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ABSTRACT 

With the introduction of new technologies in 
telecommunication networks it becomes important 
to determine the optimal structure of these 
networks in terms of the origin-destination 
routings and the presence of trunk groups. 
Algorithms given here stem from either of two 
approaches. One is based on traffic-carrying
efficiency formulas, as used in network sizing. 
The other focusses more on the combinatorics of 
modular engineering and reformulates the problem 
as a mixed integer linear program. 
Numerical results affirm our idea that the second 
approach performs best for large module-sizes. 
Under reasonable assumptions concerning costs 
etcetera, networks tend to be fully interconnected 
and overflow decentralized if the module-size is 
small, less connected and more backbone-oriented 
if the module-size is large. cptimal hierarchy of 
nodes often appears to be non-transitive, as ~p
posed to common practice in networks. 

1. INTRODUCTION 

In teletraffic engineering much attention has 
been paid to telecommunication-network perfor
mance evaluation, network sizing and various 
types of routing strategies (e.g. [1],[2],[3]). 
In all these studies, the network structure, in 
terms of the presence of trunk groups between 
pairs of nodes and the possible routes between 
two nodes, is usually assumed to be fixed. Since 
alteration of the network structure could imply 
reallocation of installed switching and trans
mission equipment this assumption is generally 
justified. 
With the introduction of new technologies, such 
as digital switching and optical transmission, 
the allocation problem is there and the way is 
open to a more radical change in network struc
tures. 
In many studies questions have been raised about 
the optimality of the number of hierarchical 
levels in the network (e.g.[5]), the presence of 
direct high-usage links, and so on. All these 
questions could be dealt with if there would be a 
clear view on optimal structures for telecommuni
cation networks. This paper aims at being a 
first step towards the acquisition of such a 
view. 

1.1. Preliminaries. assumptions and scope 
In the sequel the words "origin', 'destination', 
'tandem' will be used to denote the respective 
nodes involved in (handling) certain node-to-node 
traffic. 

Tandem nodes are supposed to be ordinary network 
nodes as well. with originating and terminating 
traffics etcetera. 

The usual assumptions will be made, like: 
- offered traffic is Poisson; 

blocked 9alls are cleared; 
- independence of trunk group occupations 

(and - blockings); 
- nodes are non-blocking. 

The major part of the paper is devoted to algo
rithms and principles for the optimization of the 
structure of networks. Though the algorithms 
deal primarily with circuit- switched 
telecommunication (telephone or integra- ted 
services) networks. many other networks can be 
dealt with in a similar way. The approach will 
be applicable to both unidirectional (one-way 
trunking) networks and bidirectional (two-way) 
networks. 

2. PROBLEM FORMULATION 

The problem of the optimal structure can roughly 
be formulated as follows: 
Given a set of nodes {1.2, ..•• n}. matrices of 
node-to-node offered traffic A ..• 

lJ 
costs per trunk c .. and initial costs of a 

lJ 
trunk group between two nodes Cij • 

and maximal blocking values for the node-to-node 
traffic Bmax. 
The problem is to find the matrix of-trunk group 
s.izes N (with elements N. . ). and the set of 

lJ 
routing paths for each traffic-relation (includ
ing overflow strategies). These should be optimal 
in terms of the costs of the network. 

It is also possible to separate the network 
structure problem and the network sizing problem. 
replacing the matrix of trunk group sizes by an 
interconnection-matrix Y (with elements 1/0 -
trunk group present/ not present). The optimal 
trunk group sizes and associated network costs 
could be calculated by a network sizing algorithm 
that allows for a general routing strategy (as in 
[2], [3]). 

In practice there will be some more constraints 
on the solution set. There can be constraints on 
the reliability of origin-destination connections 
(which may be improved by multi-path routing). 
The set of switching centres that can be given a 
function as tandem switches can be constrained to 
be a subset of the set of nodes. Furthermore,. in 
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a digital switching and transmission environment, 
the trunk group sizes will necessarily be a 
multiple of a certain module-size m. 
The network improvement problem can be described 
as above, with some constraints on the presence 
or size of trunk groups. 

The difficulty of the problem is grounded in the 
combination of stochastic offered traffic, com
binatorial allocation aspects and the large scale 
of most networks. Probably this is the reason 
why the problem has not been treated so far in 
this general form. Some aspects have been dis
cussed in [4] and [5]. However, these studies 
assume hierarchical network structures, an as
sumption we will not make. Valuable work has 
been done in [2], though the network structure 
problem is not solved integrally there. 

3. ALGORITHMS 

To solve the network-structure problem described, 
two approaches have been investigated. One focus
ses on the network efficiency in dealing with the 
stochastic traffic, the other is more devoted to 
the combinatorial aspect of the problem. As a 
consequence, it is to be expected that the first 
approach gives very satisfactory results when the 
module-size is small as compared to the node-to
node traffic intensities. The second approach 
will perform relatively better if the module-size 
is large. In both approaches a rough network 
sizing method, based on a one-moment analysis, is 
incorporated. 

3.1. Traffic-Carrying-Efficiency Formulas. 

In the first approach, to each origin-destination 
pair is assigned another node, serving as a 
tandem-switch. The tandem-switch is selected on 
the basis of network costs: various prospective 
nodes are te~ted and -the one minimizing the total 
network cost is selected. This involves only the 
evaluation of 'triangles', consisting of origin-, 
destination- and tandem-node. 
Though relatively simple, this approach appears 
to be quite powerful. In the algorithm, one only 
has to evaluate 'triangles', but the resulting 
routing paths may consist of any number of links. 
Network hierarchy (or non-hierarchy) is estab
lished in a natural way and the trunk groups are 
dimensioned optimally. 

The outline of the algorithm is as follows: 
First, the network is dimensioned with all traf
fic routed along the most direct routes (if pos
sible: a direct link from origin to destination). 
This will yield a certain (probably high) total 
network cost. 
Iteratively, an origin-destination relation is 
selected and for various prospective tandem nodes 
the reduction in total network costs, involved in 
using that node as a tandem for the relation, is 
computed. These computations are based on the 
efficiency-formulas of Pratt (see [1]), stating 
for a simple triangle network: 

tandem 

origin destination 

cl/Hl c2/{i. 2 + c3/P 3 

/ 

where H marginal occupancy 

j3 marginal capacity 

(elY/oN)A 

(aA/oN)B 

Given the ~'s of the links from origin to tandem 
and from tan-dem to destination (the prospective 
overflow links), the resulting H of the direct 
link is used to compute the number of trunks N of 
the direct link. The overflowing traffic is 
computed and the overflow links dimensioned on a 
final trunk group grade of service criterion. In 
this way each prospective tandem involves a 
prospective reduction in total network costs. 
The one yielding highest reduction in total 
network costs is selected and the network is 
updated accordingly (including the addition of 
the overflowing traffic to the direct traffic on 
the overflow links). 
Once an origin-destination pair is treated and a 
tandem switch has been determined, no overflow on 
the_ direct high-usage trunk group between this 
node-pair is allowed anymore. Only if it is 
optimal not to let the traffic overflow, the 
direct trunkgroup is still 'final' and can be 
used in an overflow route for other traffic 
streams. In this way convergence to a feasible 
solution is guaranteed. 

In this approach the combinatorial problem is not 
integrally solved but approximatingly treated by 
selecting the origin-destination pairs in a 
certain order. Different ways of determining 
this order have been investigated. Numerical 
experiments on networks of 4, 12 and 19 nodes 
showed that it is optimal to select the pairs in 
the order of increasing traffic, starting with 
the (smallest) traffic streams to or from the 
smallest switching centre (in terms of total 
incoming and outgoing traffic). A motivation for 
this is that, generally, large switching centres 
will be more likely to be selected as tandem 
switches. So, first eliminating small switching 
centres as possible tandem switches will hardly 
obstruct optimality. 

3.2. A Linear Programming Model 

A second approach which has been explored is to 
model the problem in such a way that it can be 
written as a mixed-integer linear programming 
(MILP) model (a kind of multicommodity flow / 
allocation model). Here, the difficulty is in 
the stochastic character of the traffic. 
MILP-models known have no capability of dealing 
with stochastic variables, like the traffic in 
this case. However, the following appeared to be 
a rather good approach for eliminating this 
difficulty, specially for relatively large 
module-sizes. 
One can derive the extra number of Erlangs of 
traffic that can be offered at a certain blocking 
to a trunk group when an extra ~-th module is 
installed. This will be called the marginal 
capacity of that module. For a module-size of 30 
and a blocking of 0.01, the marginal capacities 
of a first until tenth module are given in table 
1 as an example. 
It will be clear that the sizing is based on a 
maximal trunk group blocking criterion. The 
trunk group blockings can be chosen in such a way 
that the end-to-end blocking constraint will be 
satisfied. 
The approach implies that for traffic with other 
stochastic characteristics the method needs only 
marginal modification. 
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TABLE 1. Marginal capacityl module 
(module-size = 30, blocking = 0.01). 

module capac. module capac. 
1 20.3 6 28.8 
2 26.6 1 29.0 
3 21.8 8 29.2 
4 28.3 9 29.2 
5 28.6 10 29.3 

In this approach we have chosen for the concept 
of traffic sharing, rather than overflow. 
Certain portions of a node-to-node offered 
trafficstream are routed along different paths. 
For more details we refer to the literature on 
this subject (e.g. [2]). 
If only routes of at most two links are cons id-

J 
ered, let Dij be 0/1 variables denoting the 

presence of the J-th module on link ij , 

aJ the capacity of an l-th module on a link, 
and M. k . the part of the traffic from i to j 

1 J 
that is routed via k. 
Now, the problem can be formulated as: 

minimize: L .. D .. + L .. C .. 1 
c .. Dij 1J 1J 1J 1J 1J 

subject to: 

Lk 'Mikj ~ A . . 
1J 

Mikj ~ 0 

Lk Mk · . +L
k 

M
ijk LJ, 

, l ( 1 ) 
~ a D .. 

1J 1J 
1 D .. 0/1 
1J 

DJ 
~ D~:1 

ij 1J 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

This problem is closely related to the well-stud
ied class of multicommodity flow lallocation pro
blems. Efficient methods to solve this problem, 
making use of its specific structure, are under 
investigation. However, the problem can already 
be treated using known techniques (cf. [6], [1], 
[8] and [9] where similar problems are solved, 
using (generalized) Benders' decomposition). If 
the network is large, column-generators and the 
like, can be used to save computer-memory. Fea
sibility of solutions is always guaranteed in 
this approach. 
The network improvement problem can be dealt with 
by adding on l y a set of restrictions on the trunk 
group sizes. This implies no essential modifi
cation of the algorithm, which is very useful 
with regard to the evolution of a present network 
to the optimal one in future. 

To allow for routes of more than two links, the 
Mikj's should be interpreted less strictly, re-

laxing the condition: Mikj ~ 0 (1c) 

to: Lk Mkij +Lk M
ijk 

~ 0 , (lc'). 

This is best illustrated by the following 
example (see illustration below). 
Routing the traffic from 1 to 2 via 3 and 4 
can be established by routing the traffic from 
1 to 2 via 3 and routing all traffic on 1-3 via 
4 (so, all D12 's = 0 , as well as D13's = 0). 

I 
Then, M133 + M132 ~ Ll D13 = 0 (1d), 

implies M133 ~ -M132= -A 12 < 0 

This approach guarantees that no 3-links route 
is token, if also some 2-links route has free 
space (shortest path property). 

A -.17\ 12 0 - -) - - 0 
)'1'1 2 

A13 

3.3. Heuristics Based ()n The MILP-Formulation 

For medium-size networks (ca.20 nodes) it is 
possible to solve the MILP problem (1), utilizing 
the specific structure of the restrictions. For 
very large networks however, the branching proces 
involved in the search for the integer D's may 
grow very time-consuming. In this case, the MILP 
problem (1) is approximated by a series of LP 
problems. For each LP problem there is a rather 
simple solution that is generally very close to 
optimal. 
Therefore, introduce a slack-variable Y .. , the 

1J 
not yet offered traffic, in the lefthandside of 
(1b), thereby relaxing this restriction: 

Lk Mikj + Y .. ~ A .. 
1J 1J 

(2a) 

Y .. ~ 0 
1J 

(2b) 

Define: 
a ij= marg.capac. of next module on i-j, 

= ai, with 1 such that D~ . = 0, ~.= 1, k<i; 
1J 1J 

c.! = fc.. + C. . if D ~ . 0 • 
~J 1J 1J 1J' 

cij otherwise. 

()ne step of the heuristic iterative algorithm is 
as follows: 

Let a set of M's, Y's and D's be given, 
fulfilling (2a,b, 1c'-f) (initially: M=O, 
D=O, Y=A). 
Add one module (the 'next' Dij :=1) to the 

relation i-j that maximizes: 

aij \j I cd 
Regard the D's as fixed and solve the ,LP 
problem (3) given by (2a,b, 1c',d) and the 
minimizing criterion: 

min L .. c . ! Y .. 
1J 1'J 1J 

In this way modules are added iteratively, on 
the place where they (at that stage in th~ algo
rithm) are most useful, until all traffic can be 
offered (Y's = 0). 
The process can be accelerated by adding more 
than one module at a time. at such places that 
the addition of one will not affect the 'useful-
ness' of the others. 
This process may yield a solution which is sub-
optimal, but numerical results are encouraging. 

A heuristic 'solution' to problem (3) can be 
found from the previous one as follows: 
On adding a module to the relation i-j, the M ... 

1JJ 

2.4A-4-3 



ITC 11 Kyoto September 1985 

can be increased by min (Y 0 0' a 0 0) and Y 0 0 decrea-
lJ lJ lJ 

sed by this amount. If a 0 0 was greater than Y 0 0' 

lJ lJ 
some room is left over on link i-j. This can be 
used by Yik's or Ykj's for which there is also 

spare capacity on k-j or i-k, respectively. 
In using this spare capacity for each of these 
yts there will be involved a reduction of poten
tial costs: 

c ik Yik / a ik (or a similar expression for kj) 

Now, fill the spare capacity with those yts that 
give the largest reduction in potential costs 
(reducing the particular yts and increasing the 
M 0 ok or ~ 0 0 involved). 

lJ -l<lJ 

To fasten the process, an initialization 
procedure can be used. It is easy to see that 
direct modules (i.e. on the direct link) that are 
completely filled, will seldomly be non-optimal. 
Even the strategy which installs modules for 
half the module-size of traffic on direct links 
has proven to perform well, at uniform costs per 
trunk and small initial costs per trunk group. 
Such a strategy could be justified by the fact 
that even for an efficiency of almost 100 % at 
the tandem links, the costs per Erlang traffic 
on tandem and direct route are about the same. 

3.4. other Heuristics 

Some other approaches towards heuristic algo
rithms have been investigated. The algorithm 
based on· traffic efficiency formulas has been 
modified to deal with traffic sharing in stead of 
overflow. To this end, the efficiency of a direct 
module and modules along an alternate route is 
measured using a cost/benefit analysis, the 
benefit defined as the sum of the traffic that 
can be removed from the set of not-yet-offered-
traffic and part of the empty capacity that is 
introduced (which might be used by other tandem 
traffic). After initialization (see previous 
paragraph), for each origin-destination relation 
the optimal route is selected, and the traffic 
placed on this route. The sequence in which the 
relations are treated is in principle the same as 
in the algorithm, based on the traffic carrying 
efficiency formulas. 

4. RESULTS 

The algorithms derived have been applied to 
various networks. The first being a 4-node 
network on which a lot of other research had been 
done, and for which there were good indications 
as to what the optimal structure and trunk group 
sizes would be. The aggregated input-data for 
this network are given in table 2. 
The application of the algorithms to net\-lorks 
from the operational field gives a good idea of 
the performance of t he algor ithms on larger 
networks. The aggregated input-data of rea] 
12-node and 19-node networks are given in 
tables 3 and 4 respectively. 
The results are given in tables 5 and onward. 

In the tables the following notations are used: 

TCE Traffic Carrying Effi"ciency algorithm; 

MILP Mixed Integer Linear Program (see text, 
only allowing routes of 2 links); 

Hl# heuristic, based on MILP-formulation, 
as described in par. 3.3, version 1.#; 

H2# heuristic, based on combination of ideas 
from the TCE approach and traffic sharing 
as described in par. 3.4, version 2.#; 

DO = routing traffic Direct Only; 
no overflow, no sharing; 

(The heuristics allow routes of any length, 
the various versions differ in initialization 
and some other minor aspects.) 

(Heuristic verso 1.2 is a bidirectional version); 

I 

II 

III 

IV 

V 
VI 

total number of modules in the network 
(equivalent to the total costs); 
maximum number of modules at one node 
(origin. + termin.); 
connectivity (relative number of relations 
with direct trunk group); 
number of relations with more than one 
routes; 
number of relations using a tandem node; 
maximum usage of anyone tandem node 
(in number of relations); 

The measures 11, Ill, V, VI are related to the 
hierarchy of the networks created. If 11 is rela
tively large, and/or VI is large (specially as 
compared to V) the routing is more centralized, 
backbone-oriented. 

TABLE 2. 4-NODE NETWORK - AGGREGATED INPUT-DATA 

number of nodes: 4 
number of traffic-relations: 12 
total traffic: 355 Erl. 
average relation: ca. 30 Erl. 
largest node (origin.+termin.traffic): 225 Erl. 
smallest node (origin.+termin.traffic): 120 Erl. 
initial costs per trunk group: 0 
costs per trunk (circuit; channel): 1 
blocking criterion: 1 % 

TABLE 3. 12-NODE NETWORK - AGGREGATED INPUT-DATA 

number of nodes: 12 
number of traffic-relations: 132 
total traffic: 3487 Erl. 
average relation: ca. 26 Erl. 
largest node (origin.+termin.traffic): 1274 Erl. 
smallest node (origin.+termin.traffic): 242 Erl. 
initial costs per trunk group: 0 
costs per trunk (circuit; channel): 
blocking criterion: % 

TABLE 4. 19-NODE NETWORK - AGGREGATED INPUT-DATA 

number of nodes: 
number of traffic-relations no: 
total traffic: 

19 
336 

5722 Erl. 
average relation: ca. 17 Erl. 
largest node (origin.+termin.traffic): 1638 Erl. 
smallest node (origin. +termin. traffic): 165 Erl. 
initial costs per trunk group: 0 
costs per trunk (circuit; channel): 1 
blocking criterion: 1 J 
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In tables 5, 6 and 7 the performance of the 
algorithms is compared for the 4-, 12- and 
19-node networks respectively. A problem here is 
that one would wish to derive absolute lower 
bounds to the costs. As stated before, research 
is continuing on efficient MILP-algorithms. The 
one used in the results presented here is a 
modified general-use algorithm. It optimizes con
tinuously on the basis of the full set of columns 
of the problem, which appeared to be rather 
time-consuming for these problems. It was manual
ly stopped after a certain computer time (minutes 
for the 12-node network and more than an hour 
for the 19-node network), so there is no absolute 
guarantee of optimality as yet. 

TABLE 5. COMPARISON OF METHODS -
AGGREGATED RESULTS 4-NODE NETWORK 

module-size: 1 

I II III IV V VI 

TCE 470 329 12/12 6 6 6 
MILP 488 298 12/12 3 3 2 *) 
Hl0 491 302 12/12 3 3 3 
H 11 488 298 12/12 3 3 2 *) 
H13 489 299 12/12 2 2 1 
H21 489 299 12/12 3 3 2 
D 0 491 300 12/12 0 0 0 

*) can be considered the true optimum 
for traffic sharing 

module-size: 15 

I II III IV V VI 

TCE 35 23 11/12 6 7 4 
MILP 35 22 11/12 4 5 2 
MILP 35 22 12/12 5 5 3 
Hl0 37 24 12/12 5 5 3 
Hll 36 22 12/12 2 2 2 
H21 36 22 12/12 4 4 2 

(the MILP-algorithm gives more total-cost--
identical solutions here) 

module-size: 30 

I II III IV V VI 

TCE 19 12 11/12 5 6 3 
MILP 18 11 10/12 3 5 3 
Hl0 19 14 10/12 4 4 4 
Hll 20 12 12/12 1 1 1 
H13 20 12 12/12 1 1 1 
H21 20 13 11/12 5 6 3 

From the results, it appears that some heuristics 
(like version 1.1) tend to underestimate the com
hinatorial aspects, since they do not combine as 
Much tandem traffic on a few nodes as the MILP 
does. Version 1.0 seems to centralise too much 
resulting in networks with higher costs than, 
e . g., version 1.1. The optima seem to be rather 

-flat. This may induce other factors, like 
maintainability, reliability and ease of planning 
to become more important. Then, a solution given 
by, e.g., version 1.1 may become more desirable 
than an 'exact optimum', as deliverd by a sophis
ticated MILP-algorithm. 

TABLE 6. COMPARISON OF METHODS -
AGGREGATED RESULTS 12-NODE NETWORK 

module-size: 30 

I II III IV V VI 

TCE 176 66 79/132=.60 20 73 21 
MILP 174 62 85/132=.64 33 63 36 
Hl0 181 68 78/132=.59 62 92 42 
Hll 178 56 105/132=.80 32 49 13 
H13 174 54 104/132=.80 32 53 15 
H14 181 66 85/132=.64 64 80 43 
H15 180 56 111/132=.84 40 48 12 
H21 177 64 79/132=.60 59 83 38 

TABLE 7. COMPARISON OF METHODS -
AGGREGATED RESULTS 19-NODE NETWORK 

module-size: 30 

I II III IV V VI 

TCE 306 92 159/342=.46 37 220 75 
MILP 308 108 133/342=.39 41 220 127 
Hl0 327 111 143/342=.42 168 261 125 
Hl1 326 78 221/342=.65 82 147 39 
H14 322 101 140/342=.41 169 263 100 
H21 316 118 143/342=.42 144 254 125 

(the MILP and H14 use node 16 most as tandem, 
all others use node 3 most.) 

To demonstrate the applications for the 
algorithms, the effect of centralization on the 
costs of the networks was studied. For this 
purpose, the set of potential tandem switches 
in the 19-node network was restricted to 
predetermined subsets of 4 and 2 nodes. 
Results are given in table 8. 
The algorithms have also been used to study the 
effect of larger or smaller module-size and the 
effect of bidirectional (two-way) trunk groups. 
Some results of the former study are presented in 
table 5. 

TABLE 8. INFLUENCE OF THE NUMBER OF POTENTIAL 
SWITCHING CENTRES -
AGGREGATED RESULTS 19-NODE NETWORK 

module-size: 30 

I II III IV V VI 

TCE(19) 306 92 159/342=.46 37 220 75 
TCE( 4) 314 125 143/342=.42 43 242 119 
TCE( 2) 315 157 113/342=.33 37 266 148 

H10(19) 327 111 143/342=.42 168 261 125 
Hl0( 4) 317 131 146/342=.43 108 248 185 
H 10( 2) 324 132 151/342=.44 73 230 155 

H14(19) 322 101 140/342=.41 169 263 100 
H 14( 4) 318 128 143/342=.42 87 244 153 
H 14( 2) 318 144 143/342=.42 66 238 192 

H21(19) 316 118 143/342=.42 144 254 125 
H21( 4) 314 153 128/342=.37 95 264 196 
H21 ( 2) 317 171 122/342=.35 73 267 214 
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5. CONCLUSIONS 

From the results some general conclusions can be 
derived on the optimal structures of networks. 
For module-sizes that are small as compared to 
the offered traffic intensities and rather 
uniform costs per trunk and low initial costs per 
trunk group, the optimal structure of a network 
will be almost fully interconnected. In this 
case a decentralised overflow-strategy will be 
slightly better than a centralised one (typically 
2~ lower in cost). 
For large module-sizes, small switching centres 
will be connected only to one or a few large 
switching centres nearby (high traffic 
intensities, low costs). 
In both cases, the optimal number of potential 
tandem-switches will depend largely on the 
structure of the costs and traffic intensities. 
However, the optima seem to be rather flat with 
respect to the centralization of overflow. This 
suggests that taking reliability constraints into 
account will not result in highly increased costs 
of the networks. 
Network hierarchy appears to be a fuzzy concept, 
since the hierarchy of nodes often appeared to be 
non-transitive (node 1 higher than node 2, 
concerning most of its outgoing links, 2 higher 
than 3, and 3 higher than 1). 
By its character, the first algorithm (the TCE 
algorithm, as described in par. 3.1.) will 
always give a link-hierarchical solution. This 
is a quite attractive side-effect regarding 
eventual -planning and evaluation processes. The 
algorithms based on traffic sharing are 
interesting because of the fact that there is no 
cUlmination of peakedness of traffic in the 
network. 

6. SUGGESTIONS FOR FURTHER INVESTIGATIONS 

The results give enough reason for further 
development of the algorithms presented. 
Combination of the various approaches should lead 
to better heuristics. 
A version of the first algorithm that will allow 
for mutual overflow is under investigation. Link 
hierarchy will no longer prevail in solutions 
created by such an algorithm. 
The problem could also be treated as a multi
stage dynamic programming problem. A first stage 
could be to establish the hierarchy in the 
routing, with some prospective tandem-switches 
per relation. Perhaps this could be done by 
means of gravitation-methods. The second stage, 
then being the allocation of trunk groups and 
tandem-switches, could be treated by a simplified 
version of one of the algorithms presented. The 
more precise network sizing could be viewed upon 
as a third stage. The first stage would reduce 
the problem thus significantly (specially for 
large module-sizes as compared to traffic 
intensities), that an efficient MILP-algorithm 
would be able to treat even large networks in an 
acceptable time in the second stage. 

If the reliability of connections has to be taken 
into account, the second approach described is 
very worthwile. Only one set of inequalities is 
added to the MILP-formulation of the problem. In 
the first approach more than one tandem switch 
could be selected and the overflowing traffic 
shared over the two alternate routes. 
The way in which this influences the optimal 
network structure should be investigated. 
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Postscript. 

At the last moment before release of this paper, 
a collegue of the author, Mr. P.A. Bruijs, 
achieved preliminary results by means of a more 
sophisticated MILP-algorithm of his. Allowing for 
routes of any length, it found a solution with 
total number of modules 170 for the 12-node net
work, and within 15 minutes computer-time a solu
tion with total number of modules 299 for the 
19-node network (both for module-size = 30 and 
no restrictions on the tandem switching centres). 
These results are extremely interesting since 
they can compete with the solutions obtained by 
the TCE-algorithm, based on (optimal) overflow. 
Research will continue in this field, taking into 
account also the transmission aspects and relia
bility constraints so as to integrate the trans
mission and switching optimization processes 
(which in common practice have been separated up 
to now). 
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