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MODULAR ENGINEERING OF TELEPHONE NETWORKS 
WITH DYNAMIC ROUTING 
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Warsaw University of Technology, Poland 

The paper presents a methodology of engineering a two-layer network assuming non
hierarchical dynamic routing in the upper layer and modular transmission systems. Gradient 
optimization procedures are combined with a simulated annealing approach. Results of 
applying the methodology are presented for a metropolitan network. 

1. INTRODUCTION 

One of the evolution scenarios for intercity and 
metropolitan PSTN leads to a two-layer network archi
tecture. Switching nodes are partitioned into local 
nodes and transit nodes. The access network connect
ing lower layer of local nodes to the upper layer of 
transit nodes is assumed analogue/digital, whereas the 
transport layer is fully digital. For metropolitan networks 
this implies the increase in the number of exchanges in 
the transport layer, now typically composed of several 
tandems. In intercity networks the transport layer is 
formed by "compressing" the tandems of the highest 
levels of the existing hierarchy. 

The transport layer constitutes a highly connected 
non-hierarchical network of trunk groups (TG) inter
connecting SPC exchanges. It is thus natural to apply 
there some kind of dynamic routing (OR) instead of the 
plain direct routing without alternative choices. With 
OR, even in nominal traffic conditions, better call 
handling efficiency can be achieved. OR also provides 
flexibility in coping with abnormal traffic or transmis
sion/switching equipment unavailability. 

As TGs are modular, overdimensioning of the 
network may be encountered due to capacity round
ing-off. By providing overflow paths this overdimen
sioning could be at least partly avoided. The resulting 
cost savings can be substantial, even if low transmis
sion costs are assumed, mainly in the effect of the 
decrease in the required number of PCM ports. 

Reliable estimations of network cost savings due to 
OR in non-hierarchical networks with modular TGs are 
however difficult to achieve. One reason for this is the 
lack of optimization methods for such networks. So far 
some kind of rounding-off applied to the non-modular 
solution has been used to modularize TGs. In our 
opinion this approach is not quite adequate for TGs 
with the size of up to several modules, i.e. in the most 
practical range. Here the issue is that rounding-off the 
number of circuits of a TG can change dramatically its 
congestion, resulting in big disproportion of losses in 

the network. Thus the rounding-off process should be 
at least combined with routing patterns rearrangement. 

The main purpose of the paper is to present an 
optimization procedure for modular dimensioning and 
routing pattern optimization of non-hierarchical net
works with originating office controlled fixed alternative 
routing and dynamic trunk reservation. The optimiza
tion is approached through gradient minimization and 
simulated annealing. The application of the proposed 
procedure to the Warsaw metropolitan network is 
discussed. 

2. NETWORK DESIGN METHODOLOGY 

We assume the following network architecture. A 
set of nodes is partitioned into two layers. Each of end
offices belonging to the lower layer is connected to one 
of the upper layer's switching nodes. The upper layer 
consists of tandem offices. Their function includes 
transiting of the traffic originated in and destined to the 
lower layer. The upper layer of the network is fully 
connected. Non-hierarchical alternative routing of traffic 
between its nodes is assumed. Modularity of TGs is 
explicitly taken into account in network dimensioning. 
Dimensions of TGs are multiples of a basic module 
size. These cost function takes into account costs of 
offices and TGs. The costs are functions of the number 
of modules that are either switched or constitute a TG. 

We distinguish the following steps of TG network 
optimization: 
Step 1 - Constructing network's architecture 

The set of network nodes is partitioned into two 
subsets corresponding to the two layers. For each of 
the lower layer nodes a "parent" upper layer node is 
chosen. The latter will transit the traffic originated in 
and destined to the former. The network structure is 
organized so as to minimize the cost function. Marginal 
costs of TGs depend merely on distances between 
nodes as the underlying transmission graph is as
sumed to be fully connected (although the lengths of 
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its edges need not be equal to air distances). Dimen
sions of TGs are modular and should provide the 
required grade of service. Direct routing in the upper 
layer is assumed. 
Step 2 - Constructing the transmission graph 

To realize a TG a set of diSjoint paths is chosen 
from the set of all feasible transmission paths. The 
number of paths in the set should provide required 
reliability of the link, while the connectivity of the graph 
and the average path lengths should be kept as low as 
possible. 
Step 3 - pimensioning the transmission paths 

Capacity of a link is spread over its transmission 
paths so as to minimize the total cost of transmission 
systems. An average cost of a module is evaluated for 
each link of the network. 
Step 4 - Non-modular dimensioning of the upper layer 

Neglecting the requirement of network modularity, 
TG sizes, trunk reservation parameters and routing are 
optimized. TG dimensions of the final solution are 
rounded-off to a modular solution. 
Step 5 - Modular dimensioning of the upper layer 

Starting from the previous step solution, the upper 
layer is optimized with the account of links' modularity. 
TG parameters and sequences of overflow paths are 
tuned to decrease the cost of the network and/or to 
equalize node-to-node losses. 
Step 6 - Bedimensioning of transmission paths 

The network dimensioning process can be iterated 
as the last step delivers updated unit-module costs of 
links between nodes. 

3. FORMAL PROBLEM STATEMENT 

Let V be the set of n switching nodes, V= {1,2, ... ,n}. 
An ordered pair of nodes from V will be called an 
origin-destination (OD) pair, and denoted by (i,j), where 
i IV is the traffic originating node and j ,V the traffic 
destination node. Let us consider a fully connected 
digraph GI = (V,EJ of logical links. The set of edges 
El = { < i,j >: i,j ,v, i < > j} corresponds to a set of 
potential links of the network. Assume also: 

• traffic matrix -"oxn = [al/; alj denotes the traffic in 
OD pair (i,j) , 

• matrix of node-to-node blocking probability con
straints Ilnxn = [ !1i/, 

matrix of distances between nodes dnxn = [dlj], 

• basic module size m; dimensions of TGs are 
multiples of m, 

• switching cost function clk), providing the cost of 
a switching node with the total number of k PCM 
module ports. 

Our goal is to: 
• define the network structure S, S=((U,L),f); (U,L) 

is a partition of V into two layers, upper layer U 
and lower layer L, and ':L- > U is a function deter-

mining for each lower layer node its upper layer 
"parent", 

• dimension the TGs, i.e. define the sets Nu = { nlj: 
i,jlU} and NL = {n lfQY nfQ)I: ilL} (dimensions should 
be expressed as multiples of m), 

• define traffic routing pattern for each upper layer 
OD pair (i,j), i.e. set the state protection level Slj on 
the direct link < i,j> , and define the sequence Pij 
of two-link overflow paths. 

The objective of network dimensioning is to mini
mize the total network cost given by the expression: 

C =,E [cs( E (nij +nji) + E (nkf(k) +nf(k)k) o~if(k) +nuQ) +nl(I)I) + 
leU jeU,j .. 1 keL 

E nlj'Clj] + 
jeU,j .. i 

,E [cs o(nlf(l) +nf(I)1 +nU(I) +nl(I)I) +nlf(l) 'Cif(i) +nf(I)1 'Cf(l)a (1) 
leL 

where d~ is the Kronecker function, and Coxn = [ci/ is 
the matrix of links' unit-module costs. nU(I)' nl(I)1 are the 
numbers of modules connecting local and transit parts 
of a switching node; they depend only on the total 
traffics originated in, or destined to, the node. 

Constraints for node-to-node blocking probability 
(NNBP) in OD pair (i,j) (i,j IV) are: 

Blj=1-(1-Bif/Q)o(1-Bf/(i)f/0)o(1-Bf/O)j) ~ Plj (2) 

(Note: we put 

and "(1) = { ~(1), 
I, 

iff iEL 
iff iEU ) . 

4. ONE PARAMETER NETWORK MODEL (OPM) 

The set of methods proposed in the paper is based 
on a one-parameter network traffic model (OPM) [5]. 
The basic features of the model are as follows: 

• Poissonian traffic offered to OD pair (i,j) , Aij, 
constitutes the fresh traffic offered to link < i,j > . 

• Total overflow traffic offered to link < i,j >, aij' is 
also assumed to be Poissonian (the one-parame
ter assumption). 

• Blocking probabilities for Ail and aij' denoted tij and 
bij , can be thus computed from the Burke formula 
(cf.(5.40) in [4]): 

tij =t(Alj,alj,nlj,Sij)' bij=b (Aij,alj,nij,Sij)' (3) 

• For fixed sequences of overflow paths, alJ:s and 
B!j:s are axplicit polynomial functions of the entries 
of matrices t = [tl/ and Il = [blr 

aij =a1j (tb) , Bij=BIJ (tb). (4) 

• The system of equations for tIJ:S and blJ:s reads: 

tlj =t (Ail,alj (t,b),n'j'S'j)' blj =b (Alj,alj (t,b),n'j'S'j)' (5) 

• The solutions t and Il of (5), achieved by a repea-



ted substitutions method, together with (4) give 
traffic characteristics of the network. 

The formula for NNBP B I , expressed with linking 
probabilities for overflow tra~ic Yij (Yij = 1-bij), is of the 
form: 

m 

Blj=tl(TI (1-Ylk'Ykj), 
k- 1 

(6) 

where m is the number of overflow paths in the se
quence. 
Total oyerflow traffic offered to a link 

The key to the computation of the total traffic 
offered to a link is the formula for the fraction of the 
total overflow traffic offered to a link due to its occur
rence on overflow paths of an OD pair. Consider OD 
pair (i,j). The traffic in question, aik

lj , offered to link 
< i,k > is given by the following formula (the formula for 
< k,j > is analogous): 

k-1 

aik
lj =Aij,tij'Ykj' TI (1-Yu'Ylj)' (7) 

1- 1 

The total overflow traffic offered to a link is given by: 

(8) 

where the summations are taken over such i:s and j:s 
that I is a transit node for OD pair (k,j) and k is a 
transit node for OD pair (i,I). 
OPM accuracy for nominal loss leyels (Q 1 %-1 %) 

In general, OPM yields optimistic network evalua
tions. NNBP values are systematically underestimated. 
The accuracy is the better the: 

• shorter the sequences of overflow paths, 
• greater trunk reservation parameters, 
• smaller link capacities. 

5. DESIGN METHODS 

Constructing network's configuration 
When searching for an optimal network structure 

Sopt, we do not take into account alternative traffic 
routing in the upper layer. Feasible solutions are 
compared under the assumption that the traffic of OD 
pair (i,j) is routed along its direct path < i,j >. This 
assumption is justified as network's structure has much 
more impact on the total network cost than the savings 
due to alternative routing. Alternative routing is taken 
into account implicitly by modifying expression (1). The 
sums in formula (1) can be interpreted as costs Cu and 
CL of the upper and the lower layer, respectively. 
Alternative routing decreases the cost of the upper 
layer by factor 8, which is normally between 5-10 per 
cent. Thus we can use a modification of (1): 

C =CL + (1-8)'cu . (9) 

The switching cost function clk) should be linear with 
respect to k, as the modification may not affect this 
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part of an upper layer node's cost that results from the 
connections to its "sons". 

Matrix Cl of link unit-module costs is evaluated from 
the expression: 

1 d 2 ~ h . . (10) cij =aij , ij +alj ,or eac <I,} > , 

where alj 
1

, alj
2 are constant. 

NNBP constraints described with formula (2) cannot 
be used in practice (when dimensioning an upper layer 
link < i,j > we would have to keep track of losses on all 
links <k,i> and <j,I>, k,"L). That is why we prefer 
a stronger restriction on NNBPs: 

p/lj = ~'min{Pkl: k,/EV, fl(k) =i, fl(/~ =j} (11) 

for all i,jEU, i~i , 

nJ 1 . A ... it(i) = -3 ·mln ... lI , 
I€V 

for each iEL 

AI 1 . A 
... to)i = - 'mln"' lI 3 I€V (12) 

The TGs are dimensioned with an inversion I(A, P) of 
the Erlang blocking formula and rounded up. Traffics 
A are expressed with the following formulae: 

AjtO) = E u jn ' AO)j = E u nj for each jEV, (13) 
n€V n€V 

for all i,jEU . (14) 

Dimensions of TGs connecting the transit and local 
sections of a switching node are evaluated for blocking 
constraints expressed by (12), and traffic given by (13). 

The proposed algorithm assumes that a sequence 
Si = ((UjlLJ,fJ, ilN, of network structures is constructed 
in such a way that SI + 1 is a modification of SI' The 
solution is a structure Sopt = Sn for which there exists no 
modification that is cheaper. The cost of SI is 
expressed with (1) and (9); U1 =V. The idea of the 
algorithm is to modify the network structure by moving 
nodes from the upper to the lower layer. In each step, 
node kopt from UI is chosen to minimize the cost C(Slk) 
of the network structure Sik that results from moving 
node k to the lower layer. Each time a node k is tried 
to be pushed down, all its "sons" (constituting a set pt~ 
must have their "parents" redefined - a new function fi 

is defined. Nodes from the set P l
k are connected 

consecutively (in order of descending total traffic that 
is generated and absorbed in the node) and removed 
from the set. Each node I,Pl

k is connected to an upper 
layer node j in a way to minimize the cost. The cost is 
computed under the assumption that each of the 
remaining nodes from pt is connected to the upper 
layer node s,U({k} for which the value of the express
ion nis Cls + nsl Csl is minimal. 

Time complexity of the algorithm is O(n~ with 
respect to the structure cost evaluation procedure. The 
latter is however of linear complexity if evaluation of 
I(A,P) is treated as a single operation. 
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Non-modular dlmenslonlng of the upper layer [5] 
Once Sopt = ((U,L),f) and NL are settled, a traffic 

matrix for the upper layer is available. For each OD pair 
(i,j) , such that i,jlU, the traffic Alj originated in i (or its 
"sons") and destined tOj (or its "sons") is given by (14). 
We neglect traffic loss on the links between the upper 
and lower layer. 

Traffic loss constraints are expressed by (11). 
Now we may concentrate on the upper layer. 

Assume that for each OD pair a sequence of two-link 
overflow paths is given. For simplicity only fully con
nected networks of links will be considered. The direct 
link is always tried first. 
Djmensjonjng problem (OP) 
Find 

• a matrix n = InlJ of link dimensions for all < i,j > , 
• a matrix S = [SIV of state protection parameters, 

that minimize the cost C(CJ) of links with respect to the 
set of individual node-to-node blocking probability 
(NNBP) constraints for all OD pairs: 

Blj~Plj' i,j=1,2, ... ,M, i .. j , (15) 

where M is the number of nodes of the upper layer, 
and Plj are assumed blocking thresholds. 

Our procedure for solving DP is based on the idea 
presented in section 6.1.7 of [4]. Its important feature 
is the use of t and 0. as optimization variables. 
Computatjon of TGs sjze 

For fixed matrices t and b., such that 0 < tlj ~blj ~1 for 
all i,j (i < > I), the equations (5) can be used to com
pute nlj:s and Slj:s separately for each link. For this 
purpose we have developed a numerical procedure for 
inverting the Burke formula, i.e. a procedure for com
puting TG dimension as a function of blocking probabi
lities tli' blj [5]. The method is based on a piecewise 
linear Interpolation of Burke's formula. 
Mathematjcal program (MP) 

Since in OPM 

nlj =nlj(t.o.) =n(Alj,alj(t.o.),tlj,blj)' Blj =Blj(t,o.) , 

DP can be transformed into the following mathematical 
program: 

find matrices t and b....minimizing the cost function 

C'(t.o.) = C(n(t,o.» + ~wI(AI(P(Blj(t.o.),blj) , (16) 
I"J 

subject to constraints 

o <tlj~blj~1. (17) 

The cost function C is expressed with (1). The penalty 
function P is defined as 

P(B b) ={ (B-b)2, iff B >~ . (18) 
, 0, otherwIse 

Optimization algorithm 
We propose the following gradient minimization 

method for solving MP. 
O. Assume initial matrix t (e.g. tu = 0.9) and initial 

matrix X= [XIV' where xlj = (1-bi')I(1-tly (e.g. xij =0.5). 
Let o.(t) = [1-xlj (1-tlyJ. 

1. Using (4) and (5) compute: 
• n, B.=[BIV . 
• grad(C? = [dC'/dtIJ for fixed x. 

2. Put dC'/dtlj =0 for all <i,j> such that tlj~.OO1 or 
tlj~.4 (gradient projection) and perform one dimen
sional search for t minimizing C' in the direction [
dC'/dtlv (in the set IO.OO1,0.4JM~M-1». 

Repeat steps 1 +2 until no improvement is achieved. 
3. Optimize matrix x by maximizing "effective" traffic 

carried on each link. For alj and nlj resulting from 
the optimization of t find Slj and resulting xlj that 
maximize 

(19) 

Repeat steps 1 +3 until no improvement is observed. 
In each iteration sequences of overflow paths of an 

OD pair are ordered by increasing marginal cost of 
carrying one additional Erlang of traffic. 

Due to a suitable choice of optimization variables t, 
the proposed approach has the following advantages: 

• Time and memory requirements are O(N) 
(N = M (M-1) is the number of links), provided the 
maximum number of overflow paths is bounded. 

• Neither for the computation of C' nor for the 
computation of grad(C? any iterations are re
quired. 

• It is easy to choose a reasonable starting point. 
The most time consuming part of the procedure is 

the computation of n(A,a,t,b) and the derivatives dn/da, 
dn/dt, dn/db. Still, the overall computation time for 
networks with several tens of nodes is moderate. 

Modular dlmenslonlng of the upper layer [6] 
We change the definition of the feasible solution. 

Losses of traffic in the OD pairs are not further 
constrained, instead a penalty cost is introduced. 
Function f( P,B,A) penalizes a situation in which loss B 
of stream A exceeds grade of service constraint p: 

f(P,BA) ={ 6:A .(B-P), iffB>P 
otherwise' 

(20) 

where P is a positive constant. The modified cost 
function is as follows: 

C'=C+ Ef(Plj,BljAlj) , 
(I,j) 

(21) 

where the summation is over all OD pairs in the upper 
layer. Values of Ajj:s are computed from (14). Traffic 
flow and NNBPs are evaluated with OPM. 

Modular dimensioning of the upper layer uses a 
simulated annealing algorithm [1],[3]. The space of the 
problem's feasible solutions is searched in a probabil
istic manner. A sequence of problem solutions is 
generated. The current solution XI is replaced with the 
newly found solution y with probability: 



{ 

1, 
p= -!! 

e kT, 

if Af=f(y) -f(JG) ~O ' 
(22) 

if Af >0 , 

kT is a parameter which is periodically decreased. 
The proposed method is based on an iterative 

modification of the upper layer. Dimensions of TGs and 
sequences of overflow paths are adjusted. The basic 
problem of the simulated annealing method used here, 
is the generation of a sequence of feasible solutions to 
the considered problem. The sequence cannot be 
purely random since evaluating the cost function values 
is laborious (equations (5) have to be solved), and the 
solution space is huge. Each successive solution 
results from an intelligent modification of the current 
solution. Successive solutions are achieved by rear
ranging overflow path sequences for a probabilistically 
chosen OD pair, and simultaneous tuning of the state 
protection level and the dimension of the direct link. 
Several operations are defined: 

• 01 - moving an existing or potential overflow path 
to the front of the overflow paths sequence, 

• 02 - deleting an overflow path, 
• 0 3 - increasing the dimension of the direct link by 

one module, 
• 0 4 - decreasing the dimension of the direct link by 

one module, 
• 05 - adjusting state protection level on the direct 

link by one, or so, as to maximize its traffic 
carried. 

The way of modifying the routing pattern for OD 
pair (i,j) depends on currently computed traffic losses. 
A modification is chosen from some possibilities 
(defined below) so as to minimize network's cost. 
Since a local change of the routing pattern has impact 
on the global traffic flow, equations (5) should be 
solved and network's cost computed for each network 
modification. Such a procedure would be too time 
consuming. We will try to assess network's cost 
change only from the information about the links of OD 
pair's direct and overflow paths. The proposed formula 
expressing prognosed network's cost after modification 
M of OD pair (i,j) is given below (primes denote values 
of variables after modification): 

CM (M) =C'-f(~lj,Blj,Alj) +f(~ij,B Ilj,Aij) + 

b'lk b
l
kj L (--1)rlk + L (--1)rkj + 

keU b lk keU,k .. 1 b kj 

t/lk (23) 
L [ f(~lk,Blko-,Alk)-f(Plk,Bik,Aik)+ 

keU tlk 

t'kj 
f(Pkj,Bkj°"t,Akj)-f(Pkj,Bkj,Akj) ] 

kJ 

Fkl is given by the following expression: 

Fkl = EAstBst-P , 
(S,t) 

(24) 
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where the summation is taken over all OD pairs (s,t) 
that use link < k,1 > in their overflow paths and for 
which loss exceeds the required value. 

In formula (23) we simply assume that losses in the 
OD pairs are changed in the same proportion as 
blocking on links. The value of b'n (formulae for b'lj' t'n, 
t'lj are analogous) is evaluated from: 

(25) 

where an is a part of the traffic of OD pair (i,j), offered 
to link < i,1 >; this traffic can be computed from (7) 
(using (25)). If link <i,l> does not belong to any 
overflow path of (i,j) then an is set to zero. 

The value of B'lj is evaluated from (6) and (25) with 
t'ij computed directly from Burke formula (b'lj is then 
computed as well). 

The optimization is a multiphase process. There are 
np phases, each with ns feasible solutions. Consecutive 
values of the control parameter kTi correspond to 
consecutive phases i (i = 1, .. ,np) of the optimization 
process. The initial solution is the rounded-off solution 
from the previous step. 

Let xk be the current feasible solution. OD pair (i,j) 
is chosen with probability 

Pij = Col ~ij -Blj I , (26) 

where C is a positive normalizing constant. 
Current NNBP of (i,j) is examined. If its value Blj 

exceeds {Jlj then modifications from the set S> are 
tried, otherwise set S < is tried. 

The set S> consists of: 01' 05' 0 3 with sub
sequent 05' 0 3 with subsequent 05 fQllowed by 01 or 
02 (depends on B'ij)' The set S< is similar, except from 
that 0 3 is replaced by 04' and 01 - by 02' 

From set S a modification M minimizing the value 
of CM(M) is chosen. The network is modified and traffic 
flow updated with (5). The relation between C(xJ and 
the C'(M) of the modified network decides whether M 
is accepted or not (cf.(22)). If M is accepted, xk mod
ified with M becomes a new current solution, otherwise 
the traffic flow for xk is restored. 

The time complexity of the algorithm is proportional 
to np 0 ns' The most time consuming part of comparing 
the modifications from S is the evaluation of the 
derivatives dt/da and db/da. , However, these are 
computed only once, so the computation time of a 
single modification depends merely on the computation 
time of (5). 

It should be noted that if we skip modifications of 
trunk dimensions (operations 0 3 and 04 are not 
performed). the algorithm can be used for optimizing 
routing in a network with altered traffic conditions 
and/or unavailability of some TGs. 
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6. APPLICATION TO WARSAW AREA NETWORK 

The proposed algorithms have been implemented 
in a network design system TOOLNET at the Warsaw 
University of Technology (the system was ordered by 
the Polish telecommunications administration). The 
performance of the algorithms was evaluated on the 
Warsaw metropolitan network which now undergoes 
essential modernization. 

The Warsaw metropolitan network consists of 46 
switching nodes (now most of them crossbar or 
Strowger-type exchanges), located in a 50 km diameter 
zone; the total generated traffic is about 31,000 er
langs, traffics generated in individual nodes range from 
150 to 2,700 erlangs, node-to-node traffics range from 
1 to 150 erlangs. 

The influence of the network structure and traffic 
routing optimization on the cost effectiveness of the 
solution has been examined. The costs of two network 
structures built from scratch were examined. In the 
initial structure, proposed by the network Adminis
tration, the upper layer consisted of 8 nodes. The 
alternative structure was a result of network opti
mization - the optimal number of nodes in the upper 
layer turned out to be 24. In both cases we have 
compared cost components for direct traffic routing 
and optimized alternative traffic routing in the upper 
layer. Fixed costs were not taken into account. The 
costs per one PCM 30/32 module, corresponding to 
switching, mux/demux and one km of a transmission 
were assumed $6000, $225 and $210, respectively. 

The table presents comparative results for different 
network configurations; e.g. the last column, denoted 
by 18d.24a", corresponds to cost changes of the 8-
node configuration with direct routing (d) with respect 
to the 24-node configuration with alternative routing (a). 

8d.8a 24d.24a 8d.24d 8a.24a 8d.24s 

~o. of PCM -3.9'% -12.8'% -17.7'% -25.3'% -28.2'% 
~odules 

no. of -5.1'% -15.1'% 15.5'% 3.3'% -1.9'% 
~m-modules 

ransmission -4.8'% -14.7'% 7.7'% -3.4'% -8.1'% 
post 

ransmission -4.1~ -13.2~ -14.0~ -22.1~ -25.3~ 
~ switching 
post 

The experiments we have performed show that the 
discrete optimization proposed in our approach leads 
to a network design which is a few percent cheaper 
than the network that is obtained as a result of clas
sical, continuous optimization with TGs dimension 
rounding-off. Another benefit is that a much more 

uniform distribution of end-to-end losses is achieved. 

7. CONCLUDING REMARKS 

The proposed methodology of modular engineering 
of two-layer networks successfully deals with the 
problem's complexity. This was achieved as a result of 
overcoming several structural and computational 
problems: 

• The design of network's structure was isolated 
from the dimensioning of the upper layer (problem 
decomposition); however, through iteration inter
dependence of design and dimensioning is intro
duced. 

• Modular engineering of the upper layer was 
preceded with non-modular optimization to provide 
a reasonable initial solution. 

• Suitably chosen optimization variables for non
modular dimensioning provided a reasonable 
starting point for the overall optimization. 

• The heuristics introduced into the simulated 
annealing approach assured acceptable compu
tation time. 

The overall effectiveness of the proposed methodol
ogy is dependent on the quality of the heuristics 
applied in modular dimensioning. 

An interesting conclusion from network examples 
we have analyzed is that in the context of dynamic 
routing and modular engineering, a two-layer network 
structure is superior in terms of overall network cost to 
a one-layer non-hierarchical network structure. 
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