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Abstract

This thesis investigates methods to enhance the robustness of KPNôs network. As reliance on telecom
networks grows, improving network resilience is paramount. Two primary strategies exist: minimiz-
ing failure occurrence and mitigating failure impact. This research focuses on the latter, specifically
increasing network redundancy by transforming existing ring structures into strand structures.

Current ring structures in the network avoid single points of failure (SPOFs) at the link level but fail to
address node-level SPOFs, particularly at Metro Core (MC) locations. MC locations are pivotal, as they
manage customer sessions and route all household network traffic. Node failures at these locations
can disrupt connections for up to 100,000 households. Thus, ensuring that a single node-level failure
can be compensated by another node is crucial. This requires considering both equipment and building
failures, with geographically distant backup nodes necessary for the latter.

Transforming rings into strands, which inherently include two geographically separated MC locations,
addresses these issues but incurs significant costs. While an exact cost estimation is beyond the scope
of this research, the study approximates the length of additional cables required, totaling 206 kilome-
ters. Including cost multipliers for tunnels, bridges, and highways, the adjusted length is equivalent
to 222 ókilometersô of cable. Despite the substantial cost, node failures at the equipment level, which
are more common, can be mitigated with redundant equipment at MC locations. Therefore, a cost-
effective alternative might be forming strands only where rings from different access areas are already
in proximity.
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1
Introduction

1.1. Dependency on Digital Infrastructure
In recent years, the dependency on digital infrastructure has grown significantly, driven by various
socio-economic changes and technological advancements. The COVID-19 outbreak in early 2020
played a pivotal role in accelerating this trend, as many individuals transitioned from traditional office
environments to home offices. This sudden shift necessitated a rapid adaptation to newways of working
and communicating. Consequently, social activities such as cinema visits and in-person gatherings
were largely replaced by digital alternatives like streaming services (e.g., Netflix) and virtual meetings
(e.g., Zoom).

Even as the immediate necessity for online meetings has diminished in the post-pandemic era, the
shift towards digital interactions has become deeply ingrained in our daily lives. Hybrid working models
have emerged as the new norm, enabling people to replace lengthy commutes and business trips with
efficient online meetings. This shift has not only transformed workplace dynamics but also impacted
other sectors such as education, healthcare, and entertainment. For instance, remote learning and
telehealth services have seen widespread adoption, further increasing the demand for reliable network
services.

These changes highlight the need for a robust digital infrastructure that can handle the large amount
of network traffic these activities create. The rapid increase in Internet of Things (IoT) devices, cloud
computing and data-heavy applications has made this need even more urgent. As data traffic keeps
growing, having a reliable network has become more important than ever, requiring ongoing improve-
ments in network infrastructure to meet these rising demands.

1.2. Redundancy
The increasing dependency on digital infrastructure underscores the critical importance of network
reliability. Network reliability is a multifaceted concept that involves ensuring uninterrupted service and
maintaining optimal performance levels despite potential failures. To enhance the reliability of KPNôs
network, there are essentially two primary approaches: (1) reducing the occurrence of failures and (2)
mitigating the impact of failures.

The first approach, known as improving resilience, involves measures such as strengthening cable
durability, implementing rigorous maintenance protocols, and avoiding areas prone to cable breaks.
Resiliency can also encompass proactive monitoring and predictive maintenance strategies to identify
and address potential issues before they lead to failures. By enhancing the physical and operational
aspects of the network, resiliency aims to minimize the likelihood of disruptions.

In contrast, the second approach, referred to as improving redundancy, entails incorporating backup
servers, alternative paths, and redundant systems to ensure continuous operation despite failures.
Redundancy strategies can include deploying multiple data centers, creating diverse routing paths, and
utilizing failover mechanisms that automatically switch to backup systems in the event of a failure. By

9



1.3. KPN network 10

providing multiple layers of redundancy, the network can maintain service availability and performance
even when individual components fail.

Collectively, these strategies fall under the broader concept of enhancing the robustness of the network.
Robustness refers to the networkôs ability to withstand and recover from adverse conditions, ensuring
reliable service delivery under varying circumstances. Enhancing robustness involves a combination
of resiliency and redundancy measures to create a stable network infrastructure.

This study will focus on the second approach: increasing the redundancy of the network to ensure
its proper functioning. By exploring various redundancy strategies and their implementation, this re-
search aims to provide insights into effective methods for boosting network reliability and supporting
the continuous growth of digital infrastructure dependency.

1.3. KPN network
1.3.1. Overview
All the central offices and cabinets located throughout the Netherlands are ultimately connected to each
other, forming the KPN network. The core of this network consists of four data centers in the cities of
Zwolle, Arnhem, Rotterdam, and Amsterdam. These so-called ZARA locations are the points where
internet traffic transitions from the KPN network to the global internet. Additionally, services such as
television are distributed from these locations across the rest of the network. Each of these locations
is interconnected with the other three, like a fully connected graph, ensuring an uninterrupted network
connection even if one of the connections or one of the ZARA locations itself fails. [7]

These ZARA locations are connected to 160 Metro Core (MC) locations. The Netherlands is divided
into an equal number of access areas, with these regional nodes serving as central points. The MC
locations are responsible for assigning IP addresses to customers (see section 1.4) and caching popular
content, reducing the need for requests to travel higher up the network. From a ZARA location, several
MC locations are connected to another ZARA location. This structure is referred to as a strand in the
rest of this report and shown in Figure 1.1.

A

R A

Z

Figure 1.1: A visual representation of the interconnections between ZARA locations (triangles) and the connection of some
MC locations (squares) to two ZARA locations using a strand topology.
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In these access areas, both fiber and copper connections are currently active. Since the future of
the network is focused on fiber, this report also focuses on these connections. For simplicity, copper
connections are omitted from this description. KPN currently uses two types of fiber technologies, each
with its own network structure: Active Optical Network (AON) and Passive Optical Network (PON). [15]

In Active Optical Networks, each connection/address has a separate fiber running to the central office.
This central office is also known as a Point of Presence (PoP). Thus, for each connection, there is
a dedicated active optical port in the PoP (i.e., each connection has its own laser that generates the
optical signal). It is essentially the ósimple standard wayô to set up a network, where the optical signals
at the households are converted one-to-one into an electrical signal by the Network Termination Unit
(NTU). In the case of AON, City PoPs and Area PoPs are present in the access area. City PoPs are
connected in a ring to the Metro Core location and are also connected to about twenty Area PoPs.
In an Area PoP, the fibers are organized in patch panels, called Optical Distribution Frame (ODF).
These are often organized in ODF trays. The fibers terminate in the ODF trays, where they are spliced
onto a connector, allowing an optical patch cable to be inserted. This patch cable is connected to the
equipment at this location, which includes the laser that illuminates the fibers and the receiver that
converts optical signals to electrical signals.

In Passive Optical Networks, multiple connections are served per active optical port in the central office.
A single active signal, which starts in the Optical Line Terminal (OLT) of a Metro Access (MA) location,
is split/duplicated with a passive optical splitter in a street cabinet. Such an optical splitter, called an
Optical Aggregation Point (OAP), can split the active optical signal into 64 fibers. All connected house-
holds receive a portion of the time to send and receive signals, as shown in Figure 1.2. Consequently,
the theoretical bandwidth is lower for these types of connections and they have higher technical com-
plexity. However, the installation and operational costs are lower, as the laser is shared among multiple
households. Therefore, fewer lasers are needed, which also saves energy. The OLT encrypts each
householdôs signal with a different key, so the Optical Network Terminal (ONT) in the homes can only
decrypt the signal intended for them.

OLT

ONT

ONT

ONT

1:64

In a KPN 
building

In street
cabinet In your

home

Figure 1.2: Packets from the Optical Line Terminal to the Optical Network Terminal.

Figure 1.3 shows a slightly outdated overview of the logical network structure, created by dr. ir. R.
van de Bovenkamp [4]. The four red points represent the four ZARA locations. The pink points are
disregarded for simplicity. The blue points represent Metro Core locations, which are connected with
two lines to the rest of the network (i.e., two ZARA locations). The green points are the central offices
in the access areas. This figure clearly shows that all internet traffic from an access area is routed to
a Metro Core location. To limit the impact of failures, it has been agreed that no more than 100,000
households will be connected per access area.
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Figure 1.3: An overview of KPNôs logical network structure.

1.3.2. History
As one of the leading telecommunications and IT providers in the Netherlands, KPN has been instru-
mental in establishing a robust network infrastructure crucial for the nationôs connectivity. Its rich history
dates back to the late 19th century when telecommunications were still in their infancy. The first public
telephone network in the Netherlands became operational in Amsterdam, where a telephone operator
from the Nederlandsche Bell-Telephoon Maatschappij (NBTM) connected 49 subscribers. In 1893, the
Administration of Post and Telegraphy (APT) was established as an independent organization funded
by the Ministry of Water Management, Trade & Industry. The introduction of the Telegraph and Tele-
phone Law in 1904 led to a significant increase in telephone connections, reaching 75,000 subscribers
by 1915. In that year, the organization became a state enterprise named State Enterprise of Post and
Telegraphy (P&T). Only in 1928 was the name changed to State Enterprise of Post, Telegraphy and
Telephony (PTT) to include the element ótelephoneô.

In subsequent years, telephony became increasingly important, with the number of subscribers reach-
ing two million by the 1960s. Until this time, calls were routed through a manually operated exchange,
which was replaced by an automatic system in 1962. By the end of this decade, the first internet
(ARPANET) was established, connecting two universities in the United States. It was not until 1988
that the National Research Institute for Mathematics and Computer Science got access to the internet
and the Netherlands became the second country in the world to get connected to this digital highway.

In 1989, the government restructured PTT into an independent entity, granting it the designation royal
and renaming it Koninklijke PTT Nederland NV (KPN), with its primary operating companies being PTT
Post BV and PTT Telecom BV. The government remained the sole shareholder until the companyôs
public offering in 1994. PTT Post and PTT Telecom go their separate ways in 1998. PTT Telecom then
becomes known as KPN NV.
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As technology advanced, the usage of the network also evolved. The network was no longer solely used
for telephony; internet traffic became an increasingly significant component of telecommunications. To
handle the growing volume of network traffic, many copper cables were replaced with fiber optics. This
transition started at the core of the network and extended in the direction of the households over time.
KPN aims to have 80% of all households connected to fiber by 2026. [11] The advantages of fiber over
copper include significantly higher bandwidth, allowing for faster data transmission, and immunity to
electromagnetic interference, resulting in less signal degradation over long distances. [1, 2]

1.3.3. Hierarchy
The type of cable is not the only change the network has undergone; the network topology has also
evolved over time. Initially, the network was constructed as a telephone network using copper cables,
employing a tree topology. In this configuration, households were connected to a local exchange in
their neighborhood. Several of these local exchanges were connected to a junction exchange in their
municipality, which in turn were connected to a district exchange in their region. This hierarchical struc-
ture ensured that cable lengths were kept manageable, maintaining a strong signal quality. Moreover,
in a tree topology there is only one path from one node to another, which simplifies both the routing
and the maintenance on the network.

With the advent of fiber optics, the distance a cable can cover has significantly increased. While having
a single route to other locations simplifies routing and maintenance, it also makes the network more
vulnerable for failing connections. This has led to a revision of the network architecture. The network
remains hierarchical, but the cables are now configured as rings. This difference is depicted in Fig-
ure 1.4. On the left, a district exchange connects to multiple junction exchanges, each of which is
connected to several number exchanges. On the right, MA locations are connected in a ring structure
to an MC location, which in turn is connected to the rest of the KPN network. An advantage of this latter
configuration is that network traffic can be routed in both directions around the ring, so a cable break
is no longer fatal for connectivity.

DE0

JE0 JE1 JE9

NE0 NE1 NE9 NE0 NE1 NE9 NE0 NE1 NE9

...

...

... ... ...

Horizontally Aligned Balanced Tree with Transparent Nodes and Black Borders

(a) Visualization of a tree network architecture.

MC0

MA0

MA1

MA2

MA3

MA4 MA5

MA6

MA7

MA8

MA9

...
Ring Structure with Node 0 on Top

(b) Visualization of a ring network architecture.

Figure 1.4: The graph topology in the previous and current KPN network.

1.4. Sessions
Just as it is necessary to have the recipientôs address when sending mail, a subscriber of KPN needs
to have an IP address. KPN uses two versions of IP addresses: IPv4 and IPv6. The former consists of
a 32-bit address space, which allows for approximately 4.3 billion unique addresses. Due to the growth
of internet-connected devices, IPv4 addresses have become scarce. To address this limitation, IPv6
was introduced, offering a vastly larger 128-bit address space, which can accommodate approximately
3:4 � 1038 unique addresses.

When a device connects to the KPN network, the MC location assigns it an IP address, either IPv4 or
IPv6, depending on the network configuration and device capabilities. This IP address is essential for
the establishment of sessions between the device and other entities on the internet. When the neces-
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sary routing and forwarding rules are set up, data can be exchanged. Once a session is established,
the IP address serves as the identifier for the device throughout the duration of the session. Session
management involves monitoring and maintaining the connection, ensuring that data packets are cor-
rectly routed between the device and other internet hosts. This includes handling any changes in the
network topology, such as the device moving between different access points within the network.

IPv4 Addressing
IPv4 addresses are typically represented in decimal format, separated by periods (e.g., ).
This addressing method is well established and supported by most network infrastructure. However,
the limited number of available addresses has led to the implementation of techniques such as Network
Address Translation (NAT), which allows multiple devices on a local network to share a single public
IPv4 address. While effective, NAT can introduce complexity and potential performance issues.

IPv6 Addressing
IPv6 addresses are represented in hexadecimal format, separated by colons (e.g.,

). The expanded address space not only resolves the issue of address
exhaustion but also simplifies network configuration and improves routing efficiency.

1.5. Network Failures
The KPN network consists of various components, each of which can potentially fail at some point. To
minimize the impact of these failures, it is crucial to anticipate these scenarios in advance. D.R. Kuhn
[16] classified the sources of failure into six categories: human error, acts of nature, hardware failures,
software failures, overloads, and vandalism. In this report, we distinguish between three different types
of components that are prone to failure: (1) cables, (2) equipment, and (3) buildings. We refer to the first
type as link failures and the latter two as node failures. Both equipment and buildings are considered
nodes within the KPN network.

Link failures are the most common type of failure. They can occur, for instance, when a cable is cut dur-
ing excavation work or when a cable is improperly connected during maintenance. If these cables serve
individual households, the impact is limited to a few customers being disconnected from the network.
However, higher up in the network, a link failure can have more significant consequences. To miti-
gate this, such links are often installed redundantly, meaning they have a backup path. In such cases,
network traffic can be rerouted through an alternative path if the original path becomes unavailable.

The second type of failure involves malfunctioning equipment. The cables leading to households pass
through numerous switches on their way to national nodes. These switches are responsible for ef-
ficiently forwarding network packets to their destinations. As active devices, they are susceptible to
failures. Preventive measures, such as connecting these devices with multiple power supplies, are
implemented to reduce this risk.

The final type of failure we consider involves entire buildings becoming non-operational. Causes for
such failures include fire, flooding (or other natural disasters), sabotage, or power outages. To address
power outages, some locations are equipped with batteries, and generators can be brought to the site
if necessary. In the case of other failures, having backup equipment at the same location is insufficient.
Redundancy can only be achieved by having backup equipment at a geographically separate location.
This scenario is the focus of this study.

1.6. Single Point of Failure
Several measures have already been implemented to prevent andmitigate network interruptions. These
include the installation of redundant cables and the provision of backup batteries at various locations.
The objective is to eliminate Single Points of Failure (SPOF), meaning the failure of a single component
should not affect the overall functioning of the network. Only when multiple components fail simultane-
ously could a disruption occur.

This principle is evident in the KPN network through the way MC locations are connected. The connec-
tion begins at a ZARA location, passing through several MC locations before reaching another ZARA
location. This structure ensures that network traffic from an MC location can route either clockwise or
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counterclockwise to a ZARA location. A similar structure is used for MA locations. Here, the connection
runs from an MC location through several MA locations back to the same MC location. In the event of
a single link failure, traffic can still reach the MC location via the alternative route.

However, this structure introduces a single point of failure at the MC location itself. As this location
forms the connection to the rest of the KPN network and the equipment at this location is responsible
for handing out IP addresses to households, it is essential that households always can connect to an
MC location. For that reason there should be a backup available in case of node failure. Node failure
at equipment level, could be overcome by replicating the devices at the MC locations. However, there
should also be preventive measures in case the building itself is affected by failure. Namely if there
are issues at the MC location, all underlying households (up to 100,000) will be disconnected from the
network. A way to prevent this, is making sure that every ring contains multiple MC locations.

1.7. Problem Statement
To enhance the redundancy of the network, this study aims to eliminate the single points of failure
(SPOFs) at MC locations. These SPOFs exist because the ring both begins and ends at the same MC
location. In the strand structure used for connecting MC locations, these SPOFs are not present. There-
fore, the challenge is to transform the ring-based network architecture into a strand-based structure,
which has proven to be effective at higher levels of the network.

The overarching goal is to ensure that the networkôs architecture can sustain the increasing demand
for reliable and continuous digital connectivity, now and in the future. This transformation is critical for
maintaining not just routine communications but also for supporting the nationôs economic stability and
growth in an increasingly digital world.

1.8. Research questions
The main research question is formulated as:

How to transform a network of rings into a network of strands as cost-effectively as possible?

To answer this question, the following subquestions will be addressed:

1. What are the advantages of the stand structure?
2. What factors play a role in the costs of this transformation?
3. What are the potential risks and challenges associated with the transformation?

1.9. Document structure
This thesis is structured as follows: Chapter 2, the Theoretical Framework, provides a deeper under-
standing of the foundational theories pertinent to this study. It explores concepts such as Graph Theory
andMatching techniques, which are crucial for constructing redundant network infrastructures. Chapter
3 describes themethodologies employed throughout the research, offering an overview of the approach
and detailing the algorithms used for network topology transformation, including matching, routing and
strand algorithms. Chapter 4 presents the results and discusses the outcomes of the applied method-
ologies. The conclusion, Chapter 5, synthesizes the findings of the study, discussing key insights and
offering recommendations for future enhancements of network infrastructures.



2
Theoretical Framework

2.1. Graph Theory
To effectively study complex systems such as telecommunications networks, it is crucial to abstract the
actual physical layout into a more analytically tractable form. Graph theory provides a mathematical
framework for this purpose, by reducing complex network components ð such as buildings and cables
ð into simpler conceptual representations known as nodes and links. This abstraction is used to model
pairwise relations between objects and allows for easier analysis and visualization of the networkôs
structure. [14]

n1

n2

n3

n4

n5

Figure 2.1: An example of a graph.

2.1.1. Definition
As pictures speak louder than words, Figure 2.1 shows an example of a graph. The simplest and least
strict definition of a graph is the following: a graph is a set of points and lines connecting some pairs of
the points. [21] In graph theory, the points are called nodes (or vertices) and the lines are called links
(or edges). Thus, the graph depicted in Figure 2.1 comprises five nodes and seven links.

Nodes (N ): These represent discrete entities such as routers, switches, or data centers within a
telecommunications network. Each node can have attributes such as coordinates to denote its physical
location or other relevant information. The set of nodes is written as N = fn1; n2; : : : ; nig, where nx is
the x-th node and i is the number of nodes. The number of elements in a set S is denoted by jSj. In a
set no element is repeated and the order of elements in the list does not matter.

16
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Links (L): In a telecommunications context, links represent the physical or logical connections, such
as fiber optic cables or wireless links, that facilitate communication between nodes. Links can also
have attributes such as distance, capacity, or bandwidth, which are essential for analyzing the quality
and efficiency of the connections. These attributes are sometimes also referred to as the weights. Like
nodes, the set of links is written as L = fl1; l2; : : : ; l3g. Each link lx is identified by the pair of nodes
which are connected by lx. An individual link is therefore written as l1 = (n1; n2).

A graph is typically denoted as G = (N; L), capturing all the components of a network and their connec-
tions in a simplified model. By including attributes for nodes and links, such as location and distance,
the graph model becomes more informative. This enriched model allows for a deeper analysis of the
networkôs structure. For example, knowing the physical locations of nodes can assist in optimizing the
network layout for better reliability.

2.1.2. Graph Types
Graph theory classifies different types of graphs that can be used to model a variety of network struc-
tures and scenarios in telecommunications. Each type of graph is suited to different aspects of network
design and analysis. [17] Here, we focus on some fundamental types of graphs used in network theory:
undirected graphs, directed graphs, multigraphs, bipartite graphs, and complete graphs.

Undirected Graphs: Undirected graphs are graphs where the relationship between two nodes is
always mutual. That is, if n1 and n2 are nodes connected by a link in an undirected graph, then n1 is
related to n2 and n2 is related to n1. In other words, the order of the nodes is not important. This mutual
relationship is useful in scenarios such as modeling road networks. For example, in a road network
represented as a undirected graph, a connection between junction A and B indicates the presence of
a road segment that allows travel in both directions between A and B.

The formal definition can be expressed as follows:

L � f(i; j) j i; j 2 N; (i; j) = (j; i)g (2.1)

Directed Graphs: A directed graph is a type of graph in which the connection between two nodes
is unidirectional. Unlike an undirected graph, in a directed graph, if node n1 is connected to node n2,
there is a relationship from n1 to n2, but not necessarily from n2 to n1. For instance, in a network flow
model, each connection has a source IP and a destination IP. This scenario can be represented by a
directed graph, where the relationship begins at the source IP and ends at the destination IP. In visual
representations of directed graphs, the links are depicted with arrows. These arrows indicate that the
origin node has a relationship with the destination node, but the reverse relationship may not exist.

The formal definition can be expressed as follows:

L � f(i; j) j i; j 2 N; (i; j) 6= (j; i)g (2.2)

Multigraphs: In a typical undirected graph, each pair of nodes is connected by a single link. Likewise,
in a directed graph, each node can connect to another node and vice versa, but each connection is
singular. A multigraph, whether directed or undirected, allows for multiple links between the same
pair of nodes. This is valuable when, for instance, modeling multiple connections between two IP
addresses. In such a multigraph, there would be an edge between the two IP addresses for each
individual connection observed.

The formal definition can be expressed as follows:

L � f(i; j; n) j i; j 2 N; n 2 Ng (2.3)

Here, n indexes the multiple links between nodes i and j.

Bipartite Graph: A bipartite graph is a type of graph in which the nodes can be split into two distinct
sets, with all links connecting a node from one set to a node from the other set. No links exist between
nodes within the same set. This structure is useful in modeling scenarios where there are two distinct
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types of entities that interact with each other, such as users and resources in a resource allocation
problem. Bipartite graphs are therefore commonly used in matching problems.

The formal definition can be expressed as follows:

N = N1 [ N2; L � f(i; j) j i 2 N1; j 2 N2g (2.4)

Complete Graph: A complete graph, also known as a fully connected graph, is a type of graph in
which every pair of distinct nodes is connected by a unique edge. In an undirected complete graph,
this means that there is a direct link between every pair of nodes, and the connections are bidirectional.
Complete graphs are crucial in scenarios requiring direct communication between all nodes, such as in
the design of certain network topologies where every device needs to communicate directly with every
other device without any intermediaries.

The formal definition can be expressed as follows:

L = f(i; j) j i; j 2 N; i 6= jg (2.5)

2.1.3. Application in Telecommunications
This graph-based abstraction is not merely a theoretical construct but a practical tool that significantly
enhances our ability to manage, analyze and optimize networks. In telecommunication networks, graph
theory helps to simplify the complexity by modeling the network as a collection of nodes and their
interconnecting links. This representation aids in various analyses, such as:

Å Pathfinding and Routing: Determining the most efficient paths for data transmission between
nodes, considering factors like distance and bandwidth.

Å Network Reliability: Assessing the networkôs robustness by identifying critical nodes and links,
and analyzing potential points of failure.

Å Optimization: Enhancing network performance through strategic placement of nodes and links,
and optimizing the use of available resources.

Understanding these graph structures helps in designing networks that are not only efficient but also
robust against failures, ensuring continuous service availability even when individual network compo-
nents fail.

2.2. Matching
Having established a foundational understanding of graph theory and its application inmodeling telecom-
munications networks, it becomes pertinent to explore how these theoretical concepts can be pragmat-
ically applied to solve real-world problems. One application of graph theory in network design and
optimization is through the use of matching algorithms. These algorithms provide a method to pair
elements within a network in a manner that optimizes certain criteria, such as minimizing the distance
between connected nodes. Matching algorithms leverage the graph-based representation of networks
to identify and form optimal pairs of nodes.

In the following sections, we will give a formal definition of a matching and delve into various matching
algorithms.

2.2.1. Definition
In the context of graph theory, a matching in a graph is a set of links that do not share any nodes. [10]
Formally, a matching M is a subset of L such that for every two links l1 and l2 in M , the endpoints
of l1 are distinct from the endpoints of l2. That is, no node is incident to more than one link from the
matching. Mathematically, this can be expressed as:

M � L such that 8l1; l2 2 M; l1 \ l2 = ;
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2.2.2. Weights
A weighted graph is the basis for applying matching algorithms. The objective is to maximize or mini-
mize a certain attribute of the pairings, such as distance, cost or capacity. The choice of weight metric
significantly influences the matching outcome and must be chosen based on the specific requirements
of the network design. Distance between nodes and the associated costs will be the main weight in
this research.

2.2.3. Algorithms
Greedy Approach
The greedy matching algorithm is a straightforward approach where pairs are formed by iteratively
choosing the two closest unpaired nodes based on the link weights. While not always yielding the
absolute optimal solution, this algorithm is efficient and often provides a sufficiently good solution for
large graphs.

Algorithm Steps:

1. Sort all links in the graph by weight (distance).
2. Initialize an empty set of matches.
3. Iterate through the sorted link list and add an link to thematch set if neither of the nodes it connects

is already matched.

Perfect Matching
For more precise requirements, the Minimum Weight Perfect Matching algorithm finds a set of pairs
such that every node is matched exactly once, and the total weight (sum of distances in this case) is
minimized. This problem is efficiently solvable using algorithms like the Blossom algorithm for general
graphs.

Selecting the right algorithm depends on the networkôs specific requirements: whether speed, precision,
or stability is prioritized. In some cases, adaptations or combinations of the above algorithms may be
necessary to meet specific operational requirements.

2.3. Shortest Paths
Another application of graph theory is finding the shortest routes between locations. This topic is par-
ticularly relevant to this study, as the goal is to minimize the costs associated with transforming rings
into strands. These costs are strongly related to the length of the cables that need to be added to the
network of KPN. If these cables were laid in a straight line, determining the route would be trivial. How-
ever, the cables follow the road network of the Netherlands, so a method must be found to calculate
the best route. This section first provides a definition of the shortest path, followed by the methods to
find it.

2.3.1. Definition
The shortest path problem involves determining the path with the minimum total distance or cost be-
tween two nodes in a weighted graph. Based on the earlier definition of a graph, we represent the
graph as G = (N; L), where N is the set of nodes and L is the set of links. Each link (u; v) 2 L has an
associated weight w(u; v), which indicates the cost, distance, or time required to traverse from node u
to node v. [9]

Given a source node s 2 N and a destination node t 2 N , the objective is to identify a path P from s to
t such that the sum of the weights of the links in P is minimized. Mathematically, the shortest path Pst

is represented as a sequence of nodes fn1; n2; : : : ; nkg where n1 = s and nk = t, and the total weight∑k�1
i=1 w(ni; ni+1) is minimized.

2.3.2. Dijkstra's Algorithm
Dijkstraôs algorithm is one of the most widely used algorithms for finding the shortest path in graphs. It
operates by maintaining a set of nodes whose shortest distance from the source is known and iteratively
expands this set. [8] Dijkstraôs algorithm does not handle negative link weights because it assumes
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that once a nodeôs shortest path is determined, it will not change. This assumption holds only if all link
weights are non-negative. In the presence of negative weights, a previously determined shortest path
could be invalidated by a path found later that includes a negative weight, leading to incorrect results.
In the scope of this research this is not a problem, because the link weights are related to the distances
between nodes and these are always positive.

The algorithm consists of the following three steps:

1. Initialization:

Å Set the distance to the source node s to 0 and to all other nodes to infinity.
Å Create a priority queue (min-heap) and insert the source node with distance 0.

2. Relaxation:

Å While the priority queue is not empty:

ï Extract the node u with the minimum distance from the priority queue.
ï For each neighbor v of u:

* If the distance to v through u is less than the current known distance to v:

Ā Update the distance to v.
Ā Insert v into the priority queue with the updated distance.

3. Termination:

Å When the priority queue is empty, the shortest distances from the source to all nodes are
known.



3
Approach

The objective of this study is to transform the ring structures within the KPN network into strands. This
transformation aims to optimize the redundancy of the network while minimizing costs.

This chapter is structured to first give an overview of the algorithm used in this transformation process,
followed by a detailed explanation of its various components.

3.1. Overview
The hierarchical structure of KPNôs network allows for various divisions based on its function and geo-
graphical reach. Firstly, the network can be divided into layers that are closer to the internet exchange
point in the Netherlands, and layers that are closer to individual households. Within this segmentation,
the KPN network comprises three primary layers: the core network, the backhaul network, and the
access network. Comparing the KPN network to a road system, think of the core network as the equiv-
alent of major highways: they handle a lot of traffic, but there arenôt many of them. In this analogy, the
backhaul network functions like regional roads, linking local nodes to regional nodes. Lastly, the access
network operates akin to residential streets, directly connecting individual homes and businesses to the
broader network infrastructure. There are many of these connections, but they handle less traffic.

Another method of dividing the KPN network is based on its geographic distribution within the Nether-
lands. Here, the country is divided into 160 distinct regions, each of which is served by a MC location.
These regions also contain multiple MA locations, along with various infrastructure components such
as splitters, distribution points, and ultimately, connections to households. This division based on ge-
ographic regions is called an óaccess areaô, denoting the specific area served by a particular set of
network resources. It encompasses all the necessary components to deliver telecommunications ser-
vices efficiently to the residents and businesses within that region.

An understanding of those divisions is required to comprehend the proposed multi-step algorithm, that
aims to convert the rings in the current backhaul network into strands. The strand topology has already
proven successful in the core network, where a chain of regional nodes are connected at both ends to
a national node. Implementing a similar structure to connect MA locations to MC locations is expected
to yield comparable benefits. The transformation is divided into three main components:

1. The matching algorithm is the initial step in this transformation process. It focuses on pairing
access areas within the existing ring topology. These pairings are essential as they form the basis
for the connections in the new strand topology. By carefully creating these pairs, the costs of the
network transformation can be kept low.

2. The routing algorithm takes over when the access areas are paired. This component is respon-
sible for determining the optimal paths between the paired access areas. It takes the dutch road
network as input and outputs the route for the new cable connection.

3. The strand algorithm is the final step, which implements the actual reconfiguration of the network.
Once the access areas are paired and connected, this step involves restructuring the network to
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form the new strand topology.

The output of Algorithm 1 serves as the input for Algorithm 2, which in turn outputs to Algorithm 3.
Consequently, the number of choices available in Algorithm i + 1 is constrained by the decisions made
in Algorithm i. To ensure that a wide range of options is considered, all three algorithms must run with
minimal runtime complexity. This approach allows for multiple iterations through all the steps in search
of the optimal outcome. The following sections will provide detailed explanations of each component
of the algorithm.

The reason for an algorithm with multiple steps is the complexity of estimating the costs of the conver-
sion to strands. In the following section, the large number of possible pairs is mentioned, and each of
these pairs can be connected in numerous ways. Therefore, the pairing and the creation of connections
between them are initially separated. After several optimization iterations of both algorithms, it became
possible to combine these steps, merging the first two steps into one. This is described in section 4.3
regarding the results.

3.2. Matching Algorithm
A straightforward solution to the problem addressed in this research involves pairing each ring in the
current backhaul network with the nearest ring from a different access area. This approach would
connect two geographically redundant rings and reconfigure them into two strands (as further detailed
in section 3.4 on the strand algorithm). However, a constraint exists at the MC locations that impedes
this solution. Specifically, the equipment at MC locations is designed to operate in tandem, limiting
communication to only two endpoints. Hence, if a access area X comprises two rings, it is not possible
to pair ring Xa to access area Y and pair ring Xb to access area Z.

To overcome this limitation, the first step in the conversion process is the matching algorithm. The goal
is to make pairs of access areas. This is used when creating strands from the rings in the paired access
areas. There are multiple ways to create these pairs, but as the goal is to minimize the costs of the
stand conversion, we also focus on that in this first step.

3.2.1. Fully Connected Graph
The matching algorithm uses graph G = (N; L) to determine the optimal pairings of access areas. The
set of nodes N in this graph represents the access areas, which number 160 in the KPN network. Since
any access area can be paired with any other, the set of links consists of all possible node pairs. This
type of graph is known as a complete graph (KN ) and has the following properties:

Å Number of nodes1: jN j = 160

Å Number of links: jLj = N(N�1)
2 = 160�159

2 = 12; 720

3.2.2. Link Weights
Determining the costs of connecting access areas with cables is not straightforward. Therefore, we
need an alternative measure to express these costs. A metric closely related to the costs of laying
cables is the length of the cables to be added. Hence, in the matching algorithm, we use the distance
between access areas as the weight to be minimized.

However, the exact distance to be minimized is also complex, as it involves the distance between the
two access areas where the cables are closest. To approximate this distance, we use the coordinates
of the MC locations as a starting point.

Version 1: Distance as the Crow Flies
In the first version of this matching algorithm, the direct (straight-line) distance between MC locations
was used. This provides a reasonable approximation of the costs of forming strands between these
access areas and is easy to calculate. However, analysis of the resulting pairs revealed that the costs
in some cases were much higher than expected based on the direct distance. This discrepancy arises
because KPNôs cables predominantly follow the road network, where costs vary by road type. For

1In the remainder of this report, context will indicate whether the set or its cardinality is meant, without using the vertical bars.
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instance, it is significantly more expensive to dig along highways, and laying cables over bridges and
through tunnels also incurs higher costs.

Version 2: Distance by Road
Due to these shortcomings in version 1, a revised approach was adopted in version 2. Instead of
using straight-line distances, link weights are determined by the distance along roads. To account for
different road types, the distance over bridges and through tunnels is multiplied by a factor of 10, while
the distance along highways is multiplied by a factor of 60. This adjustment aims to ideally avoid these
roads or, at the very least, reflect realistic costs.

Both sets of link weights are plotted in Figure 3.1. It shows that both weights yield similar results.
However, the ócostsô over the road are always higher than the straight-line distances, especially when
the road is a highway or the road crosses bridges and tunnels.

(a) Weight matrix using the distance as the crow flies. (b)Weight matrix using an approximation of costs by road.

Figure 3.1: The distance matrices used to form a perfect matching.

3.2.3. Runtime complexity
Ideally, each access area is paired with another access area, meaning we seek a perfect matching that
covers every node in the graph. The number of possible perfect matchings in a graph can be calculated
based on the number of nodes.

Number of perfect matchings: Npm = (N � 1)!! = 159!! = 5:449 � 10141

Using a brute-force approach, this is the number of options that must be considered. However, Zvi Galil
[10] describes an algorithm with a runtime complexity of O(N3). This significantly reduces the number
of options to be considered when the number of nodes is large, as is the case here. This comparison
is shown in Figure 3.2.
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Figure 3.2: A comparison between the brute-force (N !!) and Galil (N3) approach.

3.3. Routing Algorithm
With the access areas identified for connection, the next step is to determine the optimal route for these
connections. A shortest path algorithm naturally brings to mind Dijkstraôs algorithm, but modifications
are necessary to adapt it for this specific case. Dijkstraôs algorithm is designed to find the cheapest
path between node a and node b in a graph. However, an access area consists of multiple rings, and
each ring comprises multiple coordinates. Therefore, Dijkstraôs algorithm must be rewritten to handle
multiple sources and multiple destinations.

3.3.1. Input graph
As Dijkstraôs algorithm is designed to work on a graph, the question arises regarding which graph
should be used. Thanks to OpenStreetMap2, data on the road network in the Netherlands is publicly
available. However, this data is not initially in graph format. Fortunately, the Python package OSMnx
[3] can convert OpenStreetMap data into graph format. The links in this graph represent the roads in
the Netherlands, including information such as name, type, and length. The nodes correspond to the
intersections of these roads.

In addition to the road network, the graphmust also include the paths of the rings. Since the coordinates
of the cables are known, we can combine these with the coordinates of the nodes. All nodes where the
rings of access area a pass are marked as sources, and all such nodes of access area b are marked
as destinations. This combined data forms the input for the routing algorithm.

3.3.2. Multi-sources multi-destinations Dijkstra
In the extended version of Dijkstraôs shortest path algorithm, each source node is initialized with a
distance of zero and inserted into a priority queue. This priority queue is used to manage the nodes to
be explored based on their tentative distances. The core of the algorithm involves extracting the node
with the smallest distance from the priority queue, updating the distances to its neighbors if a shorter
path is found, and pushing the neighbors into the queue. This process repeats until the queue is empty
or a destination node is reached. When a destination node is found, the algorithm reconstructs the
path by tracing back from the destination node to the source node using a predecessor dictionary. If no
destination is reachable from the sources, the algorithm returns an indication of failure. The complete

2

https://www.openstreetmap.org/about
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algorithm can be found in Appendix A.

3.3.3. Runtime complexity
The runtime complexity of the algorithm is mostly determined by the operations involving the priority
queue and graph traversal.

Firstly the source and destination nodes are identified based on a specific attribute. Suppose there
are S source nodes and D destination nodes. The nodes are filtered and classified, which takes O(N)
time, where N is the total number of nodes in the graph.

For each source node, the algorithm sets its distance to zero and inserts it into the priority queue.
Inserting each node into the priority queue takes O(log S) time. Thus, initializing all source nodes into
the priority queue takes O(S log S) time.

The core of the algorithm involves processing nodes extracted from the priority queue. Each node is
processed exactly once, and for each node, all its neighbors are examined. Extracting a node from the
priority queue takes O(log N) time. Checking and updating the distances to each neighbor involves
a priority queue insertion, which is also O(log N). Consequently, processing all nodes and their links
results in a time complexity of O((N + L) log N), where L is the total number of links.

Path reconstruction, which occurs after finding a destination node, involves tracing back through the
predecessor dictionary from the destination node to a source node. This operation takes O(N) time in
the worst case but is generally negligible compared to the main loopôs complexity.

Therefore, the overall runtime complexity of the algorithm isO((N +L) log N). This makes the algorithm
efficient and suitable for large graphs, as it scales logarithmically with the number of nodes and links
in the graph.

3.4. Strand Algorithm
The strand algorithm is the final step in the conversion process, where the network is reconfigured
based on the identified paths and connections. The input of the algorithm consists of a graph with the
original ring structure and the added paths between those rings.

3.4.1. Georedundancy
As the objective of the algorithm is to add redundancy to the network, the strands created in this step
must follow the georedundancy guidelines that also applied to the rings. This means that the left and
right sides of any node in a strand must not be positioned close to each other, in order to prevent a
single cable cut from disconnecting nodes. In practice this requirement handled by default, because
the strand structure reuses the cables that were already used in the ring structure. The next sections
will verify this claim by illustrating three possible scenarios.

Rings separated

Figure 3.3: Scenario 1 where the rings are separated.
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