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Performance analysis of parallel
simulation on distributed systems

Yong Meng Teo 1 and Seng Chuan Tay I

Department of Information Systems & Computer Science, National University of
Singapore, Lower Kent Ridge Road, Singapore 119260

Abstract. This paper presents an analytical model to evaluate the performance of
parallel simulation on distributed computing platforms. The proposed model is
formalized by two important time components in parallel and distributed processing:
computation time and communication time. A conservative parallel simulation of
multistage interconnection networks is used as an example in our analytical model.
Performance metrics such as elapsed time, speedup and simulation bandwidth
associated with different schemes for partitioning/mapping parallel simulation onto
distributed processors are evaluated. Our mathematical analysis identifies the
major constituents of simulation overheads in these mapping strategies necessary
for improving parallel simulation efficiency. We also show that a perfectly balanced
workload distribution may not necessarily translate into better performance. On the
contrary, we have shown that a balanced mapping of workload may increase
communication overheads resulting in a longer simulation elapsed time. Our
performance model has been validated against implementation results from a
parallel simulation model. The analytical framework is also practical to evaluate the
runtime efficiency of other simulation applications which are based on the
conservative paradigm.

1. Introduction analysis provides an insight into the simulation modelling
and identifies the cause of unsatisfactory implementations.
By the use of multiprocessors, the parallel discrete-event The work done in this area is useful to simulationists
simulation (PDES) technique offers potential both for gas it provides the guidance necessary to improve, or
speeding up the sequential discrete-event simulation, andeven redesign, their programs. This paper focuses on
most importantly for increasing the size and complexity the performance modelling of the conservative parallel
of models simulatable within a reasonable amount of simulation. Instead of using self-contrived queuing network
time. Two related paradigmsconservative approach  models, our mathematical analysis is based on realistic
and optimistic approach have been widely discussed [4, multistage interconnection networks (MIN). The proposed
5,7,8]. A similarity of these two approaches lies in sjmulation and performance models can be practically
the process-oriented methodology in partitioning a system gpplied to study other simulation applications which are
to be simulated into loosely coupled components and pased on the conservative paradigm. The remainder of
simulating each component by a process. Interaction this paper is organized as follows. Section 2 gives an
among the processes is performed by passing timestampegyerview of the conservative parallel simulation mechanism
messages, which usually represent events scheduled, ofpr modelling and simulating interconnection networks.
to be scheduled if feasible, by one process at another.ye discuss the hand-shaking protocols used to ensure
To ensure causality correctness, the conservative approachhe correctness of finite-buffered simulation, and highlight
executes safe events only, meaning that an event, say okome resolutions to tackle deadlock/livelock problems and
occurrence timer, is selected for execution only when all 4 flushing mechanism to resolve combinatoric memory
the events before are already executed. On the other hand, explosion. Section 3 abstracts the performance model. We
the optimistic approach, also called timewarp, executes thegerive the individual process elapsed time, and analyse
events greedily. When causality error occurs, a rollback e speedup and simulation bandwidth under light traffic
mechanism annuls those events simulated ahead of time. g4 heavy traffic conditions. Section 4 analyses the
Many factors contribute to the performance of a PDES performance of different partitioning schemes for mapping
program. Active research areas within this arena include 4 gimylation application onto a finite number of processors.
new protocols, mathematical performance analysis, time gection 5 compares the derived metrics from the proposed
parallelism, hardware support, load balancing and dynamic 5 ytical performance model with results collected from
memory management [3,9]. Among them performance (e simulation model. We comment in particular on
+ E-mail: teoym@iscs.nus.sg the effect of load balancing on simulation performance.
1 E-mail: taysengc@iscs.nus.sg Based on the analytical results, section 6 discusses possible
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Figure 1. Components of MIN simulation.

runtime improvements. Lastly, section 7 contains our

concluding remarks.

2. Conservative parallel simulation m
overview

odel

A detailed description of the MIN simulation is available in
[10,11]. In brief, the process-oriented parallel simulation
model consists of three types of logical procesgescket
generator (G), switching element(SW) and sink (S)
(see figure 1). Based on the statistical distributions for
inter-arrival time and packet destination, eaGhprocess
generates access request packets and sends themSt&the
process on its link. EacW process serves as a relaying
agent to forward the packets to their destinations. Two
buffers of finite size are embedded in ea*W process to
model a blocking switch. Two types of simulation events
are used:arrival and departure A constant switch delay

is used in eachSW process. Eaclf process serves as
a destination for access packets and its service time issituations where null messages are generated progressively
assumed to be instantaneous. Each process has its ownn a circuit. The way we break the livelock is by giving a
local clock to indicate its simulation progress. A blocked higher priority to the execution of departure event whenever
message due to the unavailability of free space in its a departure time is equal to a null-message indicator. By
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receiving buffer will have to wait until the buffer space
become available.

The simulation of afinite-buffered interconnection
network is more sophisticated as compared to that of an
infinite buffered network. For example, the execution
of each departure event i6 and SW processes should
not send the departing packet to its successor unless the
receiving buffer contains at least one unoccupied slot. Such
a constraint causes some complications in the simulation
as the buffer status of the receiver is not known to
the sender. To ensure that packets are not lost at a
SW process when the buffer is completely occupied, the
simulation processes must adhere to sdma@d-shaking
protocols during transmission [10]. That is, before a
packet transmission is initiated, the sender must find out
if the receiving buffer contains at least one unfilled slot to
accommodate the packet. Six signals/messages are used in
packet transmission. The underlined terms shown below
indicate that the signal/message needs to be time-stamped:
Request Progres§REQ), Slot Available (AVA), Slot Not
Available (NAV), Access Reques(ACC), Transmit Time
(TIM), Stop (STO). Figures 2(a) and 2(b) illustrate the
hand-shaking protocols used in light traffic and heavy traffic
conditions respectively.

The use of hand-shaking protocols during packet
transmissions can result in deadlock when the processes
happen to be waiting in a loop. A detailed description of
relaying protocolsto resolve the problem is presented in
[12]. In general, a process on receiving a null message or
requesting a buffer status should also send null messages,
with lookahead timestamps if available, to all the other
three links. In this way the null messages are circulated
among the processes for MIN simulation. If a received null
message indicator is greater than all other outstanding event
times, a process is safe to proceed on with the simulation,
thereby resolving a deadlock.

Although the circulation of null messages is able to
resolve the deadlock problem, they can cause some livelock

using this priority scheme in the event scheduling, a process
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processing
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Figure 2. Hand-shaking protocols for packet transmission.
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Table 1. Performance model parameters.

Parameter Description

t Duration of simulation

A Arrival rate used in generator

Aefr Effective arrival rate used in each generator

m Service rate used in switching element

g Total number of packets sent per generator (Aes X t)

n Number of inputs/outputs of MIN, i.e. network size

p Number of processors

Tevent Event (arrival or departure) execution time

Thuffer Buffer (receive or transmit) access time

Tiransit Packet/message/signal transmission time

Tgenerate Packet generation time

T account Packet accounting time

TS . Total elapsed time of packet generator process
SW

gl Total elapsed time of switching element process

T Total elapsed time of sink process

T Total elapsed time when one processor is used to execute simulation processes
To Total elapsed time when p processors are used to execute simulation processes
Ttirst, Total elapsed time incurred by the leftmost processor

Tiravel Travelling time for the last transmission to reach its destination

Sp(scheme) Speedup metric when p processors are used for a particular mapping scheme

BW,(scheme) Bandwidth (number of events simulated per unit time) for a particular mapping scheme

will proceed with the simulation instead of ceaselessly 3.1. Light traffic
relaying null messages to other processes.

A flushing mechanism is also proposed in [12] to handle
the combinatoric explosion in memory utilization. That is,
when a null message is received, the process will flush
in all the null messages that have already arrived on that

“?k a|r|1d select thé_argelsttlme I;ndllcator. The for(\j/yardmg q follows that the time incurred in each set of hand-shaking
of null messages is only on the largest time indicator an Protocols is 2¢ Thufser + Trransis» and the time incurred in

the rest are discarded. Such a flushing mechanism is alsq, .1, packet transmission B, e + Thransir-
able to maintain the liveness of simulation as at least one

null message is circulating in the network throughout the
simulation duration.

In this case we lek.;s = . We assume that the hand-
shaking protocols used in each packet transmission include
only REQ and AVA signals. In other words, when a process
sends a REQ signal to its receiver to find out the buffer
status, the reply is always ‘available’ (see figure 2(a)). It

3.1.1. Packet generator The elapsed time of each
G process is modelled by three componentpacket
generation {;%), hand-shaking protocolsT§’) and packet
transmission T¢). Thus,

3. Analytical performance model

Tlc =g X Tgenerate (1)
Table 1 contains a list of performance parameters used in Ty = g X QTyusrer + Trransit) (2
our analysis. Based on problem size, MIN's characteristics, TS = g X (Tousrer + Toransit)- 3

data transmission protocols and simulation mechanism,
the model formalizes the workload of each simulation By equations (1), (2) and (3), the total elapsed time of each

component in terms of their elapsed time. G process becomes
We assume that the destination of each packet G
transmission is uniformly distributed. Each data Tiorar = 8 X (Tgenerate + 3Tpufser + 2Tiransit).  (4)
transmission among the simulation processes is modelled
by two components:buffer access timand transit time 3.1.2. Switching element We model the total elapsed

The reception of data is modelled by buffer access time only time of eacFWSW process by four comp(glvwventsevent
and transit time is excluded to prevent double accounting. €xecution {1""), hand-shaking BVVOtOCO'SYE ), packet
We divide the analysis of simulation performance into transmission and reception7{") and null-message

two parts: light traffic (. < u) and heavy traffic £ > transmissions ;). _ _

1) conditions. In the speedup analysis and simulation  AS there are two input links to eaclW process,

bandwidth analysis, we assume that= 2 x n + "X19%%" the number of received packets isx2g. Each packet,
1 2 1

corresponding to one arrival event, will generate one
departure event and therefore the total number of events
£ o be executed in &W process is X 2g. It follows that

i.e., the number of processors is sufficient to achieve the
maximum degree of parallelism for the MIN simulation.
While modelling 7,, we assume that the elapsed time o
eachSW process outweighs those 6f and S processes. TV = 4g X Topers (5)
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TZSW = 28 X CTpuffer + Tiransit) Assuming that the elapsed time of ea8W process
+ 28 X Tyusser + Toransic) outweighs those of; and S processes, we have
=4g x (2Tbufj-er + Tiransit)- (6) Tp — Trf)[VZI = 2¢ X (2T yent +15Tbuffer + 12T, ansiz)- (14)
For eachSW process, 2 packets are received ang 2
packets are transmitted. Therefore By equations (13) and (14), under light traffic condition

the speedup whep processors (wherg = 2n+ %n log, n)

TSSW = 2g X Tbuffer + 2g X (Tbuffer + Tiransit) are used becomes

=4 Tu er 2 Trzmvi . 7
g x b ff + g x ! st ( ) S (nll) _ ng X (Tgenerate + 2|0g2n X Tevent + Taa?ount)
For each transmission of AVA signal and REQ signal 7 28 X Tupent + 15Tpusrer + 12T ansit)
and ACC message on an in-coming link and out-going link p
. ) ~ : (15)
respectively, null messages will be sent on the other three 1+ 15T 7er+12T ramsic
2T event

links of the SW process to prevent deadlock. We assume
that the null messages are then discarded by their receivers.

Since there are @ packets to be received ang packets  3.1.5. Simulation bandwidth Simulation bandwidth, a

to be transmitted in eacBiW process, we have measure of simulation implementation efficiency, is defined
TSV = 2¢ x 1 x 3% (Tyusser + Trransit) as the number of events executgd per second. The total
- number of events to be executed is
+ 2g X 2x 3 x (Tbuffer + Ttransit)
= 18g X (Tbuffer + Tiransit)- (8) 2 X 2g X 7’1 x |20an . (16)
By equations (5), (6), (7) and (8), the total elapsed time
of eachSW process becomes By equations (14) and (16), the simulation bandwidth under

light traffic condition becomes
T;f)[vZ[ = 2g X (ZTevent + 15Tbuffer + 12Trransit)~ (9)
14

BW,(nil) ~ s - @n
3.1.3. Sink The elapsed time of eacl§ process is Tevent + 5 Tougfer + 6T ransit
modelled by two componentspacket accounting 7¢*)
and hand-shaking protocols7f). Since aS process is 3.2. Heavy traffic
connected to each output link of the MIN, the number of
received packets ig. It follows that When the arrival rate is greater than the service rate of
the SW processes connected to tGeprocesses, the buffer
T = g X Tuccount (10) spaces o5 W processes will be filled up progressively until
Ty = g X Tpusser + Trransit)- (11) all slots are occupied. Subsequently, the packet arrival rate

is moderated by th& W processes to prevent packet loss.
By equations (10) and (11), the total elapsed time of each When the steady stage is reacheg: = p.. Our worst case

S process becomes analysis assumes that the time interval before the steady
stage is negligible. The hand-shaking protocols used by
T35 = 8 % (Taccount + 2Tvugrer + Toransit)- (12) generators for packet transmission include REQ, NAV and

AVA signals and TIM message to delay the packet arrival

3.1.4. Speedup Speedup fop processors is defined as times (see figure 2(b)). The derivations of the performance
the execution time for the best serial algorithm in a single Metrics are available in the appendix, and we summarize
processor 1) divided by the execution time for the parallel ~the results in tables 2(a) and 2(b).
algorithm usingp processorsT,) [2]. In our analysis; is
gmdelled by f[he elapsed time of MI_N simulation |n_curred_ Table 2. Analytical results for p = 2n + 1nlog, n. (a)

y a sequential program. As causality correctness is easilygjapsed time and (b) asymptotic speedup and simulation
ensured in sequential simulation, the use of transmissionpandwidth.
protocols is not necessary in the simulation program and (@)
is discarded in our derivation df;. This presents a fairer
speedup measure than sometimes reported in the literature
whereby the value df; is measured by running the parallel Light 29 x (2Tevent + 15 Tputrer + 12 Tyransic)
algorithm on one processor. This later instance certainly Heavy 29 x (2Teven: + 21 Thutier + 17 Tiransit)
gives better speedup. Given that the number of simulated (b)
packets transmitted across the MINrisx g, the elapsed

Traffic  Elapsed time

time of the simulation program becomes Traffic ~ Speedup Simulation bandwidth
Light P P
Tl =nxgx Tgenerate + " IOan X 28 X 2Teuent ’ 1+W Tevenﬁli;Tbu”EﬁeTmnsn
Heav P
+ n X 8 X Taccoum y 1+W Te\/enl*'%:l Tbuffe/*% Ttransit

=ng X (Tgenemte +2 |092" X Tevent + Taccozmt)~ (13)
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Figure 3. Mapping schemes for a finite number of workstations. (a) Horizontal partition, (b) vertical partition and (c) modular
partition.

4. Analysis for different mapping schemes 4.1.1. Packet generator As the intra-processor transit
time between the generator process andStheprocess on

Our conservative simulation model requires; processes,  the (logn — 1)th stage is negligible, the total elapsed time

%nlogzn SW processes and S processes to simulate a for eachG process (see equation (4)) becomes

n x n MIN. Mapping of such processes onto a particular

processors configuration for efficient implementation is an T,ffml = & X (Tgenerate + 3Tpuffer +2 x 0)

NP-complete problem [1]. In this paper, we introduce and = g X (Tyenerate + 3Thuffer)- (18)

analyse the performance bfree mapping schemasamely,

the horizontal partitioning scheme (HPS}he vertical .

partitioning scheme (VPSand themodular partitioning ~ 4-1-2. SW process on the (loge — 1)th stage While

scheme (MPS)etails of the formulation and mathematical Modelling the maximum workload among processors, we

transformation used can be found in [10,12]. For do not gopgder the top and the _bottom_ partitions due

partitioning a 16x 16 MIN simulation shown in figures to the d|m|n|shgd inter-processor I|nk§ which reduce the

3(a—c), each rectangular block containing four switching otal elapsed time. The elapsed times due to event

elements is mapped ontme processor. As th& and § execution (equa_tlon 5)) anql packet transmission and

processes do not have to simulate the switch operations,Féception (equation (7)) remain unchanged. The elapsed

their workloads are comparatively smaller as compared to time due to hand-shaking protocols (equation (6)) for the

that of aSW process. Therefore, in all mapping schemes SW processes on theog, » — 1)th stage is reduced to

eachG process is placed together with t§& process on sw

its out-going link in the same partition, and eaglprocess 1" =28 X @Tyuprer +0) + 28 X @Tpugrer + Trransic)

is placed together with th6 W process on its in-coming = 2¢ X (ATpusfer + Tiransit)- (19)

link. It is noteworthy that in MPS each module contains

four SW processes where each process corresponding to &0r the same reason, the elapsed time due to null-message

2 x 2 switch, is executed/mapped on the same processorransmission (equation (8)) is reduced to

However, in VPS each partition containing log SW TSV = 2¢ x 1 x 3% (Thusfer + 0)

processess executed on a processor. Therefore, in the

following speedup and simulation bandwidth comparison

analysis we let: = 22 for some integeii. For a fairer = 6g x BTousser + 2Tiransit)- (20)

comparison, we lepp = n/2 so that the number oBW By equations (5), (7), (19) and (20), the total elapsed time
processes mapped onto a processor is the same in all thregs a5cnsw process on thelog, n — 1)th stage becomes
schemes. Intra-processor communication time incurred by

processes is assum(_ad to be negligible: The f(_)llowir_lg T3V, = 2¢ X (2Toens + 15Thusser + 8Tiransis)-  (21)
elapsed time analysis, speedup analysis and simulation

bandwidth analysis is based on light traffic condition. The
performance metrics for the heavy traffic condition can be
derived by the same steps.

+ Zg X 2x 3x (Tbuffer + Ttransit)

4.1.3. SW process on the Oth stage The elapsed time
due to event execution (equation (5)) remains unchanged.
The elapsed time due to hand-shaking protocols (equation
4.1. Horizontal partitioning scheme (6)) Is reduced to

In HPS, theG, SW and S simulated processes on one 12" = 28 X Tsusser + Trransit) + 28 X (2Tpusser +0)
horizontal rectangular box (see figure 3(a)) are mapped =28 X (BTpusfer + Tiransit)- (22)
onto one processor. Parallel simulation is completed only

when the sink processes in each processor have received th&he elapsed time due to packet transmission and reception
last packet transmission. Therefof®, is modelled by the ~ (equation (7)) becomes

maximum workload among processors. Before proceeding sw

further, we re-compute the elapsed times of the affected 13" =28 X Tougfer + 28 X (Thuser +0)

processes due to this scheme. =4g X Thuffer- (23)
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Table 3. Analytical results for p = 5. (a) Elapsed time, (b) asymptotic speedup and simulation bandwidth.
@

Scheme Elapsed time

HPS 29 X (Tgenerate +2 |ng N X Tevent + Taccount

+5+15 |092 Nn) x Thusrer +2(6 Ing N —5) x Tyansit)
VPS 29 Ing nx Tgenerale + 2(|092 nx (Zg +1) — 1) Tevent + Taccount

+(3 Ing n x (12g +5) — 13) Tpusrer + 2(2 |092 n x (4g + 3) — 9) Tyansit
MPS glog, N x Tgenerate + 2((2g +1)109; N — 2) X Tevent + Taccount

+(3(1lg +5) |092 n — 28) x Tpufter + ((89 +7) Ing n —22) x Tyansit

(b)

Scheme  Speedup Simulation bandwidth
p 2p
HPS 1+ 5T hutter 12 Transit 2Tevent+15Tpufrer+12 Tiransit
2Tevent
VPS 2 2
1+ Tgenerate *18Tpuffer *8 Tiransit Tgenerate+2 Tevent +18 Tpufter +8 Tiransit
Tevent
MPS b 20

T, T
generate , 33 generate
7 +5 Thuffer —

33
1+ +4Ttransit +2Tevent* % Tbuffer*4 Ttransit

2Tevent

The elapsed time due to null-message transmission for the4.1.6. Simulation bandwidth By equations (16) and

SW processes (equation (8)) is reduced to (27), the simulation bandwidth of HPS becomes
TV =2g x 1 x BTyusser + Tiransit) BW,(HPS) ~ 2gn log,n[2g x (2log,n
+ 28 x 2% BTpusfer + 2Tiransit) X Topent + 15100 1 X Tpypfer
= 28 X (Tyusser + STiransit)- (24) +1210G 1 X Tyransie)]
By equations (5), (22), (23) and (24), the total elapsed time ~ 2p . (29)
of eachSW process on the Oth stage becomes 2T pvent + 15T huffer + 12T 11 angic

Tiotar = 28 % (Tevens + 15Tugser + 6T ransie)- (25) 4.2. Vertical and modular partitioning schemes

4.1.4. Sink process The elapsed time of each process N VPS, each processor executes ,lagSW processes

(see equation (12)) is reduced to belonging to the same MIN stage (see figure 3(b)). During
simulation, ACC packets are created by the generators,
T3t = & % (Taccount + 2Tpugrer)- (26) relayed by SW processes in each stage, and absorbed

by the sinks. As the mapping is performed on a stage

basis, parallel simulation is completed only when the last

(rightmost) processor terminate$, is therefore modelled

T, = 2 g X (Tyenerare + 3Thufser) by two components:elgpseq time of the first (Ief’qust)

processor and thetravelling time for the last transmission

+ 1x 28 X (2Tevent + 15Tbuffer + 8Ttransit) to reach the sink prOCESS

+ (log;n —2) x 2g The MPS is based on partitions fifur SW processes

X (2Tppent + 15Thuprer + 12T ransic) spread over two MIN stages as shown in figure 3(c).

+ 1 x 28 X 2T,vens + 15Tpusfer + 6T1ransic) A proof of the transformation from the Omega MlN to
o its equivalent modular topology can be found in [11].

+ 2% 8 X (Taccount + 2Tpuffer) Each processor executes JagSW processes arranged in

By multiplying the respective numbers of processes to
equations (9), (18), (21), (25) and (26), we have

= 2¢ X (Tgenerate + 2100 1 X Tevent + Taccount 7 log,n blocks. For the same reason that sink processes
+ (5415100, 1) X Tyusser are contained in the rightmost module only, we also model
+2(6100,71 — 5) X Tyramsi)- @7 T, by the same two components as in VPS.

A summary of the analytical results for VPS and MPS
. is given in tables 3(a) and (b).
4.1.5. Speedup By equations (13) and (27), the speedup
when p processors (wherg = n/2) are used becomes

5. Model validation and performance analysis
S,(HPS) ~ng x 2logyn X Tepens[2g x (2l0g, n

X Tovent + 15100 1 X Tpypfer We implemented the conservative parallel MIN simulation

+1210G 1 X Thransin)] 2 mo_del in C Iangu_agt_a on a network of workstations

) which mimics a distributed-memory parallel computer.

~ P s v (28) PVM software [6] was used for spawning the simulation
LT a— processes and for handling message passing. The
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Table 4. Performance parameter measurement. communication overhead of VPS is Only half of that
of HPS, it seems that the imbalance workload factor is

Parameter  Time (us) more dominant, making the elapsed time of VRS =
T 926 1.31) larger than that of HPSy(= 1). In this aspect,
generate . .
Tovent 2990 our explanation is that for VPS the worst number of
Taccount 479 processes in the processors is greater than that of HPS.
Thufter 3238 Therefore, the elapsed time of VPS consists of a larger
Ttransit 1821

amount of context switching time incurred by the task
scheduler of the UNIX operating system. The comparison
of HPS ¢ = 1) and MPS { = 1.06) is rather counter-

simulation model results presented are based on simulatingntuitive. ~ We observe that the HPS, a perfect load
a 16x 16 Omega MIN on a network afighthomogeneous balancing scheme, incurs a significantly larger elapsed time
SUN workstations connected using a 10 Mbps Ethernet 8 compared to that of a less balanced scheme. Such
network. Altogether 64 PVM processes are spawned on@n observation contradicts the common belief that the
the processors. workload distribution among processors must be balanced

Five parameter values used in the analytical model in order to improve elapsed time. We note here that other
are obtained by taking measurements on the workstationfactors such as inter-processor communication overheads
network (see table 4). Additional statistical measures usedincurred by a mapping scheme should also be taken into
in the analysis are defined. Letbe a simulation process account while balancing the workload distribution. As the
and |s;| denote its workload. In the following analysis, intér-processor communication overhead incurred by HPS
the workload for each simulation process is representediS larger than that of MPS, its elapsed time is therefore
by the size of its object codes, and normalized to that of @ggravated despite the balanced workload distribution.

the S process. For simplicity, we letS| = 1. Thus, the The averaged percentage deviatiohshow that the
workloads for|G| and|SW| are 1.93 and 6.24 respectively. accuracy of the analytical model for predicting elapsed
The normalized coefficient of},,.;, is denoted by7. time is good for all the three mapping schemes. However,
The percentage deviation between the measured and thdhe predicted timings show slightly better performance than
predicted values is computed aw % 100. the_ me_asured s_lmulatlon model timings because the context
The average ofs over six different sets of simulation Switching time incurred by the scheduler of the UNIX OS
parameters is denoted By is not accounted for in our analytical model. Tables 6 and

Let M be a set containing al; required in a MIN 7 show that our performance model closely predicts the

simulation. LetP be the processor that incurs the largest Parallel simulation speedups and simulation bandwidths.
workload among all processors. We define therkload The predicted values for all three mapping schemes are
distribution coefficient(w) asw = Y, ., Isil/ X, .5 I5;1- slightly better than the measured values for the same reason.
' . The speedup efficiency is unacceptably low, i.e. around

10%. Our analysis reveals that this is due to the higher than
expected cost of PVM communication. Better speedup can
be obtained on a parallel machine where communication
is much more efficient and less costly. In the following
section, we present a breakdown of various communication
costs, and analyse the effect of reducing these overheads
on simulation performance.

In summary, the measured and predicted values for
elapsed time, speedup and simulation bandwidth show the
following important findings:

The load balancing factom is then defined ag = Z.
Thus, the larger the value of, the more unbalanced is
the workload distribution. The smallest (best) valuenof
equals 1, corresponding to a perfectly balanced distribution
of workload.

We first compare the elapsed times among the different
schemes, and between the simulation mogheéasured)
and the analytical modelpredicted) For VPS and
MPS, the latter outperforms in terms of elapsed time
as shown in table 5. This phenomenon is due to
the poor workload distribution and larger interprocessor
communication overheads of VPJ (= 2) compared to e A perfectly balanced workload distribution, such
those of MPS T = 1). The comparison of VPS with as HPS, may not necessarily translate into better
HPS is more interesting. Although the interprocessor performance.

Table 5. Comparison of elapsed times (in seconds).

No. of messages per generator

Scheme 120 240 360 480 600 720 ) T 1

HPS Measured 76.79 151.15 226.49 304.09 377.68 45493 366 3 1.00
Predicted 73.19 146.38 219.60 292.76 36595 439.14 — — —

VPS Measured 79.61 160.14 239.93 32223 403.43 48246 478 2 131
Predicted  76.75 153.28 229.81 306.33 38286 459.39 — — —

MPS Measured 67.29 134.00 200.25 269.73 337.18 406.74 431 1 1.06

Predicted  64.58 129.03 19348 257.93 32238 386.83 —
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Table 6. Comparison of speedup.

No. of messages per generator

Scheme 120 240 360 480 600 720 & (%)

HPS Measured 0.61 0.62 0.62 061 0.62 063 6.31
Predicted 0.66 066 0.66 066 0.66 066 —

VPS Measured 059 058 058 059 060 059 6.61
Predicted 0.63 063 0.63 063 063 063 —

MPS  Measured 0.72 0.71 0.72 0.71 0.71 0.71 4.89
Predicted 0.75 0.75 0.75 075 075 075 —

Table 7. Comparison of simulation bandwidth (events/second).

No. of messages per generator

Scheme 120 240 360 480 600 720 5 (%)

HPS Measured 200.02 203.24 203.45 202.05 203.35 202.58 2.98
Predicted  209.85 209.87 209.86 209.86 209.87 209.87 —
VPS Measured 191.68 191.07 192.97 191.94 191.54 192.73 4.26
Predicted  200.12 200.41 200.51 200.57 200.59 200.61 —
MPS Measured 228.26 229.25 230.11 227.78 227.77 226.58 4.13
Predicted 237.85 238.09 238.16 238.20 23823 23824 —

6000 \ \ I \ \ \
no. of workstations = 8 o
5000 with overheads ¢ - _
Ttranxit/z —+—
zZ€ero Ttransit =
4000 Tyuffer/2 >— |

predicted Touffer/d -A—

Tour —h—
1 sed 2ero Ipyffer
espbe 3000 no overheads -©- -
ime

(sec)

2000

1000

no. of messages (x10°%)

Figure 4. Elapsed time analysis (using MPS mapping scheme).

e Inter-processor communication overheads may causealso shown in our performance model, the communication
dominant aggravation to the program elapsed time. overheads comprise two major componertigffer access
e A good mapping scheme should take into account the time and message transmission timén order to improve
load balancing as well as communication overheads. the implementation performance, we therefore have to
Ignoring either factor may result in poor implementa- reduce these two constituents.
tion performance. Using the MPS as an example, we analyse how the
overheads affect parallel simulation performance. We
compared the implications of setting overheads to zero
6. Performance improvement (no overheads buffer access time to zer@€ro Ty, r.r),
message transmission time to zez@rp 7;,.,si;), reducing
Table 8 depicts the asymptotic elapsed times for MIN Tp,¢r., to half (T}, 77, /2) and to a quarterli, s.-/4), and
simulation. The comparisons show that by transforming reducingT;,q,si; by half (T;,ansi: /2).
the MIN into a more modular equivalent interconnection, Figures 4, 5 and 6 depict the elapsed time versus
the message transit time can be significantly reduced. Asthe number of messages, and the speedup and the
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\ \ I—
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Figure 5. Speedup analysis (using MPS mapping scheme).
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Figure 6. Simulation bandwidth analysis (using MPS mapping scheme).

Table 8. Asymptotic elapsed time for different partitioning based memory allocation time, and improving access
schemes. protocols to reduce overall message buffering time than
Scheme  Elapsed time (x2g log, n) to improving the network transmission speed. A significant
HPS P To ¥ 15T # 12Tommr reduction in elapsed _tlme is observed \{vﬁegyfe, is halved
VPS Tgenerate + 2 Tevent + 18 Toutter + 8 Transit as compared to setting, .., to zero (figure 4).
MPS M + 27-event + % Tbuffer + 4Ttransit

7. Conclusions

We have developed an analytical model that characterizes
simulation bandwidth against the number of workstations the performance of a conservative parallel simulation model
respectively. In particular, figure 5 shows that using five timing parameters. Performance measures
good parallel simulation speedup can be achieved evenare derived for simulation elapsed time, speedup and
with the imposed transmission protocols, provided the bandwidth for both light and heavy traffic conditions.
communication overheads are negligible in comparison Validation experiments comparing the performance metrics
with the event grain size. We observed that the worst from the analytical model and the simulation model
bottleneck is attributed tdly,s.- followed by Ti,ansi;- show an acceptable 5% difference. We have analysed
Thus, more effort should be devoted to reducing PVM- the performance for three process-to-processor mapping
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schemes to identify the main causes of poor performance.A.2. Switching element on the (logn — 1)th stage
Using the analytical framework, we also evaluated the

significance of reducing buffer access time and message
transit time in order to improve the runtime performance.
The performance model can be easily extended to analys
other applications using the same cgnservative parallel T,V = 2g x (5T, fer + 3Transit)

mechanism. Our work reveals that in the PVM-based

. . . . . - + Zg X (2Tbuffer + Ttransir)
implementation reducing buffer access time is more critical
than network transmission time. In addition, we dispel the = 28 X (TTpupser + ATiransic)- (A3)

common belief that to reduce the elapsed time of a parallel por each transmission of AVA and NAV signals and REQ
program the workload distribution among the processors gignal and ACC message on an in-coming link and out-
must be balanced. We observed that other factors such agging link respectively, null messages will also be sent on
inter-processor communication overheads may also caus&ne othetthreelinks to prevent deadlock. Again, we assume

dominant aggravation to the simulation performance despite nhat the null messages are then discarded by their receivers.
the balanced workload distribution. Therefore, a balanced Therefore

workload distribution may not necessarily translate into
better performance. Both the analytical and implementation T4SW = 2g x 2x 3 X (Tyugfer + Tiransit)
results confirm such an exceptional phenomenon. +2g x 2% 3 X (Tpuffer + Tiransit)

O.ur work also ;hows that although PD.ES is |ntU|t|\{er = 24 5 (Tyusrer + Trransit)- (A4)
promising, it requires a lot of careful implementation
considerations in practice. The simulation performed on By equations (5), (7), (A3) and (A4), the total elapsed time
a multiprocessor platform, if not implemented properly, Of eachSW process on th¢log, » — 1)th stage becomes
may produce a runtime slow down due to high simulation
synchronization overheads, fine granularity of events, Lo = 28 X QTevent + 21Tusser + 17Tiransic)-  (AB)
strong coupling of exploitable parallelism and the system
to be simulated, inherent limited lookahead, etc. Instead

S o . -~ A.3. Speedup

of building new PDES synchronization and disregarding
distributed system synchronization mechanisms alreadywith heavy traffic, 7, can be modelled by equation (13)
available, an important thread of investigation is to with g = Aery X t = pu x t. By equation (A5), we have
harmonize and integrate the synchronization requirements
in organizing PDES and in distributed processing. In this 7, = 73", = 2g x (2Tsuent + 21T v ffer + 17T ransic)- (AB)
aspect, much remains to be done to realize its full potential.
By equations (13) and (A6), the speedup foprocessors
(wherep = 2n + %n log, n) under heavy traffic condition
becomes

Event execution time7*") and packet transmission and
reception time {3") remain unchanged. The elapsed time
edue to hand-shaking protocols is changed as follows:

Appendix A. Performance metrics for heavy

traffic condition ng x (Tgenerate + 2 |092n X Tevent + Ta(rcount)

S,(nil) =
? 2g X (2Teuent + 21Tbuffer + 17Ttransit)
The elapsed times incurred in each set of hand-shaking N p (A7)
protocols used by; processes for packet transmission and = 1 ZTousser + 1T ransic *

in the SW process on thé: —1)th stage for packet reception evens

are a-‘buffer +2Ttransit and H‘buffer +3Ttrunsit respectively

(see figure 2(b)). The hand-shaking protocols used in the A.4. Simulation bandwidth

SW processes on all other stages remain as the light traffic ] . . .
condition because the arrival rate to these processes ha8y eauations (16) and (A6), the simulation bandwidth for
been moderated by their service rate. heavy traffic condition becomes

p

BW,(nil) ~ :
Tevent + 2*Z:LTbuffer + 177Ttmnsit

(A8)

A.1. Packet generator

Packet generation time/'{’) and packet transmission time . . -
(7€) remain unchanged. The elapsed time due to hand-Appendix B. Vertical partitioning scheme

shaking protocols is as follows:
By multiplying the number of processes to equations (18)

TZG =gX (5Tbuffer + 2Ttransir)- (Al) and (21)' we have
. . Trirsi =210 T, 37T,
By equations (1), (3) and (A1), the total elapsed time of /""" Gon % 8 X (Tgenerare + 3Tougser)
eachG process becomes +10g; 7 x 2¢ X (2Tevent + 15T pusser + 8Tiransic)
= 2g X |092” X (Tgenerate + ZTevent
T;gta[ =8 X (Tgenerate + 6Tbuffer + 3Ttransit)- (AZ) 4+ 18Tbuffer + 8Ttrzmsit)- (Bl)
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By multiplying the required numbers of processes to numbers of processes in equations (21) and (25), and
equations (9), (25) and (26), and assuming one transitassuming one transit packet, we have

paCket’ we have (2Tevent + 15Tbuffer + 6Ttransir)

Ttravel - (|ngn - 2) x 1x (2Tevent + 15Tbuffer +(2Tevent + 15Tbuffer + 8Ttranxit)
T 12Ttranxit) +1x (ZT(‘)U‘)"’ + 15Tbuf_fer = 4Tevent + 3Wbuffer~ + 14Trran:it- (CS)
+ 6T ransie) + 1 X (Taccount + 2Tpufrer) The elapsed time across the rightmost block is
= 2(logy n — D Tovens + Taccount computed by equation (25), settifi,..;; = 0 in equations
+ (15l0gn — 13) Thufter (9) and (12), and assuming one transit packet, giving
+ 6(2 logZ” - 3) Ttransit- (Bz) 2Tevem‘ + 15Tbuffer + 6Ttransi[
By equations (B1) and (B2), we have +2T,pent + 15Tpupfer + 0
Tp = Tfirsl,, + Tiravel +Taccount + 2Thuffer +0
=2g |ngn X Tgenerate + 2(|ngn x(2g+1) -1 = ATpvent + Taccount + 32Tbuffer + 6T} ransir- (C4)
X Tovent + Taccount + (3100, n x (12¢ +5) — 13) By multiplying the respective numbers of blocks to
X Thusser +2(210G, 1 X (4 +3) — N Tyyansir.  (B3) equations (C3) and (C4), we have
Ttravel = (:’2L |092n - 2) X (4Tevenr
B.1. Speedup + 30Tbuffer + 14Ttransil)
From equations (13) and (B3), the speedup for VPS + 1 X (4Tevent + Taccount + 32Tpusfer + 6Tiransic)
becomes = (2 logzn - 4)Tevent + Tacmunt + (15 |09{z”
Sp(VPS) ~ng X 2Tevent[28Tgenerate - 28)Tbuffer + (7 |ngl’l - 22)Ttransit- (CS)
+ 48 Tovens + 368 Thufrer + 16Ty ansic] ~* By equations (C2) and (C5), we have
~ p — T,
N PR | T (B4) Tp = Trirst, + Tiravel

levens =8 lonn X Tgenerate + 2(2g+ 1 |092n -2
X Tevent + Taccoum + (S(llg + 5) Iong’l — 28)

B.2. Simulation bandwidth
X Tbu_ffer + ((8g + 7) logzn - 22) X Ttransit- (C6)

From equations (16) and (B3), we have
BW,(VPS) C.1. Speedup
~ 2p ' (B5) By equations (13) and (C6), the speedup for MPS becomes
Facnarae - 2levens %+ 180ougger - Olvans Sp(M PS) ~ ng X 2Tevent [§ Tenerare + 228 + D Tevens

+ 3(118 + 5)Thuffer + (88 + 7)Ttransit]_l

N e - (€7)
In the following derivation, we assume that > 16. 14 2 +?2TT’7"N"+4T""'”"'
First, we compute the elapsed time of the leftmost block.
By multiplying the number of processes to equations (4),

(9) and (21), and assuming,,.,;; = O in the first two

Appendix C. Modular partitioning scheme

C.2. Simulation bandwidth

equations, we have By equations (16) and (27), we have
4 x g X (Tgenerare + 3Thuffer + 0) BWI,(MPS)
+2 X 2g X (2Tevent + 15Tbuffer + 0) ~ 2p (C8)
+2 X 2g X (2Tevem + 15Thuffer + 8Ttranxit) % + ZTevent + %;Tbuffer + 4Ttransit
= 4g X (Tgenerate + 4Tevent + 33Tbu_ffer + 8Ttransit)~
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