Conservative and Optimistic Distributed Simulation inMassively Parallel Computers: a Comparative StudyJos� Miguel Alonso1, Agust�n Arruabarrena Frutos1 and Ram�n Beivide Palacio21Dep. Arquitectura y Tecnolog�a deComputadores UPV/EHUApdo. 649, 20080 San Sebasti�n, Spain.Tel: +34 43 218000 Fax: +34 43 219306E-mail: acpmialj@si.ehu.es2Dep. Electr�nica - Univ. de CantabriaAv. de los Castros s/n, 39005 Santander, Spain. Tel: +34 42 201496 Fax: +34 42 201402E-mail: beivide@ccucvx.unican.esAbstractThe main algorithms for sequential and paralleldiscrete event simulation are introduced. A set of differentsimulators is evaluated and compared using a transputer-based multicomputer: sequential, parallel conservativeand parallel optimistic. For the proposed model, theconservative simulator shows better speedups. Theobtained results show that a significant improvement onexecution time can be obtained using parallel systems, butonly if the model under simulation have some propertieslike coarse grain size and high degree of self-synchronisation.1: IntroductionComputer simulation is considered by the computerarchitecture research community as an essential tool forthe evaluation and design of new computer systems.Simulation is a very CPU-consuming activity if verycomplex systems are being developed, or if a detailedinsight into the system�s behaviour is desired. For thisreason, current sequential machines are not fast enough ifresults are needed in a bounded time. We see parallelsimulation as a means of speeding up simulations byusing parallel architectures. In the next section we willreview the basic ideas about parallel simulation. Thereader is referred to [7] for a more detailed description ofa variety of parallel simulation algorithms. We will brieflypresent the two main methods: conservative andoptimistic. These two methods have some characteristicsin common, but differ in their view of processsynchronisation.

This work have been done under partial support of theCICYT, Spain, under contract TIC93-0243.2: Parallel simulation algorithmsUsually in the literature, a physical system to besimulated is considered as composed of one or severalphysical processes (PPs). Each PP evolves independentlyfrom the others, but interacts with them by means ofmessages sent and received at discrete instants of time.The contents of a message has two fields, event andtimestamp, and depend on the characteristics of the senderPP: initial state, behavioural rules and previously receivedmessages. The event denotes an interaction that willhappen in the future. The timestamp specifies when theevent will occur.A typical sequential event-driven simulator consists ofa central clock and a set of data structures that representthe PPs in the model, with an additional element: theevent list. This list stores the set of messages scheduled tobe delivered in the future with their correspondingreception time�their timestamps. The events areprocessed in non-decreasing timestamp order. This fact isthe key of the simulation process, because it ensures thatcausality relations are always maintained. A paralleldiscrete-event simulator (PDES) has to ensure the samerestriction, but trying to process several eventssimultaneously.In general, a PDES simulates each PP of the physicalsystem by means of a LP (logical process). LPs do notshare (conceptually) any data, and communicate only viamessages. Every LP has its own clock, that represents upto what time the local simulation has progressed. Therepresentation of time is distributed among the LPs. Thesimulation of a message sent from PPi to PPj that shouldbe received at time t is done by LPi sending a messagewith timestamp t to LPj. This timestamp has to be strictlyhigher than the value of the local clock of LPi, because itis supposed that a PP can not send messages �to the past�.Every LP maintains a series of input queues where thereceived messages are stored, awaiting to be consumed.When a message is consumed, the local clock advances toreach the value of the message�s timestamp, in the same way that is done in a sequential simulator. It has beendemonstrated [14] that if each LP consumes its receivedmessages in non-decreasing timestamp order, then theparallel simulation is correct.2.1: Conservative approaches to PDESConservative methods [1, 2] take no risk whenselecting the next event to process. The model has to obeytwo constraints: (1) the topology of the network thatinterconnects the LPs has to be statically defined, becauseeach LP maintains an input queue for each of its inputchannels; (2) LPs have to send the messages through eachoutput link in non-decreasing timestamp order.The algorithm for an individual LP can be found in [2]or in [14]. Its main characteristic is that it takes no riskwhen selecting a message to be consumed. It alwaysconsumes safe messages. If that safety is not guaranteed,the LP blocks, awaiting for incoming messages. Thedrawback of this synchronisation mechanism is that it canlead to a deadlock between a group of LPs. Thosedeadlocks have to be coped with, and that is done bymeans of an interchange of null messages. Null messagesare a serious overhead in the simulation. Its numberstrongly influences the achieved speedup. A characteristicof the model, callel lookahead [3], influences this number:the higher the lookahead, the smaller the number of nullmessages, so the better the speedup.2.2: Optimistic approaches to PDESSome limitations found in consevative methods led tothe development of a new method, called Time Warp [8,9], with a more optimistic way of synchronisation. Whileconservative methods avoid completely any causalityconflict, optimistic methods allow them to occur.Messages are consumed as fast as possible in each LP.When a causality error is detected�a new message isreceived with timestamp smaller than the one of the lastprocessed message�a rollback process is done to jump tothe past, just before the erroneous computation.While a LP is processing erroneous messages, itsstatus may change and new messages can be generated. Arollback process has to jump to the past, to a state free ofcausality errors (which means that previous values of thestate of a LP have to be stored) and the messageseventually sent have to be cancelled (which means that aLP has to remember all the messages previoulsy sent).The cancellation of erroneous messages is made sendinganti-messages. When a LP sends a message, it saves anegative copy of it�the anti-message�in an outputqueue. When a rollback is done, the LP sends an anti-message for every erroneous message sent before. If a LPreceives an anti-message before the correspondingpositive copy has been processed, both copies annihilatemutually, and no additional action is required. On theother hand, if the positive copy has been alreadyconsumed then a causality error occurs and a rollbackprocedure is needed.From the previous description of the algorithm, it couldbe deduced that the data structures grow unboundedly asthe simulation progresses. All the information about thepast is stored, just in case a return to the past were forced.This storage has to be limited, otherwise the LPs wouldexhaust their assigned memory space. A practicaloptimistic simulation is implemented as a series of LPsthat perform local activities plus a global controlmechanism. This global control computes regularly thevalue of the global virtual time (GVT), an indicator of theglobal situation of the simulation. The GVT is computedas the minimum timestamp among all the messages in allthe LPs awaiting to be consumed. Once computed, theGVT is distributed to all the LPs, that use it to destroymessages, anti-messages and copies of the state of theprocess that will never be used (as the LP will never rollback to a time before the GVT).3: Description of the experimentsIn [10] the reader can find a complete description ofthe computer system and the model used to evaluate oursimulators. We did our experiments on a Transputer-basedmulticomputer, using up to 17 processors. The selectedmodel consists of a toroidal network of FCFS servers,traversed by a fixed number of jobs that visit the serversto be processed (see Fig. 1; the real model is 12x12). Thiskind of model or similar ones have also been used inworks like [4, 11].Some of the parameters of the model that can be variedto evaluate the behaviour of the simulator are:¥Initial load (C) of the network. A value of the loadC=n means that when the simulation starts eachqueue has n jobs waiting to be served.¥Distribution of the service time. A biaseddistribution has been considered with mean M andminimum L. As was done in [4], L is used as thevalue of the lookahead. M has been fixed to 9.5 inthe experimets reported here.¥The number of processors�transputers�used.Using this model, an important aspect to be taken intoaccount is that simulating the consumption of a job in theserver takes a negligible amount of time and CPU effort:it is only needed to increment some counters and to move small amounts of data. Another point to be considered isthe high communication time needed to pass a messagebetween two Transputers, because the switchingmechanism is store-and-forward, with all messagemanagement done in software. These considerations arespecially relevant when evaluating the parallel simulator:the computation-communication ratio is extremelyunbalanced towards the communication.

ServerQueue

(a)(b)Figure 1. (a) Toroidal network simulated in theexperiments. (b) Detail of a nodeTo evaluate what would happen if the ratio were not sobad, another parameter has been included in thesimulators: synthetic workload. This is an artificial CPUeffort (in the form of a null loop �for i f r o m 1 t o synthetic_workload do nothing�) included in the point ofthe simulator where the processing of a job is simulated.Incrementing this value (action that could represent anincrease in the grain size of the simulation) we bias theprogram towards a more balanced computation-communication ratio and then the simulation should bemore effective.3.1: Experiments with the conservative simulatorAn exhaustive report of the results of the simulationruns can be found in other works of our group [10]. InTable 2 we sumarise some of those results, for a set ofinteresting experiments. The parameters for each one ofthe experiments (A through E) are those of Table 1. Itshould be remarked that results with 1 processorcorrespond to simulation runs made with a sequentialsimulator, instead of using the parallel simulator in onlyone processor. For each experiment, the left-hand columnshows the execution time, and the right-hand column theobtained speedup, relative to the execution time of thesequential simulator.A first set of experiments, varying L,C and the numberof processors, was made to assess the influence of thesethree parameters in the global performance of thesimulators. The results of three of those experiments areshown in columns A , B and C in Table 2. The mainconclusions that can be drawn out are (1) speedup scaleswell with the number of Transputers, (2) the load C hasthe greatest impact in the simulation speed and (3) thelookahead is specially relevant with low loads.ExperimentCLW

A110

B660

C10100

D1110000

E6110000

Table 1: Input parameters for the experimentsreported on Table 2 and Table 3.The obtained speedups are not really bad, specially ifthe consideration about communication-computation ratiois taken into account. In fact, most of the execution time isdue to the cost of the simulation algorithm, mainly thesynchronisation time of the LPs (that includes theinterprocess communication by means of messages),whereas the time to simulate an event is negligible. Wemade another set of experiments inserting synthetic CPUworkload when a job is processed (W). With a reasonablyhigh value of W, the simulations exhibit very satisfactoryspeedups. The parallel simulator is able in this case todistribute the synthetic workload among the processors,and thus available parallelism is conveniently exploited.Additionally, the communication-computation ratiobecomes more balanced.Our experiments confirm the results reported in theliterature [4, 7, 11]. It could be concluded that, in general,the conservative approach to parallel simulation does notexhibit a brilliant performance. This is certainly true inmany cases, but some models can successfully besimulated with this kind of simulators: (1) models thatrequire small synchronisation effort to the LPs, that is,models with a high degree of communication, or modelswith a low connectivity between LPs; (2) models withhigh lookahead, that allows the simulation to progressquickly when the LPs do not have events to process; (3)models where the simulation of an event requires a highcomputation effort, which is distributed among theprocessors. A �coarse grain� distribution of modelcomponents over logical processes will give moreefficient parallel simulations. In summary, theperformance of conservative simulation schemes is highlydependent on the intrinsic characteristics of the model.3.2: Experiments with the optimistic simulatorAfter developing the conservative simulator, animplementation of Time Warp was also done, trying tomaintain the maximum level of similarities between the

two simulators in order to make fair comparisons.We found out that the optimistic simulator was terriblygreedy in memory demands. Many experiments wereaborted because the memory assigned to a LP wasexhausted: the LPs data structures grew too fast, and thefossil collection mechanism (made possible by means of aglobal control mechanism to calculate and distribute theGVT) did not free much memory to be reused. In additionto that, the message passing subsystem also failed becauseof lack of space to store messages in its journey from a LPto another. After analysing the evolution of the programs,we discovered two reasons for this behaviour:(1)The characteristics of the model. The toroidalnetwork used in the experiments exhibits a high degree of(local) communication. The result is that an erroneouscomputation in a LP spreads quickly to the neighbouringLPs, making them advance in an erroneous way. What isworse, a feedback effect is produced when, aftererroneously processing a job, it is sent to another LP thatalso processes it and sends it back to the original LP,where the chain starts again. In the proposed model, thissituation is highly probable. The result is that, firstly, abig deal of memory space is required to store anti-messages and copies of the state and, secondly, whenevera causal error is detected, an avalanche of anti-messages issent, producing the overflow effect in the message passingsystem.(2)The Transputer built-in scheduler. Many studiesof optimistic simulators have been done using ad-hocmicrokernels to schedule the execution of a number ofLPs in a smaller number of processors. Those schedulersprioritize the LPs with minimum local time [5, 6]. Withthis approach, the greedyness of the optimistic LPs isstrongly limited: erroneous computation does not go toofar and, consequently, anti-messages are sent less oftenand in smaller number. In our simulator, instead ofdesigning a new scheduler, we used the transputer built-inone, whose main characteristic is its attempt to be fair anddistribute the CPU evenly among all the LPs. Now we areplanning to redesign the system using a special purposesoftware scheduler.To solve these problems we adopted a proposal ofSokol et al. [12]: we added a certain degree of�conservadurism� into the LPs. With a purely optimisticscheme, the LPs advance unboundly (in fact, as justmentioned, they advance too fast). The conservadurism isimposed by limiting the ability to go into the future: LPsare allowed to advance to a ceirtan degree, calculated asthe value of the GVT plus a time window size. If it tries togo beyond, it is (temporally) blocked. The window size isdinamically changed: if the LP is successful in its advance(that is, if it does not force rollbacks), the window size isincreased. Otherwise, the window is decremented. Aminimum window size is guaranteed, to have always adegree of optimism.We did a series of experiments to evaluate ouroptimistic simulator with the time window mechanism.Some of those are compiled in Table 3. As many authorsreported that the optimistic simulator�s performace ismuch better than the conservative�s [6], we were quitedissapointed: in most of the cases, the conservativesimulator runs faster than the optimistic.Only in the worst case for the conservative simulator(low load and low lookahead) the optimistic simulator isfaster. We studied the reasons of this behaviour, and wefound (as other researchers did before [13]) that thememory management in the LPs is absolutely critical, upto the point that, in most cases, the overhead of managingthe data structures is higher that the effort ofsynchronising processes by means of blocking and nullmessages. Additionally, although null messages are notneeded, anti-messages are, and its number is notnegligible, especially when the optimistic advance of theLPs is not bounded.An important characteristic of the optimistic simulatoris that the execution times are less sensitive to parametersas load and, particularly, lookahead. That means that theuser does not have to worry about the best way to exploitthe lookahead of the model. The level of abstraction thatis offered is higher. While a conservative simulator has tobe done ad-hoc for a class of models, if a goodperformance is desired, the optimistic one is more general,and can be applied (with similar success) to a variety ofmodels [15, 16].From the experiments shown in Table 3, it can also beconcluded that the speedup scales with the number ofprocessors. In relation with the effect of the syntheticworkload in the performance (experiments D and E), a bigvalue of W has important effect on the speedup, but thiseffect is not as dramatic as it was in the conservative case.The reason is that in the conservative simulator a busy-wait loop is done just whenever it is needed, and neverhas to be undone. On the other hand, with the optimisticsimulator, many jobs are processed in a speculative way,and its effect have to be undone later. That means that,when the grain size is big, the effect of erroneouscomputations is also a serious drawback: it could be betterto wait and consume a message just when it has to beconsumed, than consume it and later undo its effects. Asin experiment E the simulator has more jobs to process,the probability of making a mistake is bigger, so it takesmore time than experiment D.

4: ConclusionsThe current simulation techniques are fundamentallysequential, optimized to get the maximum performancefrom a single processor. Unfortunately, these methods cannot be easily adapted for its use in multicomputer systems.For this reason, new, parallel simulation methods havebeen developed: conservative and optimistic.Our experiments with the conservative simulatorconfirms the results of other authors: high values of load,lookahead and synthetic workload make possible goodperformance. Nevertheless, the simulator has to be handmade to exploit the characteristics of the model. Theoptimistic simulator is more general, offering a higherlevel interface to the user, but its performance is, in ourexperiments, less brilliant than we expected. The memorymanagement tasks involved into the Time Warpmechanism wastes most of the CPU time. The selectedmodel, the computer system used as workbench, and ourparticular implementation allies to make the performanceeven worse.References[1]Bryant R. E. 77, Simulation of Packet CommunicationsArchitecture Computer Systems. MIT-LCS-TR-188,Massachusetts Institute of Technology[2]Chandy K. M. and Misra J. 79, Distributed Simulation: ACase Study in the Design and Verification of DistributedPrograms. IEEE Trans. Soft. Eng. 5-5 440-452[3]Fujimoto R. M. 88, Lookahead in Parallel Discrete EventSimulation. Proc. Int. Conf. on Parallel Processing pp. 34-41[4]Fujimoto R. M. 89, Performance Measurements ofDistributed Simulation Strategies. Transactions of SCS 6-2 pp. 89-132[5]Fujimoto R. M. 89, Time Warp on a Shared MemoryMultiprocessor. 1989 Int. Conf. on Paralllel Processingpp. III-242-249[6]Fujimoto R. M. 90, Optimistic Approaches to ParallelDiscrete Event Simulation. Transactions of the SCS 7-2pp. 153-191[7]Fujimoto R. M. 90, Parallel Discrete Event Simulation.Comm. ACM 33-10 pp. 31-53[8]Jefferson D. R. 85, Virtual Time. ACM TOPLAS 7-3 pp.404-425[9]Jefferson D. R., Beckman B., et al. 87, The Time WarpOperating System. Operating Systems Review 21-5 pp.77-93[10]Miguel J., Arruabarrena A., Beivide R 93, ConservativeParallel Discrete Event Simulation in a Transputer-basedMulticomputer. Transputer Applications and Systems�93,Vol. 1, pp. 651-659. IOS Press.[11]Reed D. A., Malony A. D. and McCredie B. D. 88,Parallel Discrete Event Simulation using Shared Memory.IEEE Trans. Soft. Eng. 14-4 pp. 541-553[12]Sokol L. S., Stucky B. K., Hwang V. S. 89, MTW: AControl Mechanism for Parallel Discrete Simulation.1989 Int. Conf. on Paralllel Processing pp. III-250-254[13]Tallieu F., Verboven F. 1991, Using Time Warp forComputer Network Simulation on Transputers. Proc. 24thAnnual Simulation Symposium, pp. 112-117.[14]Wagner D. B. 89, Conservative Parallel Discrete-EventSimulation: Principles and Practice. Ph. D. dissertation,Univ. of Washington[15]Wieland F., et al. 89, The Performance of a DistributedCombat Simulation with the Time Warp OperatingSystem. Concurrency: Practice and Experience 1-1 pp. 35-50[16]Wieland F., Jefferson D. 89, Case Studies in Serial andParallel Simulation. 1989 Int. Conf. on ParallelProcessing pp. III-255-262Proc.ABCDE

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 2: Execution times and speedups for a series of experiments done with a conservative parallelevent driven simulator.Proc.ABCDE

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----

Table 3: Execution times and speedups for a series of experiments done with an optimistic parallelevent driven simulator.