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ABSTRACT 

The paper describes the work done on 
"Load Sharing Dynamic Routing" applied to 
telephone networks. A model for the 
traffic in a n-stage telephone network 
operating under the load sharing policy 
is developed. An algorithm is described 
where the optimal load sharing 
percentages are calculated in order to 
minimize the global loss of the network 
assuming a constant mean offered traffic. 
A centralised control algorithm is 
described and it is used to dynamically 
regulate the network by tracking the 
optimal carried traffic calculated at the 
previous step. A simulation program has 
been used to validate the algorithms. 
Finally some of the conclusions obtained 
are presented. 

1. INTRODUCTION 

The Dynamic Routing concept, as 
opposed to the hierarchical routing one, 
appeared in the Traffic literature during 
last years as a consequence of the 
introd 'lction of modern digital exchanges 
and CCS techniques. 

Szybicki, Bean, etc. [1], developed 
algorithms to dynamically route the calls 
progressing through a metropolitan 
network considering the exchanges as 
decision points where calls should be 
diverted according to the expected number 
of · free trunks. 

Karstad and Stordahl [2] developed 
ARIMA models to forecast the network 
traffic and applied the same routing 
philosophy as mentioned above. 

Ash, Kafker and Khrishnan [3] have 
applied DNHR to intercity networks. 
Cameron et al. [4] also report an 
extension of Szybicki's method to the 
intercity Canadian network. Field [5] 
reports results from its application to 
the Chicago metropolitan network. 

Results of the DNHR algorithms 
performing under overload conditions have 
being given by Akimpelu [6]. 

The approach used here is the Load 
Sharing Dynamic Routing (LSDR) which 
means the "sharing" of traffic load from 
any origin to any destination through all 
allowed routes in the network. 

The load sharing policy has been 
taken from J. Bernussou and A. Titli [7] 

which they have applied to the overflow 
traffic routing problem of a telephone 
network with just one intermediate stage 
between the origin and destination nodes. 

The aim of this paper is to apply 
Load Sharing Dynamic Routing to all type 
of traffic flows in a n-stage telephone 
network in order to keep it working in an 
environment where the global traffic loss 
in the long run is minimized. A new 
traffic model is developed here applying 
to a far more general network, i.e. a 
network where routing is allowed throught 
any number of intermediate nodes. 

Looking at the characteristics of the 
traffic offered to a network two aspects 
can be distinguished: 

the average busy hour traffic which 
varies slowly, and 
the fluctuations (random) around the 
average traffic. 

Based on these traffic characteris
tics the idea is firstly to find the 
optimal sharing traffic percentages which 
make the network work with a minimum 
global traffic loss assuming a constant 
mean offered traffic, and secondly to 
design a control procedure to adjust 
those percentages in order to keep the 
global loss traffic as low as possible 
correcting the effect produced by the 
random traffic fluctuations. 

Having distinguished these two basic 
parts a vertical decomposition of the 
problem is done taking into account the 
complexity of the control function. 

The two control levels considered in 
a bottom-up order are: 

Regulation of the network, i.e. direct 
control over the network once the 
optimum load sharing parameters have 
been defined for a given offered 
traffic. 
Dynamic optimization, i.e. determina
tion of the inputs to the regulation 
process. Each time the mean offered 
traffic or trunk matrices substan
tially change the optimization module 
calculates the new set points to be 
tracked by the regulation process. 

The paper is then split into two 
parts, the first one deals with the 
traffic model of the network and the 
solution of the optimization problem, the 
second one is related with the design of 
a centralized control mechanism. 
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2. NETWORK DESCRIPTION AND NOTATION 

The network is formed up of a set of 
nodes of different types: end, transit or 
end-transit nodes. 

N = { i 

The nodes are 
end nodes, T for 
nodes having both 

These nodes 
links, being the 

denoted as type E for 
tandem and ET for those 
characteristics. 
are interconnected by 

set L defined as: 

L . { (ij) i,j € N, lij > 0 } 

where 1.. is the number of circuits 
between i 1

) and j. 
The end or end-transit nodes combines 

between them to form up the set of 
origin-destination pairs, being this set 
defined as: 

OD = { (o,d) o,d € N: o,d ~ T } 

Associated to the set OD is the 
offered traffic matrix A, their elements 
being the mean offered traffic between 
each origin and destination pair. 

Each pair (o,d) has a set of routes, 
which is defined as the set of all 
possible routes from 0 to d, this means 
direct traffic (if possible) and traffic 
through any allowed number of stages 
(intermediate tandems). The set is 
defined as: 

i 
r od I 1 ~ i ~ nod } 

number of allowed routes 

riOd = i-th route from 0 to d 

A route is defined as the series of 
nodes a call passes through on its path 
from its origin to its destination. 
Associated with these sets of routes 
there are sets of sharing percentages 
defined by: 

i 
s od I 1 ~ i ~ nod } 

i s od= i-th percentage of traffic flow 
i 

from 0 to d through the route r od € Rod' 

The s' must satisfy: 
nod 
~i 
L... s od 
i=l 

i 
1 and V i: s od ~ 0 

3. TRAFFIC MODEL 

The following 
considered: 

assumptions are 

Offered traffic follows a Poissonian 
law. 
Holding times of calls are equally 
distributed according to the negative 
exponential law with mean taken as the 
unity for the sake of convenience. 
Traffic process can be modeled by 
using only the first moment approach. 

The apparent simplicity of the resul-

tant network model in which only the 
first moment of the traffic flows are 
considered could be surprising when 
comparing with other classical models 
such as the Equivalent Random Model, the 
Interrupted Poisson Process, etc., that 
were developed to cope with the overflow 
traffic problem. Nevertheless it should 
be considered that in the proposed Load 
Sharing Routing policy there is no 
traffic overflow and consequently ·all 
flows keep the Poissonian characteristic 
of the original offered traffic. 
Therefore the first moment approach here 
seems to be consistent. 

The model which is to be used is 
derived from the well known Markovian 
formulation of traffic processes, in 
which the carried traffic variations in a 
trunk are related with the offered 
traffic and the loss probabilities. 

For any link ij there is a mean 
~arried traffic ~ij being 

c .. = - c .. + ~ A d ~ s ( 1 - Pr) 
1) 1) (O~OD 0 Gllcr,r 

where r€Rod ( 1 ) 

2 s 1 (2 ) 
r€Rod 

r 

and · 
s ~ 0 (3 ) 

r 
Aod is the mean offered traffic from o to 

d, Pr is the loss probability in route r 

and sr is its associated load sharing 

percentage. 
The calculation of the loss probabil

ities across a route is a serious problem 
since they depends on the loss probabili
ties on all the links forming the route 
which are not independent. Nevertheless 
this dep·endence can be disregarded in 
large networks since of the many flows 
passing through a link only one is going 
to use the next links in the route at the 
same time. 

In such situations the independence 
of those probabilities can be assumed and 
then it can be written 

.1 - P = n ( 1 - p .. ) 
r (ij)Cr 1) 

(4 ) 

The calculation of p .. is done by 
1) 

means of the following approximation: 

Pij= E ( T .. ,1 .. ) (5 ) 
1] 1 ] 

where T .. is a fictitious offered traffic 
1) 

which would give in the stationary 
situation a carried traffic c ij ' Le. [7] 

c ij = Tij [ 1 - E ( Tij,lij) (6) 

4. OPTIMIZATION 

4.1 Optimization Prob1em 

The optimizing criterion chosen here 
is the global loss in the network (number 
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of calls lost over the whole network). 
To calculate the load sharing 

percentages that minimizes the global 
loss in the network it is as sumed that in 
the stationary case the offered traffic 
matrix A remains constant. Under this 
assumption the criterion can be expres se d 
as 

min J(s) = ~ Aod [1 -~Sr(l - Pr)] 
(o,d)eOD reRod (7) 

subject to the traffic equations in the 

stationary case, 

c .. ~ Ad 
1) (o,d)€OD 0 

i.e. when c .. 
1) 

2s 
(i j )Cr, r 

1 

reRod 
and (2), (3), (4), (5) and (6). 

o 

(8 ) 

This is a multivariab le non linear 
optimization problem with equality and 
non equality constraint s which is solved 
applying a conventional step-size 
procedure along a direction of descent. 

4.2 Some Resuits 

Let consider the network shown in 
Fig. 1. The network has three local a~d 
two tandem exchanges. (The alternate 
routing pattern is for later use). 

EXCH.4 

EXCH.3 EXCH. ~ 

Figure 1 

Input data is given in Table 1. 

INPUT DATA 

TRlH< MATRIX 

TO TANDEM1 TANDEM2 EXCH.3 EXCH.4 EXCH.5 
FROM 

TANDEM1 0 30 60 
TANDEM2 0 0 60 
EXCH.3 70 70 0 
EXCH.4 70 70 SO 
EXCH . 5 70 70 SO 

TRAFFIC MATRIX 
============== 

FROM 

EXCH.3 
EXCH.4 
EXCH.5 

TO EXCH.3 EXCH.4 EXCH.5 

0.00 150.00 150.00 
110.00 0.00 110.00 
110.00 110.00 0.00 

60 
60 
80 

0 
SO 

TOTAL OFFERED TRAFFIC 740.00 ERLANGS 
===================== 

Table 1 

Table 2 gives the set of routes. 

60 
60 
80 
SO 

0 

LIST OF COMPLETE ROUTES 

ROUT 1 
R0UT2 
ROUH 
R0UT4 

ROUTS : 
R0UT6 : 
R0UT7 : 
ROUTS : 

R0UT9 : 
R0UT10: 
ROUT11: 
ROUT12: 

. ROUT13: 
ROUT14: 
ROUT15: 
ROUT16: 

R0UT17: 
R0UT1S: 
ROUT19: 
R0UT20: 

EXCH.3 EXCH.4 
EXCH.3 TANDEM1 EXCH.4 
EXCH.3 TANDEM1 TANDEM2 EXCH.4 
EXCH.3 TANDEM2 EXCH.4 

EXCH.3 EXCH.5 
EXCH.3 TANDEM1 EXCH.5 
EXCH.3 TANDEM1 TANDEM2 EXCH.5 
EXCH.3 TANDEM2 EXCH.5 

EXCH.4 EXCH.3 
EXCH.4 TANDEM1 EXCH.3 
EXCH.4 TANDEM1 TANDEM2 EXCH.3 
EXCH.4 TANDEM2 EXCH.3 

EXCH.4 EXCH.5 
EXCH.4 TANDEM 1 EXCH.5 
EXCH.4 TANDEM1 TANDEM2 EXCH.5 
EXCH.4 TANDEM2 EXCH.5 

EXCH.5 EXCH.3 
EXCH.5 TANDEM1 EXCH.3 
EXCH.5 TANDEM1 TANDEM2 EXCH.3 
EXCH.5 TANDEM2 EXCH.3 

R0UT21: EXCH.5 EXCH.4 
ROUT22: EXCH.5 TANDEM1 EXCH.4 
R0UT23: EXCH.5 TANDEM1 TANDEM2 EXCH.4 
R0UT24: EXCH.5 TANDEM2 EXCH.4 

Table 2 

The theoretical results showing the 
optimal carried traffic per link and the 
optimal load sharing percentages for each 
route are in Tables 3 and 4. 

OPTIMIZING RESULTS - LSDR : LIt«S 
================================= 

FROM TO CARRIED TRAF. LOSS PR08. 
------------- ----------

TANDEM1 TANDEM2 19.101 0.0055 
TANDEM1 EXCH.3 44.799 0.0055 
TANDEM1 EXCH.4 49.453 0.0254 
TANDEM1 EXCH.5 49.453 0.0254 
TANDEM2 EXCH.3 46.192 0.0091 
TANDEM2 EXCH.4 50.112 0.030S 
TANDEM2 EXCH.5 50.112 0.0308 
EXCH.3 TANDEM1 62.940 0.0732. 
EXCH.3 TANDEM? 62.627 0.0676 
EXCH.3 EXCH.4 74.059 0.1019 
EXCH.3 EXCH.5 74.059 0.1019 
EXCH.4 TANDEM1 51.400 0.0024 
EXCH.4 TANDEM2 34.148 0.0000 
EXCH.4 EXCH.3 63.621 0.0073 
EXCH.4 EXCH.5 68.395 0.0262 
EXCH.5 TANDEM1 51.400 0.0024 
EXCH ~ 5 TANDEM2 34.148 0.0000 
EXCH.5 EXCH.3 63.621 0.0073 
EXCH.5 EXCH.4 68.395 0.0262 

Table 3 

OPTIMIZING RESULTS - LSDR : SHARING PERCENTAGES 

NO. VALUE ON ROUTE CARRIED TRAF. LOSS PROS. 
------------- ----------

* 0.5497 Roun 74.059 0.1019 
1 0.1996 R0UT2 27.041 0.0968 
2 0.0268 R0UT3 3.590 0.1067 
3 0.2239 R0UT4 30.349 0.0963 

--------------------------------------------------* 0.5497 ROUTS 
4 0.1996 R0UT6 
5 0.0268 R0UT7 
6 0.2239 R0UT8 

* 0.5826 R0UT9 
7 0 . 2053 ROUT 10 
8 0.0268 ROUT 11 
9 0.1853 ROUT12 

* 0.6385 ROUT13 
10 0.2096 ROUT 14 
11 0.0268 ROUT 15 
12 0.1251 ROUT16 

* 0.5826 ROUT17 
13 0.2053 ROUT18 
14 0.0268 ROUT19 
15 0.lS53 R0UT20 

* 0.6385 R0UT21 
16 0.2096 R0UT22 
17 0.0268 R0UT23 
IS 0.1251 R0UT24 

TOTAL CARRIED TRAFFIC 

74.059 
27.041 
3.590 

30.349 

63.621 
22.400 

2.S97 
20.199 

68.395 
22.413 

2.S33 
13.340 

63.621 
22.400 
2.897 

20.199 

68.395 
22.413 
2.833 

13.340 

0.1019 
0.0968 
0.1067 
0.0963 

0.0073 
0.0080 
0.0170 
0.0091 

0.0262 
0.0278 
0.0385 
0.0308 

0.0073 
0.0080 
0.0170 
0.0091 

0.0262 
0.0278 
0.0385 
0.0308 

702.270 ERLANGS 

(THE * MARKS THE NON-BASIC VARIABLES FOR CONTROL) 

Table 4 
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A simulation program has been written 
to simulate a network operating under the 
LSDR policy. 

Tables 5 and 6 show the simulation 
results of the studied example. The 
simulation length is 3 hours and 50,000 
calls have been generated in that time, 
routing has been done with the fixed load 
sharing percentages calculated theoreti
cally. 

All simulation results have been 
obtained with a 95% confidence and 
confidence intervals are in the range of 
10%. 

SIMULATION RESULTS - LSDR 

CARRIED TRAFFIC IN TRUNK GROUPS 

FROH TO CARRIED TRAFFIC 
---------------

TANDEM1 TANDEM2 17.3453 
TANDEM1 EXCH.3 43.7265 
TANDEM1 EXCH.4 49.6130 
TANDEM1 EXCH.5 49.2656 
TANDEM2 EXCH.3 43.1662 
TANDEM2 EXCH.4 49.9065 
TANDEM2 EXCH.5 51.5676 
EXCH.3 TANDEM1 61.3936 
EXCH.3 TANDEM2 62.0471 
EXCH.3 EXCH . 4 73 . 9595 
EXCH.3 EXCH.5 74.0366 
EXCH.4 TANDEM1 50 . 1512 
EXCH.4 TANDEM2 33.0724 
EXCH.4 EXCH.3 64.2328 
EXCH.4 EXCH.5 66.1054 
EXCH.5 TANDEM1 48.4078 
EXCH.5 TANDEM2 32.1755 
EXCH.5 EXCH.3 63.6354 
EXCH.5 EXCH.4 69.9184 

Table 5 

SIMULATION RESULTS - LSDR 

END-TO-END OFFERED AND CARRIED TRAFFIC 

FROH TO OFFERED CARRIED 

EXCH.3 EXCH.4 148.8752 135.8667 
EXCH.3 EXCH.5 149.0460 135.5721 
EXCH.4 EXCH.3 106.7374 106.1565 
EXCH.4 EXCH.5 110.8510 107.4053 
EXCH.5 EXCH.3 107.2664 106.6064 
EXCH.5 EXCH.4 111.9626 107.5307 

TOTAL OFFERED TRAFFIC 736.7385 
===================== 

TOTAL CARRIED TRAFFIC 701.1377 
===================== 

Table 6 

The shown results as well as many 
others, for a lot of different networks 
and situations, validate the network 
traffic model. 

In order to compare the behavior of 
the network operating unde r LSDR with the 
behavior of the classical alternate fixed 
routing policy, another simulation pro
gram for alternate hierarchical routing 
policy has been run. 

Tables 7 and 8 show the simulation 
results with the alternate routing 
policy. Fig. 1 showed the alternate 
routing pattern for the traffic going 
from EXCH.3 to EXCH.4 which has been 
used in this example. Similar patterns 
apply to the other origin destination 
pairs, being omitted in the figure for 
simplicity. 
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SIMULATION RESULTS - A.R. 
========================= 

CARRIED TRAFFIC IN TRUNK GROUPS 
=============================== 

FROH TO CARRIED TRAFFIC 
---------------

TANDEM1 TANDEM2 22.10 
TANDEM1 EXCH.3 52.04 
TANDEM1 EXCH.4 54.66 
TANDEM1 EXCH.5 54.94 
TANDEM2 EXCH.3 8.80 
TANDEM2 EXCH.4 41.06 
TANDEM2 EXCH.5 39.83 
EXCH.3 TANDEM1 68.61 
EXCH.3 TANDEM2 58.52 
EXCH.3 EXCH.4 80.06 
EXCH.3 EXCH.5 79.57 
EXCH.4 TANDEM1 56.87 
EXCH.4 TANDEM2 4.77 
EXCH.4 EXCH.3 78.45 
EXCH.4 EXCH.5 78.20 
EXCH.5 TANDEM1 58.26 
EXCH.5 TANDEM2 4.31 
EXCH.5 EXCH.3 79.02 
EXCH.5 EXCH.4 76.64 

Table 7 

SIMULATION RESULTS - A.R. 

END-TO-END OFFERED AND CARRIED TRAFFIC 
====================================== 

FROH TO OFFERED CARRIED 

EXCH.3 EXCH.4 148.88 142.58 
EXCH.3 EXCH.5 149.05 141.58 
EXCH.4 EXCH.3 108.74 107.90 
EXCH.4 EXCH.5 110.85 109.11 
EXCH.5 EXCH.3 107.27 106.64 
EXCH.5 EXCH.4 111.96 109.65 

TOTAL OFFERED TRAFFIC 736.74 
===================== 
TOTAL CARRIED TRAFFIC 717.46 
===================== 

Table 8 

It is interesting to notice the 
difference between the carried traffic 
per link distribution in both cases. The 
total carried traffic in the alternate 
routing case (AR) is greater than the 
LSDR case, but this difference is not 
significative since it lies inside the 
confidence interval of the simulation. 
These results are as it can be expected 
since the network is well dimensioned and 
the alternate routing policy behaves 
optimally in these cases. 

The question now is, what happens 
when the network is not well dimensioned 
or even more if a link or exchange break 
down. 

Let suppose now that the trunk matrix 
of the network becomes for any reason the 
one shown in Table 9, where a partial 
breakdown of links going from TANDEM.l to 
TANDEM. 2, EXCH.4 and EXCH.5 is assumed. 

INPUT DATA 

TRUNK MATRIX 

TO TANDEM1 TANDEMZ EXCH.3 EXCH.4 EXCH.5 
FROM 

TANDEM1 0 10 60 20 20 
TANDEM2 0 0 60 60 60 
EXCH.3 70 70 0 60 60 
EXCH.4 70 70 80 0 80 
EXCH.5 70 70 60 80 0 

Table 9 
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The LSDR algorithm detects this fact 
and finds a new set of optimal load 
sharing percentages to cope with this new 
situation producing the results shown in 
Tables 10 and 11. The total carried 
traffic value in the AR case is the one 
shown in Table 12. 

OPTIMIZING RESULTS - LSDR: LINKS 
================================= 

FROM TO CARRIED TRAF. LOSS PROS. 
------------- ----------

TANDEM1 TANDEM2 6.818 0.1045 
TANDEM1 EXCH.3 46.002 0.0085 
TANDEM1 EXCH.4 18.039 0.2849 
TANDEM1 EXCH.5 18.039 0.2849 
TANDEM2 EXCH.3 45.S28 0.0072 
TANDEM2 EXCH.4 54.248 0.0969 
TANDEM2 EXCH.5 54.248 0.0969 
EXCH.3 TANDEM1 49.624 0.0012 
EXCH.3 TANDEM:: 62.454 0.0647 
EXCH.3 EXCH.4 76.058 0.1712 
EXCH.3 EXCH.5 76.058 0.1712 
EXCH.4 TANDEM1 27.419 0.0000 
EXCH.4 TANDEM2 48.361 0.0007 
EXCH.4 EXCH.3 63.335 0.0067 
EXCH.4 EXCH.5 73.416 0.0871 
EXCH.5 TANDEM1 27.419 0.0000 
EXCH.5 TANDEM2 48.361 0.0007 
EXCH.5 EXCH.3 63.335 0.0067 
EXCH.5 EXCH.4 73.416 0.0871 

Table 10 

OPTIMIZING RESULTS - LSDR: SHARING PERCENTAGES 
=============================================== 

NO. VALUE ON ROUTE CARRIED TRAF. LOSS PROB. 
------------- ----------

* 0.6118 R0UT1 76.058 0.1712 
1 0.1536 R0UT2 16.454 0.2858 
2 0.0120 R0UT3 1.457 0.1922 
3 0.2226 ROUT4 28.201 0.1554 

--------------------------------------------------* 0.6118 ROUTS 
4 0.1536 R0UT6 
5 0.0120 R0UT7 
6 0.2226 ROUT8 

* 0.5797 ROUT 9 
7 0.2109 R0UT10 
8 0.0082 ROUT11 
9 0.2013 ROUT12 

* 0.7311 ROUT13 
10 0.0201 ROUT 14 
11 0.0101 R0UT1S 
12 0.2387 ROUT 16 

* 0.5797 ROUT17 
13 0.2109 ROUT 18 
14 0.0082 ROUT19 
15 0.2013 R0UT20 

* 0.7311 R0UT21 
16 0.0201 R0UT22 
17 0.0101 R0UT23 
18 0.2387 R0UT24 

76.058 
16.454 
1.457 

28.201 

63.335 
23.001 
0.798 

21. 966 

73.416 
1.585 
0.896 

23.693 

63.335 
23.001 
0:798 

21.966 

73.416 
1.585 
0.896 

23.693 

0.1712 
0.2858 
0.1922 
0.1554 

0.0067 
0.0085 
0.1109 
0.0079 

0.0871 
0.2849 
0.1913 
0.0975 

0.0067 
0.0085 
0.1109 
0.0079 

0.0871 
0.2849 
0.1913 
0.0975 

TOTAL CARRIED TRAFFIC 661.720 ERLANGS 

(THE * MARKS THE NON-BASIC VARIABLES FOR CONTROL) 

Table 11 

SIMULATION RESULTS - A.R. 
========================= 

END-TO-END OFFERED AND CARRIED TRAFFIC 
====================================== 

FROM TO OFFERED 

EXCH.3 EXCH.4 148.88 
EXCH.3 EXCH.5 149.05 
EXCH.4 EXCH.3 108.74 
EXCH.4 EXCH.5 110.85 
EXCH.5 EXCH.3 107.27 
EXCH.5 EXCH.4 111.96 

TOTAL OFFERED TRAFFIC 
===================== 
TOTAL CARRIED TRAFFIC 
===================== 

Table 12 

CARRIED 

94.78 
95.57 

104.52 
85.48 

102.84 
86.38 

736.74 

569.56 

This adaptation 
main advantage of 
networks are being 

capability 
LSDR. When 
operated it 

is the 
bigger 
cannot 

be easy to change the alternate routing 
pattern to cope with the new situation. 

5. CENTRALIZED CONTROL 

5.1 Introduction 

The optimization model assumes that 
the traffic offered to the network 
remains constant disregarding the 
fluctuations of this " traffic around its 
mean value. 

In fact the perturbations induced by 
the random process associated to the 
offered traffic are not negligible and 
the solution obtained with the 
optimization model would not be 
applicable in a long term run if 
significant deviations from the average 
conditions are produced. 

"Therefore a continuous surveillance 
of the state of the network (the mean 
carried traffic per link) and the 
updating of the load sharing percentages 
are necessary in order to smooth the 
effect of the transient perturbations 
keeping the network operating near the 
optimal situation. 

To accomplish this objective a 
control mechanism of the regulation type 
is proposed. It acts measuring the 
deviations of the current states of the 
links from the target ones (the optimal 
ones calculated before) and modifies the 
load sharing percentages in order to cope 
with the actual situation of the network. 
(See Fig. 2). 

c* 

x 
5* + c + 

Figure 2 

5.2 Control Model 

The model of the network we are 
dealing with is formed up of a set of 
non-linear differential equations which 
very schematically can be expressed as: 

c = f (c,s) 

This model is very difficult to 
handle and has to be linearized. The 
first order Taylor expansion of f (c,s) 

* * around the optimal point (c ,s ) calcu-
lated in the optimization step is used 
and after linearization takes the form: 

x = A X + B u (9 ) 
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* where X c - c and 
and B are the matrices 
of f with respect to 
the optimal point. 

* u = s - s • Here A 
of the derivatives 

the c's and s' at 

This approach has the drawback of 
obtaining a traffic model which will only 
be valid under operating conditions near 
the optimal values, anyway this is what 
it is expected to have in a regulation 
process. 

The control model can now be stated 
as: 

min v = 1~/2 (X' Q X + u' R u) dt 

o 

subject to (9), (2) and (3). 

(10 ) 

R > 0 and Q ~ 0 are weighting 
matrices. (' means transpose). 

The expression of the cost (10) is a 
measurement of the states deviations and 
the control used when the system passes 
from an initial to a final state in an 
infinite horizon. The objective is then 
to find that optimal control vector u 
which carries the system from the initial 
state to the final state in a way such 
that the cost at the final state is 
minimum. 

All the above holds for the 
stationary case and for those u's which 
satisfy the equations (2) and (3). 

The solution taken for this model is 
of linear form and is given by 

u = - K X 

with 

K 

being P the solution of the steady state 
matrix Riccati equation 

A' p + P A - P B R- l 8' P + Q = 0 

The solution fulfills automatically 
(2) since we have previously expressed 
one of the s' in every origin destination 
group as nod-l 

-L sn = 1 
od . i=l 

s. 
1 

To satisfy contraints (3) it is 
necessary to be very careful with the 
selection of the matrix R which weights 
the control · values used in the 
minimization process. 

5.3 Control Results 

The same network described in (4.2) 
is used to implement the regulator. The 
regulator behavior has been tested with a 
simulation program and the results are 
shown in next section. 

It is necessary before discussing the 
results to explain briefly some 
parameters of capital importance in 
normal regulation applications, these are 
the sampling period and the matrix R. 

5.3.1 Sampling Period 

Sampling period gives the frequency 
with which the control actuates. Usually 

results are better as smaller is the 
sampling period as far as control is 
concerned. This has otherwise the 
drawback of increasing measurements, data 
transmission and processing costs 
considerably. 

Another problem related with this is 
measurement. It has been said that the 
model modifies the load sharing 
percentages depending on the mean carried 
traffic observed at each link. This 
observed . traffic needs a measurement 
interval large enough to get consistent 
measurement values. 

A solution for the measurement prob
lem is to consider a moving average pro
cess in which a measurement interval 
large enough (15 minutes) is taken. A new 
measurement is incorporated at each sam
pling period (3 minutes), taking away the 
oldest measurement of the averaging set. 

5.3.2 Matrix R 

It has been said 
the controls weights 

function. 

that 
in 

matrix R 
the cost 

The values of the load sharing 
percentages are constrained (0 ~ s ~ 1) 
and special care must be taken when the 
optimal values of the s' are closed to 
the interval limits. In these cases the 
variations of the values of these load 
sharing percentage$ must be very limited 
in order to prevent them of lying out of 
their range of validity. 

This can be achieved by taking their 
corresponding values in the main diagonal 
of R very large, restricting in this way 
their range of variability. 

5.4 Example 

The regulator has been implemented in 
the studied network and its performance 
is discussed in this section through the 
results obtaihed with simulation. 

The measurement interval has been 
taken as 15 minutes which is large enough 
to obtain confidence measures of the 
carried traffic at each link. 

The sampling period is 3 minutes, 
i.e. the measurement interval values are 
updated and the control actions are taken 
every 3 minutes. 

The selected Q matrix has been the 
identity matrix I and the R matrix is 
also a diagonal matrix whose elements are 
either 10,000 or 100,000 depending on 
their corresponding values of the optimal 
load sharing parameters, being the 
greater values corresponding to those 
cases in which the s' values are less 
than 0.1 . 

Fig. 3 shows the offered traffic from 
EXCH.4 to EXCH.5 and the corresponding 
dynamic variations of the load sharing 
percentages along a simulation period of 
3 hours. It can be observed that the s 
which is responsible of the traffic sent 
through TANDEM.l and TANDEM.2 has very 
small variations which prevent it of 
going out of its allowed validity range, 
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this has been achieved with the form of 
the selected R matrix. 
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(erlono. ) 

n. 
I:: 

30 eo 120 1~0 leo 

(%) Sl3 

:: 
('to 

24 

20 

(%) 

:~ 

(~ 

30 60 90 120 1~0 180 

30 eo 90 120 1:10 180 

S'5 

I I :: :: 
30 60 90 120 1~0 UtO 

30 eo 90 120 1:10 180 

TIme (minutes j 

Figure 3 

As a measurement of the smoothing 
effect produced by the regulation , Fig. 4 
shows the total accumulated losses of a l l 
t he links of the network along the total 
simulation period, being defined the 
accumulated losses in a link as 

.., 
o 8 
o 
:ie 
S 
~ g 4 
10 

2 
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~ 
i=l 

30 eo 90 120 150 180 

Time (minutes) ' 

Figure 4 

6. CONCLUSIONS 

The first moment approach used here 
for the derivation of the traffic model 
has been proved to be valid when 
comparing the results of the theoretical 
model with those of simulation. 

LSDR gives similar results as AR, as 
far as the total carried traffic is 
concerned, when a network is properly 
dimensioned so as to cope with the AR 
policy. LSDR gives the optimal mean 
carried traffic in a network under any 
conditions, being its efficiency greater 
as worse are the results with ~R. 

LSDR is adaptive, in the sense that 
it reacts at the first or second level, 
against such unpredictable events as 
traffic fluctuations or links or 
exchanges breakdowns. This characteristic 
is what makes the method more attractive. 

The regulation does not make any 
significative improvement in the carried 
traffic of the network under LSDR policy. 
This can be surprising at first sight, 
but this is not so, since the regulator 
is designed to minimize the effect of the 
observed traffic fluctuations which are 
responsible of no few problems. 

Finally to say that further studies 
are being followed up to try to integrate 
this and other methodologies (Learning 
Automata theory) in order to consider a 
mixed decentralized control method. 
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