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ABSTRAC! 

This paper discusses the estimation of P.A.B.X. operator 
traffic loads and the approximate methods than can be 
used to determine the number of manual switchboard 
positions required in different types of P.A.B.X. 'so 
Recording of service times on operator handled calls in 
five metropolitan P.A.B.X . 's is analysed and their 
distribution compared with theoretical distribution 
models. On the basis of this comparison and practical 
considerations, dimensioning formulae based on the 
assumption of negative exponential distribution of 
service times are chosen for every day traffic 
engineering application. The accuracy of the approximate 
dimensioning formulae is compared with simulation results 
and live traffic measurements and appears to be adequate 
for practical work. 

1. INTRODUCTION 

A manually-operated switchboard is provided in all but the 
smallest P.A.B.X.s to answer and switch incoming calls, to 
set up certain classes of outgoing calls and to provide 
certain other facilities requiring human intelligence . 
It is a vital part of any P.A.B.X. system and the quality 
of service given to the customer depends to a considerable 
extent on the efficient operation of the manual switchboard 
It is, also, a rather costly facility to provide and to 
maintain, which makes its correct dimensioning important. 

The manual switchboard is the oldest telephone switching 
device and its human operator the first "common control 
unit". Because of individual differences, no two operators 
are exactly alike in the way they operate a P.A.B.X. 
switchboard. Nevertheless, although one can expect a 
greater variability in performance between human operators 
than between electro-mechanical or electronic switching 
devices, this is not a sufficiently good reason i or 
estimating P.A.B.X. operator loads and the number of posit
ions required by various empirically based "rules of thumb'~ 
as many Administrations still do. The objective of this 
paper is to discuss suitable analytical models and to show 
how the dimensioning of operating positions can be placed 
on the same basis as that used for automatic switching 
equipment. 

2. LIST OF SYMBOLS 

A Offered traffic in erlangs 

b(x) Probability that with x servers busy the next 
arriving call cannot reach a free server. 

E2 ,n(A) Erlang's Delay Formula (delay probability) 

d Average delay per call 

h Mean service time per call 

k Availability 

n Number of servers 

m Number of links per column 

P ( >0) Probability of delay 

P( >t) Probability of delay greater than t 

p Inlet-to-outlet blocking probability 

q (x) Probability that x servers are occupied 

Standard deviation 

w Average delay per waiting call 

3. ESTIMATION OF OPERATOR TRAFFIC 

Applying standard traffic engineering practices we shall 
define operator traffic as the sum of aggregate operator 
occupancy times (spent on SWitching the calls and 
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performing any other duties of the position) divided by 
total observation time. Thus, if two operators are 
occupied for an aggregate of 30 minutes each during the 
busy hour, they are carrying a traffic load of 1.0 erlang. 

It is important to note that we are here concerned with 
the occupancy of the human operator and not the occupancy 
of any circuits associated with the switchboard. Although 
the occupancy of the operator circuit will, in general, 
closely approximate the total operator occupancy, some 
activities (such as looking for a number in the directory) 
will not involve the operator circuit. All legitimate 
operator activities must be included in assessing their 
traffic load, as they effect the grade of service given. 

The most accurate way of measuring operator traffic is to 
observe her working for a number of hours and note the 
proportion of time that she was occupied. In a large 
P.A.B.X. with many operators the above method becomes very 
expensive, as one observer must be provided for each 
operator. For this reason, automatic measuring methods are 
preferred, even if some components of operator traffic 
cannot be measured. The usual technique is to record the 
occupancy of the operator circuit, which will cover all 
switching and call answering activities. An estimate for 
other activities must then be obtained separately and 
added to the recorded occupancy. 

In planning a new P.A.B.X. it is necessary to estimate 
operator load before any actual traffi c measurements can 
be made. The only estimates available in such cases are, 
usually, the busy hour calling rates for t he various 
classes of calls. If the operator service times for the 
different classes of operator handled calls are known, the 
total operator traffic can be estimated by adding the 
products of the expected busy hour calls and the mean 
service time. The service times vary from ope r ator to 
operator and from P.A.B.X. to P.A.B.X. Apart from the 
variations in personal efficiency of individual operators, 
the service times are also affected by the switchboard 
design, the operat~ng procedures used, and the type of 
business that the P.A.B.X. is serving. Despite the 
variations, however, a reasonable first estimate of 
operator traffic can be obtained using average or typical 
service times. The initial estimates can be checked and 
corrected by actual measurement, once the P.A.B. X. is 
operating. 

4. SERVICE TIME DISTRIBUTION 

To gain a better understanding of operator traff i c, 
measurements of operator service time distribution were 
carried out in five busy P.A.B.X.'s in Sydney and 
Melbourne. The P.A.B.X.s surveyed included different sizes 
and types to give a broadly representative sample of the 
systems currently in use. The number of manual operators 
in these P.A.B.X.s ranged from 1 to 6. The measurements 
were confined to two busiest hours in the morning and two 
in the afternoon. No significant differences between the 
service times recorded in the morning and the afternoon 
were observed, therefore morning and afternoon data were 
combined. 

The operator service times were t i me d electrically to the 
nearest second and recorded on 8 channel punched paper 
tape, which was later processed on a computer. In four of 
the five P.A.B.X.s surveyed visual observation and timi ng 
of operator services times~s carried out concurrently with 
the electrical recording. Where circuitry permitted, the 
service times of different classes of calls were recorded 
separately. The results are summarised in Tables 1 and 2. 

PABX No. ot No. of No. of Mean Operator Standard 
Type ~tns. Operators Calls Service Time Deviation 

(Seconds) 

A 200 1 760 17.97 21.10 

B 160 1 705 19.48 29. 52 

C 126 2 1636 17.28 27.10 

D 270 2 2187 16.57 29.64 

E 1717 6 6162 18.04 21.96 

T~~ Summary~~Qperator Service Time Measurements 

Type of Call Mean Operator 
Service Time (Secs) 

Extension to operator 16.20 

Exchange or tie line to operator 13.55 

Operator to exchange 44.34 

TABLE 2 Service Times of Different Types of Calls 

As Table 1 shows, the mean operator service times obtained 
range from 16.57 to 19.48 seconds. The question arises, 
whether the observed differences in the mean service time 
are statistically significant, thus indicating real 
differences in the speed with which operator calls are 
handled in the five P.A.B.X.s observed. Since the samples 
taken (number of calls) in each P.A.B.X. are random and 
fairly large, their means are assumed to be normally 
distributed . Furthermore, all five measurements are 
independent of each other, therefore the difference 
between any two sample means, x - y, is also normally 
distributed, with a standard deviation: 

o = ~2 /n + 0
2 /n 

x-y x x y y 
(1) 

In line with the usual practice, we would consider that the 
samples come from the same population if the observed 
difference between their means does not exceed 1.960 and 
would probably accept the same hypothesis if the x-y 
difference lies between 1.960x_ and 2.580x_' Therefore, 
the values of 0 have been computed for evety pair of 
samples A to EXaXd the significance of the observed 
differences compared with the above critical values. All 
but two pairings showed differences below 1.960 ; the 
remaining two (B & D and D & E) showed differen~e~ of 
2.270

X
_ y and 2.100x_y ' respectively. 

In view of the above results, it appeared reasonable to 
assume that there were no significant differences between 
operator service times in the 5 P.A.B.X.s observed. 
Consequently, the samples were pooled and the combined 
frequency distribution grouped into 5 second time slots 
(1-5s., 6-10s., 11-15s., etc.). The main statistical 
parameters obtained for this distribution are : 
mean = 17.73 seconds, standard deviation = 27.85 seconds. 
The mean agrees quite well with the nominal value of 18 
seconds used as the average service time per call on manual 
switchboards. The standard error of the mean of the 
combined sample is 0.278 sec. (= 27.85/ ~ 11,450), so that 
the difference between observed mean and 18 seconds is less 
than one standard error. 

The first 200 seconds of the pooled service time 
distribution has been plotted in Fig. 1 on a logarithmic 
scale. This scale was chosen deliberately to show in 
greater detail the tail of the distribution. Two fitted 
theoretical distributions, exponential and logarithmic
normal, are also included in the same figure for comparison; 
the frequency density functions of the two model distribut
ions are given below . 

f(x) -bx a.e (2) 

f(x) (1/ cx .J2;) . exp [ - (lnx-d) 2 /2c2 J (3) 

It is obvious from Fig. 1 that log-normal distribution 
gives a better fit than the two-parameter exponential. The 
chi2 goodness of fit test confirms this impression: the 
log-normal passes the test while the exponential does not. 
Thus, on theoretical groundS, the choice is clear. 
However, practical considerations favour the exponential 
model, because of its simplicity and the large volume of 
des ign data already available about queueing systems based 
on this model. Therefore, if the errors introduced by 
using the exponential model for the service time 
distribution are not serious, it would be preferred to the 

. log-normal (or, for that matter, to gamma or Weibull) 
distribution. At this stage, insufficient measurement data 
has been accumulated to assess the likely range of these 
errors; the results obtained so far were inconclusive. 
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However, results obtained from simulation tests using 
the measured service time distribution did not differ 
significantly from those obtained with exponential 
distribution, supporting the use of this simple model 
for practical dimensioning formulae. 

5. DIMENSIONING: FULL AVAILABILITY ACCESS TO OPERATORS 

In determining the number of manual operators required in 
a P.A.B.X. several factors have to be considered. The 
average offered traffic intensity, its distribution (-the 
distribution of call arrivals), and the distribution of 
operator service times are the obvious ones. Next, one 
must consider the access arrangements - that is, whether 
all operators can be reached from every extension, 
exchange line, and tie line, or whether access is through 
some interconnecting or link trunking scheme. Finally, 
if the criterion of service chosen is the probability 
of delay not exceeding a specified value, it is also 
necessary to consider the procedure used to take calls 
out of queue (order of service). We shall briefly 
examine thefoe factors in turn. 

In a delay system, the carried traffic equals offered 
traffic, provided the latter does not exceed one erla~ 
per server. The P.A.B.X. switchboard is normally 
operated as a delay system, but a (small) proportion of 
calls to the operator can be lost due to congestion in 
the external trunk groups (exchange lines, tie lines), 
which are operated on the busy signal basis. Thus, the 
traffic offered to the operators is, in effect, made up 
of calls carried on the circuit groups giving access 
to and from the manual switchboard. Since the proportion 
of traffic lost is, generally, quite small « 1%), little 
error will be introduced by assuming such traffic to be 
random. 

The distribution of operator service times has been 
discussed in the previous section. For the reasons 
stated there we shall assume negative exponential 
distribution for the service times of all operator calls. 

Either full or limited availability access to the 
operators can be provided. Naturally, the call handling 
efficiency will depend on the access arrangements and 
must be taken into consideration when estimating 
operator requirements. In this section we shall 
consider only the cases where every operator can be 
reached from every extension and every line carrying 
operator connected caIB; arrangements of restricted 
access to operators will be discussed in the next section. 

Unlike busy signal systems, delay systems offer a choice 
of at least three criteria for specifying the standard 
of service: average delay, probability of delay, and 
probability of delay exceeding a specified time. 
Although each of the above three criteria have been used, 
the last one is to be preferred. It gives the most 
precise definition of the service quality to be given, as 
it takes into consideration also the order in which 
waiting calls are served. Generally, no strict order of 
service is adhered to by P.A.B.X. operators in dealing 
with waiting calls, but most attempt to serve longest 
waiting calls first, that is, they follow the rule "first 
come, first served". 

Under the above assumptions the fully available group of 
P.A.B.X. operators reduces to the classical 'case of 
multi-server queue offered random traffic with exponent
nlly-distributed service times. This model has been 
thoroughly investigated ·and tables or graphs covering a 
wide range of all important variables are available. The 
probability of delay is given by the Erlang's Second 
Formula, 

n I 
n-A 

~) 
n-A 

(4) 

The average delay per call is 

d (5 ) 

and the probability of delay exceeding t service times 
(service in order of arrival) -

P (>t) E2 (A). e-t
/
w 

,n 
(6 ) 

The practical problems remaining in the dimensioning of 
P.A.B.X. manual switchboards for full availability 
access to operator are the accurate estimation of 
operator traffic and the mean service time. Sufficient 
measurement data exist to indicate about 18 seconds as 
the maximum likelihood estimate of the mean service time 
per call. Multiplication of the measured (or estimated) 
number of operator calls during the busy hour by 
18/3600 should, therefore, give a good estimate of total 
operator traffic in erlangs. Where the operators have 
additional duties, the average busy hour occupancy on 
these duties should be added to the operator traffic 
estimate based solely on call handlipg. 

Assuming that the service standard given is the 
probability of delay exceeding a specified time (in 
Australia the recommended standard is that calls to 
P.A.B.X. operator should be answered within 20 seconds 
wi th a probability not exceeding 0.05), it is only 
necessary to look up an appropriate delay distribution 
graph to obtain the number of operators required. It is 
standard practice to plot cumulative delay probabilities 
against delay exceeding various multiples of mean service 
time, so that it is necessary to express the specified 
delay in terms of the mean service time before entering 
the graph. 

The question, however, arises, whether in determining the 
standard of service one should use the total service time 
per call. During periods of heavy traffic the operator 
often simultaneously serves more than one call. What 
actually happens is that she answers one call, then puts 
it into temporary storage (often called the "overlap" 
circuit) and goes on to serve another call, afterwards 
returning to complete the service of the first call. 
This mode of working means that the mean time per operat
ion can be substantially less than the total service time 
per call. If the service standard is defined in terms 
of time before a call to the operator is answered (as it 
usually is), the dimensioning should be based on the mean 
service time per operation, rather than mean service 
time per call. UnfortunatelY, the actual time per 
operation is much harder to measure; an estimate can be 
obtained by recording the occupancies of the overlap 
circuit (where it is provided) or by visual observation 
and timing of the operators. The visual timing method 
was used in P.A.B.X.s B, C, and D gave the following 
results for the mean time per operation during the b~sy 
hour of each day of measurement: 

P.A.B.X. Mean operation time, Busy hour traffic 
in seconds load per operator(E) 

B 11.2 0.33 

C 10.1 0.33 

D 11.8 0.41 

Table 3 Mean Operation Times and B.H. Occupancy 

Because of the small size of the sample (3 hours of 
observation in each P.A.B.X.) and possibility of human 
error, too much reliance cannot be placed on the above 
data. However, they do indicate that the mean time per 
operation is significantly lower than the total call 
service time. 

Table 4, below, shows the effect of using the shorter 
operation time instead of the total service time for the 
operator dimensioning, which is assumed to be based on a 
service standard P(>20 sec.) ~ 0.10 (i.e. 90% of all 
operator calls to be answered within 20 seconds). 

342/3 ' lTe 7 



Exponential distribution of service times and service in 
order of arrival are assumed. 

In a small P.A.B.X. the provision of the second manual 
switchboard and the operator to attend it make a 
significant addition to the capital and running costs, 
hence the correct evaluation of the mean operation time is 
important. 

Operator Number of operators required if: 

traffic (E) h - 10 secs. h = 18 secs. 

0.30 one two 6. DIMENSIONING: GRADED OR LINK ACCESS TO OPERATORS 

0.35 one two 

0.40 two three 

Table 4 Comparison of Operator Requirements 

Generally, when the number of operators in a P.A.B.X. 
exceeds 2 or 3, it is considered uneconomical to provide 
full availability access. In direct access types, the 
incoming and revertive exchange lines, tie lines, and 
information circuits are given appearances at some, but 
not all, manual operating positions. In effect, the lines 
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to the manual positions are arranged in an interconnect
ing scheme. The efficiency of such arrangements depends 
on the number of appearances given to each line (i.e. the 
availability), the structure of the interconnection 
pattern, and the mode of search for a free operator. 

The .alternative to interconnected direct appearance is 
link access. Here a link-trunked switching stage (of 
two or more partial stages) is inserted between the 
manual switchboards and the lines carrying operator 
traffic. The efficiency of this arrangement depends on 
the grouping plan of the link access stage and the mean 
occupancy of the internal connecting devices. 

A rigorous analysis of delays with either arrangement 
presents formidable difficulties and will not be 
attempted here. On the other hand, methods for 
approximate calculation of delay probability, average 
delay, and even the distribution of delays for certain 
specific cases have appeared in the literature of recent 
years (references (2), (3), (4), (5)) . Not all methods 
give the same accuracy in all cases, but if the limits 
of their application are observed, results of sufficient 
accuracy for practical engineering can be obtained. We 
shall briefly review the results obtained by M. Thierer 
(1968) and L. Hieber (1970), as far as they can be 
applied for the dimensioning of P.A.B.X. manual operating 
positions. 

Assuming exponentially-distributed service times, 
statistical equilibrium, and an unlimited number of queue 
seats, Thierer derives the following recurrence for the 
computation of the occupancy distribution in a group of 
servers reached via a balanced, randomly-hunted ideal 
interconnecting scheme : 

q(x) r x - A.b(X1 = Al l - b(x - 1) ] q(X - 1) (7) 

The blocki~ coefficients b (x) are defined by the now well 
known combinatorial expression first used by A.K. Erlang 
in deriving his Interconnection Formula : 

b(x) = 0 x~k 

With the help of equation (7) and the normalising 
condition 

n 
E q(x) 

x=O 

all q(x) terms can be computed. 

(8) 

(9 ) 

The probability of delay is then given by the following 
sum 

n 
p (>0) E q(x) . b(x) (10) 

x=k 

The average delay of waiting calls, expressed in units of 
mean service time, is, then 

w 
n 
E 

x=k 
[q (x) 

n 
E 

i=k 
A b (i) ]; n A. E q (x) • b (x) 

i-A. b(i) x=k 
(11) 

The average delay with respect to all calls is, of course, 
obtained from wand P(>O) : 

d .. w . P(>O) (12) 

When the waiting calls are served in order of their 
arrival, it is suggested that the distribution of delays 
in this system can be adequately represented by the 
negative exponential distribution. That is, 

P (>t) P(>O) . e- t / w 
(13) 

No derivation is given for (12), which is based solely on 
the analogy with the full availability system and the 
results of simulation trials. Computer simulation tests 
on simple interconnection schemes carried out by the 
present author confirm the suitability of the exponential . 
model to represent the distribution of delays in such 
systems. 
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For multi-stage link access systems, with or without 
grading, L. Hieber has developed a very general method, 
which he calls Combined Input Route Blocking with 
Waiting (CIRBW). This method rests on the assumption of 
standard traffic distribution functions at all partial 
switching stages,' balanced traffic input, and complete 
statistical independence between the traffic distributiore 
in the individual stages. The complete system of any 
number of stages is replaced by an equivalent two-stage 
system. As in the previously discussed method, unlimited 
number of queue places is assumed, although the method 
can be modified to take queue length limitation into 
account. 

If the number of links accessible from an inlet column of 
a first stage switch is m and the traffic offered to them 
A

l
, the probability of delay at the input is given by 

tfie Erlangts Delay Formula, E2 m)A). The remaining 
component of the overall delay'proSability (route 
blocking part of the equivalent system) is computed by 
the previously described method for interconnecting 
schemes, with the number of servers, the traffic offered 
to them, and the average number of servers accessible 
from one first stage switch as parameters. If this 
average availability is designated K, the total 
probability of delay is given by the following. 

P(>O) = E2 ,m (AI) + [1 - E2 ,m(A1)] • ~ q(x) b(x) (14) 
x=k 

The overall average delay of waiting calls, in units of 
the mean service time, is defined as follows : 

w (15) 

The subscript "is" refers to the equivalent interconnect
ing scheme defined above; dis and Pis(>O) are computed 
from equations (12) and (10), respect1vely. 

No indication is given whether the CIRBW method can be 
applied for the calculation of delay distributions. 
However, simulation results given in [4] and those 
obtained by the present author suggest that the 
exponential model can be used to approximate the delay 
distributions in the link systems also. That is, the 
probability of delay exceeding t service times can be 
estimated by equation (13), using the values of P(>O) and 
w computed from (14) and (15) above. 

By analogy with the use of the geometric group model for 
the busy signal systems, [6J, an alternative approximate 
general computation method for delay systems suggests 
itself . 

The blocking characteristics of most interconnecting 
schemes and link-trunked access networks can be 
reasonably well approximated by a geometric series. 
Applying this approximation to a delay system, we could 
redefine equation (8) as follows : 

b(x) 

b(x) 

n-x 
p 

o 
x 1,2, ..... n (16) 

x = 0 

The same recurrence (7) and equation (9)~U%d to compute 
the server occupancy distribution. The only changes 
required to equations (10) and (11) are the replacement 
of k by 1 in all sums. Equations (12) and (13) remain 
unchanged. 

The formula for the average delay of waiting calls (geo
metric group version), 

w ~ . r q (x) . ~ 
x=l L i=l 

A . b(i) J/A 
i-A • B(i) 

n 
E q(x).b(x) 

x=1 
(17) 

breaks down at very high values of point-to-point blocking 
(p~O.7), which, when combined with heavy traffic loads, 
can lead to A • b(i)~i. Fortunately, such high blocking 
values are not found in delay systems under normal 
operating conditions. If an estimate of average delay 
under these conditions is needed, the CIRBW method could 
be used, but it would tend to over estimate the delay, as 

ITe 7 



the assumption of independence between partial swit·.ching 
stages would not be valid in such a case. 

7. ACCURACY OF APPROXIMATE FORMULAE 

The ultimate test of accuracy of any dimensioning method 
is the comparison of the service given in a live traffic 
carrying system with the specified standard for which 
the system was dimensioned. An accurate comparison; 
however, is very difficult because P.A.B.X. traffic does 
not remain stable for a sufficiently long time necessary 
to reduce statistical measurement errors to a negligible 
level. There is also the difficulty in drawing the line 
between calls delayed and those connected in minimum 
time; deciding whether I, 2 or 3 seconds should be 
allowed for answering an incoming call can have a very 
marked effect on the probability of delay obtained. 
Measurements of delays on operator calls in P.A.B.X. 's 
A, B, C, and D have established that the delay 
distributions tend to follow the negative exponential 
law (see example given in Fig. 2). The average delays 
obtained broadly agree with those computed from theory, 
but because of traffic variations and limited sample 
sizes the confidence limits were too ~.,ide for an 
accurate comparison. 
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In view of the uncertainties inherent in live traffic 
measurements, we turned to computer simulation. A flexible 
real time (event-by-event) simulation program for the 
CDC-3200 computer was, therefore, developed and used to 
simulate typical P.A.B.X. operator access systems. The 
program can simulate full availability, direct access with 
grading, and 1ink-trunked (with 2 or 3 partial stages) 
access arrangements, operated as either pure delay or 10ss
delay systems. Any arbitrary distribution of service times 
can be reproduced and the order of service can be specified 
either as random or in order of arrival. The number of 
queue seats, arranged in a single queue or a number of 
parallel queues, can be also varied as required. 

The aim of the simulation tests was to obtain fairly 
accurate estimates of the main delay system variables 
and to compare them with the values computed from the 
formulae given in the earlier sections uf the paper. In 
view of the simulation results given in the references 
([2), (3J, (5]), good agreement was expected between theory 
and simulation when the service times were exponentia11y 
distributed. This was confirmed and we went on to run 
simulation trials with other than exponential distribution 
of service times. So far we have tried constant, 10g
normal, and empirically obtained service time distributions 
with both queue disciplines (random, and first come, first 
served). Samples of the results obtained with a 4-server, 
4-group interconnecting scheme of availability 2 are shown 
in Fig . 3 and Table 5; first come, first served queue 
discipline was observed in these tests. 

The tests are continuing and only tentative conclusions can 
be drawn at this stage. The results suggest that the delay 
variables of practical interest - i.e. average delay, 
probability of delay, and the next two terms of the delay 
distribution - do not change much if we approximate the 
empirical service time distribution by the best fit 
exponential or the best fit log-normal. The tails of the 
delay distributions obtained by simulation for the above 
three cases diverge somewhat, but all plot as nearly 
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straight lines on a log-linear grid, indicating that they 
all tend to follow the negative exponential law. 

A n k d/h P(>O) - P (>11) P (> 2h) Notes 

3.48 4 2 1. 98 .7610 .5373 .3355 (i) 

" " " 1. 75 .7656 .5311 .3023 (H) 

" " " 1.68 .7806 .4871 .3071 (Hi) 

" " " 2.05 . 7920 .5384 .3660 (iv) 

1.90 4 2 0.37 .2720 .1481 .0499 (i) 

" " " 0.37 .2718 .1529 .0479 (H) 

" " " 0.19 .2613 .0654 .0165 (Hi) 

" " " 0.37 .3116 .1329 .0567 (iv) . 
(i) Simulation results obtained using actually 

recorded service time distribution (see Fig. 1) 

(ii) Simulation results obtained using negative 
exponential service time distribution 

(iii) Results computed using equations (7), (8), (9), (10), 
(11), (12), (13). 

(iv) Results computed using geometric group 
approximation, with p = (n-k) / n = 0.5 

Comparison between Simulation and Theory 

Comparison of simulation results with the values computed 
from the theoretical approximative formulae showed good 
agreement in all cases for the probability of delay. Good 
agreement was also obtained between estimates of average 
delay for the case of full availability access . In the 
cases where servers are reached via an interconnection 
scheme, formulae based on blocking coefficients defined as 
for Erlang's "ideal grading" (equation (8)), tended to 
underestimate the higher terms of the delay distribution 
and hence the average delay. This tendency increased as 
the traffic load per server, A/n, and the mixing ratio 
(g.k/n) decreased. On the other hand, using the geometric 
series for the blocking coefficients (equation (16) with 
p = (n-k)/n) leads to a moderate overestimation of the 
probabilities in the tail of the delay distribution. 
Therefore, if safe dimensioning is desired, the geometric 
model is to be preferred . 

Insufficient work has been done at this stage on server 
groups reached via link-trunked switching stages to draw 
any general conclusions. Early results indicate that the 
distribution of delays may depart slightly from the 
exponential law. However, even in this case a reasonable 
approximation can be obtained with the exponential model 
over the range of most interest, provided that an 
appropriate value is chosen for the geometric group 
parameter p. 

8. CONCLUSIONS 

Analysis of operator connected calls in five randomly 
chosen P.A.B.X. 's of different types has shown that there 
are no significant differences bet~.,een operator service 
times in the different P.A.B.X's and that the service time 
distributions can be approximated by e i ther an exponential 
or a log-normal model. The distribution of delays was 
found to follow the negative exponential law. Comparison 
of approximate dimensioning formulae wi th simulat i on 
results indicate that formulae based on the assumptions 
of exponentially-distributed service times and service in 
order of arrival can be used for practical dimensioning of 
P.A.B.X. operating positions. Further work has to be done 
in evaluating the accuracy of general dimensioni ng methods 
for P.A.B.X. IS with link access to operators. 
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