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ABSTRACT 

This paper studies prediction of the performance of com
puter controlled store and forward message switching 
systems, and hence the traffic levels and CPU utilisa
tions which the systems can handle. The study is carried 
by both analytical and simulation methods, and the 
analytical results are found to be less accurate. The 
simulation is also used to study the dependence of res
ponse time on throughput . 

1. INTRODUCTION 

A computer controlled store and forward message switching 
system receives messages from its input terminals and 
stores them until they can be transmitted to the output 
terminals. Messages are received character by character 
and until a special character signifying the end of a 
message is received the transmission of the message to 
its destination terminal is delayed. The transmission 
is further delayed if the recipient terminal is unable 
to receive the message for any reason such as being busy 
in receiving another message. 

The delay between the receipt of the end of message char
~rter and thp transmission of the first character of th~ 
message to the destination terminal is termed Cross-
Office Delay (COD). One of the prime objectives of system 
design and dimensioning is that the COD's of 90 or 95% of 
all messages fall within some specified upper limit. 
This requirement imposes restrictions on the traffic (i.e. 
messages per second handling capacity of the 
system. 

The capacity of a computer controlled system may be simply 
described as the maximum percentage utilisation of the 
central processing unit (CPU) at which the performance of 
the system is acceptable. The performance is character
ised by parameters such as COD's, number of polls (i.e. 
invitations to input message) per terminal per second, 
main store buffers utilisation, etc. 

In order to plan ahead and forecast traffic growth 
capabilities it is necessary to estimate the capacity of 
the system . 

Several techniques have been developed to estimate the 
capacity of a computer controlled system. These can be 
broadly categorised into three classes, namely analytical, 
simulation and measurement methods. In the last, the CPU 
utilisation, COD's and other parameters are measured on 
the actual system at various traffic levels. The traffic 
is either actually generated from the suitable number of 
terminals or simulated through some software means. A 
working system (i.e. fully implemented) is premature for 
these techniques which cannot be used during the 
system design phase. 

On the other hand, analytical methods based largely on 
queuing theory can be used during the design of the sys
tem. However, because of assumptions needed to produce 
models amenable to analysis, the accuracy of the results 
falls short of that of the measurement methods. In a real 
system both methods are used depending upon various stages 
in the system implementation; 

Commonly used analytical methods to predict performance 
of computer controlled stored and forward message switch
ing systems such as Australian Post Office's Common User 
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Data Network (CUDN) are discussed. Data relevant to this 
study were observed and provided by Telecom Australia; 
these are presented in Table 1 and Table 2. Accuracy of 
the results is compared with those of simulation. 

The model used in both the analytical and simulation 
methods represents the essentials of a computer con
trolled store and forward system as described below. 

2. MODEL OF SWITCHING SYSTEMS 

To study the behaviour of a switching centre (node), and 
hence of the network, the node may be modelled as a black 
box which has several incoming lines over which messages 
are received. These messages are either being served or 
waiting to be served. After completing the servicing of 
these messages, the node sends them on the outgoing lines. 

The model to describe the way in which switching systems 
resolve conflicting requests for attention of the CPU is 
shown in Figure 1. 

This model consists of a single resource (CPU) and a 
system of queues which holds those messages awaiting 
service. In addition, there exists a scheduling algor
ithm, which is ~ spt of cipris;.on rules d~tp.rmining which 
message will next be serviced. Thus a newly entering 
request is placed in the system of queues, and, when the 
scheduling algorithm permits, is given a turn in the pro
cessing facility. 

The scheduling algorithm is presented in Figure 2. 

The· service facility (CPU) contains N physical programs. 
Depending on the type of a message, several programs may 
be required to process it. After the execution of one pro
gram is completed, the message is passed to the next pro
gram and so on until the message is fully processed and 
ready to be sent out. 

We allocate to the programs required for the serv1c1ng of 
high priority messages appropriate priority numbers, so 
that the priority need be associated only with the pro
gram numbers. The switching centre may now be represen
ted by Table 3. 

In Table 3, programs process a message in the order - of 
program numbers. The priority of execution of a program 
is always in the order of the program numbers. A physical 
program is defined as the one which is required to perform 
a specific function e.g. one program is responsible for 
message routings. If the same physical program is re
quired to serve different messages of several priorities 
it is assigned corresponding program numbers. Hence 
several program numbers may correspond to one physical 
program and the service facility (CPU) consists of num
bered programs (PI, P2, .•.. , Pm) where the subscripts 
indicate the priority of these numbered programs, the 
smaller the subscript the higher the priority of the 
numbered program. 

Since the CPU can execute only one program at a time 
these programs compete amongst each other to take control 
of the CPU. The model now may be considered as a single 
server (CPU), which has several input queues which in 
turn generate requests for the server. The messages con
tinue to be fed back to the CPU until their processing is 
completed, i.e. the execution of an end program in a 
series is completed. A message is then to be sent out. 
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If a message requiring processing from a higher priority 
program arrives during the execution of a program then 
the lower priority program currently being executed by 
the CPU is suspended and the CPU is allocated to the 
higher priority program to commence its processing. On 
the completion of this processing the CPU is returned to 
the suspended program whose processing is resumed from 
the point it was suspended. This method of operation is 
known as Pre-emptiveResume Priority discipline. 

3. ASSUMPTIONS 

In order to make the model as close as possible to the 
real world while permitting queuing theory to be used to 
analyse the traffic capacity, the following assumptions 
are made: 

(1) The service discipline is assumed to be pre-emptive 
resume priority in which a program of higher priority 
has immediate precedence over one of lower priority, 
including the interruption of the program in service. The 
interrupted program regains the service where it left off 
only after no higher priority programs remain in the 
system. 

(2) The term "service distribution" will be used to 
denote the distribution of time occupied by a program in 
servicing a message. In order to permit a compromise 
between the two convenient extreme service distributions, 
exponential and constant distribution, we assume the pro
cessing time of each program follows an Erlang-m dis
tribution [1). 

Measured values of average processing times were provided 
by Telecom Australia [2], and are shown in Table 2. 

(3) The terminals and adjacent switching centre generate 
incoming messages such that the time intervals between 
the two consecutive messages of the same priority are ex
ponentially distributed with parameters Ak , k = 1,2 ... 10. 

With the numbers of terminals in practical situations, 
the assumption that the overall message generation is a 
poisson process for each message class is often justified. 

3.4 Figure 3 shows the system to be investigated 
analytically. The incoming messages which demand a ser
vice are classified into n parallel queues according to 
their priorities Ai. All queues are assumed to be unlimited 
i.e. every incoming message will be stored and processed. 
This assumption is almost always fulfilled, especially in 
the systems with dynamic core allocation. All messages 
are served according to pre-emptive priority discipline 
and first in first out is assumed within each priority 
class. 

3.5 The time to handle an interrupt is neglected. This 
assumption is reasonable because large system computers 
have multiple register sets and hardware for interrupt 
handling. 

4. MATHEMATICAL ANALYSIS 

Based on the above assumptions, the queuing time (time 
spent in the system waiting and being processed) is ob
tained for programs of the j th priority class from [3] : 

t i 'hi 1 T. 1 i=1 
.1 l-U

j
_ 1 

b1j + 20 - U
j

) 
(1) 

where: 

U. 
J 

(2) 

with U o = 0; 

Ai = arrival rate for programs of the ith class; b l ;, 
b2j are the mean and second moment of service time in 
the j-th priority class. The moments of the Erlang dis
tribut i on are given in general [2] as: 

436-2 

bnj (Erlang - m service) (n+m-l) ~ (~m' s) n; 
(m-I)! 

Tjs is the average service time of the j-th priority 
class. 

The cross office delay (COD) of a message of class A is 
the total time taken to process all the associated pro
gr ams, i. e. : 

Where TAjisqueuing time of j-th priority program which 
belongs to the above mentioned set, as found from (1). 

(3) 

With the Erlang - 10 (m = 10) service time distribution 
whose average processing times are in Table 1 and the 
message arrival rates as in Table 2, analytical results 
obtained from (3) are as shown in Figures 6, 7, 8, 9 and 
10. 

5. VALIDATION CHECKS 

To be valid a model should satisfy the following require
ments: 

(1) Events should occur in the correct sequence. The 
simulation program provides checking of this sequence, 
e.g. for each message a print out is available of the 
time at which each event (i.e. each service commencement) 
occurs. 

(2) The statistics corresponding to the queues of 
traffic and servicing collected during the simulation 
must reflect the known input statistics Le. the average 
inter-arrival times of messages must match with the 
inter-arrival time generated during a simulation. The 
same condition must apply for service times etc. 

(3) The simulation results should match the known 
measurable results such as CPU utilisation, and cross 
office delay time. 

6. RESULTS AND INTERPRETATION 

A misinterpretation of collected data and consequently a 
misunderstanding of the system could arise through: 

6.1 INITIAL CONDITIONS 

To eliminate the transient effect of initial conditions, 
one selects a deletion time and deletes data obtained 
prior to this time. A suitable deletion time is found 
by making several pilot runs and collecting data at 
relatively short intervals. Then one plots these sample 
records against time to determine a reasonable deletion 
time [4] . 

6.2 STATISTICAL FLUCTUATIONS 

In all simu1ations containing random phenomena the 
question arises of how long to run an experiment so that 
representative averages are obtained. The answer depends 
on how statistically accurate we wish our results to be. 
The technique by G.S. Fishman [5]was used to determine 
the condition to end a simulation run. 

Fishman's technique uses a recursive estimator of the 
variance of the required value, and takes into account 
correlations between observations. In use, the variance 
estimate is updated at intervals of M observations of the 
simulation, and the simulation is terminated when the 
variance, or confidence interval,is reduced to a pre
determined satisfactory level. The confidence intervals 
are based on the assumption that the observations follow 
a normal distribution. The 95% confidence limits shown 
in Figures 5 thrqugh 9 were estimated using Fishman' s 
method. 

The simulation and analytical results of cross office 
delay (COD) of several messages of several classes are 
shown in Figures 5, 6, 7, 8 and 9. These figures show 
clearly that under low traffic conditions, the COD's ob
tained by the two methods are nearly the same. However, 
when the traffic input increases the results differ 
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Sufficient explanations are quite easy to find. In the 
mathematical analysis, we made the assumption that input 
messages which require several programs arrive at the 
same rate for each of the programs. This assumption fails 
when there is a heavy input traffic, since a CPU may be 
busy serving those programs with higher priority. This in 
turn creates a longer queuing time and hence arrival rates 
of all the consecutive lower priority programs are no 
longer independent. In Figure 5 the resultant difference 
between the two methods is not marked until the input 
ratio equals 2.0 because message A is a highest priority 
message. For lower priority messages as in Figures 9 and 
10 the simulation COD is larger than the analytical COD 
even at low input traffic, and this is consistent with 
the explanation given above. 

The queuing times of messages for each individual program 
were also obtained. It was found that if the pre-empted 
program execution time is eight to ten times greater than 
the time to execute the pre-empting message, the effect 
on the delay time is minimal. 

However, if the situation is reversed i.e. pre-empting is 
ten times greater than pre-empted, the total delay time 
is increased nearly 100 percent at 60 percent CPU utiliza
tion. 

Figure 10 shows the variation of COD of link A messages 
with CPU utilization (several of these curves were also 
obtained for different messages). At 70 percent of CPU 
utilization the COD increases drastically. At 80 percent 
CPU utilization, the COD becomes large and very large 
queues were found to be building up for lower priority 
messages. Thus the switching centre is overloading at a 
traffic volume which corresponds to 2.2 times the 
1972 level. 

For a given traffic level, one can obtain the cumulative 
probability distribution function for a message from the 
simulation. Hence one can determine whether the objec
tive of system design and dimensioning i~ met or not i.e. 
90 or 95 percent of messages must have COD's within some 
specified limit. Figure 11 shows the cumulative distri
bution function of link I/P message A. 

7. RESPONSE TIME 

We can define the response time as the elapsed time from 
the last character of message transmitted from a terminal 
until the last character of response message appears in 
the same terminal . 

For example, let us study the response time of the highest 
priority message A with the configuration of terminals, 
switching centre and customer computer unit (CCU) as 
shown as in Figure 12. 

We use the previously obtained results for the cross 
office delay of message A and various numbers of terminals 
per multiplexer (MUX), the delay times of CCU, the message 
length etc. to obtain the response time of top priority 
message A unde r various conditions. 

The system simulated provided service via polling, and 
the procedures were as follows: 

Under normal operating conditions, several terminals may 
be prepared to transmit messages at the same time. Only 
one can do so, and the others must wait for their turn. 

The "POLLING" program is executed at N times the polling 
rate, where N is the number of multiplexors per line. 
The multiplexors are polled in sequence i.e. 1, 2, ••• , 
N. If there is a message being transmitted from CPU to 
anyone of the multiplexors and it is time 
to poll MUX K, then that poll is lost. If MUX 2 is in
putting message and the CPU sends a poll to MUX 1, the 
reply from MUX 1 must wait • 

The sequence of operation is described as follows: 

(a) (i) CPU polls MUX 1. 

'Tea 

(ii) MUX 1 looks if there is a message ready at 
any of the terminals connected to it. 

(iii) If there is no message ready for input to the 
CPU, then MUX 1 sends a traffic response to 
the CPU. Otherwise the MUX sends the message 
to the CPU. 

(b) To send a message to the terminal, the CPU sends a 
select signal to the MUX defining the terminal. If 
the terminal is busy (e.g. it is sending a message 
to the CPU), the CPU wait~ for a predetermined 
interval before sending the 'select" signal 
again. 

When the signal replies to a select signal, the CPU 
sends a message to the terminal. 

The values used in the simulations were: 

message input rate: 65 messages/terminal/hour 
polling rate: 12 polls/sec/MUX 
average message length: 80 characters (distributed 

as Erlang-10) 
CCU delay -times: 400, 600 and 1000 ms 
number of terminals per MUX: 5, 10, 15 and 20. 

Figure 13 shows the response time is throughput for 
a system with three multiplexors. It was found 
that the delay time in customer computer unit (CCU) 
contributes significantly to the overall response 
time. In Figure 13, the three different curves 
correspond to assumed CCU delay times of 1000 ms, 
600 ms, and 400 ms. For the case of 1000 ms delay 
time, there is a big queue building up at the CCU 
and the system fails when there are 15 terminals per 
MUX. 

Figure 14 shows the response time vs message length 
for the case of 600 ms CCU delay. For 10 and 15 
terminals per MUX 15, the response time is increased 
mainly due to the propagation delay. But for 20 
terminals, the response time is increased signifi
cantly due to the longer waiting time at the CCU. 

8. CONCLUSION 

In this paper, a queuing model was established for the 
store and forward message switching systems. The model 
was analysed by an analytical and a simulation method 
under the following assumptions:-

(a) Poisson arrivals. 

(b) Pre-emptive - resume priority service discipline. 

(c) An Erlang - 10 service distribution. 

Under the low input traffic rate, the analytical results 
are approximately equal to the simulation results, and 
hence the analytical method is quite useful in the sense 
that it gives a first sight knowledge of the system per
formance. However the results of the COD's obtained by 
the analytical method depart from those obtained by simu
lation at the high input traffic rates. 

The simulation results are able to determine the CPU 
utilisation at which the system is over loaded, and hence 
the input traffic level which the system can handle. 

The COD results obtained by the simulation are also used 
to study the response time against the throughput for the 
hypothetical model. This study is used to determine the 
characteristics of the system, and hence the number of 
terminah per multiplexor permissible for a desired res
ponse time. 
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TABLE 1. 
Program numbers and their processing times. 

Program Processing Program Processing 
Number Time in Il1S Number Time in ms 

1 0.88 22 0.587 
2 4 179 23 1. 748 
3 24 0.587 
4 25 5.816 
5 26 1.800 
6 27 2.282 
7 28 1.900 
8 29 " 
9 30 " 

10 31 " 
11 32 0.85 
12 10.565 33 5.649 
13 4.129 34 28.272 
14 11.011 35 142.254 
15 28.288 36 17.763 
16 12.215 37 33.113 
17 54.660 38 3.252 
18 0.331 39 1. 216 
19 2.351 40 12.730 
20 0.331 41 62.188 
21 22.495 42 10.362 

TABLE 2. 
1972 input traffic rate for input messages. 

1972 Input Traffic Rate 
Input Message (Hean Arrival Rate) 

Hessages/Second 

LINK I/p A 5.99 
LINK lip B, C, D 0.75 
LINK O/p A 5.99 
LO SPEED lip 0.195 
LINK O/P B, C, D 0.729 
LO SPEED O/p 0.338 
LOCAL lip A 0.650 
LOCAL lip D, C 0.142 
LOCAL O/P A 0.650 
LOCAL olp D, C 0.142 

._--

TABLE 3. 
Switching Centre Model. 

The programs with priority 1, 26, 32 which are not listed 
. h bl 1n t e ta e are used for interrupts and pollin~s. 

Type of Input Message Required Program Numbers Message -
1 LINK lip A 2, 18, 22 en 
2 LINK liP B,C,D 3, 12, 19, 23, 37 ~ 3 LINK alp A 4, 20, 24 en 
4 La SPEED lip 5, 14, 27, 33, 34, 35, 41 en 

5 LINK o/p B,C,D 6, 15, 21, 25 ~ 
6 La SPEED alp 7, 17, 36, 40, 42 c 
7 LOCAL liP A 8, 28 ~ 
8 LOCAL lip D, C 9, 13, 30, 39 8 

f-4 
9 LOCAL alP A 10, 29 6 

10 LOCAL O/P D, C 11, 16, 31 
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rate ratio (where 1 equals the 1972 input 
traffic rate). 
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customer computer unit (CCU). 
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