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A de8cription i8 given of a Linear Program model which repre8ents the problem of real
time control of traffic in an overloaded circuit-8witched network. Circuit group8 and 
exchange8 are modelled a8 8aturating device8. Circuit group8 8aturate with re8pect to 
carried traffic, and exchange8 8aturate with re8pect to the rate of attempts 8erved. 

The 80lution of the Linear Program take8 the form of quota8 for all the 8tream8 of call 
attempt8 entering the network. Detailed call-by-call routing deci8ion8 are devolved to in
dividual node8 or regional network management center8. A 8imple method for e8timating 
the tangible benefit8 of Network Management control action8 i8 introduced. 

A n A u8tralian trial of thi8 prop08ed network management model i8 being conducted over 
the Chri8tma8 period 1981. The aim8 of the trial are to te8t the practicality of the model, 
and to quantify the tangible benefit8. 

1 Introduction 

The problem addressed here is the control of the routing and flow of call attempts in a circuit 
switched network which is suffering a severe overload, either focused or general. In [1], the authors 
have presented a Linear Program model of this problem. In Section 2 the basis of this model is 
described, and a new method for estimating the tangible benefit of Network Management control 
actions is presented. 

A trial of the proposed method is being conducted on part of the Australian telephone network. A 
description of the trial is presented in Section 3. 

Many authors have described designs for dynamic routing in circuit switched networks. Both feed
forward (for example, [2], [3], [4]), and adaptive (for example, [5], [6], [7], [8], [9], [10], [11]) systems 
have been described. Models that have been used include static multi-commodity flow, dynamic 
flow, diffusion models, Markov decision processes, queueing theory models, learning automata, and 
simulation. Filipiak [11] gives an overview of the models that have been applied, and Bel and others 
[12] survey dynamic routing systems, classifying them by their structure - centralised or distributed 
- and their time-scale. 

Dynamic routing, combined with trunk reservation, can provide greater flexibility, economy, and 
reliability. Variations in the offered load can be accommodated, provided some real-time adaptation 
is allowed. However, during severe overload, protective controls must be used in conjunction with 
routing changes. The call attempt arrival rate can become large . enough to overload signalling 
and control systems, particularly when customers are making large numbers of repeated attempts. 
Improved throughput, service, and revenue can be provided by selectively blocking some streams of 
call attempts. (see, for example [13], [14], and (15] ) 
Dimensioning of overloaded networks using Linear Programming has been studied in [16]. Linear 
Programming has also been used by Ash and others in [3] for demand servicing. 

Some broad assumptions are made about the network to be controlled. The network consists of a 
number of nodes, each of which can originate traffic, terminate traffic, and switch transit traffic. The 
nodes are connected by circuit groups that can be one-way or both-way. The set of allowable routes 
for each stream is specified by the user. 
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2 Linear Program Model of Problem 

All circuit groups and switches are modelled as saturating devices. Answer-seizure ratios and repeat 
attempt probabilities are taken as fixed, known constants. The formulation is similar to that used 
by Guerrero and De Los Mozos [16], and is described in more detail in [1]. 

Each circuit group is modelled as a state limiter. It will reject no traffic until its average occupancy 
reaches its limit, then it will reject all extra traffic. Note that, in this approximate model, there is 
no random blocking due to congestion. All loss of call attempts is assumed to be selective on the 
basis of the origin and destination of the call attempt, and the route it is following. Every node in 
the network is modelled as a rate limiter. This means that it will accept all offered call attempts 
provided the rate of these attempts is below a fixed limit. 

The answer-seizure ratio (ASR) of each destination is assumed to be a measured probability which is 
independent of the traffic offered to it from the network being managed. Repeat attempt probabilities 
for various streams of unsuccessful attempts are modelled as known values. 

The following notation will be used: 

• n is the number of nodes in the network 

• ri,; is the number of routes allowed for call attempts from origin i towards destination j 

• xt,;,1r. is the rate of flow of attempts fro~ origin i to destination j with disposition d along route 
k for k = 1,2, ... , ri,;. A dummy route IS defined for k = 0 to accommodate the attempts which 
are rejected by control action at the input to the network. The disposition indicates the type 
of attempt referred to, which may be anyone of: 

in: first attempts or call intents, 

att: call attempts admitted to the network, whether first attempts or repeat attempts, 

rej: attempts rejected by control action, 

rep: repeat attempts, 

na: call attempts which are not answered, although fully routed through the network, 

unsue: call attempts which are unsuccessful for any reason, 

abn: calls . which are abandoned - that is, unsuccessful attempts not repeated by the 
customer, 

- sue: successful calls. 

For summation over origins, destinations, or routes, dot notation is used. For example: 

x~~;,. is the rate of arrival of call intents from origin i towards destination j, for all routes from 
i to j. 

xr.~ is the rate of unsuccessful call attempts from origin i to all destinations. 

• hi is the holding time of successful calls at destination j, 

• hi is the holding times of call attempts which are fully routed to destination j but are not 
answered. 

• hifl is the conversation time for successful calls at destination j, 

• hid is the setup time for successful calls at destination j, hence: 

h~uc = h~d + h~fI , , , (1) 

• p; is the ASR at destination j - that is, the conditional probability of a call attempt being 
answered given that it is fully routed through the network to destination j. Thus, the average 
holding time for call attempts fully routed to destination j is given by: 

p;hjUC + (1 - p; )hj 
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Figure 1: LP Model of a Simple Network 

• ti,j is the tariff rate (in dollars per unit of conversation time) for a successful call from i to j, 

• qi,i is the probability of an attempt from origin i to j being repeated. 

• Re is the rate limit of the node identified bye, 

• se is the state limit of the link identified bye, 

• 4{i,1c is the indicator variable which takes the value 1 if the stream of attempts from origin i 
to destination j via route k must pass through the network element identified bye. 

Figure 1 illustrates the model of a very simple network. Two origins direct call intents towards two 
destinations. Each origin4iestination pair has one route available, plus the dummy route for rejected 
attempts. Call attempts which are rejected may be repeated with fixed probability. 

In [1] the authors show that, provided selectivity of controls is matched to the discernment of the 
data gathering process, the optimal solution may be constrained to apply all control action at the 
input to the network and to have no congestion (according to the approximate model used) in the 
network. In the following it· is assumed that these conditions apply. The resulting optimal control 
will indicate the quotas of call attempts that may be accepted for allowable route for every origin
destination pair. The responsibility for determining the real-time routing policy which best meets 
the specified quotas is devolved to routing decision-makers in individual nodes or in regional network 
management centers. 

The equ~lity and inequality constraints of the Linear Program can now be characterised as follows. 
Every origin4iestination pair generates a number of flow variables. One variable is needed for 
every allowable route plus one for the attempt~ that are rejected by control action. For origin 0 to 
destination d, these are designated: 

xatt 
o,d,k , for k = 0, ... ,ro,d 

To emphasize that attempts on route 0 are rejected, the term x~,. is used: 

xrQ - x Gtt 
o,d,. - o,d,O 
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Since all control action is at the input to the network, all attempts which are not rejected there will 
be fully routed. (This model ignores the small percentage of call attempts that will be randomly 
blocked due to congestion. The rate of fully-routed attempts is given by 

x Gtt - xrei o,d,. o,d,. 

Of the attempts that are fully routed, the fraction Pd are answered, and fraction (1-Pd) are not. Thus 

x·uc 
o,d,. P (xGtt x rei ) d o,d,. - o,d,. 

Gtt • 
(1 - Pd)(X d - xreJ ) 0, ,. o,d,. 

(2) 

(3) 

Repeat attempts can result from rejection at the origin, or from unanswered attempts at the desti
nation. In general, there may be two different probabilities of repeating unsuccessful attempts. The 
rate of repeat attempts is given by 

xf'eJ' - qO xrei + qd x M 
o,d, . - o,d o,d,. o,d o,d,. (4) 

The total number of attempts per unit time from origin 0 towards destination d is made up of call 
intents plus repeated attempts. This generates an equality constraint involving the call intent rate 
and the call attempt rate: 

Xi" + x rep = xGtt 
o,d,. o,d,. o,d,. (5) 

The call intent rate can be deduced from this equation, using the the estimated repeat probabilities, 
and the measured values of attempt rate, reject rate, and rate of unanswered attempts. The value 
of intent rate is then assumed to be constant for the next measurement interval, even though new 
reject rates may apply. 

Every rate limit er in the network introduces an inequality constraint of the form: 

~"I..~. x~ < Re 
L...J Y"",k '",k 
i,;,k 

(6) 

The state limiters introduce inequality constraints on the carried traffic. All carried traffic in the 
network is made up of two additive components: successful traffic and unanswered traffic. Thus the 
inequality constraint for each state limiter is of the form: 

~ 4>~. (x~~Lh~ + x~ Lh~) < Se 
L...J .",k '",~, ""~ , (7) 
i,;,k 

Th~ objective function is chosen as 

f = ~ Q1X~~ hCf>""ti " + Q2(X~ - x"!i. ) L...J ""., , '",. ',',. (8) 
i,; 

• Q1 is the (positive) coefficient for revenue per unit time. It is a dimensionless quantity. 

• Q2 is the (positive) coefficient for fully routed attempts. It is expressed in units of dollars per 
routed attempt. 

The Linear Program can now be written as: 

Maximize I (= ex), subject to 

where 

Ax - b 

x ~ 0 
(9) 

(10) 

• x is the column vector of independent variables, including xij,k for k = 0, ... , r.,;, and one slack 
variable for each inequality constraint, 

2.2A.1.4 



ITe 12 Torino, June 1988 

• A is the matrix of coefficients, termed the "technological" matrix, 

• b is the column vector of right-hand-side terms, formed from the values of R.e, se, and the xti,. 
values, 

• ,is the objective function, as defined in equation 8, 

• c is the row vector of cost coefficients, as determined by the choice of weighting coefficients in 
the expression for ,. 

Quantifying benefits requires us to consider what would have happened if Network Management had 
not been applied. While it is logically impossible to know the exact outcome of this hypothetical 
situation, the following method for estimating benefits is proposed. 

First solve the Linear Program using revenue as the only criterion - that is a1 is 1, and a2 is O. 
This will give the theoretical maximum revenue that can be achieved if all the quotas for all traffic 
streams are filled. The question remains, how much revenue would have been achieved without 
Network Management. One way to answer this question is to assume that the network has optimal 
routing policies that can achieve the maximum possible number of fully-routed attempts, but with 
no regard to either answer-seizure ratios or tariffs for various streams. A set of flows satisfying these 
assumptions can be found by solving the Linear Program with an objective function based on the 
fully-routed call attempts only: a1 is 0, and a2 is assigned an arbitrary value of $1.00 per attempt. 

The solution obtained will not necessarily be unique, and the actual revenue achieved will not be 
uniquely determined. In fact, a range of revenue values is possible while still maintaining maximum 
throughput of fully-routed attempts. To find the range of revenue values, solve the Linear Program 
twice with two different criteria. For maximum revenue using optimal routing but no Network 
Management: a1 is +f, and a2 is $1.00 per attempt (where f is a small positive constant). For 
minimum revenue using optimal routing but no Network Management: a1 is -f, and Q2 is $1.00 per 
attempt. For each of the two solutions compute the actual revenue (ignoring the hypothetical bonus 
of $1.00 per fully-routed call attempt). 

By subtracting these actual revenue figures from the maximum possible revenue with Network Man
agement, the benefit of Network Management can be estimated, at least to within a range of possible 
values. 

3 Australian Trial 

The method described above is being trialled over the Christmas period 1987, on the network illus
trated In Figure 2. This network handles all international traffic into and out of Australia and most 
of the interstate national trunk traffic. It comprises about twenty exchanges which fO.rm the top 
level of the hierarchy of Telecom Australia's network, and three gateway exchanges for international 
traffic which are operated by the Overseas Telecommunications Commission of Australia. Figure 2 
shows the Australian' cities where the exchanges are located, and indicates the mesh interconnection 
between most of them. Fourteen overseas destinations with high traffic levels or high unsuccessful 
attempt rates 'were selected for inclusion in the model. 

The network chosen for the trial experiences a wide variation in the answer-seizure ratios of desti
nations during the Christmas period, and includes international and national trunk traffic streams, 
for which a: wide range of tariffs apply. The two carriers - Telecom Australia and OTC(A) - divide 
the 'tariff from international calls according to an agreed formula. 

The aim of the trial is to test the practicality of the model and to quantify the tangible benefits that 
can be obtained from its application by Telecom Australia. 

Call attempt rates for all traffic streams are transmitted to a central computing facility every few 
minutes. The answer-seizure ratios are calculated less often, while some of the other parameters such 
as holding times and repeat probabilities need to be determined empirically from historical data or 
otherwise. Blocking ~d routing controls can be applied to streams to any of the major destinations 
both interstate and international. 

With a network of the size being modelled, some control over the number of allowed routes needs to 
be exercised in order to solve the problem in a reasonable amount of time. The size of the problem 
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can be reduced in order to lower the computation time by using decomposition techniques suggested 
in [1]. 

4 Conclusions 

OTC(A) 
Gateway Exchanges 

o Broadway 
(Sydney) 

iC-----:= 0 Paddington 

______ ~_ (Sydney) 

... _~~~.~~=========:=::::==D Scoresby ...... (Melbourne) 

Figure 2: Topology oC Trial Network 

The Linear Program model described above is a simple approximate model oC an overloaded network. 
The trial being conducted over Christmas 1987 will indicate whether the model can be applied to a 
real network, and what benefits might result. 
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