An Empirical Evaluation of Techniques for Parallel Discrete-Event Simulation ofInterconnection NetworksJos� Miguel1,2,˚Agust�n Arruabarrena2, Ram�n Beivide3 and Jos� A.B. Fortes11School of Electrical andComputer EngineeringPurdue UniversityWest Lafayette, IN 47907, USA2Dep. de Arquitectura yTecnolog�a de ComputadoresUPV/EHUApdo. 64920080 San Sebasti�n, Spain3Departamento de Electr�nicaUniversidad de CantabriaAv. de los Castros s/n39005 Santander, Spainacpmialj@si.ehu.es, acparfra@si.ehu.es, beivide@ccucvx.unican.es, fortes@ecn.purdue.eduAbstractThree parallel discrete-event simulators�synchronous,conservative and optimistic�implemented on an IntelParagon multicomputer are comparatively evaluated.Parallelism is achieved by model decomposition,distributing the simulation among a set of collaborativelogical processes. The three simulators differ in the waythose processes synchronize to obey causal restrictions inthe simulation of events. Message passing network modelsare used to study these simulation alternatives. A set ofexperiments are carried out to understand how modelparameters influence simulator performance.Experimental evidence leads to the conclusion that theoptimistic simulator is not a viable tool for the analysis ofthis kind of models. The opposite conclusion applies to theother two: if the workload assigned to each logicalprocess is above a certain threshold then thesynchronization overhead is comparatively low and thesimulators perform and scale well up to a large number ofprocessors. Performance threshold is influenced by someparameters of the simulated model (size of the network,load level and message length), as well as by the numberof processors used by the simulators.

J. Miguel is currently a Visiting Scholar at the Schoolof Electrical and Computer Engineering, PurdueUniversity.This work has been done under the partial support ofthe CICYT, Spain, under contract TIC95-0378, and theNational Science Foundation, USA, under grantsMIP-9500673 and CDA-9015696.1:IntroductionComputer simulation is often required to validate,verify or complement analytical models of complexsystems. Multiprocessors offer the possibility of large-scale systems simulation as long as efficient parallelprocessing implementations are adopted. Out of threepossible approaches, this paper identifies two efficientdiscrete-event based parallel simulation techniques forsimulation of message passing torus interconnectionnetworks. Experiments conducted on an Intel Paragonmulticomputer provide the empirical basis of theconclusions of this paper.In [8, 9] parallel simulation techniques were analyzedusing very simplistic models as benchmarks: torusnetworks of FCFS servers, traversed by a fixed number ofjobs. Four different simulators were used: sequentialevent-driven, sequential time-driven, parallel conservativeevent-driven (with deadlock avoidance via null messages)and parallel optimistic event-driven [2, 3, 4, 7]. For themodels under consideration it was found in [8, 9] thatspeedups up to 10 could be obtained for the conservativesimulator on a network of 16 transputers. The performanceof the optimistic simulator was not such good, in part dueto an inefficient implementation of the algorithm.After this preliminary evaluation performed with a toymodel, a realistic model was selected to work with. In [1]a fairly complete set of measurements of thecharacteristics of some interconnection networks can befound, obtained with a sequential simulator. A small set ofthese well-known models were selected to test the actualperformance of the synchronous, conservative andoptimistic parallel simulators working with a usefulworkload.

The details of the selected model can also be found in[1]. It is basically a torus network of message routingelements (routers). Each router (Figure 1) is connected tofour neighbors and to a processing element, via bi-directional channels. All the messages have the samelength. The flow-control mechanism is cut-through and,for this reason, message queues are needed, which areassociated to each output channel. Operation of thenetwork is assumed to be synchronous. It takes a cycle tomove a flit from port/queue to port/queue, in the same orin different router. This means that timestamps of eventsare always integer values.

NSEWRouting

NESWIMessage interface

From/to the local processorInjectionConsumption

Figure 1. Model of message router.Three parallel simulators have been implemented andtested on the Paragon multicomputer at Purdue University:CMB (Chandy-Misra-Bryant [2,3]), TW (Time Warp [7])and SPED (Synchronous Parallel Event Driven [11]).They have in common the fact that parallelism is exploitedby model decomposition: the model to simulate is dividedinto several parts, and each part is assigned to a LogicalProcess (LP). Those LPs can run concurrently, each onesimulating its part of the whole. However, in order tomaintain the causal relationships among the events in thesimulation, a synchronization mechanism is needed. Hereis where the three simulators differ.The SPED simulator executes events in non-decreasingtimestamp order. Only those events with the sametimestamp are executed concurrently. The synchronousnature of SPED comes from the fact that all the LPs sharethe same vision of time, and they barrier-synchronize eachtime the simulation clock advances.The other two simulators, CMB and TW, areasynchronous: each LP has its own local view of time. Inorder to perform a simulation that is globally correct, eachLP needs to obey the following rule: execute all theincoming events in non-decreasing timestamp order. Thisrule is not easy to follow because, after executing asequence of events, a new one might arrive from other LP,with a timestamp smaller than that of the last executedevent, thus impeding the receiver LP to obey the statedrule. A CMB simulator never allows these situations tohappen. To do so, LPs block before executing an event,until it is totally safe to proceed. This kind ofsynchronization is known as conservative. A TWsimulator allows erroneous situations to arise, but thoseare detected and a rollback is done to jump to an error-freepoint in the (simulated) past. This kind of synchronizationis known as optimistic.A problem with CMB simulators is that the blockingsynchronization mechanism can lead to the deadlocks. Forthis reason, CMB has to be enhanced with a method toresolve deadlocks. A deadlock avoidance mechanismbased on an interchange of null messages [3] is used forthis purpose.The rest of the paper assumes that the reader has aknowledge of the above-mentioned synchronizationmechanisms. A good source of information about the topicis [4].The paper is structured as follows. First some generalcharacteristics of the performed experimental work aredescribed. The actual experiments carried out for thesimulators evaluation are then described, followed byspecific analysis of the results for each of the simulators:conservative (CMB), optimistic (TW) and synchronous(SPED). The paper ends with some conclusions.2:Overview of the experimentsThe performed set of experiments uses the followingparameters of the model:¥Message length: 4 and 32-flit (flow-control digit)messages were considered. It is assumed that a flitadvances from one router to another in one cycle(of simulated time).¥Load of the network: amount of informationgenerated by the processing nodes, measured from0 (none) to 100 (theoretical maximum). Themaximum (100) corresponds to the bisectionbandwidth (in flits) of the network, that is, to asituation where the channels of the networkbisection are continuously utilized. A given loadlevel can be reached with many short messages orwith few long messages.¥Size of the network: most of the experimentsassume a network of 16·16 routers, but someresults for other network sizes are also reported.

Other parameters such as the size of the router queues,the communication patterns and the routing strategy werefixed, although they could be easily changed (if thepurpose of the study was to analyze the model, instead ofthe simulators). The transit queues can hold 10 messages,while the injection queue has enough room for 4messages. A random communication pattern was used: anode can send messages to any of the other nodes, with thesame probability. The (time) separation between messagesgenerated at a given node is exponentially distributed, witha mean that is directly proportional to the message lengthand inversely proportional to the network size and load.The routing strategy is oblivious in order of dimension(first X, then Y), following a technique described in [1, 6]to avoid communication deadlocks. This is neededbecause the topology is a torus.To perform a parallel simulation the simulated networkis divided into squares of the same size, and each square isassigned to a logical process. This means that each LPsimulates an aggregate of routers, instead of only one. Thesize of the square depends on the number of availableprocessing elements (PEs): exactly one LP is mapped ontoeach PE.No special effort is done to exploit the lookaheadability of this model, for the case of CMB [4]. It ispossible to obtain lookahead when a LP simulates just amodel element (a router). However, when a LP simulatesan aggregate of routers the obtained lookahead is very lowand the potential benefit does not pay for the effort ofcomputing it. Fortunately, a lookahead of 1 cycle is alwaysavailable, so deadlocks are conveniently avoided.A sequential event-driven simulator was alsoimplemented, in order to have a reference point to assessthe achieved performance of the parallel simulators underdifferent configurations and workloads. After measuringthe execution time of a sequential and a parallel simulationof the same model, a speedup figure can be computed. Themodel simulated by the sequential and parallel programsare basically the same but, in order to make faircomparisons, some optimizations were included in thesequential version, which take advantage of the use of asingle memory space.3:Experiments with CMBThis section presents the results of seven experimentsperformed with CMB. Table 1 summarizes the parametersused in the experiments: the first three parameters(network size, message length and load) are related to themodel. The fourth is the number of processing elements(and, thus, of LPs) used by the simulator. The obtainedresults, in the form of speedup curves, are plotted inFigures 2, 3 and 4.Before analyzing the results, the purpose of theseexperiments is described. Experiments 1P�4P deal with arelatively small model of 16·16 routers, with messagelength 4 or 32, and running on 4 or 16 PEs. The goal wasto confirm some results obtained in previous experimentswith a toy model [9]. In particular, the objective was totest the following hypothesis:1The simulator scales well, that is, the speedup with16 PEs is better than the speedup with 4 PEs. Thisshould be confirmed by comparing 1P with 2P, and3P with 4P.2Results are better with 4-flit messages than with 32-flit messages. With the same level of load, 4-flitmessages means at least 8 times more simulationevents than 32-flit messages. Execution timesshould be larger for the sequential and CMBsimulators, but the latter will have moreopportunities to self-synchronize without needingmany null messages, reducing the synchronizationoverhead. This should be confirmed by comparing1P with 3P and 2P with 4P.3Performance improves for higher loads. Again, thehigher the load the larger the number of eventsmanaged by the simulator, giving moresynchronization opportunities. This should beconfirmed by the four experiments.Experiments 5P and 6P deal with a model four timeslarger than that used in the previous set. The goal is toconfirm that CMB performance improves with theimposed workload. In this case it is not necessary to use asynthetic workload (as was the case with the toy model),because the natural way of increasing the work performedby a LP is increasing the number of routers it simulates,and this is achieved simulating larger networks.Experiment 7P is a more complete scalability test. Amedium-size model of 24·24 routers is simulated, using 4,9, 16, 36 and 64 PEs.For all the experiments the simulator ran for 4000cycles. It should be noticed that some of these experimentsare not well dimensioned for the Paragon. Execution timesare very short (less than 3 seconds in some cases), and aminimum variation in the run time given by the systemcan result in a significant variation of speedup, so trendsare more significant than actual values.

1P2P3P4P5P6P7P

Network size16·1616·1616·1616·1632·3232·3224·24

Message length4432324324

Load5�905�905�905�905�905�9050

Number of PEs41641616164�64

Table 1. Experiments performed with CMB-DA in the Paragon.

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 PEsFigure 2. Results of experiments 1P�4P with CMB. Simulation of a network of 16·16 routers.The results shown in Figures 2 and 3 confirm the initialhypothesis: the best performance is obtained with large,highly loaded models managing short messages. Thesescenarios are a challenge for sequential simulators, whileCMB distributes the load quite evenly, effectivelyexploiting the available parallelism.

The results of experiment 7P, plotted in Figure 4(right), shows that CMB scales very well, being the plotalmost a straight line. The event density is high enough tokeep all the PEs busy most of their time, even for the caseof 64 PEs.Figure 5 shows the contribution of computation andsynchronization to LP execution time when runningexperiment 7P with CMB. Tsim is the effective timeperforming simulations of events, plus the time needed tosend non-null messages. Trec is the time spent receivingmessages, useful or null. As the receive operation isblocking, Trec mainly accounts for the time LPs areawaiting for messages, not for the actual fact of reading areceived message. Thn represents the time a LP spendssending null messages and checking if there is anymessage able to be consumed.

024681012020406080100

SpeedupLoad

SpeedupLoadExperiment 5P. 4-flit messages Experiment 6P. 32-flit messagesFigure 3. Results of experiments 5P and 6P with CMB.Simulation of a network of 32·32 routers in 16 PEs.

1101001000010203040506070CMBSPED

Execution time (seconds)Number of processors05101520253035010203040506070CMBSPED

Speedup

Clearly, if the model is distributed among a largenumber of LPs, the amount of work assigned to each LPdecreases, and the synchronization demands increases.This can be seen very clearly in the Figure 5: when only 4LPs are used, 85% of the execution time is simulation, and15% is synchronization. When the number of LPs isincreased to 64, these figures change to 55% and 45%respectively.It is clear that if more PEs were utilized the proportionof synchronization time would increase, resulting in aperformance degradation. However, for a big enoughproblem, it pays to use all the available PEs.

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

Thn

Figure 5. Distribution of the execution time ofthe LPs in CMB among simulation andsynchronization.4:Experiments with TWrouter, plus the statistics.

faster that TW, independently of the number of PEs.From this particular experience, it is concluded that TW�management� activities:

message belonging to the past.

versions.

Sending and managing antimessages.

Computing the global virtual time.again, they also contribute to the overall overhead.remains discouragingly low. This seems to be an exceptioncontext of a shared memory implementation of TW.

larger than the data moved to execute an event.

domains.5:Experiments with SPED(seeperforms better than SPED.7PTsimTrecTbar7Ponly a 40% of the time.7P90·devoted to synchronization.of barriers was found to be less than the number of cycles.cycles with zero timestamp increment).

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

Figure 6. Distribution of the execution time ofthe LPs in SPED among simulation andsynchronization.6:

The knowledge obtained from previous experiments with arealistic, model.of the simulated model help to improve the performance ofversion.

the right tool for the kind of study presented here.of the presence of loops with zero timestamp increment.Acknowledgmentstheir technical support using the Paragon.References[1]of the Basque Country.[2]

Technology.[3]

Software Engineering SE-5, no. 5 (Sept.), 440�452.[4]31�53.[5]

191.[6]mensajesBasque Country.[7]Jefferson, D.R. 1985. �Virtual time�. ACM Trans. onProgramming Languages and Systems 7, no. 3 (July)405�425.[8]TransputerIOS Press, 636�650.[9]Parallel Computing Systems MPCS�94 (Ischia, Italy,Sept.), 528�532.[10]Jan.), 138�145.[11]Technical Report CSL-TR-92-527.