CONSERVATIVE PARALLEL SIMULATION OF A MESSAGE-PASSINGNETWORK: A PERFORMANCE STUDYJos� Miguel and Agust�n ArruabarrenaRam�n BeivideDep. Arquitectura y Tecnolog�a de ComputadoresUniversidad del Pa�s VascoApdo. 649 20080 San Sebasti�n, Spainacpmialj@si.ehu.esDepartamento de Electr�nicaUniversidad de CantabriaAv. de los Castros s/n 39005 Santander, Spainbeivide@ccucvx.unican.esKeywords: parallel simulation, performance evaluation,parallel computersABSTRACTIn this paper we evaluate the behaviour of aconservative parallel simulator implemented on a networkof Transputers, when used to simulate an interconnectionnetwork proposed as the communication mechanism of amulticomputer. After a set of experiments, we conclude thatsome parameters of the model (size, load, message length)have a great impact on the achieved performance.Additionally, some parameters of the simulatior itself mayallow the user to run the simulation faster, namely grain sizeof the processes and ability to exploit the lookahead of themodel.INTRODUCTION Our research group is mainly interested in the analysisand evaluation of interconnection networks formulticomputer systems, in order to be able to proposeadequate cost/performance alternatives. The tools we use forthe study of this kind of networks are analytical models and,especially, computer simulation. With this last tool we haveto face the fact that, when the network to evaluate grows tothousands of nodes, the memory and execution timedemands of the simulator grow accordingly, making thestudy extremely slow.One of the possible ways to accelarate our simulationsis to parallelize the simulators, taking advantage of thecurrently available parallel systems. Our research groupoperates a Transputer-based multicomputer, so we decidedto port some simulations to this machine. Before doing so,an evaluation of the main parallel simulation alternativeswas done (a summary of it can be found in (Miguel et al.1994)). From this study we concluded that, for the kind ofmodels we are interested in, and the computer system weuse, the conservative approach to PDES (Parallel DiscreteEvent Simulation) is very promising. Throughout this paper,we assume that the reader is familiar with the main parallelsimulation algorithms.THE SIMULATOR AND THE MODELIn our first analysis of parallel simulation techniqueswe used very simplistic models for our benchmarks: toroidalnetworks of FCFS servers, traversed by a fixed number ofjobs. This model was simulated using four differentsimulators: sequential event-driven, sequential time-driven,parallel conservative event-driven (with deadlock avoidancevia null messages) and parallel optimistic event-driven(Chandy and Misra 1979; Jefferson 1985; Fujimoto 1990).For this kind of models we found that speedups up to 10could be obtained running the conservative simulator in anetwork of 16 Transputers. The performance of ouroptimistic simulator was not as good, maybe due to aninefficient implementation of the algorithm. More detailedinformation of this experiments can be found in (Miguel etal. 1993; Miguel et al. 1994).After evaluating the behaviour of the simulators thenext step was to work with a realistic model. We alreadyhad a fairly complete set of measurements of thecharacteristics of some interconnection networks, obtainedwith a sequential simulator (Arruabarrena 93). A small setof these well-known models were selected and tested withthe conservative PDES, to measure its actual performancewith a useful workload.The details of the selected model can be found in(Arruabarrena 93). It is basically a torus network of messagerouting elements (routers). Each router is connected to fourneighbours and to a processing element, via bi-directionalchannels. Messages are of a fixed length. The flow-controlmechanism is cut-through and, for this reason, messagequeues are needed, which are associated to each outputchannel. Figure 1 represents one of the studied routers.For this set of experiments, several improvements weremade to the first version of the parallel simulator, mainly inthe implementation of the event queues and in the way ofmapping the physical elements (routers) of the model ontothe logical processes (LPs) that constitute the simulator. Afairly complete description of the implementation of thesimulator is available in (Miguel et al. 1995).In this work we concentrate on the evaluation of thebehaviour of the conservative parallel simulator, and on the parameters that affect its performance, measured as theachieved speedup. Some of the parameters whose influencehas been measured relate to the model, and some othersrealate to the way the simulator is organized.

NSEWRouting

NESWIMessage interface

From/to the local processorInjectionConsumption

Figure 1. Model of message router.DESCRIPTION OF THE EXPERIMENTSWe made a set of experiments varying the followingparameters of the model:¥Message length. Values 4 and 32 were considered. It ismeasured in flits (flow-control digits). It is supposed thata flit advances from one router to another in one cycle (ofsimulated time).¥Load of the network: amount of information generated bythe processing nodes, measured from 0 (none) to 100(theoretical maximum). The maximum is calculatedtaking into account the bisection bandwidth (in flits) ofthe network, thus a given load level can be reached withmany short messages or with few long messages.¥Size of the network. Most of the experiments were donewith a reduced size network of 16x16 routers, but someresults for 32x32 routers are also available.Other parameters as the size of the queues, thecommunication patterns or the routing strategy were fixed,although they can be easily changed. The transit queues canhold 10 messages, while the injection queue has enoughroom for 4 messages. A node can produce messages for anyother node; the selection of the destination node is maderandomly. The (time) separation between messagesproduced in a given node is exponentially distributed, with amean that depends on the load and the message lenght. Therouting strategy is oblivious in order of dimension (first X,then Y), following a technique described in (Arruabarrena93; Izu 94) to avoid deadlocks.We ran the sequential and parallel simulators for 4000cycles, using different number of processing elements(Transputers) and different router-to-LP mappingalternatives (grain size, see Figure 2). The potential benefitsof exploiting the lookahead (Fujimoto 90) of the modelwere also tested. Now we describe when and how can thelookahead properties of this model be exploited.When a LP sends null messages to its neighbours, thebest thing to do is to maximize the value of the timestamp ofthe messages, allowing the largest possible clock advance atthe neighbours. Unfortunately, sometimes it is impossible todo that. If a LP simulates only one router, then thebehaviour of the simulation is quite predictable, and somelookahead can be extracted. Let us see the case that, at timet, a router has sent the header flit of a message through anoutput port; the simulator is able to know that no new headerwill be sent through that port at least until t+L, where L isthe length of the message. The (time) difference between thecurrent value of the clock and t+L is the lookahead.However, when a LP simulates an aggregate of routers,the computation of the lookahead is too expensive for theachieved result: most of the times the obtained value is 1, aminimum that can be assumed without any computation. Forthis reason, we only show the effect of exploiting thelookahead for the case of minimum grain size.

Router

Logical ProcessTransputer

MaximumIntermediateMinimumFigure 2. Grain size alternatives for 4x4 routers on aTransputer.We also implemented a sequential, event-drivensimulator, in order to have a reference to compare theachieved performance. Then, after measuring the executiontime of a sequential and a parallel simulation of the samemodel, we could compute a speedup value. The sequentialand parallel versions are as similar as possible but, in orderto make fair comparisons, we included some optimizationsin the sequential version that takea advantage of the use of asingle memory space.In the following subsections we present the results of aseries of seven experiments performed with the simulators.An analysis of these results is done in the next section.Experiment 1We study a network of 16x16 nodes, managing 4-flitmessages, for different values of load. The simulator ran

over 4 Transputers. Several grain size alternatives have beenimplemented (see table below). The impact that the use ofthe lookahead of the model has on the performace of thesimulator is also considered. Figure 3 shows the achievedspeedups.LPs per Transp.Routers per LPlookahead

4Max164no

4ih416no

4il164no

4min641no

4minL641yes

As can be seen, the best results are obtained withintermediate grain sizes (4ih, 4il). It is also clear that theperformance significantly improves increasing the load. Theattept of exploiting the lookahead of this model isdissapointing: the experiment 4minL performs better than4min only for very high loads. At any rate, usingintermediate grain sizes is always better, with or withoutlookahead.The maximum achieved speedup, obtained inexperiment 4il at load 90, is 2.39.

00.511.522.5020406080100Load

Speedup

Su4Max

Su4ih

Su4il

Su4min

Su4minLFigure 3. Results of Experiment 1.Experiment 2This experiment is similar to the previous one, butusing 16 Transputers instead of 4. The alternatives of grainsize decrease, and we don�t try to exploit the lookahead ofthe model.LPs per Transp.Routers per LP

16Max116

16i44

16min16101234567020406080100Load

Su16Max

Su16i

Su16minFigure 4. Results of Experiment 2.Again, the best results are for intermediate grain sizesand highly loaded models. The maximum achieved speedupis 6.44.Experiment 3This experiment is like Experiment 1, but withmessages of 32 flits. The most salient point of this set ofexperiments is that, in most cases, speedups are really poor:only 4ih runs faster than the sequential simulator. At anyrate, the execution times are always quite short. In this casethe effect of exploiting the lookhaead is clearly noticeable,but again using intermediate grain size performs better. Themaximum achieved speedup is 1.87.

00.511.52020406080100

Su4MaxLoad

Su4minL

SpeedupFigure 5. Results of Experiment 3.

Experiment 4This experiment is simitar to experiment 2, but using16 Transputers for the simulations. The comments aboutexperiment 3 are valid for this one too, although thespeedups are noticeably better. The maximum speedup is4.17.

012345020406080Load100

Su16Max

Su16i

Su16min

Speedup

Su16minLFigure 6. Results of Experiment 4.Experiment 5In this and the next experiments, we simulated biggermodels: a network of 32x32 routers. Message lenght was 4flits. We ran the simulator over 16 Transputers, consideringonly two cases of intermediate grain size (see below).LPs per Transp.Routers per LP ih416 il164012345678020406080100Load

SuihSuil

SpeedupFigure 7. Results of Experiment 5.This experiment can be considered an extension ofexperiment 2, using a bigger model. The speed gain isclearly noticeable, even better than the achieved for the16x16 network. The maximum speedup is 7.33.Experiment 6This experiment is like the previous one, but for 32-flitmessages. It can be seen as an extended version ofexperiment 4, as most of the parameters are the same, butthe size of the simulated network. The peak speedup is 7.65.

0123456780204060Load80100

SuihSuilFigure 8. Results of Experiment 6.Experiment 7This experiment was designed to test how well theperformance improves when adding more processors. Wesimulated a network of 24x24 routers, with load 50 and 4-flit messages, for 4000 cycles. We tested the simulator using1 (sequential), 4, 9, 16 and 25 Transputers. In the last case,the simulated network was slightly incremented (25x25routers). Intermediate values of grain size were used in allbut the last case, where the maximum grain size was used.The results are plotted in Figure 9.ANALYSIS OF THE RESULTSJust looking at the figures, it is clear that the followingparameters of the model affect the performance of thesimulation: load, message length and network size. The bestsituation (for the simulator) arises with big and highlyloaded systems that interchange short messages.Interestingly enough, this is the worst possible scenario forthe sequential simulator. When the model has the oppositecharacteristics, the performance (speedup) is not brilliant,but the actual execution time is not extremely long.

020040060080010001200140016000123456051015

Time

SpeedupNumber of processors202530Figure 9. Results of Experiment 7.The reason for this behaviour can be found in the wayLPs synchronize in a conservative simulator. Any of thementioned parameters affects the number of �useful�messages (that is, non-null messages) managed by thesimulator. An increment in the number of these messagesmeans that the LPs have more opportunities to synchronize,while doing useful computation. Null messages are neededless often, as LPs don�t block frequently. We can say thatthere is a high degree of �natural� synchronization. Whenthere are only a few useful messages to process, LPs blockoften, and null messages are needed to maintain the LPs�clocks updated. Then LPs spend most of their (real) timeblocked or processing null messages, that is, they are notable to make progress in the simulation.Previous experiments reported in (Miguel et al. 1993,Miguel et al. 1994), led us to think that the performance of aconservative parallel simulator running on a network ofTransputers, where communication overhead is very big(Izu 1994), would be better when bigger were the grain sizeof the simulator. This way, the computation/communicationratio would be more balanced. If, looking at the figures, wecompare maximum vs. minimum grain size, we can see thatcoarse grain simulation is more effective than fine grainsimulation for low and medium loaded systems, because asmall number of LPs synchronizing with null messagesresults in a lower overhead. If now we compare with theintermediate grain size alternatives, it is clear that this is thebest alternative for intermediate and high loads. Only forvery low loaded systems the maximum grain size givessometimes better performance. This behaviour can beexplained analyzing the time used for syncronization in thesimulator:¥With maximum grain size, a LP can evolve quiteautonomously, due to the big number of interactionsbetween the routers assigned to that particular LP.Nevertheless, sometimes the LP has to co-ordinate withthe others, and that leads the LP to send null messagesand then block. This is extremely inefficient because, asthe 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 LPblocks: plenty of others are awaiting to get the CPU. Herethe problem is that, the bigger the number of LPs, thebigger the number of null messages needed to keep thesystem synchronized and, what makes things even worse,as every fine-grain LP has very little work to do, it blocksvery often.¥With intermediate values of grain size we try to find abalance: there are few LPs, each one with enough work todo, so null messages are not needed very often. Inaddition to that, as several LPs share a Transputer, theprobability of having a stopped CPU decreases.As a conclusion, we can confirm that, in general,coarse grain simulations are faster than fine-grainsimulations, but it must be taken into account that is veryefficient to share a processor among several LPs, to avoidstopped processors and make the maximum usage of theavailable CPU power. This is especially true for theTransputer, where the communication operations areblocking and the context swhitches are very fast.From the description of how lookahead is computed, itshould be clear that the biggest values are obtained when (1)messages are long and (2) the LP has recently interactedwith its neighbours. The first point appears clearlycomparing experiments 1 and 3: while for 4-flit messages4min and 4minL give nearly the same results, when thelenght is 32 flits 4minL is clearly better than 4min. Thesecond point can be seen in experiments 3 and 4: in highlyloaded systems, the LPs interact often and, if they have toblock, the computation of the timestamp of the nullmessages can take advantage of the knowledge of whichports have recently sent header flits. An any rate, aslookahead only can be effectively exploited for minimumgrain size, and this is not the best situation for the simulator,for this model we don�t see any advantage of using it.From the complete set of experiments, and especiallyfrom experiment 7, it can be seen that the performance ofthe parallel simulator scales quite well with the number ofprocessors, although not linearly. There are, though, somefactor that can help to understand why the speedup gain isnot perfectly linear:¥Our way of distributing the workload among processorsand processes, using squares, does not allow to find theoptimum grain size value. For example, the 25x25network, when simulated over 5x5 processors, onlyallows for maximum or minimum grain size.

¥The processors used in our experiments were not allidentical. In most cases, T805 running at 30 MHz wereused but, as we only have 14 processors of this kind, inthe experiments involving 16 or 25 processors some 20MHz devices were needed. Those processors are abottleneck, imposing their rithm to the others, and for thisreason the resulting speedups are not as good as theyshould be.¥As the problem does not increase with the number ofresources, the processors are not fully utilized. When thenumber of processors (and of LPs) increases, theprobability of having a blocked LP increases too, so someprocessing power is wasted and more null messages areneeded. To confirm this assertion, we have representedthe ratio of useful messages to total messages managedby the simulator in Experiment 7. It can be seen how thisratio reduces when the number of processors is increased(Figure 10).It should be noted that the chosen parameters forexperiment 7 do not constitute the best possible scenario forthe parallel simulator, neither the worst for the sequentialone. With a higher load the results are much morefavourable for the parallel simulator.

0.850.90.951051015202530Number of Transputers

Ratio of useful messagesFigure 10. Ratio of useful messages for the differentnumber of Transputers used in Experiment 7.CONCLUSIONSFrom the complete study, the following conclusionswere drawn out:¥The performance of the conservative PDES is betterwhen bigger is the message interchange between the LPs.This happens when the simulated network increases,when the load increases and when the message lenghtdecreases. The reason is that, under these circumstances,the LPs are able to synchronize while doing usefulcomputation, and null messages are needed less often.¥The mapping of routers onto LPs has a major influenceon the achieved speedups. The best results are obtainedwhen the number of LPs assigned to a Transputer issmall, but bigger than one, in such a way that, when a LPis blocked, another one is ready to take the CPU.¥The lookahead can not be effectively used for this model,because it can be exploited only when a few routers aremapped onto one LP, and this is incompatible with theprevious recommendation.Our experience with conservative PDES is quiteencouraging, because it allows us to accelerate oursimulations and to study bigger problems. Achievedspeedups are not always brilliant, but they are best preciselywhen the sequential simulator behaves worst.REFERENCESArruabarrena A. 1993. An�lisis y Evaluaci�n de Sistemas deInterconexi�n para Procesadores Masivamente Paralelos.PhD Dissertation, Dept. of Computer Architecture andTechnology, University of the Basque Country.Chandy, K.M. and Misra, J., 1979. �Distributed Simulation:a Case Study in Design and Verification of DistributedPrograms� IEEE Transactions on Software Engineering SE-5, no. 5 (Sept), 440�452.Fujimoto, R.M., 1990. �Parallel Discrete Event Simulation�.Comm. of the ACM 33, no. 10 (Oct.) 31�53.Izu, C. 1994. An�lisis, Evaluaci�n y Aportaciones al Dise�ode Arquitecturas para Encaminadores de Mensajes. PhDDissertation, Dept. of Computer Architecture andTechnology, University of the Basque Country.Jefferson, D.R., 1985. �Virtual Time�. ACM Trans. onProgramming Languages and Systems 7, no. 3 (July).Miguel, J.; Arruabarrena A.; and Beivide, R. 1993.�Conservative Parallel Discrete Event Simulation in aTransputer-Based Multicomputer�. In TransputerApplications and Systems �93. R. Grebe et al. (Eds.) IOSPress, 636�650.Miguel, J.; Arruabarrena A.; and Beivide, R. 1994.�Conservative and Optimistic Distributed Simulation inMassively Parallel Computers: a Comparative Study.� InProceedings of the Conference on Massively ParallelComputing Systems MPCS�94 (Ischia, Italy, Sept.).Miguel, J.; Arruabarrena, A.; and Beivide, R. 1995.�Parallel Simulation of Message Routing Networks�. InProceedings 3rd. Euromicro Workshop on Parallel andDistributed Processing PDP�95 (San Remo, Italy, Jan.).