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ABS'lllAcr 

The topological design of a backbone packet 
switched network is here faced. The synthesis problem 
is solved by means of two procedures: the first one 
is applied to a logical context, while the second 
refers to a physical environment. This approach 
allows to adopt different cost-functions for the 
swi tching and the transmission networks. Noreover 
performance criteria can be used that take into 
account the joint evolution of both the traffic and 
the failure - and - repair processes. An application 
example shows the feasibility of the proposed design 
method. 

1. INrRODOCTI~ 

About the topological design of connmmication 
networks, present research activities are addressed 
to the case of network models more adequate tha the 
ones adopted in the classical approaches. The 
objective is a design, in which logical, i.e. 
traffic-related, and physical, i.e. failure-related, 
phenomen.:l. are jointly and suitably taken into 
account. 

According to this trend, one of our recent 
papers (Ref. [1]) introduced a new approach for 
solving the topological design problem concerning the 
backbone section of a hierarchical packet switched 
network (PSN); this paper reports on the further 
results obtained following the guidelines sketched in 
the above-mentioned work. 

Our design methodology is based on two distinct 
graph models of the switching/transmission resources 
and adopts performance criteria that take into 
account the joint evolution of both the traffic 
process (T-process) and the failure-and-repair 
process (F/R-process). The two graph models, i.e. the 
logical and the physical one, are separately the 
contexts of these evolving processes: in particular 
the logical graph (LG), which is the model of the 
switching network, is associated to the T-process, 
while the physical graph (PG), which represents the 
transmission network, refers to the F/R-process. 

Horeover, about the performance criteria used to 
qualify the resulting design, our approach aims to 
verify the network capabili ty to carry out a given 
offered traffic, while considering the joint 
evolution of the T- and F/R-process. 

In the following, Section 2 is devoted to 
describe our design objectives, by outlining the 
general key points of our methodology as composed of 
two procedures the LG-procedure and the PG
procedure - that mutually interact for performing the 
synthesis of the SWitching and the transmission 

network, respectively. Details on these two 
procedures and on their respective contexts are given 
in Sections 3 and 4, respectively. Then, network 
performance criteria are introduced in Section 5. 
Finally an application example of the proposed design 
method is illustrated in Section 6. 

2. IESIGN OBJEcrIVES 

As well known, the optimum topological design of 
communication networks starts from the identification 
of two design functions, both depending on network 
resources: they are here called the p-function 
(performance f.) and the c-function (cost f.). The p
function describes a significant performance to be 
provided by the network depending not only on the 
amount of network resources, but also on the way in 
which they are used. The c-function is related to the 
amount of network resources necessary to the 
providing of the required performances. In general 
the optimum design consists in determining the 
network resources by minimizing anyone of these 
functions, the other acting as a constraint. Our 
approach relies upon the minimization of the c
function under a given constraint on the p-function. 

Under these basic statements, our design method 
can be seen as composed of two procedures: the LG and 
the PG ones. 

The LG procedure receives the mean offered 
traffic matrix and the switching network topology (LG 
topology) as input data. It consists in determining 
the node/branch capacities and in performing the 
traf fic routing through the network. This 
determination is obtained by means of the above 
mentioned constrained minimization technique. The 
proper LG c-function is identified with the weighted 
amount of processing and transferring components; the 
LG p-function refers to the T-process and in 
particular to the total mean packet delay in the 
network. 

The PG procedure, assuming an initial topology 
for the transmission network (initial PG topology), 
starts fran the capacity assignment obtained in the 
LG procedure. It consists in performing the circuit 
routing of the transmission resources. Also in this 
.case a constrained minimization has to be applied, 
involving proper c- and p-functions. The PG c
function is related to the amount of transmission 
canponents; the PG p-function is expressed by a 
quantity related to the F/R-process and in particular 
to reliability aspects. 

As regards the LG problem, its relevant 
generalization could consist in starting from only 
partial data about the LG topology (e.g. from the 
switching node locations only). This more general 
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problem will not be here considered, even if various 
literature contributions are available as possible 
hints of solution. 

3. L(X;ICAL NE'lWK SYNTHESIS 

The starting points to this synthesis are given 
by: (1) the model of the switching network (Par. 
3.1); (2) a suitable choice of the p- and c-functions 
(Par. 3.2). The LG design objectives are the 
synthesis of a minimum cost swi tching network 
satisfying the prescribed congestion target. The 
corresponding procedure is largely based upon the 
classical approaches to the PSN topological design, 
suitably modified to take into account the different 
modelling of the logical network (Par. 3.3). 

3.1. LG design modelling 

The adopted model of the switching network takes 
into account only those parameters that turn to be 
essential to show the feasibili ty of the proposed 
design procedure. So, aspects concerning, for 
example, stam-by facilities, are intentionally 
disregarded. 

The LG context is described by the following 
items: 

- NL and BL are the sets including the switching 
nodes and the logical branches, respectively; 
INLI=nL, 1~~=bL' in which IXI denotes the 
cardinality of the set X; 

- a function tL:BL-NL~ is given in order to 
specify the switching network topology; 

- S is a ~-dimensional vector, whose k-th component 
(k E.~) represents the shortest path distance 
between the ending nodes of the k-th logical 
branch; 

- R is a rt XItr . matrix, in which r i · (i,j f 1\) denotes 
the mean of re red traffic in the ~usy hour of the i
j relation [(i-j)-traffic]; a balanced offered 
traffic is assumed, Le. r .. =r .. , and r =[ .. r .. 
(i,jE 1\; i>j) indicates tfiJ ~~n value of fiarf ~f 
the total input traffic; r .. and r are assumed 
measured in packet/si qr .. aid qr indicate the same 
quantities express~d in tit/s, q denoting the mean 
packet length; 

- C and F are two ~-dimensional vectors, in which ~ 
and fk (kE~) indicate the normalized values ot 
the unidirectional capacity (capacity module 
amount) and the mean traffic flow, respectively, 
supported by the k-th logical branch; the 
nonnalizing value is the basic capacity module C 
of the transmission systems (e.g. c

O
=64 kbit/s9; 

the relation f
k
< c

k 
must be always satisfied for 

the ergodicity of the T-process; moreover the total 
mean traffic flow is denoted by f = [k fls (k € ~); 

- E and G are two IlL-dimensional vectors, 1n which E1,. 
and gk (k ( NL) indicate the normalized values ot. 
the processing capacity and the relevant mean 
throughput, respectively, supported by the k-th 
node; ~ and gk are assumed normalized in the same 
way as ~ and f k ; the condition gk < ek holds; the 
total mean throughput of nodes in the network is 
denoted by g = Lk gk (k E NL); finally ne denotes an 
integer such that n Co is the minimtnn available 
module of processing ~apacity. 

The traffic routing policy consists in assigning 
each (i-j)-traffic to one (or more than one) end-to
end logical path; on each path a parcel of the r ij 
craffic flows. As a result of such a routing 
s trategy, each end-to-end logical path is composed by 

some logical branches having a total mean number 
equal to fcO/rq. 

About the representation of functions performed 
by each node and its inlets/outlets, we refer to a 
particular couple of inlet/outlet. The ·corresponding 
functions are here modelled by a cascade of two 
single server queues: the first queue (input queue) 
models the processing unit of the node; the second 
queue (output queue) models the communica tion 
facilities offered by the considered outgoing data 
link. 

Two remarks must be added to such a model.1ing. 
At first, only one input queue is available for all 
the inlets, while one output queue exists for each 
outgoing link. Secondly, by referring to the OSI 
layered architecture, the output and the input queues 
perform basically the l-st and 3-rd layer functions, 
respectively. The data link· functions (error 
recovery, time-outs, window mechanisms, etc. ) are 
disregarded for the sake of simplicity, even if some 
literature contributions would suggest how to 
approximately take into account the 2-nd layer 
functionalities (see, e.g. Ref [2]). 

According to Kleinrock's independence 
assumption, the following hypotheses hold: external 
Poisson input at each node, exponential packet length 
distribution, infinite storage at nodes inlets and 
outlets, fixed routing, error-free transmissions, 
independence betwe~n interarri val and service times 
at each queue. Thus each input and output queue is of 
the H/H/l/«> loa type and the overall PSN can be 
modelled by a Jackson's queueing network. 

On the basis of these simplifying hypotheses, 
the T-process evolution can be analyzed 
straigthforwardly, in statistical equilibrium 
condi tions, by means of well known methods. That 
holds also with reference to the determination of the 
probability distribution functions of the end-to-end 
packet delays (see e.g. Ref [3]). 

3.2. LG design figures 

As mentioned in Section 2 the adopted LG 
c-function D(C,E) describes the weighted amount of 
processing and transferring resources. In particular 
we assume: 

bL ~ 
D(C,E) = 2 [. d.c. + w [. e. 

i=l 1 1 k=l k 
(1) 

in which di is a . coefficient related to the shortest 
path distance Si between the ending nodes of the i-th 
logical branch; w is the cost factor of a node, which 
is asstnned independent of the node processing 
capacity. 

About the LG p-function, we refer to a single 
packet and to the total average source-destination 
mean packet delay T. This delay accounts for the time 
elapsing from the packet arrival at the source node 
of the network to the end of its processing at the 
destination node. 

The total mean packet delay T can be determined 
on the basis of the above model of switching network 
am can be expressed, as a function of the vectors C, 
F, E, G, in the form 

1 \ fi Co 1 ~ ~ 
T=-[. [--+-f.T] +-L -- (2) 

r i=l ci-f
i 

q 1 i 2r k=1 ~, 

in which Ti denotes the channel propagation time on 
the i-th logical branch. 
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3.3. LG design methodology 

With reference to the model introduced in Par. 
3.1, the function t L, the matrix R and the vector S 
are assumed as input data, together with other 
parameters involved in Eqs. (1) and (2) (e.g. the 
coefficients di , wand the channel propagation time). 
By denoting with Tb' the LG p-function target, the 
LG design problem

o ~onsists in finding a set of 
integer capacities (vectors C and E) for nodes and 
branches, and a traffic flow distribution (vectors F 
am G), such that the LG c-function [Eq. (1)] is 
minimized under the delay constraint T~obj [see Eq. 
(2)]. This is a classical CFA problem (e.g. see Ref. 
[4]) for which a procedure getting the global minimal 
solution is not known. 

The adopted procedure consists in two steps: (1) 
solving a CFA problem with capacities expressed by 
real numbers; (2) finding a set of integer capacities 
in such a way that the corresponding LG c-function 
has, under the delay constraint, a value as near as 
possible to that computed in step (1). 

As regards the step (1), a flow assignment and a 
capacity assignments are iteratively carried out, as 
long as the network cost D(C,E) decreases. In 
particular the modified Flow Deviation (FD) algorithm 
described in Ref. [4] is adopted for the traffic 
routing; it basically consists in a shortest path 
routing operated with branch lengths zi= dD/dfi given 
by 

+ T. 
1 qr 

-- (T b' 
A 0 J Co 

(3) 

1 b C 
[.L _0_ f T ) 

r k=l q k k 

in which N. is the set of the two nodes on which the 
i-th branc~ terminates. It is outlined that this 
procedure has the characteristic of determining only 
one logical path for each traffic relation. 

The capacity values in Eq (3) are cemputed by 
means of the method of Lagrange multipliers (Ref. 
[5]), that is 

in which 

bL 1 ~K L'~+-L w~ i=l ~uiLi 2 k=l 
Q 

1 bL Co 
r(T b' L -- f.T.) 

o J r i=l q 1 1 

It is pointed out that this iterative CFA 
procedure, starting from a random flow distribution, 
converges towards a solution which is only a local 
minimum of the c-function. Thus, by repeating the 
procedure for different starting flows, different 
local minima are found, the best of which is 
selected. 

The step 2 consists in finding a new network 
with integer capacities as required by physical 
considerations. That is accomplished by approximating 
each ci (i E~) and ~/ne (k f NL) value to its first 

non-inferior integer. For the obtained new network 
the flow distribution F does not represent the best 
traffic routing. Thus a flow assignment procedure, 
Le. the classical Flow Deviation procedure (Ref. 
[6]) is performed, in which the branch lengths 
zi=dT/dfi for the shortest path routing are now given 
by 

1 c. Co 1 
z. +--T. 
1 (c. _f.)2 1 

r qr 
1 1 

This algorithm provides the global minimum for the 
total mean packet delay. 

The above integer approximation determines a 
more expensive network, whose delay performance T is 
definitely .better than the target T bj" It is 
outlined that in many cases, depend~ng on the 
selected cO' n and on the obtained utilization 
factors fi/c. .fnd g /~, the relative performance 
improvement t~Obj-T)/~Obj is not negligi~le. Thus a 
module reduct10n procedure can be carr1ed out to 
reduce the c-function values, while satisfying the 
delay constraint. 

The basic idea of this procedure is to reduce 
that capacity, which determines the minimum worsening 
of delay performances per unit of c-function 
decreasing. In particular, if the integer capacities 
network is called the "old network" and Told and Dold 
denote the values assumed by the p-and c-functions, 
respectively, the reduction procedure acts as 
follows: 
(a) 'starting from the actual network, verify which 
is the effect of removing either only one module frem 
a branch capaci ty, or only ne modules frem a node 
capacity; that corresponds to compute the relevant 
delay Tnew' resulting from a new FD procedure, am 
the new cost Dnew; 
(b) physically reduce the capacity of that network 
element which has showed the m1n1mum ratio 
(T -To/d)/(D ld-D ) in the tests of step (a) and new .0 new 
assume new' vnew and the new network as Told' Dold 
and the old network, respectively; then go to the 
step (a). 

Steps (a) and (b) are iterated as long as all 
the tests operated in step (a) provide at least one 
Tnew value smaller than Tobj" 

4. PHYSICAL NE'l'W(EK SYN'JlIESIS 

In this context the starting points are 
represented by: (1) the model of the transmission 
network (Par. 4.1); (2) the set C of logical 
capacities determined by the LG synthesis; (3) a 
suitable choice of the p- and c-functions (Par. 4.2). 
The objective is to operate a minimum cost circuit 
routing cempatibly with the assigned reliability 
target. 

The synthesis procedure (Par. 4.3) is iterative; 
it starts from a single path routing of each capacity 
and afterwards, if required by the reliability 
constraints, it performs a multipath routing. Each 
step of the procedure identifies a particular 
allocation of logical capacities on the transmission 
resources according to a minimum cost criterion. The 
iteration is stopped as soon as the . reliability 
constraints are satisfied. 

4.1. PG design modelling 

The transmssion network is modelled by the 
physical graph (PG), whose nodes and branches sets 
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will be denoted by Np and ~, respectively; INpl = 
np ' I Bp I = hp. The branches of PG represent the 
transmission circuits, while the nodes are 
representative of the circuit terminals. The PG 
topology is described by the function 
tp: Bp-...Np x Np • 

The Bp set is weighted by: (1) the branch length 
vector L, whose h-th component (h € Bp) indicates the 
length of the h-th transmission circuit; (2) the 
branch capacity vector K, whose h-th component 
(h € Bp) indicates the capacity module amount 
allocated on the h-th transmission circuit. 

In order to complete this modelling two main 
aspects 1lD.lst be considered: the transmission 
technique to be used and the characterization of the 
FIR process. 

About the transmission technique, a complete 
digital solution is assumed, with a basic channel 
rate of 64 kbit/s and by applying time division 
mUltiplexing. Therefore each PG branch together with 
its ending nodes consists of circuit terminals (such 
as digital multiplexes and line interfaces at each 
end-point), and of line devices (such as transmission 
medium and, where required, intermediate digital 
regenerators suitably spaced). 

With reference to the FIR process, which results 
from the failure proneness of the transmission 
network and from the adopted overall maintenance 
policy, we assume that: (1) failures on physical 
components are statistically independent of each 
other; (2) negative exponential distributions 
characterize both interfailure and repair times for 
each transmission component and are input data to the 
problem. 

Let S denote the set of the relevant states 
assumed by the transmission network during the 
evolution of the FIR-process. The cardinality of this 
set is determined by all the relevant failure 
configurations involving down-condition of single 
physical branches (including their ending nodes). In 
the x E S state th= set Bpx includes all the up
branches, while Bpx = Bp - Bpx. The state x=O 
corresponds to BPx=Bp. 

If V(p) is a hp-dimensional vector, whose h-th 
component vh(p) indicates the availability of p 
capacity modules in the h-th physical branch (hE: Bp), 
then the limiting probability p of the state x 
(x E S) is given by x 

Px = n vh(~) 1\_ [l-vh(~)] 
h € Bpx h ~Bpx 

(4 ) 

by taking into account that the total equipped 
capacity in the h-th physical branch is equal to ~. 
In the following L p (x € S) is denoted by P • The 
i dentification of t~e ~t S can be suggested ty the 
purpose of limiting the computational burden, while 
maintaining the Ps value enough near to the unity. 

The aV9tlabil~ty vh(p) can be computed by means 
of vh(P)=[V~ )(p)] v~2), by denoting with v~l)(p) and 
v~2) the corresponding availabilities of the circuit 
terminals and the line devices, respectively. While 
the latter availability is straightforward to be 
computed, the former is more difficult to be 
evalua ted. Based on a markovian approach, the 
analysis of a multiplex unit has been carried out in 
Ref. [7]. 

4.2 . PG design figures 

As regards the cost aspect, a staircase function 
of the equipped transmission capacity is considered. 
Such a c-function, referred to the h-th transmission 

circuit, is assumed to depend on two factors: the 
equipped capacity ~ and the length lh of the 
transmission circuit. So in a given network 
configuration a new capacity to be routed determines 
a cos t increase only if a change in' the kind or 
number of equipped multiplex systems is needed. Thus 
the shortest path between two switching nodes does 
not always represent the minimum cost routing for the 
required logical capacity between them. 

In the PG context the p-function is reliability
oriented and expressed in terms of the first-order 
statistics of the FIR-process; in particular an 
availability function is introduced with reference to 
each logical capacity. By considering the k-th 
logical capacity ck ' the availability function ~(p) 
is defined as the probability that a share ot p 
modules (O<p~~) of the ~ ones ~s working. 

In order to introduce the evaluation method for 
ak(p) , let i and j (i,j ENL) be the switching nodes 
at the ends of the k-th logical branch. Since, in 
general, multiple paths support the ~ capacity, a 
given share of p<c modules between i and j can be 
obtained by means o~ different combinations of module 
amounts on each path supporting the ~ capacity. 
Obviously the sum of the modules considered on each 
path equals p. If Gkh(P) is the event of p modules 
available out of the ~ ones within the h-th 
combination, then 

~(p) = Pr{ (5) 

in which the union U is extended to all the feasible 
combinations providing p modules from i to j. It is 
to be noted that ak(p) ~s a monotonically non
increasing function of the p available modules. 

The definition of such a p-function allows the 
pursuing of effective reliability goals for the 
transmission network synthesis. Good objectives seem 
to be: (1) the providing, with a very high 
probability, the availability of limited shares, i.e. 
< 20% for example, of the total installed logical 
capacity; (2) the assuming that the unavailability of 
great capacity shares, 1. e. > 80% for example, does 
not overcome a prescribed value. These goals are 
consistent with the effect of the multipath routing 
procedure; in fact availability improvements at small 
capacity shares must cause availability degradations 
at great capacity shares. 

4.3. PG design methodology 

The problem of minimum cost circuit routing 
without constraints has been extensively investigated 
in literature; in particular, as staircase functions 
seem to be the most effective way to model the costs 
of transmission circuits, the "l-optimum algorithm 
(Ref. [8]) is adopted. It is remarked that this 
algorithm guarantees the convergence of the procedure 
towards a sub-optimal solution, if referred to the 
most general cost minimization problem. 

The synthesis relies upon the iteration of the 
basic >-l-optimal algorithm: it consists in finding 
the minimum cost single-path routing for all the 
logical capacities; one at a time is processed, the 
others being unchanged. That is accomplished by 
removing from the actual network the ~ capacity, as 
reSUlting from the circuit routing in the preceding 
iteration, and by finding its new best routing. If 
the c-function value at the i-th iteration is less 
than the value at the (i-i)-iteration, the basic 
Al-optimal algorithm is performed again, otherwise 
the Al-oPtimal solution has been found. The iterative 
performing of the basic Al-optimal algorithm will be 
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referred to as ~-procedure. 
The basic idea for improving reliability 

performances is the adoption of a multipath circuit 
routing, meaning that more than one path is selected 
to support a given capacity in accordance with 
suitable capacity shares on each path. Between the 
expected reliability improvements (which are as 
greater as the path number increases) and the related 
computational burden of the synthesis procedure, a 
reasonable trade-off suggests the adoption of a two
path routing. 

In general a two pa th rout ing of a capaci ty is 
more expensive than a single path routing; then the 
constrained . synthesis consists in iteratively 
applying the A1-procedure for decreasing capacity 
module amounts on the second path, as long as the 
reliability constraint is not satisfied by the ~(p) 
function. 

The adopted approach, starting from the minimum 
cost single path circuit routing, basically consists 
in gradually and iteratively applying a 2-path 
routing on one or more ck's properly selected in 
order to satisfy the reliability constraints. As in 
general the extra-cost due to the 2-path routing is 
proportional to the percentage of circuits diverted 
on the second path, the rule is followed to proceed 
iteratively at increasing step sizes of that 
percentage. 

5. NE'llnU( PERF<EMANCE EVALUATI~ 

In Sections 3 and 4 the network synthesis has 
been carried out separately in the LG and PG contexts 
under performance constraints referring, on the one 
hand, to only traffic phenomena, and, on the other 
hand, to only failure/repair phenomena. Now an 
attempt is made in order to define performance 
figures grades of service (GOS) a11lUng to 
characterize the behaviour of theresulting network 
in terms of joint evolution of congestion and 
reliability performances. 

For this purpose. congestion phenomena are here 
supposed to reach statistical equilibrium conditions 
in each F /R-process state assumed by the network 
during its steady state evolution. In particular the 
significant PG failure configurations must be mapped 
onto the LG structure, in such a way that the T
process evolution can be evaluated with reference to 
the actual availability of logical resources as 
resulting from real failures in the physical network. 

A significant network GOS figure can be 
identified with reference to he probability 
distribution function of the packet end-to-end delay; 
the network GOS figure can be assumed as the value of 
such a distribution function computed for a specific 
value tref of its arglUIlent. Thus this GOS figure 
(ranging from 0 to the unity) represents the 
probabili ty that the considered packet end-to-end 
delay is not greate r t han t ref • Consequent ly , for a 
given t ref , higher GOS values correspond to better 
network performances. 

In general the above GOS figure is dependent on: 
(1) the specific F /R network state , which has been 
considered within the set S; (2) the specific traffic 
relation assumed in the network analysis; (3) the 
specific traffic level which is supposed to load the 
network. About this last item, let b efR denote the 
reference offered traffic matrix afsumed for the 
network COS evaluation; the multiplicative 
coefficient bref (bref>O ) will be referred to as 
traffic level. 

(x) ) As a basic GOS figure Hij (tref , bref denotes 

the GOS value characterizing the network loaded by 
the traffic level bref , considered in the state x ~ S 
and with reference to t~e) specific (i-j)-traffic 
relation; therefore Hi~ (tref,bref) is the 
probability that the end-(o-end delay of packets 
belonging to the (i-j)-traffic is not greater than 
tref in the network state x E S and under the traffic 
level bref • It is understood that, if increasing 
values ot bare' considered starting from 0, the 
function Hf~tref,bref) is non-increasing; moreover 
if the (t-j)-relation 1S disconnected in the state x, 
then Hfj (tref,bref)=O, independently of the bref and 
tref vaIues. 

Starting from the basic Hg)(tref,bref) 
definition, other more general GOS figures can 
straightforwardly defined by performing, either 
separately or jointly, averaging operations in the 
F/R state set S, or in the set of the traffic 
relations, or in the range of the feasible traffic 
levels. As far as the traffic level averaging is 
concerned, we outline that the LG synthesis has been 
carried out on the basis of the specific traffic 
level bref=l. In this condition the mean value T has 
been constrained to be not greater than T bj" 
Neverthless, in actual network operation the tr~f1c 
level bref is a random variable whose distribution 
must be specified in order to delimit the range of 
bref values to be investigated in the network 
performance evaluation. A reasonable choice seems to 
be the assuming a probability density function 

Kb ef(z) for bref such that T~Tob' (or equivalently 
z9J with a prescribed probabilit};J Pref (e.g. equal 
to .0.95). 

The average operated within the set of the 
traffic relations, the other parameters being fixed, 
provides this other GOS figure 

H(x)(t b ) = __ 1__ ~ r H(x)(t b ) (6) 
ref' ref ij ij ref' ref 

r i,jE NL 

Moreover, if the F/R state set or the set of feasible 
traffic levels are considered separately to average 
th~ preceding GOS figure, two other figures can be 
obtained as follows 

1 
H(t ef,b f) =--

r re P 
S 

\' (x) 
~ P H (t f,b ef) 

S 
x re r 

X( 

H(X)(t ) =100 H(X)(t ,z) K (z) dz 
ref 0 reforef 

(7) 

(8) 

Finally, by jointly operating the last two 
averages, we obtain the following global GOS figure 

(9) 

In conclusion we remark that, even if other GOS 
figures derived from the basic one could have been 
defined, those merit figures here introduced seem the 
most significant to characterize network 
performances. 

6. APPLICATION EXAMPLE 

A case study is here considered as an 
application example of the proposed procedure for a 
PSN topological design. Figure 1 shows the LG 
topology, in which ~=12, bL=21; the mean offered 
traffic matrix R is given in Table 1 and a mean 
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packet length q=1200 bit has been assumed; 
furthermore cO=64 kbit/s and ne =8. About the LG c
funCtiQn,( as given in Eq (1), the positiQn 
d.=A~L)+B L)s. has been made, in which A(L)=12, B~L)_ 
=~; moreover 1w=200. The delay target Tob ' equals 80 
ms a~ the propagation delay has been fix~d equal to 
5'10- s/km. 

A PG initial topology coincident with the LG one 
has been assumed, Le. Np=~, ~=~ and tp=tL' The PG 
c-function, 10~ tc1e h-th transmission circuit, is 
given by n(A P +B P)lh)' i~ which t~e vector L is 
provided in Table 2, A(P =12, B(P =2 and n=31, 
compatibly with the 1-st order European POI 
multiplex. Only this kind of multiplex is supposed to 
be adopted in this application example. 

As regards reliability aspects, with reference 
to fff h-th transmission circuit, the unavailability 
1-vh of line devices t~ contained in Table 2, while 
the unavailability I-v~ (p) of circui t termi~~ can 
be expressed by the approximate law (60+12p)1O • The 
unavailability target for each logical branch is 
given in Fig. 2, showing also the resulting l-~(p) 
function, k corresponding to the logical branch 9-11, 
as obtained by means of Eq. (S) at the end of the 
circuit routing procedure. 

The results of the LG synthesis, i.e. the 
vectors e, F, E, G (expressed in the normalized form 
as defined in Par. 3.1), and of the PG synthesis, 
i.e. the vector K, are summarized in Table 2. It is 
observed that some of the initial physical branches 
have not been used by the circuit routing procedure. 
Horeover, by referring to the PG c-function, we can 
report that the cost increase due to the two-path 
circuit routing (as imposed by the constraints 
described in Fig. 2) has resulted of the order of 
30%, with respect to the synthesis with a single path 
routing. 

About the performance analysis of the 
synthesized network, failures of only one physical 
branch at a time have been considered. Moreover, in 
each x network state and for(e)ch considered traffic 
level bref , the function H x (tref , bref ) has been 
computed on the basis of the traffic routing 
resulting from a FD procedure. 

By examining now some samples of (f)he obtained 
COS figures, Figs. 3 and 4 show the H x (t ef' b ef) 
behaviour [as obtained from Eq. (6)] in the ~taterx=O 
and (as a sample for failure states) in the other 
state corresponding to the failure of the 5-9 
physical branch. In these Figures the four curves 
refer to different traffic levels: in particular the 
b ef values adopted for x:fO (Fig. 4) are half of 
t~ose adopted for x=0 (Fig. 3). It is to be reamarked 
that a maximum traffic level brefM can be identified 
for each network state different from a disconnected 
one: for each traffic level bref~b efM' the network 
GOS is equal to 0 independent of the selected t • 
In the above considered states the values brefH=1~02 
and 0.S3 have been obtained, the former value 
referring to x=0. Figures 3 and 4 show how COS 
figures degrade, for a given t ref , as the traffic 
level increases. 

In the Fig. S, the GOS figure H( tref ' bref ) [as 
obtained from Eq. (7)] is plotted, for four tn~f 
values, as a function of the traffci level b ef 1n 
the range (0-1.02). By considering t ref value~ near 
to Tobj (treJ 80 ms), the COS value shows to be 
better than 0.9 for a wide range of b f (b f<0.8S), 
while it becomes about 0.5 for a traff1c l~~el equal 
to the design one (bref=1). 

As regards the distribution density function 
Kbref(2) , a S-th order erlangian function has been 

a ssumed, by imposing Pref=0.95. The resulting 

H(X)(tref ) function [as obtained from Eq. (8)], for 
the same states considered in Figs. 3 and 4, is 
plotted in Fig. 6. It shows that the COS figure for 
the state x=0 is as much better than the GOS figure 
for the state x.=f0 as much b ef increases: that is 
apparently due to the di!ferent brefM values 
characterizing the two considered states. 

Finally Fig. 7 plots the H(tref ) function 
representing a global merit figure according to Eq. 
(9). It is outlined that the curve A of Fig. 6 is 
practically the same as the one in Fig. 7, since the 
probabilistic weight of the state x=0 is largely 
predominant over that of all the other states x( S. 

7. OONCUJSIOR> 

The design method here introduced has showed to 
be feasible and effective in the assumed contexts and 
under the choosen design functions. However some 
topics appear to be attractive for further study. We 
refer in particular to: (1) the definition of 
perturbation algorithms to be applied for modifying 
the starting LG topology in case of unsatisfied delay 
constraint; (2) the identification of a more 
significant model for representing the LG context 
with specific reference to protocol implications. 
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Table 1: Mean offered traffic matrix R (packet/s) 

0 64.0 53.3 21.3 21 .3 21.3 53.3 53.3 64.0 53.3 106.7 106.7 
64.0 0 21.3 53.3 21.3 42.7 53.3 64.0 64.0 64.0 106.7 106.7 
53.3 21.3 0 42.7 21.3 53.3 21.3 42.7 64.0 53.3 42.7 53.3 . 
21.3 53.3 42.7 0 21.3 42.7 64.0 53.3 42.7 64.0 64.0 42.7 
21.3 21.3 21.3 21.3 0 21.3 21.3 21.3 21.3 21.3 21.3 64.0 
21.3 42.7 53 .3 42.7 21.3 0 21.3 64.0 53.3 53.3 64.0 21.3 
53.3 53.3 21.3 64.0 21.3 21.3 0 53.3 21.3 21.3 64.0 42.7 
53.3 64.0 42.7 53.3 21.3 64.0 53.3 0 42.7 64.0 21.3 53.3 
64.0 64.0 64.0 42.7 21.3 53.3 21.3 42.7 0 21.3 64.0 64.0 
53.3 64.0 53.3 64.0 21.3 53.3 21.3 64.0 21.3 0 53.3 42.7 

106.7 106.7 42.7 64.0 21.3 64.0 64.0 21.3 64.0 53.3 0 42.7 
106.7 106.7 53.3 42.7 64.0 21.3 42.7 53.3 6:4.0 42 .7 42.7 0 

Table 2: Design input data and output results 

LG context PG context 

data sw itch transm. L l-V(2) 

I ink C F node E G cl rcui t (Km) (xl0-3 ) M 

1 - 2 2 1.69 1 24 23.20 1 - 2 80 1.32 16 
1 - 4 11 9.91 2 32 25 .77 1 - 4 50 .82 27 
2 - 3 2 1.69 3 24 20.04 2 - 3 70 1.13 15 
2 - 4 1 0.80 4 40 38.23 2 - 4 100 1.63 0 
2 - 5 10 9.19 5 88 85.67 2 - 5 200 3.29 0 
3 - 4 2 1.66 6 24 20.06 3 - 4 90 1.47 0 
3 - 5 6 5.30 7 24 16.40 3 - 5 100 1.63 0 
3 - 6 3 2.58 8 40 35.44 3 - 6 60 .97 18 
4 - 5 18 16.25 9 24 20.38 4 - 5 80 1.32 25 
5 - 6 8 7.20 10 48 44.05 5 - 6 70 1.13 26 
5 - 7 7 6.53 11 32 24.67 5 - 7 150 2.44 6 
5 - 8 15 14.26 12 32 24.00 5 - 8 280 4.60 19 
5 - 9 7 6.52 5 - 9 300 4.91 19 
5 - 10 16 15.22 5 - 10 350 5.72 0 
6 - 7 2 1.67 6 - 7 80 1.32 5 
8 - 10 3 2.48 8 - 10 40 .66 30 
8 - 12 10 8.70 8 - 12 60 .97 1 
9 - 10 3 2.52 9 - 10 60 .97 22 
9 - 11 2 1.54 9 - 11 100 1.63 1 

10 - 11 12 10.92 10 - 11 60 .97 13 
10 - 12 4 3.30 10 - 12 50 .82 13 
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Fig. 4 - Figure H(X)(tref,bref) for the 5-9 failure 
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