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The analytical method for planning dependability (reliability, maintainability and 
maintenance support) is recommended by the CCITI [4] and has been used by Televerket 
since 1987. The level of dependability is dimensioned according to cost-benefit analyses, 
rather than by beft>rehand stated objectives. Due to deregulation and increasing risk of 
competition, there has been a growing demand for an estimate of the business economic 
benefits of dependability. A simple method for predicting the impact on revenue (i.e. income 
for the operating company) is derived, taking the market situation (competition or 
monopoly) and different principles for setting rates and charges into account. 

The method is applied to a national fibre network, giving conclusions both for the optimal 
protection level and protection measures to be used. The network model is based on data 
from the swedish national network. It has 248 nodes and includes three metropolitan areas. 
The protection measures include different network infrastructures, i.e. more or less meshed 
networks, diverse routings and standby protection. The study is made by the use of a 
number of computer programs for network optimisation. These include network structure 
optimisation, circuit routing and multiplexing optimisation, as well as of standby capacities. 
The revenue evaluation of the network dependability is compared to the network costs and 
the optimal network can be selected. 

1. THE METHOD FOR PREDICTING 
REVENUE 

Network revenue 
high QoS 

lowQoS 

P 

Figure 1. Revenue if price increase is equal to 
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The annual revenue, R, from a teleservice is 
determined by the number of customers, N, the 
price, P, for access to and use of the service 1 and 
the traffic carried and charged by the network. A 
rise in price level increases the revenue per 
customer, but generally decreases the number of 
customers and the traffic carried, depending on 
the responsiveness of demand to price changes. 
This responsiveness is measured by the price 
elasticity of demand e. 2 

t1Po -the marginal customers' willingness to pay for 
a higher QoS. 

Revenue evaluation of dependability 
A rise in the quality of service (QoS) is expected to 
increase the demand for the service. A price 
increase, t1Po, without losing customers, and thus a 
revenue increase of LlR = N APo, is made possible. 

However, since teleservices are often provided in a 
competitive or regulated environment, the 
operating company is seldom free to set prices at 
will. We therefore assume more realistic models: 
1) prices are regulated by the government and 
2) prices are optimised, taking the market reaction 
into account. 
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1) Revenue if prices are regulated 
This model is often applicable if the operating 
company has a monopoly of the services (generally 
telephony). Revenue is given by Ill?,=P/1N. 

N 
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P 

Figure 2. Revenue if the price is unchanged. 

In order to derive expressions for Ill?" useful in 
network planning, we make two assumptions: 

• Assumption 1: The customers' willningness to 
pay for dependability, L1P 0' is related to the saved 
traffic volume, in accordance with the model 
suggested by CCIIT recommendation E.862. 

• Assumption 2: The change in demand is small. 
The demand functions, N(PJ, can be considered 
linear and parallel in the studied interval and the 
average demanded traffic per customer remains 
unchanged. 

These assumptions can be used to derive an 
analytical expression for predicting the revenue 
change, Ill?, (SEKlyear), due to a change in the 
expected mean accumulated down time, flU 
(h/year), ofa certain part of the network: 

Ill?, ... -!lUEA(xt-e(c-xt» 

E - average blocking during a fault 
A - average traffic during a fault (Erlang) 
x - fraction of traffic lost 
t - traffic dependent charge (SEKlEh) 
e - price elasticity of demand for the service 
c - the marginal customers' valuation of saved 

traffic (SEKlEh). 

!lR is normrJly positive since !lU~O and e~O in 
most cases. - !lUEA is the saved traffic volume 
(Eh/year) and thus 

(1) 

r ... xt-e(c-xt) (2) 

is the revenue of saved traffic (SEKlEh). The first 
term represents the instantaneous loss off traffic 
charges, the second the value to the customers 

resulting in an increased demand for the service. 
For regulated services price elasticities are often 
low (e"'O). The instantaneous loss of traffic charges 
dominate: 

r ... xt (3) 

2) Revenue if prices are optimised 
Prices are set to maximise net return (profit). This 
model is used for unregulated services, i.e. if they 
are provided in a competitive environment. 
Revenue is given by t1R ... P&v+NL1P. 

high gos 

low gos 

P 

Figure 3. Revenue if the price is changed. 

In this case we need to make two additional 
assumptions: 

• Assumption 3: Investments to promote 
dependability only affect the fixed costs, not the 
variable costs of providing the service. 

• Assumption 4: The result of strategic market 
interaction can be described by what economists 
call the Cournot equilibrium. 3 

The revenue change (SEKlyear) is then given by: 

1 
!lR ... - -iJ:llEA(1-e / s)c (4) 

where s=N / LN is the market share and the other 
parameters are the same as in expression (1). e / s 
can be interpreted as the price elasticity facing the 
network operator. With this interpretation the 
expression (4) holds even if assumption 4 does not 
hold. 

The revenue of saved traffic (SEKlEh) is given by 

1 
r ... ~l-e/s)c (5) 

In a competitive environment dependability thus 
becomes increasingly important as competitors 
enter the market and the market share, s, gets 
smaller. However, if the operator dominates the 



market, and the marginal costs of providing the 
service are low, optimal pricing implies that 
e / s = -1 and thus the revenue of saved traffic 
equals the customers' valuation: 

r = c (6) 

Parameter estimation 
In order to predict future prices, t, price 
elasticities, e, and market shares, s, models of 
market competition can be applied to different 
market scenarios. The fact that services compete 
and are substitutes for each other, as well as the 
fact that postal and transport services etc. are 
substitutes for some teleservices, should be taken 
into account. 

The customers' valuation of saved traffic, c, is the 
most difficult parameter to predict. In order to 
assess the valuation of dependability today, 
studies have been made of what customers 
actually have paid for service contracts concerning 
dependability, as well as studies by use of 
customer interviews and questionnaires 
concerning the costs of interruption and the 
valuation of dependability. The society's 
dependence on telecommunications in the future is 
analysed in order to predict future values. 

Parameters used 
The following services and parameter values are 
assumed to be valid for the swedish long distance 
network by the year 1995: 4 

Telephony (regulated service) 
e = 0, X= 0.3 and t = 100 SEKlEh 
Revenue of saved· traffic: r = xt-e(c-xt) = 30 SEKlEh 
ISDN (unregulated service) 
e Is= -1 and c = 3000 SEKlEh (total failure) 
Revenue: r = 1I2(1-e / s)c = 3000 SEKlEh 
Data and mobile services, leased lines etc. 
(unregulated and competitive market) 
e = -1.8, s = 0.2 and c = 1000 SEKlEh 
Revenue: r = 1/2(1-e / s)c = 5000 SEKlEh 

2. APPLICATION OF THE METHOD 

Network strategy 
We give an example of using the analytical method 
for setting the policy for the network protection. 
The main questions are whether to use standby 
protection, multirouting or both. 

The policy adopted by swedish Televerket is to 
install a standby protection network to protect all 
capacity in case of a single link failure in the long-
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distance digital network. This decision was 
supported by the analytical planning method. The 
circuits between each pair of nodes are diversified 
on two paths as well. However, this multirouting 
rule is based on intuitive considerations rather 
than on economic analyses. 

Evaluation of network dependability 
A transmission network carries all different types 
of services. To evaluate the reliability one has to 
estimate an average of the revenues of saved 
traffic for the different services. Taking into 
account also the mean utilisation per circuit (64 
kbitls) the parameter can be recalculated to a 
monetary value per circuithour. The figure used in 
the study is 300 SEKlccth, and is based on the 
estimations for the different services made above. 

In thi£? study the revenue of saved traffic is 
compared to the network costs. The amounts are 
compared to an ideal network having no traffic 
losses due to failures. A loss of revenue due to 
failures is calculated, which is added to the 
network cost to find the optimal network. Only the 
difference between network solutions, not absolute 
values, are of interest. 

Partial failures 
The evaluation of the loss of revenue at partial 
failures is essential for the policy of multi routing. 
It is critical how the network behaves at a severe 
reduction of capacity. Provided that there is 
sufficient overload protection to prevent the 
network from degeneration, a partial failure is 
much less serious than a total failure. There are 
many reasons for this: 

- Traffic utilization is lowest on the last trunks. 
- Trunk groups are dimensioned for busy hour 

traffic, and most of the time the traffic is lower. 
- Trunk groups are provided in modules of 30 

circuits, so there will always be a number of 
overprovided trunk groups. 

- For sensitive services such as data networks the 
diversity can be combined with a planned 
overprovision. 

It is assumed that the revenue loss per hour of a 
failure affecting the circuits between a pair of 
nodes can be approximated by a function 

n - the number of circuits 

(7) 

c - the estimation of total failure per circuithour 
p - the fraction of circuits out of function 
ex. - a parameter> 1. In the study is used ex. = 3.5 
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"Network model 
The study is made for an all fibre network 
covering Sweden. The forecasted number of 2 
MbitJs blocks is about 30000 and the network 
includes all 248 nodes expected to have at least 25 
terminating 2 MbitJs blocks. It could be considered 
as a combination of long-distance and medium
distance networks. The network is built entirely 
with SDH equipment, where 63 2MbitJs blocks by 
add/drop multiplex or cross-connect systems 
DXC4I1 are fitted into a STM-1 of 155 MbitJs. The 
STM-1 is carried on an optical system of either 155 
or 620 MbitJs or 2.5 ObitJs. The standby network 
works on the STM-1level and is switched by cross
connects DXC 414. 

The network failures considered in the study are 
total link failures. This is the dominant type of 
failures in the swedish network. However, there 
has in fact been an observed improvement " 
with fibre cables as compared to coaxial cables. 
The figure for unavailability used in the study is 
0.02 hours per year and kilometer. 

It is not evident how to evaluate additional 
protection measures if there is 100% standby 
protection. Here is taken a simple approach, 
assuming that the standby rerouting will be 
effective only in a certain percentage of the failure 
situations. The main reason for failing rerouting is 
lack of spare capacity, due to unexpected growth, 
simultaneous failures, maintenance work etc. 
However, failing DXC 4/4 and failures in the 
network control system can also contribute to 
unsuccessful rerouting. In the study it is assumed 
that standby protection is effective in 95% of the 
failures. 

The different evaluated networks have been 
constructed by the use of three network 
optimisation computer programs, each handling a 
special part of the network. 

Network structure optimisation 
This program determines the basic network 
infrastructure, i.e. between which pair of nodes 
fibre cables should be installed. This is done by a 
computer program presented in [1]. 

The program assumes a concave cost function of 
the capacity of each link. This cost function is not 
immediately given by the equipment costs. 
Between major nodes there will be direct high 
order optical systems (2.5 Obit/s) not terminating 
at intermediate nodes. Instead there will also be in 
the same cables lower level systems that more 
economically can be terminated at the smaller 
nodes. Thus the cost function of a link is, except 

for cost for cable, cable-laying and fibres, based on 
the cost of regenerators more than the cost ofline 
terminals. 

Wherever optical fibre is laid it is also expected to 
be of use for the short distance network. Therefore 
the fixed cost of cable and cable-laying should be 
shared between the two networks, so in the study 
it is priced at 50 SEKlm instead of the more actual 
100 SEKlm. 

An initial maximal network structure was 
constructed, connecting the 248 nodes with 684 
links. The program optimises the network 
structure taking into account the value of network 
protection by multirouting. Two networks have 
been generated, the second was optimised with an 
even lower fixed cost per link of 25 SEKlm. The 
result is shown in table below: 

Network 1 2 
Fixed cost of links SEKlm 50 25 
Number oflinks 321 355 
Mean node degree 2.6 2.9 
Total cost of cable and 
cable-laying MSEK 504 545 

Network 1 is shown in figure 4 on the next page. 

Circuit routing and multiplexing 
This optimisation program was presented in [2]. In 
order to evaluate the protection policy used in 
Sweden, two path multirouting was used. 
Multirouting is obtained by setting a penalty cost 
for routing the second half of the circuits between 
a pair of nodes on the same as the first half. This 
routing penalty was varied between the values 0, 
25, 50 and 100 SEKlcctkm. With the 2 network 
structures 8 different network solutions was 
obtained. 

N~t~QIk 1 
Routing penalty 0 25 50 100 
Birouting 0 62 84 96 
M.cct.km 80 86 94 106 
Cost of fibres 119 130 141 151 
LT,MUX,DXC4I1 578 613 662 724 
Sum in-service 
network 697 743 803 875 

:t:1~t~Qrk 2 
Routing penalty 0 25 50 100 
Birouting 0 65 87 97 
M.cct.km 79 84 92 99 
Cost of fibres 129 138 151 157 
LT,MUX,DXC4I1 579 619 666 705 
Sum in-service 
network 708 757 817 862 



Figure 4. Optimised fibre network structure. 
Dotted lines indicate submarine cables. 

Standby network optimisation 
For the different network solutions a full 
protection standby network was optimised by use 
of an improved version of the computer program 
reported in [3]. The rerouting strategy selected 
was to reroute each STM-1 between its terminal 
nodes. This gives a low demand for standby link 
capacity and at the same time saves DXC 4/4 
capacity, since the in-service STM-1:s only have to 
be connected to cross-connect systems at its ends. 
The standby STM-1:s are assumed to be connected 
to crossconnects at all nodes in order to have 
maximal flexibility. Since a few small nodes were 
connected with a single cable only, 0.5 % of the 
capacity was without standby protection in 
network 1 and 0.2 % in network 2. 

Network 1 
Routing penalty 0 
Cost of standby 
network 265 
Connection of 
in-service STM1 137 
Sum for standby 
protection 402 

Network 2 
Routing penalty 0 
Cost of standby 
network 220 
Connection of 
in-service STM-1 141 
Sum for standby 
protection 361 

Results 

25 50 

259 268 

159 168 

418 436 

25 50 

219 232 

163 178 

382 410 

100 

298 

189 

487 

100 

248 

191 

439 
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For the 8 different network solutions the loss of 
revenue due to failures was evaluated. This was 
done for three different classes of circuits, those 
having neither standby nor diversity, those having 
standby but not diversity and finally those having 
both types of protection. The yearly loss of revenue 
is multiplied by a factor giving a present worth 
comparable to the network investment costs. The 
present worth of the loss of revenue is added to the 
network cost in order to give the optimal network. 

The differences between the networks 1 and 2 
aresmall. The higher cost of infrastructure for 
network 2 is compensated mainly by cheaper 
standby protection. For both networks the solution 
using 25 as the routing penalty is optimal, having 
62 % and 65 % of the circuits diversified. The 
conclusion is that also with standby protection it is 
interesting with multi routing, however this should 
not be used when the cost of it is too high. 

Network 1 
Routing penalty 
Infrastructure 
In-service netw. 
Standby prot. 
NETWORK COST 
REVENUE LOSS 
TOTAL COST 

Network 2 
Routing penalty 
Infrastructure 
In-service netw. 
Standby prot. 
NETWORK COST 
REVENUE LOSS 
TOTAL COST 

o 
504 
697 
402 

1603 
260 

1863 

o 
545 
708 
361 

1614 
248 

1862 

25 
504 
743 
418 

1665 
132 

1797 

25 
545 
757 
382 

1684 
110 

1794 

50 
504 
803 
436 

1743 
82 

1825 

50 
545 
817 
410 

1772 
62 

1834 

100 
504 
875 
487 

1866 
55 

1921 

100 
545 
862 
439 

1846 
38 

1884 
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An evaluation was also done for the same network 
solutions but without the standby network. The 
result is given in the two tables below. With the 
parameters used we see that excluding standby 
protection is bad for all 8 network solutions. If. 
however. standby protection is not available. then 
multirouting should be used for almost all circuits. 

N~~QIk 1 
Routing penalty 0 25 50 
NETWORK COST 1201 1247 1307 
REVENUE LOSS 4780 2173 1208 
TOTAL COST 5270 3420 2515 

N~tl£Qrk 2 
Routing penalty 0 25 50 
NETWORK COST 1253 1302 1362 
REVENUE LOSS 4757 2017 1033 
TOTAL COST 6010 3319 2395 

The results are summarised in figure 5. 

Net return 

without 
standby 

2 

2 

% diversity 

75 100 

100 
1379 
668 

2047 

100 
1407 
565 

1972 

Figure 5. Optimal diversity is about 65 %. which 
gives maximum profitability. 

3. CONCLUSIONS 

The use of the analytical metod for dependability 
planning has proved to be benefitial for several 
reasons. 

It has made it possible to take account of 
dependability in network planning and 
optimisation in a simple and straight forward way. 
It is a very difficult problem, technically and 
practically, to attain objectives for dependability 
as constraints in network optimisation and 
planning, which is the aim of the traditional 
method. 

Expressing dependability in terms of revenue has 
made it easier to discuss the need for actions to 
promote dependabilty. with the management and 
other parties concerned. Although parameter 

values are difficult to estimate, the method offers a 
consistent way of analytically analysing the 
economic implications of different network design 
strategies. 

FOOTNOTES 

1 The price is defined by P = F + at, where F is the 
fixed charge for access to the service, t is the traffic 
dependent charge and a is the average carried 
traffic per customer. a is dependent on the fraction 
oflost traffic due to faults, lack of capacity and 
customer related errors. 

2 The price elasticity is defined by e = 
= Ci)NI'dP)(P / N). where the price is defined as in 
note (1). Thus, e is a (weighted) average of the 
elasticity of demand regarding access charge and 
usage charge. e is normally negative (e<O). 

3 In a Cournot equilibrium each operator is 
maximising its profits, given its beliefs about the 
other operators' behaviour. and, furthermore. 
those beliefs are confirmed in equilibrium. The 
price elasticity facing the operator (er) may then be 
written er = e / s. where e is the price elasticity of 
the market and s is the market share. The Cournot 
solution is only one possible. There are other. more 
sophisticated but more complex, models describing 
market competition. 

4 The values are fictitious since the actual values 
are either unknown or considered to be 
confidential. 
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