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Abstract 

In this paper, we describe a mathematical model for assigning channels in the Digital Services Protection Network 
in the event of failure in either links or nodes of the network. The model is based upon a simple linear programming 
formulation and may be solved by standard techniques or through the use of specially developed algorithms. The 
methods are superior to shortest path and maximum flow techniques in that they show assignments on an OD pair 
basis and traffic streams may be restored (on a priority basis) to transmission systems according to a user-defined 
precedence scheme. 

1 Introd uction 

The aim of the Digital Service Protection Network is to 
provide alternative transmission paths for network ser
vices in the event of failure or partial failure of nodes 
or links in the network. This paper describes an al
gorithm for determining the optimal reconfiguration of 
point to point channel allocations from the viewpoint of 
maximising throughput. Optionally, the model permit
s the user to add priorities so that particular point to 
point services receive higher priority than others in the 
network. The model is formulated in terms of a conven
tional linear programming problem and may be solved 
using either standard Simplex techniques or by special 
purpose solution techniques based on procedures devel
oped for transportation type problems. 

We shall consider a network as a set of nodes (represent
ing DSPN switching nodes), connected by links (repre
senting DSPN switching sections). Links can be of sever
al types, and are made up of a number of systems, with 
each system containing a number of bearers. Bearers 
fall into one of three types, regular (working bearers), 
dedicated DSPN bearers and system protection bearers. 
Each component of the network (nodes, links and sys
tems) has an associated state and identification code. 

Figure 1 shows an example network, with nodes and 
links labelled. The identification codes for the nodes 
and links are also included. 

A typical network consists of a series of Origin
Destination (OD) pairs and associated traffic demands, 
where any two nodes can form an OD pair. The se
quence of links joining two nodes is known as a chain. 
When redirecting the traffic, the flow along entire chains 
will be considered, not just along individual links. 

An OD pair can have several types of traffic, each having 
a demand, weighting, and a vector of required restora
tion percentages. These percentages, along with the 
weightings, enable a priority to be established among 
traffic types. The demand is the total number of bear
ers required. 

In figure 1, the OD pair consisting of NodeA and NodeC 
has 3 possible chains, namely 

• link...3. 

• link_I, linkA. 

• link..2, link_4. 

A network failure can be simulated by specifying the 
state of any component of the network to be down. 

When the model comes to restore the traffic, initially it 
will try to restore the traffic to the first restoration per
centage standard, and if that is not possible, the second 
percentage is used. If restoration is not possible using 
any of the given percentages, a zero percentage is used 
for all traffic types. 
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Once a set of percentages is found, a weighting will come 
into effect, the traffic type with the higher weighting be
ing allocated more bearers. The restoration percentages 
enable one particular traffic type to be restored to a 
greater extent than another traffic type. 

In figure 1, if link_4 were to fail, all the chains using 
link_4 will no longer carry any traffic, resulting in more 
traffic being allocated to other chains. 

2 Problem Description 

The Digital Service Protection Network (DSPN) system 
consists of uncommitted 140Mbit/s bearers which form 
an overlay transmission network over the regular net
work, and the associated monitoring, control and switch
ing equipment needed to switch 140Mbit/s streams from 
failed regular bearers onto the available DSPN bearers. 
The main distinction between DSPN and the (n + 1) 
type switching systems is the dynamic re-routing capa
bility of DSPN and its ability to protect a number of 
regular bearers simultaneously. 

The DSPN system is intended to protect the transmis
sion network against complete link failures such as occur 
when a cable is severed. 

DSPN transmission capacity will be made up of dedicat
ed 140Mbit/s DSPN bearers, 140Mbit/s system protec
tion bearers which are normally provided as an (n + 1) 
configuration on all main links and spare regular bear
ers, which have been provided ahead of need. 

This paper describes a method for computing how traffic 
should be redirected during failure conditions, firstly by 
modelling the restoration process as a linear program, 
and secondly by maximising the flow around the net
work, with respect to service priorities. 

In this subsection we consider a network with N nodes, 
R links and K origin-destination (OD) pairs. We as
sume that associated with each OD pair k there are 
sequences of links (links) joining the origin node to the 
destination node (called chains) and that this list of n( k) 
chains represents the set of allowable end-to-end paths 
for that OD pair, and that these potential chains have 
been specified in advance. Corresponding to each OD 
pair k there were t(k) traffic types. We further assume 
that each link i in the network has a specified capacity of 
Ci channels, which represents the total of all the bearers 
in the link. We define the amount of traffic allocated to 
the ith chain of OD pair k, traffic type t, to be aye. 
The objective is to determine an optimal reallocation of 
the end-to-end connections in the network in the event 
of total or partial network node or link failures. That is, 
we wish to determine the optimal allocation of traffic a~k 

to the chains connecting the 0 D pairs of the network in 
order to maximise a prescribed (weighted) throughput 
performance objective. 

2.1 Problem Constraints 

We assume that the links of the network are capacitated 
and that these capacities are expressed in terms of num
bers of channels. Let the end-to-end channel demands 
for traffic type t of the k- th OD pair, be tfk channels, 
then the first constraint expresses the requirement that 
the total channel assignment should not exceed the end
to-end channel demand. 

(1) 

for t = 1, ... , t(k) and k = 1, ... , K. 

The total traffic flow for link i is obtained by summing 
the individual channel numbers for each OD pair using 
the link. Hence, the following constraint specifies the 
upper limit on the number of channels which can be 
assigned to link i: 

K t(k)n(k) 

~ ~ ~ 6~~at.k < c· L...J L...J L...J I) ) - 1 

k=1 t=1 j=1 

(2) 

where 6!j takes on the value 1 if the j-th chain of OD 
pair k and traffic type t uses link i, and is zero otherwise. 

Finally, the allocated traffic must exceed a minimum 
threshold as determined by a set of user-defined restora
tion percentages rtk, where 0 ~ rtk ~ 100. The details 
of how the appropriate restoration percentages are used 
will be descibed shortly. The relevant constraint has 
been formulated as: 

n(k) 

E a}k ~ rtkdtk ~ 0 (3) 
j=1 

for t = 1, ... , t(k) and k = 1, ... ,K. 

For completeness, it is necessary to specify in the math
ematical formulation that the OD pair channel variables 
are non-negative: 

(4) 

2.2 Objective Function 

There are a number of different possible formulations of 
the problem, depending upon the relative importance of 
the resource allocations required. In particular, if there 
is no priority on the allocations, (all channel assignments 
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~------------- node 

Link 4 (mixture) 

Figure 1: An example network, showing links and nodes. The type of each link is shown in brackets. 

have equal priority), then a simple objective function 
results, as shown below: 

K t(k)n(k) 

Maximise: E E E a}k 
k=1 t=1 j=1 

(5) 

This objective function simply states that we wish to 
maximise the total network throughput (expressed in 
terms of numbers of channels) subject to the constraints 
described in the previous subsection. 

An alternative formulation requires that we place 
"weights" on the resources which have priority in the 
network. Thus, we present an objective function which 
incorporates such "weights" on OD pairs considered to 
be the most important from an administration's point 
of view. 

K t(k) n(k) 

Maximise: E E wtk E a}k (6) 
k=1 t=1 j=1 

where wtk is a weighting on each type of traffic t to be 
applied to the k- th 0 D pair. 

3 Solution Strategy 

In this section, we outline how the solution strategy, 
which has been implemented in a computer program 
(written in the C language), is applied to a given net
work. The procedure is as follows: 

1. Determine which restoration percentages lead to 
a problem which has feasible solutions, using the 
largest percentages first. This finds the values of 
the rtk which can be applied. 

2. Solve the linear programming model for the appro
priate set of constraints - including satisfying the 
restoration percentages for all traffic types for all 
OD pairs, which returns the values of the a}k. The 
method of cutting planes is used to ensure that the 
solution is integral, although alternative methods 
such as branch and bound would also be suitable in 
this case. 

3. Assign the optimal flows (a}k) to links, systems and 
bearers (by applying the user-defined rules of prece
dence for different entities). 

4 Optimal Traffic Allocation 

Once the optimal levels of traffic for each chain have 
been calculated by the linear programming package, the 
traffic is allocated to bearers. The method used is as 
follows: 

• Allocate 6~ja}k bearers of traffic type t to link i, for 
i = 1, ... ,R, t = 1, ... ,t(k), k = 1, ... ,K, and 

{ 

1 if j-th chain of OD pair k, and 
6!j = traffic type t uses link i. 

o otherwise 

• If link i has no parallel links, i.e. it is the only link 
between the two nodes it joins, vacant bearers are 
located in the order specified by the bearer hierar
chy. e.g. regular bearers are used first and then the 
dedicated bearers are allocated. In the event that 
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some portion of the network is in the down state, 
then the protection bearers may also be used. (The 
protection bearers are not available for use unless 
other systems are in the down state.) 

• H parallel links do exist, and their type has a high
er precedence than the present link, the algorithm 
will try to allocate bearers to these other links first. 
These parallel links will also be used if link i has no 
vacant bearers. 

• The hierarchy of bearers is used to establish an or
dering between bearers, based on the host link type 
(fibre, radio, coaxial, & mixture) and the bearer 
type (regular, dedicated & protection). This results 
in the "better" bearers being used first. 

5 Sample Network Problem 

Consider the network depicted in figure 1. This network 
consists of 3 nodes, 4 links and 3 OD pairs. The follow
ing tables summarise the information required by the 
model for this simple network. 

No. ID code State Adjacent Links 
1 NodeA Up link_I, link-2, link-l 
2 NodeB Up link_I, link-2, link_4 
3 NodeC Up link_3, linkA 

Table 1: Node Information for the Sample Network 

No ID code State Type Start End 
1 link_l Up Radio NodeA NodeB 
2 link-2 Up Coaxial NodeA NodeB 
3 link..3 Up Fibre NodeA NodeC 
4 linL4 Up Mixture NodeB NodeC 

Table 2: Link Information for the Sample Network 

No System code State Reg. Ded. Prot. 
1 System 1. 1 Up 3,3 1, 1 1, 1 

System 1.2 Up 5,5 2,2 1, 1 
2 System2.1 Up 4,4 1, 1 2,2 
3 System3.1 Up 6,6 2,2 1, 1 

System3.2 Up 2, 2 1, 1 0,0 
System3.3 Up 5,5 1, 1 1, 1 

4 System4.1 Up 4,4 1, 1 1, 1 
System4.2 Up 5,5 1, 1 2,2 

Table 3: Transmission Systems on Links 

Traffic 
No. Origin Dest Types Demand 
1 NodeA NodeB AB_l 10 

AB-2 3 
2 NodeA NodeC ACJ 12 

AC-2 5 
3 NodeB NodeC BCJ 4 

Table 4a: OD pair information for Sample Network 

No. Origin Dest Weight Restoration % 
1 NodeA NodeB 120 90, 75, 50, 25 

20 80,50,25,10 
2 NodeA NodeC 120 80,60,40,20 

30 80, 70, 60, 30 
3 NodeB NodeC 120 90, 90, 75, 50 

Table 4b: OD pair information (continued) 

No. Origin Dest Links in the chain 
1 NodeA NodeB linkJ 

link-2 
link-l, link_4 

2 NodeA NodeC link_I, linkA 
link-2, link_4 
link..3 

3 NodeB NodeC link_I, link-l 
link-2, link-l 
link_4 

Table 5: Chain information for Sample Network 

Finally, the hierarchy of different bearer types specified 
for this network can be summarised as: 

No. Media Type 
1 fibre regular 
2 radio regular 
3 coaxial regular 
4 mixture regular 
5 fibre dedicated 
6 radio dedicated 
7 coaxial dedicated 
8 mixture dedicated 
9 fibre protection 

10 radio protection 
11 coaxial protection 
12 mixture protection 

Table 6: Hierarchy of Bearer Types 

The above data was tested on the model for the case 
where the network was in the fully operational state. 
The algorithm succeeded in obtaining an optimal feasi
ble solution for the first set of restoration percentages 



System Traffic Reg. Ded. Prot. Total 
System 1. 1 AC-2 0 1 0 1 

AB_1 3 0 0 3 
System 1.2 BC_1 0 1 0 1 

AC-2 0 1 0 1 
AB-2 1 0 0 1 
AB_1 4 0 0 4 

System2.1 AC-2 2 0 0 2 
AB-2 2 0 0 2 

System3.1 AC_1 3 2 0 5 
AB_1 3 0 0 3 

System3.2 AC-2 0 1 0 1 
AC_1 2 0 0 2 

System3.3 BC_1 0 1 0 1 
AC_1 5 0 0 5 

System4.1 BC_1 0 1 0 1 
AC-2 1 0 0 1 
AB_1 3 0 0 3 

System4.2 BC_1 2 0 0 2 
AC-2 3 0 0 3 

Figure 2: Bearer Allocation - Normal Operation 

and this lead to the allocation of bearers shown in fig
ure 2 for this network. It should be noted that since the 
network is operating normally, none of the protection 
bearers are permitted to carry any traffic. 

Finally, we consider a case where a link has failed in 
the network. Figure 3 shows that the algorithm has 
once again found an optimal solution and a new traffic 
allocation is located. The failed link connects nodes A 
and B and thus allocations on this link are all zero. Note 
also that the protection bearers now become available 
for use in ensuring that the network is working to its 
maximum available capacity. Many other scenarios have 
been tried with similar success. 
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System Traffic Reg. Ded. Prot. Total 
System2.1 AC_1 0 1 0 1 

AB_1 4 0 0 4 
System3.1 AC_1 0 2 0 2 

AB_1 6 0 0 6 
System3.2 AC_1 2 1 0 3 
System3.3 AC_1 5 1 0 6 
System4.1 BC_1 0 1 0 1 

AB_1 4 0 0 4 
System4.2 BC_1 2 1 0 3 

AC_1 1 0 0 1 
AB_1 2 0 0 2 

Figure 3: Bearer Allocation - Link A-B Failed 
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