A case study in synchronous paralleldiscrete event simulationJos� Miguel Alonso1,2,*

, Jos� A.B. Fortes2,⁄1Departamento de Arquitectura yTecnolog�a de ComputadoresUPV/EHUApdo. 64920080 San Sebasti�nSPAIN2School of Electrical and ComputerEngineeringPurdue University1285 EE BuildingWest Lafayette, IN 47907-1285USAacpmialj@si.ehu.es, fortes@ecn.purdue.edu * T h i s r e s e a r c h w a s c o n d u c t e d w h i l e J o s� M i g u e l w a s a V i s i t i n g S c h o l a r a t P u r d u e University.⁄ This research was partially funded by the National Science Foundation under grantsMIP-9500673 and CDA-9015696.

iiTable of contents1Introduction...............................................................................................

12Predicting the performance of SPED........................................................

43Implementation.........................................................................................

64Experiments...............................................................................................

85Performance results.................................................................................

106Improving the performance.....................................................................

137Conclusions..............................................................................................

21References.........................................................................................................

22
iiiAbstractThis paper considers the suitability of SPED, a synchronous paralleldiscrete event simulator, for the study of message passing networks. Thesimulation algorithm is described, and its potential performance is assessedshowing that, under some simplifying assumptions, SPED might offerspeedups directly proportional to the number of processors used in thesimulation. An implementation of SPED in a distributed memory parallelsystem is used to study a model of an interconnection network for amulticomputer. Experiments show that SPED performs nearly as expected,as long as the event density imposed on the LPs is above a certain threshold.If this is not the case, the overhead due to synchronization pluscommunication dominates the execution time, and the achieved speedups arenot as good.Some ways to improve the performance of SPED are proposed: a method toreduce the number of messages interchanged during the simulation, and anew algorithm for synchronous PDES, called PTD-NB (Parallel Time Driven-No Barriers), which reduces the synchronization overhead by removingbarrier operations and can be easily implemented in multicomputer systemswithout support for global synchronization operations.KeywordsParallel discrete event simulation, synchronous PDES, multicomputernetworks, performance analysis, barrier synchronization.

11IntroductionThe study of large and complex models of dynamic systems by means ofcomputer simulation, a common activity in many science and engineeringfields, is a computationally demanding task. The simulation community is incontinuous search of new techniques to accelerate this kind of studies. One ofthe most promising possibilities comes from the use of parallel computers. Anextensive set of techniques can be found in the literature to perform PDES(Parallel Discrete Event Simulation). Most of those techniques have incommon the fact that parallelism is exploited by model decomposition: themodel to simulate is divided into several parts, and each part is assigned to aLogical Process (LP). The resulting collection of LPs can run concurrently,each one simulating its part of the whole. LPs communicate and synchronizeby passing messages that contain events scheduled by one LP (the sender) tobe processed by another LP (the receiver).In order to maintain the causal relationships among the events in thesimulation, a synchronization mechanism is needed. There are two broadgroups of synchronization mechanisms, which differ in the way (simulated)time information is perceived by the LPs.¥In synchronous methods the simulation clock is global, that is, all theLPs share a common view of time. Only those events with the same (orvery close) timestamp are executed in parallel [PWM79, Luba88, SSH89,YTH89, KY91, Soul92].¥In asynchronous methods each LP has its own local clock. The objectiveof these methods is to allow events with different timestamps to beprocessed in parallel, not necessarily in strict timestamp order buttaking care of maintaining the causal relationships of the events toensure simulation correctness. The best known approaches toasynchronous PDES are those by Chandy-Misra-Bryant [CM79,Brya77], and Jefferson�s Time Warp [Jeff85].This paper studies one particular algorithm in the first group, which wecall SPED (Synchronous Parallel Event Driven). Each LP of a SPEDsimulator keeps the same data structures of a single, sequential event-drivensimulator: clock, state variables, statistics and event calendar. The clocks of

2all the LPs always keep the same value, so it can be said that the LPs share acommon clock. The rest of the data structures are private. The event calendarstores self-scheduled events (events scheduled by one LP for its own future)as well as those events scheduled by other LPs and received via messages.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 */

}Figure 1. Outline of a logical process that forms part of a Synchronous ParallelEvent Driven (SPED) simulator.Each LP performs the basic algorithm depicted in Figure 1. It consists of aloop where iterations are separated by barriers. Each iteration performs fours t e p s .  F i r s t  e a c h  L P  o b t a i n s  t h e  t i m e s t a m p  o f  t h e  e a r l i e s t  m e s s a g e  o f  i t s e v e n t  c a l e n d a r .  T h e n ,  a  g l o b a l  o p e r a t i o n  i s  p e r f o r m e d  t o  c o m p u t e  t h e m i n i m u m  a m o n g  t h o s e  v a l u e s ;  t h e  r e s u l t i n g  m i n i m u m  i s  a s s i g n e d  t o  t h e clock of all the LPs. In the third step each LP consumes all the events whoset i m e s t a m p  e q u a l s  t h e  n e w  v a l u e  o f  t h e  c l o c k .  T h e  l a s t  s t e p  i s  t h e  b a r r i e r synchronization; it is needed to make the LPs start the next iteration at thes a m e  t i m e .  T h e  L P s  s h o u l d  n o t  p r o c e e d  t o  t h e  n e x t  i t e r a t i o n  u n t i l  a l l  t h e m e s s a g e s  g e n e r a t e d  i n  t h e  p r e v i o u s  s t e p  h a v e  b e e n  d e l i v e r e d  a n d  s a f e l y stored in the corresponding event calendars.The algorithm guarantees that at least one LP will consume one event ineach iteration: the one that was used to compute the new clock. In the worstcase, SPED behaves exactly like a sequential simulator, because it is possiblethat in a given iteration only the LP with the earliest event has something todo, while the others simply await to proceed to the next iteration. However, ina  w e l l  b a l a n c e d  s c e n a r i o  w i t h  a  r e a s o n a b l e  e v e n t  d e n s i t y  ( d e f i n e d  a s  t h e average number of events with the same timestamp), SPED can efficientlyexploit the available parallelism, with a moderate synchronization cost. Twoadditional positive aspects can be found in this method: the simplicity of thed e s i g n  ( w h i c h  m a k e s  t h e  s i m u l a t o r  e a s y  t o  b u i l d  a n d  m a i n t a i n )  a n d  t h e

3possibility of an efficient implementation in SIMD systems, while otherapproaches to model distribution simulation are best suited for SPMD orMIMD systems.The outline of the remainder of this paper is as follows. In ⁄2 a simpleanalytical model of SPED is used to predict its performance. In ⁄3 animplementation of SPED in an Intel Paragon multicomputer is described. Amodel of a message passing network for a multicomputer system, described in⁄4, has been used to test this implementation. The results of a set ofexperiments, along with the conclusions drawn from them, are presented in⁄5. In ⁄6 two ways of improving the performance of SPED are proposed andevaluated: a new algorithm called STD-NB (Synchronous Time Driven-NoBarriers), and a way to reduce the number of messages interchanged in asynchronous parallel simulation, applicable to both SPED and STD-NB. Thepaper ends with a summary of conclusions in ⁄7.

42Predicting the performance of SPEDFelderman & Kleinrock perform in [FK90] a comparison of the potentialperformance of SPED versus an asynchronous parallel simulator such asTime Warp. The study is simplistic: in the synchronous case the onlyoverhead that is considered is the time spent synchronizing. In theasynchronous case it is assumed that the simulator performs its best and notime is spent in synchronization. Although the main objective of this work isto compare both methods, in this section we will only use some resultsobtained for the synchronous algorithm.In order to simplify the analytical study, it is assumed that P processorsexecute K tasks sequentially. Each processor p must perform tasksTp1�Tpk�TpK in sequential order. A task will take a random amount of timet o  c o m p l e t e  e x e c u t i o n  o n  a n y  p r o c e s s o r� t h i s  i s  c a l l e d  t h e  task time. Eachprocessor houses exactly one LP, so both terms can be used interchangeably.U s i n g  t h e  s y n c h r o n o u s  a p p r o a c h ,  a  p r o c e s s o r  m u s t  w a i t  f o r  a l l  o t h e r  t o c o m p l e t e  a  s t e p  b e f o r e  c o n t i n u i n g .  E a c h  p r o c e s s o r  m u s t  w a i t  u n t i l  e v e r y p r o c e s s o r  h a s  c o m p l e t e d  t a s k  i b e f o r e  s t a r t i n g  w i t h  t a s k  ( i+ 1 ) .  T h i s  i s  a staged execution with K stages, where each stage takes as long as the slowestprocessor.Under these assumptions, if the task times are exponentially distributedr a n d o m  v a r i a b l e s  ( w i t h  m e a n  1 / μ), τηε εξπεχτεδ χομπλετιον τιμε ϕορ ασψνχηρονουσ σιμυλατορ ισ Κ τιμεσ τηε μαξιμυμ οϕ Π εξπονεντιαλσ. Τηισ ϖαλυεχαν βε εξπρεσσεδ ασ [ΦΚ90]:

E T K E P P P P

SPED

[ ] ln /( )»++-+�Ł�ł�

m 12 1 121

where E = Euler�s constant » 0.57722.The previous result depends on the assumption of an exponentialdistribution for task times. If now it is assumed that task times are uniformlydistributed between 0 and X, the expected value of the execution time can beexpressed as [FK90]:

E T KX PP

SPED

[ ] =+1

5From these results, and assuming that no method can achieve a speedupgreater than P for P processors, Felderman & Kleinrock state that themaximum achievable speedup of SPED is (P/ln P) under the assumption ofexponential task times, and P under the assumption of uniform task times.They also conjecture that the results for exponential task times are due to theinfinite tail of the exponential distribution and may therefore be applicable toother distribution with infinite tails. Similarly, the results for uniform tasktimes could be applied to any distribution with finite support.For the kind of models we are studying, a task is a set of events with thesame timestamp, simulated in the same iteration (stage). The execution timeof an event is approximately constant, but the number of events in each stageis random, in such a way that the size of that set (times a constant) is a goodapproximation of the task time as previously defined.The duration of each stage is bounded: each LP simulates a finite numberof model elements, and the number of events that can happen in each of thoseelements in each cycle of simulated time is also finite. According to theprevious discussion, we can expect that, to a first approximation, speedupshould be proportional to the number of processors. However, the analysis in[FK90] does not consider other costs of SPED, such as the interchange ofmessages among LP in order to schedule events. This overhead increaseswith the number of processors, so it should come as no surprise if the actualperformance is not up to our expectations.

63ImplementationThe SPED algorithm described in the introduction has been implementedin an Intel Paragon multicomputer, using the ANSI C programming languagewith Intel�s NX library for parallel programming. This library includes pointto point communication in different styles: blocking, nonblocking, interrupts,etc. We have used the blocking functions:¥Csend() sends a message. This function returns to the calling processimmediately, once the message has been stored in a system buffer.¥Crecv() receives a message. This function blocks the calling processuntil a message is received.Each message sent must have a tag or message type, in such a way that areceive function may select just those messages with a given tag.NX also provide global communication functions. Among those, aparticularly interesting one for our purposes is gilow(), which synchronizesall the processing elements that participate in an application and thencomputes the minimum (integer) value among those provided by the callingprocesses. Gsync() provides just the synchronization (a barrier), withoutperforming any reduction operation.Using these functions, the basic design of a LP in our implementation ofthe SPED simulator follows, in broad lines, the description given before. EachLPi executes a loop of 4 basic operations:Clock advance. LPi computes the minimum timestamp among the eventsstored in the local event calendar, ti. Collectively, the LPs compute theminimum among all those values, c = min(ti). This global operation alsoperforms a barrier synchronization.Event consumption. LPi advances its clock to reach c. All the events withthis timestamp can be executed safely, because there are no causalityrelationships among them. During this step, internal events are storedi n t h e l o c a l e v e n t c a l e n d a r , w h i l e e x t e r n a l e v e n t s a r e s t o r e d i n a n auxiliary data structure.Message distribution. LPi sends the external events generated in thep r e v i o u s s t e p , b y m e a n s o f m e s s a g e s . T h i s i s d o n e i n t w o p h a s e s : ( a )

7every neighbor is informed about how many messages will be sent to itand (b) the messages are actually sent.Message gathering. LPi reads all the external events generated in otherLPs and sent to it. Again, this is done in two phases: (a) gather from theneighbors the number of messages to receive and (b) actually receivingthe messages.T h e r e s u l t i n g c o d e f o r a L P i s s k e t c h e d i n F i g u r e 2 . T h e d e s i g n o f t h e message distribution and message gathering phases, along with the barrierat the beginning of each phase, ensures that all the messages generated ino n e i t e r a t i o n a r e s a f e l y r e c e i v e d a n d s t o r e d i n t h e s a m e i t e r a t i o n , w i t h o u t interfering with the next one.process SPED-LP:

while (clock <= end_of_simulation) {
ts = minimum_timestamp();

clock = gilow(ts);

while (next_event_time() == clock) {
m = next_event();

consume(m);

}send_messages();

receive_messages();

}Figure 2. Sketch of the main loop of a logical process that uses the SPEDsynchronization mechanism, as implemented in the Paragon.

84ExperimentsTo test our implementation of SPED we used a model of a message passingnetwork for a multicomputer system. The details of this model can also befound in [Arru93]. It is basically a torus network of message routing elements(routers). Each router (Figure 3) is connected to four neighbors and to aprocessing element, via bi-directional channels. All the messages have thesame length. The flow-control mechanism is cut-through and, for this reason,message queues are needed, which are associated to each output channel.

NSEWRouting

NESWIMessage interface

From/to the local processorInjectionConsumption

Figure 3. A model of message router. The actual model being simulated is atorus network were each node is a <router, processor> pair, representing amulticomputer system.Three important parameters of this model are:¥Message length (M), measured in flits (flow-control digit). It is assumedthat a flit advances from one router to another in one cycle (of simulatedtime).¥Load of the network (L). It is the amount of information generated by theprocessing nodes, measured from 0 (none) to 100 (theoretical maximum).The maximum (100) corresponds to the bisection bandwidth (in flits) ofthe network, that is, to a situation where the channels of the networkbisection are continuously utilized. A given load level can be reachedwith many short messages or with few long messages.¥Size of the network (S). Number of <router, processor> pairs.

9These three parameters have a direct influence on the event density of thesimulation: it increases with L and S, and decreases with M.Other characteristics of the model such as the size of the router queues, thecommunication patterns and the routing strategy were fixed, although theycould be easily changed. The transit queues can hold 10 messages, while theinjection queue has enough room for 4 messages. A random communicationpattern was used: a node can send messages to any of the other nodes, withthe same probability. The (time) separation between messages generated at agiven node is exponentially distributed, with a mean that is directlyproportional to the message length and inversely proportional to the networksize and load. The routing strategy is oblivious in order of dimension (first X,then Y), following a technique described in [Arrua93, Izu94] to avoidcommunication deadlocks. This is needed because the topology is a torus.To perform a parallel simulation the simulated network is divided insquares of the same size, and each square is assigned to a logical process.This means that each LP simulates an aggregate of routers, not only one. Thesize of the square depends on the number of available processing elements(PEs): exactly one LP is mapped onto each PE.A sequential event-driven simulator was also implemented, in order tohave a reference point to assess the achieved performance of the parallelsimulators under different configurations and workloads. After measuringthe execution time of a sequential and a parallel simulation of the samemodel, a speedup figure can be computed. The model simulated by thesequential and parallel programs are basically the same but, in order to makefair comparisons, some optimizations were included in the sequential versionthat take advantage of the use of a single memory space.

105Performance resultsAn exhaustive set of experiments performed with SPED simulating themodel described in the previous section led to the following conclusions: for agiven value of P (number of processing elements) the performance of SPEDincreases with the event density, that is, the best conditions for SPED comewith large values of L (load) and S (size), and small values of M (messagelength); additionally, for a given event density (L, S and M), speedupincreases with P.These results are illustrated in Figure 4, which shows the speedupsachieved when performing the following experiments:¥Experiment 1: using a number of processors P ranging from 1 to 64, anetwork of S = 24×24 routers is simulated during 4000 cycles. Thevalues of the other parameters are L = 50 and M = 4.¥Experiment 2: using a number of processors P ranging from 1 to 100, anetwork of S = 90×90 routers is simulated during 1000 cycles. Theremaining parameters are the same as in experiment 1.Separately, each experiment tells us how well the execution time improveswith the number of processors. If the attention is fixed on the results of bothexperiments for a given number of processors, the influence of the eventdensity (in this case, only of S) can be seen.

1120406080100020406080100S = 90x90S = 24x24Linear speedup

SpeedupNumber of processorsFigure 4. Speedups achieved with SPED running experiments 1 and 2. The sameexperiments, using an optimized version of the model, were run with asequential simulator, whose execution times were used as the reference tocompute speedups.The obtained results are, for the case of high event density (experiment 2)nearly as expected from the analytical study of ⁄2: linear with the number ofprocessors. However, when this density is smaller, the performance is notvery good when many processors are used. We hypothesize that this shouldbe due to overheads not considered in the study of Felderman & Kleinrock,such as communication among processors, which increases with the numberof processors.To further understand the behavior of this SPED implementation weinstrumented the simulator to measure how much time LPs spend executingevents and how much performing synchronization tasks. This is shown inFigure 5. The total execution time is divided into four parts:Tsim is the time spent managing and executing events; management tasksare event calendar insertions and deletions.Tsen is the time spent sending messages to other LPs.

12Trec is the time LPs spent awaiting to receive, from their four neighbors,messages generated as a result of iteration completions. Trec is basicallysynchronization time, because it includes the time a LP spends awaitingits neighbors to finish, plus a small overhead due to the invocation of asystem call.Tbar is the time LPs spent computing the value of the clock at thebeginning of each iteration. This global minimum operation is a form ofbarrier, so this time is also devoted to synchronization.

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 Tsen Trec Tbar

4 9 25 36 81 100

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

Tsen

Trec

Tbar

Experiment

. Network 24

·24 routers. Experiment

. Network 90

·90 routers.

events.

It is easy to see how a highly loaded simulator performs better because it is considerably.

      Improving the performance
shows that the performance of SPED is quite satisfactory. However, the study
messages of larger size.

6.1 Removing barriers
slightly better than PTD.

     Figure 6. Sketch of a logical process using the PTD synchronization mechanism.

                    receive_messages
executed send_messages
send_messagesreceive_messages
the mixture of messages, thus requiring the use of the barrier.

algorithm, that we will call PTD-NB (Parallel Time Driven-No Barrier).

     mechanism.

  send_messages2
send_messages
with a label with two fields:

     previously advertised are sent.

     tagged with the current value of the clock.

receive_messages2
end of iteration  proceeds as follows:

     The LP awaits to receive as messages as neighbours, selecting only those

     will be received, say

                                             16

               Then the LP awaits to receive exactly  messages tagged <USEFUL, >.

               messages belonging to iteration

will be received.

            receive_messages2

          finished, so the clock can be incremented and the next iteration starts.

          implemented in multicomputers that lack support for global operations.

               computation phases.

                                                 17

              increases with the number of nodes to synchronize.

SPED

PTD-NB

SPED-S

·are longer.

numbers of processors.

                                   18

              i.

not have this limitation.

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 Tsen Trec Tbar

49163664

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

Tsen

Trec

Tbar

               PTD-NB SPED-S

6.2 Reducing the number of messages
has been assumed that, for each event scheduled by a LP for a different one, a

However, SPED allows an alternative way of dealing with messages.

relative terms. Under these conditions, SPED (PTD, PTD-NB) can be adapted
to reduce the number of messages sent by a LP at the end of each iteration, to
events scheduled for a neighbor in a single message of variable size.

  send_messages
events grouped together.

  receive_messages
be obtained at run time. This forces the receive operation to be split in several
parts:

                                                cprobe

     NX library.

                                    infocount

     size of the data structure that stores an event.

     crecv ().

execution times are about a 6% shorter.

receive operation now requires more system calls and, (b) most of the time the
distribution of time for the case of Experiment
density: if a LP needs to send many messages each iteration, those are longer,
important for the case of 64 processors.

      Conclusions
has the potential to offer speedups proportional to the number of processors.

and the achieved efficiency is not as good as expected.

are involved) or, simply, not available.

experiments.

References

[Arru93] A. Arruabarrena. An�lisis y evaluaci�n de sistemas de

            interconexi�n para procesadores masivamente paralelos. PhD

            dissertation, Departamento de Arquitectura y Tecnolog�a de

            Computadores, Universidad del Pa�s Vasco, Sept. 1993.

[Brya77] R.E. Bryant. Simulation of packet communications architecture

            computer systems. MIT-LCS-TR-188, Massachusetts Institute of

            Technology, 1977.

[CM79] K.M. Chandy and J. Misra. �Distributed simulation: a case study

            in design and verification of distributed programs�. IEEE

            Transactions on Software Engineering, Vol. SE-5, No. 5, Sept.

            1979, 440�452.

[FK90] R.E. Felderman and L. Kleinrock. �An upper bound on the

            improvement of asynchronous versus synchronous distributed

            processing�. Distributed Simulation 1990

[Izu94] C. Izu. An�lisis, evaluaci�n y aportaciones al dise�o de

            arquitecturas para encaminadores de mensajes. PhD

            dissertation, Departamento de Arquitectura y Tecnolog�a de

            Computadores, Universidad del Pa�s Vasco, May 1994.

[Jeff85] D.R. Jefferson. �Virtual time�. ACM Trans. on Programming

            Languages and Systems, Vol. 7, No. 3, July 1985, 404�425.

[KY91] P. Konas and P-C. Yew. �Parallel discrete event simulation on

            shared memory multiprocessors�. Proc. of the 24th Annual

            Simulation Symposium , New Orleans, Luisiana, April 1991,

            134�148.

            B.D. Lubachevsky. �Bounded lag distributed discrete event

            simulation�. Proc. SCS Multiconference on Distributed

            Simulation, Feb. 1988, 183�191.

[PWM79] J.K. Peacock, J.W. Wong and E.G. Manning. �Distributed

            simulation using a network of processors�. Computer Networks

            Vol. 3, No. 1, 1979, 44�56.

[Soul92] L. Soul�. Parallel logic simulation: an evaluation of centralized-

            time and distributed-time algorithms. PhD dissertation. Stanford

            Univ. Technical Report CSL-TR-92-527, June 1992.

[SSH89] L.M. Sokol, B.K. Stucky and V.S. Hwang. �MTW: a control

            mechanism for parallel discrete simulation�, Proc. Int. Conf.

            Parallel Processing, Vol. III, Aug.1989, 250�254.

[YTH89] Q. Yu, D. Towsley and P. Heidelberger. �Time-driven parallel

            simulation of multistage interconnection networks�. Distributed

            Simulation 1989, 191�196.