways less than P.While Ts and Tc are fixed costs, present in any parallel simulation, Tn and Tb arespecific of CMB-DA, and can vary in different ways, depending on many factors. In thefollowing sections we will try to characterize those factors. Note that these twooverheads are tightly interrelated. Since null messages are sent just before LPs block,the higher the number of blockings, the higher the number of required null messages.6.2.1Description and results in the SupernodeIn this section we present the results of seven experiments performed with theSupernode version of CMB-DA. An analysis of the results is done in the next section.Tables 6.1 to 6.4 summarize the parameters used in the experiments. The first threeparameters of Table 6.1 (network size, message length and load) are related to themodel, while the next three (number of processing elements, grain size and use oflookahead information) are related to the way the simulator is organized. The obtainedresults, in the form of speedup curves, are plotted in Figures 6.1, 6.2 and 6.3.

6. Performance results133

1S2S3S4S5S6S7S

Network size16·1616·1616·1616·1632·3232·3224·24(25·25)

Message length4432324324

Load5�905�905�905�905�905�9050

Number of PEs41641616164� 25

Grain sizeMax., int.,min. (seeTable 6.2)Max., int.,min. (seeTable 6.3)Max., int.,min. (seeTable 6.2)Max., int.,min. (seeTable 6.3)Int. (seeTable 6.4)Int. (seeTable 6.4)Int.

LookaheadSee Table6.2NoSee Table6.2Yes(16minL)NoNoNo

ResultsFig. 6.1Fig. 6.1Fig. 6.1Fig. 6.1Fig. 6.2Fig. 6.2Fig. 6.3

Table 6.1. Experiments performed with CMB-DA in the Supernode.LPs per Transp.Routers per LPlookahead

4Max164no

4ih416no

4il164no

4min641no

4minL641yes

Table 6.2. Values of the parameters grain size and lookahead forexperiments 1S and 3S.LPs per Transp.Routers per LP

16Max116

16i44

16min161

Table 6.3. Values of the parameter grain size for experiments 2S and 4S.LPs per Transp.Routers per LP ih416 il164

Table 6.4. Values of the parameter grain size for experiments 5S and 6S.Before analyzing the results, let us describe the purpose of these experiments.Experiments 1S�4S deal with a relatively small model of 16·16 routers, with messagelength 4 or 32, and running in 4 or 16 transputers. With these experiments we wanted toconfirm the results summarized in Chapter 4, obtained with a toy model. In particular, itwas our intention to test the following hypothesis:1The simulator scales well, i.e., the speedup with 16 transputers is better than thespeedup with 4 transputers. This should be confirmed by comparing 1S with 2S,and 3S with 4S.

134An empirical evaluation of techniques for parallel simulation of message passing networks

2Results are better with 4-flit messages than with 32-flit messages. With the samelevel of load, 4-flit messages means al least 8 times more simulation events than32-flit messages. Execution times should be longer for both the sequential and theCMB-DA simulators, but the latter will have more opportunities to self-synchronize without null messages, reducing the synchronization overhead. Thisshould be confirmed by comparing 1S with 3S and 2S with 4S.3Performance improves when the load increases. Again, the higher the load thelarger the number of events managed by the simulator, giving moresynchronization opportunities. This should be confirmed by all the experiments.Additionally, we wanted to test the impact that the different alternatives of grain sizehave on the performance, and the effect of extracting lookahead information from themodel.Experiments 5S and 6S work with a model four times larger than that used in theprevious set. We wanted to confirm that the simulator performance improves with theimposed workload. In this case we do not use a synthetic workload: the way of givingmore work to a LP is mapping onto it a larger number of routers.Experiment 7S is a scalability test. The same model is run in 4, 9, 16 and 25transputers. As we will see, simulator performance strongly depends on the grain size ofthe LPs. Sometimes there exist a wide range of grain size alternatives, while in otherscases there are only two: maximum and minimum. In Figure 6.3 we only show thecurves for the grain size alternative which gives better results, which is always anintermediate value. An exception is the 25-transputer case, where the model has beenslightly increased to allow a balanced partitioning, and no intermediate grain size ispossible�so the maximum has been used.

6. Performance results135

00.511.522.530204060801004Max4ih4il4min4minL

SpeedupLoad

02468101202040608010016Max16i16min

SpeedupLoadExperiment 1S. 4-flit messages, 4 transp. Experiment 2S. 4-flit messages, 16 transp.

02468101202040608010016Max16i16min16minL

SpeedupLoadExperiment 3S. 32-flit messages, 4 transp. Experiment 4S. 32-flit messages, 16 transp.Figure 6.1. Results of experiments 1S�4S. Simulation of a network of 16·16 routers.

136An empirical evaluation of techniques for parallel simulation of message passing networks

024681012020406080100ihil

SpeedupLoad

SpeedupLoadExperiment 5S. 4-flit messages. Experiment 6S. 32-flit messages.Figure 6.2. Results of experiments 5S and 6S. Simulation of a network of 32·32 routers,using 16 transputers.

200400600800100012001400160005101520250510152025

Execution timeSpeedup

Time (seconds)

SpeedupNumber of processorsFigure 6.3. Results of experiment 7S. Simulation, using 4, 9, 16 and 25 transputers, of anetwork of 24·24 routers (25·25 for the case of 25 transputers) with 4-flit messages atload 50.6.2.2Analysis of the results in the SupernodeAfter showing the experimental results, we proceed to analyze the effect that eachparameter of the model or of the simulator has in the execution time. When convenient,several parameters are grouped and studied together.

6. Performance results137

6.2.2.1Network size, message length and loadJust looking at the set of figures as a whole, it is clear that the following parametersof the model have a significant impact on the execution time of the simulation: load,message length and network size. The best situation (for CMB-DA) arises with largeand highly loaded systems that interchange short messages. Interestingly enough, this isthe worst possible scenario for the sequential simulator. When the model has theopposite characteristics, the performance (speedup) is not brilliant, but the actualexecution time is not very long.The reason for this behavior can be found in the way LPs synchronize in a CMB-DAsimulator. All the mentioned parameters affect the number of �useful� messages (i.e.,non-null messages) managed by the simulator. An increment in the number of thesemessages means that the LPs have more opportunities to synchronize, while doinguseful computation. Null messages are needed less often, as LPs do not blockfrequently. We can say that there is a high degree of �natural� synchronization. Whenthere are only a few useful messages to process, LPs block often, and null messages areneeded to maintain the LPs� clocks updated. Then LPs spend most of their (real) timeblocked or processing null messages, i.e., synchronizing, instead of making progress.6.2.2.2Grain sizeThe experiments described in Chapter 4 suggested that the performance of CMB-DArunning on a network of transputers, a system with high communication overheads[Izu94], would increase with the grain size of the LPs. This way, thecomputation/communication ratio would be more balanced. If, looking at the results ofthe first four experiments, we compare maximum vs. minimum grain size, we can seethat coarse grain simulation is more effective than fine grain simulation for low andmedium loads, because a small number of LPs synchronizing with null messages resultsin lower overhead.If now we compare with the intermediate grain size alternatives, it is clear that theseare the best for intermediate and high loads. Only for very low loaded systemsmaximum grain size gives, sometimes, better performance than intermediate values.This behavior can be explained analyzing the time used for synchronization in thesimulator:¥With maximum grain size, a LP can evolve autonomously most of the time, due tothe big number of interactions between the routers assigned to that particular LP.

138An empirical evaluation of techniques for parallel simulation of message passing networks

Nevertheless, sometimes the LP has to co-ordinate with the others, and this leadsthe LP to send null messages and then block. This behavior is extremelyinefficient because, as the LP is the only user of the transputer, if it blocks, thefreed CPU power is wasted.¥With minimum grain size, there is no problem if a LP blocks: plenty of others areawaiting to get the CPU. Here the problem is that, the bigger the number of LPs,the bigger the number of null messages needed to keep the system synchronizedand, what makes things even worse, as every fine-grain LP has very little work todo, they block very often.¥With intermediate values of grain size it is possible to find a balance: there arefew LPs, each one with enough work to do, so null messages are not needed veryoften. In addition to that, as several LPs share a transputer, the probability ofwasting CPU time decreases.As a conclusion, we can confirm that, in general, coarse grain simulations are fasterthan fine-grain simulations. However, it is even more efficient to use intermediate grainsizes, sharing a processor among several LPs, in order to avoid idle processors andmake the maximum usage of the available CPU power. This is especially true for thetransputer, where communication operations are blocking and context switches are quitefast.6.2.2.3LookaheadFrom the description of how lookahead is computed, it should be clear that a LPmight obtain large lookahead values when:¥messages are long and¥the LP has recently interacted with its neighbors.The first point can be clearly observed comparing experiments 1S and 3S: while for4-flit messages curves 4min and 4minL (minimum grain size, with and without usinglookahead information, respectively) give nearly the same results, when the length is 32flits 4minL is clearly better than 4min. The second point can be seen in experiments 3Sand 4S: in highly loaded systems, the LPs interact often and, if they have to block, thecomputation of the timestamp of the null messages can take advantage of theknowledge of which ports have recently sent header flits. At any rate, as lookahead onlycan be effectively exploited for minimum grain size, and this is not the best situation for

6. Performance results139 this implementation of CMB-DA, we do not see any advantage of using the lookaheadinformation provided by this particular model.6.2.2.4Number of processing elementsFrom the complete set of experiments, and especially from experiment 7S, it can beseen that the performance of the parallel simulator scales well with the number ofprocessors, although not linearly. There are, though, some factors that can help tounderstand why the speedup gain is not perfectly linear:¥Our way of distributing the workload among processors and processes, usingsquares, does not always allow to find the optimum grain size value. For example,the 25·25 network of experiment 7S, when simulated over 5·5 processors, onlyallows for maximum or minimum grain size; each processor must simulate 5·5routers, and 5 is a prime number, which means that no intermediate alternativesare possible.¥The processors used in our experiments were not all identical. In most cases, T805transputers running at 30 MHz were used but, as only 14 processors of this kindwere available, in those experiments involving 16 or 25 processors some 20 MHzT800 were used. Those processors are a bottleneck, imposing their rhythm to theothers; for this reason the resulting speedups are not as good as they should be.¥As the problem size does not increase with the number of resources, theprocessors are not fully utilized. When the number of processors (and of LPs)increases, the probability of having a blocked LP increases too, so someprocessing power is wasted and more null messages are needed. To confirm thisassertion, we have represented in Figure 6.4 the ratio of useful messages to totalmessages managed by the simulator in experiment 7S. Note how this ratio reduceswhen the number of processors is increased.Note also that the chosen set of parameters for experiment 7S does not constitute thebest possible scenario for the parallel simulator, neither the worst for the sequential one.With a higher load the results would be more favorable to the parallel simulator.

140An empirical evaluation of techniques for parallel simulation of message passing networks

0.40.50.60.70.80.91051015202530Number of processors

Proportion of useful messagesFigure 6.4. Ratio of useful messages for the different numbers of transputers used in experiment 7S.6.2.3Description and results in the ParagonIn this section we will use the Paragon implementations of CMB-DA to evaluate thebehavior of this algorithm in this particular machine. The performed experiments aresummarized in Table 6.5, while the results are shown in Figures 6.5, 6.6 and 6.7.Experiments 1P through 7P are basically the same that those run in the Supernode(1S�7S). In 7P it has been possible to run the 24·24 model using up to 64 ParagonPEs. Experiment 8P is another scalability test specially re-designed to make a better useof the larger number of processing elements available in the Paragon: a large model of90·90 routers is simulated, using 4, 9, 25, 36, 81 and 100 processing elements.As previously mentioned, the Paragon implementation of CMB-DA only allows aclass of mapping of routers onto LPs: maximum grain size. This means that only oneLP runs in each Paragon PE, simulating a group of routers. A consequence of thisrestriction is that no effort is done to exploit the lookahead potential of the model.For experiments 1P through 7P simulations ran for 4000 cycles. For experiment 8Pthis number was reduced to 1000. It should be noticed that some of these experimentsare not well dimensioned for the Paragon. Execution times are very short (less than 3seconds in some cases) and, therefore, a minimum variation in the time measurementprovided by the system can result in a significant variation of speedup, so trends areconsidered more significant than actual values.

6. Performance results141

1P2P3P4P5P6P7P8P

Network size16·1616·1616·1616·1632·3232·3224·2490·90

Message length44323243244

Load5�905�905�905�905�905�905050

Number of PEs41641616164�644�100

Grain sizeMax.Max.Max.Max.Max.Max.Max.Max.

Look-aheadNoNoNoNoNoNoNoNo

ResultsFig. 6.5Fig. 6.5Fig. 6.5Fig. 6.5Fig. 6.6Fig. 6.6Fig. 6.7Fig. 6.7

Table 6.5. Experiments performed with CMB-DA in the Paragon.6.2.4Analysis of the results in the ParagonMost of the conclusions drawn from the Supernode experiments apply to the Paragontoo, except for the discussions about grain size and the use of lookahead information,which cannot be applied here. Summarizing, it can be said that the best performance isobtained with large, highly loaded models managing short messages. These scenariosare a challenge for sequential simulators, while CMB-DA distributes the load quiteevenly. According to the characterization of the overheads that we did when introducingthe experiments, the obtained speedups cannot be equal to the number of usedprocessors, but they are not too far.Comparing Paragon and Supernode results, speedup figures are better for theParagon. Compare, for example, experiments 5S and 5 P , which are equal for bothmachines; the peak speedup in the Supernode is slightly less than 8, while in theParagon is very close to 12. Scalability tests 7S and 7P are also equal for 4, 9 and 16processors; in the last case, the Supernode implementation obtains a speedup of 4.55,while the Paragon reaches 10.The reason of this performance difference can be found in:¥the architectural dissimilarities between both machines, and¥the differences in the design of the LPs.

142An empirical evaluation of techniques for parallel simulation of message passing networks

00.511.522.53020406080100

SpeedupLoad

024681012020406080100

SpeedupLoadExperiment 1P. 4-flit messages, 4 PEs. Experiment 2P. 4-flit messages, 16 PEs.

SpeedupLoadExperiment 3P. 32-flit messages, 4 PEs. Experiment 4P. 32-flit messages, 16 PEs.Figure 6.5. Results of experiments 1P�4P. Simulation of a network of 16·16 routers.

6. Performance results143

024681012020406080100

SpeedupLoad

SpeedupLoadExperiment 5P. 4-flit messages. Experiment 6P. 32-flit messages.Figure 6.6. Results of experiments 5P and 6P. Simulation of a network of 32·32 routers, using 16 Paragon PEs.

05010015020025001020304050600102030405060

Execution timeSpeedup

Time (seconds)

SpeedupNumber of processors

02004006008001000020406080100020406080100

SpeedupNumber of processorsExperiment 7P. 24·24 routers, 4�64 PEs. Experiment 8P. 90·90 routers, 4�100 PEs.Figure 6.7. Results of experiments 7P and 8P, the scalability tests, with CMB-DA.We should remember that in the Paragon all message manipulations are done by anetwork of hardware message routers plus a second processor in each node (themessage co-processor), freeing the computing node of most of the overheads ofmessage handling. In the Supernode, however, there is neither hardware routing, normessage co-processors, and each transputer has to divide its time between computationand (software) message handling.

144An empirical evaluation of techniques for parallel simulation of message passing networks

Another architectural difference comes from the fact that in the Paragon all the PEsare identical, while in the Supernode a mixture of 20 MHz and 30 MHz transputers areused in some experiments. Since the reference point (the execution time of thesequential simulator) was taken using a 30 MHz transputer, the reported speedups forthe Supernode are not as good as they should be.Regarding the design of the LPs, in the Paragon case they have a monolithicstructure, while in the Supernode they are divided into three L-processes. Thisarrangement in the Supernode was necessary to avoid communication deadlocks, butthere is a price to pay. Those L-processes communicate mostly via internal channels.Therefore, messages are copied from memory to memory several times in their lifecycle. Let us count how many times a message is copied from process to process sincethe moment it is generated at a LP until it is consumed at another (in a differenttransputer):¥A message is generated at the simulator process of the source LP.¥The simulator process passes the message to the output process (internal copy).¥The output process passes the message to a local channel multiplexer (internalcopy).¥The channel multiplexer passes the message to its peer at a neighboring transputer(external copy).¥The channel multiplexer at the destination transputer passes the message to theinput process in the destination LP (internal copy).¥The input process will eventually pass the message to the simulator process, whenit is its turn to be consumed (internal copy).All these steps (4 internal copies plus one external copy) are managed by the PEs,i.e., the transputers. In the case of the Paragon, due to the monolithic design of the LPs,no internal copies are necessary and, as just said, hardware support exists for makingexternal copies.Regarding experiments 7P and 8P, the scalability tests, Figure 6.7 shows that CMB-DA scales well, the plots being nearly straight lines. The event density is high enough tokeep all the PEs busy most of the time, even for a large number of PEs. The efficiencyachieved in experiment 8P is higher than that of 7P. As an example, for the case of 36processors the speedups are 24.3 and 21 respectively. The larger workload assigned tothe LPs in 8P makes them achieve higher performance. Figure 6.8 characterize one ofthe behavioral differences for both experiments; the number of null messages needed to

6. Performance results145 keep the simulator synchronized in 8P is very low, less than a 1% for the case of 4, 9and 25 PEs, about 3% for 81 PEs and less than 4% for 100 PEs. In contrast, thisproportion rises to nearly a 40% for 7P in 64 processors. The number of null messagesis directly related to the required synchronization effort, but null messages are not theonly source of overhead; if many null messages are being sent, this is because LPs areblocking very often, spending time awaiting for incoming messages to increase theacceptance horizon (to allow simulation to progress). Figure 6.9 has been obtained afterrunning both experiments with an instrumented version of CMB-DA which allows tomonitor the way PEs use their time. Total execution time has been divided into threecomponents:Tsim: time spent executing events, inserting messages in the event calendar and inthe input queues, and sending messages to other LPs. This is the time the LPdevotes to advance in the simulation.Trec: time spent receiving messages from other LPs. This includes receiving usefulas well as null messages. As the receive() operation is blocking, i.e., prevents theLP to advance until a message is received, this time can be considered mainlysynchronization effort.Thn: time spent performing other synchronization tasks, namely:-Sending null messages. This includes computing if a null message isnecessary or not, plus the actual action of sending a necessary nullmessage.-Computing, at each step of the simulator main loop, the messageacceptance horizon.The conclusion drawn from Figure 6.9 is clear: if the workload assigned to a LP(and, thus, to a PE) is low, the PE spends too much time synchronizing instead ofexecuting events. In the case of 7P in 64 PEs, each PE simulates 3·3 routers and theachieved proportion of effective simulation time is 55%. In contrast, for 8P in 100 PEs,each PE simulating 9·9 routers (9 times larger that in 7P), CMB-DA achieves a 75%efficiency. The 62% effective simulation time in 7P with 36 PEs versus the 83% in 8Pwith the same number of processors justifies the previously remarked speedupdifference.

146An empirical evaluation of techniques for parallel simulation of message passing networks

0.40.50.60.70.80.910204060801007P8P

Proportion of useful messagesNumber of processorsFigure 6.8. Proportion useful/total messages for experiments 7P and 8Pwith CMB-DA.

491636640.10.20.30.40.50.60.70.80.91

Proportion of total time

Number of processors

Tsim

TrecThn

49253681 100

0.10.20.30.40.50.60.70.80.91

Proportion of total time

Number of processors

Tsim

TrecThn

Experiment 7P. 24

24 routers, 4�64 PEs. Experiment 8P. 90

90 routers, 4�100 PEs.Figure 6.9. Distribution of total execution time among simulation and synchronization forexperiments 7P (left) and 8P (right) using CMB-DA.Thn = time spent computing the acceptance horizon and sending null messages; Trec =time spent receiving messages (including null messages);Tsim = time spent executing events and sending non-null messages.

6. Performance results

Description and results in the NOWsimulator running in 4 workstations. We made the experiments described in Table 6.6 toconfirm this hypothesis.1M3M5M6M8M

Network size16·1616·1632·3232·3290·90

Message length

Load

Number of PEs

Grain sizeMax.Max.Max.Max.Max.

LookaheadNoNoNoNoNo

ResultsFig. 6.10Fig. 6.10Fig. 6.10Fig. 6.10Fig. 6.10

Table 6.6. Experiments performed with MPI in a network of workstations.

0,10,20,30,40,50,60,7

1M3M5M6M8M

SpeedupLoadFigure 6.10. Results of the experiments with SPED on anetwork of workstations with MPI.

An empirical evaluation of techniques for parallel simulation of message passing networks

8MFigure 6.10.It is easy to observe how the performance improves when:

Problem size is increased: compare 1M (16·16), 5M (32

32) and 8M (90·90).

1M3M5M6M

The load is increased. All curves show this.the experiments.environment is relatively slow, because of:

eachsend/receive information at 1400 Mb/s.

noticeable.

6. Performance results worse for short messages than for long messages

18maximum.the curves at the appropriate points. Table 6.7 also summarizes this information.

not about simulated messages.

An empirical evaluation of techniques for parallel simulation of message passing networks

0.010.1

MPIParagonSupernode

Figure 6.11. Achieved data rates as a function of the message size in the threemulticomputer systems used in the experiments.The conclusion is that the computation/communication ratio of the MPI system is not5S

5P and

), which has been performed for the 3 systems using the sequential as well asfastercomputation/communication ratio is too biased towards the computation power.

6. Performance results

Computing systemData rate (Mb/s) for 32 byte messagesExecution time of thesequential simulatorrunning experiment 5 atload 90

Supernode

Paragon

NOW with MPI0.06

Table 6.7. Communication and computation abilities of the multicomputers used in theexperiments.

grain parallel computers, while a network of workstations might be used efficiently onlyfor coarse grain problems.6.3Experiments with TW performance figures, much worse than expected after the experience reported in ChapterNsimulator was always much faster than TW.time doing the following �management� activities:

An empirical evaluation of techniques for parallel simulation of message passing networks

Storing state copies and antimessages.

to insert a straggler.

Coast-forwarding to construct appropriate state versions.

Sending and managing antimessages.

Computing the global virtual time.operations are speculative and have to be undone and done again, they also contribute tothe overall overhead.TW: �memory implementation of TW.vector.moved to execute an event.TW is not viable in any context: many references can be found in the literature (some of

6. Performance results domains.6.4Experiments with SPED

7PPEs. In the same way, results for experiment are summarized in Figure 6.13.CMBSPED

CMB SPED

SpeedupFigure 6.12. Execution times and speedups of SPED and CMB-DA running experiment 7P

An empirical evaluation of techniques for parallel simulation of message passing networks CMB SPED

CMB SPED

SpeedupFigure 6.13. Execution times and speedups of SPED and CMB-DA running experiment8P

7PTsimTrecTbar7P(60%), performing useful computation only a 40% of the time.

8Psimulation, even when the simulator is distributed among 100 PEs.8P

6. Performance results clock value, and this affects the achieved accuracy.

4 9 16 36 64 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Proportion of total time

Number of processors

Tsim

Trec

Tbar

4 9 25 36 81 100

00.1

0.20.3

0.40.5

0.60.7

0.80.9 1

Proportion of total time

Number of processors

Tsim

Trec

Tbar

Experiment 7P. 24

24 routers, 4�64 PEs. Experiment 8P. 90

90 routers, 4�100 PEs.Figure 6.14. Distribution of total execution time among simulation and synchronization forexperiments 7P and 8P using SPED.Tbar = time spent barrier-synchronizing; Trec = time spent receiving messages;Tsim = time spent executing events and sending messages.7P (8Pexcept for the mentioned very low-loaded cases.increment).

An empirical evaluation of techniques for parallel simulation of message passing networks

6.5simulation strategies to study a model of a message passing network designed for its usethe simulation of this, more realistic, model.they are most needed, and are poor only in cases where simulation runs are very short inboth the sequential and the parallel version.grain sizes always led to the best performance.simulator has not useful work to do. Unfortunately, the lookahead ability of our networkrenounce to exploit the lookahead of the model.

6. Performance results network does not perform so well.study presented here.Finally, the experience with SPED, the synchronous parallel simulator, has been veryincrement.

Chapter 7Conclusions and future work

An empirical evaluation of techniques for parallel simulation of message passing networks parallel computers.progresses, as a whole, in an consistent way.synchronous conservativeoptimisticapplication.implemented.model under study and the target multicomputer.The contributions of this work can be summarized in the following points:

7. Conclusions and future work synchronization.

algorithms can be considered a case study on parallel programming.

simulated using an event-driven approach. A description of this model using the Cengines implemented as part of this work.

synchronization mechanisms and three host multicomputing systems:

CMB-DA in a transputer-based Supernode multicomputer

CMB-DA in an Intel Paragon multicomputer

CMB-DA in a network of Sun workstations with a MPI library

TW in a Paragon

SPED in a Paragonmachines, to use the obtained results as a reference point to compute speedups.

DA simulator is notably reduced.

mechanism of CMB-DA requires LPs to block frequently, while they await until it

An empirical evaluation of techniques for parallel simulation of message passing networks some parallel systems do not provide it.

necessary synchronization, and a negligible number of null messages are required.sensitive to this change.

lookahead ability instead of minimum grain size LPs with lookahead ability.

7. Conclusions and future work communication infrastructure (based on TCP/IP over Ethernet) is not fast enough.

researchers confirm that, in different scenarios, it can be very effective.

have been obtained.control mechanism, message length, link width, etc. A description language or a graphicseveral levels of detail:

overall network throughput could be obtained.

An empirical evaluation of techniques for parallel simulation of message passing networks queues could be provided by the simulator.

low-levelengine would be specially convenient.thousands of processing elements, instead of a few tens.applicability.

Appendix AParallel systems used in thiswork

An empirical evaluation of techniques for parallel simulation of message passing networks

A.1Introduction the Engineering Computer Network, also at Purdue University.However some differences between the systems are remarked, specially when they havean impact on the way parallel algorithms are implemented.by the personnel at these locations:

the Atlantic Ocean.

invaluable help using the Paragon. Most of the information about this machine hasdivision of the PUCC.

A. Parallel systems used in this work workstations described in this appendix.

UPV/EHU and to the rest of the world.A.2The Supernode system obeying these two limitations:

(NEWS ordering).

The switches only allow connections N-S and E-W.values, being 10 Mb/s the one used in our machine.connected to the Supernode for booting and diagnosis purposes.The operating system that controls the Supernode is Idris, the Parsys version of Unix.There are two alternatives to design and run parallel applications in the Supernode:

An empirical evaluation of techniques for parallel simulation of message passing networks be easily adapted to run in a network of Idris transputers.

Idris to manage I/O. This way of working is much more efficient: more memory ismulti-user environment.while the other four transputers have free links.

A. Parallel systems used in this work for the 20 MHz T800 is 20 Mips and 2.2 Mflops.

(16M)

(8M)

(8M)SCSI29 raw transputers

BootPCEther-net

(4M)

(4M)5 Idris transputersFigure A.1. Classes of processors in the Supernode system.provided: nm. Nm is able to:

user, and connected transputer is the root transputer, and the link is the boot link

Figure A.2 shows a feasible scenario: one user is working in the Idris node 2, using it

An empirical evaluation of techniques for parallel simulation of message passing networks applications, in one or several nodes.

(16M)

(8M)

(4M)

Domain 10Domain 14rootroot

Figure A.2. Two domains of raw transputers arranged to run two separate applications.The root transputer in a domain is the only one (unless special software arrangementsthe boot link.with a transputer connected to the front-end is set up.As mentioned before, there are several alternatives for programming networks of rawused by those tools are enumerated in Table A.2.

A. Parallel systems used in this work

ToolDescription iccANSI C compiler with concurrency support. Generates object code formany specific transputer targets.

icconfConfigurer. Creates configuration binary files from configurationdescriptions.

icollectCode collector. Creates bootable files from linked units or configurationbinary files.

idebugNetwork debugger. Provides post-mortem and interactive debugging oftransputer programs.

idumpMemory dumper. Saves the image of a program onto disk, to allow post mortem debugging.

ilinkLinker. Prepares linked units from sets of object files and libraries.

Table A.1. Main tools of the Inmos C Toolset.ExtensionFile contents

.cC source file.

.hC header file.

.cfsConfiguration description source file.

.tcoObject file. Created by icc.

.cfbConfiguration binary file. Created by icconf.

.lkuLinked unit. Created by ilink.

.libLibrary file.

.lnkLinker indirect file. Command file for ilink.

.btlBootable code file.

Table A.2. File extensions used by the Inmos C Toolset.in the front-end Idris processor.A.2.1Preparing a parallel application to run in a network of rawtransputersobtain an executable application are depicted in Figure A.3.

An empirical evaluation of techniques for parallel simulation of message passing networks

iccicconficollect

.c.cfs.tco.tco.lnk.lib.lku.lku.cfb.btl

Figure A.3. Preparing an executable application in the Supernode.

L-process. Two H-processes can communicate only passing messages through channels,semaphores are usually needed to avoid race conditions.

based communication.The configuration file is a key piece of the application. It is a complete description of

A. Parallel systems used in this work hardware.the described network, using the Supernode nm tool.connections between H-processes.itself, and they are not required when the application is mapped onto a single transputer.

s1s2, s3s4isvthe drawings.

An empirical evaluation of techniques for parallel simulation of message passing networks acts as the front-end (fe), a root transputer connected to the front-end (r) and two workerw1w2connections the way depicted. The hardware description part of the configuration sourcefile has to be aligned with the constructed network; otherwise the application will not beable to be booted and run.

few1w2 s3s4s1s2

(a)(b)Figure A.4. Mapping an application onto a network of transputers.(a) Example application. (b) Example network of transputers.worker transputers: s1 and s2 onto w1, and s3 and s4 onto w2

« s1 and m« s2transputers r and w1. However, only one link joins transputers and w2, while two pairsx1x 2 to different logical channels. The final mapping is shown in Figure A.5.

A. Parallel systems used in this work w1w2 s1s2s3s4 feA.2.2Running an applicationname of the application file as a parameter. Iserver runs in the Idris processor, and bootsthe available links, to put to work each H-process in its right place. Once the applicationhas been booted, iserver keeps in its place, ready to satisfy I/O commands.command actually invokes a script that executes iserver, giving icc.btl as the applicationwith at least one raw transputer connected to the Idris front-end must be set up.

An empirical evaluation of techniques for parallel simulation of message passing networks

A.2.3Librariesprogramming language.A.2.3.1The channel library (<channel.h>)between processes with a common ancestor.applicable if first a process uses ChanOut() and later another process uses ChanIn().This way of working makes applications extremely deadlock-prone. The programmerworking.

A.2.3.2The process library (<process.h>)

A. Parallel systems used in this work where minimum state saving is necessary.to this function.all the newly created processes (the children) terminate. In both cases, the priority of theProcGetPriority().

transputer built-in timer, whose value can be obtained with ProcTime().

An empirical evaluation of techniques for parallel simulation of message passing networks operation can be immediately done on that channel without blocking.input.ready channel before the timer expires, or the value (-1) after timing out.

A.2.3.3The semaphore library (<semaphor.h>)When two or more processes are running in the same transputer, and all of them haveas other ways of process synchronization.typically 1 for mutual exclusion.

A. Parallel systems used in this work

A.2.3.4The input/output libraries (<stdio.h>)when processes in other transputers need to access files or interact with a terminal.process directly to iserver or to a I/O multiplexer.A.2.3.5Other libraries and functionshard to classify functions.appropriate type cast (because, unlike Unix, parameters need not be strings).

or are designed to allow an interaction between a process and the debugger.

An empirical evaluation of techniques for parallel simulation of message passing networks

A.3The Paragon

[PUCC95, Inte93].A.3.1Paragon XP/S 10 configuration and hardware descriptionavailable for general use.by empty slots.

Figure A.6. Configuration of the Purdue Paragon.

A. Parallel systems used in this work

MB/second; peak cache-to-processor bandwidth is 1.2 GB/second.message buffer size can be changed by the user.

communication at 175 MB/second.reduction calculations (e.g., global sum).of 4.8 GB.Purdue University Computing Center.

An empirical evaluation of techniques for parallel simulation of message passing networks

A.3.2 family of parallel processors. The operating system is fully and transparently distributedacross the system�s nodes. A MACH 3.0-based microkernel resides in each node.A.3.3Partitionsfile system, �.� is the root of the partition tree.A.3.3.1The Service partition�.service�.the system starts each new process in the least busy service node.A.3.3.2The Compute partitionThe compute partition is the partition in which parallel applications run. The name ofprocesses of the application run in sub-partitions of the compute partition.runs (submitted via NQS).A.3.4Program developmentapplications are presented.

A. Parallel systems used in this work

A.3.4.1The cross-development facilityallowing the Paragon to access programs developed in helios.cc.A.3.4.2Application development toolsTable A.3.ToolDescription ar860manages object code libraries as860assembles i860 source code cpp860preprocesses C programs dump860dumps object files icccompiles C programs if77compiles Fortran programs ld860links object files nm860displays symbol table (name list) information size860 strip860strips symbol information from object files

Table A.3. Development tools available in the Paragon and in the support host.debugger which also provides post-mortem debugging capabilities.to Fortran will be made.A.3.4.3Creating a parallel program

An empirical evaluation of techniques for parallel simulation of message passing networks this file will be described later in this chapter.myprogmyprogUnix implementations.If the programmer wants a higher degree of control over the application, it is possiblethe �-nx� switch. To do so, the �-lnx� switch has to be used instead.A.3.4.4Running parallel programsDuring development time a large development sub-partition of the compute partition,[<input] [>output] [&]�.sub-partition, moving across the columns of a 2-dimensional array. If �-sz� switch is notavailable, an error message is displayed.process is created in one of the service nodes, while the application itself runs in a set of

A. Parallel systems used in this work which the user selects with command-line switches. Some interesting ones are:

sz size szhXwto run the application (height width).

onnodespecconsists of several different programs.

pktpacket_sizenetwork.

mbfmemory_bufferin each process.A.3.4.5Process management commandsterminating at the same time all the processes belonging to the application.option is selected) the status (free, busy) of each node.A.3.4.6Production jobs in the Paragon. NQStime, using the command qsub. The user must specify the queue (-q queue), a maximumstatus of the NQS queues, and qdel, which deletes jobs from NQS queues.

An empirical evaluation of techniques for parallel simulation of message passing networks

A.3.5The NX library <nx.h>variables and others.somehow related to this work.A.3.5.1Process characteristicsEach Paragon process can be identified by a node number and a process type (ptype).respectively.setptype(). After that, messages can be sent to the controller, whose node number can beobtained with myhost().running.

A. Parallel systems used in this work

A.3.5.2Synchronous send and receivesynchronousasynchronousblockingnonblockingbuffer (in the case of crecv()).already been received, it only means that the message buffer can be reused.info�() functions, which will be described later.using the gsendx() function.

An empirical evaluation of techniques for parallel simulation of message passing networks

A.3.5.3Asynchronous send and receiverequest.whether the send or receive operations have completed�and then the allocated messagefor termination, allowing the user to overlap communication with computation.

A.3.5.4Global operationsA set of g...() functions in the NX library perform operations that use data from everythe operation is broadcasted to all the nodes.that make the call must have the same process type.

A. Parallel systems used in this work global operation given the size and shape of the application.

parameters: the data used for the computation, the size (number of components: the datacan be a vector) and an auxiliary storage area. Gsync() does not need any parameter.A.3.5.5Other functions for managing messagesnode, but it has not been read yet.message type.

A.3.5.6Controlling application executionapplication characteristics inside the program. To do so, the program has to be compiled

An empirical evaluation of techniques for parallel simulation of message passing networks

-mbf). The appropriate operations are done, and the arguments are removed from argv.processes to run, it can choose to block until all them finish, using nx_waitall().managed in the transputer.

A. Parallel systems used in this work

A.4MPI in a network of workstations

More recently, several systems have demonstrated that a message passing system can beand efficiently implementable on a wide range of computers.Chameleon, and PICL.thereby enhancing scalability.items are considered as possible areas of expansion:

I/OActive messages

Process startup

Dynamic process control

Remote store/access

Fortran 90 and C++ language bindings

An empirical evaluation of techniques for parallel simulation of message passing networks

Graphics

Real-time support

Other enhancementsenhancements, but clearly stating that they are not part of the current standard.or 486-based PC clones running the LINUX or FreeBSD OS.Other available implementations are:

Edinburgh Parallel Computing Centre CHIMP implementation.

Mississippi State University UNIFY implementation.

Ohio Supercomputer Center LAM implementation.

University of Nebraska at Omaha WinMPI implementation.A.4.1

We will only discuss the C binding.MPI_Finalize() must be called for cleaning up.

A. Parallel systems used in this work work.A.4.2Point to point communicationblockingnonblockingbasicsynchronousbufferedreadyposteddifferent: synchronous for blocking, asynchronous for nonblocking.operations are:Basicof the Paragon.Bufferedlocal buffer, managed by the user. Its completion never depends on the occurrenceof a matching receive.Synchronousto that of the Transputer.Ready send: MPI_Rsend() can be started only if a matching receive has been alreadyposted. Otherwise the operation is erroneous and its outcome is undefined.

An empirical evaluation of techniques for parallel simulation of message passing networks

MPI_Send() is as follows:

after the receive buffer contains the newly received message.

nonblocking test of completion can be done using MPI_Test(). A non-committed postedoperation can be canceled with MPI_Cancel().received until a receive operation is done.A.4.3Collective communication are:Barrier synchronization across all group members: MPI_Barrier(). The call returnsonly after all group members have entered the call.

A. Parallel systems used in this work

Broadcast from one member to all members of a group. MPI_Bcast(). The processwith rank root sends the information. All the processes in the group receive a copy(root included).

process receive a collection of messages (one per member of the group) and storesthem in rank order.

the group (including itself), in rank order.

results of the gather operation.

in the th block of the reception vector.

elements that are reduced may be vectors.

the group.

the send buffer of processes 0..

(inclusive).A.4.4Communicators

An empirical evaluation of techniques for parallel simulation of message passing networks defining a communicator that only include the appropriate processes.

collective operations are independent of pending point-to-point operations, because theyform part of different contexts.of this dissertation.A.4.5Data typesbinding (a different one is defined for the Fortran binding).

A. Parallel systems used in this work

MPI data typeC data type

MPI_CHARsigned char

MPI_SHORTsigned short it

MPI_INTsigned int

MPI_LONGsigned long int

MPI_UNSIGNED_CHARunsigned char

MPI_UNSIGNED_SHORTunsigned short int

MPI_UNSIGNEDunsigned int

MPI_UNSIGNED_LONGunsigned long int

MPI_FLOATfloat

MPI_DOUBLEdouble

MPI_LONG_DOUBLElong double

MPI_BYTE

MPI_PACKED

Table A.4. MPI data types (C binding).The last two types do not correspond to any C data type. A value of type MPI_BYTEbeen packed into a contiguous buffer.data type can be used to transfer data without any conversion.explaining those mechanisms falls out of the scope of this work.A.4.6The MPICH implementation of MPIEngineering, Purdue University.This implementation includes:

An empirical evaluation of techniques for parallel simulation of message passing networks build the rest of the elements of this list.

is a Paragon.

library carry the prefix MPE. The components of this library are:

available to help profiling programs.

create real-time program animations.

section in rank order, instead of doing it in parallel.

Debugger setup routines.

Upshot, a program to analyze log files created with the MPE profiling functions.

-np number_of_processes application).

A collection of manuals and other documentation.by repeating machine names in the machines file.parameter, being the format of its lines as follows:

A. Parallel systems used in this work hostname number_of_processes pahtname_of_executable loginHostnameNumber_of_processesnames must be used. The pahtname_of_executable indicates where the executable of theloginoptional, and can be used to comply with the security procedures of rsh.

References[ABIM93]A. Arruabarrena, R. Beivide, C. Izu and J. Miguel. �A performanceevaluation of adaptive routing in bi-dimensional cut-through networks�.Parallel Processing Letters Vol. 3 No. 4, 1993, 469�484.[Abra93]M. Abrans. �Parallel discrete event simulation: fact or fiction?� ORSAJournal on Computing, Vol. 5, No. 3, 1993, 231�233.[ACGW95]M.F. Alitt, Y. Chen, R.J. Gurski and C.L. Williamson. �Traffic modelingin the ATM-TN Telesim project: design, implementation andperformance evaluation�. Proceedings Summer Computer SimulationConference SCSC�95. Ottawa, Canada, July 1995, 847�851.[ACLS94]D. Agrawal, M. Choy, H.V. Leong and A.K. Singh. �Maya: a simulationplatform for distributed shared memories�. Proc. 8th Workshop onParallel and Distributed Simulation PADS�94, Edinburgh UK, July 1994,

[AD91]H.H. Ammar and S. Deng. �Time Warp simulation of stochastic Petrinets�. Proc. 4th Int. Workshop on Petri Nets and Performance ModelsPNPM«91, Melbourne, Australia, Dec. 1991, 186�195.[Arru93]A. Arruabarrena. An�lisis y evaluaci�n de sistemas de interconexi�n paraprocesadores masivamente paralelos. PhD dissertation, Departamento deArquitectura y Tecnolog�a de Computadores, Universidad del Pa�sVasco, Sept. 1993.[Bagr93]R. Bagrodia. �A survival guide for parallel simulation� ORSA Journal onComputing, Vol. 5, No. 3, 1993, 234�235.[Bank84]J. Banks and J.S. Carson. Discrete-Event System Simulation. PrenticeHall, Inc. 1984. ISBN 0-13-215582-6.

An empirical evaluation of techniques for parallel simulation of message passing networks

[BH95]C. Benveniste and P. Heidelberger. Parallel simulation of the IBM SP-2interconnection network. IBM Research Report RC 20161 (8/15/95). Toappear in the proceedings of the 1995 Winter Simulation Conference.[BHBA91]R. Beivide, E. Herrada, J.L. Balc�zar and A. Arruabarrena. �Optimaldistance networks of low degree for parallel computers�. IEEETransactions on Computers, Vol. 40, No. 10, Oct. 1991, 1109�1124.[BHBL87]R. Beivide, E. Herrada, J.L. Balc�zar and J. Labarta. �Optimized mesh-connected networks for SIMD and MIMD architectures�. Proc. 14th Int.Sym. on Comp. Architecture ISCA�87

[Blum95]M.A. Blumrich et al. �Virtual-memory-mapped network interfaces�.IEEE Micro, Vol. 15, No. 1, February 1995

[Brid95]P. Bridges et al. User�s guide to mpich, a portable implementation ofMPI. Argonne National Laboratory, 1995[Brya77]R.E. Bryant. Simulation of packet communications architecture computersystems. MIT-LCS-TR-188, Massachusetts Institute of Technology,

[BW95]D.C. Burger and D.A. Wood. �Accuracy vs. performance in parallelsimulation of interconnection networks�. Proc. 9th Int. ParallelProcessing Symp., Santa Barbara, California, April 1995, 22�31.[CF93]G. Chiola and A. Ferscha. �Distributed simulation of Petri nets�. IEEEParallel & Distributed Technology. Vol. 1, No. 3, Aug. 93, 33�50.[CGFO94]A.Costa, A. De Gloria, P. Faraboschi and M. Olivieri. �An evaluationsystem for distributed-time VHDL simulation�. Proc. 8th Workshop onParallel and Distributed Simulation PADS�94, Edinburgh UK, July 1994,

[Clea94]J. Cleary et al. �Cost of state saving & rollback�. Proc. 8th Workshop onParallel and Distributed Simulation PADS�94, Edinburgh UK, July 1994,

[CM79]K.M. Chandy and J. Misra. �Distributed simulation: a case study indesign and verification of distributed programs�. IEEE Transactions onSoftware Engineering, Vol. SE-5, No. 5, Sept. 1979, 440�452.[CM81]K.M. Chandy and J. Misra. �Asynchronous distributed simulation via asequence of parallel computations�. Comm. of the ACM, Vol. 24, No. 11,April 1981, 198�205.[CMH83]K.M. Chandy, J. Misra and L.M. Haas �Distributed deadlock detection�.ACM Transactions on Computer Systems, Vol. 1, No. 2, May 1983,

References

[CSR93]K. Chung, J. Sang and V. Rego. �A performance comparison of eventcalendar algorithms: an empirical approach�. Software�Practice andExperience, Vol. 23(10), Oct. 1993, 1107�1138.[CH94]R.G. Chamberlain and C.D. Henderson. �Evaluating the use of pre simulation in VLSI circuit partitioning�. Proc. 8th Workshop on Paralleland Distributed Simulation PADS�94, Edinburgh UK, July 1994, 139

[Chaw94]P. Chawla. Assignment strategies for parallel discrete event simulation ofdigital systems. Ph.D. dissertation. Department of Electrical andComputer Engineering. University of Cincinnati, 1994.[Dall86]W.J. Dally. A VLSI architecture for concurrent data structures. Ph.D.dissertation, California Institute of Technology, 1986.[DHN94]P.M. Dickens, P. Heidelberger and D.M. Nicol. �A distributed memoryLAPSE: parallel simulation of message-passing programs�. Proc. 8thWorkshop on Parallel and Distributed Simulation PADS�94, EdinburghUK, July 1994, 32�38.[DMS93]B. Dado, P. Menhart and J. Safarik. �Distributed simulation: a simulationsystem for discrete event systems�. Decentralized and DistributedSystems (A-39). M. Cosnard and R. Puigjaner (Eds.). Elsevier Science,

[EGLW93]S.G. Eick, A.G. Greenberg, B.D. Lubachevsky and A. Weiss.�Synchronous relaxation for parallel simulation with applications tocircuit-switched networks�. ACM Trans. on Modeling and Comp.Simulation. Vol. 3, No. 4, Oct. 1993, 287�314.[FK91]R.E. Felderman and L. Kleinrock. �Bounds and approximations for self initiating distributed simulation without lookahead�. ACM Trans. onModeling and Comp. Simulation, Vol. 1, No. 4, 1991, 386�406.[Fost95]I. Foster. Designing and building parallel programs: concepts and toolsfor parallel software engineering. Addison-Wesley, 1995. ISBN 0-201

57594-9.[FT94]A. Ferscha and S.K. Tripathi. Parallel and distributed simulation ofdiscrete event systems. CS-TR-3336 Dept. of Computer Science,University of Maryland, Aug. 1994.[Fuji88]R.M. Fujimoto, �Lookahead in parallel discrete event simulation�. Proc.Int. Conf. Parallel Processing, Aug. 1988, 34�41.[Fuji89a]R.M. Fujimoto. �Performance measurements of distributed simulationstrategies�. Trans. of The Society for Comp. Simulation, Vol. 6, No. 2,

An empirical evaluation of techniques for parallel simulation of message passing networks

[Fuji89b]R.M. Fujimoto, �Time warp on a shared memory multiprocessor�. Proc.Int. Conf. Parallel Processing, Vol. III, Aug. 1989, 242�249.[Fuji90a]R.M. Fujimoto. �Optimistic approaches to parallel discrete eventsimulation�. Trans. of The Society for Comp. Simulation, Vol. 7, No. 2,

[Fuji90b]R.M. Fujimoto. �Parallel discrete event simulation�. Comm. of the ACM

Vol. 33, No. 10, Oct. 1990, 30�53.[Fuji93a]R.M. Fujimoto. �Parallel discrete event simulation: will the fieldsurvive?� ORSA Journal on Computing, Vol. 5, No. 3, 1993, 213�230.[Fuji93b]R.M. Fujimoto. �Future directions in parallel simulation research� ORSAJournal on Computing, Vol. 5, No. 3, 1993, 245�248.[FW94]B. Falsafi and D.A. Wood. �Cost/performance of a parallel computersimulator�. Proc. 8th Workshop on Parallel and Distributed SimulationPADS�94, Edinburgh UK, July 1994, 173�182.[GHTY90]P.K. Goli, P. Heidelberger, D.F. Towsley and Q. Yu. �Processorassignment and synchronization in parallel simulation of multistageinterconnection networks�. Distributed Simulation 1990

[Gome95]F. Gomes et al. �SimKit: a high performance logical process simulationclass library in C++�. Submitted to the 1995 Winter SimulationConference.[GOR95]P. Gburzynski, T. Ono-Tesfaye and S. Ramaswamy. �Modeling ATMnetworks in a parallel simulation environment: a case study�.Proceedings Summer Computer Simulation Conference SCSC�95

Ottawa, Canada, July 1995, 869�874.[GT93]D.W. Glazer and C. Tropper. �On process migration and load balancingin Time Warp�. IEEE Trans. on Parallel and Dist. Systems, Vol. 4, No.3, March 1993, 318�327.[IAB91]C.Izu, A. Arruabarrena and R. Beivide. �Communication capabilities ofthe T800 Transputer in a reduced size network�. Proc. of the ISMM Int.Workshop on Parallel Computing, Trani, Italy, Sept. 1991, 28�31.[IAB92]C. Izu, A. Arruabarrena and R. Beivide. �Analysis and evaluation ofmessage management functions for bi-dimensional transputer networks�.Microprocessors and Microsystems, Vol. 16, No. 6, 1992, 301�309.[IBJA93]C.Izu, R. Beivide, C. Jesshope, A. Arruabarrena, �Experimentalevaluation of Mad-Postman bi-dimensional routing networks�.Microprocessing and Microprogramming No. 38 (1993). 33�41.[Inmo89a]OCCAM 2 Reference manual. Inmos Ltd., Bristol, U.K., 1989.

References

[Inmo89b]The Transputer Databook. Inmos Databook Series, Inmos Ltd., Bristol,U.K., 1989.[Inmo90]ANSI C toolset. Inmos Ltd., Bristol, U.K., 1990.[Inte93]Paragon user�s guide. Intel Corporation, 1993.[ITH89]Q. Yu, D. Towsley and P. Heidelberger. �Time-driven parallel simulationof multistage interconnection networks�. Distributed Simulation 1989

[Izu94]C. Izu. An�lisis, evaluaci�n y aportaciones al dise�o de arquitecturaspara encaminadores de mensajes. PhD dissertation, Departamento deArquitectura y Tecnolog�a de Computadores, Universidad del Pa�sVasco, May 1994.[Jeff85]D.R. Jefferson. �Virtual time�. ACM Trans. on Programming Languagesand Systems, Vol. 7, No. 3, July 1985, 404�425.[Jeff87]D.R. Jefferson et al. �Distributed simulation and the Time Warpoperating system�. Proc. 11 Annual ACM Symp. on Operating SystemPrinciples, Austin, Texas, Nov. 1987, 77�93.[KY91]P. Konas and P-C. Yew. �Parallel discrete event simulation on sharedmemory multiprocessors�. Proc. of the 24th Annual SimulationSymposium, New Orleans, Luisiana, April 1991, 134�148.[Lin93]Y-B. Lin. �Will parallel simulation research survive?� ORSA Journal onComputing, Vol. 5, No. 3, 1993, 236�238.[LP91]Y-B. Lin and B.R. Preiss. �Optimal memory management for Time Warpparallel simulation�. ACM Trans. on Modeling and Comp. Simulation

Vol. 1, No. 4, Oct. 1991, 283�307.[LPLL93]Y-B. Lin, B.R. Preiss, W.M. Loucks and E.D. Lazowska. �Selecting thecheckpoint interval in Time Warp simulation�. Proc. 7th Workshop onParallel and Distributed Simulation PADS�93, San Diego CA, May

[MAB93]J. Miguel, A. Arruabarrena and R. Beivide. �Conservative paralleldiscrete event simulation in a transputer-based multicomputer�.Transputer Applications and Systems�93. R. Grebe et al. (Eds.). IOSPress, 1993. 636�650.[MAB94]J. Miguel, A. Arruabarrena and R. Beivide. �Conservative and optimisticdistributed simulation in massively parallel computers: a comparativestudy�. Proc. of the Conference on Massively Parallel ComputingSystems MPCS�94, Ischia, Italy, May 1994. 528�532.

An empirical evaluation of techniques for parallel simulation of message passing networks

[MAB95]J. Miguel, A. Arruabarrena, R. Beivide. �Conservative parallelsimulation of a message-passing network: a performance study�.Proceedings Summer Computer Simulation Conference SCSC�95

Ottawa, Canada, July 1995, 825�830.[MAIB95]J. Miguel, A.Arruabarrena, C. Izu and R. Beivide. �Parallel simulation ofmessage routing networks�. Proc. 3rd. Euromicro Workshop on Paralleland Distributed Processing PDP�95. San Remo, Italy, Jan. 1995. 138

[MB95]J. Miguel and R. Beivide. �Simulaci�n paralela de sistemas de sucesosdiscretos�. Inform�tica y Autom�tica. To be published.[MG93]J. Miguel and M. Gra�a. �Towards the distributed implementation ofdiscrete event simulation languages�. Decentralized and DistributedSystems (A-39). M. Cosnard and R. Puigjaner (Eds.). Elsevier Science,

[Migu91]J. Miguel, C. Izu, A. Arruabarrena, J. Garc�a-Abajo and R. Beivide,�Toroidal networks for multicomputer systems�. Proc. ISMM Int.Workshop on Parallel Computing, Trani, Italy, Sept. 1991, 112�117.[Misr86]J. Misra. �Distributed discrete-event simulation�. Computer Surveys

Vol. 18, No. 1, March 1986, 39�65.[ML93]N. Manjikian and W.M. Loucks. �High performance parallel logicsimulation on a network of workstations�. Proc. 7th Workshop onParallel and Distributed Simulation PADS�93, San Diego CA, May

[MPI94]Message Passing Interface Forum. �MPI: a message-passing interfacestandard�. International Journal of Supercomputer Applications, 8(3/4),1994. Available at http://www.mcs.anl.gov/mpi.[MR94]P. Mussi and H. Rakotoarisoa. �PARSEVAL: a workbench for queuingnetworks parallel simulation�. INRIA (France) Rapport de recherche N…2234, April 1994.[MRR90]B.C. Merrifield, S.B. Richardson and J.B.G. Roberts. �Quantitativestudies of discrete event simulation modelling of road traffic�. Proc. SCSMulticonference on Distributed Simulation, Vol. 22, SCS SimulationSeries, Jan. 1990, 188�193[MW95]T.J. McBrayer and P.A. Wilsey. �Process combination to increase eventgranularity in parallel logic simulation�. Proc. 9th Int. ParallelProcessing Symp., Santa Barbara CA, April 1995, 572�578.[NF94]D. M. Nicol and R.M. Fujimoto. �Parallel simulation today�. To appear

Annals of Operations Research

References

[NGL94]D.M. Nicol, A.G. Greenberg and B.D. Lubachevsky. �Massively parallelalgorithms for trace-driven cache simulations�. IEEE Trans. on Paralleland Distributed Systems, Vol. 5, No. 8, Aug. 1994, 849�859.[Nico88]D.M. Nicol. �Parallel discrete-event simulation of FCFS stochasticqueueing networks�. Proc. ACM SIGPLAN Symp. Parallel ProgrammingExperience in Applications, Languages and Syst., New Haven CT, July

[Nico92]D.M. Nicol. �Conservative parallel simulation of priority class queueingnetworks�. IEEE Trans. on Parallel and Distributed Systems, Vol. 3, No.3, May 1992, 294�303.[Pala94]A.C. Palaniswamy. Dynamic parameter adjustment to speedup TimeWarp simulation. Ph.D. dissertation. Department of Electrical andComputer Engineering. University of Cincinnati, 1994.[Pars89]Idris and Supernode SN1000 series manuals. Parsys Ltd. U.K., 1989[PUCC95]Getting started on the Paragon. Purdue University Computing Center,Advanced Applications Group of the Research Computing Division,1995, http://www-rcd.cc.purdue.edu/Paragon/.[PW93]A.C. Palaniswamy and P.A. Wilsey. �An analytical comparison ofperiodic checkpointing and incremental state saving�. Proc. 7thWorkshop on Parallel and Distributed Simulation PADS�93, San DiegoCA, May 1993, 127�134.[Reyn93]P.F. Reynolds. �The silver bullet� ORSA Journal on Computing, Vol. 5,No. 3, 1993, 239�241.[RMM88]D.A. Reed, A.D. Malony and B.D. McCredie. �Parallel discrete eventsimulation using shared memory�. IEEE Transactions on SoftwareEngineering, Vol. 14, No. 4, April 1988, 541�553.[RW89]R. Righter and J.C. Walrand. �Distributed simulation of discrete eventsystems�. Proceedings of the IEEE, Vol. 77, No. 1, Jan. 1989, 99�113.[Sang94]J. Sang. Multithreading in distributed-memory systems and simulation:design, implementation and experiments. Ph.D. dissertation, Departmentof Computer Sciences, Purdue University, 1994.[SB93]C. Sporrer and H. Bauer. �Corolla partitioning for distributed logicsimulation of VLSI circuits�. Proc. 7th Workshop on Parallel andDistributed Simulation PADS�93, San Diego CA, May 1993, 85�92.[SCR94a]J. Sang, K. Chung and V. Rego. �Efficient algorithms for simulatingservice disciplines�. Simulation Practice and Theory, No. 1, 1994, 223

An empirical evaluation of techniques for parallel simulation of message passing networks

[SCR94b]J. Sang, K. Chung and V. Rego. �A simulation testbed based onlighweight processes�. Software Practice & Experience, Vol. 24, No. 5,May 1994, 485�505.[SG89]L. Soul� and A. Gupta. Analysis of parallelism and deadlocks indistributed-time logic simulation. Stanford Univ. Technical Report CSL

TR-89-378, May 1989.[SG91]L. Soul� and A. Gupta. �An evaluation of the Chandy-Misra-Bryantalgorithm for digital logic simulation�. ACM Trans. on Modeling andComp. Simulation, Vol. 1, No. 4, Oct. 1991, 308�347.[Soul92]L. Soul�. Parallel logic simulation: an evaluation of centralized-time anddistributed-time algorithms. PhD dissertation. Stanford Univ. TechnicalReport CSL-TR-92-527, June 1992.[SSH89]L.M. Sokol, B.K. Stucky and V.S. Hwang. �MTW: a control mechanismfor parallel discrete simulation�, Proc. Int. Conf. Parallel Processing

Vol. III, Aug.1989, 250�254.[Su90]W-K. Su, Reactive-process programming and distributed discrete event-simulation. Ph.D. dissertation. Computer Science Department, CaliforniaInstitute of Technology, 1990. Caltech-CS-TR-89-11.[TB93]C. Tropper and A. Boukerche. �Parallel simulation of communicatingfinite state machines�. Proc. 7th Workshop on Parallel and DistributedSimulation PADS�93, San Diego CA, May 1993, 143�150.[TV91]F. Tallieu and F. Verboven. �Using Time Warp for computer networksimulation on transputers�. Proc. 24th Annual Simulation Symposium

New Orleans, Luisiana, April 1991, 112�117.[UC93]B.W. Unger and J.G. Cleary. �Practical parallel discrete eventsimulation� ORSA Journal on Computing, Vol. 5, No. 3, 1993, 242

[Vaki92]P. Vakili. �Massively parallel and distributed simulation of a class ofdiscrete event systems: a different perspective�. ACM Trans. onModeling and Comp. Simulation, Vol. 2, No. 3, July 1992, 214�238[Wagn89]D.B. Wagner. Conservative parallel discrete-event simulation: principlesand practice. Ph.D. dissertation, Department of Computer Science andEngineering, Univ. of Washington, 1989.[Wiel89]F. Wieland et al. �The performance of a distributed combat simulationwith the Time Warp Operating System�. Concurrency: Practice andExperience, Vol. 1, No. 1, Sep. 1989, 35�50.

References

[WJ89]F. Wieland and D. Jefferson. �Case studies in serial and parallelsimulation�. Proc. Int. Conf. Parallel Processing, Vol. III, Aug.1989,

[WL89]D.B. Wagner and E.D. Lazowska. �Parallel simulation of queueingnetworks: limitations and potentials�. ACM Performance EvaluationReview, Vol. 17, No. 1, May 1989, 146�155.[Zeig76]B.P. Zeigler. Theory of Modelling and Simulation. Wiley-Interscience,1976. ISBN 0-471-98142-4.[Zorp92]G. Zorpette. �The power of parallelism�. IEEE Spectrum, Sept. 1992,