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ABSTRACT 

This paper deals with adaptive traffic routing in 
telephone networks. At present di mens i oni ng and 
traffi c routi ng are determi ned once a year in 
order to meet some predefi ned grade of servi ce 
requirements. For technological reasons, i.e. 
electromechanical switching centres, call routing 
is now defined according to some fixed static 
procedure. In order to provide protection against 
important di sturbances, the network has then to 
be overdimensioned at the planning stage. The 
emergence of stored program control networks 
consisting of electronic switching centres inter
connected by common channel signalling links is 
making possible a new strategy - adaptive traffic 
routing -, which allows real-time reaction to 
changes of the network state due to overloads or 
failures. Several adaptive traffic routing algo
ri thms are therefore descri bed and compared on a 
testbed network in order to improve network 
performances. 

INTRODUCTION 

At present the traffic routing used in most tele
phone networks is the fixed alternate routing. At 
each switching centre, calls are routed according 
to destination using only local informations. The 
incoming call is routed on a first choice trunk 
group or overflows over second choice trunk group 
when the first one is blocked. This routing pat
tern is purely decentralized. A telephone network 
planned for this routing policy gives satisfying 
performances under normal conditions. However in 
case of significant disturbances, this policy 
does not make efficiently use of the network 
resources. 

Recent advances in telecommunications such as the 
i ntroducti on of stored program control networks 
consisting of electronic switching centres inter
connected by common channel signalling links 
allows the elaboration of more sophisticated 
routing policies. Theses methods are intended to 
take into account real-time conditions in order 
to provide better network performances. Two 
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strategi es have been consi dered to real i ze net
work control : one approach considers the problem 
at the planning stage and is based on forecasted 
traffic data. Then it consists in planning 
reserve routes which are used under overload 
conditi ons and updated accordi ng to dayly vari a
tions [1]. This method, referred to as dynamic 
routing, is an implementation of feedforward 
control. 
A second approach is to consider real-time measu
rements to design traffic routing algorithms 
whi ch take into account the real-time behavi our 
of the telephone networks [2], [3 ], [4], [5], 
[6]. This strategy refers to as adaptive routing 
and acts as a closed loop-type control. 
In thi s paper we are concerned wi th the second 
approach and we present four adaptive routing 
algorithms. These methods have been investigated 
according to items such as time scale analysis, 
information structure and routing scheme. In the 
first method the routing algorithm works on a two 
time scale basis and leads to a hierarchical 
control structure: In a centralized way a coor
dinator determines the optimal static routing 
over a mi d-term peri od accordi ng to aggregated 
information over the whole network. At the local 
level, the optimal routing is implemented accor
ding to local observations. 
In the second method, a decentralized algorithm 
is realized using the learning automata approach 
[2]. The approach has -' been enhanced in order to 
allow overflow when a route is blocked [6]. 
Last two di stri buted al gori thms are presented : 
The first one, based on a deterministic rule, is 
an application of the residual capacity approach 
[3]. The second algorithm takes into account the 
stochasti c nature of the system to update the 
oveflow routes. 
The main purpose of this paper is to evaluate the 
performances of the proposed adaptive traffic 
routing policies and to quantify the improvements 
with the real-time control. A study of the beha
viour of the algorithms is presented considering 
a testbed network, subset of Paris network. 
Attention is then focused on the comparative 
evaluation of the methods under different opera
ting conditions. 
We first describe briefly the routing algorithms 
that have been developed. We then present the 
testbed network and the typical disturbances 
whi ch may affect a network. Next we present t he 
performances obtained with each algorithm, using 
event by event simulations. Finally a comparison 
of these methods with the present fixed alternate 
routing scheme shows the improvements of the 
network performances when impl ementi ng adapti ve 
traffic routing. 
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DESCRIPTION OF THE ROUTING POLICIES 

This section is devoted to the description of the 
routing policies. We only point out the main 
characteri sti cs of each al gori thm. Therefore the 
methods are briefly presented. A complete 
development of the traffic routing algorithms can 
be found in [6]. 
The four proposed routing policies are state
dependent : the routing of a call may change 
according to the network state and the input 
rates (measured). The call by call routing for 
all policies is decentralized and sequential i.e. 
at each call arrival the switching centre sets up 
a route to the call without exchanging informa
ti on wi th others centres. The route that is cho
sen of course depends on the parameters of the 
routing policies. 
Some important differences between the four 
routing policies exist at several levels: 
* The local routing may use either multi-choice 

load sharing or alternative routing tables. 
* The al gorithm that changes the parameters of 

the local controllers can be: 
- decentral ized : each node updates its own 

parameters, independently of the others, wi th a 
partial information on the network. 

- di s tri bu ted : a set of nodes, but not all, 
exchanges their state information and routing 
parameters. 

- centralized: The state information of the 
whole network is used by a coordinator that 
changes the whole set of routing parameters. 
* Measurements operated on the network. 
* Time scale of the routing policy i.e. the 

frequency with which the routing parameters are 
updated. 

For each algorithm the offered traffic is assumed 
to be unknown. Hence the offered traffic matrix 
is estimated accordi ng to measurements such as 
carried traffic over trunk groups or call 
counting. 
The networks under study are one-level transit 
networks with one way trunks (see Fig.l). More
over we consider that: 

- transit switches are dedicated to the 
transit function; no traffic originates or termi
nates at transit centres. 

- only transit switches may be considered as 
transit points. 

Aij 

T nodes 
(k = 1,00 om) 

5 nodes 
(i, j=1 , ... n) 

Figure 1 - A One Level Transit Network 

When direct links exist between two nodes, they 
a re used in fi rst choi ce to route the concerned 
calls. When a direct link is blocked, the calls 
overflow to the transit level. 

The selected trans it centre wi 11 depend on the 
routing policy. In the. experiments, inter-transit 
links will not be considered but the routing 
policies presented here extend to that case with
out any problem. 
The notations of variables and indices associated 
to this system are: . 

Nij : Capacity of trunk group ij 
Aij : Rate of traffic flow (i,j) Poisson distri-

buted . 
't : Average holding time, exponentially distri-

buted and equal for all traffic flows. 
Aij = Aij't : element of the traffic matrix [AijJ 
Xi 0 : carried traffic over trunk group ij 
ni~ : blocking probability of trunk group ij 
ai~j : load sharing parameter i.e. percentage of 

traffic flow ij routed via transit k 

• A centralized policy: Feedforward load-sharing 

This centralized approach is based on the quasi
static operation of the network : inputs are 
assumed to be stationary during an interval of 
time long enough to get statistical measurements 
of the system. A coordinator computes periodical
ly (i .e. every ISmn) the optimal load sharing 
parameters of the routing policy according to the 
estimati on of the offered traffi c matri x duri ng 
the 1 ast peri od. These parameters are used in 
each switch i ng centre to route the calls duri ng 
the next time interval. 
The optimization model is a non linear multi-com
modity flow problem. 
Let zi ·(n) be the number of calls from flow ij 
measureJd during the time interval n. The offered 
traffic matrix [AijJ can be estimated for the 
period n+l with the ~ecursive algorithm [3] : 

[A .. J(n+l) = F( [A .. J(n) [z .. J(n)) 
lJ lJ' lJ 

The optimal load sharing parameters a;kj (n+l) to 
apply during period n+l are the solution of the 
non linear optimization problem [7] : 

J = min .E.(Aij - Xij ) (1) 
aikj 1,J 

wi th ~ a; kj = 1 Vi, j and ai kj) 0 

If aiki < 1, flow control is achieved (the policy 
may reiuse a call even if an idle path exists). 
The carried traffic Xij are the steady-state 
solutions of the implicit system [8J : 

Xik = -Xik/'t + J aikjAij(l-nik)(l-'\j) 

Xkj -Xkj h + f ai kj Aij (l-ni k )( 1-'\j ) 

where Xik and Xkj are determined as follows 

Xik = Aik(l-nik) and nik E[Aik,NikJ 

Xkj = Akj(l-nkj) and ~j E[Akj,Nkj ] 

(2 ) 

(3) 

Aik and Ak · are fictitious offered traffic and 
E[.,.] is tn~ Erlang-B loss function. 

The problem (1), (2), (3) can be solved using 
relaxation techniques combined with feasible 
direction optimization models. 
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In fact using a single choice policy is not opti
mal for resources utilization; then the use of 
overflow policy has been added: 
if the first choice trunk group ik is blocked, 
the call towards node j to be routed over this 
trunk group overflows over a second choi ce trunk 
group with a probability ~iklj' (l;k~iklj < 1). 

~ can be computed by solving an optimization pro
blem like the preceding one or with ~n heuristic 
solution. For example a simple solution could be: 

(4) 

• A Decentralized policy: The Learning Automata 

. The learning automata update their action proba
bility (choice of a route) according to the com
pletion or the rejection of the call and improve 
thei r own performance call by call. The method 
results in a load sharing policy implemented at 
each origin node. The factor that affects the 
performance is the rei nforcement scheme for the 
updating of the action probabilities. In general 
a reinforcement scheme can be represented as : 

0: (n+ 1) = T [p ( n ), 0: (n ), x ( n ) J (5) 

where T is an operator, o:(n) and x(n) are respec
tively the action and the input of the automaton 
at time n, P(n) is the state probability vector 
governing the choice of the route at stage n. 

The reinforcement schemes can be classified 
accordi ng to the operator T. Linear schemes have 
been studied for application to telephone network 
management [2 J : 

* The LRP automaton (linear reward-penalty) 
updates its actions at each call with a reward if 
the call is successful and a penalty if it is 
blocked . . 

* The LRI automaton (linear reward-inaction) 
updates its actions only in the case of success. 
It is shown [10J that this automaton converges to 
the solution ni = nj where ni is the blocking 
probabi 1 i ty associ atea to acti on 0:( i). Moreover 
in the case where the ni are linear functions of 
P(i), this solution is optimal in the sense that 
the overall losses are minimized. This is the 
reason why we focus our attention on L&I schemes. 
In the case of LRI automata, the relnforcement 
scheme has been enhanced by allowing overflow 
when the first trunk group is blocked. Then 
action probabilities are updated after the fi rst 
and the second (when necessary) attempt. 
The two stage automaton is therefore: 
If action o:(i) has been chosen at step n : 

- if o:(i) is successful: 

Pn+1 (i) 

Pn+1 (j) 

Pn(i) + a(l - Pn(i» 

P n (j) -aP n (j) 
(6) 

- if o:(i) is unsuccessful, the action proba
bility Pn+1(i) remains unchanged and the call 
reattempts. If action j is chosen the automaton 
is updated as follows: 

- if action o:(j) is successful then: 

Pn(j) + a(l - Pn(j» 
(7) 

Pn(k) - aPn(k) kFj 

- if action j is unsuccessful, the action 
probability Pn+1(j) is' not updated. 

Other improvements of the 1 earni ng automata can 
be made such as : 

- the adaptation of the reinforcement parame
ter a according to the importance of each traffic 
flow. 

- the design of periodic reinforcement 
schemes. In fact the call by call automaton is 
unrealistic due to the size of teleconununication 
network and due to the number of traffic flows. 
Therefore automata can be updated peri odically 
according to observations over a time interval or 
aperiodically (i.e. every N calls) • 

• Distributed algorithms 

The routed schemes presented in this section 
consist in a periodic modification (i.e. every 60 
seconds) of the overflow paths which are used 
only in case of saturati on of the fi rst choi ce 
trunk group. The performance of this control 
structure depends on the reconfi gurati on peri od 
and the quality of the congestion index. Then the 
choice of overflow paths is done on the basis of 
the least congestion rule which aims at reducing 
the number of calls lost during the next period. 

In this approach, each centre updates its alter
native routing tables considering all possible 
paths accordi ng to measurements. These are the 
state of outgoing trunk groups and informations 
provided by adjacent centres concerning the 
congestion index of their own outgoing trunk 
groups. 

Two congestion indices have been considered 

* Residual capacity 

This congestion index is based on trunk group 
idleness and is very easy to compute. The residu
al capacity of a trunk group is defined as : 

C··= N·· - S·· lJ lJ lJ (8) 

where Nij is the capacity of the trunk group and 
Si· the number of busy trunks. This index 
indicates the possibility of routing Cij calls. 
The extent to a path ikj is made by taking: 

(9 ) 

Then, the second choice route (transit center k*) 
is selected as follows: 

(10) 

This index is independent of the offered traffic 
Ai .'t. But, for a given value of C, it would be 
Ob~iously different to affect a traffic flow with 
a high rate A or a low one. To prevent this fact, 
some new indices, such as Ci ./ Ai ·, have been 
tested. The simul ati on resul ts Jhav~ showed that 
this sophistication did not improve the 
performances of the testbed network. 

To take into account the probabil istic nature of 
the process, a second congestion index have been 
investigated. 
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* First time probability to overflow 

The overflow paths ~eing determined periodically, 
the new index glves an . information on the 
evolution of the network during one period. This 
index is the probabi 1 i ty that no call overflows 
before the end of the time of the reconfiguration 
1t(to>T), where tois the first time when a call 
overflows over a trunk group and T is the 
reconfiguration time period. 
The greatest this probability is, the lower the 
losses are. The calculation uses the Markov chain 
model with a supplementary sink state (Fig. 2). 

.i\.dt Adt .:l.dt 

1~--~ 
1 dt 2 dt 
T T 

Figure 2 - Markovian Transition Diagram -

The dynamical equations are the following: 

~O - A1tO + t1t1 1 2 
1t1 A1tO - (A + ~) 1t1 + ~~ 

~N A1tN_1- (A + ~)1tN 
1tN+1= A1tN 

1 

(11 ) 

with 1ti the probability to be in state Sj at time 
t. The interesting probability is given by : 

(12) 

The solution of the differential system can be 
easily obtained with approximative methods. The 
calculation of this index for a route ikj 
supposes the independency between two tandem 
trunk groups : 

(13) 

To determi ne the best overflow paths with thi s 
index it is necessary to estimate the offered 
traffic and to enumerate the whole possible 
affectations. The traffic estimation is 
previously mentioned. In order to reduce the huge 
number of affectati ons to be tested a step by 
step method has been used. Let us consi der that 
the overflow paths for the destination j1,j2 ••• j n 
have a1 ready been fi xed, then the next overflow 
route at node i is found by : 

(k,j) = Argt[t:1i'1. . Max(n;kj)] (14) 
J;J1,J2 ... J n k 

DESCRIPTION OF THE EXPERIMENTS 

The comparison of the described algorithms first 
requi res the choi ce of a representati ve network 
and the consideration of significant disturbances 
affecting the network. 

• Testbed network 

The node network is a subset of eight electronic 
switches (5) and three transit switches (T) from 
the Paris network. It was chosen in order to have 

a model network close to a real possible trial 
network that cou1 d be used in a few years. The 
traffi c matri x was taken out from the projected 
matrix for 1985 (see Table 1). The total traffic 
is 407.5 er1angs. 

Sl S2 S3 S4 S5 S6 S7 S8 
Sl 0.0 1.9 2.9 2.0 2.7 5.2 25.5 6.5 
S2 2.0 0.0 5.4 7.4 24.7 6.9 2.3 4.5 
S3' 2.3 6.9 0.0 5.7 5.2 11.7 3.1 6.4 
s4 2.9 9.5 5.0 0.0 13.2 8.8 4.0 1'.5 

S5 2.1 21.5 4.4 9.9 0.0 6. ,6 2.0 4.6 
S6 3.4 5.3 9.9 5.8 5.4 0.0 4.0 19.2 
S7 29.3 2.2 3.8 3.9 2.3 6.1 0.0 4.7 

S8 4.1 5.0 5.9 6.8 6.0 27.1 4.3 0.0 

Table 1 - Offered Traffic Matrix (er1angs) -

We first sized the links with usual rules of 
fixed alternate routing: 
- Direct trunk groups exist when the traffic 

exceeds a creati on thresho1 d of 5 er1 angs. Each 
source node is linked to the hierarchical transit 
node only at the transit level. 
- Each transit switching centre is tied to each 

destination switching centre. 

This network is in fact useless for adaptive 
traffic routing since there is no possibility to 
update the routing tables. Therefore the 
structure of the network was modified in order to 
cope with adaptive routing and all the origin 
switching centres were connected to the three 
transit centres. This network was resized 
accordi ng to real time routi ng schemes and we 
obtained 846 trunks (i .e. 2% less than in the 
hierarchical network). Two networks were in fact 
obtained considering the two different routing 
schemes used in the algorithms (load sharing and 
overflow). For each network the grade of service 
requirements were met under nominal load. 

• Operating conditions 

In developing adaptive traffic routing algorithms 
we are mainly interested in the network behaviour 
under abnormal conditions. We then considered 
typical disturbed conditions such as traffic 
overload, trunk group failure or transit centre 
breakdown. 

* Traffic overload D1 
A mass calling was considered resulting in 50% 
overload traffi c towards node S1. The overload 
was implemented as shown in Fig.3 to take into 
account the transient of the system • 

overlo 
nomin 

valu 

ad 
a1 
e 

-

• offered 

V 

15 60 

traffic 

-------- --7 f'.. 

--time 
30 

(mn) 

Figure 3 - Offered Traffic Variations -
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* Trunk group failure 02-03 
Transmission failures often affect telephone 
networks. Then in order to provide some 
transmission security to Paris network, trunk 
groups are physically birouted. A transmission 
failure would thus affect half of a trunk group. 
In our experiments we considered strong 
disturbances such as multiple failures: 

- first a -double correlated failure 02 has been 
simulated which resulted in the capacity 
reduction of the two trunk groups S8-S6 (15 
trunks instead of 30) and S8-T3 (8 trunks instead 
of 16). Such a failure may exist since these two 
trunk groups can have the same circuit routing. 

second a double uncorrelated failure 03 
concerned the 1 inks S4-T3 (9 trunks instead of 
19) and T1-S5 (6 trunks instead of 12). 

* Terminal equipment failure 04-05 
For these two disturbances we considered the case 
when termi na 1 equi pments are out of order and 
result in the capacity reduction of half the 
trunks towards transit centre (case 04) or from 
the transit node (case 05). 

* Transit centre breakdown 06 
The 1 ast di sturbance concerns the breakdown of 
the transit centre T2 which is therefore isolated 
from the network. 

' PERFORMANCE EVALUATION 

• Simulation conditions 

As the subnetwork we study could not be isolated 
from the real network, extensive use of event by 
event simulations was made to analyze the network 
behaviour under abnormal conditions. 

For each structural disturbance the simu l ation 
time was equal to 5 hours and in the case of 
overload traffic it was equal to 10 hours. 
The reconfi gurati on time was chosen to 15mn for 
the centralized algorithm and 60s for the 
distributed algorithms. Learning automata were 
implemented on a call by call basis. 
The global performance index we primarily consi
der is the total traffic loss in the network. 

This result is shown in Table 2 for each algo
rithm and each disturbance. The performance using 
the present network wi th fi xed routi ng rul e is 
gi ven in order to evaluate the benefit of adap
tive traffic routing. 

• Performance analysis 

From simulation results, we point out the 
following conclusions: 

* Fi rst we hi ghl i ght the improvement of the 
performances incase of structural di sturbances. 
Tab 1 e 2 shows the adequacy of all the po 1 i c i es 
described in the paper. The total losses are 
reduced from 20% to 60% compared to the fi xed 
routing. 

* Second in case of strong overload 01, 
adaptive routing does not provide better 
performances than the fi xed routi ng. One reason 
is that the network is rather loaded and 
resources are not available; the routing cannot 
perform. However in case of traffic disymmetry, 
i.e. traffic overload in a part of the network 
and underload in another part, improvement of 
performance is expected as adaptive routing aims 
at maximizing -the capacity allocation to calls. 
Another reason is that the network with adaptive 
routing has less capacity (846 trunks) than the 
network with fixed rule (866 trunks). 

* Third Table 2 shows that adaptive routing 
cannot really be compared together. Oepending on 
the disturbance case, methods are better or worse 
than the others. 

Concerning the feedforward load sharing 
policy, the routing is fixed during 15 mn for a 
mean behavi our and is not updated accordi n-g to 
real time traffic variations or to information on 
the network (blocking) during the time interval. 
Though performance are good, they can be improved 
by taking into account more frequent measurements 
at the local level. 

- The 1earni ng automata works on a real-time 
basis but the information used to update the 
control is rather "poor".ln fact the measurements 
(completion or rejection of calls) give a state 
information on a path, as the residual capacity 
approach does. However this measurement does not 

Table 2 - Total Rating Loss (%) -

Routing Centralized Decentrali- Distributed Distributed 
rule Fi xed policy: zed policy: policy: policy: 

rule Feedforward Learning Residual Overflow 
Disturbance loadsharing automata capacity time 

'Traffic 
overload D1 1.64 2.14 2.32 1.61 1.55 
towards S1 

Trunk group 
failure D2 3.34 2.58 3.14 2.54 2.56 
S8-S6 S8-T3 

Trunk group 
failure D3 1. 74 loll 1.35 1.04 1.00 
S4-T3 Tl-S5 

Equipment 
failure D4 2.91 2.16 1.37 1.04 1.40 
from T2 

Equipment 
failure D5 2.84 1.92 2.57 1.63 1.60 
to T2 

Transit node 
breakdown D6 10.65 3.67 4.40 4.69 4.80 
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indicate any information about traffic intensity 
along the path and, as no other i nformati on is 
available concerning the rest of the network, 
results are not uniform. 

- The performance of the distributed algorithms 
is due mostly to the informati on pattern used in 
the control design. The reconfiguration time is 
short enough to allow rerouting in case of real 
time traffic variations. Moreover the information 
is very useful : the peri odi c observati on gi ves a 
good measurement of the state of the routes and 
the aperiodic information on the blocking avoids 
the routing on saturated paths. Algorithms taking 
into account the probabilistic nature of the 
traffic (overflow time) do not perform better 
than the simple deterministic approach (residual 
capacity). However in case of high rate traffic, 
the first approach would give better results as 
the traffic estimation would be more reliable. 

All the above conclusions concern the global 
performances of the proposed algorithms. Another 
item of major importance in the grade of service 
requirements lies in the distribution of losses. 
We found that all the methods we desi gned smooth 
the losses throughout the network and provide 
therefore fairness amongst the traffi c flows. As 
an example the maximum rating loss among all the 
traffic flows is given in Table 3 for the distri
buted approach and the fi xed routi ng. It can be 
seen that in all cases the maximum loss is highly 
reduced. 

Routing Fixed Residual Overflow 
rule rule capacity time 

Disturbance 

normal conditions 4.8 2 · 1.9 

D1 9.4 7.7 7.7 

D2 34.4 24.8 26 

D3 31 9 8 

D4 38 5 9 

D5 37 23.3 22 

D6 100 59 58 

Table 3 - Maximum Rating Loss (%) -

Further results were obtained in the analysis of 
the al gorithms. In the case of the di stri buted 
approach, better performances were obtained when 
decreasing the reconfiguration time period to 30 
seconds. Furthermore, as sophistication of the 
algorithms did not appear to improve the perfor
mances, it seemed interesting to test some 
heuristic methods in the case of the centralized 
approach. It was found that they did perform 
quite as well as the optimal solution, and then 
it would be more advisable to use the simplest 
methods in real operating conditions. 

CONCLUSION 
! 

In this paper, a performance evaluation of seve
ral adaptive traffic routing policies was made, 
considering a testbed network. It was shown that 
adaptive traffic routing can improve the network 
performances in case of disturbance •. All the me
thods provi de robustness to the network and tend 
to equalize the losses throughout the network. 

However the performance depends on the measure
ments that can be made on the network. Further
more, the time period is of major importance and 
performance improvement can be obtained wi th a 
short reconfiguration time. Finally it was found 
that different dim~nsioning rules should be 
associated with each control. These rules may 
result in capacity reduction, decreasing then 
network costs. 
Studies are currently undertaken which concern 
networks dimensioning with adaptive routing as 
well as a sensitivity analysis of the algorithms 
in order to determi ne the main parameters of the 
control design in the performance. 
These studies are the prel iminary steps to the 
implementation of adaptive traffic routing 
policies in a network that could be designed in 
the near future for a field trial in France. 

This research has been supported by the CNET 
under grants n° 80 35 124 and n° 82 1B 188. 
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