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ABSTRACT 

British Telecom's strategy for telephone network 
digitalisation is leading to radical changes in 
both the structure of the network and the call 
routing strategy used in it. In particular, 
mutual overflow routings will be used together 
with a trunk reservation facility. Analysis 
methods involving decomposition and moment models 
are normally used for hierarchical alternative 
routing networks, but are inadequate for the new 
strategy. A methodology introduced recently by F 
Le Gall and J Bernussou [1] is developed and 
applied to this problem, and found to give 
satisfactory results for end-ta-end blocking. 

1 INTRODUCTION 

Over the past 3 years British Telecom (BT) has 
been developing a new strategy for the full 
digitalisation of the telephone network. This 
will involve an early move to a fully digital 
main (trunk) network, but with both analogue and 
digital local exchanges co~existing for a longer 
period. 

As the strategy has evolved, a range of possible 
routing schemes have been proposed. The main 
feature of these schemes is the connection of 
local exchanges to two 'parent' units, with 
mutual overflow between these alternative paths. 
One approach is outlined in Section 2. 

The BT Teletraffic Division has been concerned 
with modelling the performance of proposed 
network and routing strategies, and with the 
development of suitable dimensioning algorithms. 
This work has required research into new analysis 
techniques. The algorithm presented in Section 5 
was developed by Mr M Lebourges, who worked with 
the Teletraffic Division on a study visit from 
December 1982 to March 1984, funded by CNET. 

2 THE BT NETWORK 

2.1 Analogue Network 

The existing analogue network is a 4-level 
hierarchy, in which little use is made of 
automatic alternative routing (AAR). Most main 
network (trunk) traffic is carried at the second 
level usually via either I or 2 trunk exchanges. 
The top 2 levels (the 'Transit Network') were 

introduced primarily as a means of enabling full 
subscriber trunk dialling. Below the Transit 
Network, many trunk exchanges are interconnected 
by direct routes provided on an economic basis 
according to the level of traffic. 

2.2 Digitalisation Strategy 

Many factors have influenced the strategy adopted 
for digitalisation. The following are of 
particular relevance: 

Need for rapid implementation 
Interworking with analogue network 
Modularity of digital transmission and 
switching equipment 
Desire to simplify network planning 
procedures 
Flexibility to handle an increasingly wide 
range of services 

Underlying all of these is the basic objective of 
designing a cost-effective and resilient digital 
network. The main features of the resulting 
strategy are the concentration of traffic onto 
fewer and larger routes and trunk switching 
units, and the widespread use of overflow routing 
strategies. The definition of these routing 
strategies is still evolving. 

2.3 New Network Structure 

The main network will comprise about 50 digital 
main switching unit (DMSU) sites, fully 
interconnected by traffic routes. Consideration 
is being given to the introduction of AAR via a 
smaller backbone tier in order to improve the 
efficiency and resilience of this network. 

Digital local exchanges (DLE) will generally have 
two traffic routes: one to the parent DMSU to 
carry trunk traffic, and one to a digital 
principal local exchange (DPLE) to carry traffic 
within the local area. All traffic routes are 
bothway, and mutual overflow is provided between 
the two paths for both incoming and outgoing 
traffic (Figure 1). 
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Figure 1 Routing within the DPLE area 

For example a call from Ll to L2 has the 
following sequence of alternative paths: 

LIMPL2 

It is likely that a priority reservation system 
(software-controlled trunk reservation - see [2]) 
will be used to control overflows within the DPLE 
area. 

The DPLE site will also be connected to a second 
DMSU, as shown in Figure 1, but the traffic 
routing strategy to be used for this path has yet 
to be finalised. Other routes may exist, e.g'
direct interconnection of DPLEs, but these will 
be relatively infrequent. The largest urban 
areas will use variants of this strategy, but 
probably retaining the basic features of dual 
parenting and mutual overflow (see [3J for one 
example). 

Ot her important features of the new strategy are 
the use of digital distribution frames at DPLE 
and DMSU sites to enable rapid re-routing of 
digital transmission modules, and extensive use 
of remote concentrator units parented on local 
exchanges . 

3 NETWORK DIMENSIONING 

In hierarchical AAR networks the 'cluster 
engineering' approach to dimensioning is 
straight-forward. The cluster consists of a 
final choice circuit group together with all 
high-usage groups from which it receives overflow 
traffic. Grade-of-service criteria are applied 
to each traffic stream offered to the cluster. 

With non-hierarchical routing this approach may 
be difficult or impossible. However in the 
planned 8T network the DPLE-area forms a cluster 
that can be dimensioned as an entity. 

reference load levels for 
is a significant problem. 

measurements of traffic flow 
use of 3 load levels with the 

The definition of 
overload criteria 
Analysis of field 
has suggested the 
following form: 

1 Normal load 
2 Simultaneous overload of all local traffic 
3 Simultaneous overload of all trunk traffic 

This is more severe than applying overload 
criteria separately to each circuit group, but 
less severe than applying a uniform over load of 
all traffic in the DPLE-area. 

Simplified dimensioning algorithms are being 
developed for interactive operational use. The 
more sophisticated analysis approach presented in 
this paper is used to calibrate simpler 
algorithms, and to analyse the performance of 
areas of the network under a wide range of 
traffic conditions. This latter process is being 
used to provide statistical information on the 
distribution of end-to-end grade-of-service under 
realistic ranges of traffic conditions. 

4 TELETRAFFIC ASPECTS 

4.1 Performance Analysis 

The most interesting part of the new strategy 
from a teletraffic viewpoint is the local network 
which is represented by the DPLE area shown in 
Figure 1. Analysis of this structure is not 
straightforward. Classical decomposition methods 
work well when the link-by-link analysis can be 
ordered,. but in the case of the DPLE area the 
mutual overflow arrangement does not allow that 
ordering. One way of approaching this problem is 
to carry through the decomposition method and, by 
assuming the independence of links LM and LP, 
apply an iteration. A 2-moment algorithm can be 
envisaged which could be applied to a basic DPLE 
area. Such an algorithm and its limitations are 
described below. 

4.2 A 2-Moment Method 

4.2.1 Analysis of link PM 

Evaluation of the PM link requires prior 
knowledge of the first two moments of all traffic 
streams offered to it. This includes, for each 
local exchange, incoming and outgoing trunk 
traffic streams overflowing from the LM link and 
incoming local traffic overflowing from LP. Each 
of these streams is offered to the PM link as 
part of its alternative path. Given then that 
these streams have been evaluated a standard 2-
moment method (such as Wilkinson's Equivalent 
Random Traffic (ERT) or an interrupted Poisson 
process model) can be applied. 

4.2.2 Analysis of links LM and LP 

Consider an algorithm which applies Wilkinson ERT 
to the LM and LP links in turn (treating a single 
local exchange) and so iterates until the mean 
overflow traffics satisfy a convergence 
criterion. At each stage of the iteration the 
algorithm must be able to separate the total non
carried traffic (mean M and variance V) into that 
traffic which is lost and that which is offered 
as overflow (m, v) to the other link. Several 
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heuristic formulae have been proposed for 
splitting means and variances of overflow traffic 
streams, e.g. by Wallstrom as presented in [4]. 
Thus the logic of the algorithm would be as 
follows: 

Apply Erlang- to link LM 
Calculate total overflow M, V 

1 
Apply ERT to LP 
Calculate M, V 

1 
Apply splitting formulae to calculate m, v 

1 
Apply ERT to LM 
Calculate M, V 

1 
Apply splitting formulae to calculate m, v 

1 
No Convergence? 

1 Ves 

End 

Some initial studies of this type of iteration 
algorithm suggest that, although computationally 
it is quite fast (convergence normally within 4 
to 6 iterations), it can suffer severe drawbacks. 

The predominant assumption that LM and LP are 
statistically independent leads to the 
expectation that this method should underestimate 
stream bloc kings and that the accuracy would 
deteriorate at higher loadings. In fact this was 
found to be the case (by comparison with 
simulation studies), but with the additional 
inconsistency that calculated local and trunk 
traffic stream blocking probabilities often 
differed despite the fact that they were offered 
the same circuit availability. The size of these 
errors was not significantly affected by either a 
change in the starting point of the iteration or 
a change in the accuracy of the convergence 
requirement. 

It may be possible to improve this algorithm for 
the specific routing strategy shown in Figure 1 
by taking account of the full availability (to 
all incoming and outgoing traffic) of all 
circuits connected to a local exchange. However 
it is also necessary to model other strategies 
which do not retain this full availability (e.g. 
where traffic from P to L does not overflow to 
PM) • 

4.3 Further Analysis Problems 

The 2-moment method described above considered a 
very basic DPLE area and has ignored the effects 
of baulking. In this structure the second-choice 
path of each traffic stream contains two links in 
tandem, and local traffic overflows via the high 
usage link LM. Therefore a practical analysis 
method should be able to account for baulking 
effects. 

Section 2 mentioned that trunk reservation would 
be used to control traffic flows. The use of 
this system to control traffic overflowing to the 
PM link can be analysed by using an interrupted 
Poisson process (IPP) model [2]. The use of 
trunk reservation at the local exchange would 
complicate the calculation of overflow moments in 
the iteration, but IPP methods are still feasible 
[5J. 

4.4 Application 

While moment methods might be applicable as the 
basis of long-term planning or dimensioning 
tools, a more consistent and reliable method is 
required for analytic purposes. 

5 THE INVERSE-ERLANG METHOD: CALCULATION OF 
END-TO-END BLOCKINGS 

This method, introduced by Le Gall and Bernussou 
[lJ, overcomes most of the teletraffic problems 
discussed above. First we describe the method, 
then we adapt it to the DPLE area network and 
trunk reservation, and finally we give some 
results. 

5.1 Description 

The mean carried traffic on a specified trunk 
group is equal to the summation, over all traffic 
streams which may use it, of traffic intensity 
multiplied by some combination of stationary 
trunk group blocking probabilities. These exact 
equations can be derived from the transient 
equations for the mean carried traffic on each 
trunk group. Approximations are needed to use 
them: only trunk groups originating from the same 
node and related by traffic overflow are 
considered to be dependent. Assuming this, the 
probabilities described above, and thus the mean 
carried traffics, are given in terms of time
congestion probabilities of individual and sets 
of dependent trunk groups. But we need further 
sets of equations to supplement this set, which 
is denoted Equations (1). 

Two further assumptions are made: to each trunk 
group (respecti vel y , to each set of dependent 
trunk groups) corresponds a fictitious Poisson 
traffic which, when offered to the trunk group 
(respectively, to a fictitious trunk group whose 
capacity is the sum of the set), leads to: 
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- the same time-congestion (respectively 
joint time-congestion) 

- the same mean carried traffic 
(respectively a mean carried traffic on 
the ficti tious trunk group equal to the 
sum of the set) 

as in the real system. 

The first assumption gives Equations (2) and the 
second Equations (3). Equations (1), (2), (3) 
make a complete system which can be solved 
iterati vely. These equations will now be 
developed in full for the DPLE area network. 

5.2 Application to the DPLE area with trunk 
reservation 

The DPLE area network has been described in 
section 2. Let Ll , ••••••• , Ln be the local 
exchanges (generally n < 15), P the DPLE, and M 
the DMSU. 

There are bothway Poisson streams between each 
pair of exchanges, with intensities 

ALij for streams Li to Lj 
ALPi and APLi for streams Li to P and P to Li 

ALMi and AMLi for streams Li to M and M to Li 
APM and AMP for streams P to M and M to P 

(Note that P is also a local exchange and 
therefore a source and sink of traffic. Although 

~ M is solely a trunk switching unit, it is treated 
as the source and sink of trunk traffic in and 
out of the DPLE area.) 

The trunk group capacities are NLPi , NLMi and NMP 

The equations developed below will refer to the 
routing strategy shown in Figure 1, with the 
exception that traffic from P to Li does not 
overflow onto PM (this overflow was not specified 
in the strategy when the analysis was 
undertaken). 

In addition, the use of trunk reservation on LP 
links is modelled. Three classes of traffic are 
defined, in decreasing order of priority: 

1 Traffic offered from P to Li 
2 First-choice traffic offered from Li to P 

(i.e outgoing local traffic from Li ) 
3 Trunk traffic outgoing from Li and 

overflowing from LiM to LiP 

The Inverse-Erlang method had given accurate end
to-end blocking estimates from the DPLE area 
without trunk reservation. Thus its general 
structure was maintained while adapting it to 
model trunk reservation. 

Only the pair of links originating from each 
local exchange were considered as dependent. In 
particular the PM link was assumed independent 
from all others because the number of links 
overflowing onto it prevented any limited 
dependence structure being modelled. 

2.2B-4-4 

Trunk reservation is modelled by dividing the 
mean carried traffics on appropriate LP and LM 
links into 3 parts corresponding to priority. 
Blocking probabilities and fictitious Poisson 
traffics are divided correspondingly. 

The equatipns can now be presented, with the 
following additional notation (where the suffix i 
refers to the local exchange, and k (= 1, 2, 3) 
the order of priority): 

XLPik , XLMik , XPM 

PLPik , PLMi , PPM 

PLPMik 

mean carried traffics 

blocking probabilities 

joint blocking probab

ilities 

YLPik , YLMi , YPM, YLPMik fictitious 

traffics 

Equations (1) 

XLP
il 

= APLi(l-PLPil ) 

+ AMLi (PLMi - PLPMil)(I- PPM) 

+ L ALji[(l - PLPj2 )(1 - PLPil ) + 

j;H 

Poisson 

(PLPj2- PLPMj2 )(PLMi - PLPMil)(1 - PPM)] 

XLPi2 = ALPi (1 PLPi2 ) 

+ L ALij (l - PLPi2 )(l - PLPjl ) 

j~i 

XLMil = AMLi (1 - PLMi ) 

+ l: ALji (PLPj2 - PLPMj2 )(1 - PLMi ) 

j~i 

XLMi2 = ALPi (PLPi2 - PLPMi2 )(1 - PPM) 

+ I: ALij [(PLPi2 - PLPMi2 )(1 - PLMj ) + 

j# 

(PLPi2 - PLPMi2 )(PLMj - PLPMjl)(1 - PPM)] 

XPM (APM + AMP) (l - PPM) +2:: L: ALij • 

i j~i 

. [(PLPi2 - PLPMi2 )(PLMj - PLPMjl ) (1 - PPM)] 

+L[ALPi (PLPi2 - PLPMi2 )(1 - PPM) 

i 

+ AMLi (PLMi - PLPMil)(l - PPM) 

+ ALMi (PLMi - PLPMi3 )(1 - PPM~ 
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Equations (2) 

YLPil , YLPi2 , 

NLP i and Lr. 

parameters 

YLPi3l ... r PLPil , PLPi2 , 

YLPMil , YLPMi2 , YLPMi } 
(NLMi + NLPi ) and t.r. PLPMil , 

parameters 

YPM, NPM ----------~> PPM 

Note: calculation of blockings on a trunk group 
using trunk reservation and offered Poisson 
traffics is a simple adaptation of Erlang's 
formula (e.g. see [6]) 

Equations (3) 

YLPik = XLPik 

1 - PLPik 

3 

YLMi = I XLMik 
k=l 

1 - PLMi 

YLPMik = XLPik + XLMik 

1 - PLPMik 

YPM XPM 

1 - PPM 

Iteration Scheme 

The fictitious Poisson traffics are initially set 
equal to the first-choice traffics offered to the 
trunk groups. Equations (2) then give blocking 
probabilities. From there Equations (1) give 
mean carried traffics, and Equations (3) then 
give new values of the fictitious Poisson 
traffics. The iteration can be terminated by a 
test on the stability of the fictitious Poisson 
traffics. (In practice the number of iterations 
has been arbitrarily limited to 10 without 
damaging the accuracy of the method. Otherwise 
the analysis of heavily loaded networks can lead 
to numerous iterations.) 

2.2B·4·5 

5.3 Accuracy of the Method: Numerical Results 

The Inverse-Erlang model has been tested against 
a network simulation package, developed by the BT 
Teletraffic Division, on DPLE-area networks with 
2, 4, 6 and 9 local exchanges, with and without 
trunk reservation. Due to the number of streams 
in these networks, and the wide range of their 
intensities, simulation studies were expensive in 
CPU-time (20-30 minutes on an IBM 3081) while the 
analytical model needed a few seconds only. The 
accuracy of the model is good, particularly 
wi thout trunk reservation. The protective 
effects of trunk reservation tend to be 
overestimated. 

End-ta-end loss probabilities of streams using 
multi-link paths are estimated rather well, but 
the loss probabilities of P-M and M-P streams are 
consistently underestimated. Further studies 
have shown, perhaps surprisingly, that extending 
the equations in order to remove the assumption 
of independence of the PM route does not actually 
improve the results. 

The networks studied were generally rather 
heavily loaded with the worst streams having end
to-end blockings between 6% and 45%. In such 
cases the method generally gives good results for 
streams with high bloc kings , but gives larger 
relative errors for streams with low blockings. 

The following example, a DPLE-area network with 6 
local exchanges where trunk reservation is used 
on 4 of the LP routes, is representative of our 
results: 
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j 
i 

Ll L2 

I 
Ll I 17.74 

I 
I 
I 

L2 16.92 3.71 
3.51 

I 
I 

L3 13.74 2.81 12.09 
2.41 

I 
I 

L4 8.39 4.41 7.38 
3.81 

I 
I 

L5 3.87 2.41 3.40 
2.51 

I 
I 

L6 1.48 2.51 1.30 
2.81 

I 
I 

P 55.6 0.61 46.08 
1.01 

I 
I 

M 150.0 0.31 120.0 
0.81 

I 

Key Traffic intensity 
(Erlangs) 

L3 

I 
3.11 15.12 
4.41 

I 
I 
I 12.69 
I 
I 
I 

4.21 
4.61 

I 
I 

5.71 6.29 
5.91 

I 
I 

3.81 2.90 
4.51 

I 
I 

3.91 1.11 
3.71 

I 
I 

2.01 36.88 
3.11 

I 
I 

1.31 90.0 
2.21 

I 

GOS (%) 
Analytical 

Simulation 

L4 

I 
3.61 10.08 
5.01 

I 
I 

5.51 8.46 
6.11 

I 
I 
I 6.87 
I 
I 
1 

6.11 
6.21 

I 
I 

4.21 1.93 
4.81 

I 
I 

4.31 0.74 
4.31 

I 
I 

2.41 21.91 
3.51 

I 
I 

2.71 60.0 
2.81 

I 

The simulation results have confidence intervals 
generally between 10% and 30% of the estimated 
mean grades of service, but much larger for very 
small traffics. 

The following parameters define the network: 

I 
2.31 
3.31 

I 
I 

4.31 
4.31 

I 
I 

3.41 
3.51 

1 
I 
I 
I 
I 
I 

2.91 
3.41 

I 
I 

3.11 
3.61 

I 
I 

1.21 
1.91 

I 
I 

1.91 
2.81 

I 

Ll L2 L3 

LM & PM capacity 300 220 150 

LP capacity 220 200 190 

Lr parameters 2, 4 1, 2 0,0 
(priorities 2, 3) 
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L5 

I 
5.04 3.11 

4.01 
I 
I 

4.23 5.11 
5.41 

I 
I 

3.43 4.21 
4.01 

I 
I 

2.10 5.71 
5.51 

I 
I 
I 
I 
I 
I 

0.37 3.81 
2.71 

I 
I 

9.83 1.91 
2.81 

I 
I 

30.0 2. TI 
3.61 

I 

L4 

90 

140 

1,1 

L6 P M 

I I I 
2.02 2.91 50.0 1. 21 150.0 3.71 

3.31 1. 71 2.51 
I I I 
I I I 

1.69 4.81 44.0 3.21 120.0 6.31 
5.21 2.91 4.81 

I I I 
I I I 

1.4 3.91 37.5 2.31 90.0 2.71 
.3.71 1.61 2.91 

I I I 
I I I 

0.84 5.41 25.0 3.81 60.0 4.41 
4.91 3.01 4.41 

I I I 
I I I 

0.39 3.41 12.5 1.81 30.0 5.31 
2.11 1.51 5.21 

I I I 
I I I 
I 5.0 1.91 15.0 2.91 
I 1.41 3.31 
I I I 
I I I 

3.69 1. 71 I 250.0 2.71 
2.31 I 4.71 

I I I 
I I I 

15.0 2.91 250.0 2.71 I 
3.41 4.71 I 

I I I 

L5 L6 P 

I 
40 20 I 630 

I 
I 

80 40 I 
1 
I 

0,1 0,0 I -
I 
I 
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Overall, the method is less accurate than the 
best available algorithms for individual losses 
on overflow trunk groups in simple hierarchical 
clusters, However considering the complexity of 
the problem and the simplicity of this algorithm, 
the resulting estimates of end-ta-end blocking 
are satisfactorily good, 

6 CONCLUSIONS 

When al ternati ve routing is organised on a non
hierarchical basis, involving mutual overflow, 
standard methods of analysis are inadequate since 
the network cannot be decomposed sequentiaUy, 
Attempts to adapt decomposi tion methods by 
introducing iteration can give poor results owing 
to the need to assume independence between 
traffic streams that are actually correlated, 

The Inverse-Erlang method described here was 
found to give satisfactory results, considering 
that it is able to estimate end-ta-end blocking 
in networks using mutual overflow and trunk 
reservation, 

Although the algorithm is essentially a one
moment model, it is not equivalent to a 
decomposition model where- all traffics are 
represented by Poisson streams, The use of 
detailed equations for traffic flow, and the 
introduction of fictitious Poisson traffics to 
calculate individual and joint blocking 
probabilities, ensure that the effects of 
overflow traffic can be modelled in a reasonable 
way, This approach is best suited to complex 
networks where end-ta-end traffic streams may be 
routed over a number of .sI ternati ve multi-link 
paths, 

Further study of the Inverse-Er lang method is 
desirable, to investigate its applicability to a 
wider range of networks, and to gain a better 
understanding of its accuracy and convergence 
properties, 
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