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Abstract 
The aim of this thesis was to create a resilient network, capable of handling link failures without 
affecting the data flow. This was done by using graph theory and three mathematical models. A 
generic system was created, on which the models were applied on. The mathematical models 
were path diversity, edge protection and path restoration. These models were tested to evaluate 
if they could create a robust system. The models were also compared with each other to obtain 
the best performing one. It was concluded that it was possible to construct a resilient network 
using these types of mathematical modelling. It was also concluded that the models provided 
different results in terms of cost and robustness. The report ends with suggestions on future 
work of how studies can be conducted to create realistic systems. 
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1 Introduction 
In this report, some details are excluded due to secrecy and confidentiality constraints. The 
studied system and all its details is a generic model with interesting properties for the topic of 
this thesis. 

Swedish Aeroplane Company Limited, SAAB, was founded in Sweden in 1937 and is one of 
the world’s leading manufacturers of military aircraft (SAAB n.d.a). SAAB develop products, 
services and solutions within military defence and civil security.  

One of SAAB’s product is Gripen, a smart military fighter aircraft, which is cost-efficient and 
provides high-tech solutions. Gripen is developed to adapt to changing threats and needs in the 
world. Earlier versions of Gripen are Gripen A/B and Gripen C/D. (SAAB n.d.b) The next 
version is Gripen E, an aircraft with the latest technologies within the areas of information, 
movements and weapons. (SAAB n.d.c) The radar in Gripen E is called Active Electronically 
Scanned Array, AESA. One difference between this radar and the radar in earlier versions of 
Gripen is that AESA has a full array of small antennas instead of only one antenna. With this 
technology, the radar can track different targets at the same time. (SAAB n.d.d) Radar is a sensor 
that detects and locates objects and SAAB is one of the world’s leading radar suppliers (SAAB 
2014). 

Aircrafts have a system called avionic system, which consists of several interconnected 
computers, each having a specific function. One function is the radar. The radar system consists 
of several modules connected to a subsystem computer, which is connected to a main computer 
in the avionic system. Radar is “the eyes and ears of aircrafts”. Therefore, it is significant to 
sustain a reliable operation. This lead to the communication between the radar system and the 
main computer being essential. (Newport 1994) 

1.1 Problem formulation 
The communication in a radar system is essential. Making the communication within the radar 
system more robust is something to strive for. Another thing to strive for is to share available 
communication links with other functions, with the aim of minimizing the number of links. 
However, this would lead to the available capacity must be shared. In this scenario, data being 
transmitted to and from the radar could need to be rerouted. This could be due to there not being 
enough capacity left on a link, or due to a switch, computer or link fails. The thesis examines 
diverse ways of sending data in the network, when sharing the capacity and without 
compromising the robustness of the network. 

1.1.1 The system 

An abstraction of the studied generic system is illustrated in Figure 1. The discussion and 
conclusions of the studied, generic system can be applied on a real system. 
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Figure 1- The studied generic system. The SSC is the radar system and the avionic system computer is the main computer in 

the avionic system. Data is transmitted between these two modules. 

The subsystem computer, denoted SSC in the figure, is the radar that provides data to the main 
computers, denoted MC. The MCs are a part of the main computer in the avionic system. This 
main computer is called avionic system computer, ASC. 

Each MC consists of two processing units. The reason for why two processing units are chosen, 
is due to it looked similar to other commercial available technologies. The two main computers 
are illustrated in the figure and are denoted MC1 and MC2. The MCs’ processing units are also 
illustrated in the figure, denoted MC1.1 and MC1.2 in the first MC and MC2.1 and MC2.2 in 
the second MC. The processing units are connected by a link with unlimited capacity. 

In the studied system, all links are wired and the throughput is 1Gbit/s on all links. The 
throughput is chosen to 1Gbit/s due to it being a convenient number when performing the 
experiments on the model and due to it being close to the throughputs in commercial available 
technologies. It is a convenient number since the cost parameter is not important, instead it is 
the relation between different costs that are important. 

In the studied system, there are two storage modules. The storage modules are assumed to have 
unlimited capacity. There are also two switches in the studied system, which are assumed to be 
capable of handling incoming and outgoing data simultaneously on several links. 

The system contains five different origin to destination transfers, denoted OD-pairs through rest 
of the report. Each OD-pair represents a communication between two modules in the system. 
OD-pair one and two are the communication between the SSC and the respective storage 
module. OD-pair three and four are the communication between respective storage module and 
the MCs. The last OD-pair is a communication straight between the SSC and the MCs. The 
logic behind the OD-pairs is that the MCs requests data from the SSC, which it sends to the 
storages. The MCs can then pick up the requested data from the storages. The last OD-pair, SSC 
to a MC, denotes the status updates on the system itself, which has high priority and goes 
straight to the MCs. 
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The MCs in the studied system requests data from the SSC by sending a message to the SSC. 
When the message is received, the SSC sends the requested data to one of the storages. The 
data is then transmitted to a processing unit in a MC, which does not need to be the one that 
requested the data. The data is then transmitted to the ASC, which is the main computer in the 
avionic system. The dashed links connecting the MCs and the ASC, and the ASC module are 
not important in the studied system, therefore the end nodes in the system are the MCs. 

1.2 Purpose and research questions 
This thesis aims to construct an algorithm based on graph theory and resilient network design, 
to increase the robustness of the studied system. To create the optimal algorithm, several 
mathematical models are tested and evaluated to find the best fit, at the lowest possible cost. 
Since optimality, robustness and cost are metric-oriented, more details are provided later to 
avoid confusion. 

Three different optimization problems are applied on the studied system with the aim of 
investigating which of them is the best fit for this kind of system. All models are tested for 
single-edge failure and compared with each other. A second test is implemented where the 
models’ performances are evaluated when more than one edge fails at the same time. 

The purpose of developing communication strategies is to get a robust communication in the 
studied system, even if sudden changes occur, like another demand is occupying a link. To 
achieve the aim of the study, three research questions are formulated. 

• Is the studied model able to guarantee 100% protection of the transmitted data in the 
system, in case of a single-edge failure? 

• Can the model guarantee a reliable system in the case of multi-edge failure? 

• If the first research question can be answered for all models, is there any model that 
outperforms the other? If the answer is yes to the first question, then why? 

1.3 Approach overview 
To be able to answer the research questions, a literature study is first performed to get a 
theoretical base of the problem. The system is then illustrated by graph theory, see Chapter 3- 
Implementation. Menger’s theorem and the max-flow min-cut theorem are used to receive the 
number of edge-disjoint paths in the system. This is done by implementing the max-flow min-
cut theorem in MATLAB. Three different optimization problems are considered regarding the 
problem of sending the data in the network. The optimization problems are path diversity, edge 
protection and path restoration. The designed optimization problems are implemented in 
AMPL. Experiments are performed on the optimization problems to answer the research 
questions. The results are analysed and discussed, leading to a robust communication strategy. 

1.4 Simplifications  
The studied system is an exemplified generic model thus, it is important to have in mind that 
the relevance of the conclusions can differ from reality.   

All the acknowledgements, ACKs, in the system are assumed to be transmitted error free. Due 
to this, ACKs are excluded in this study. 

1.5 Structure   
The rest of the report is structured as follow. Chapter 2 gives an overview of the necessary 
theory. Chapter 3 explains how the thesis is performed. The results are presented in Chapter 4. 
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Chapter 5 presents a discussion and analyse of the results. In Chapter 6 the conclusions are 
presented. Chapter 7 gives some suggestions for further research. 
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2 Theoretical framework 
The chapter presents the theoretical framework needed to be able to perform the study. 
Presented in the chapter are basic knowledge about computer network, data communication, 
graph theory, network design, simulation, MATLAB and AMPL. 

2.1 Computer network 
In a computer network, a group of hosts are connected to each other to achieve a certain task. 
The hosts are different types of devices, such as computers or servers, which communicate 
within the network. (Alani 2014) In the network, a host is either a transmitter, a receiver or both 
and the hosts are connected by communication links (Ahlin, Zander & Slimane 2006; Ploumidis 
et al. 2015).  

A computer network is necessary for sharing resources (Alani 2014). The transmitter and the 
receiver in a network can be seen as nodes. The data should be transmitted between the nodes 
in a successful way to increase the efficiency. (Ahlin, Zander & Slimane 2006; Ploumidis et al. 
2015) The nodes in a network can be of different kind of devices, like switch, computer or cell 
phone (Alani 2014). 

2.1.1 Data communication 

Data communication is defined as the transmission of data between two or several stations. A 
station can be seen as a node and the data being transmitted is a kind of message. Murthy (2010) 
defines data as raw facts or observations and that it can be converted into desired form. To 
convert data to a special form for a specific end-user is called data processing or information 
processing. (Murthy 2010) 

The easiest form of data communication is when two stations communicate via a 
communication link. Data is represented as bits, which are sent on the link by propagating 
electromagnetic waves or by optical pulses. In a network, several stations can be connected via 
links and switches. The communication links are diverse types of physical media, which are 
either guided or unguided. If the physical media is guided, or so called wired, the waves are 
guided along a solid medium like a fibre optic cable or a coaxial cable. If the physical media is 
unguided, or so called wireless, the waves propagate in the atmosphere and out in space. An 
example of unguided media is a digital satellite channel. (Kurose & Ross 2013) 

Before a transmitter sends data, it segments the data and adds header bytes to each segment, 
and then send it as a packet. The packet is transmitted on a link in the network. The receiver 
can be a router, which forwards the packet toward the end station on one of its outgoing links. 
The whole way in the network, from transmitter to receiver, inclusive routers, is called a route 
or path. (Kurose & Ross 2013) 

2.1.2 Routing algorithms 

There could be several possible routes for a packet to travel in a computer network. Therefore, 
it is important that packets travel along the cheapest path. The cheapest path can be defined in 
diverse ways depending on what is important, which often is the shortest route. (Kurose & Ross 
2013; Ploumidis et al. 2015) 

A network can be displayed as a graph with a set of nodes, also called vertices, and a set of 
links, also called edges. In this report, a link will be referred to a physical, communication link 
and an edge will be referred to the connection in a graph. A node will be referred to a station, 
like a computer, and a vertex will be referred to a circle in a graph. 
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In a graph, the vertices represent routers or hosts in a computer network and the edges represent 
the link between them. The edges can have different values, which corresponds to the cost of 
using them. The total cost of a route is the sum of all used edges’ costs. (Kurose & Ross 2013) 
Figure 2 shows an example of a simple undirected graph. The graph in the figure consists of 
four vertices and five edges. See more of graph theory in Chapter 2.2- Graph theory. 

 
Figure 2- Example of an undirected graph. The vertices, circles, are connected by edges. 

 

2.1.3 Communication protocol 

Both military aircrafts and air transport aircrafts have a system called avionics. As mentioned 
before, an aircraft avionic system consists of several interconnected computers. Each computer 
is dedicated to an aircraft function. Examples of functions in the avionic system are radar, 
weapon control, flight control and communication. (Newport 1994) 

The avionic system in older aircrafts, from 1970 to 1980, could consist of 30 or more individual 
computers (Newport 1994). The computers were connected via point-to-point wiring and the 
signals being transmitted were analogue. Due to the amount of data being transmitted in the 
system, the data communication between the different computers had to become more effective 
and digital. (Zurawski 2014) According to Upender and Koopman (1993) is it due to limitations 
in computer networks important to have efficient communication protocols. The efficiency can 
be improved for example by reducing packet overhead, which is bits added by the protocol to 
guarantee proper routing and reliability. Packet overhead can for example be ACKs. (Upender 
& Koopman 1993) 

It is important to study worst-case scenarios since the efficiency depends on both light and 
heavy traffic. For example, Ethernet is efficient for light traffic but is not as good if the traffic 
is heavily loaded. When selecting protocol is it important to have the protocol efficiency in 
mind. A protocol is robust if it quickly can detect and recover from errors. (Upender & 
Koopman 1993) 
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2.2 Graph theory 
A graph G consists of a set of vertices, V, and a set of edges, E. This can be denoted G= (V, E) 
and the edges can be either directed or undirected. A graph can be presented as a diagram, where 
the vertices are points and the edges are lines which connects the vertices. A graph can for 
example be a telecommunication or a data communication network. In networks, there are 
usually multiple paths between a given pair of vertices. (Aldous & Wilson 2003) 

It can be important to know how many edges that can be removed without for example 
preventing a phone call being made between two cell phones. If there is a path between each 
pair of vertices, the graph is so called connected. The graph is disconnected if there is no path. 
The edge connectivity of a connected graph G is the smallest number of edges that can be 
removed to disconnect G. (Aldous & Wilson 2003) 

Menger proved the basic result of connectivity in 1927. It resulted in Menger’s theorem, which 
relates the maximum number of vertex- or edge-disjoint paths and the minimum number of 
vertices or edges in a set. From Menger’s theorem, the max-flow min-cut theorem was derived 
by Ford and Fulkerson in 1956. The max-flow min-cut theorem relates the maximum flow in a 
graph and the capacity of a cut. It has been proven that the theorem can be used to prove 
Menger’s theorem. The two theorems are used to find the maximum flow in a network. (Gould 
2012) 

2.2.1 Menger’s theorem 

As mentioned above, Menger’s theorem finds the maximum flow in a network based on 
connectivity. The theorem can be used to obtain information about both vertex and edge 
connectivity. Due to this, Menger’s theorem can either be on vertex form or on edge form. 
Menger’s theorem describes the minimum number of connectivity, vertex- or edge-disjoint, 
paths between a pair of vertices. Menger’s theorem is based on disjoint paths, the definition of 
a disjoint path is described below. (Aldous & Wilson 2003) 

Let G be a connected graph. Let s and t be two vertices in G. 
A path between the vertices s and t is a st-path. Two or more st-paths are edge-disjoint if the 
paths consist of different edges. Two or more st-paths can be vertex-disjoint if the paths do not 
include the same vertices, except from the vertices s and t. (Aldous & Wilson 2003) 

The maximum number of edge-disjoint st-paths must be smaller or equal to the minimum 
number of edges in any set of edges that separates s from t. This statement leads to Menger’s 
theorem on edge form. It relates the number of edge-disjoint paths, between vertices s and t, 
and how it affects the edge connectivity. Menger’s theorem on edge form is presented below. 
(Aldous & Wilson 2003) 

Let G be a connected graph. Let s and t be two vertices in G. 
The maximum number of edge-disjoint st-paths is equal to the minimum number of edges that 
separates s and t. (Aldous & Wilson 2003) 

The result of the theorem is that the maximum number of edge-disjoint st-paths and the 
minimum number of edges is equal to k. (Aldous & Wilson 2003) 

As mentioned before, a graph can also be vertex-disjoint. Consider a connected graph with a 
set of vertices. Removing vertices from the graph results in the paths from s to t are being 
destroyed and every st-path consists of at least one of the vertices. The maximum number of 
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vertex-disjoint st-path must be smaller or equal to the number of vertices in the set. This results 
in Menger’s theorem on vertex form, which is presented below. (Aldous & Wilson 2003) 

Let G be a connected graph. Let s and t be two non-adjacent vertices in G. 
The maximum number of vertex-disjoint st-paths is equal to the minimum number of vertices 
that separates s from t. (Aldous & Wilson 2003) 

The result of the theorem is as follow. Having k vertex-disjoint st-paths and k vertices separating 
s from t, results in the maximum number of vertex-disjoint st-paths and the minimum number 
of vertices separating s from t, being equal to k. The k vertices that separates s from t forms a 
vertex cutset. This results in it only being necessary to consider vertex cutsets that disconnects 
G if removing a vertex. (Aldous & Wilson 2003) 

2.2.2 Max-flow min-cut theorem 

When analysing networks, the maximum flow between two vertices can be important to know. 
It can for example be of use when there is a need to know the maximum flow rate of vehicles, 
or the maximum number of simultaneous phone calls. To be able to find the maximum flow in 
a network, all the possible routes of flow between two end vertices must be considered. 
(Chinneck 2000) The maximum amount of flow in a network can be called max-flow (Gould 
2012). According to Chinneck (2000) is the max-flow problem related to the minimum cut 
problem, which is the problem of finding the cut that has the minimum cut value in a network. 
Gould (2012) describes this as the best set of edges that disconnects s from t should be removed. 
The best set of edges means in this case the edges with minimum amount of capacity. The 
problem of maximum flow and minimum cut leads to the max-flow min-cut theorem. (Gould 
2012) 

The maximum amount of flow in a network is equal to the minimum capacity of a cut (Gould 
2012). 

The maximum flow in a network can be solved by linear programming. The max-flow min-cut 
theorem stated by Ford and Fulkerson can be called the Ford and Fulkerson method. The 
method is a simpler and faster method to obtain maximum flow than linear programming, when 
implementing on a computer. After the Ford and Fulkerson method has been completed, the 
minimum cut can be derived. The cut consists of the same set of edges which flow capacities 
was set to zero by the Ford and Fulkerson method. (Chinneck 2000; Middleton, Aazhang & 
Lilleberg 2010)  
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2.3 Network design 
The links in a network can have different capacities, or so-called throughputs. If a link is fully 
used by another demand, there is no capacity left for new demands which data cannot be 
transmitted on that link. It is necessary to have enough throughput to carry all the demanded 
data, otherwise packets can be dropped. The aim with network routing is to find the cheapest 
path, including rerouting and allocation, so the demand volumes always are fully protected. 
(Pióro & Medhi 2004; Middleton, Aazhang & Lilleberg 2010; Ploumidis, Pappas & Traganitis 
2017) 

When a network is in normal state, there are no failures to consider and everything works as it 
should. In normal state, there is one shortest path for each demand. The shortest path is the path 
with the least number of hops. However, failures can occur, like a vertex or an edge being 
unavailable. Each failure state consists of a failure and the failure state is included in the 
formulation of the optimization problem. Designed networks should be robust to failures, which 
means that the network should be able to transmit demands even if a part of a network has 
failed. Representative design problems for robust networks are formulated in this chapter. 
(Pióro & Medhi 2004; Ploumidis, Pappas & Traganitis 2017) 

2.3.1 Re-establish failed flows 

In case of a failure, the affected resources can be re-established in diverse ways, for example 
by protection or restoration. Protection is a mechanism that restores an edge or path before the 
failure has occurred, while restoration restores after the failure has occurred. The two 
mechanisms’ aim is to re-establish failed flows. (Pióro & Medhi 2004; Pasias, Karras & 
Papademetriou 2004) 

The protection mechanism calculates a back-up path and reserves resources at the same time 
the flow on the path is set up. The back-up path guarantees restoration of the flow in case of a 
failure. The restoration mechanism however, calculates a back-up path when a failure has 
occurred in the pre-calculated path. The flow is then re-established on the new path. According 
to Pióro and Medhi (2004), there is no difference in a capacity view between the restoration and 
protection mechanisms. (Pióro & Medhi 2004) 

Re-establishment of a flow can either be for an edge or a path. With edge re-establishment, the 
failed edge is re-established. With path re-establishment the whole end-to-end flow, which used 
the failed edges, are individually re-established. (Pióro & Medhi 2004; Pasias, Karras & 
Papademetriou 2004) 

The mechanisms for re-establishment can either use dedicated or shared capacity. Dedicated 
capacity is the capacity reserved to re-establish the failed edge or path. The capacity cannot be 
used to re-establish other failures. Reserve capacity is expensive but simple to operate. If shared 
capacity is used for re-establishment, there is a common set of spare resources that can be used 
in case of a failure. This set of spare resources is not dedicated for a special failure, all the 
resources are available in all different situations. Shared capacity does not demand as much 
capacity as dedicated capacity, but it can be more complicated. (Pióro & Medhi 2004) 

2.3.2 Design problem with path diversity 

Routing constraints can be included in a network if restrictions often arise naturally. One of 
these constraints is path diversity, which is a requirement that forces demand volumes to split 
into more than one path and flood the network. (Pióro & Medhi 2004; Zotkiewicz, Ben-Ameur 
& Pióro 2010; Pappas, Siris & Traganitis 2010) 
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The optimization problem includes a diversity factor n. If n is an integer, the demand volume h 
will be forced to split between n different paths. Each individual flow should not exceed 怠待待� % of the demand volume. When split demand between several paths, the optimal rule is to 

allocate flow equal to ℎ� to the shortest path of demand d. Then the next flow equal to ℎ� should 
allocate the next shortest path of another demand d, and so on. This is the shortest path-rule 
used when allocating resources with path diversity. For path diversity to work effective, the 
paths used need to be edge- or vertex-disjoint. (Pióro & Medhi 2004; Dzida et al. 2008) 

Path diversity is the simplest form of a protection re-establishment mechanism. If a failure 
situation occurs, the mechanism does not take any action at all. The result of this mechanism is 
that only a portion of the demand will survive the failure. Path diversity is required when 
demand is split between several edge- or vertex-disjoint paths. The formulated optimization 
design problem for protection with path diversity is presented below. (Pióro & Medhi 2004; 
Dzida et al. 2008; Zotkiewicz, Ben-Ameur & Pióro 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the formulated optimization problem, (1a) is the objective function which aim is to minimize 
the cost of each used edge. Constraint (1b) sets that all demanded volume need to be allocated 
to a path. As mentioned earlier, the optimal rule with path diversity is to allocate flow equal to ℎ� . Constraint (1c) sets that the flow allocated to a path by demand d, must be smaller or equal 
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to the allocated flow, ℎ�. The last constraint, (1d), make sure that the flow allocated to an edge 
in a path does not exceed the capacity on respective edge. (Pióro & Medhi 2004) 

With path diversity, the shortest path allocation rule is applied, which was mentioned earlier. 
According to Pióro and Medhi (2004) is path diversity beneficial from a network robustness 
view. This is due to when a failure occurs, it is almost certain that only parts of the demand will 
be lost. This is especially when the paths are edge- or vertex-disjoint. (Pióro & Medhi 2004) 

Path diversity can consist of failure situations. Consider a failure situation scenario, where 鯨 =継 and each failure situation is 嫌 > ど. In normal state, 嫌 = ど  and there are no failures, everything 
works as it should. Each demand volume should be split into n numbers of equal flows, where 
n is the diversity factor for a demand. The n numbers of flows should be allocated to the shortest 
set of n vertex-disjoint paths. This results in an optimal solution which shows the percentage of 
how protected the network is and the total cost of the allocation. Below is the general 
formulation of this protection problem presented. (Pióro & Medhi 2004) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The objective function in (2a) is the same as in (1a). Constraint (2b) states that the available 
flow allocated in normal state must be larger or equal to the volume of the demand in respective 
state, or so-called situation. Constraint (2c) ensures that the flow allocated to a path in the 
normal state is smaller or equal to the capacity of the edge. The flow must be allocated on edges 
that belongs to the path. (Pióro & Medhi 2004) 
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2.3.2.1 Multi-edges 

There are two types of errors that can affect an edge. One error type is a physical error that 
renders the edge unusable. It could be in the event of a fire or something else that damages the 
actual link. If this type of error where to occur, there is nothing that can be done in the way of 
routing to save that edge. Data must be re-routed completely to restore the flow. The other error 
type is logical errors, which can happen due to CPU errors, overload or other software related 
problems. This can lead to a situation where a portion of the edge is still usable. To model this 
in such a way that it is possible to see how data flow is affected by a partial edge-failure, the 
term multi-edge is introduced. By splitting one edge into a set of multi-edges, each data flow 
that passes through that edge can be associated with one of the multi-edges. When one of the 
multi-edges goes down 100%, it is called a single-edge total failure. Three scenarios are 
illustrated in Figure 3. In the first scenario, 100% of the edge’s capacity is available. In the 
second scenario, the red edge is unavailable, which makes 66% of the edge’s capacity available. 
In the third scenario, the two red edges are unavailable. This leads to 33% of the edge’s capacity 
being available. (Pióro & Medhi 2004) 

 
Figure 3- Example of multi-edges. 

The capacity of the edge is divided equally on each multi-edge. By modelling edges this way, 
a more divers system is obtained, which is the reason it was used for this study. Another benefit 
from this type of modelling is the following. A data flow is traversing on one multi-edge. 
Consider a situation where that multi-edge fails, an edge-disjoint path would be to use another 
set of the multi-edges. This can in practice be seen as retrying on the same edge in a different 
time frame. (Pióro & Medhi 2004) 

2.3.3 Design problem with restoration and protection of edge capacity 

Edge protection is a mechanism that handles single, total failures of an edge. It then restores 
the capacity of the failed edge on one or several paths between the two end vertices of the failed 
edge. There is spare capacity that can be used in case of failure. The spare capacity is shared, 
which means that the capacity can be used in other situations and not only in the current one. 
(Pióro & Medhi 2004; Steven et al. 2000) 

When formulating design problems with protection of edge capacity, the normal flow is 
allocated to the shortest single-edge path, which results in normal capacity 検勅  for all used edges. 
Then, extra protection capacity, the spare capacity, is added on each edge. The spare capacity 
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is equal to 検勅′. The extra protection cost is added to the normal cost, and a final cost is received. 
It is possible to admit restoration of for example 66% of edge capacity, but it leads to an extra 
cost. (Pióro & Medhi 2004) 

Partial edge failure can also be used on the design problem of restoration of edge capacity. To 
formulate the problem, multi-edges are being used since it is easier to know which part of the 
flow that is protected. For example, consider a case when two of four edges are reconstructed 
in case of a failure. This leads to only 50 % of the capacity is reconstructed, which means that 
half of the capacity is protected and the other half is not protected. Edge re-establishment 
require that failed edge capacity is restored on a single path, which results in a mixed integer 
programming, MIP, problem. The designed optimization problem for this protection mechanism 
is presented below. (Pióro & Medhi 2004) 
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The objective function is presented in (3a), it aims to minimize the unit cost of the used 
capacities of the edges in the normal state and in the other states. Constraint (3b) ensures that 
the normal flow allocated on a path is equal to the demanded volume. Constraint (3c) sets that 
the normal allocated flow should be smaller or equal to the normal capacity of an edge. The 
edge must belong to the path. Constraint (3d) states that the flow restoring normal capacity of 
an edge on a restoration path is equal to the normal capacity of an edge. Constraint (3e) ensures 
that the flow restoring normal capacity of an edge on a restoration path is smaller or equal to 
the protection capacity of an edge in all states except from the normal state. Each edge must 
belong to a restoration path. Constraint (3f) makes sure that the binary flow variable, associated 
with the normal capacity of flow restoring of an edge on a restoration path, is equal to one, 
which in other words means that it is being used. Constraint (3g) makes sure that the normal 
capacity of flow restoring of an edge on a restoration path is smaller or equal to a binary flow 
variable associated with this flow and its upper bound the normal capacity. In this problem, 
shared protection capacity is used. (Pióro & Medhi 2004) 

An optimal solution closer to the global optimum can be obtained when forming a path as a 
Hamiltonian cycle and allocate the spare capacity on it. A Hamiltonian cycle is a cycle which 
visits all vertices exactly once. (Pióro & Medhi 2004; Steven et al. 2000) An example of a 
Hamiltonian cycle can be seen in Figure 4 on page 17. 

When the capacities in the normal flow are given, some proportion of the normal capacities can 
be used on edges as protection capacity. This would result in decreased demand volumes and 
the network would be fully protected against total single-edge failures. The optimization 
problem of edge protection when using available capacity in the normal flow is presented below. 
(Pióro & Medhi 2004) 
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The objective function, (4a), aims to maximize the proportion of the used capacities. Constraint 
(4b) makes sure that the proportion of the used capacities does not exceed the quota between 
the capacity of the normal flow and the volume of the demand. Constraint (4c) sets that the total 
used capacity, the protection capacity and normal capacity, does not exceed the total available 
capacity on respective edge. In constraint (4d), the capacity of each edge, which belongs to the 
normal flow, is smaller or equal to the resulting normal capacity of the edge. Constraint (4e) 
makes sure that the resulting normal capacity of an edge does not exceed the flow restoring 
capacity of the edge. Constraint (4f) makes sure that the flow restoring capacity of an edge on 
the restoration path does not exceed the protection capacity of an edge in the restoration path. 
(Pióro & Medhi 2004) 

2.3.4 Design problem with path protection and restoration of demand flows 

Path protection and path restoration can shortly be called a PR mechanism. When sending 
demands over a path and a transmission edge fails, another path can be available to carry the 
demands. However, the paths need to be disjoint. The PR mechanism restores individual flows 
instead of edge capacity and it is not restricted to single-edge failure. The mechanism uses 
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 �珊司餐珊産�蚕史 検勅 堅結嫌憲健建件券訣 券剣堅兼欠健 潔欠喧欠潔件建検 剣血 結穴訣結 結 捲鳥椎 券剣堅兼欠健 血健剣拳 欠健健剣潔欠建結穴 建剣 喧欠建ℎ 喧 剣血 穴結兼欠券穴 穴 拳勅 喧堅剣建結潔建件剣券 潔欠喧欠潔件建検 剣血 結穴訣結 結 権勅槌 血健剣拳 堅結嫌建剣堅件券訣 潔欠喧欠潔件建検 剣血 健件券倦 結 剣券 喧欠建ℎ 圏 権勅槌 喧堅剣喧剣堅建件剣券 剣血 建ℎ結 堅結欠健件権結穴 穴結兼欠券穴 懸剣健憲兼結嫌  
 �産斬蚕算嗣餐�蚕 兼欠捲件兼件権結 堅         (4a) �伺仔史嗣司珊餐仔嗣史 堅 判 ∑ ���ℎ� ,椎      穴 = な, に, … , 経       (4b)
  拳勅 + 検勅 判 潔勅 ,       結 = な, に, … , 継       (4c) ∑ ∑ �勅鳥椎捲鳥椎椎 判鳥 検勅 ,     結 = な, に, … , 継      (4d) 検勅 判 ∑ 権勅槌槌 ,     結 = な, に, … , 継        (4e) ∑ 紅�勅槌権勅槌 判槌 拳� ,     健 = な, に, … , 継,   結 = な, に, … , 継,   健 ≠ 結.   (4f)  
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shared capacity and capacity released by failed flows can be reused if the edges survive the 
failure. In this chapter, the mechanisms for both unrestricted and restricted flow are presented. 
Also in the chapter, the PR mechanism when using single back-up paths is presented. (Pióro & 
Medhi 2004; Pasias, Karras & Papademetriou 2004) 

2.3.4.1 Unrestricted flow 

The designed optimization problem for the path protection and path restoration mechanism, 
with unrestricted flow, is presented below. Since the mechanism has unlimited flow, the network 
will be fully protected and receive better result than the other mentioned PR mechanisms. (Pióro 
& Medhi 2004) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The objective function, (5a), is the same as earlier. It aims to minimize the unit cost of the used 
edge capacity. Constraint (5b) states that the allocated flow in each state should be equal to the 
volume of the demand in respective state. Constraint (5c) makes sure that the allocated flow in 
each state does not exceed the capacity of the used edge. In this formulated optimization 
problem, the normal state 嫌 = ど does not have any impact on the problem, due to this the 
situations can be reformulated to 嫌 = な, に, . . , 鯨 instead. All the normal flows in state s can be 
disconnected and re-established with the surviving edge capacities 糠勅�検勅.  (Pióro & Medhi 
2004) 

Path protection and path restoration is more economical than edge protection and edge 
restoration. Consider the Hamiltonian, cyclic graph illustrated in Figure 4. (Pióro & Medhi 
2004; Li et al. 2014) 

�仔纂餐算蚕史 穴 = な, に, … , 経 穴結兼欠券穴嫌 喧 = な, に, … , 鶏鳥  潔欠券穴件穴欠建結 喧欠建ℎ嫌 血剣堅 穴結兼欠券穴 穴 結 = な, に, … , 継 結穴訣結嫌 嫌 = ど, な, に, … , 鯨 嫌件建憲欠建件剣券嫌 

 �伺仔史嗣珊仔嗣史 �勅鳥椎 = な 件血 結穴訣結 結 決結健剣券訣嫌 建剣 喧欠建ℎ 喧 堅結欠健件権件券訣 穴結兼欠券穴 穴; 剣建ℎ結堅拳件嫌結 ど ℎ鳥  懸剣健憲兼結 剣血 穴結兼欠券穴 穴 �鳥� 穴結兼欠券穴 潔剣結血血件潔件結券建 剣血 穴結兼欠券穴 穴 件券 嫌建欠建結 嫌, ℎ鳥� = �鳥�ℎ鳥 �勅 憲券件建 潔剣嫌建 剣血 結穴訣結 結 糠勅� 決件券欠堅検, 血堅欠潔建件剣券欠健 欠懸欠件健欠決件健件建検 潔剣結血血件潔件結券建 剣血 結穴訣結 結 件券 嫌建欠建結 嫌  
 �珊司餐珊産�蚕史 捲鳥椎� 血健剣拳 欠健健剣潔欠建結穴 建剣 喧欠建ℎ 喧 剣血 穴結兼欠券穴 穴 件券 嫌建欠建結 嫌 検勅 潔欠喧欠潔件建検 剣血 結穴訣結 結 �産斬蚕算嗣餐�蚕 兼件券件兼件権結 繋 = ∑ �勅検勅勅         (5a) �伺仔史嗣司珊餐仔嗣史 ∑ 捲鳥椎� = ℎ鳥�,椎      穴 = な, に, … , 経,   嫌 = ど, な, に, … , 鯨    (5b)
  ∑ ∑ �勅鳥椎椎鳥 捲鳥椎� 判 糠勅�検勅 ,       結 = な, に, … , 継,   嫌 = ど, な, に, … , 鯨.   (5c) 
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Figure 4- Example of a cyclic graph. 

In the graph, the demand should be transmitted from vertex 1 to vertex 2. In the normal state, 
the path is 1-3-4-2. Assume one failure state, where the edge between the vertices 3 and 4 has 
failed. With edge re-establishment, the lost edge capacity is restored and the resulted path is 1-
3-1-5-6-2. However, with the use of path re-establishment, the flow is restored directly on path 
1-5-6-2, which is shorter and therefore cheaper. With edge re-establishment in this case, the 
flow uses the edge between the vertices 1 and 3 twice. This situation is called backhauling, 
which is caused by edge re-establishment. (Pióro & Medhi 2004; Li et al. 2015; Li et al. 2014) 
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2.3.4.2 Restricted flow 

The designed optimization problem for the PR mechanism with restricted flow is presented 
below. The problem follows the rule that unbroken flows are not moved. (Pióro & Medhi 2004) 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The objective function in (6a) is the same as in (5a). Constraint (6b) ensures that the allocated 
flow is larger or equal to the demanded volume. Constraint (6c) states that the allocated flow 
cannot exceed the capacity of the edge. Constraint (6d) ensures that the allocated flow in a state 
is larger or equal to the allocated flow in the normal state. The constraint makes it possible to 
use unaffected paths when restoring flows from failed paths. (Pióro & Medhi 2004) 

2.3.4.3 Fixed, single back-up paths  

Another design problem with the PR mechanism is when using single back-up paths. When 
there is a failure in the network, the affected normal flow is moved to a back-up path. The back-
up path is predefined and can be used for all failure situations which affects the normal flow. If 
a path is not available, then its back-up path needs to be available. This leads to the normal path 
and its single back-up path are situation-disjoint. The designed problem for the PR mechanism 
with fixed, single back-up paths is presented below. (Pióro & Medhi 2004) 
 

 

�仔纂餐算蚕史 穴 = な, に, … , 経 穴結兼欠券穴嫌 喧 = な, に, … , 鶏鳥  結穴訣結 − 剣堅 懸結堅建結捲 − 穴件嫌倹剣件券建 潔欠券穴件穴欠建結 喧欠建ℎ嫌 血剣堅 穴結兼欠券穴 穴 結 = な, に, … , 継 結穴訣結嫌 嫌 = ど, な, に, … , 鯨 嫌件建憲欠建件剣券嫌, 嫌 = ど 件嫌 建ℎ結 券剣堅兼欠健 嫌建欠建結 

 �伺仔史嗣珊仔嗣史 �勅鳥椎 = な 件血 結穴訣結 結 決結健剣券訣嫌 建剣 喧欠建ℎ 喧 堅結欠健件権件券訣 穴結兼欠券穴 穴; 剣建ℎ結堅拳件嫌結 ど ℎ鳥  懸剣健憲兼結 剣血 穴結兼欠券穴 穴 �鳥� 穴結兼欠券穴 潔剣結血血件潔件結券建 剣血 穴結兼欠券穴 穴 件券 嫌建欠建結 嫌, ℎ鳥� = �鳥� ℎ鳥 �勅 憲券件建 潔剣嫌建 剣血 結穴訣結 結 糠勅� 決件券欠堅検 欠懸欠件健欠決件健件建検 潔剣結血血件潔件結券建 剣血 結穴訣結 結 件券 嫌件建憲欠建件剣券 嫌 �鳥椎� 決件券欠堅検 欠懸欠件健欠決件健件建検 潔剣結血血件潔件結券建 剣血 喧欠建ℎ 岫穴, 喧岻 件券 嫌件建憲欠建件剣券 嫌 

 �珊司餐珊産�蚕史 捲鳥椎� 血健剣拳 欠健健剣潔欠建結穴 建剣 喧欠建ℎ 喧 剣血 穴結兼欠券穴 穴 件券 嫌建欠建結 嫌 検勅 潔欠喧欠潔件建検 剣血 結穴訣結 結 

 �産斬蚕算嗣餐�蚕 兼件券件兼件権結 繋 = ∑ �勅検勅勅             (6a) �伺仔史嗣司珊餐仔嗣史 ∑ 捲鳥椎� 半 ℎ鳥�,椎      穴 = な, に, … , 経,   嫌 = ど, な, … , 鯨      (6b) 
   ∑ ∑ �勅鳥椎捲鳥椎� 判 糠勅�検勅 ,       結 = な, に, … , 継,椎鳥    嫌 = ど, な, … , 鯨   (6c) 捲鳥椎� 半 �鳥椎�捲鳥椎待      穴 = な, に, … , 経,   嫌 =  な, … , 鯨, 穴 = な, に, … , 経,   喧 = な, … , 鶏鳥 .  (6d) 
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The objective function, (7a), is the same as earlier. It aims to minimize the cost of the used 
edges. Constraint (7b) set that all flow allocated in the normal state must be equal to the 
demanded flow. The left side in constraint (7c) is equal to part of the load of edge e, induced 
by the normal flow 捲鳥椎待 in state s. The left side is equal to the load either directly since the flow 
survives in state s, which includes the normal network state to be 嫌 = ど and な − �鳥椎� = ど, or 
indirectly due to edge e belongs to the back-up path. (Pióro & Medhi 2004) 

It is possible to ensure that the entire path flow is moved to another path by adding binary 
variables, which transforms the earlier problem to a MIP problem (Pióro & Medhi 2004).   
 

  

�仔纂餐算蚕史 穴 = な, に, … , 経 穴結兼欠券穴嫌 喧 = な, に, … , 鶏鳥  潔欠券穴件穴欠建結 喧欠件堅嫌 (鶏鳥椎, 芸鳥椎) 剣血 欠 嫌件建憲欠建件剣券 − 穴件嫌倹剣件券建 喧欠建ℎ   結 = な, に, … , 継 結穴訣結嫌 嫌 = ど, な, に, … , 鯨 嫌件建憲欠建件剣券嫌 

 �伺仔史嗣珊仔嗣史 �勅鳥椎 = な 件血 結穴訣結 結 決結健剣券訣嫌 建剣 券剣堅兼欠健 喧欠建ℎ 鶏鳥椎; 剣建ℎ結堅拳件嫌結 ど 紅勅鳥椎 = な 件血 結穴訣結 結 決結健剣券訣嫌 建剣 決欠潔倦 − 憲喧 喧欠建ℎ 芸鳥椎; 剣建ℎ結堅拳件嫌結 ど ℎ鳥  懸剣健憲兼結 剣血 穴結兼欠券穴 穴 �勅 憲券件建 潔剣嫌建 剣血 結穴訣結 結 糠勅� 決件券欠堅検, 血堅欠潔建件剣券欠健 欠懸欠件健欠決件健件建検 潔剣結血血件潔件結券建 剣血 結穴訣結 結 件券 嫌建欠建結 嫌  �鳥椎� 決件券欠堅検, 血堅欠潔建件剣券欠健 欠懸欠件健欠決件健件建検 潔剣結血血件潔件結券建 剣血 喧欠建ℎ 鶏鳥椎 件券 嫌建欠建結 嫌  
 �珊司餐珊産�蚕史 捲鳥椎待 血健剣拳 欠健健剣潔欠建結穴 建剣 喧欠建ℎ 喧 剣血 穴結兼欠券穴 穴 件券 券剣堅兼欠健 嫌建欠建結 検勅 潔欠喧欠潔件建検 剣血 結穴訣結 結 �産斬蚕算嗣餐�蚕 兼件券件兼件権結 繋 = ∑ �勅検勅勅          (7a) �伺仔史嗣司珊餐仔嗣史 ∑ 捲鳥椎待 = ℎ鳥 ,椎      穴 = な, に, … , 経        (7b)  ∑ ∑ 岫�勅鳥椎椎 �鳥椎� + 紅勅鳥椎岫な − �鳥椎�岻岻鳥 捲鳥椎待 判 糠勅�検勅 ,   結 = な, に, … , 継,   嫌 = ど, な, に, … , 鯨. (7c) 
 

 



20 
 

2.4 Simulation 
Performing experiments on actual systems can be expensive, time consuming or even 
impossible. In these cases, it is necessary to formulate a model of the system to perform 
experiments on. The experiments should result in the same outcome as if the experiments would 
have been performed on the actual system. Experiment on models would make it possible to try 
several scenarios that would not have been possible or had result in problems on the real system, 
like flood the system with data. (Kelton, Sadowski & Swets 2010) 

A model is only a simplification of a real, actual system (Kleijnen 1995). Therefore, the model 
should be built with enough details to mimic the actual system’s behaviour (Kelton, Sadowski 
& Swets 2010). Simulation is an analysis method often used when describing systems and 
models of systems. A system can be a process or a facility, and it is either existing or being 
planned. Systems are being studied to examine its performance and how to improve its 
operation. First it must be defined how the system works and then the model can be built. 
(Kelton, Sadowski & Swets 2010) 

There are different types of models. One example is physical models, like flight simulators or 
simulated control rooms. Another example is a logical, mathematical model of a system. This 
type of model consists of a set of approximations and assumptions about how the system will 
work. When making the assumptions and approximations, it is necessary to choose a way of 
how to handle the model and analyse its behaviour. If the model is simple, traditional 
mathematical tools can be used, like queueing theory or linear programming, to get the answer 
to a problem. If the model is too complicated, it cannot be described as a mathematical 
formulation, then it need to be simulated in a software for computer simulation. (Kelton, 
Sadowski & Swets 2010) 

The objects moving around in a simulation are called entities. Entities are dynamic objects 
which are created, moves around and then leaves the system. Entities can be of different sort 
depending on what kind of system it is. It can for example be customers in a store or data in a 
computer network. (Kelton, Sadowski & Swets 2010) 

After formulating a simulation model, it is important to validate and verify the model. If there 
is an error in the model, then neither the result nor conclusion might be right and therefore, 
wrong decision can be made. (Kleijnen 1995) Verification of a model is the process when 
ensuring that the model behaves according to the modelling assumptions. This can be done by 
debugging code and find mistakes. Validation is the process of ensuring that the model behaves 
as the actual system. This can be done by comparing the result of the simulated model with the 
result, or the predicted result, of the actual system. (Kelton, Sadowski & Swets 2010) According 
to Kleijnen (1995) it is impossible to get the perfect model since the perfect model is the actual 
system. 
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2.5 MATLAB 
MATLAB is a platform often used by engineers and scientists to analyse and design systems. 
When analysing data, developing algorithms or modelling is MATLAB an easy-to-use and 
productive software. This is because the language is high-level and the environment is 
appropriate for iterative engineering and scientific workflows. (Mathworks n.d.a) 

The language is matrix based and it solves engineering and scientific problems (Mathworks, 
n.d.b). Attaway (2017) mentions that all code in MATLAB is written to work with vectors and 
matrices and that the software is powerful. When compiling mathematical procedures, the 
operations are distributed over multiple cores in the computer and the available libraries are 
heavily optimized (Mathworks n.d.a). According to Attaway (2017) has MATLAB built-in 
functions that can perform several different operations, like mathematical operations and three-
dimensional imaging. 

The environment in MATLAB’s desktop is designed for problem solving, visualising data as 
graphs and more. It has applications for domain-specific tasks like curve fitting, data 
classification and signal analysis. (Mathworks n.d.a) 

In MATLAB, linear algebra and numerical functions are multithreaded. This means that the 
functions are being executed on multiple computational threads in one single MATLAB session. 
If the code is compiled on a machine that is multicore-enabled, the compilation will execute 
faster. MATLAB code can be written and compiled parallel with help of constructs. This lead 
to computations being distributed across available resources without the need of writing any 
parallel code. (Mathworks n.d.b) 

One of MATLAB’s functions is maxflow, which returns the maximum flow between two 
determined vertices in a network. The function works for both directed and undirected graphs. 
It is possible for the user to specify which maximum flow algorithm to use, however the graph 
needs to be directed. There are three available algorithms; searchtrees based on the Boykov-
Kolmogorov algorithm, augmentpath based on the Ford-Fulkerson method and pushrelabel. 
Pushrelabel calculates the maximum flow in a graph by pushing a vertex’s excess flow to its 
neighbours, and then relabelling the vertex. (Mathworks n.d.c) 

2.6 AMPL 
A Mathematical Programming Language, AMPL, is a modelling language for optimization 
problems. It is a straightforward language were the general form of the optimization problem 
is implemented with variables, parameters, objective function and constraints. (Fourer, Gay & 
Kernighan 2003) 

The model declarations are implemented in a text file with the file extension .mod. The data 
specifications for the specific problem instance are implemented in another text file with the 
file extension .dat. The problem is then solved by a solver, which includes the two files and 
apply an algorithm that finds the optimal solution to the problem. There are several solvers that 
can be used, like CPLEX, Gurobi and Minos. (Fourer, Gay & Kernighan 2003) 

AMPL can be downloaded for free on the web site www.ampl.com. This version of AMPL is 
limited to 500 variables and constraints for linear problems and 300 for nonlinear problems. 
For bigger optimization problems can an AMPL license be bought. (AMPL n.d.) 
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3 Implementation 
The chapter presents how the thesis was performed. First, the graph of the studied system is 
illustrated and then it is described how the max-flow min-cut theorem was applied on it. The 
different optimization models mentioned in Chapter 2.3- Network design were applied on the 
system and experiments were performed. 

3.1 Graph theory in practise 
The studied system described in Chapter 1.1.1- The system was formulated as a graph, see 
Figure 5. All edges in the graph were undirected. The graph consisted of nine vertices and 32 
edges, due to there being multi-edges. The avionic system computer, the dashed lines in Figure 
1, was not included in the graph since it was not studied. 

 
Figure 5- A graph of the studied system. 

3.2 Edge-disjoint paths 
The graph in Figure 5 was implemented in MATLAB, but without multi-edges. When the graph 
was formulated in MATLAB, there could only be one edge between a pair of vertices. The 
formulated graph however, consisted of three edges between the two switches, two edges 
between switch 1 and MC1.1 and two edges between switch 2 and MC2.1. Multiple edges 
between a pair of vertices was modelled by implementing the number of edges with attached 
vertices. The vertices were connected to each other by edges. The edges between the vertices 
had unlimited capacity since it represented one vertex. To reformulate this, switch 1 was divided 
into three vertices and switch 2 was divided into three vertices. Each of the vertices in a switch 
was connected via an edge to a vertex in the other switch, leading to the two switches being 
connected by three edges. The three vertices in a switch were connected by edges with unlimited 
capacity. This was also done when modelling the two edges between switch 1 and MC1.1. The 
MC was divided into two vertices, which were connected via an unlimited edge. These two 
vertices represented the one vertex that was MC1.1. The two vertices were then connected with 
switch 1 with one edge each. The same was done for the two edges between switch 2 and 
MC2.1. See Figure 6 on the next page for a clearer overview. 

The max-flow min-cut theorem was applied on the graph with help of the MATLAB function 
maxflow, mentioned in Chapter 2.5- MATLAB. The MALTAB function calculated the maximum 
flow in a graph and derived the minimum cut. The maximum flow was derived for the five 
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different OD-pairs in the graph: SSC to storage 1, storage 1 to a MC, SSC to storage 2, storage 
2 to a MC and SSC to a MC. 

According to Menger’s theorem, the number of maximum flows was equal to the number of 
edge- or vertex-disjoint paths in a system. The first scenario, sending data from the subsystem 
computer to storage 1 resulted in the maximum flow equal to two. Therefore, a conclusion could 
be drawn that the graph consisted of two shortest paths that were edge-disjoint. In other words, 
there were two different paths that did not use the same edges. The maximum flow for the data 
being transmitted from the subsystem computer to storage 1 is presented in Figure 6. In the 
graph, the paths for the maximum flow are represented as red vertices and edges. The paths 
were SSC-storage 1 and SSC-switch 1-storage 1. The figure shows that there were two outgoing 
edges from the SSC, which were included in two separate paths leading to storage 1. Therefore, 
there were two edge-disjoint paths and the maximum flow equal to two could be assumed to be 
correct. 

 
Figure 6- Maxflow, subsystem computer to storage 1. 

The second scenario, where data was transmitted from storage 1 to a MC, resulted in the 
maximum flow equal to two. The same conclusion could be drawn as above, there were two 
edge-disjoint paths in the graph. Figure 7 presents the maximum flow in this scenario. The 
maximum flow is represented by red vertices and edges in the figure. The paths in the figure 
were storage 1-switch 1-MC1.1 and storage 1-SSC-switch 1-MC1.2. The figure shows that 
there were two outgoing edges from storage 1 and those lead to two different paths, which did 
not include the same edges. Therefore, the maximum flow equal to two could assumed to be 
correct. As mentioned earlier, when implementing the graph in MATLAB, switch 1 must consist 
of three vertices connected via unlimited edges. Since switch 1 only was one vertex and the 
edges were unlimited, it is acceptable that the edges connecting the vertices in the switch were 
used in the both paths. 

 

 



24 
 

 
Figure 7- Maxflow, storage 1 to a MC. 

In the third scenario, data was transmitted from the subsystem computer to storage 2. The 
scenario resulted in the maximum flow equal to two. The same conclusion as earlier resulted in 
that there were two edge-disjoint paths between the SSC and storage 2. The maximum flow in 
this scenario is presented in Figure 8 as red edges and vertices. As can be seen in the figure, 
there are two outgoing edges from the SSC. From these two edges, two edge-disjoint paths to 
storage 2 could be derived. From this, a conclusion could be drawn that the maximum flow 
equal to two was correct. The two paths in the figure were SSC- switch 1-storage 2 and SSC-
storage 1-switch 1- switch 2-storage 2. 

 

 
Figure 8- Maxflow, subsystem computer to storage 2. 

The fourth scenario, where data was transmitted from storage 2 to a MC, resulted in the 
maximum flow equal to two. Also in this case could the same conclusion be drawn, there were 
two edge-disjoint paths in the graph between storage 2 and a MC. Figure 9 shows the maximum 
flow in the graph as red edges and vertices. As can be seen in the figure, there were two outgoing 
edges from storage 2. The two outgoing edges were included in two different paths from the 
storage to a MC. The figure shows that both paths consisted of switch 1, which in the plot 
consisted of three vertices connected via edges. Since these edges only were for modelling the 
graph it was, like before, acceptable that the two different paths consisted of these edges. The 
two edge-disjoint paths showed that the maximum flow equal to two could assumed to be 



25 
 

correct. The two paths illustrated in the figure were storage 2-switch 1-MC1.1 and storage 2-
switch 2-MC2.1. 

 

 
Figure 9- Maxflow, storage 2 to a MC. 

In the last scenario, data was transmitted from the SSC to a MC. This resulted in the maximum 
flow equal to two. The same conclusion as earlier could be drawn, there were two edge-disjoint 
paths in the graph between the SSC and a MC. Figure 10 presents the maximum flow in the 
graph as red edges and vertices. As can be seen in the figure, there were two outgoing paths 
from the subsystem computer. These two outgoing paths lead to two, separate paths to a MC. 
Due to this, the result from the max-flow min-cut theorem could assumed to be correct. The 
two paths illustrated in the figure were SSC-storage 1-switch 1-MC1.2 and SSC-switch 1-
MC.1.1. Also in this case, both paths consisted of switch 1, which was acceptable due to the 
paths only being edge-disjoint and not vertex-disjoint. 

 

 
Figure 10- Maxflow, SSC to a MC. 
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3.3 Applied optimization problems 
In the chapter, it is described which models presented in Chapter 2.3- Network design that were 
applied on the studied system in an attempt to provide a resilient network. The aim was to find 
the model that could provide a robust system, capable of handling a minimum of single-edge 
failure at the lowest possible cost. The models were implemented in AMPL and solved with a 
CPLEX solver. The results are provided in graphs and tables in the next chapter. The testing 
were done with the research questions in mind. Three different models were used, which were 
all fundamentally different. Each model was first tested if it could handle a single-edge failure. 
If that was the case, the amount of failed edges were increased until an unreliable system was 
achieved. In all the cases, multi-edges were used, see Chapter 2.3.2.1- Multi-edges. 

The first model was protection by diversity, mentioned in Chapter 2.3.2- Design problem with 
path diversity. The model was interesting because unlike the other models, it does not offer 
active protection. Instead, the model directs the data flow over several available routes, thus 
capable of creating a robust system, but not the most efficient one. Four tests were performed 
on the path diversity model. In the different tests, the diversity factor was changed. This was 
done with the aim of investigate how the diversity factor affected the cost. 

The second model used an edge protection technique, mentioned in Chapter 2.3.3- Design 
problem with restoration and protection of edge capacity. Unlike the other models, this model 
used available capacity and dedicated a portion of the capacity for protection. This lead to a 
trade-off between capacity and protection. As the next chapter will show, to ensure 100% 
protection, there were some cases were not all demand flows could be satisfied. Two tests were 
performed on the edge protection model. In the first test, the capacity on each edge was set to 
the same as the demand. In the second test, the capacity was higher than the demand. The aim 
of this was to investigate how significant impact the capacity had on the studied system. 

The last model was a path restoration model, mentioned in Chapter 2.3.4.1- Unrestricted flow. 
The model included the whole chain, from source to destination. It does this to protect the flow 
in case of a failure, which will prevent back-hauling, see the mentioned chapter. This model 
with varying characteristics, were picked with the purpose of illustrating the diversity this kind 
of modelling provides. Each model could be applied to fit a specific system, with extensions 
like capacity restrictions, budget constraints and fixed-backup paths. Five tests were performed 
on the path restoration model. For each test, three scenarios were implemented, in which certain 
edges failed. First, the system’s behaviour was tested when an edge went down temporary, and 
when another edge went down the previously failed edge came back online. For the same set 
of edges, the model’s behaviour was tested when a failed edge stayed offline for all scenarios. 
These tests were mainly implemented to show the difference in complexity for the same set of 
problems, and it will be discussed further down in the report. In each test three edges failed, 
and the different tests included a variety of edges to show how the objective value was 
dependent on which part of the system that failed. The fifth test was specifically made to answer 
research question number three, to illustrate the robustness the path restoration mechanisms 
have on a more complex system. Since the last test was a bit different, the results will be 
presented in the discussion and in the future work section. 

3.3.1 Cost 

As mentioned above, the last made test was performed with the aim of illustrating the robustness 
the path restoration mechanisms have on more complex systems. In this test, it was examined 
how the costs changed in different scenarios. Cost is a term frequently used through the report 
with little explanation. The parameter cost was used in the objective function for all models, it 
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was something the model strived for to minimize while still providing the capacity necessary 
to meet all demands. For the purpose of this study, where the aim was to compare different 
models and test their strengths and weaknesses, the complexity of the cost parameter was not 
important. It was the relation between the costs that were important, in a scenario where the 
models could provide the same amount of protection and different costs. Therefore, the cost 
was set to 1 unit for each edge. However, the cost parameter could be constructed in a more 
complex way, which would be important if the characteristic of each edge was different. A few 
options on how the cost parameter could be improved are listed below. 

3.3.1.1 By a single input 

If the probability of failure was known for each edge, a cost parameter could be established as 
the error probability for each edge, since all objective functions aims to minimize the cost. 
Consider the network in Figure 11. 

 
Figure 11- Cost in a network. 

If the aim was to travel from the source node, denoted S, to the sink node, denoted T, there 
would be two options. It would be possible to travel on the edges 1 and 2, call that path 1. It 
would also be possible to travel on edge 3, call that path 2. If the cost would be 1 unit for each 
edge, then path 2 would be the cheapest choice. However, if probabilities were used and 
cost(1)=0.02, cost(2)=0.03 and cost(3)=0.09, it would be a different result. The total cost of 
using path 1 would be 0.06 units, making it cheaper than path 2, which would cost 0.09 units. 

3.3.1.2 By multiple inputs 

The cost parameter could be extended to include probability of failure and other characteristics, 
such as QoS and bit error rate, BER. This would require some weight parameters to determine 
the impact each input has on the cost. This could result in a cost parameter like the one presented 
below. In the cost parameter, p is the probability of failure and �怠, �態 and �戴 are respective 
weight parameter for respective characteristic. 潔剣嫌建岫結岻 = �怠 ∗ 喧岫結岻 + �態 ∗ 芸剣鯨岫結岻 + �戴 ∗ �継迎岫結岻. 

3.3.1.3 As a function of demand 

To make the system time sensitive, the cost could be declared as a function. In the function, the 
cost for using a certain edge could increase with the amount of data passing through that edge, 
to prevent overload.  

This was only a few examples of how the cost parameter could be implemented to bring out the 
relevant characteristics of the system. 

3.3.2 Optimality and robustness 

In Chapter 1.2- Purpose and research questions it was mentioned that the thesis aims to find 
the optimal model that creates a robust system, capable of handling edge failures without 
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affecting the data flow. In this section, a brief explanation of the terms optimality and robustness 
will be presented. 

Robustness was defined in this study as the amount of data the network could protect in different 
scenarios. Furthermore, for each scenario in which different amount of edges fail, the model 
must work completely for the removal of any randomly picked edge, to be considered as robust.  

The term optimum was in this study defined as the model that could provide a robust system, 
at the lowest possible cost. This was tested for different scenarios and the results will be 
discussed further down in the report. 
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4 Results 
In this chapter, the results from the different tests mentioned in Chapter 3.3- Applied 
optimization problems are presented. The results are described as figures, tables and in text. 

The normal path was always the shortest path, which was the one with the least number of hops. 
There could be several restoration, or alternative, paths for each demand. The restoration paths 
were other available paths between the transmitter and receiver and the paths were not sorted 
after cost. 

Figure 12 shows how the edges were allocated in the different normal paths. The total cost of 
this was 27 units. OD-pair 1 was the path between the SSC and storage 1. OD-pair 2 was the 
path between the SSC and storage 2. OD-pair 3 was the path between storage 1 and a MC. OD-
pair 4 was the path between storage 2 and a MC. OD-pair 5 was the path between the SSC and 
a MC. The MCs were always chosen randomly. 

 
Figure 12- Normal paths in the studied system. 

It is important to mention that the lines between the nodes does not represent different edges, 
the lines are merely showing how the flow was allocated on the multi-edges. Each edge is 
depicted as two edges, due to the graph consisted of multi-edges. In this and the following 
figures depicted the flow, the different colours can be difficult to distinguish when there were 
several demands being allocated on the same edge. Due to this, it is mentioned in the text which 
edge being allocated to make it clearer.  

When transmitting demands from the SSC to storage 1, the normal path was edge 1. This path 
is illustrated as the red edge in the figure. The normal path when transmitting demands from 
the SSC to storage 2 were the edges 3 and 13. This path is illustrated as blue edges in the figure. 
The normal path when transmitting from storage 1 to a MC consisted of the edges 5 and 15, 
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which is presented as magenta edges in the figure. When transmitting demands from storage 2 
to a MC, the normal path consisted of the edges 21 and 25. This path is illustrated as green 
edges. Demands transmitted between the SSC and a MC were carried along the normal path 
consisted of the edges 3 and 16. This path is illustrated as yellow edges in the figure. The edges 
coloured black were not included in any path. 

These normal paths were the same as the paths mentioned in Chapter 3.2- Edge-disjoint paths. 
In the chapter, the paths were derived when using the max-flow min-cut theorem. However, 
two edge-disjoint paths were received for each OD-pair in the mentioned chapter. The normal 
paths used in the tests are the shortest path of the two received edge-disjoint paths. 

4.1 Results from path diversity 
As mentioned earlier, the path diversity model does not use any active protection. Due to this, 
the tests conducted had various levels of diversity factors, which showed the increased cost that 
came with a higher protection rate. There were four edge-disjoint paths for each OD-pair, 
therefore, the chosen values on the diversity factor were 1, 2, 3 and 4. According to the result 
from the max-flow min-cut theorem in Chapter 3.2- Edge-disjoint paths, there were two edge-
disjoint paths for each OD-pair. However, when conducting that test, multi-edges were not used. 
Since multi-edges were used in the case of path diversity, each path consisted of two edges 
between each node pair. This lead to two edge-disjoint paths for each path derived with the 
max-flow min-cut theorem. A diversity factor equal to one indicated that only one route was 
being used for each OD-pair and a factor equal to four meant that all four available routes were 
used. Four tests were performed for the path diversity model. 

4.1.1 Test 1 

In the first test, the diversity factor was set to one, which only allocated flow on the shortest 
path of each OD-pair. The shortest paths were the normal paths, used in the normal state. Since 
the studied system did not use any alternative paths, the system was not protected in case of an 
edge failure. The objective value in this test was 27.4 units and it was derived from four dual-
simplex iterations. Figure 13 shows how the edges were allocated in the test. 
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Figure 13- Diversity factor equal to one. 

When transmitting a demand from the SSC to storage 1, the normal path was to allocate edge 
1. The allocated path are the red edge in the figure. The normal path when transmitting a demand 
from the SSC to storage 2 was to allocate the edges 3 and 13. This path is illustrated as blue 
edges in the figure. The normal path between storage 1 and a MC consisted of the edges 5 and 
15. In the figure, this is illustrated as magenta edges. The normal path when transmitting a 
demand from storage 2 to a MC consisted of the edges 21 and 25. This path is illustrated as 
green edges in the figure. When transmitting a demand from the SSC to a MC, the normal path 
was the edges 3 and 16. This path is illustrated as yellow edges in the figure. These five normal 
paths were the same as mentioned above and as the paths derived from the max-flow min-cut 
theorem. 

4.1.2 Test 2 

In the second test, the diversity factor was set to two, which meant that data was divided 
between two routes. This resulted in a 50% protected network in case of single-edge failure. 
The objective value in the test was 28.5 units, which was derived in the first simplex iteration. 
The allocated flows for the second test are depicted in Figure 14. 
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Figure 14- Diversity factor equal to two. 

Since the system was built with multi-edges, it was possible that an alternative route was using 
an edge that already was used in the original, normal route. In practice, this meant that for the 
original route, a small portion of the edge capacity was asserted to that demand, and when the 
diversity factor was increased a larger portion of the edge gets dedicated to that demand flow. 
In case of single-edge failure, this meant that the system was protected since only one set of 
multi-edge could fail. However, in case of single-edge total failure, this was not a desirable 
route design. 

As mentioned earlier, with a diversity factor equal to two, the demands were split between two 
paths. The first path when transmitting a demand from the SSC to storage 1, consisted of edge 
1 and the second path consisted of edge 2. These two paths are illustrated as red edges in the 
figure. When transmitting from the SSC to storage 2, the first path consisted of the edges 3 and 
13. The second path consisted of the edges 4 and 14. These two paths are illustrated as blue 
edges in the figure.  When transmitting a demand from storage 1 to a MC, the first path consisted 
of the edges 5 and 15. The second path consisted of the edges 6 and 16. These two paths are 
illustrated as magenta coloured edges. The first path when transmitting a demand from storage 
2 to a MC consisted of the edges 21 and 25. The second path consisted of the edges 24 and 29. 
These two paths are illustrated as green edges in the figure. When transmitting from SSC to a 
MC, the first path consisted of the edges 3 and 19. The second path consisted of the edges 2, 6 
and 20. These two paths are illustrated as yellow edges in the figure. The two paths in each case 
were almost the same as derived from the max-flow min-cut theorem and the normal paths 
mentioned earlier. Due to multi-edges, it was possible to send over both edges in a link.  
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4.1.3 Test 3 

In the third test, the path diversity factor was set to three, which resulted in the objective value 
34 units. The objective value was derived in the first simplex iteration. When the demand was 
split between three disjoint paths, the system could guarantee a 66% protection of the demand 
flow. Figure 15 illustrates how the edges were allocated in the different flows. The received 
paths were the same as the two edge-disjoint and single-edge paths mentioned in Chapter 3.2- 
Edge-disjoint paths. 

 
Figure 15- Diversity factor equal to three. 

When transmitting a demand from the SSC to storage 1, the first path consisted of edge 1. The 
second path consisted of edge 2 and the third path consisted of the edges 3 and 5. These three 
paths are illustrated as red edges in the figure. 

When transmitting a demand from the SSC to storage 2, the first path consisted of the edges 3 
and 13. The second path consisted of the edges 4 and 14. The third path consisted of the edges 
1, 5, 9 and 21. These three paths are illustrated as blue edges in the figure. 

The first path when transmitting a demand from storage 1 to a MC consisted of the edges 5 and 
15. The second path consisted of the edges 6 and 19. The third path consisted of the edges 1, 3, 
10 and 25. The last path was different from the path mentioned in Chapter 3.2- Edge-disjoint 
paths. The second path, received from the max-flow min-cut theorem was to send to the SSC, 
to switch 1 and then directly to MC1. The three received paths are illustrated as magenta edges 
in the figure. 

When transmitting a demand from storage 2 to a MC, the first path consisted of the edges 21 
and 25. The second path consisted of the edges 24 and 29. The third path consisted of the edges 
13 and 15. These three paths are illustrated as green edges in the figure. In this case, the second 
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resulted path mentioned in Chapter 3.2- Edge-disjoint paths was not to transmit along edge 15. 
Instead the result was to transmit along either edge 17 or 18 to MC1.1. However, this did not 
affect the cost so it did not matter in this case. 

The first path when transmitting from the SSC to a MC consisted of the edges 3 and 16. The 
second path consisted of the edges 2, 6 and 20. The third path consisted of the edges 1, 5, 8 and 
28. These paths are illustrated as yellow edges in the figure. 

4.1.4 Test 4 

In the last test, all the available paths in the studied system were used. The resulted objective 
value in the test was 37.5 units, which was derived in the first iteration. This protected 75% of 
the network for each OD-pair, but had an increased cost of 10.1 units compared to no protection. 
Figure 16 shows the added flow, the flow previously assigned remains but is not displayed for 
clarification in the figure. All four received paths for each OD-pair were the same as the two 
edge-disjoint and single-edge paths mentioned in Chapter 3.2- Edge-disjoint paths. 

 
Figure 16- Diversity factor equal to four. 

In this case, all the restoration routes were used. The normal path and the two restoration paths 
mentioned above in test three were used. To avoid repetitive information, only the last of the 
restoration paths are mentioned in this section. It is these alternative paths that are illustrated in 
the figure. 

The last restoration path when transmitting from the SSC to storage 1 consisted of the edges 4 
and 6. The figure present this as the red edges. When transmitting from the SSC to storage 2, 
the last restoration path consisted of the edges 2, 6, 12 and 21. In Chapter 3.2- Edge-disjoint 
paths, the second received path consisted of the edges 7 or 8 instead of edge 12. However, this 
did not affect the cost in this case. The received path in this case is illustrated as the blue edges 
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in the figure. The last restoration path when transmitting from storage 1 to a MC consisted of 
the edges 2, 4, 12 and 29, which is presented as magenta edges. As mentioned in test three, this 
path was different from the one received from the max-flow min-cut theorem. The received 
path was to send to storage 1, to switch 1 and then directly to MC1. The last restoration path 
when transmitting from storage 2 to a MC consisted of the edges 14 and 20, the green edges in 
the figure. In Chapter 3.2- Edge-disjoint paths, the resulted path was to transmit to MC1.1 along 
either edge 17 or edge 18. The received path in this case was to transmit to MC1.2. However, 
this did not affect the cost. The last restoration path from the SSC to a MC consisted of the 
edges 4, 10 and 30. This path is illustrated as yellow edges. This path was also different from 
the second, resulted path in Chapter 3.2- Edge-disjoint paths. The path in the mentioned chapter 
was to transmit to storage 1, switch 1 and then MC1.2. However, this resulted in the same cost 
as in the resulted path in this test. 

Next section presents tables that show the amount of allocated flow on each path. It also shows 
how much capacity that was used for each edge, in each scenario. Table 1 presents how much 
flow that were allocated on each path in an OD-pair, and for each performed test.  

As mentioned earlier, a diversity factor of one lead to the demand being transmitted on one 
path. As can be seen in the table, the whole demand of three units was carried on the normal 
path, denoted Route 1 in the table. A diversity factor of two split the data into two parts. Since 
the demand was three units, it can be seen in the table that there was 1.5 units being transmitted 
on Route 1 respective Route 2. When the diversity factor was set to three, the demand was split 
and transmitted on three paths. As can be seen in the table, Route 1, Route 2 and Route 3 in 
each case transmitted 1 unit of the demand. A diversity factor of four split the data into four 
parts, which lead to 0.75 units being transmitted on each route in each case, as shown in the 
table. The demands were always being equally divided between the paths. 
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Table 1- The amount of flow allocated on each path. 

 Diversity factor 
1 

Diversity factor 
2 

Diversity factor 
3 

Diversity factor 
4 
 

OD-pair 1: Route 1 3 1.5 1 0.75 
OD-pair 1: Route 2 0 1.5 1 0.75 
OD-pair 1: Route 3 0 0 1 0.75 
OD-pair 1: Route 4 0 0 0 0.75 
OD-pair 2: Route 1 3 1.5 1 0.75 
OD-pair 2: Route 2 0 1.5 1 0.75 
OD-pair 2: Route 3 0 0 1 0.75 
OD-pair 2: Route 4 0 0 0 0.75 
OD-pair 3: Route 1 3 1.5 1 0.75 
OD-pair 3: Route 2 0 1.5 1 0.75 
OD-pair 3: Route 3 0 0 1 0.75 
OD-pair 3: Route 4 0 0 0 0.75 
OD-pair 4: Route 1 3 1.5 1 0.75 
OD-pair 4: Route 2 0 1.5 1 0.75 
OD-pair 4: Route 3 0 0 1 0.75 
OD-pair 4: Route 4 0 0 0 0.75 
OD-pair 5: Route 1 3 1.5 1 0.75 
OD-pair 5: Route 2 0 1.5 1 0.75 
OD-pair 5: Route 3 0 0 1 0.75 
OD-pair 5: Route 4 0 0 0 0.75 

 

Table 2 on next page presents how much capacity that was used by each edge in respective test. 
As can be seen in the table above, three units of the capacity was used in Route 1 to allocate the 
whole demand when having a diversity factor of one. In table 2 this is shown as zero capacity 
left on the edges that have been allocated. When the diversity factor was two, 1.5 units of the 
demand was transmitted on Route 1 respective Route 2. These allocated edges have 1.5 or 0 
units demand left according to the table. When having a diversity factor of three, one unit of 
the demand was transmitted on Route 1, Route 2 respective Route 3. In table 2 it is shown how 
much of the capacity that was left on each edge after the allocation. Diversity factor equal to 
four lead to 0.75 units of the demand was transmitted on each of the four routes. The table 
presents how much that was left on each edge after the allocation. As can be seen in the table, 
some of the edges were used in several paths, leading to there not being any capacity left on the 
edge, denoted zero. 
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Table 2- Capacity used by respective edge. 

 Diversity factor 
1 

Diversity factor 
2 

Diversity factor 
3 

Diversity factor 
4 

Edge 1 (1-2) 3 1.5 2 3 
Edge 2 (1-2) 0 3 3 2 
Edge 3 (1-3) 6 3 3 3 
Edge 4 (1-3) 0 1.5 3 3 
Edge 5 (2-3) 3 1.5 3 3 
Edge 6 (2-3) 0 3 2 3 
Edge 7 (3-4) 0 0 0 0 
Edge 8 (3-4) 0 0 0 0.75 
Edge 9 (3-4) 0 0 1 0.75 
Edge 10 (3-4) 0 0 1 0.75 
Edge 11 (3-4) 0 0 0 0 
Edge 12 (3-4) 0 0 1 1.5 
Edge 13 (3-5) 3 1.5 2 1.5 
Edge 14 (3-5) 0 1.5 2 1.5 
Edge 15 (3-6) 3 1.5 2 1.5 
Edge 16 (3-6) 3 1.5 1 0.75 
Edge 17 (3-6) 0 0 0 0 
Edge 18 (3-6) 0 0 0 0 
Edge 19 (3-7) 0 1.5 1 0.75 
Edge 20 (3-7) 0 1.5 2 1.5 
Edge 21 (4-5) 3 1.5 1 1.5 
Edge 22 (4-5) 0 1.5 1 1.5 
Edge 23 (6-7) 0 0 0 0 
Edge 24 (6-7) 0 0 0 0 
Edge 25 (4-8) 3 1.5 0 1.5 
Edge 26 (4-8) 0 0 0 0 
Edge 27 (4-8) 0 0 0 0 
Edge 28 (4-8) 0 0 0 0.75 
Edge 29 (4-9) 0 1.5 2 1.5 
Edge 30 (4-9) 0 0 1 0.75 
Edge 31 (8-9) 0 0 0 0 
Edge 32 (8-9) 0 0 0 0 

 

4.1.5 Flooding the system 

The four tests were executed in the way that each demand was split into several paths, 
depending on the diversity factor. This gave a certain guarantee of protection of the network. 

Another way to execute the tests was to send the same data packet over several paths. For 
example, sending the same data packet over two edge-disjoint paths would guarantee 100 % 
protection if the diversity factor was set to two and there was a single-edge failure situation. 
However, this would mean that the system would be flooded by redundant packets, which would 
greatly increase the total cost. Table 3 shows the total cost for splitting packets versus redundant 
routing. 
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Table 3- Total cost when split or flood. 

 Diversity factor 
1 

Diversity factor 
2 

Diversity factor 
3 

Diversity factor 
4 

Split 27 28.5 34 37.5 
Flood 27 57 102 150 

 
As can be seen in the table, the total cost increased when the diversity factor increased. The 
vastly increased cost could protect the network against more than one single-edge failure. It can 
also be seen in the table that the flooding technique resulted in significantly higher total cost 
than the technique of splitting data. However, this was not surprising due to the cost of 
redundant packets. Table 4 and 5 shows the amount of protection the diversity factor provided 
when the amount of failed edges increased. Table 4 presents the case when splitting the demand 
and table 5 presents the case when flooding the system. 
Table 4- Protection when splitting demands. 

Split 
(Number of 
failed edges) 

Diversity factor 
1 

Diversity factor 
2 

Diversity factor 
3 

Diversity 
factor 4 

1 0% 50% 66% 75% 
2 0% 0% 33% 50% 
3 0% 0% 0% 25% 

 
Table 5- Protection when flooding the system. 

Flood 
(Number of 
failed edges) 

Diversity factor 
1 

Diversity factor 
2 

Diversity factor 
3 

Diversity 
factor 4 

1 0% 100% 100% 100% 
2 0% 0% 100% 100% 
3 0% 0% 0% 100% 

 

As Table 5 shows, in the scenario were three random edges fail, a diversity factor of four 
provided 100% protection of the network. As stated earlier, flooding the system lead to 100% 
protection, which also was presented in the last table. When comparing the two tables, flooding 
the system was the better technique when striving for full protection. 
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4.2 Results from edge protection 
When using edge protection, it was not possible to guarantee protection if more than one edge 
failed. However, it was possible to look at the cost and its increase, when using fully protection 
when an edge failed. 

The edge protection mechanism set a part of the available capacity as protection. It is important 
to know that the capacity on each edge affected the result. Note that all edges had the same 
capacity. 

4.2.1 Test 1 

In the first test with edge protection, all edges were in normal state. This meant that there were 
no failures. The available capacity in this test was three units and the demand was three units. 
The objective function in Equation (4) maximized the proportion of the realized demand 
volumes. The value of the objective function in the first test was 0.889, which was 89% 
throughput. The result was received by 39 iterations. Figure 17 illustrates the flow of the five 
different OD-pairs. The paths were almost the same as the received paths from the max-flow 
min-cut theorem in Chapter 3.2- Edge-disjoint paths. Since the graph now consisted of multi-
edges, a path derived from the max-flow min-cut theorem now consisted of two paths. A 
difference between the paths were which MC to transmit to when transmitting from storage 1 
to a MC. However, the MCs were picked randomly and it did not matter which was the receiver. 

 
Figure 17- Demand and capacity are of the same size. 

When transmitting a demand from the SSC to storage 1, edge 1 was used. On this path 1.667 
units of the demand was received. A restoration path was used which was to allocate edge 2. 
On this path, 1 unit of the demand was received. This resulted in 2.667 units of the demand was 
received and 0.333 units got loss. This means that 89 % of the demand got to the receiver, which 
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also was the result of the objective function. A conclusion could be drawn that the objective 
function was correct. The allocated paths are the red edges in the figure.  

When transmitting demands from the SSC to storage 2, the normal path was to allocate the 
edges 3 and 13. Then 1.667 units of the demand got received. The restoration path was to 
allocate the edges 4 and 14, which resulted in 1 unit got through. The result of this was 2.667 
units of the demand got received and 0.333 units got lost. The throughput in this case was also 
89 %, which was the same result as the objective function. The two paths are the blue edges in 
the figure. 

Transmitting demands from storage 1 to a MC used the edges 5 and 15 as normal path. On this 
path, 1.667 units of the demand got through. A restoration path was used, which allocated the 
edges 6 and 19. On this path, 1 unit of the demand got through. Also in this case 2.667 units of 
the demand got received and 0.333 units got lost. This also resulted in a throughput of 89 %, 
which was equal to the objective function. The two paths are the edges coloured in magenta. 

When demands are transmitted from storage 2 to a MC, a normal path was used which allocated 
the edges 21 and 25. On this path, 2.667 units of the demand got through and 0.333 units got 
lost. In this case, no restoration path was used since 89 % of the demand got to the receiver. The 
used path is the green edges in the figure. 

In the last case, when transmitting data between the SSC to a MC, the normal path was to 
allocate the edges 3 and 16. On this path, 0.333 units of the demand got to the receiver. The 
first restoration path used was to allocate the edges 2, 6 and 20, which resulted in 1 unit of the 
demand got through. The second restoration path was to allocate the edges 1, 5, 8 and 28, which 
resulted in 0.333 units of the demand got received. On the last restoration path, the allocated 
edges were 4, 10 and 30.  On this path, 1 unit of the demand got through. When using the normal 
path and these three restoration paths, 2.666 units of the demand got received by a MC. This 
resulted in 0.333 units got loss and a throughput of 89%, which was equal to the objective 
function. The four used paths are illustrated as the yellow edges in the figure. 

The cost of allocating the edges to transmit all demands was 26.7 units. Table 6 presents the 
used capacities on the allocated edges after protection. The first column shows which edge it 
was and the second column shows the capacity used on the edge. 
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Table 6- Edge protection, test 1: used capacity. 

Edge Capacity 
used 

1 2 

2 2 
3 2 
4 2 
5 2 
6 2 
8 0.3333 
10 1 
13 1.6667 
14 1 
15 1.6667 
16 0.3333 
19 1 
20 1 
21 2.6667 
25 2.6667 
28 0.3333 

 

The capacities used to protect other edges are presented in Table 7. The first column presents 
which edge that shared its capacity and the second column presents how much capacity it 
shared. As can be seen in the table, the edges that were allocated the most times shared the least 
capacity. This could for example be seen for edge 1 to edge 6 in the table, where only 1 unit of 
capacity was used for protection for other edges. However, edges that were not included in any 
of the paths could use all its capacity to protect other edges. For example, edge 9 shared the 
capacity three according to the table. This could be done since edge 9 never was allocated. 
Using capacity as protection on other edges lead to an increased cost. The extra cost in this case 
was 45.0 units, which resulted in a total cost of 71.7 units. 
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Table 7- Edge protection, test 1: capacity used to protect. 

Edge Capacity 
1 1 
2 1 
3 1 
4 1 
5 1 
6 1 
7 3 
9 3 
13 1 
14 2 
17 3 
18 3 
19 2 
20 2 
21 3 
22 3 
24 3 
26 3 
27 3 
29 3 
30 2 
31 3 
32 3 
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4.2.2 Test 2 

In the second test, all edges worked as they should and the capacity of each edge was set to 3.67 
units. The demand was still 3 units for all OD-pairs. The objective function of this test was 1.00, 
which means a throughput of 100 %. This result was received by 94 iterations. Figure 18 
presents how the edges were allocated in the different OD-pairs.  

 
Figure 18- Larger capacity than demand. 

When transmitting a demand from the SSC to storage 1, the normal path was to allocate edge 
1. On this path, 1.33 units of the demand was received by the storage. The rest of the demand 
was transmitted along a restoration path, which was to allocate edge 2. On this path, 1.67 units 
of the demand was received by the storage. This means that 3.00 units of the demand got 
received, which is the whole demand and nothing got lost. The objective function in this test 
was 1.00, which means that the throughput was 100%. Since the whole demand got received, a 
conclusion could be drawn that the objective function was correct. The two used paths are 
illustrated as red edges in the figure. 

When transmitting a demand from SSC to storage 2, the normal path included the edges 3 and 
13. When using this path, 1.667 units of the demand got received by the storage. The rest of the 
demand was transmitted along a restoration path which included the edges 4 and 14. On this 
path, 1.333 units of the demand got received. This resulted in that the whole demand got 
received by the storage when using the normal path and the restoration path. The throughput 
was equal to 100 % and the same conclusion could be drawn as earlier. The normal path and 
the restoration path are illustrated as blue edges in the figure. 

Transmitting a demand from storage 1 to a MC was done by allocating the edges 5 and 15 in 
the normal path. On this path, 1.33 units of the demand got through and received by the MC. 
The rest of the demand got received by the MC by a restoration path, which consisted of the 
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edges 6 and 19. On this path 1.67 units of the demand got received. This also resulted in 100 % 
throughput. The two used paths are illustrated as edges coloured in magenta in the figure. 

When transmitting a demand from storage 2 to a MC, the normal path was to allocate the edges 
21 and 25. On this path, 0.67 units of the demand was received by the MC. In this case, two 
restoration paths were used. The first one was to allocate the edges 24 and 29, which resulted 
in 1.67 units of the demand was received. The second restoration path was to allocate the edges 
13 and 15, which resulted in 1.33 units of the demand was received. Transmitting on the normal 
path and these two restoration paths resulted in that the whole demand was received and nothing 
got lost. The throughput was therefore 100% also in this case. The three paths are illustrated as 
green edges in the figure. 

When transmitting a demand between the SSC and a MC directly, the normal path was to 
allocate the edges 1, 5, 8 and 28. This resulted in 0.667 units was received by the MC. The rest 
of the demand was transmitted along a restoration path, which consisted of the edges 4, 10 and 
30. On this path, 1.333 units of the demand was received. The result of transmitting along the 
normal path and the restoration path was a throughput of 100% since the whole demand got 
received. The two used paths are illustrated as yellow edges in the figure. 

In this test, the total cost of allocating the edges to transmit all demands was 31.0 units. Table 
8 presents the used capacities on the allocated edges after protection. The first column 
represents which edge it was and the second column presents how much capacity that was used 
on the edge. 
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Table 8- Edge protection, test 2: used capacity. 

Edge Capacity 
used 

1 2 
2 1.67 
3 2.67 
4 2.67 
5 2 
6 1.67 
8 0.6666667 
10 1.333333 
13 3 
14 1.33667 
15 2.66667 
16 1.00333 
19 1.67 
21 0.67 
24 1.67 
25 0.67 
28 0.666667 
29 1.67 
30 1.33333 

 

The capacities used to protect other edges are presented in Table 9. The first column shows 
which edge it was that shared capacity and the second column show how much capacity it 
shared. As can be seen in the table, the edges that were allocated the most times shared the least 
capacity. This could for example be seen for edge 3, edge 4 and edge 5 in the table, where only 
1 unit of capacity was used for protection for other edges. However, edges that were not 
included in any of the paths could use all its capacity to protect other edges. This was for 
example the case for edge 7, which according to the table shared capacity equal to three units. 
Using capacity as protection on other edges lead to an increased cost. The extra cost in this case 
was 44.0 units, which resulted in a total cost of 75.0 units. 
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Table 9- Edge protection, test 2: capacity used to protect. 

Edge Capacity 
1 1 
2 2 
3 1 
4 1 
5 1 
6 2 
7 3 
9 2 
12 2 
14 2 
17 3 
18 3 
19 2 
20 1 
21 3 
22 3 
23 3 
24 1 
26 3 
27 3 
29 1 
31 3 
32 3 
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4.3 Results from path restoration 
The path restoration model considered the whole path, from sender to receiver. As mentioned 
earlier, this was done to protect the whole flow in case of a failure. 

4.3.1 Test 1 

In the first test, three different scenarios were tested. In the first scenario, edge 3 failed. This 
edge was one of two connections between the subsystem computer and switch 1. In the second 
scenario edge 3 and 21 failed. Edge 21 was one of two edges between storage 2 and switch 2. 
In the last scenario, edge 1, edge 3 and edge 21 failed. Edge 1 was one of two connections 
between the subsystem computer and storage 1. These three edges were chosen to fail due to 
them being included in several of the normal paths. 

The resulted paths were the same in all three scenarios. Figure 19 shows how the edges were 
allocated in each path. The failed edges are removed from the graph. Since the system used 
multi-edges and only one edge failed, the second edge in the connection was still available. 

 
Figure 19- Edges 3, 21 and 1 failed simultaneously. 

The path when transmitting from the subsystem computer to storage 1 included edge 2. This 
edge is illustrated as the red edge in the figure. When transmitting from the SSC to storage 2, 
the path consisted of the edges 4 and 14. This path is depicted as the blue edges in the figure. 
Transmitting a demand from storage 1 to a MC is done via the edges 5 and 15. This path is 
depicted as the edges coloured in magenta in the figure. The path when transmitting from 
storage 2 to a MC included the edges 13 and 15. This path is illustrated as green edges in the 
figure. When transmitting from the subsystem computer to a MC, the path consisted of the 
edges 4, 10 and 30. In the figure, this path is coloured with yellow. 
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The three scenarios have been compiled together. This resulted in the objective value, the cost, 
30 units. The used capacities on the used edges is presented in Table 10. As can be seen in the 
table, edge 4 and edge 15 have been allocated two times. This lead to the capacities used on 
respective edge being six units. On the rest of the allocated edges, three units of the capacity 
have been used. 
Table 10- Path restoration, test 1: used capacity. 

 

 

  

Edge Capacity 
used 

2 3 
4 6 
5 3 
10 3 
13 3 
14 3 
15 6 
30 3 
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4.3.2 Test 2 

In the second test, three different scenarios were investigated. In the first scenario, edge 2 failed. 
It was an edge between the subsystem computer and storage 1. In the second scenario, edge 2 
and edge 3 failed. Edge 3 was an edge between the subsystem computer and switch 1. In the 
last scenario, the both earlier mentioned edges and edge 4 failed. Edge 4 was the second edge 
between the subsystem computer and switch 1. 

These edges were chosen to fail due to them being connected with the subsystem computer. It 
was interesting to investigate how it would affect the system if three links connected to the 
subsystem computer would fail. If three links failed, there was only one link left able to transmit 
the data from the radar system. Figure 20 shows how the edges were allocated in the test. The 
three failed edges have been removed from the graph. 

 
Figure 20- Edges 2, 3 and 4 failed simultaneously. 

When all the three mentioned edges fail, edge 1 was the only edge available when transmitting 
from the subsystem computer. As can be seen in the figure, when transmitting from the SSC to 
storage 1, the path consisted of edge 1. This edge is illustrated as the red edge in the figure. 
When transmitting from the SSC to storage 2, the path consisted of the edges 1, 5, 9 and 21. 
This path is illustrated as blue edges in the figure. When transmitting from the SSC to a MC, 
the path consisted of the edges 1, 5, 8 and 28. This path is illustrated as yellow edges. These 
three mentioned paths all needed to use edge 1 when transmitting its demand. The path when 
transmitting from storage 1 to a MC consisted of the edges 6 and 19, which is illustrated as 
magenta coloured edges in the figure. The path when transmitting from storage 2 to a MC 
consisted of the edges 21 and 25. This path is coloured with green in the figure. 

The three scenarios have been compiled together. This resulted in the total cost of 39 units, 
which was received by 16 iterations. The used capacities on the used edges is presented in Table 
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11. As can be seen in the table, edge 1 has been allocated three times. This is shown as the used 
capacity on the edge being equal to nine units and the size of each demand is three units. It is 
also shown in the table that edge 5 and 21 have been allocated two times respective. This is 
shown as the used capacity being equal to six units. On the rest of the allocated edges, three 
units of the capacity have been used. 
Table 11- Path restoration, test 2: used capacity. 

Edge Capacity 
used 

1 9 
5 6 
6 3 
8 3 
9 3 
19 3 
21 6 
25 3 
28 3 
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4.3.3 Test 3 

In the third test, three different scenarios were investigated. In the first scenario, edge 3 failed. 
This edge was one of the edges between the subsystem computer and switch 1. In the second 
scenario, only edge 21 failed, edge 3 worked again. Edge 21 was an edge between switch 2 and 
storage 2. In the last scenario, only edge 1 failed. This edge was an edge between the subsystem 
computer and storage 1. In the three scenarios, the received paths were the same for respective 
OD-pair. Figure 21 presents these paths. 

 
Figure 21- Edges 21, 3 and 1 failed one at a time. 

As can be seen in the figure, when transmitting from the SSC to storage 1, the path consisted 
of edge 2. This edge is coloured red in the figure. The path when transmitting from the SSC to 
storage 2 consisted of the edges 4 and 14, which is illustrated as blue edges in the figure. When 
transmitting from storage 1 to a MC, the path consisted of the edges 5 and 15, the magenta 
coloured edges in the figure. The path when transmitting from storage 2 to a MC consisted of 
the edges 22 and 29, which is illustrated as green edges in the figure. When transmitting from 
the SSC to a MC, the path consisted of the edges 2, 6 and 20. This path is illustrated as yellow 
edges in the figure. 

This test resulted in the total cost of 30 units, which was received with 36 iterations. Table 12 
shows the capacity used on each edge. As can be seen in the table, edge 2 has been allocated 
two times, due to the capacity being used is six units. The other edges have been allocated once, 
which is shown in the table as three units capacity being used. 
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Table 12- Path restoration, test 3: used capacity. 

Edge Capacity 
used 

2 6 
4 3 
5 3 
6 3 
14 3 
15 3 
20 3 
22 3 
29 3 
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4.3.4 Test 4 

In the fourth test, three different scenarios were considered. In the first scenario, edge 9 failed. 
This edge was a connection between the two switches. In the second scenario, edge 9 worked 
again but edge 10 failed. This edge was also a connection between the two switches. In the third 
scenario, only edge 12 failed. This edge was also a connection between the two switches. 

These three scenarios were interesting to test for the aim of investigating what would happen if 
the connection between the two switches is not reliable and fail. Figure 22 presents how the 
edges were allocated in this test. The paths were the same for respective OD-pair in all tests. 

 
Figure 22- Edges 9, 10 and 12 failed one at a time. 

The path when transmitting from the subsystem computer to storage 1 consisted of edge 1, 
coloured in red in the figure. The path when transmitting from the subsystem computer to 
storage 2 consisted of the edges 4 and 14. This path is illustrated as blue edges in the figure. 
The path when transmitting from storage 1 to a MC consisted of the edges 5 and 15, which is 
illustrated as magenta coloured edges in the figure. When transmitting from storage 2 to a MC, 
the path consisted of the edges 13 and 15. This path is coloured in green in the figure. When 
transmitting from the subsystem computer to a MC, the path consisted of the edges 3 and 16, 
which is presented as yellow edges in the figure. 

These three scenarios were compiled together, which resulted in the total cost 27 units. The 
total cost was received by 36 iterations. Table 13 presents how much of the capacity that was 
used on respective edge. As can be seen in the figure, all the mentioned edges were allocated 
once, except from edge 15. This edge was allocated two times, due to this, six units of capacity 
were used to each demand with the size of three units. 
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Table 13- Path restoration, test 4: used capacity. 

Edge Capacity 
used 

1 3 
3 3 
4 3 
5 3 
13 3 
14 3 
15 6 
16 3 
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5 Analysis and discussion 
In the chapter, the results from the previous chapter are analysed and discussed. First is the path 
diversity processed, then edge protection and lastly path restoration. Last in the chapter, the 
research questions are discussed based on the previously discussion and analysis of each of the 
three optimization models. 

5.1 Path diversity 
When splitting data on several paths, 100% protection can never be guaranteed. Due to the 
definition of robustness in the report, the system should work completely in all scenarios, the 
model is undesirable. However, by using redundant routing with the path diversity model, 100% 
protection can be obtained for up to three edge failures. This makes the model as resilient as the 
path restoration scheme. 

Table 3-5 shows the results from using a split and a flood technique. Table 3 presents the total 
costs for the both techniques. Table 4 presents the protection when using the split technique and 
Table 5 presents the protection when using the flood technique. In the tables it can be seen that 
the flooding technique offers a higher protection for a significant increase in cost. 

Another viable option is to mix the two routing options. Since each OD-pair represents a 
communication path between two devices in the system, different OD-pairs can carry data types 
that are sensitive to errors and of different volumes. Following is an example to explain how it 
can be. 

Assume that OD-pair 2 carries data type A, which contains high volumes of data but is not time 
sensitive. Assume also that OD-pair 5 carries data type B, which has small volume but requires 
a high QoS and is time sensitive. In case of a single-edge failure, the OD-pairs could use 
different strategies. In the example, data type A uses the strategy of split routing and data type 
B uses the strategy of flood the system. To flood the system, redundant routing is used, which 
guarantees protection. However, since the strategy carry a low amount of data, it will drain the 
system's capacity. 

5.1.1 Passive protection 

What makes the path diversity model unique is that it does not offer any active protection, the 
user chooses the amount of diversity beforehand and the model adapts after that. The positive 
effect of this is that it requires less implementation and overhead in the computer system, 
leading to a lower capacity demand in terms of processing power. It is a factor that has not been 
discussed in this study, but is worth mentioning. The negative effect of not using active 
protection but instead passive protection, is that to guarantee 100% protection, the highest 
diversity factor would always be needed. This is due to the user can not know how many edge-
failures the system will experience in a certain time, leading to the most expensive option. 

5.1.2 Unrestricted capacity 

The path diversity model used in this study does not have a pre-defined capacity, which leads 
to solvable problems regardless of the demand flow in each OD-pair. This affects the redundant-
routing since real systems might have capacity constraints which does not allow full redundant-
routing for all OD-pairs. 
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5.2 Edge protection 
The edge protection mechanism is constructed to handle a single-edge failure, which is why the 
tests conducted varied from the other models. The cost naturally increases when increasing the 
capacity. 

Two tests were conducted. In the first test, the demand was three units and the capacity on each 
edge was three units. There were no failed edges in the system. This resulted in a throughput of 
89 %, which was received with 39 iterations. The throughput lead to 2.67 units of the demand 
got to the receiver and 0.33 units of the demand got lost. The cost of allocating the edges were 
26.7 units and the extra cost for using capacity as protection on other edges was 45 units. This 
lead to a total cost of 71.7 units. 

In the second test, there were still no failed edges and the demand was three units, but the 
capacity was set to 3.67 units. This resulted in 100% throughput, which was received with 94 
iterations. In other words, all the demand got received and the system was fully protected. The 
cost of allocating the edges was 31 units and the extra cost for using capacity as protection on 
other edges was 44 units. The total cost was therefore 75 units. 

So, having a demand smaller than the capacity leads to the demand being fully served and 
capacity being left on the edges. The extra cost of this is four units, which can be discussed if 
it is an acceptable extra cost or not. From the results, it could be seen that both the cost of 
allocating the edges and the cost of using capacity as protection, was higher in the case of having 
100% throughput than in the case of having 89% throughput. In the case with 100% throughput, 
the calculations demanded 94 iterations, which was 55 iterations more than in the first test 
where part of the demand got lost. 

The edge protection mechanism can be even more optimized, depending on the system. For 
example, the travelling salesman problem or Hamiltonian cycles can be used. In these cases, 
extra protection is put on the edges within the cycle. Unfortunately, the studied system did not 
contain a Hamiltonian cycle. It is also possible to use resulting vector, with the allocated 
capacities and optimize it by using max/min fairness algorithms. This would make it possible 
to identify where bottlenecks occur and which OD-pairs that causes them. This can potentially 
lead to a more efficient allocation of capacity leading to a lower cost. However, this cannot be 
guaranteed, but it is a possibility that exists. This protection can only be applied for single-edge 
failure. If two random edges fail, it can result in the rest of the edges being unprotected and the 
principle fails. 
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5.3 Path restoration 
In all the four tests presented in Chapter 4.3- Results from path restoration, the total cost was 
almost the same. When the edges 3, 21 and 1 failed in the first test, the cost was 30 units. When 
only edge 3 failed and then only edge 21 failed and lastly, only edge 1 failed, the total cost was 
also 30 units. When the edges 2, 3 and 4 failed in test two, the total cost was 39 units. The failed 
edges resulted in that there was only one available edge when transmitting from the subsystem 
computer. Due to this, the demands needed to be re-routed in several cases, which leads to a 
higher total cost. In test four, when only edge 9 failed, and then only edge 10 failed and lastly, 
only edge 12 failed, it leads to the total cost 27 units. This cost is lower than in the previously 
tests, which is not surprising since in this test the failed edges were between the two switches. 
These edges do not exist in any of the normal paths, so no unnecessary re-routing was needed. 
When comparing all these costs with costs from the tests with edge protection and path 
diversity, a conclusion can be drawn that the path restoration model results in lower cost. 

The total cost when there were no failures in the studied system was presented in the first part 
in Chapter 4- Results. The resulted cost was 27 units, which is the same as two of the tests with 
the path restoration model. It was when the three mentioned edges between the switches failed. 
Also, the resulted cost of 27 units is 3 units lower than the two tests were edges 1, 3 and 21 
failed. A conclusion can be drawn that the path restoration model is a model that provides fully 
protection and get results close to when there are no failures in the system. However, there are 
exceptions, like when three of four edges from the subsystem computer failed. 

From the results in Chapter 4.3- Results from path restoration, the number of iterations of each 
test were received. When the edges 2, 3 and 4 failed, it leads to a higher cost, which was received 
with 16 iterations. When only edge 9 failed, then only edge 10 failed and lastly, only edge 12 
failed, the objective value was received by 36 iterations. Test three, were also three edges failed 
one at time, was solved by 36 iterations. Thus, it seems like the problem of finding the objective 
value when three edges fail simultaneously is easier to solve than when the edges fail one at 
time. A conclusion can be made that the problem is less complex when running the optimization 
problem with all failed edges simultaneously than one at time. 

5.3.1 Path restoration, test 5 

As mentioned earlier, test five differs from the rest of the tests. Instead of edge failures, it 
showed how data could be re-routed if the cost of the edges changed. This cost change can be 
interpreted as a variety of things. It could for example be that a portion of the link is used by 
other modules in the system, which can make the QoS or the BER suddenly change. 

For this test, the change of cost was arbitrary. This test used only three OD-pairs. The OD-pairs 
were from the SSC, storage 1 and storage 2 to the MCs. Another major difference was that not 
only edge-disjoint paths were used for this test, to obtain a larger set of available paths for each 
OD-pair. 

It was mentioned in Chapter 3.3- Applied optimization problems that this test was conducted 
were the characteristics of the system were changed, which is why it is presented in this chapter. 
First of all, Menger's theorem was not applied on the paths, meaning that several paths could 
share edges. This was done to create a system where each OD-pair was having 18 paths to 
choose from, as opposed to the four edge-disjoint paths in the previous tests. Moreover, instead 
of edge-total-failure, certain edges were assumed to have an increased cost. The costs were still 
arbitrary, and the costs could depend on to the fact that other modules in the system were 
currently using the edge, making it less desirable or that the edge could not provide the same 
QoS as needed. 
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The aim of the test was still to fulfil all the demands at the lowest possible cost. It should also 
be noted again that only the three mentioned OD-pairs were used for this test. Another 
assumption was that the edges between the MCs, which were not used in the other tests, had no 
cost and were error free. 

The normal path in the test is shown in Figure 23. The figure illustrates how the flows are 
allocated when all the costs were set to 1 unit. The objective value in this test was 18 units. 

 
Figure 23- The normal paths with three OD-pairs. 

The red edges in the figure illustrates the path between the SSC and a MC. The path consisted 
of the edges 3 and 19. The blue edges illustrate the path between storage 1 and a MC, which 
were the edges 5 and 20. The green edges illustrates the path between storage 2 and a MC. The 
path consisted of the edges 22 and 27. The figure shows that two OD-pairs are allocating their 
flow to MC1.2.   

In the first test, the cost on both the edges between switch 1 and MC1.2 had an increased cost. 
Figure 24 shows the re-allocated flow. The increased edge between switch 1 and MC1.2 is 
illustrated as an edge with increased width. 
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Figure 24- Increased cost on edges 19 and 20. 

The objective value received in this test was 18 units, which was the same as in the normal 
state. Both OD-pairs that were allocating their flow to MC1.2 in the previous test, changed the 
paths and transmitted the demand to MC1.1 instead. The path when transmitting from the SSC 
to a MC consisted of the edges 4 and 18, the red edges in the figure. The path between storage 
1 and a MC consisted of the edges 6 and 18, the blue edges in the figure. The path between 
storage 2 and a MC was still the edges 22 and 27, the green edges in the figure. 

In the second test, the cost on the edges between switch 1 and MC 1.2 was still increased. It 
was also assumed that the cost of the communication between MC1.1 and the ASC was 
increased. Figure 25 shows the allocated flow. The increased edge between switch 1 and MC1.2 
is illustrated as an edge with increased width. However, the edges between the MC1.1 and the 
ASC is not illustrated in the figure, but the costs were increased as mentioned before. 
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Figure 25- Increased cost on edges 19, 20 and between MC1.1 and the ASC. 

The path between the SSC and a MC are illustrated as red edges in the figure and the path 
consisted of the edges 3, 15 and 23. The path between storage 1 and a MC consisted of the 
edges 5, 15 and 23. This path is illustrated as blue edges. The green edges represent the path 
between storage 2 and a MC. The path consisted of the edges 22, 29 and 32. Since the cost on 
the edge connecting MC1.1 and the ASC was increased, the edge between MC1.1 and MC1.2 
was used for the final transfer to the ASC. The received objective value was 18 units. In this 
case three edges were affected by increased costs. 

In the last test, the costs on the edges between storage 2 and switch 2 were increased. Everything 
else was set to normal costs. Figure 26 shows the allocated flow in the studied system. The 
edges with increased cost are illustrated as edges with increased widths. 
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Figure 26- Increased cost on edges 25, 26, 27, 28, 29 and 30. 

The red edges, edge 5 and 20, in the figure illustrates the path between the SSC and a MC. The 
blue edges, edge 3 and 19, illustrates the path between storage 1 and a MC. The green edges, 
edge 13 and 15, illustrates the path between storage 2 and a MC. 

The made change affected the OD-pair between storage 2 and a MC. It can be seen in the figure 
that the path between the two modules changed. Instead of the flow going through switch 2 to 
a MC, the flow went through switch 1 to MC 1.1. Also in this case, the received total cost is 18 
units. 

What these tests have shown is that the model can provide the same total cost when distinct 
parts of the system is associated with a higher cost, as in the normal case. It leads to the same 
optimal solution, even though the normal paths had been affected by a change in cost.  Arbitrary 
costs were still used, but if the cost would be represented by time or QoS, it could be said for 
this specific case that all the demands would be satisfied in the same time frame or with the 
same QoS. It cannot guarantee a lower cost. Imagine a scenario, where all the edges leaving a 
source node would get an increased cost, then the cost would increase since all available paths 
would be affected. 
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5.4 Which model to choose? 
To answer the research questions correctly, the first two questions will be answered for each 
model, and for the third question, a comparison between them will be presented. The three 
research questions are presented below. 
 
1. Is the studied model able to guarantee 100% protection of the data transmitted in the system, 
in case of a single-edge failure? 
2. Can the model guarantee a reliable system when more than one edge fail? 
3. If the first research question can be answered for all models, is there any model that 
outperforms the other? If the answer is yes to the first question, then why? 

5.4.1 Path diversity 

1. The path diversity model could only provide 100% protection while using the redundant-
routing, which came with an increased cost. When the split-routing was used it could guarantee 
75% protection. 
2. The split-routing experienced a significant decrease in protection with each failed edge, 
resulting in 25% protection for a scenario where three edges fail simultaneously. The redundant-
routing could provide full protection of the network in all scenarios and for up to three failed 
edges.    

5.4.2 Edge protection 

1. The edge protection model could provide 100% protection for single-edge failure. 
2. The edge protection mechanisms are defined for single-edge failures, and can therefore not 
guarantee any protection when several edges fail simultaneously. 

5.4.3 Path restoration 

1. The path restoration model could provide 100% protection for single-edge failure. 
2. For up to three edge-failures, the path restoration model could protect 100% of the network. 
Keep in mind that three edge-failures are the theoretical limit for the studied system. 
 
To answer the last research question, number 3, a comparison between the models will be made 
with their specific traits in mind. Since the first question could be answered for all models, a 
small discussion between the cost in the different models will be presented. 

5.4.4 Single-edge failure 

Figure 27 shows the cost for the different models in the case of single-edge failure. 
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Figure 27- Plot of the costs in different models. 

In the figure, path diversity by split-routing is represented by the black line. Path diversity by 
split-routing only protects 75% of the network, which makes it irrelevant. The red line in the 
figure is path diversity by redundant-routing, which protects the whole network at a cost of 57 
units. However, it was previously mentioned that the path diversity model offers passive 
protection, resulting in a diversity factor chosen beforehand. To obtain a protected network for 
more than a single-edge failure, the diversity cost is high even for smaller errors in the network. 
This is represented by the red dashed line, with a cost of 150 units. The magenta coloured line 
represents the path restoration model with a cost of 30 units. Lastly, the blue line is the edge 
protection model with a cost of 75 units. 

The focus is on the lines representing path restoration, redundant-diversity and edge protection, 
disregarding the result of Diversity (Realistic). According to the figure, the path restoration 
model provides the lowest cost, followed by redundant diversity. The most expensive model is 
the edge protection model. However, the edge protection model has two major differences from 
the other two models. The first difference is that it protects every edge in the network, and the 
second difference is that it uses a fixed capacity. The fact that it protects every available edge 
in the network is the reason for the high cost that it requires. This might sound obvious and 
mandatory, but it is not. The other two models can choose to not “activate” redundant edges if 
they can find normal paths and restoration paths that can bypass them. This combined with the 
unrestricted capacity that the path restoration and the path diversity model uses, leads to 
allocation on shorter paths rather than using all available edges in the system. To give an 
example, remove all redundant edges in the edge protection model. The redundant edges are 
the one which has allocated all their capacity for protection on edges which never are used. This 
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would result in the same objective value for both the path restoration model and path diversity 
model, but a significant lower cost for the edge protection model.  Also, if the system consisted 
of more OD-pairs, the cost for the edge protection model would not increase. Instead the other 
two models would result in a higher cost. 

5.4.5 Multi-edge failure 

The path restoration model and the redundant-diversity model were both capable of handling 
more than single-edge failure, this section will be a comparison between the two. 

Figure 28 shows how the cost changes when using the redundant-diversity model, represented 
as a black line. It also shows how the cost changes when using the path restoration model, 
represented as a red line in the figure. This is plotted against the number of failed edges. 

 
Figure 28- Costs for the path diversity model and the path restoration model. 

The figure shows the superiority of active protection versus passive protection. An assumption 
can be made that a capacity restraint on each edge would most likely result in failure for the 
path diversity model since it requires a lot of capacity for each OD-pair. The data used in the 
figure for path restoration was from the first three tests, see Chapter 4.3- Results from path 
restoration. 
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6 Conclusion 
In the chapter, the conclusions of the research questions are presented. First are the conclusions 
of the first two research questions stated. Then are the conclusions of the third research question 
presented, both for single-edge failure and for multi-edge failure. 

In the previous chapter it was showed that the first question could be answered successfully for 
all the studied models. With the same level of robustness, the path restoration model provided 
the lowest cost. 

It was also shown that the second research question could be answered for the path diversity 
model and path restoration model. Again, the path restoration model could provide the same 
level of protection at lower cost. 

The third research question will be divided into two parts, single-edge failure and multi-edge 
failure. 

6.1 Single-edge failure 
The path diversity model and the path restoration model are both using unrestricted capacity. 
By providing the same level of robustness at different costs, a conclusion can be drawn that 
path restoration is the better option. 

This leaves the path restoration model and the edge protection model. These models are 
naturally harder to compare since they use unrestricted and fixed capacity. By looking at the 
two parameters of interest, cost and robustness, it is possible to state that the models can 
accomplish the same thing but the edge protection model does it with an additional 45 units in 
cost. The difference in cost can be derived to two factors. The first factor is that the edge 
protection model assigns protection to unused edges. One way to work around this would be to 
create a system where all edges are used or to use more OD-pairs. The other factor is back-
hauling, which was discussed in Chapter 2.3.4.1- Unrestricted flow. Since the path restoration 
model does the path calculation in the source node, it will never change direction in the mid-
traffic. In other word, there is no need for re-routing in the middle of travelling a route. This 
creates a more efficient system and is the reason for why the path restoration model is assumed 
to be superior. 

6.2 Multi-edge failure 
Both the path diversity model and the path restoration model could handle multi-edge failures. 
As mentioned earlier, the path restoration model outperformed the path diversity model at every 
step. 
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7 Future work 
In the chapter, some examples of future work are presented. 

Due to time restrictions and recommendations from SAAB to keep the system as general as 
possible, it was decided to study a relatively small network. The network should have non-
complex parameters without any specific edge characteristics. A decision was made that 
comparing the models to create a resilient network was the importance of the study, and for that 
the model was sufficient. 

However, to make a more in-depth study on a certain protection mechanism, a suggestion would 
be to pick one of the models and compare it to different extension within the same protection 
mechanism. Another suggestion would be to expand the cost parameter. As mentioned in 
Chapter 3.1.1- Cost, the cost parameter could be made vastly more complex, which would 
provide more realistic output. 

As mentioned in Chapter 1.1.1- The system, the processing units in a MC are interconnected. 
However, the interconnected edges were never used in any of the studied paths. It would be 
interesting to investigate what will happen if one of the processing units fail or a whole MC 
fail. 

As could be seen in the different tests, edge 3 was allocated several times by the OD-pair 
consisted of the subsystem computer. Edge 3 was one of the edges between the subsystem 
computer and switch 1. If this edge fails, the costs in the system increases. Due to this, it would 
be interesting to examine if this edge could be made more robust so the probability of failure 
decreases. If this edge is developed to better handle failures, more of the demands can get to 
the receiver without any re-routing, which increases the cost.  

The model in the studied system did not have a set of paths to choose from and one backup 
path. Instead, another approach was used. Each OD-pair had one normal path, which was 
always used if it was available. Each OD-pair also had a set of backup paths, depending on 
which edge had failed. The relation between normal and backup paths is still relevant, in the 
regard that if the normal path is not available, at least one of the backup paths should be. The 
reason for this approach was that the optimization between paths in the normal state was not 
interesting in this study, it was the behaviour when certain parts of the system failed. Moreover, 
by using a fixed normal path for a model, the cost could be compared in the normal state for 
each model. In future work, the other approach could be tested. In this approach, the user could 
choose between a set of paths to carry the demand. There would not be some specific paths for 
each OD-pair, instead the set of paths would be available for all the OD-pairs. 
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