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ABSTRACT 

The present paper describes a systems engineering approach 
to telephone network management. Main topics are network, 
strategy design, and system analysis. 

A simulation model of the stochastic traffic process in a 
circuit-switched 3-level hierarchical network with alter
native routing is presented. The arrival process of calls 
to the network is a Poisson process without repeated-at
tempt features. 

The design of a network management strategy comprises a 
choice of load indicators, statistical decision rules based 
on the information from load indicators, and network man
agement controls. 

Network management controls concidered are, e.g., queue 
limiter, control of alternative routing and directional re
servation. For each of these controls, statistical deci
sion rules and operation criteria are investigated, and a 
mathematical model is presented. 

The system (network with call flow) is first analysed with
out network controls for different characteristic load pat
terns, and the bottlenecks in the network are identified. 

The network management strategy outlined below is based on 
a mathematical model of the given set of network manage
ment controls and on a set of network load indicators 
placed at potential bottlenecks (because this is where an 
overload manifests itself first). This strategy is imple
mented in the system, and the analysis procedure is repeat
ed in order to see whether the traffic-handling capacity 
of the network has increased, and to study how the controls 
have operated 
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INTRODUCTION 

A telecommunication network is optimalized from a certain 
traffic level (busy hour). However, when some kind of 
traffic disturbances occurs (either due to faults or to an 
increase of the traffic offered) the network will operate 
inefficiently and will not any longer satisfy the require
ments demanded from it. Those facilities which are incor
porated in the network in order to increase its utilization 
during normal load levels, often act in a negative sense 
during traffic disturbances. Examples of such facilities 
are delay system for registers and alternative routing. 

In order to increase the effective utilization of the net
work when traffic disturbances occur, a dynamic control 
system may be introduced which aims at reducing the nega
tive effect of the various traffic disturbances. A net
work-control system comprises a series of network controls 
which must be able to perform the following functions: 

1. Obtaining information about the state of the net
work. 

2. Analysing those situations in which traffic dis
turbanses occur. 

3. Carrying out control functions which aim at coun
teracting these traffic disturbances. 

For this purpose, a network management strategy has been 
developed for some current network-control functions. A 
network-control strategy comprises: 

1. A series of load indicators which obtain infor
mation on the state of the network. 

2. Decision procedures which, based on information 
from the load indicators, decide at what time 
the individual controls shall enter into "oper
ation. 

3. Operation procedures which, based on the result 
obtained from the decision procedures, decide how 
the individual controls shall operate. 

The decision procedures describe the statistical decisions 
to be made in current situations. These procedures con
tain operational criteria which determine the conditions 
for the time at which the controls shall enter into oper
ation. When a certain operational criterion has been ac
complished, the control operates and carries out the oper-
ational" pro~edure for this function. . 

Those network-control functions which have been studied 
are priority reservation and queue limiting for the reg
isters. For each of these functions, both theoretical 
analysis and computer simulations have been carried out. 

2 NETWORK MODEL 

In order to study the reaction of the network to overload, 
a simulation model for a telecommunication network has 
been prepared. Furthermore, a series of controls, the 
purpose of which is to increase the efficiency of the net
work during overload, have been inserted in the program. 
The simulation program has been written by Mr. H. Gram of 
the University of Oslo. The language used is SIMULA. 
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Two types of exchanges are used in the model: 

1. LE, local exchanges. These are considered as 
points which generate and terminate traffic with
out inherent delay. 

2. TE, transit exchanges. These can only through 
connect traffic. In these, inherent delay has 
been incorporated in the registers. The reg
isters consist of one group with full avail
ability. The transit exchanges are divided into 
two types, i.e., group exchanges (GE) and toll 
exchanges (FE). 

The switching of the connections are based upon end-to-end 
signalling, The first transit exchange (group exchange, 
GE) will then maintain the connection and transmit digits 
to each of the inserted exchanges. Consequently, the re
gisters of the inserted exchanges are only seized during 
that time when the digit transmission, switching and 
clearing take place, i.e. three seconds. 

The network model is shown in Fig. 1. 

Fig . 1 . 
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The network is demensioned for a point-to-point congestion 
of 1%. ' Routes 1, 2, 3, 4 and '5 consist on one-way and 
two-way trunks. 

The following measures for the traffic-performing ability 
of the network were chosen: 

-All-over average congestion in the network, defined as: 

B 
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where: a .. - ~raffic offered from i to j. 
lJ 

Bij - congestion from i to j, i and 

terminating exchang'es. 

being 

-dispersion of the congestion on the routes, whic'h is 
defined as: 
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- ,Mean establishing time for successfully established con
nections. 

3 SIMULATION WITHOUT NETWORK CONTROL 

To start with, the number of registers was demensioned in 
presuming a utilization of 0.5 erlang per register. There
after, normal load and a genera,l overload of 10%, 25% and 
50% were simulated. The results are shown in Table I. 

Overload Congestion Establishing 
% % time, sec. 

0 0.7 13.0 

10 5.3 13.0 

25 13.7 13.1 

50 27.1 13.2 

Table I 

In this case, the congestion increased with the load, 
whereas on the contrary, the establishing time did not 
increase substantially. This should indicate an overdi
mensioning of the registers, since the entire congestion 
was located to the trunks, i.e., the network proved to be 
trunk limited. 

Thereupon, tests were performed by reducing the number of 
registers. The results showed that a limited reduction 
of the number of registers did not substantially reduce 
the traffic-carrying capacity. If, however, this re
duction exceeded a certain limit, the traffic-carrying 
capacity was substantially reduced during overload in 
spite of small changes during normal load. This gives an 
indication of how sensitive to load variations a delay 
system is, which operates with a high degree of utiliz
ation. 

The following test involved simulation of a 50-% overload 
with a reduced number of registers. The results are shown 
in Table n. 

Congestion Dispersion Establishing 
% % time, sec. 

Original numbers 
of registers 27.1 2.2 13.2 

Reduced number 
of registers 72.S 12.7 21.8 

Table 11 

In this case, the congestion increased to 72.6%, and in
stead of being located to the trunk network the entire 
congestion was now located to the registers, i.e., all re
jection in the network was due to time-outs. Furthermore, 
the establishing time increased substantially. 

The high , degree of congestion obtained -in the network was 
essentia1y due to a dispersion of the queueing-up in the 

• 
• 

, network. (The register traffic did not increase to such 
an extent that alone it should have ca sued such a high de
gree of congestion, refer to Table X). This effect would 
finally cause a blocking of the registers in the group ~ 
exchanges, since in these exchanges the local and transit 
calls use the same registers. As will appear from Table 
X, the group exchanges represent the bottlenecks of the 
system, since the probaility for being delayed here is 
nearly 100%. In these exchanges, the registers are wait-
ing for each other, and fewer calls are forwarded to the • 
highest level, at which the probability for being delayed 
is substantially lower. 

4 INTRODUCTION OF NETWORK CONTROL 

In order to maintain an optimal utilization of the network 
during all conditions, a dynamic control system is envis
aged, the purpose of which is to counteract ,the trend to 
and prevent dispersion and limit the effect of the various 
traffic disturbances which may occur. 

The control facilities to be treated in what follows must 
be able to perform the following functions: 

1. Control of waiting time (register delay). 

2. Control of the trunk network. 

In order to control the waltlng times, a register-queue 
limiter, RQL, is introduced the purpose of which is to 
prevent an amplified feedback of register delays by lim
iting the queue of calls waiting for being attached to the 
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registers. This function acts as a feedback control sys
tem the purpose of which is to prevent a pos1t1ve feedback 
of the congestion in the traffic-carrying system. 

In order to control the trunk network, a priority-reser
vation system is introduced in which a ' number of trunks in 
a route is reserved for priority traffic. For each route 
this system can give priority to traffic for which the 
considered route is the only traffic path (first-routed 
traffic) in preference to traffic for which the route is 
an alternative path during overload. Priority can also be 
given to traffic which has the highest probability for 
being successfully established, both in order to increase 
the total degree of compliction of the network and reduce 
wasted occupation of exchange equipment and trunks. 

5 PRIORITY-RESERVATION SYSTEM 

5.1 Function 

A priority-reserva'tion system incorporates the following 
controls: 

1. Protective-Reservation Control, PRC. 

2. Directional-Reservation Control, DRC . 

For both of these controls, the offered traffic is divided 
into two types, priority and non-priority traffic, and a 
number of trunks are ' reserved for priority traffic. Calls 
from non-priority traffic sources are served only if more 
than a specified number of trunks are idle, whereas calls 
from priority subscribers are served as long as idle trunks 
are available. 

PRC will cancel alternatively routed calls on a trunk 
group when the seizure exceeds a certain level. Priority 
is then given to first-routed traffic in preference to 
alternatively routed traffic. 

DRC favourizes downward-going (in the hierarchy) traffic 
in preference to upward-going traffic on a two-way final 
route between two exchanges of different levels. When 
the seizure exceeds a predetermined level, DRC will direc
tionalize a number of two-way trunks downward in the hier
archy. 

5.2 Decision Procedure 

In principle, both the control func~ions mentioned above 
operate in the same way, in that the control enters into 
operation at a certain occupation level and gives pre
ference to priority traffic. This results 'in an equal
ization of the grade of service (more uniform congestion 
conditions) in the network, · at the same time achieving an 

• overload protection for priority traffic. 

• 
The service system is divided into two classes as shown in 
Fig. 2. In order to reduce the transition frequency from 
one class to another, a hysteresis effect (two overlapping 
classes) is introduced. In this manner, hazards are 
avoided and the information flow and the wear on the con
trol equipment are reduced. 

Class 1 

14 ~ 
Class 2 

-, 
I I 

0 n;-1 n' 2 n2 n2+1 n1 
X-1 X X+Y X+Y+1 N 

Fig. 2. 
trunks 

If, in class 1, the number of seized trunks exceeds n2, one 
arrives in class 2 and remains there until the number of 
seized trunks has been reduced to n2 - 1, where nz < n2. 
In class 1, both priority and non-priority traffic are 
served, whereas in class 2 only priority traffic is served. 

5.3 Operational Criteria 

In the following, quantities with subscript 1 refer to 
priority traffic, whereas quantities with subscript .2 
refer to non-priority traffic. 

Al YI"S - priority traffic 

A2 Y2"S - non-priority traffic 

A = yes = (YI+Y2)"S - total traffic offered to the system 

The optimalization criteria for ' this system is specified 
in the following way: 

-For a given offered traffic {AI, A2} and a wanted 
average congestion {Cl, C2}, that number of 
trunks {nI, n2} which satisfies the requirements to 
congestion and at the same time implies the lowest 
costs, i.e., the minimum number of trunks, should be 
found. 

A priority-reservation system is illustrated in Fig. 3. 

I 

A,~ 

I I r I Az~ 
'- , 

Fig. 3. 

In this case, the problem to be solved is to minimize . 
nl and n2, assuming that: 

BI(nl, n2) < Cl and B2(nl, n2) < C2 

where: Cl' C2 and AI' A2 are _given" 

5.4 Mathematical Model 

(3) 

A transition diagram for the system is shown in Fig. 4. 

In each state, the probabilities are: 

P(j, i) - probability of being in class j, and i 
occupied trunks, j = {I, 2} 

From the equilibrium equations in sections (a) - (1) the 
following expressions for the state probabilities are found:. 

o ~ 1 ~ X-l 

P(l) - P(l,l) - ~ (0) 1! • P - (4) 

x ~ 1 ~ X+Y 
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P(i) = P(l,i) + P(2,i) 

X+Y < 1 ~ N 
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Ai 
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(8) 
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Fig. 4. 

Consequently, in order to find the state probabilities, 
pea) and P(Z, . X) must be determined. These quantities are 
found by means of the normalization condition: 

1 

and the equation at section (m): 

pelt X+Y)'y = p(Z, X).; 

The results are given in Appendix A. 

The blocking probabilities are: 

(9) 

(10) 

-Blocking probability for priority traffic: 

(11) 

-The blocking probability for non-priority traffic: 

nl=N 
L P(2, i) (lZ) 

i=n2=K 

5.5 Results of the Calculations 

In the following, examples are given on the use of the 
above formulas for dimensioning nRC and PRC. In order to 
find nl and nZ optimalization algorithm as presented by 
Faulhaber and nunkel /4/ were used. 

A cut-out of a network with one-way and two-way trunks 
between two exchanges ot different levels is shown in 
Fig. 5. 

Input Output 
EOO EOO EOO EOO n1 "2 

0.015 0.05 0.01 0.048 31 ' 30 
0.015 0.10 0.0085 0.10 29 27 

Table 11/ 

Fig. 5. 

The term En = O.OZ represents the congestion on the two
way trunks. Now, priority reservation for the two-way 
trunks will be introduced' by representing a higher con
gestion to upward traffic than that presented to down
ward traffic. Instead of En, Eno and Enn are introduced. 
The results are shown in Table Ill. the hysteresis width 
being Y = 4. 

Fig. 6 represents a cut-out of a network in which trunk 
group A-C carries both first-routed and alternatively rout
ed traffic. 
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The term EAC = O.OOZ represents the congestion on trunk 
group A~C. We now introduce 'priority reservation on group 
A-C by presenting to the first-routed traffic AF a conges
tion EF, and to the alternatively routed ' traffic a con
gestion EA' The results are shown in Table IV, in which 
the hysteresis width Y = 6. 

Input Output 

EF EA EF EA n1 n2 

0.002 0.035 0.0019 0.026 66 62 

0.002 0.05 0.0018 0.046 66 60 

Table IV 

6 REGISTER-QUEUE LIMITER, RQL 

6.1 Function 

The most important function for preventing an amplified 
feedback of the delay in the registers is the limiting of 
the queue, of calls waiting for being attached to the reg
isters. In this case, the number of calls queued up will 
have tO ,be registered, and the load offered to the ex
change must be reduced when the registered number of 
queued-up calls exceeds a predetermined limit. 

6.2 Decision Procedure 

• 

• 
As an indication of the registers being overloaded, the . ' 
number of seized queue places, i.e., the length of the 
queue, will be used. This principle is shown in Fig. 7. 
In this case also, an hysteresis effect is invisaged in 
order to reduce the transition frequency from the one class 
to another. The hysteresis width is Y + 1. 

Class 2 

o m+1 

~ 

Fig. 7 . queue places 

M designates the total number of queue places, i.e., the 
number of idle incoming trunks to the exchange. If a call 
is in class 1 and the le.ngth of the queue exceeds the pre
determined limit, m, RQL will operate and reject all traf
fic from lower-level exchanges. The system then arrives 
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in class L and remains there until the length of the 
queue is smaller than m1, m1 being less 'than m. In class 
1, traffic can be served both from lower-level and higher
level exchanges, whereas in class 2 only traffic from 
higher-level exchanges is accepted. 

6.3 Operational Criteria 

Above, two optimalizing criteria have been defined which 
can be used for determining the optimal permitted length 
of queue for a register-queue 1imiter. 

6.3.1 Criterion A ' 

Criterion A consists in minimizing the total holding time 
for the registers in the surrounding excbanges. This 
wasted time comprises the following components: 

1. Delay during attachment to register of those 
calls which must queue up, 

2. Holding time in registers for all calls which are 
blocked due to RQL. 

3. Holding time in registers for all calls which are 
blocked due to time-outs. 

Due to analytical causes those contributions to holding 
times which are due to time-outs, are neglected in what 
follows. Consequently, the problem is to minimize the 
following function: 

T(a) = W(a) + B(a).h (13) 

a - traffic offered per register. 

W - mean delay for attachment to register for all 
calls. 

B - probability for not finding a free trunk, due to 
RQL. 

h - holding time in originating register for blocked 
calls. 

The time T then indicates the expected wasted register 
holding time per offered call. 

6.3.2 Criterion B 

The number of queue places, m, is determined in such a way 
that the probability for encountering a delay time greater 
than a certain value t, shall not exceed a predetermined 
limit, p. 

P(>t) "p (14) , 

Consequently, a maximum of p% of the calls are allowed' to 
wait for more than t seconds. The values of t and p must 
be determined from what is assumed to be permissible before 
a dispersion of the queueing-up in the network is encoun
tered. 

6.4 Mathematical Model 

A transistion diagram of the system is shown in Fig. 8, 

n - number of registers. 

a = ! = ~ - total offered traffic per register. 
n n 

n 

P (j ,i) 

Yl's 

n 
- offered traffic per register for 

higher-level exchanges. 

probability for being in class j, i representing the 
number of queue places seized. 

j = ' {I, 2} 
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Fig. 8. 

From the equilibrium equations in sections (a) to (q), 
the following expressions for the state probabilities 
are found: 

o ~ i ~ n 

P(i) P (1, i) (na)i-n , It ' Pen) 

n < i < x 

P(i) = P(l, i) = i-n 
a , Pen) 

x < i ~ n+m 

P (1, i) 

P (2, i) 

i-X . 
ai -n P (n) - P (2, X) L a.l

j-Q 

ai - n Pen) _ 1_~~:X+1 P(2, X) 

---
~l-""a"'l"-- P (2, X) 

n+m < i 4; n+M 

p(i) = P(2, i) .. , 

(15) 

(16) 

(17) 

(18) 

(20) 

i-(n+m+1) m+1 Pen) + _ a(l a 'P(2,' It) 
[ [

al (1-a1+1) - Y.+1 1 " ' J 
al a ' l-a l I-a 
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Here, all the state probabilities are expressed by Pen) and 
P(2, X). These expressions are found by means of the 
normalization condition: 

n+M 
I: P(i) *" 1 

i-O 

and the equation in section (0): 

n 
. P(l~ n+m)'y - P(2, X)'s 

The results are given in APPENDIX B. 

The following quantities may now be found: 

Blocking probability: 
n-tti 

B = P{controller operated} - I: P(2,i) ' (23) 
i"X 

Delays: 

W - average delay for the complete system 

W 
s 

n+M-l 
I: 

n . 1.-n 
(i-n+l)·P(i) (24) 

P'(>t) - probability for delay exceeding t for the complete ayatem: .. 
n:+l J P(>t). t P(n+i) • h· xi e-x dx 
i-o 1.. 

'~ 

(25) 

6.5 Results of Cal~ulations 

(21) 

(22) 

In the following, we shall give some examples on the use 
of the formulas developed for the calculation of optimal 
queue length. These calculations were carried out under 
the presumtion that RQL rejects approximately all in
coming traffic to that exchange in which RQL has operated. 
Fig. 9 shows the calculations based on criterion A, where
as the results shown in Fig. 10 are based on criterion B. 

a.Q.IOwl. "_20 
Vs",1I4.' 

Fig. 10 Fig. 9. 

For 'the requirements p '" 0.05 and t = 1, we find m = 7 
from Fig. 10. If h = 3, i.e., h equals the holding time 
s, we find m = 5 from Fig. 9. (In this case, the o~ti
mum is rather flat.) 

7 SIMULATION WITH PRIORITY RESERVATION 

7.1 Protective-Reservation Control, PRC 

The PRC was implemented on all routes carrying alterna
tively routed traffic'- Le. on routes 1, 2, 3, 4 and 5. 
The number of trunks reserved for first-routed traffic 
was 3, the hysteresis width being Y = 5. 

The primary purpose of the simulation was to investigate 
the service-equalizing effect of PRC. 

When introduceing PRC '~ therefore, it might be expected 
that the dispersion of congestion on the routes would be 
redu~ed. However, the model did not offer a sufficient 
number of alternative-routing possibilities, for whi~h 
reason a substantial improvement of the total traffic 
performance could not be expected. 

Congestion Dispersion Establishing 
% % time, sec. 

Without 
control 27.1 2.2 13.2 

PRC 26.9 1.3 13.2 

ORC 26.3 2.3 13.1 

Table V • 
Table V shows a noticeable reduction of the dispersion 
after introducing PRC. In addition to the values shown, 
it could be mentioned that without PRC, the congestion on 
the routes varied by up to 9 : 6% (22.5% to 32.1%), whereas . 
after introducing PRC, the range of variation was limited 
to 4.6% (24.3% to 28.9%). This means an absolute improve
ment of 5%, or an improvement of 18.5% relative to the 
congestion percentage. In this manner, substantially more 
uniform congestion conditions in the network were achieved. 

Route 1 2 3 4 5 
Number of 
operations 79 83 55 54 72 
Operation time in % 
of simulation time 32.0 44.9 33.1 32.8 31.1 

Table VI 

Table VI shows the number of times PRC has operated on 
each trunk group, as well as the total operation time in 
percent of the simulating time. 

7.2 Directional-Reservation Control, DRC 

The DRC was implemented on routes 1, 2, 3, 4 and 5. The 
number of trunks reserved for downward traffic was 2, the 
hysteresis width being Y = 3. 

• 
As will appear from Table V, the introduction of DRC does 
not represent any substantial improvement ,of the traffic - • 
performance. The reason for this, probabely, is that the 
time delay during the switching of the connections was 
small and that the network model was relatively simple, so 
that the relative difference in the completion probability 
of upward-going and downward-going traffic had no sub
stantial influence on the traffic performance. 

Table VII shows the congestion upwards and downwards on 
the individual trunk groups., 

Route 1 2 3 4 5 
From/To 6/11 11/6 7/11 11/7 8/12 12/8 9/13 13/9 10/14 14110 
Without 
control 1.8 2.9 1.8 3.3 1.0 1.7 3.0 2.9 2.6 2.3 
DRC 6.1 0.5 7.6 1.3 5.6 0.6 6.3 0.9 5.9 0.5 

As mentioned, a priority-reservation system incorporates 
controllers PRC and DRC. " Simulations were carried out 
with an overload of 50%, and each individual controller 
was implemented in order to study their effect. Further-
more, the full number of registers was used, since in TabmVn 
this case all congestions were located to the trunks. 
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As will appear from Table VII, the congestion increased 
substantially on the trunk groups upwards in the hierarchy, 
whereas it was heavely reduced on the downward groups. 

Table VIII shows the number of times DRC operated on each 
trunk group, as well as the total operation time in percent 
of the simulating time. 

Route 1 2 3 4 5 
Number of 
operations 68 72 '62 61 80 
Operation time in % 
of simulation time 20.2 30.4 24 29.8 22.5 

Table VIII 

8 SIMULATION 'WITH REGISTER-QUEUE LIMITER 

The register-queue limiter RQL was implemented in all tran
sit exchanges. These simulations were carried out with a 
50-% overload and a reduced number of registers. In this 
case, the registers were somewhat underdimensioned since 
the congestion was increased to 72.6%, the entire con
gestion being located to the registers. Consequently, 
these simulations would indicate what might be achieved by 
introducing queue limitation under extreme overloads. 

At the group exchanges, the number of queue places m = 5, 
the hysteresis width being Y 2. At the toll exchanges 
the corresponding numbers were m = 4 and Y = 1. 

Table IX is a call summary for simulations with and with
out RQL. 

Without 
control RQL 

Total number of offered calls 18026 18026 

Total number of carried calls 4954 13120 

Total number of blocked calls 13084 4913 
Number of blocked calls because 
of not finding any register 13084 0 
Number of calls which has 
found a free route 4962 13123 

Mean establishing time sec. 21.8 13.6 
Total offered traffic in erlang 870.8 901.6 
Carried traffic in erlang 239.3 656.3 
Total mean congestion 0.726 0.273 

Table ,X. 

As will appear from Table IX, when introducing RQL, the 
congestion was reduced from 72.6% to 27.3%, the establish
ing time bein~ reduced from 21.8 sec. to 13.6 sec. This 
result clearly indicates how sensitive a network is for 
congestion in the registers during a general overload. 
After the introduction of RQL, the entire congestion was 
moved from the registers to the trunk groups. This was 
due to the fact that a greater number of successful con
nections were established, resulting in a longer holding 
time on the trunks. 

Data for each transit exchange with and without RQL are 
shown in Table X. The time congestion, i.e., the per
centage of time that all registers were occupied, was 
extremely high without RQL for the group exchanges, (6, 7, 
8, 9 and 10) but it was relatively moderate for the toll 
exchanges (11, 12, 13 and 14). With RQL, the time con
gestion was substantially reduced for the group exchanges, 
whereas for the toll exchanges it was rather unchanged. 
Consequently, the group exchanges seem to be the bottle
necks of the network. This is what might be expected, as 
in a network with end-to-end signalling, exchanges 
equipped with outgoing registers would be most sensitive 
to congestion. In Table X, the call congestion indicates 
the percentage of calls that were blocked due to time
outs. 

'O~ 
1i] e u 
::> 0 z:a 

NMCU)OO&D 

~ ~ ~ ~ ~ ~ ~ ~ ~ 

o 0 000 0 coo 
ci d ci ci ci ci ci d ci 

TIlbI,X 

Table XI shows RQL data, the number of operations at the 
individual exchanges, as well as the total operation time 
in percent of the simulating time. 

Exchange 6 7 8 9 10 11 12 13 

Number of 
operations 39 14 14 32 69 308 25 39 

Operation time in % 
of simulation time 1.96 0.58 0.99 1.66 2.59 15.29 0.64 1.31 

Table XI 

14 

14 

0.41 

As will appear from Table XI, exchange 11 clearly was the 
most critical one since its RQL was operated for more than 
15% of the simulating time. 

These simulations clearly show how efficiently RQL did in
crease the traffic performance of the network. The RQL 
maintained the register queues on a limited level and thus 
prevented a build-up of queues in the exchanges. Conges
tion and time delays were not given any opportunity to 
spread, and a locking-up of the group-exchange registers 
was avoided. 
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9 CONCLUSION 

In the above sections, the strategy of a priority-reser
vation system and a register-queue limiter have been pre
sented. During ~he study of these facilities, analyt
ical calculations were performed in order to determine the 
optimal operational criteria and simulations in order to 
estimate the effect on the traffic performance of the 
network. 

The network model was too simple to give a complete image 
of the effec·t of introducing priority reservation. How
ever, the simulations showed that PRC and DRC were oper
ated on the individual routes in correspondance with the 
strate.gy envisaged. The simulations with register-queue 
limiter clearly showed the efficiency of this facility 
during overloads, but since in this case the common equip
ment was rather simplified with only one type of regis~er, 
the effect in a real network might not be as high. 

In order to check that the mathematical formulas developed 
give optimal operational criteria, a series of simulations 
with different values of the operational criteria will 
have to be carried out. This will be done in the next 
phase of the work. 
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APPENDIX A 

Calculation of priority-reservation system. 

Substituting the state probabilities, equations (4) to (8) in 
the normalizing conditions, equation (9), we get 

P (0) -

X+Y Ai A X+Y+1 N 

1:0 IT + (~) 1-X~Y+1 
(26) 

having substituted 

+ ~ + 'X(X?) X IX+1i . ... 11-1! 
i-X 

X(X+1)'" (X+j-1) 51 
,. 1 + .... + - 1: A A Ai - X 

j-o A3 

(27) 
5x ,. 1 

+ L + XIX;1! X!X+l)'" 11-1! 
1-X X (X+l) ••• !X+j-l) s' .. 1 + . .. + - 1: 1 

Al Al I-x 
A

j 
Al j-o 

1 

(28) 

s' -X 
1 

x ~ 1 ~ X+Y 

The term P(2, X) may be found from equation (10), where the . 
term P(l, X+Y) is given by equation (5). Substituting then 
P(O) from equation (26) in the term P(l, X+Y) as given by 
equation (5), we get P(l, X+Y) expressed by P(2, X). The 
terms thus found for P(2, X) and P(O) are given by equations 
(29) and (30). 
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APPENDIX B 

Calculation of Register-Queue Limiter. 

Substituting the state probabilities, equations (15) to (20) 
, in the normalizing conditions, equation (21), we get 

n 
E P(i) + 

i=O 

X-n-l Y+l M-m 
E P(i+n) + E P(i+X-o) + E (Pi+n+m) "" 1 (31) 

i =l i=l i=l 

giving the following relation between Pen) and P(2, X): 

+ S~ ... 1 

where: En(na) - Erlang's loss formula. 

Sa '" 

X-n-I . X-n-I 
a' ~ a~-I a(l-a , ) 

i=1 I-a 

X-n Y+I i-I aX-n(l_aY+I ) 
a ~ a -

i=1 I-a 

Y+I 
I-a 

I 

'a l Y+I i-I 
-_ . ~ a 
l-al i=1 I 

Y+I 
I-a 

Y+I 
~,' . ~ a i - I 

I-a i=1 

M-m m+l '<' i-I 
a '" al 

i=l 

am+l (l-a~-m) 

l-al 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

Another relation between Pen) and P(2, X) may be found from 
equation (22). Thus, substituting in equation (22) the 
term P(l, n+m) as found from equation (17), we get 

m+l 
P(2,X) = a 4!;a) , Pen) 

I-a 
(41) 

Then, substituting equation (41) in equation (32), we get 

[ 
1 ' am+l (l-a) ]-1 

Pen) = E (na) ,-+ Sl +S2+S7+ (S3-S4-Ss+S6+Sa) 
n 1-aY+2 

(42) 

Calculation of waiting times: 

The conditional probability for encountering a wa1t1ng time 
greater than t when the system is in state i: 

i-n (.£ t)k 
-:,.~ t s 

P(>t/i) "" e s • E --,- i>n 
k=O k. 

n+M-1 
P(>t) = E P(i),p(>t/i) 

i""ll 

Average waiting time in state i: 

W(i) -
J 

P(>t/i) = i~n ~ , ~J" 
keO k. 

o 

i-n 
.. E .!. '" .!. (i -n+l) 

k-O n n 

Average waiting time for all calls! 

W .. J P (>t) 

M-1 

n+M-1 
E P(i)·W(i) 

i=n 

P(>t) - E P(n+i)'P'(>t/i) 
i-O 

n+M-1 
.. .!. E 

n i""ll 

, n ' 
- - t 

e 's 

-x 
e dx 

P(>t). E P(n+i)'~ e-X dx M-1 I xi 
i-O 1 • 

1 
-:-r 1. 

.£t 
s 

J 
X

i 1 x dx-+~ 
e (a-1). 

n 
-t 
s 

x 

x2 
- 2x and v - 2a 

(i-n+1)P(i) 

A table,; of equation (49) will be found in 151. 

\. 
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(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 
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