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Abstract 

The efficient evaluation of the performance of 
small telephone networks offering automatic route 
selection (ARS) and call queuing is a prerequisite 
to the optimal dimensioning of these networks. 
Automatic route selection is modelled as an exten
sion of a class of nonhierarchical routings, and 
techniques for the computation of the network de
lay are investigated. These techniques are modi
fications of the ones used for ordinary networks 
that do not have call queuing. Various solution 
techniques are discussed, and an approximate mo
del that requires short computation times but is 
valid for small blocking only is discussed. A 
case study if also presented, showing how these 
concepts can be utilized to quantify the economies 
provided by call queuing and automatic route 
selection. 

1. Introduction 
Modern telephone networks have the capability 

of supporting a variety of new services that were 
not possible in older electromechanical analog 
networks. As a consequence, traditional network 
dimensioning methods are not always applicable, 
and new network optimization techniques have to be 
designed. This is most evident for private net
works, where services such as automatic route 
selection and call queuing are now being offered 
to customers. Thus it is important that the di
mensioning tools be adapted to this new situation 
if the customer is to obtain the full benefit of 
the service for which he is paying. 

The network design task is divided into two 
parts, namely 
1) Given a network, how to compute the appropri

ate grade of service for the given service 
offering. 

2) Given a technique for computing the grade of 
service, how to optimize the network over 
suitable variables (topology, trunk sizes, 
routing, etc.) subject to grade-of-service 
constraints. 

We will be dealing mostly with the first topi~ 
and present a case study to illustrate how it re
lates to the second item. 

1.1 Automatic Route Selection and Routing 

Automatic Route Selection in private networks, 
or ARS, is the selection, from a number of facil
ities, both private and public, of the most 
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economical way of connecting calls. This is close
ly related to the routing problem for the public 
telephone network. We will use this similarity 
to model the facility selection provided by ARS as 
an extension of the network routing, in such a way 
that results already available for the latter case 
can be used for ARS. 

The standard routing problem of telephony can 
be summarized as follows. Given that a call ar
rives in an office i going to office j, what path 
should the call use in order that the long-term 
average blocking probability of the network be as 
small as possible? It is an optimization over the 
set of possible paths permitted by the routing 
plan at that time, with the network blocking as the 
objective function. 

We can also formulate the ARS problem in a si
milar way. Given that a call originates in PBXi 
and is going to PBXj, what path should be used for 
this call. It differs from the previous one in two 
ways. First, the set of paths available may in
clude some that belong to other systems, such as 
the public network. The second difference is in 
the objective function. Here, it is desired to 
minimize the average cost (in dollars) to the user, 
rather than the network blocking. This cost typi
cally has two components: a monthly lease cost for 
the private facility, and a usage-sensitive cost 
for other services. This second cost component 
can be reduced to a monthly cost if we can compute 
the average monthly traffic using the alternate 
facilities. Finally, since this cost minimization 
must produce a network that will meet certain 
grade of service specifications, the blocking will 
appear as a constraint, rather than as an objective 

Call routing can be implemented in many differ
ent ways in telephone networks. The most widely 
used technique is fixed hierarchical routing, 
where a call arriving at node i for destination 
j has a certain number of paths available. These 
paths are scanned in a pre-determined sequence, 
and the first path available is chosen to route 
the call. The particular sequence to be used is 
determined by imposing a partial ordering on the 
network nodes, called the hierarchy. Recent tech
nological developments have made possible other 
techniques for routing calls, which do not rely on 
an a-priori given hierarchy, or that do not even 
use a fixed sequence of paths, but rather choose a 
particular path at a given instant according to the 
state of the network, or an estimate thereof. 

In this paper, we will consider only fixed 
sequential routings, but without imposing a hier
archy. Thus, a routing, for our network, is a 
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specification, for each origin-destination pair, 
of the paths that can be used and the order in 
which they will be tried. It can be represented 
by a set of tables, or in the form of so-called 
route trees, an example of which is given on Fig.l 

Augmented Route Trees 

Sequential Office 
Control 

Originating Office 
Control 

Figure 1 

WATS 

DDD 

These trees are normally augmented with other 
nodes, called loss nodes, which indicate under 
what conditions a call will be lost [8]. We will 
use here a similar technique to represent the al
ternate facility selection by the network. The 
route tree will be augmented with additional node~ 
each node representing an exit point from the pri
vate network to some alternate facility. To each 
tree link incident to an exit node, we will assign 
a blocking probability equal to the blocking pro
bability of the alternate facility. If we can 
compute the traffic carried on this link, which 
we will see how to do in the next section, we will 
also be able to compute the usage cost of the 
facility, as required by our assumption about 
costs. Thus, we see that facility selection can 
be modelled as an extended routing problem, and 
that the optimization of the facility selection 
process can be solved if we have a technique for 
findin g the optimal routing for networks of this 
class. 

Note that this formulation still remains a 
certain flexibility in modelling. For instance, 
traffic which is to be denied access to certain 
facilities can be represented by an additional 
source, without these facilities in its route 
plan. An example of such a routing can be found 
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on Fig. 1, where a number of exit points to exter
nal facilities are indicated. Traffic 1-2 has the 
option of using these facilities, and hence the 
corresponding exit points appear in its routing 
table. Traffic 1'-2', however, which may be phy
sically co-located with traffic 1-2, does not have 
access to these facilities. The corresponding exit 
points are consequently absent from the 1'-2' rout
ing table. Any mixture of available services can 
be modelled with this technique, the only condition 
being that it is possible to define for the alter
nate facility a unit cost and blocking probability. 

1.2 Routing Optimization 

Part of network design is to find a routing 
that is optimal in some sense. Recent results [5] 
have shown that it is possible to solve this pro
blem efficiently for ordinary telephone networks 
operating under nonhierarchical routings, with the 
additional condition that the alternate paths do 
not contain more than one tandem node each. Be
cause the technique does not use the fact that the 
network is a pure loss network, we can use it for 
networks with queuing. For this reason, we will 
restrict ourselves in this paper to route plans of 
this type, and consider that the routing optimiza
tion has been solved. Thus, all results presented 
will be for fixed routing. The routings chosen for 
the case study all have a reasonably large number 
of alternate paths, and always choose the destina
tion node as first choice whenever the direct link 
is present in the network. Although they were not 
optimized using the techniques of [5], results pre
sented in this document indicate that they would be 
good ones under normal traffic conditions. 

2. Performance Evaluation 

The computation of network performance is a 
central feature of any network design algorithm. 
A fast technique for computing the blocking for 
loss networks has been described in [4], and will 
be briefly summarized here, since it is the model 
that will be used to compute the delays in networks 
with call queuing. Define 

1-. 1,J end-to-end blocking probability for i,j 
traffic. 
average delay for i,j calls. 

T'i,j= average delay for blocked i,j calls. 

r 

Cs,t 

Di,j 

maximum waiting time permitted. 
monthly unit cost of trunks on link s,t. 

monthly unit cost of i,j traffic overflow
ing to the DDD network. 
amount of i,j traffic overflowing to the 
DDD network. 
blocking probability on link s,t. 

2.1 Blocking Probability in Loss Networks 

A general polynomial algorithm for computing 
the network blocking in ordinary circuit switcll ed 
networks with nonhierarchical, one-tandem routings, 
can be found in [4], and is a specialization of [2]. 
It is made up of two parts: first, compute the end
to-end blocking Li,j given the link blockings Bs,t, 

and then compute the correct values of the Bs. 
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2.1.1 End-to-End Blocking Given Link Blocking 

The first portion of the algorithm is the 
evaluation of the Li,jS assuming that the Bs,ts 

are known. The values are given by the following 
equations, for Originating Office Control (OOC) 
and Sequential Office Control (SOC) respectively 
[4,8]. Define 

ki = node number of the ith choice in a particular 
sequence. 

ni,j= total number of tandem nodes available to 
i,j traffic. 

pSi,j= probability that an i,j call will be blocked 
on its first s choices. 

We assume here that the direct link is always the 
first choice, although this is not necessary. We 
have, for OOC, 

s-l 
PSi,j Bi,j IT [l-(l-Bi,krn)(l-Bkm,j)] (1) 

m=l 

and for SOC, 
s-l 

pSi,j Bi,j IT Bi,krn 
m=l 

(2) 

We can write for each case respectively 

and 

L· . 1,J 

ni,j 
= I 
t=l 

pni,j 
i,j 

(3) 

(4) 

Note that the values of the end-to-end blockings, 
Li,j' depend on the Bs,tS through Eqs. 1-4. Thu~ 

it will be necessary to compute the correct val
ues for these Bs if we are to have the correct 
values for the Ls. 

2.1.2 Evaluation of Link Blocking Probabilities 

The actual values for the Bi,js depends on 

the routing tables, link c'npacities and the ex
ternal traffic entering the network. Let 

offered traffic from node i to 
node j. 

t~ . 
J.., J amount of i,j traffic carried on 

the mth path. 
Os,t total traffic offered to link s,t. 

Ns,t number of trunks on link s,t. 

E(Os,t,Ns,t)= probability that link s,t will be 
blocked. 

The E function is called the link blocking 
function; it relates the link offered traffic to 
the link probability. For loss systems, E(·,·) 
has been chosen to be the Erlang B function, the 
implication being that all traffic flows inside 
the network can be described by Poisson processe& 
This function can be made more complex to take 
into account higher moments of the traffic dis
tribution. We have for aae, and sac as well, 

m m-l 
t. . = A. ·P. . (l-Bi k ) (l-Bk J') 1,J 1,J 1,J ,.~ .~, (5) 
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The total traffic carried by link u,v is 

\' t~ . cu,v = L 1,J (6) 

where the sum is carried over all origin-destina
tion pairs i,j that contain link u,v in their list 
of choices, with s determined by the position of 
this link in the list. We then have 

(7) 

The correct values for the Bs,tS are given by the 

set of nonlinear equations 

(8) 

This defines a set of nonlinear equations, since 
the 0s,tS are themselves functions of all the 

other Bs through Eqs. 1-7. These equations, call
ed the flow equations, can be solved in a number 
of ways. A simple algorithm is the following. 
Start with an estimate for the Bs,ts. Using Eqs. 

1-7, compute the link offered traffics Os,t. Using 

Eq. 8, compute a new value for the Bs. If these 
new values differ from the old ones by an amount 
less than some small E , stop. A solution has 
been found. If not, perform another round of cal
culations, with the new Bs. This algorithm has 
been found quite satisfactory for this problem, 
both in terms of accuracy and computational time 
[4] . 

2.2 Blocking and Delay in Networks with Queuing 

The following assumptions have been made about 
queuing and unqueuing: 

1) Blocked calls are queued FIFO at the entry node 
in the network. 

2) All queues operate independently of one anotheL 
3) Queues behave as exogenous sources, in the 

sense that there is never more than one queued 
call eligible for unqueuing at any instant of 
time. 

This last assumption guarantees that the problem 
of estimating the effect of the unqueuing protocol 
does not arise. This issue is discussed in more 
detail later. The basic approach to the problem 
of blocking and delay in networks with call queu
ing has been to use the same technique as for loss 
networks, with suitable modification to take into 
account the presence of the queue. Since the Er
lang B function relates the link blocking proba
bility to the link offered traffic in loss net
works, we tried to model the effect of the queue 
by using the Erlang C and the Poisson functions 
as blocking functions. 

Unfortunately, a serious difficulty arises 
when trying to solve the flow equations (8); the 
substitution method does not always converge and 
is found to oscillate in many cases. This pheno
menon seemed worthy of closer examination, since 
the substitution method has given very good re
sults for loss systems, and we tried to under
stand this behavior. Consider a completely sym
metric network, where all link blocking probabil
ities are equal due to the symmetry of the system. 
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Sufficient conditions are that 

1) All Ai,j be equal. 

2) All Ns,t be equal. 

3) The network be completely connected. 
4) The routing by symmetric. 

A symmetric routing is one that guarantees that 
all links in the network appear the same number of 
times as first, second, third, etc. choice over 
all the route trees. This definition is somewhat 
complex, and the production of a symmetric routing 
is not trivial, but it can be done. Under these 
conditions, all link blocking probabilities are i
dentical, and it is possible to plot E(O,N) as a 
function of a single variable B. These curves 
are presented on Figs. 2 and 3 for the Erlang B, 
Erlang C and Poisson functions. 

8 

6 

4 

2 

2 

Symmetric Network 
12 · Nodes 
12 Erlangs 
33 Trunks 

Figure 2 

1 
B 

Two important conclusions can be drawn from these 
figures. First, the solution of the flow equa
tions is not unique. This is not a serious diffi
culty, provided the iteration procedure is started 
with the correct value for the Bs tS' In prac
tice, good convergence and contin~lty of the sol-
ution is best achieved by starting the procedure 

with Bs,t~ 1, which also produces a conservative 

value for the blocking, since it systematically 
picks the highest solution. 

A much more serious difficulty is also illus
trated on these curves by the path of a solution 
by substitution started at the indicated points. 
It is evident that the procedure will not con
verge for the Erlang C and Poisson functions, 
while it will for the same network with the 
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E(O,N) 

Symmetric Network 
6 Nodes 
6 Erlangs 

18 Trunks 

Figure 3 

Erlang B function. Convergence is possible only 
if the slope of the curve at the solution point 
is < 1. This result extends easily to many-vari
able functions such as the ones generally encount
ered in real network problems . There is no guar
antee a priori that a given blocking function sat·
isfies this condition. 

These equations can, however, be solved with 
Newton's method and also with a steepest descent 
method, at the cost of significantly longer com
putation times. Because of these longer computa
tion times, we have decided to use an approximate 
method for the computation of the flow equations, 
with the understanding that a more accurate solu
tion can be obtained if so desired. 

2.3 Approximate Solution 

Call queuing is generally implemented in two 
different ways, on-hook and off-hook queuing. In 
the first case, the user that meets a busy condi
tion may hang up, and the network will call back 
when a path becomes free for the call. Off-hook 
queuing does not permit this, and hanging up is 
interpreted by the network as abondoning the call. 
One important difference between these two modes 
of operation is that off-hook queuing is generally 
restricted to short queuing delays, while on-hook 
queuing permits much longer waiting times. 

2.3.1 Off-hook Queuing 

Because of the long computation time required 
for the solution of the flow equations with other 
traffic models, we decided to use an approximate 
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method, which has the advantage of using the sub
stitution method, but is limited to the case of 
small queue lengths only. This method can be 
summarized as follows. 

1) Use the Erlang B formula to solve the flow 
equations. This gives the Li,js for all i,j 
pairs. 

2) Compute, for each i,j pair an equivalent M/M/N)'c 
system of N* servers such that 

where EC is the Erlang C function. 

3) Ti,j and T'i,j can be computed for the equiva

lent system by standard formulae. 
4) We can use the same technique for other queu

ing disciplines. For instance, we can model 
a system with a limited waiting time by using 
the formulae of [6] in the equivalent system. 

This technique will be adequate only when queue 
lengths are small, since the Erlang B function 
does not exhibit saturation at high traffic level& 
Comparisons with simulations (Fig. 4) indicate 
that the effective range of application is approx
imately one-half call holding time, which is 
quite adequate for off-hook queuing, and that the 
errors are comparable with forecasting errors. 

Model Accuracy Comparison 
with Simulation 

Average delay 
(call holding 

.7 times) 

.6 

.5 

.4 

.3 

.2 

.1 

1.2 

Simulation 
Measurements 
(90% confidence) 

1.6 
Traffic Scale Factor 

I 
Erlang B 

calculation 

(from arbitrary nominal value) 

Figure 4 

2.3.2 On-hook Queuing 

On-hook queuing is a prerequisite to long 
waiting delays for blocked calls. The approximate 
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model described above is not suitable for long 
queuing delays, and a more precise tool is re
quired for the analysis of this case. We have 
not done this here because we think that the gain 
in trunks will not be significant when long queu
ing delay.s are permitted, for the following rea
sons. 

Consider a system of N servers offered A Er
langs of traffic, where blocked calls are allowed 
to wait r seconds and then lost. The grade of 
service for this system is the loss probability L, 
and the problem is to compute N such that L(N)~BO' 

where BO is some grade of service constraint. An 

expression for L can be found in [6], and we can 
plot N as a function of r for various values of 
BO and A. These graphs are shown in Fig. 5 for 

traffic and blocking values typical of private 
networks. 

No trunks 
required 

Effect of limited 
queuing on Cost 
Single trunk Group 

16 

14 

12 

10 

8 

BO 15.0% 
'--------------- - - - - - -

'------L--_-L ___ ...L.. ___ .J. ___ 1 .. __ _ 

1.0 2 .0 3.0 4.0 5.0 

T (call holding times) 

Figure 5 

We see that the number of installed trunks re
quired to maintain a specified grade of service 
stops decreasing when the queuing limit is above 
one call holding time. Because of this behavior, 
it is expected that the network cost would cease 
to decrease when the queuing limit becomes large. 

Thus, the introduction of on-hook queuing for 
the sole purpose of permitting long queuing delays 
would not seem justified on the basis of trunk 
savings. Obviously, there can be other reasons 
why on-hook queuing might be desirable, (e.g. 
user convenience, freeing of switch equipment 
while waiting, etc.) which would have to be 
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evaluated on their own merit and fall outside the 
scope of this paper. 

3. Case Study 

We now present a case study of the design of 
some elements of a typical private network between 
five metropolitan areas of eastern Canada, based 
on the models presented above. As we said before, 
we will assume that these quantities are known and 
fixed throughout. The problem we will be consid
ering is the calculation of trunk sizes, and in
directly of network topology. The topological 
design problem is solved by starting the trunk 
sizing procedure with a completely connected 
graph. Uneconomical connections are eliminated 
by having zero trunks assigned to them in the 
final solution. 

The purpose of the study is to determine a 
set of cost/performance curves for networks with 
various offerings, in order to allow a rational 
choice to be made between options. An integer 
optimization problem is defined for each case, 
and is solved by relaxing the integer condition 
on the number of trunks. The solution of the re
laxed problem is computed using a general-purpose 
nonlinear programming code [7] and the solution 
is rounded to the next integer, while adjusting 
the result to maintain the grade of service con
straints. In each case the results presented are 
for these rounded solutions and thus represent a 
feasible solution to the problem, and at the same 
time an upper bound on the optimal cost. 

For each sake of simplicity, we assume that 
only one alternate facility is available to all 
users, namely the public long-distance telephone 
network (DDD network). This option is placed in 
all cases at the end of the routing tables, since 
it would seem reasonable that the private network 
should be used whenever possible. The usage cost 
has been taken from the current Trans Canada 
Telephone System tariff for long-distance calls 
between the cities involved in the study. Lease 
cost for the private network were taken from the 
current rates charged by Bell Canada to its busi
ness customers for private telephone lines. Fur
thermore, we have assumed that the DDD network is 
nonblocking. 

3.1 Optimization Problems 

The service offerings to be compared can be 
divided into two classes: 

1) Blocked calls overflow on the DDD. In this 
case, the optimization problems have no con
straints, since we assume that the DDD network 
is nonblocking. The optimization is on the 
trade-off between network construction cost 
and DDD network usage cost. 

2) No routing of the blocked calls on the DDD 
network. There will be a variety of Grade Of 
Service (GOS) constraints, depending on the 
protocol that is used for blocked calls. 
Typical cases are: 

a) Blocked calls lost. The GOS is the aver
age loss probability. 

b) Blocked calls queued. Unlimited waiting 
time permitted. The GOS is the individual 
waiting time, the weighted average wait
ing time, or the corresponding quantities 

6 

Session 2.1 ITC-IO 

for blocked calls. Here we have chosen the 
average waiting time for blocked calls. 

c) Blocked calls queued. Limited waiting time, 
timed-out calls lost. Again, the GOS is 
the loss probability. 

The number of possible situations is quite large, 
since other protocols can be defined, and each can 
be used with or without overflow to the DDD. We 
will present here only the cases that we have stu
died, since the formulation of optimization pro
blems for other combinations is straightforward. 

No overflow, no waiting. This is equivalent to the 
standard blocked calls lost protocol. 

min zl = I Cs,tNs,t 
s,t 

subject to the constraints 

\' A· ·L· . < Ba L 1,J 1,J-
i,j 

Ns,t ~ a (all s,t links) 

In these forumlas, as well as in the ones that 
will follow, a sum over the s,t indices should be 
understood to be over all links of the network, 
while a sum over the i,j indices is taken over all 
origin-destination pairs. A single average block
ing constraint of this form can lead to a high 
blocking probability for small traffic users. It 
is possible to correct this situation by using 
more complex constraint functions that penalize 
high blocking, but this point is not considered 
any further, and the weighted average blocking 
is used 

Overflow, no waiting. 

min z2 = I Cs,tNs,t + L Di,jAi,j P2 
s,t i,j 

where the first sum is carried over all network 
links, while the second is carried over all ori
gin-destination pairs. As we said earlier, we are 
trading off the network cost, represented by the 
first sum, against the usage cost of the public 
network, represented by the second term. In fact, 
there is only one set of variables, the NS,tS1 

since the Ai,js are computed by Eq. 5, and thus 

depend on the Ns. This is possible because the 
public network is represented by just another set 
of paths in the routing tables. Since the perfor
mance evaluation algorithm permits the calculation 
of all carried traffics on the various paths, ~he 
amounts of traffic using the public network is al
so calculated, and given the unit cost, a monthly 
usage cost can be estimated and used in the opti
mization procedure. 

Limited waiting time, no overflow. 

min z3 = I Cs,tNs,t(T) 
s,t 

subject to the constraints 

Ns,t ~ 0 (all s,t links) 
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Limited waiting time, overflow on the DDD. 

min z2 = \' Cs tNs t(T) + \' D· ·A· . L " .L. 1,J 1,J P2 s,t 1,J 
The case of unlimited waiting time is not pre

sented here because we felt that it is probably 
unrealistic, since it is unlikely that customers 
would be willing to wait for long periods of time 
before deciding on their own to try the DDD for 
some other overflow facility. 

Monthly network 
cost ($1000) 

Case Study 
No queuing 

120 

+ SOC 
110 

+ OOC 

100 

SOC, NO ARS 

90 

80 

70 

5.0% 10.0% 

Loss Probability 

Figure 6 

3.2 Results 

15.0% 

We present here the results of the case study 
as they might be presented to the customer. The 
actual data used in this study can be found in 
[10]. These curves indicate the minimum cost of 
the options considered, and allow the client to 
select the options that he considers important on 
the best cost basis, for the particular grade of 
service desired. The first curve (Fig. 6) shows 
the network cost when queuing is not allowed, as 
a function of the grade of service. DDD overflow 
is shown on this graph as a point on the y-axis 
since it corresponds to the no blocking case. ' 
Thus, the client is able to evaluate the cost of 
a particular grade of service in this case, even 
to the point of no blocking. The value of state 
information, as implemented in OOC policy, is also 
shown on the graph as a uniformly lower cost. 

The corresponding results for networks with 
queuing are shown on Fig. 7 where again minimum 
network cost is plotted against blocking proba
bility. Here, however, we have a family of 
curves, each corresponding to a particular value 
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Monthly Network 
cost ($1000) 

Case Study 
No queuin g 

90 

80 • 

70 

60 

50 

5.0% 10.0% 
Loss Probability 

Figure 7 

. :Networks with 
ARS 

-:Networks with
out ARS 

TAU=O.O 

TAU=O.l 

TAU=0.3 

TAU=0.5 

15.0% 

The case where timed-out calls are routed via the 
DDD network is also presented as points on the 
y-axis. An obvious conclusion is that large sav
ings can be gained by a moderate amount of queuing 
particularly if the blocking is high. Another 
less intuitive result is that if the queuing lim
it is relatively high, ARS costs less than some 
networks with low loss probabilities and gives 
better blocking. The network structure for these 
two cases is shown on Fig. 8, to illustrate diff
erences in network topologies and capacities that 
can be produced by a different set of options. 
This is a rare case where a decrease in cost is 
accompanied by an increase in performance. 

4. Conclusions 

The design of private networks offering call 
queuing and automatic route selection requires 
new techniques for the computation of network per
formance, before the various optimization problems 
related to the network design can be solved. We 
have shown how ARS can be viewed as an extended 
form of nonhierarchical routing, and included in 
the trees used for the routing specification. We 
have provided a model for computing the blocking 
probabilities and the delays based on some modi
fications of an algorithm used in networks without 
call queuing. We have shown why the solution of 
the flow equations by the substitution method 
cannot be guaranteed to converge, and provided an 
approximate model that is sufficient for short 
queuing delays. Finally, we have given reasons 
why long queuing times might not provide any 
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No DDD Overflow 
Lij ~ 0.01 T = 0.5 

Total Cost = 8.961 

DDD Overflow T = 0.5 

Total Cost 8.14 

Figure 8 

significant cost decreases in networks. 
As an example of the usefulness of these 

techniques, a case study of the design of some 
elements of a private network has been presented, 
where a number of options were compared. Over
flow over the DDD network, queuing with limited 
delay, or no queuing were compared as a function 
of the grade of service and the limit on the wait
ing time. The curves thus produced were suffi
cient to enable a potential customer to make a 
rational choice between these options, based on 
the desired grade of service and cost. 

This work has also pointed out some interest
ing problems. One is the rapid solution of the 
flow equations for blocking functions other than 
Erglang B. Such an algorithm would permit the 
calculation of delays and blocking at high traffic 
values, and allow the study of congestion effects 
in networks with call queuing. Another issue 
that has been left out of this discussion is the 
particular unqueuing protocol to be used for 
blocked calls. The simulation results were ob
tained by unqueuing calls that can use direct 
links only. The sequence of unqueuing has been 
from the origin to the destination of the termin
ating call. The fact that the results of the 
simulation correspond roughly to the calculated 
results shows that the blocking is probably not 
very sensitive to the actual protocol at low tra~ 
fic levels, where assumption 3 of section 2.2 is 
valid. It offers no indication of the behavior 
at high traffic values, where we might expect the 
protocol to play a more important role. In this 
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case, computational techniques that take into ac
count the particular unqueuing protocol will have 
to be developed; they will probably require signi
ficant advances in the area of queuing networks. 
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Date: 10 June 1983 
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Paper: 4 

Q.l (0. Avalleneda) 

The results presented in Figure 7 of your paper show a 
discontinuity at the origin (i.e. 0% loss probability). 
Could you ~laborate on this phenomenon? 

A.l (Girard and Taillon) 

The curves of figure 7 assymptotically tend to infinity when 
the loss probability terids to iero. However, another . way to 
get a virtually non-blocking network is to allow the calls 
that are still blocked after having waited for~ • Call 
durations to overflo~ on facilities o~tside the private 
network, which may be considered non-blocking (e.g~ the 
public toll network). 

As we can see on this graph, specially for P = 0.5 call 
duration,this results in a cost of $8lk/month for a 
virtually non-blocking network compared to a cost of 
$88k/month for a network with 'a 2% loss probability. 
~t is therefore a rare case where a better performing 
~etwork actually results ' in a ' less expensive network. 
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