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Resumo

As redes 6ticas sao essenciais nas comunicacoes globais atuais e, o estudo de ferramentas
de planeamento que utilizem eficientemente os recursos da rede sao cruciais aos operadores
de rede. A atribuicao de comprimentos de onda, juntamente com o encaminhamento, sao
funcoes criticas em todas as ferramentas de planeamento de redes éticas. Esta dissertacao
foca-se no estudo de algoritmos de atribuicao de comprimentos de onda baseados em
técnicas de Coloracao de Grafos.

Na presente dissertacao analisamos o desempenho da heuristica Greedy, uma heuristica
de Coloracao de Grafos tipicamente aplicada ao planeamento de redes 6ticas, assim como
as heuristicas Degree of Saturation (DSATUR) and Recursive Largest First (RLF), em di-
versos cenarios de redes reais. Estas duas ultimas heuristicas, tanto quanto sabemos, ainda
nao foram aplicadas no contexto de redes éticas. Foram realizadas intimeras simulagoes,
utilizando topologias de redes reais, como as redes COST 239, e CONUS considerando
uma topologia légica em malha completa e concluimos que as heuristicas DSATUR e RLF
podem superar a heuristica Greedy em cenarios de rede onde existem varios clusters de
rede interligados por apenas uma ou duas ligacoes. Nestas redes, as heuristicas RLF e
DSATUR, proporcionam menos 9 e 5 comprimentos de onda, respetivamente, do que a
heuristica Greedy. Apesar de gerarem menos comprimentos de onda, verificamos que es-
tas heuristicas necessitam de um tempo de computacao superior ao da heuristica Greedy.
Além de terem sido estudadas estas heuristicas, também foram estudadas as heuristicas
tradicionais First Fit e Most-Used e concluimos que tém um desempenho semelhante a

heuristica Greedy.

Palavras-chave: Coloracao de Grafos, DSATUR, Greedy, Redes C)ticas, RLF.






Abstract

Optical networks are essential in today’s global communications, and the study of plan-
ning tools that efficiently allocate network resources is crucial to network providers. The
assignment of wavelengths, alongside routing, are critical functions in all optical network
planning tools. This dissertation focuses on the study of wavelength assignment algo-
rithms based on Graph Coloring techniques.

In this dissertation, we analyse the performance of the usual Greedy heuristic, a well-
known Graph Coloring heuristic applied to optical network planning, as well as the Degree
of Saturation (DSATUR) and Recursive Largest First (RLF) heuristics, in several real net-
work scenarios. These last two heuristics, to the best of our knowledge, have not yet been
applied in the context of optical networks. Extensive simulations have been performed,
using real network topologies, such as COST 239, and CONUS networks, considering a
full mesh logical topology, and we conclude that DSATUR and RLF heuristics can out-
perform Greedy heuristic in network scenarios where there are several network clusters
interconnected by only one or two links. In these cases, the RLF and DSATUR heuristics
provide less 9 and 5 wavelengths respectively than the Greedy heuristic. Despite gener-
ating fewer wavelengths, we have verified that these heuristics need a higher computing
time than the Greedy heuristic. Besides these heuristics, the traditional First Fit and
Most-Used heuristics were also studied, and lead to performance similar to the Greedy
heuristics.

Keywords: DSATUR, Graph Coloring, Greedy, Optical Networks, RLF.
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CHAPTER 1

Introduction

1.1. Motivation and Background

The evolution of optical networks has undergone significant advances throughout the
years as innovative technologies are developed in order to take increasing advantage of
the transport capacity of optical fibres. When the optical networks appeared, the optical
signal passed through an optical-electrical-optical (O-E-O) conversion and an electronic
processing in all intermediate nodes along its path was performed [1]. These first networks
are called opaque networks. With the development of optical switching technologies such
as Micro-Electro-Mechanical Systems (MEMS) and multiplexing/desmultiplexing such
as Arrayed Waveguide Gratings (AWG) transparent optical networks emerged [1]. In
these networks, the optical path is switched only in optical domain, using networks el-
ements, which are nowadays denominated reconfigurable optical add-drop multiplexers
(ROADMs), which reduce the network cost, since there is no need for O-E-O conver-
sions or electronic processing at each node. The optical signal in transparent networks is
routed and transmitted through the network based on its wavelength, which means that
the signal is routed independently of its bit rate, modulation format or protocol [2].

Network planning is focused on the details of how to accommodate the traffic that
will be carried by the network, which includes selecting how a particular demand should
be routed, protected and groomed in the network, and which wavelength(s) in the system
spectrum should be assigned to carry that demand [1]. The planning of a network is
important because it sets the optimal strategy to accommodate a set of demands, de-
nominated network traffic. There are different types of problems related to planning in a
transport network, such as: defining the localization of nodes and design a physical topol-
ogy; traffic routing and dimensioning of links capacity; wavelengths assignment; traffic
grooming; protection and rehabilitation; and equipment selection [3].

The different planning problems can be solved using integer linear programming (ILP)
or heuristics solutions. ILP methodologies require a very long execution time and are
impractical for large networks, since to find the optimal solution they consider the whole
solution space [1]. The main objective of heuristics solutions is to find a solution in a
reasonable amount of time that is good enough for the problem in question. The solution
may not be optimal to solve a particular problem, but may lead to very satisfactory
results. These heuristics are important because finding optimal solutions may require
high and unbearable computational times [1].

In this work, several heuristics to solve Routing and Wavelength Assignment (RWA)

problems in transport optical networks with static traffic will be studied. The goal of
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a static RWA scenario is to minimise the number of wavelengths to be assigned in a
specific number of optical paths that compose the network. The wavelength assignment
heuristics that will be studied with more detail in this work are Graph Coloring heuristics
[4]. This heuristic assigns wavelengths to a network based on the coloring of the vertices.
In the end, the total number of distinct colors used to color a graph corresponds to the
total number of wavelengths assigned to the paths of a network. Besides the application
to network planning, Graph Coloring heuristics are also applied in different areas, like

producing sports schedules or solving Sudoku puzzles.

1.2. Objectives

The goal of this work is to study some routing and wavelength assignment algorithms
for network with static traffic. Firstly, the routing algorithm Yen’s k-shortest path is
implemented, in order to route the demands of the network [1]. Then, the wavelength
assignment algorithms are applied. The wavelength assignment algorithms studied and
implemented in this work are the First Fit, Most Used and, with main focus, several
Graph Coloring heuristics [1]. The Graph Coloring algorithms analysed and developed
are the Greedy, degree of saturation (DSATUR) and Recursive Largest First (RLF) algo-
rithms [5]. Usually, the most commonly Graph Coloring algorithm used for RWA is the
Greedy, because it is simple and easy to deploy. For this reason, it is necessary to analyse
whether the DSATUR and RLF algorithms are more effective to solve the wavelength
assignment problem than the Greedy algorithm, and which benefits they bring to the
network planning.

Initially, a performance study of the three Graph Coloring algorithms namely, the
Greedy, DSATUR and RLF, will be carried out as a function of the number of network
vertices and their degree, for randomly generated networks, in order to have some insight
into their behaviors and their advantages and disadvantages. At a later stage, all these
algorithms, from the routing algorithm to the wavelength assignment algorithms, will be
applied to real optical networks. The real optical networks analysed in this work are
COST239 [6], NSFNET [7], UBN [8], two variations of the CONUS network, one with
30 vertices and other with 60 vertices [9] and two variations of the network generated by
the GT-ITM tool in [10], one with 27 vertices and other with 34 vertices.

1.3. Dissertation Organization

This dissertation is organised in 5 chapters as described in the following:

Chapter 1 presents the background and motivation of this work, as well as the iden-
tification of its main objectives. It also shows how this dissertation is organised and
highlights the main contributions of this dissertation.

Chapter 2 focuses on the main concepts in the area of optical networks, from topolo-
gies, architectures and network elements, to the definition of the adjacent matrix and the
traffic matrix of the network. In addition, the RWA problem is also defined, theoretically
2



describing the routing and wavelength assignment algorithms that will be used in this
work, giving more emphasis to the Graph Coloring heuristics.

Chapter 3 presents through a flowchart, the planning tool for optical networks de-
veloped in this work, describing with detail, the Yen’s k-shortest path routing algorithm
and the wavelength assignment algorithms (First Fit, Most Used and Graph Coloring
heuristics). Since Graph Coloring heuristics are the main study goal of this work, the
pseudocodes of the Greedy, DSATUR and RLF algorithms that served as the starting
implementation point are presented. After implementation in the software tool, a study
is carried out to evaluate the performance of these Graph Coloring algorithms as a func-
tion of the number of vertices and their degree. This study is performed with the random
graph generation and validated in comparison with other works [5].

In Chapter 4, the RWA tool is applied to real networks (COST 239, NSENET, UBN,
two versions of the CONUS network and two networks generated by the GT-ITM tool)
and to ring networks of 25, 35 and 45 vertices. From the application of this tool, the
number of wavelengths assigned and the computation time of each network are presented,
for each wavelength assignment algorithm studied. The solutions obtained by First Fit
and Most Used algorithms are also presented and compared with the results obtained by
the Graph Coloring algorithms.

Finally, Chapter 5 summarises the main conclusions of this work and outlines possible

directions for future work in this area.

1.4. Main Contributions
The main contributions of this dissertation are the following:

e Implementation of three Graph Coloring algorithms, Greedy, DSATUR and RLF,
applied to the planning of optical networks, specifically to solve the RWA prob-
lem;

e Performance study of these Graph Coloring algorithms as a function of the num-
ber of vertices and their degree and also the corresponding computation time;

e Study of the behavior of these algorithms when applied to several real networks
and comparison with the results of First Fit and Most Used algorithms;

e The DSATUR and RLF algorithms show a better performance in networks that

have a smaller number of links connecting several clusters of nodes.






CHAPTER 2

Fundamental Concepts in Optical Networks

2.1. Introduction

This chapter covers the basic concepts in the area of the optical network, from topologies,
architectures and network elements to the planning tool. In section 2.2, the graph concept,
which is essential in telecommunication network analysis, its relationship with physical
and logical topologies and their definition is outlined. This section also explains the
definition of an adjacency matrix and a traffic matrix. Next, in section 2.3, a brief
explanation of the Optical Transport Network (OTN) architecture is provided, in order
to have a better overview of how information is transported in an optical network. In
section 2.4, the Reconfigurable Optical Add-Drop Multiplexer (ROADM) network element
is briefly analysed. At last, section 2.5 discusses the main objective of this dissertation,
the RWA. The problem of RWA can be defined in two parts separately. First, the routing
algorithms (e.g. Dijkstra and Yen’s k-shortest path) that will be studied throughout this
work are described. Then, the wavelength assignment algorithms are presented. In the
wavelength assignment, the major focus is on the three Graph Coloring techniques, whose
algorithms are Greedy, DSATUR and RLF.

2.2. Network Representation

A telecommunications network can be represented schematically through a graph [1]. A
graph is a well-defined mathematical model that represents objects and their relation-
ship. In other words, a graph is defined geometrically as a set of points named vertices
(or nodes) interconnected by a set of lines, known as edges. The edge represents a di-
rect connection between two adjacent nodes [11]. Formally, graphs are represented as
G=(V,E), where V' = {vy,vq,...,v,} represents the set of vertices (nodes) of the network
and F = {ej, ey, ...,e,} the set of edges (links).

Figure 2.1 shows a simple example of a network and the corresponding graph G =
({vi,va,...,v4}{e1, €2,...,€6}), with 4 vertices (nodes) and 6 edges (links). Each link has
an associated cost whose weight value ranges from e; to eg. The cost of the link can be
represented, for example, by the distance between nodes or by the link delay. These link
costs will be discussed later in this section.

The way network nodes are physically connected to each other defines the physical
topology. On the other side, the way how information is distributed between nodes defines
the network logical topology [1]. Taking Figure 2.2 as an example, it can be assumed that
node v; functions as a distribution node and that all communications between the different
nodes pass through node v;. As a result, the physical topology in Figure 2.2(a) is a mesh
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F1GURE 2.1. Example of a 4 nodes network and its corresponding graph.

topology, and the corresponding logical topology represented in Figure 2.2(b) is a star
topology.

vy vy

V3 ———— vy U3 Uy

FIGURE 2.2. (a) Physical topology (b) Logical topology.

In telecommunications networks, there is a huge variety of physical topologies. The
adequate choice of the topology is an extremely important step in the network planning
process since the various existing topologies can influence the type of service that the
network can provide [1]. Topologies are divided into two different types: non-shared way

and shared way [11] as shown in Figure 2.3.

- Topology Types |

. .

Non-shared way Shared way
—— ; ,,,,,, i RN , SRS ; r_______'L ______ g s 4 _______ ‘ r_______'L ______ ;
i Ring ! i Mesh i Star i | Bus : Tree i

Ficure 2.3. Different types of topologies.



A link (which is represented by lines in Figure 2.2) is a connection between two nodes
(e.g. €1 = (v1,v9)), and has an associated cost, which can be the geographical distance,
delay, price, number of hops, etc. A link may be considered unidirectional or bidirectional.
Typically, a bidirectional link is implemented using two unidirectional links. A network
graph with unidirectional links is considered a directed graph (Figure 2.4(b)), whereas a
graph with bidirectional links is designated an undirected graph (Figure 2.4(a)). In this
work, a bidirectional link is assumed to be implemented by two optical fibres (one pair
of fibre), one fibre for each transmission direction. An optical link includes optical fibres
and possibly optical amplifiers (OA). The section of the link between an OA and a node

or between two OAs is called a span [3].

e

FIGURE 2.4. (a) Undirected graph and (b) Directed graph.

In Figure 2.5, a link between two nodes is represented. The two nodes are located at
the beginning and the end of the link and can be optical and/or electrical devices. and
in Figure are represented as ROADMs nodes. In Figure 2.5, the connection between the

ROADMSs nodes is composed of two inline OA, a post and a pre-OA and three fibre spans.

Amplifier Amplifier Amplifier Amplifier

ROADM | &1.5 oA - OA oA ROADM

< Span -—-»>4--— Spm >

‘ Post- Line- Line- Pre- ‘

Gl e e e ey Optical fiber:  oo_cenies s nen »
Node 1 Node 2

FIGURE 2.5. An example of a link between two ROADMs nodes.

In long-haul and metro networks, in order to amplify the signal in both directions, the
links have one pair of fibres for bidirectional communication and unidirectional amplifiers
in each direction. As shown in Figure 2.5, between the post and pre-amplifiers, there are
several line amplifiers whose gain depends on the fibre spans length.

A path is a sequence of links that begins at a source node s and terminates at a
destination node ¢ (s-t path). Depending on whether the path links are unidirectional or

7



bidirectional, the path can also be considered as directed or undirected, respectively. In
optical networks, a path is denominated a lightpath. Generally, in a transparent network,
an optical path is implemented using a wavelength [3].

In telecommunication networks, the paths are used to carry traffic from one side of the
network to the other. Traffic is defined as the set of services (e.g. data, video, voice) that
is carried on the network. A demand is used to represent an individual demand between
two or more nodes and corresponds to a logical link. In unicast applications, demands
are performed between two nodes and are considered bidirectional and symmetric.

A connection represents a path that has been reserved for carrying a demand. The
configuration process of the equipment (node) to support this demand is called provision-
ing.

As said previously, the physical topology refers to the physical connections between
the different nodes of the network, using physical media (e.g. optical fibres). Besides
representing the physical topology through a graph (as shown in Figure 2.2(a)), this

topology can also be represented through an adjacency matrix G.

(2.1)

— = = O
— = O
_ O = =
SO = =

Generally, an adjacency matrix has a NxN dimension, where N represents the number of
nodes. An example of 4x4 adjacency matrix is represented by G in eq. (2.1). When there
is a physical connection between nodes ¢ and j, the element g;; = 1, otherwise g;; = 0 [3].
Note that the adjacency matrix G, represented in eq. (2.1) considers bidirectional links.

On the other hand, a logical topology describes how traffic flows on the network
and can also be defined through a graph (as shown in Figure 2.2 (b)). The traffic can be
characterised by the number of traffic demands or logical connections [2]. Traffic demands
can be unidirectional or bidirectional. It is also possible to describe the logical topology
through a demand matrix @, as shown in eq. (2.2) for the logical topology represented in
Figure 2.2 (b).

0111
1 000
= 2.2
@ 1 000 22)
1 000
If there is a traffic demand between nodes ¢ and j, the element g;; is set as ¢;; = 1,

otherwise, if there is no traffic demand ¢;; = 0 [3].
The traffic matrix describes the traffic volume during a period of time between all
nodes, independently of whether they are adjacent or not. The type of traffic considered

in this work does not vary over time, corresponding to a static traffic scenario [2].
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Transport networks carry different types of client signals (e.g. STM-1, GbE, etc).
These client signals are then converted into adequate signals to be used in the optical
transport network. It should be noted that in Synchronous Digital Hierarchy (SDH)
networks, traffic units correspond to STM-N signals and, in OTN, traffic units are defined
in terms of the Optical Transport Unit (OTU)-k signals. Figure 2.6, shows a graph
that represents a network with four nodes that transport traffic units in GbE and the
respective traffic matrix also in GbE is shown in eq. (2.3). In order to convert the matrix
T into OTU-2 signals, it should be noted that one OTU-2 supports 8 GbE signals. The

corresponding matrix 7" in OTU units is shown in eq. 2.4.

FIGURE 2.6. Example of bidirectional traffic flows between different nodes.

0 80 40 120
80 0 0 80
T = (2.3)
40 0 0 0
120 80 0 0
0 10 5 15
10 0 0 10
T(OTU-2) = 2.4
( ) 0 0 o (2.4)
15 10 0 0

2.3. Network Architecture

A telecommunications network is organised in two layers, the service layer and the trans-
port layer [12], as shown is Figure 2.7.

Each layer offers well-defined services to the top layer. In other words, the service
layer (which is the top layer) acts as the client of the transport layer. The service layer,
which defines the service (e.g. video, voice and data), guarantees the collection, aggre-
gation and introduction of information in the network for the users, while the transport

9



Service

Serﬂce Net“ ork Layer

Electrical
IP/MPLS or Layer

SDHT t
e i Transport
Network !
{ la,_ﬂ\ Layer

Optical Transport < / g "'-H— Optical

Network (OTN) ! Layer

FIGURE 2.7. Layer architecture of a Telecommunications network [13].

layer is responsible for choosing the path between source and end nodes that better guar-
antees the quality of service and reliability on the information transmission. This layer
is a platform that guarantees transmission, multiplexing, routing, protection and super-
vision and capacity provising functionalities. Also, it ensures a transparent, reliable and
independent transfer of information services at a specific distance. It is also made up
of different interconnected network elements, depending on the chosen physical topology
[11]. Within the transport layer, there are two sub-layers: the electrical layer and the
optical layer. Internet Protocol (IP) packets can be transported in the electrical layer
(almost all information is transported in IP packets, nowadays) through a SDH transport
network or a Multi-Protocol Label Switching (MPLS) transport network. In the optical
layer, the SDH frames or IP/MPLS packets are encapsulated in OTN frames [2].

The OTN architecture is described in ITU-T (International Telecommunication Union)
recommendation G.872 [14] and comprises functionalities such as transport, aggregation,
routing, supervision and survival of client signals that are processed in the electrical
domain and transported through the optical domain [2]. OTN combines the benefits
of SDH and WDM technologies with transmission and bandwidth expansion capabilities
and also monitoring capabilities. This technology offers advantages of optical monitoring
capability and use of FEC (Forward Error Correction) codes, allowing a higher number
of wavelengths to travel on a single fibre and allowing the signal to stay in the optical
domain during a longer distance, decreasing in this way, the number of regenerators
required, compared to SDH technology [3].

OTN defines an Optical Transport Hierarchy (OTH), conceptually similar to SDH.
OTH is structured in two steps: the first step occurs in the electrical domain and the
second one in the optical domain, as shown in Figure 2.8.

The first step consists in mapping the tributary signals (SONET/SDH, Ethernet,
SAN) in a fixed length frame and add the appropriate headers, leading to the formation
10
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of the OTU-£ entity. The value of £ is associated with the binary rate of the OTUs (OTU-
1 = 2.67Gbps; OTU-2 = 10.7Gbps; OTU-3 = 43Gbps e OTU-4 = 112Gbps) [2]. The
second domain comprises the formation of the optical channels, multiplexing and in the
introduction of appropriate headers and leads to the formation of the Optical Transport
Module (OTM) entity [3].

2.4. Network Node
A ROADM is a network node that allows for dynamically express wavelengths and add

and drop wavelengths to/from the optical network [16]. The main characteristic of these
network nodes that leads to higher flexible networks is the fact that it allows to remotely
through software reconfigure the add/drop of wavelengths, without the need for man-
ual reconfiguration of connections, so optical paths can be established and terminated
according to necessities [17].

The ROADM degree is associated with the number of switching directions or the
number of optical fibre pairs that reach and leave the ROADM and can range typically
from a minimum of two up to eight degrees [17]. For example, a four-degree ROADM
can route wavelengths between four directions (North, South, East and West) [17].

Nowadays, the main component that constitutes the ROADMSs is the Wavelength Se-
lective Switch (WSS) [1]. WSSs can, dynamically, route, block and attenuate all Dense
Wavelength-Division Multiplexing (DWDM) signals within a network node [17]. Each
DWDM signal at the 1:N input port is switched (routed) to any one of the N output
ports, independently of how all the other wavelength channels are routed. This wavelength
switching process can be dynamically changed through an electronic communication con-
trol interface in the WSS [1].
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Today, the new generation of ROADMs includes the following properties: Colorless,
Directionless, Contentionless and Gridless [18], in order to increase network flexibility.

Next, each property is explained in more detail:

e Colorless: Any wavelength can be added/dropped from any add/drop port, i.e.,
a transponder port does not have a fixed wavelength.

e Directionless: Any wavelength added to a port can be directed to any direction
and vice-versa, which means that the input signals are not directed only to one
direction.

e Contentionless: Several signals of the same wavelength, i.e. color, can be in a
single add/drop structure. When a ROADM does not support this property,
contention can occur when wavelengths of the same color converge at the same
WSS add/drop structure at the same time. This causes wavelength blocking [17].

e Gridless: The ROADMs filter shapes are adjustable by software typically using
LCoS technology. ROADM nodes that support a flexible grid can operate at any
mix of wavelength spacings, as long as each wavelength aligns with the 6.25 GHz
frequency grid and the bandwidth assigned to each wavelength is a multiple of
12.5 GHz [1].

The most common ROADM architectures are Broadcast-and-Select architecture and
Route-and-Select architecture.

A Broadcast-and-Select architecture is composed by passive splitters that perform
the “broadcast” function at the ROADM input direction and by WSS that perform the
“select” function at the output direction. When a WDM signal enters the splitter (power
divider), the signal is sent to all outputs. This means that the inputs signals are replicated
on all outputs WSS and drop ports. This architecture exhibits a disadvantage due to the
high insertion losses in the splitter (in particular, for high degree ROADMS), since the
signal input power will be divided by the number of outputs. And the more outputs there
are, more power losses will occur. The Broadcast and Select architecture also supports
multicast in the optical domain [1].

A Route and Select architecture consists of a stage of WSS 1x/N at the ROADM input
direction and a stage of WSS Nx1 at the output direction. The input WSSs have a
“route” function and the output WSSs have a “select” function. An advantage of this
architecture is the reduction of insertion losses, noise and crosstalk since optical splitters
are not used like in the previous architecture [1]. This architecture does not support

multicast.

2.5. Routing and Wavelength Assignment

In optical transport networks, the RWA are fully interconnected. The establishment of an
optical path in a WDM transport network implies the selection of a set of links between
the source and destination nodes (routing) and the reservation of a particular wavelength
for each of these links that constitute the path (wavelength assignment) [1]. The problem
12



associated with this establishment is designated as RWA. This problem is more complex
than the routing problem in networks that operate in the electrical domain, due to two
important conditioning factors: the wavelength continuity and distinct wavelength.

Wavelength continuity means that, if there is no wavelength conversion in the network,
the same wavelength must be assigned to all links that constitute the optical path. And,
as the distinct wavelength indicates, two different optical paths should not have the same
wavelength on the same link [3].

RWA can be seen as an optimisation problem whose goal is to minimise the number of
wavelengths to be used in a given number of optical paths for a static network scenario.
For a dynamic network scenario, the goal of RWA is to minimise the blocking probability,
for a fixed number of wavelengths.

In this work, the RWA problem is studied for static networks and it is assumed that
there are no wavelength conversions inside the network. As the optical connections are
static, the same wavelengths must be assigned to all links in the lightpath and a lightpath
that crosses the same links must be assigned to distinct wavelengths. RWA will be divided
into two problems: first the routing problem, and then the wavelength assignment. For
each one of these problems, heuristic solutions are used that will be discussed in the

following subsections.

2.5.1. Routing

Routing is the process of selecting a path through the network for a particular traffic
demand, where there are usually many possible paths from the source to the destination
[19]. As such, routing is responsible for mapping the logical topology on the physical
topology of the network [3].

The goal of routing is to find for each physical topology G(V,E) and for a given
traffic matrix @) the set of paths that supports all traffic demands on this network [1].
Since there are many possible paths between a given source and a given destination on a
network, it is important to define the most appropriate metric to apply to that network for
routing. Among the various metrics that can be used in routing, the following stand out:
minimising the number of hops of a path, minimising the distance of the path, maximising
the OSNR (Optical Signal-To-Noise Ratio) of the path. A routing algorithm can apply
several different metrics or just one metric [1].

Using routing algorithms, the configuration of a path can be done manually, through
the management system (static routing) or through the control plane (dynamic routing).
Static routing corresponds to the scenario in which the demand matrix does not change
over the time, and dynamic routing corresponds to the scenario in which the demand
matrix changes over time, with the arrival and termination of demands over time [3]. A
real example of static routing application is in high-volume data transfer services between
inter-datacentres on cloud platforms [20]. These services are significantly contributing
to increasing network traffic, driving the improvement of static optical networks. These
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high-volume data transfer services can be user data replication, application data synchro-
nisation and virtual machine migration, which require long transmission times and various
bandwidth resources [20]. These services where static routing is used are services where

the begin and end of the operation are known in advanced.

2.5.1.1. Fixed-path routing

In fixed-path routing, the set of candidates paths is generated before any demand be
added to the network [1]. It is a simpler approach where the chosen path is used to
route all traffic between a given pair of nodes. Typically, the chosen path is the path
that minimises distance. An example of this approach is fixed routing by shortest path
[3]. The shortest path for each pair of nodes is calculated using shortest path algorithms,
such as the Dijkstra algorithm or the Yen’s k-shortest path algorithm. There are many
other algorithms that use the shortest path routing [19], but in this work, we will only
use these two.

The Dijkstra algorithm finds the shortest paths from one source node V to all other
nodes on the network. In order to establish a shortest path from a particular node to all
other nodes in the network, the Dijkstra algorithm uses the traffic matrix as the input
and returns the shortest path from that node to a destination, as well as the total cost of
that path [1].

The shortest path algorithm can be aggregated as part of a larger procedure to find
the K-shortest paths (KSP). The goal of KSP algorithm is to find the first shortest path
between two nodes, the second shortest path, the third shortest path, etc., until the
shortest path & is found or until there are no more paths to calculate. The paths that
are found may have common links and/or nodes. Among the many algorithms that exist
based on KSP, the Yen’s k-shortest path is one of the most used algorithms [1]. This
algorithm uses the Dijkstra algorithm to calculate the shortest path between two nodes
and then proceeds to find k-1 derivations of the shortest paths. The Yen’s k-shortest path
algorithm starts by finding the shortest path between two nodes, that being the principal
path. Then, to find the other shorter paths between those same nodes, the various links
of the main path are discarded as follows: to find the second shortest path, the first link
from the main path is discarded; to find the third shortest path, the second link from the
main path is discarded, and so on.

The fixed routing strategy may perform weakly as it usually leads to an unnecessary
bottleneck in certain regions of the network. By always using the same path for a given
pair of nodes, there is no change to adapt to the current status of the network. This can
result in a premature blocking of a demand, although there are often better paths for that
demand [19].
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2.5.1.2. Alternative-path routing

In this type of routing, the set of candidate paths is also generated before any demand
be added to the network. There are several M paths that can be chosen to route traffic
between a determined pair of nodes (source node/destination node). One of the M paths
is chosen when the demand request arrives, which makes the routing dependent on the
state of the network [19]. This type of routing is fundamental to solving the problem of
network bottleneck. Network bottleneck occurs when there are several physical links in
a network that are overloaded, while other links are less loaded. In order to solve the
problem of network bottleneck, the load balancing methodology is applied in order to
optimise the use of network resources and avoid overloading the links [1]. Load balancing
consists of using alternate paths in a network in order to reduce the maximum load on
the most heavily loaded links.

Another situation in which it makes sense to apply alternative path routing is in a
protection path link. A protection path is a path that cannot contain the links corre-
sponding to the working path. The main path and the protection path have in common
only the source node and the destination node, ensuring that a single failure does not af-
fect both paths. Often, it is necessary to offer protection to a demand in order to improve
its availability, where availability is defined as the probability of the demand being in a

working state at a given point of time [1].

2.5.2. Survivability

Survivability in optical networks reflects the ability of a network to continue offering its
services in the presence of internal failures. Failures can occur at the level of the network
nodes or at the level of transmission links. In order to minimise these failures, two optical
paths are usually defined. A working path that carries traffic during normal network
operation, and the backup or protection path that is used when the working path fails.
The paths must be disjoint, i.e. they do not use common links, but the source and
destination nodes are the same [1]. Protection may be dedicated or shared [2].

In dedicated protection, spare resources are specifically allocated for a particular de-
mand. If a demand is brought down by a failure, it is certain that there are available
resources to recover the failure, assuming that the backup resources have not failed [1].
That is, for every working path there is a backup path. Dedicated protection can be
divided into two categories: 141 and 1:1.

e 1+1 - the working signal is duplicated and sent simultaneously by the working
path and the backup path. Upon arriving at the destination, the best of the two
paths is selected by using, for example, the received signal power as a criterion.

e 1:1 - only after the failure has occurred in the working path, the backup path is

activated to transport the signal.

Recovery from a failure is almost immediate when operating in 141 dedicated pro-
tection. In 1:1 dedicated protection, recovery from a failure is slower because first, it is
15



necessary to detect the failure (usually by destination node), using a signalling protocol
(e.g. Automatic Protection Switching (APS)) and only then the backup path is activated
[1].

In shared protection, a backup path is shared by several working paths. Working paths
that share protection capability should not have links or intermediate nodes in common,
so that a network failure does not break more than one path [1].

An example of a routing algorithm that has protection capability is the Suuraballe

algorithm [1].

2.5.3. Ordering Strategies

In a static network scenario, after calculating the shortest path for all traffic demands using
the routing algorithms mentioned in subsection 2.5.1.1 (Dijkstra and Yen’s k-shortest

path), it is necessary to order the demands according to a certain ordering strategy:

e Shortest path first: demands with the lowest cost (e.g. number of hops) in the
path appear first in the list [3];

e Longest path first: demands with the highest cost (e.g. number of hops) in the
path appear first in the list [3];

e Random path: demands are ordered randomly [3].

In a situation where there is a traffic demand with more than two paths with the same
cost, the ordering strategy chooses the path that minimises the load on the most loaded
link.

After ordering the demands according to the chosen ordering strategy, the demands are
routed. In static networks, these ordering strategies are also used to assign wavelengths
to the various path demands. In dynamic networks, demands arrive one at a time, so

there is no need to order demands.

2.5.4. Wavelength Assignment

After routing the demands based on the routing algorithm most appropriate to the net-
work, it is essential to assign the wavelengths to each lightpath.

Wavelength Assignment (WA) is an important part of the planning process of an
optical network [1]. The problem of wavelength assignment for static networks consists
in assigning a wavelength to each lightpath, given a set of lightpaths and their routes,
so that none of these lightpaths share the same wavelength at a given fibre link and the
same wavelength is used in all the links of a lightpath [19]. Moreover, the assignment of
wavelengths to multiple path demands is performed at the same time, so the paths must
be ordered first (see subsection 2.5.3).

In static networks, the main goal of the WA problem is to minimise the number of
wavelengths to be used in a given network [19]. In order to correctly assign wavelengths
to each path in a network, it is essential to study and implement an appropriate WA
algorithm. The WA algorithms to be studied in this work will be: First-Fit, Most-Used
and Graph Coloring heuristics.
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The algorithms First-Fit and Most-Used are usually applied to dynamic networks [19].
In dynamic networks, instead of trying to minimise the number of wavelengths, we assume
that the number of wavelengths is fixed and we try to minimise the blocking probability of
the connection since the demands arrive one at a time. However, these two algorithms can
also be applied to static networks. In this case, we have to order the lightpaths and then
assign the wavelengths sequentially to the ordered lightpaths, according to the particular
algorithm.

Next, a brief description of each algorithm mentioned above is presented.

2.5.4.1. First Fit

In the First-Fit algorithm, all available wavelengths are indexed with a number from 1
to W, where W is the maximum number of wavelengths supported in a fibre. Typically,
this maximum number of wavelengths supported by a fibre is 96, for a 50 GHz frequency
grid (corresponding to the C-Band) [2]. The indexes remain fixed through all the compo-
nents. To index the wavelengths, the following orderings can be used: shortest-path first,
longest-path first and random path. After ordering, the wavelength that has the lowest
index is chosen. This means that the existing connections will be grouped at the lowest

index wavelengths and successively.

2.5.4.2. Most-Used

Like First-Fit, Most-Used uses the same ordering strategies to index wavelengths. In this
algorithm, there is a variable that stores the number of times that each wavelength is
used per link. The wavelength that uses more links is given a higher priority [1], which
means that this wavelength is assigned to the new path if the continuity of wavelength
and distinct wavelength restrictions are fulfilled. If these conditions are not respected,

the second wavelength with more links is tried, and so on.

2.5.4.3. Graph Coloring Heuristics
Another approach to solving the problem of wavelength assignment is to apply Graph
Coloring techniques [5].

Graph Coloring is a conventional mathematical problem that consists in coloring all
nodes of a graph so that there are no two adjacent nodes (adjacent nodes are nodes that

share the same link) with the same color [1]. The procedure consists of:

(1) moving from the graph of the physical topology G(V,E) network to a graph
G(W,P), whose nodes (vertices) are the optical paths W = (wy, wq, ws, ..., wy)
and P is the set of links between these nodes [3]. Next, in this graph G(W,P),
a link is established between one or more nodes (e.g. paths) that share one or
more physical links;

(2) coloring all the nodes of the graph G(W,P), bearing in mind that different colors
must be assigned to adjacent nodes.
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The total number of distinct colors used to color a graph corresponds to the total
number of wavelengths to be used in the network. For example, if in a given graph, five
different colors are used to color the vertices, there are five different wavelengths in the
network. That is, each color represents a different wavelength.

Any solution to the Graph Coloring problem corresponds to a valid solution to the
wavelength assignment problem. Graph coloring is known to be a difficult problem to
find an optimal solution, i.e. find the minimising number of colors [1]. However, there
are bounds to the minimum number of colors required to color all nodes of the G(W,P)
graph. This minimum number of colors required is designated as the chromatic number
(Cr) of the graph. If the highest degree of a vertex in the graph to be colored is D, then it
is possible to color the graph using a maximum of D+1 different colors, i.e. a maximum
of D+1 different wavelengths is required for the wavelength assignment problem. This

value is an upper bound [1], and can be written as,

Cr<D+1 (2.5)

To solve the problem of Graph Coloring, heuristic methods can also be used. Heuristic
methods can give results near to optimal solutions or the optimal solutions [5]. In this
work, we will study three heuristic methods. The heuristic methods/algorithms that are
going to be studied are the Greedy, DSATUR and RLF [5].

The first of these algorithms to be studied is the Greedy algorithm. This algorithm is
perhaps the most used for coloring graphs and the most useful for establishing bounds on
the chromatic number. Greedy algorithm works by taking vertices of the graph one by
one according to an arbitrary order [5], for example, placing the vertices in descending
order of degree (the degree is the number of incident edges at each vertex). Then, the
algorithm assigns each vertex to the first available color. Being a heuristic algorithm, it
presents viable solutions quite quickly [5]. The example in Figure 2.9, shows how the

algorithm works, which can be resumed in the following points:

(1) In order to start the assignment of colors to each vertex, it is necessary to analyse
the graph to find out which node has the highest degree.

(2) After identifying the vertex with the highest degree, this vertex is assigned a
color. Now, the graph already has a color assigned to a vertex.

(3) As the strategy chosen was to color the nodes in descending order of degree, the
graph is analysed one more time to find out which vertex has the second highest
degree of that graph.

(4) After identifying that vertex, a color must be assigned to it. If this vertex is
adjacent to the vertex that has already been colored (point 2), then a different
color is assigned to this vertex. If it is non-adjacent then the same color of the
first vertex is used.
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FiGURE 2.9. Example application of the Greedy algorithm.

(5) And the process is repeated again from point 1. Find the vertex that has the

highest degree and assign it a different color from its adjacent vertices.

In analysing the example of Figure 2.9, it was identified that there is a vertex with 5
incident edges, so that vertex has degree 5, and it is precisely the highest degree of the
graph. Therefore, it was assigned the first available color, the yellow color. Then the
graph was analysed again in order to find a vertex that has the second highest degree (in
this case, degree 4). Two vertices of degree 4 were identified. The choice of one or other is
arbitrary. One of them was chosen and a color had to be assigned. Since the new vertex
to be colored is adjacent to the first vertex, it can not use the yellow color, hence it is
assigned the second available color, the green color. And this process continues until all
the vertices of the graph are colored.

The second algorithm use to solve the problem of graph coloring is the DSATUR
algorithm. This algorithm for coloring the vertices of the graph is based on the degree of
saturation of each vertex. The degree of saturation of a vertex represents the number of
different colors presented by the adjacent vertices of that vertex [5]. In this way, the degree
of saturation is responsible for indicating the order in which the vertices are colored. The
example in Figure 2.10 shows how the algorithm works, which can be resumed in the

following points:

(1) The DSATUR algorithm begins by coloring the vertex with the highest degree,
assigning it the first available color.
(2) After coloring this vertex, it is necessary to calculate the degrees of saturation of
the other non-colored vertices belonging to the graph.
(3) The next step is to select the vertex with the highest degree of saturation (which
was calculated in the previous step). If there is more than one vertex with the
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FIGURE 2.10. Example application of the DSATUR algorithm [5].

highest degree of saturation of the graph, then any vertex with the highest degree
of saturation belonging to the non-colored subgraph is chosen.

(4) After choosing that vertex, another color is assigned. And, it is also important
to know if this vertex is adjacent to the vertex that is already colored.

(5) And the process continues from point 2. Compute the degree of saturation of
the vertices of the graph that are still to be colored and select the one with the

highest degree of saturation.

According to the example given in Figure 2.10, it can be verified that the node with
the highest degree is colored with the first available color, the yellow color. Then, the
degree of saturation of the remaining vertices is computed. The next step was to select the
vertex with the highest degree of saturation. When observing the step 1 of the example,
it was noted that there are several vertices with the highest degree of saturation so far
(degree of saturation 1), and it becomes necessary to choose from these vertices of degree
of saturation 1, the vertex with the highest degree. When it is chosen, the vertex is
assigned the green color, since it is adjacent to the first vertex already colored. And this
cycle ends when all the vertices of the graph have been colored.

In the DSATUR algorithm, the choice of the following vertex to be colored is decided
heuristically based on the characteristics of the current partial coloring of the graph.
DSATUR algorithm turns out to be more accurate than the Greedy algorithm for various
elementary graph topologies, such for example the bipartite graph [5].

The last algorithm to be studied in this work is the RLF' algorithm. This algorithm
follows a slightly different strategy regarding the graph coloring in comparison with the
previous algorithms (Greedy and DSATUR algorithms), which have a similar procedure
[5]. The RLF algorithm consists of coloring a graph with one color at a time, as opposed
to one vertex at a time. At each step, the algorithm applies heuristic methods to identify
20



an independent set of vertices in the graph, which are then, associated with the same
color. This independent set of vertices is then removed from the graph, and the process
is repeated in the resultant smaller subgraph. The example in Figure 2.11 shows how the

algorithm works, which can be resumed in the following points:

Step 1 Step 2 Step 3
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FIGURE 2.11. Example application of the RLF algorithm [5].

(1) The RLF algorithm begins by choosing the vertex with the highest degree, as-
signing it the first available color.

(2) Then, all the vertices adjacent to that vertex are moved to a subgraph, in order
to identify which are the independent vertices (the vertices that have no direct
link to the highest degree vertex).

(3) When identifying the independent vertices to the vertex with the highest degree,
those vertices are assigned with the same color used to color the highest degree
vertex.

(4) After being colored, these vertices are removed from the graph, and the subgraph
with the remaining vertices appears.

(5) The procedure is repeated again from point 1. The vertex with the highest
degree in the subgraph is selected by assigning it the second available color, the
independent vertices are identified and assigned with the same color and then

removed from the graph.

Looking at the example in Figure 2.11, we see that the node with the highest degree of
the graph is colored with the yellow color. Then, the independent vertices are identified
and are also colored with the yellow color. Then, these yellow vertices are removed from
the graph, giving rise to a subgraph with the remaining vertices that are still to be colored.
In this subgraph, the vertex with the highest degree is selected and it is colored with green
color because the yellow color has been already used. And, the process continues until
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all the vertices belonging to the graph are colored. This process ends when there are no
more possible subgraphs, which means that all vertices have been colored, resulting in a
possible solution [5].

The same simple network (Figures 2.9, 2.10 and 2.11) was used to explain how each one
of the Graph Coloring heuristics work. As observed, 4 colors were used, i.e. 4 wavelengths
were assigned in each one of the algorithms. But, the fact that these three algorithms
present the same number of colors is because in the example we are using a small network.

Usually, for graphs with a higher number of nodes, the Greedy algorithm presents
solutions with a high number of colors, despite requiring low computation times. In con-
trast, the RLF algorithm tends to produce solutions that require a lower number of colors,
at a cost of longer computation times, especially for graphs that have a high number of
vertices [5]. The solutions produced by the DSATUR algorithm are in the middle of the

other two algorithms.

2.6. Conclusion

In this chapter, the basic concepts related to optical networks have been introduced. First,
the concepts of physical topology and logical topology of a network are defined, alongside
with the concept of the adjacency matrix and traffic matrix. Next, a brief explanation
of how OTN architecture transports information in optical networks was provided. The
network elements that are used in today optical networks, the ROADMs, were also briefly
explained. Finally, in this chapter, the main goal of this work was introduced, which is the
planning of an optical network, that involves the routing and the wavelength assignment.
Routing algorithm ( Yen’s K-shortest path) and wavelength assignment algorithms (First
Fit, Most Used and Graph Coloring) were identified. All these algorithms will be imple-
mented in this work. The Graph Coloring heuristics include three algorithms: Greedy,
DSATUR and RLEF. Detailed explanations, as well as the use of examples for a better
understanding, of the algorithms, were given. The goal of studying these three algorithms
is to quantify their performance and conclude which is the algorithm that leads to the
lowest number of wavelengths for a specific network physical topology with a particular

traffic demand, which will be analysed in Chapters 3 and 4.
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CHAPTER 3

RWA Planning Tool Based on Graph Coloring Heuristics

3.1. Introduction

This chapter presents the RWA planning tool for optical networks developed in this work
using MatLab. In section 3.2, the flowchart that details the RWA tool developed is
shown. First, the Yen’s k-shortest path routing algorithm was implemented and, then,
the wavelength assignment algorithms deployed in this work were: First Fit, Most Used
and three Graph Coloring heuristics (Greedy, DSATUR and RLF). Since Graph Coloring
heuristics are the main purpose of this work, section 3.3 presents the pseudocodes of the
Greedy, DSATUR and RLF algorithms that served as the starting point to implement
them in the tool. Finally, in section 3.4, a performance study of these Graph Coloring
algorithms is carried out as a function of the number of vertices and their degree, using

random graphs generation.

3.2. RWA Tool

In this section, the RWA problem based on heuristic solutions for static networks will
be described in detail. As explained in the previous chapter, the Yen’s k-shortest path
algorithm will be used to perform the routing. After network demands are routed, the
wavelength assignment algorithm is applied. In a first phase, the First Fit and Most Used
algorithms are used to perform the WA because of their simplicity and efficiency. These
two algorithms are usually used in dynamic networks, but they can be also applied to
static networks as long as the lightpaths are firstly ordered. Then, the wavelengths can
be assigned to the ordered lightpaths. In a second phase, the wavelengths are assigned to
each lightpath using Graph Coloring algorithms. It should be noted that a wavelength is
only assigned to a lightpath if it respects the two WA constraints: continuity of wavelength
and distinct wavelength.

The flowchart in Figure 3.1 shows how the RWA problem is implemented in this work

by its decomposition in 6 steps:

(1) Physical Topology and Traffic Matriz: in this step, the network physical topology
(defined by the adjacency matrix), as well as, the logical topology (defined by
the traffic matrix) are defined.

(2) Lightpath Routing: the lightpaths are routed over a physical topology using the
Yen’s k-shortest path algorithm that returns the shortest path of all paths of
each pair of nodes accordingly to a specific metric.
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FiGUure 3.1. RWA sub-problems.

(3) Traffic Routing: after the route is computed and selected, the different traffic
units are routed and assigned between the source and destination nodes through
the logical topology.

(4) Path Ordering: before assigning the wavelengths to the lightpaths obtained
through the routing algorithm, it is necessary to order these lightpaths. The
criteria used to order the paths can be shortest path first (sort the paths in
ascending order), longest path first (sort the paths in descending order), and
random path (sort the paths randomly). Different metrics can be used to estab-
lish the paths order, for example, the distance in kilometers or the number of
hops can be used.

(5) Wavelength Assignment: after the lightpaths are ordered, the wavelengths are
assigned accordingly to a given algorithm. Graph Coloring heuristics such as
Greedy, DSATUR and RLF, are going to be used in the RWA planning tool. For

these heuristics, step 4 is not required.

In other words, in a RWA situation, after getting the list of lightpaths through the
routing algorithm, one of the Graph Coloring algorithms can be used to assign the wave-
lengths to the network. Since Graph Coloring algorithms transform a graph G(V,E) that
represents the physical network topology into a graph G(W,P), whose vertices are the
lightpaths W = (wy,wy, w3, ..., wy) and P is the set of links between these vertices,
these algorithms only need the list of the lightpaths routed independently of its order.
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This means that the lightpaths only need to be ordered (step 4), when using wavelength
assignment algorithms like First Fit and Most Used.

In step 2, the Yen’s k-shortest path routing algorithm is used. This algorithm belongs
to the KSP family. The Yen’s k-shortest path consists in calculating the shortest path
between two nodes and then proceeds to find the k-1 derivations of the shortest paths. The
first shortest path found between two nodes is the main path. The function of MatLab
responsible for finding this main path is designated by shortestpath. The shortestpath
function uses the Dijkstra algorithm in its implementation. Then, to find the other
shortest paths between this pair of nodes, the algorithm proceeds by eliminating one of
the links in the main path for each shortest path found. In order to fulfill the requirements
of the Yen’s k-shortest path algorithm, the following function representing the algorithm
was implemented in this work: [PATH , COST| = kshortestpaths (G, S, T, K).

This function determines the K shortest paths from the source node (S) to the desti-
nation node (7). The weights of the links are all positive entries in the N-by-N adjacency
matrix represented by the sparse matrix G. The COST matrix compiles the K distances
from source to destination (from S to T') and the PATH matrix is a cell array with the
K shortest paths. In our work, we only use £ = 1 and, so, the PATH cell array returns
a list of the first shortest path between each pair of nodes.

Once the routing of network demands has been completed and the list of lightpaths
has been obtained, it is already possible to assign the wavelengths to the network. As
in this work, only static networks are considered, the goal of the WA algorithms is to
minimise the number of wavelengths used in each network.

One of the WA algorithms studied is the First Fit. In the First Fit algorithm, all
available wavelengths are indexed. The algorithm runs through the ordered list of light-
paths (step 4) obtained through routing, and it assigns lower index wavelengths from the
available wavelengths.

Similarly to the First Fit algorithm, the Most Used algorithm also runs through the
list of lightpaths ordered based on one of the three existing ordering strategies. After
fulfilling this step, the algorithm contains a variable that stores the number of times each
wavelength is used per link. To the wavelength that is assigned to more links is given
higher priority, and assigned to the new lightpath, if it meets the WA restrictions. If
this wavelength does not comply with these restrictions, the second wavelength with the

highest priority is assigned and so on.

3.3. Graph Coloring Heuristics Implementation

Based on the analysis of Figure 3.1, the tool developed in this work, besides contem-
plating the First Fit and Most Used algorithms for wavelength assignment, also includes
Graph Coloring heuristics to accomplish the same goal.

The Graph Coloring algorithms studied and implemented in this work are: the Greedy
algorithm, the DSATUR algorithm and the RLF algorithm [5]. These algorithms aim to
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color all the nodes of a graph so that there are no two adjacent nodes with the same color.
Adjacent nodes are defined as nodes that share the same link.

In the next subsections, the pseudocodes of these algorithms are presented, which
served as a starting point to implement them in the tool. The notation that is common
to the three pseudocodes is described in Table 3.1.

TABLE 3.1. Notation used in the pseudocodes.

Notation Description
|X| Length of vertex set X
— Assignment operator
U Union operator
independent set Subset of vertices mutually non adjacent

X Set of all vertices sorted in an arbitrary order, not assigned to a color
\Y% Set of all vertices sorted in descending order of degree
S Set of all colors
S; Color j that will be assigned to a vertex of X

v; OT VU Vertex of X selected in each iteration of the algorithm

Note: the notation v; is used in the pseudocode of the Greedy algorithm and the
notation v is applied in the pseudocodes of the DSATUR and RLF algorithms.

3.3.1. Greedy Algorithm

As explained in the previous chapter, the Greedy algorithm consists in coloring the vertices
of the graph one by one according to an arbitrary order. The Greedy algorithm developed
for this planning tool is implemented from the pseudocode of Figure 3.2. The notation
used in this pseudocode 3.2 is described in Table 3.1 and follows the one proposed in [5]

with some modifications.

GREEDY (S ¢ S;; X <V)

(1) fori € 1tol|X]|do
(2) forj € 1 to ||

(3) if (S; U {v;}) is an independent set then
(5) break

(6) else ] € +1

(7) if j > |S| then

(8) S; € {vi}

(9) SE€SUS;

FI1GURE 3.2. Pseudocode of Greedy algorithm.

The pseudocode starts by assigning the vertices of set V to set X, i.e. X = V| since set
X represents the set of all vertices not initially assigned to a color and set V represents the
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vertices ordered in descending order of degree. The pseudocode also defines the set S which
represents the list of colors associated with the vertices of X. Initially S = 57, because
there is already the first available color to be assigned to a vertex. As the algorithm takes
a vertex from the set X, it is assigned a color from the set S.

In each iteration, the algorithm takes the vertex v; of the set X, and checks if v; can
be assigned the color S;, that is, it checks if the color S; was not assigned to an adjacent
vertex of v; (independent set). If the condition is confirmed, then the color S; is assigned
to the vertex v; and the process moves on to consider the next vertex. Otherwise, the
algorithm assigns a new color to the vertex v;. Lines 7, 8 and 9 of the pseudocode represent
the creation of a new color and the assignment of that color to vertex v;, as well as its
addition to the set S. The algorithm ends when all vertices of set X have been assigned a
color of the set S.

An example of the algorithm on a small graph is shown in Figure 3.3 (same as Figure

2.9), but repeated here for clearness of the pseudocode of Figure 3.2.

Step 1 Step 2 Step 3

il
ol
gl

Step 4 Step 5 Step 6

ol
gl
7

Step 7 Step 8

i
7
i

Ficure 3.3. Example application of the Greedy algorithm on a simple network.

Considering that the vertices are ordered in descending order of degree, the first vertex
to be colored will be the vertex with the highest degree. Therefore, in step 1 of Figure
3.3, the vertex with the highest degree is selected. Since the set S already has the first
color available (the yellow color), this is directly assigned to the vertex with the highest
degree, once that the condition of line 3 of the pseudocode is verified. In other words,
since this vertex is the first selected vertex and there are still no adjacent colored vertices,
the algorithm directly assigns it the yellow color, as shown in step 1 of the example. Once
the vertex is already colored with the yellow color, the process considers the next vertex.
The algorithm checks again which vertex has the second highest degree that exists in
the set X, and identifies two vertices with the same degree. The criteria for choosing a
vertex, if there is more than one vertex with the same degree, is according to the position
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in which they appear in the set X. In this way, a vertex is selected, as shown in step
2 of Figure 3.3, and checked whether or not this vertex is adjacent to the vertex that
was colored in step 1. Once they are adjacent, it moves directly to line 7, creating the
green color, since adjacent vertices cannot have the same color. Now, the green color is
assigned to that vertex and is added to the set S. If these two vertices were not adjacent,
then the algorithm would assign the yellow color to the vertex (line 4). The algorithm
ends until all vertices of the graph are colored. In this example, 4 colors were used, i.e. 4

wavelengths were needed.

3.3.2. DSATUR Algorithm
The DSATUR algorithm is very similar to the Greedy algorithm since it takes each vertex

one by one according to some ordering and then assigns the appropriate color to the vertex.
The difference between these two algorithms is on the ordering in which the vertices are
generated. In the Greedy algorithm, the vertex ordering is decided before any coloring,
however, in the DSATUR algorithm, the choice of the next vertex to be colored is decided
heuristically based on the characteristics of the current coloring of the graph. In other
words, in the DSATUR algorithm, the choice of the next vertex to be colored is based
primarily on the saturation degree of the vertices. The degree of saturation of an uncolored
vertex is the number of different colors presented by its adjacent vertices.

The DSATUR algorithm developed in this work is implemented from the pseudocode
of Figure 3.4 using the description of the notation described in Table 3.1. Through the
analysis of the pseudocode and as previously mentioned, it can be observed that this
algorithm is quite similar to the Greedy algorithm, in that it is selected one vertex at
a time according to a certain order and then assigned to a color. The main difference
between these two algorithms lies in lines 2 and 11 of the pseudocode.

This pseudocode starts by defining the initial sets, X and S, in the same way, they are
defined in the pseudocode of the Greedy algorithm. In each iteration of the algorithm,
the next vertex to be colored is selected from the set X (line 2) and a color is assigned to
that vertex of the set S, similar to the Greedy algorithm. Once the vertex is colored, this
is removed from the set X (line 11).

The algorithm ends when X=0 which means that all vertices have a color of set S
assigned. It is on line 2 that the next vertex to be colored is chosen as the vertex in
X that has the maximal saturation degree. If there is more than one vertex with the
maximal saturation degree, the one with the highest degree is chosen from these set of
vertices. The first vertex chosen to be colored is the vertex with the highest degree.

Figure 3.5 shows an example of the algorithm on a small graph with 8 vertices.

To begin, all vertices have saturation degree of zero, since there are no colored vertices
yet. In this way, in step 1 of Figure 3.5, the vertex with the highest degree is selected.
Since the set S already has the first color available (the yellow color), this is directly
assigned to the vertex with the highest degree, once that the condition of line 4 of the
pseudocode is verified. Once the vertex is already colored, it is removed from the set X.
28



DSATUR (S < S;; X €V)

(1) fori < 1to|X|do
2) Choose v € X
(3) forj € 1to[S|

(4) if (S; U {v}) 1s an independent set then
(5) §; € S U {v}

(6) break

(7) else ] € +1

(8) if j > |S| then

9) S; € {v}

(10) S€SUS;

(1) X €X- (v}

FI1GURE 3.4. Pseudocode of DSATUR algorithm.

Stepl 1 0 Step2 2 0 Step3 2 0
1
1 1 1
1
0 1 3
1 1 2 2
Step4 2 0 Step 5 1 Step 6 2
1 1
2
1 1
Step 7 2 Step 8 E Result Color

FIGURE 3.5. Example application of the DSATUR algorithm [5] on a sim-
ple network.

After removal, the algorithm recalculates the saturation degrees of the remaining vertices
of the set. After this calculation, the algorithm checks if there is more than one vertex
with the maximum degree of saturation so far (degree 1) and selects the one with the
highest degree, as shown in step 2. As this vertex of step 2 is adjacent to the previous
vertex (vertex with the yellow color), the pseudocode moves to line 7, where it the green
color is assigned to this vertex and, then, this vertex is removed from the set X. Now
the algorithm recalculates the saturation degree of remaining vertices of the set X. The
cycle ends when all vertices of the graph are colored. Similarly, to what happened in the
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Greedy algorithm example, in the example of Figure 3.5, 4 colors have been attributed to

color the graph.

3.3.3. RLF Algorithm

The last algorithm to be implemented in the RWA tool is the RLF algorithm. As men-
tioned in the previous chapter, this algorithm follows a slightly different strategy regarding
the graph coloring in comparison with the Greedy and DSATUR algorithms. The RLF
algorithm consists in coloring a graph with one color at a time as opposed to one vertex at
a time. As shown in the pseudocode of Figure 3.6, the algorithm applies heuristic methods
to identify an independent set of vertices in the graph (non-adjacent vertices), which are
then, associated with the same color. The notation used in the pseudocode is the same
as the one used for the Greedy and DSATUR heuristics. Additionally to the notation of
Table 3.1, in this pseudocode a new symbol is introduced, I'x{v}, which represents the

set of adjacent vertices of v.

RIF (S<@; X<¢V;Y<@;, Z<0)

(1) fori <€ 1tol|X|do
(2) for ) € 1 to |X| do

(3) while | # @ do

4) Choose v € X

(5) Z €< {v}

(6) Y€ YUTg{v}
(7) X€EX-—(YU{w})
(8) XY

(9) YO

(10) fork €« |S|to|Z| do

(11) S, € 5, U {v)

(12) SE€SUS,
(13) k< k+1

FIGURE 3.6. Pseudocode of RLF algorithm.

The pseudocode begins by defining four sets. The set X that contains the initially
uncolored vertices, the set Z that will aggregate throughout the algorithm the selected
vertices in each cycle to be later assigned to a color of the set S, the set S that is responsible
for assigning a Sy color to the vertices of Z and the set Y that will contain the uncolored
vertices that cannot be feasible assigned to Sy color. At the beginning of the pseudocode
execution X=V, Z=(, S= () and Y= 0.
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In each outer loop a color is created. Lines 2-7 are responsible for selecting the vertex
to be colored. To start, a vertex v of X is selected and added to the set Z. All vertices
adjacent to v (I'ywv) are then transferred to the set Y, since they cannot be assigned the
same color as v. Finally, on line 7, both the vertex v and its adjacent vertices are removed
from the set X, since they are not considered candidates for assignment of the same color
as v. As soon as X=0, no more vertices can be added to the current color. Therefore,
line 8 of the algorithm represents all the vertices of the set of non-colored vertices Y to
be moved to the set X, and and then in line 9, Y is emptied.

Lines 10-12 represent the assignment of the color selected by the outer loop, Sk, to
all vertices that are in set Z and have no color assigned. As soon as this color is assigned
to these vertices, the color is added to set S. Then a new color (line 13) is created and
the algorithm repeats the loop again. The algorithm ends when both sets X and Y are
empty, which means that all vertices have been colored and are in set S.

The process of selecting the next v € X on line 4, follows a similar rationale to the
DSATUR algorithm. The first vertex to be chosen for the assignment of each color is the
vertex in X that has the highest degree. The remaining vertices v to be assigned to the
same color are selected as the vertices in X that have the highest degree in the subgraph
induced by Y U {v}.

Figure 3.7 shows an example of the RLF algorithm step-by-step.

Step 1 Step 2 Step 3

O O
O O

O O

Step 4 Step 5 Step 6

Step 7 Step 8§

@ O

FIGURE 3.7. Example application of the RLF algorithm [5] on a simple network.

In step 1 of Figure 3.7, the yellow color is created and the vertex v with the highest
degree is selected and added to the set Z as shown in line 5 of the pseudocode. In step 2,
all vertices adjacent to v were moved to set Y (line 6 of the pseudocode), identifying the
remaining vertices of set X that are not adjacent to vertex v (line 7 of the pseudocode).
These two vertices are also added to the set Z. At the same time, that the vertices already
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in the set Z (the vertex v and the vertices not adjacent to it) are assigned to the yellow
color, the vertices that are in set Y are transferred to the set X, as shown in line 8 of
the pseudocode. In step 4, the green color is created, and the process is repeated in the
subgraph induced by the remaining uncolored vertices. The process ends when all vertices
are assigned to a color. With the application of the RLF algorithm, 4 colors were used to

color this graph.

3.4. Graph Coloring Heuristics Validation and Performance

After implementing the Greedy, DSATUR and RLF algorithms in the planning tool de-
veloped in Matlab, the performance and validation of these algorithms must be discussed.
In this section, we study the behavior of these heuristics as a function of the number of
vertices and their degree. Note that the number of vertices of G(W, P) correspond to the
number of paths. Hence, this study was applied to graphs G(W, P) with 20 vertices, 50
vertices and 100 vertices.

To perform this study we use the random graph concept. A random graph, denoted by
Gr,p, is a graph comprising n vertices in which pair of vertices is adjacent with probability
p [5].

In the tool developed in this work, the parameter p of graph G,,,, is obtained through

the total average of the degree of each vertex. The expression used is the following:

n  degree;
p= —27’:1 nl (3.1)

n

where degree; represents the degree of the vertex i.

In our tool, it is possible to generate random path matrices according to the desired p
probability. For example, if a p = 0.5 is intended, pairs of adjacent vertices are randomly
generated in the path matrix, so that the final average of the degrees of that matrix is
0.5. When the probability p is equal to 1, it means that each vertex of the path matrix
has connections to all vertices except himself.

Figures 3.8, 3.9 and 3.10 show the average number of colors as a function of p obtained,
respectively, for n = 20, 50 and 100, for the Greedy, DSATUR and RLF algorithms. The
upper bound given by (2.5) is also shown. For each value of p, 50 simulations were run.
Then, an average is performed to obtain the average number of colors after these 50
simulations. In the Greedy algorithm, the vertices are ordered considering the random
order of degree, so that the results can be compared with Figure 2.14 of [5].

The curves in Figures 3.8, 3.9 and 3.10 indicate that the three algorithms have a
similar behaviour for all tested values of n. Observing with more detail the obtained
curves, we verify that for probabilities close to 1, the number of colors predicted by the
different algorithms tends to become more approximated, reaching the maximum limit of
colors that each n can achieve. In general, the Greedy algorithm is the algorithm that
produces the worst results, i.e., it needs to assign more colors, while the RLF algorithm
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FI1GURE 3.8. Average number of colors produced by the Greedy, DSATUR
and RLF algorithms for a network with n=20.
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FIGURE 3.9. Average number of colors produced by the Greedy, DSATUR
and RLF algorithms for a network with n=>50.

generates the best solutions across the whole set, assigning a lower number of colors.
The DSATUR algorithm produces solutions with fewer colors than the Greedy algorithm
and slightly more colors than the RLF algorithm. The obtained results also show that
the upper bounds predictions are very far from the ones obtained with the three Graph
Coloring algorithms.

Analysing in more detail the solutions produced by the graph G(W, P) with 100 ver-
tices (Figure 3.10), for probabilities p lower than 0.2, the Greedy algorithm achieves about
10.8 colors, the DSATUR algorithm produces approximately 8.7 colors and the RLF al-
gorithm generates 8.04 colors. For a probability p=0.5, the Greedy algorithm produces
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Ficure 3.10. Average number of colors produced by the Greedy,
DSATUR and RLF algorithms for a network with n=100.

around 21.3 colors, the DSATUR algorithm generates about 18.7 colors and the RLF al-
gorithm generates only 17.5 colors. For this value of p, the upper bound on the number of
colours is as great as 60 (almost the triple obtained with the analysed algorithms). These
results are summarised in Table 3.2, which compares the results obtained in this work
with the values in table 2.1 of [5], for a graph in the same conditions (n=100 vertices and
p=0.5). We confirm that the values of the two simulations are quite similar, presenting
only slight differences (< 0.2 colors). In this way, it can be concluded that the algorithms
developed in this work have the expected performance and so their implementation can
be considered validated.

TABLE 3.2. Comparison of the solutions obtained in this work with the
solutions in [5] for a network with n=100 vertices and p=0.5.

Greedy algorithm | DSATUR algorithm | RLF algorithm
This work 21.31 18.66 17.52
R.M.R Lewis [5] 21.14 18.48 17.44

Furthermore, the computational time in seconds that each of these algorithms required
to obtain the results shown in Figures 3.8 - 3.10 has been also analysed. The Greedy
algorithm despite producing more colors, generates solutions more quickly, i.e., it obtains
a shorter computational time compared to the other algorithms. The RLF algorithm
requires more time to generate solutions, but it is the algorithm that assigns fewer colors
to the graphs. The DSATUR algorithm has slightly longer computational times than
the Greedy algorithm. Table 3.3 presents the computation times that each one of these
algorithms requires to produce a possible solution for n = 20, 50 and 100. All results
presented in this work were obtained on a computer with an intel core i5 processor of 2.20
GHz frequency and 8 GB of RAM.
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TABLE 3.3. Computational time to obtain one solution, for each one of the
algorithms considered, for p=0.5.

n | Greedy algorithm | DSATUR algorithm | RLF algorithm
20 3.25 s 3.74 s 4.20 s

50 3.65 s 3.56 s 4.44 s
100 3.93 s 4.63 s 6.22 s

After assessing and validating the performance of the Greedy, DSATUR and RLF
algorithms with different numbers of vertices, next, we will study the performance of
only the Greedy algorithm for different types of vertex sorting, such as: random order of
degree, ascending order of degree and descending order of degree.

As in the previous study, this study is performed for the same graphs G,,,, considered
in Figures 3.8 - 3.10, which are generated randomly for each p. Figures 3.11, 3.12 and
3.13 show the number of colors assigned by the Greedy algorithm with the three scenarios
of vertex ordering, for n = 20, n = 50 and n = 100, respectively. Each of the curves

shown for each ordering is obtained by averaging the number of colors obtained after 50

simulations.
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FIGURE 3.11. Average number of colors produced by the different order-
ings of the Greedy algorithm for a network with n=20.

By analysing the curves in Figures, 3.11, 3.12 and 3.13, we conclude that the results
generated by these vertices ordering of the Greedy algorithm for graphs G,,,, with different
values of n, are quite similar. For all tested values of n, it is observed that the random
ordering of degree presents a fewer number of colors than the ascending order and slightly
more colors than the descending order. In turn, the descending order of degree produces
a lower number of colors across the whole set, presenting the best results for all values
of n and p in this study. Note that in the graph with 100 vertices, with a probability
p of 0.5, the difference between the ordering with worst results (ascending order) and
the ordering with the best results (descending order) is three colors. For both graphs of
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FIGURE 3.12. Average number of colors produced by the different order-
ings of the Greedy algorithm for a network with n=>50.
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F1GURE 3.13. Average number of colors produced by the different order-
ings of the Greedy algorithm for a network with n=100.

50 and 20 vertices the difference between these two types of ordering is two colors. For
probabilities less than 0.2, the difference between the two orderings for a graph of 100
vertices is approximately two colors, while for a graph of 50 and 20 vertices, this difference
is only 1 color. Similarly to the previous study, for probabilities close to 1, the different
ordering curves tend to approximate each other, reaching the maximum limit of colors
that each n can achieve.

After the results obtained for the ascending, random and descending order of degree
from the Greedy algorithm, we compared the Greedy algorithm that leads to the lower
number of colors, i. e., with a descending order of degree, with the DSATUR and RLF
algorithms results shown in Figures 3.8 - 3.10. This analysis can be seen in the Figure
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3.14, for n=100. The values of the Greedy algorithm, although slightly decreased with
the descending order still show that this algorithm generates slightly more colors than the
DSATUR and RLF algorithms.

Greedy (Descend order) DSATUR == + RLF ===TUpper Bound

Colors

FIGURE 3.14. Average number of colors produced by the Greedy algo-
rithms with the vertices ordered in descending order of degree, DSATUR
and RLF for a network with n=100.

For values of n smaller than 100, for example for n=50 and n=20, and maintaining the
descending order of degree, the Greedy algorithm generates practically the same number
of colors than the DSATUR algorithm. If the Greedy algorithm had the vertices ordered
in ascending order of degree for the three values of n studied, it would be observed that
the algorithm would give also the worst solution, accentuating even more its values.

Regarding the computational time that these orderings require to produce a possible
solution for the three values of n studied, it was verified that the descending order of
degree besides producing less colors also requires less computational time. On the other
hand, the ascending order of degree requires more time to generate a specific solutions.
Table 3.4 presents the computation times obtained for each n studied.

TABLE 3.4. Computational time of the Greedy algorithm for different or-
dering strategies for a p=0.5.

n | Random order | Descending order | Ascending order
20 3.2 5s 2.98 s 3.54 s

50 3.65 s 3.46 s 3.83 s
100 3.93s 3.64 s 4.52 s

3.5. Conclusion

In this chapter, the flowchart that characterises the planning tool developed in this work
was presented. It was also explained how the routing algorithm Yen’s k-shortest path

was implemented in the tool developed. The pseudocodes of the implemented Graph
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Coloring algorithms were also presented. Through these pseudocodes, it became possible
to develop the Greedy, DSATUR and RLF algorithms in the planning tool for optical
networks.

After the implementation of these algorithms, a performance assessment was carried
out which allowed us to take some conclusions regarding the Graph Coloring heuristics
for graphs with different number of vertices. The path matrices corresponding to the
graphs G(W,P), were randomly generated in order to comply with a given value of p. For
all tested values of n, the RLF algorithm is the algorithm that produces the minimum
number colors, but in contrast requires the higher computational time to generate them.
The Greedy algorithm, although presenting the worst solution, since it assigns more colors
to the graphs, is the quickest algorithm to generate solutions. In this particular study,
the order in which the vertices of the Greedy algorithm were ordered was through, the
random order of degree. The DSATUR algorithm typically attributes less colors than the
Greedy algorithm and slightly more colors than the RLF algorithm. For example, for
p=0.5 the Greedy heuristic provides 21.3 colors, whereas the RLF heuristics assigns 17.5
colors, which gives a 4 colors reduction.

Since the Greedy algorithm sorts the vertices in any arbitrary order, the performance
of the algorithm for different vertices sorting has also been studied. From the orderings
studied, it was concluded that the descending order of degree is the ordering that produces
a lower number of colors for all values of n. In opposition, the ascending order of degree
presents the worst solution, assigning more colors to the graphs. If the Greedy algorithm
with the vertices ordered in descending order of degree is compared with the DSATUR
and RLF algorithms, the differences between the number of assigned wavelengths would
decrease. However, for n=100 vertices, it would still produce the worst solutions and, for
n=50 and n=20 vertices their solutions would be similar to the solutions generated by
the DSATUR algorithm for each of these graphs.
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CHAPTER 4

Application of Graph Coloring Heuristics to the Planning of
Real Networks

4.1. Introduction

In this chapter, the RWA tool, presented in Chapter 3, is applied to real networks and
to ring networks with different numbers of nodes. The real networks that are studied in
the RWA tool developed in this work are: COST 239, NSENET, UBN, two variations of
the CONUS network, one with 30 nodes and other with 60 nodes and two variations of
the network generated by the GT-ITM tool in [10], one with 27 nodes and other with 34
nodes. Besides these networks, ring networks with 25, 35 and 45 nodes are also studied.
Section 4.2 presents and characterises these networks from the perspective of the physical
topology and, section 4.3 characterises them from the perspective of the logical topology.
Next, section 4.4 presents the results and computational times obtained by the RWA
tool for each of these networks. The solutions obtained by the First Fit and Most Used
algorithms are also shown, and then the results obtained by the Graph Coloring heuristics
are analysed. Then, the main conclusions obtained by all these algorithms are compared
and discussed. Finally, for ring networks from 5 nodes to 60 nodes, the solutions obtained
with the wavelength assignment algorithms are compared with the solutions obtained

from an analytical expression that gives the optimum number of wavelengths.

4.2. Parameters of the Network Physical Topology

This section describes the real networks that are used in the tool developed in this work
that implements various wavelength assignment algorithms, as well as characterises these
networks from the perspective of their physical topology, according to the following pa-

rameters [21]:

e Total number of nodes in the network;

e Total number of links in the network;

e Maximum cost that exists between two adjacent nodes in the network. The cost
metric for these real networks is measured through the maximum distance in km
between the two adjacent nodes;

e Minimum cost that exists between two adjacent nodes in the network. The cost
metric for these real networks is measured through the minimum distance in km
between the two adjacent nodes;
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e Average node degree that exists in the physical topology of the network that is
given by [21]:

e Zf\il degree;
a N

(4.1)
where N is the total number of the nodes of the network and degree; represents

the node degree of vertex i.

e Variance of the node degree that measures the regularity of the network (how
similar the nodes of the network are in terms of the number of connections)
and complements the information given by the average node degree [21]. Its
expression is as follows:

s S (degree; — d)?
7= N_1

(4.2)

In a scenario where the variance of the node degree is zero, it means that all the nodes
of the network have the same node degree and the same number of incoming/outcoming
connections, as it happens for example in ring networks. As the value of the variance
increases, it means that the similarity of the network is reduced.

The cost matrix for the real networks studied is obtained from the link cost in kilo-
metres. The optical links are assumed as bidirectional links.

The real networks that are used in this work are described next and the physical
topology of each of the networks can be seen in Appendix A.

The European Optical Network, COST 239 (Figure A.1), is a transparent optical
network that is used as a reference for network topologies studies and was implemented
between 1992 and 1998 to carry all international traffic between the main centres of
Europe [6], [22]. The 11 nodes of the network are connected by 26 fibre optic links.

TABLE 4.1. COST239 network physical topology parameters.

Nod Link Max. Min. Avg. Variance
0aes | LIXS | pistance [km] | Distance [km] | Node Degree | Node Degree
11 26 953 171 4.7 0.4

NSENET (National Science Foundation Network) (Figure A.2) is a national computer
network that was designed in the 1990’s to improve communications, collaboration and
resource sharing within the United States scientific and engineering research community
[7]. This backbone computer network link was implemented with optical fibres to carry
data, and is also a typical reference network to perform network studies [7], [23].

The US backbone network, better known as the UBN network (Figure A.3), is an
American network, that emerged between 1997 and 1999 to respond to the rapid and
massive flow of information through urban areas where the distance requirements of the
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TABLE 4.2. NSFNET network physical topology parameters.

Nod Link Max. Min. Avg. Variance
0aes | LIS | pistance [km] | Distance [km] | Node Degree | Node Degree
14 21 2828 246 3.0 0.3

lightpath varied considerably. This network is constituted by 24 nodes interconnected by
43 bidirectional links [8].

TABLE 4.3. UBN network physical topology parameters.

Nod Link Max. Min. Avg. Variance
0aes | LIS | pistance [km] | Distance [km] | Node Degree | Node Degree
24 43 2600 250 3.6 0.9

The Continental United States (CONUS) network is a fibre optic network that cov-
ers the whole territory of the United States of America, developed for use in research
on large-scale DWDM networks [9], [24]. It was designed to provide a high degree of
protection, since it has some cross-continental paths completely interconnected, which is

not a common feature in U.S.A carrier networks [9]. In this work, two variations of the
CONUS network are used: CONUS network with 30 nodes (Figure A.4) and CONUS

network with 60 nodes (Figure A.5) [9].

TABLE 4.4. CONUS network physical topology parameters with 30 nodes.

Nod Link Max. Min. Avg. Variance
0aes | LIES | pistance [km] | Distance [km] | Node Degree | Node Degree
30 36 1467 69 24 0.4

TABLE 4.5. CONUS network physical topology parameters with 60 nodes.

Nod Link Max. Min. Avg. Variance
0qes | LIRS | histance [km] | Distance [km] | Node Degree | Node Degree
60 79 1468 24 2.6 0.5

The GT-ITM (Georgia Tech Internet Topology Modeler) tool generates pseudo-random
network topologies on which researchers can perform their analyses [25]. The networks
presented in this work are a simplified variation, with only 27 nodes (Figure A.6) and
34 nodes (Figure A.7), of the network that was generated by this tool for the work pre-
sented in [10]. The nodes of the topologies generated by this tool are organised in logical
domains, in which the nodes of each domain are interconnected with each other, form-
ing a cluster of nodes, and rarely connect to the nodes outside their domain [25]. As
this network tool does not provide distances between nodes, we have considered that the
distances between the nodes of these networks are all equal.

We observe that the networks generated by the GT-ITM tool have a relatively high
variance node degree compared to the other real networks studied, which means that the
nodes in the GT-ITM network have little symmetry between them.
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TABLE 4.6. Network physical topology parameters with 27 nodes generated
by the GT-ITM tool.

. Avg. Variance
Nodes | Links Node Degree | Node Degree

TABLE 4.7. Network physical topology parameters with 34 nodes generated
by the GT-ITM tool.

. Avg. Variance
Nodes | Links Node Degree | Node Degree

In addition to these networks, ring networks with 25, 35 and 45 nodes are also studied.
These ring networks are considered, as they present a lower average node degree compared
to the above mentioned networks. The cost metric of these networks is obtained from
the number of hops, and similarly to the previous networks, the optical links are assumed
bidirectional. In the following tables, the parameters of the maximum and minimum
distances between two adjacent nodes will not be presented, since, we have considered

that in these networks, the distances between nodes are all equal.

TABLE 4.8. Ring networks physical topology parameters with 25, 35 and 45 nodes.

. Avg. Variance
Networks | Nodes | Links Node [;gegree Node Degree
Ring 25 25 25 2.0 0.0
Ring 35 35 35 2.0 0.0
Ring 45 45 45 2.0 0.0

From the analysis of Table 4.8, we verify that regardless of the number of nodes and
links in the ring networks, these networks always have the same characteristics, the aver-
age node degree of 2 and variance node degree equal to zero. The average node degree is
always 2, since in this type of network, the nodes are always connected to two adjacent
nodes. The variance node degree is always zero, because ring networks are symmetrical,

i.e. all nodes have two outgoings connections.

4.3. Parameters of the Network Logical Topology

While the previous section focused on characterising the networks used in this work from
the perspective of the physical topology, this section characterises the same networks from
the perspective of the logical topology. The parameters used are the same as those used
in the previous section: total number of nodes, total number of links, average node degree
and variance node degree [21]. The maximum and minimum distance parameters do not
apply to this characterisation, since in the logical topology we are only concerned with
traffic units. For each network, a full mesh logical topology with one traffic unit in each
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path is always considered. Considering a logical topology with these characteristics, the

total number of edges is calculated using the following expression:

N(N —1)

Nedges = 9

(4.3)

Regarding the average node degree, by applying eq. (4.1) to a full mesh logical topol-
ogy, we obtain a simple expression, N-1, since the nodes in the network have the same
degree, because they send traffic to all other nodes except themselves. Due to this char-
acteristic, the variance node degree of the logical topology considered is always zero, since

each node of the network has an equal number of links.

TABLE 4.9. Logical topology parameters of the networks studied in this work.

Logical Avg. Variance

Networks | Nodes Li%lks Node Dgegree Node Degree
COST 239 11 55 10 0.0
NSFNET 14 91 13 0.0
UBN 24 276 23 0.0
CONUS 30 30 435 29 0.0
CONUS 60 60 1770 59 0.0
GT-ITM 27 27 351 26 0.0
GT-ITM 34 34 561 33 0.0
Ring 25 25 300 24 0.0
Ring 35 35 595 34 0.0
Ring 45 45 990 44 0.0

When analysing the results given in Table 4.9, we observe that the total number of
logical links in each network, corresponds to the total number of paths that exist in the
network, which are used to generate the path matrix corresponding to the graph G(W,P)
used in the Graph Coloring algorithms.

4.4. Results of the RWA Tool
In this section, the RWA tool, described in section 3.2, to perform the planning of the

networks mentioned in the previous sections is applied. As mentioned, for each network,
a full mesh logical topology with one traffic unit in each path is considered. Furthermore,
all results presented are obtained for unprotected networks. Demands are routed using
the Yen’s k-shortest path algorithm. Once the routing is completed, the wavelength
assignment algorithms are applied to the different networks to finalise the optical network

planning.

4.4.1. First Fit and Most Used Algorithms
Table 4.10 shows the total number of wavelengths obtained by the conventional WA

algorithms, First Fit and Most Used, for each of the networks presented in section 4.2.
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Before applying these algorithms, the network demands are sorted according to three
different orderings: shortest path first, longest path first and random path. The values
of the random path ordering strategy represent the total average of wavelengths obtained
after 10 simulation runs.

TABLE 4.10. Total number of wavelengths obtained by First Fit and Most
Used algorithms for the networks described in section 4.2.

Networks | Ordering Strategy | First Fit | Most Used
COST 239 | Shortest path first 8 9
Longest path first 8 8
Random path 8.2 8.3
NSFNET | Shortest path first 24 25
Longest path first 24 24
Random path 24.0 24.2
UBN Shortest path first 70 71
Longest path first 64 64
Random path 66.0 66.7
CONUS 30 | Shortest path first 134 135
Longest path first 123 124
Random path 123.5 123.8
CONUS 60 | Shortest path first 550 551
Longest path first 543 543
Random path 543.5 543.7
GT-ITM 27 | Shortest path first 229 229
Longest path first 221 221
Random path 221.3 221.1
GT-ITM 34 | Shortest path first 356 356
Longest path first 347 347
Random path 347.1 347.2
Ring 25 Shortest path first 98 94
Longest path first 78 79
Random path 89.6 90.7
Ring 35 Shortest path first 184 192
Longest path first 153 154
Random path 174.9 175.9
Ring 45 Shortest path first 318 316
Longest path first 253 254
Random path 286.0 286.4

In general, we observe that the values presented by the two algorithms in Table 4.10
are quite identical, although the Most Used algorithm tends to give a slightly superior
number of wavelengths. Analysing Table 4.10 with more detail, we also verify that for net-
works with fewer nodes (COST 239 and NSFNET networks), the number of wavelengths
obtained by both the First Fit algorithm and the Most Used algorithm using the differ-
ent ordering strategies, are quite similar, and there are no significant differences between
the algorithms. For networks with more nodes than the NSEFNET network, some differ-
ences between the number of assigned wavelengths between the two algorithms began to
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emerge, as well as between the ordering strategies. The shortest path first ordering used
by both algorithms gives, in general, a higher number of wavelengths, when compared to
the longest path first ordering strategy, which for all networks assigns the lowest number
of wavelengths. The longest path first ordering strategy assigns the lowest number of
wavelengths to all networks because the first demands to be assigned wavelengths are the
demands that cross several links of the network, which have more hops/distance between
the nodes. When a demand goes through several links in the network, those links will
have all the same wavelength. In other words, this strategy starts by assigning the wave-
lengths to the longest paths and, therefore, the same wavelength will be used in many
links, which allows reducing the total number of assigned wavelengths. The same does
not happen with the shortest path first ordering. In this strategy, as wavelengths start
to be assigned from the shortest paths, it is not guaranteed that a specific wavelength
will be used in many links. Hence, it is more probable that the total number of assigned
wavelengths becomes higher.

The random path ordering applied to real networks gives wavelength values very sim-
ilar to the longest path first strategy. But it is deceitful to conclude that the optimal
wavelength solution can be obtained with this ordering, because the values presented in
Table 4.10 are obtained after an average of 10 simulations, which is a clear disadvantage
compared to the longest path first ordering. This similarity between the results obtained
by the random path and longest path first ordering strategies is not verified in ring net-
works. In these networks, the random path ordering gives a higher number of wavelengths
than the longest path first and lower values than the shortest path first. The fact that
the random path ordering presents intermediate values between the other two ordering is
not only due to the symmetry of the ring networks (as explained at the beginning of this
chapter), but also due to the fact that there is no pre-defined ordering strategy. Because
the demands are randomly ordered, the paths of the demands are equally distributed
across nodes and network links, to avoid overloading a link with many paths, which leads
to an intermediate number of wavelengths between the longest path first and shortest
path first strategies in ring networks. Furthermore, it should be mentioned that, in [13],
the obtained results are much similar to those presented in table 4.10.

The computation times that the RWA tool requires to return a viable RWA solution
applying the First Fit and Most Used algorithms are shown in Table 4.11. The com-
putational times obtained by the two algorithms are quite similar, independently of the
network considered. These computational times are consistent with the network size, i.e.
the larger is the network in terms of number of nodes, the longer the algorithms require
to return a viable solution. Regarding the ordering strategies, the random path strategy
requires the lower computational time, followed by the longest path first strategy and the
shortest path strategy with longer computational times. These results are due to the fact

that the random path strategy uses fewer decisions/instructions during the execution of
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the algorithms, since the demands have no particular order, as opposed to the other two

strategies, which have to take more decisions/instructions.

TABLE 4.11. Computational times of RWA tool regarding the First Fit
and Most Used algorithms.

Networks | Ordering Strategy | First Fit | Most Used
COST 239 | Shortest path first 3.9s 4.0 s
Longest path first 3.8s 3.58
Random path 3.28 3.2s
NSFNET | Shortest path first 4.7 s 49 s
Longest path first 4.3 s 4.7 s
Random path 3.9s 3.9s
UBN Shortest path first 8.6 s 8.2s
Longest path first 728 728
Random path 6.5 s 6.5 s
CONUS 30 | Shortest path first 8.5 8.2's
Longest path first 728 748
Random path 7.0s 6.4 s
CONUS 60 | Shortest path first 33.3 s 28.9 s
Longest path first 32.5s 30.2 s
Random path 31.5s 30.7 s
GT-ITM 27 | Shortest path first 8.5 8.8s
Longest path first 7.6 s 7.8s
Random path 6.9 s 6.9 s
GT-ITM 34 | Shortest path first 9.2 s 9.6 s
Longest path first 8.1s 8.4s
Random path 7.8 s 8.0s
Ring 25 Shortest path first 7.3 s 7.5 s
Longest path first 6.9 s 6.8 s
Random path 6.3 s 6.3 s
Ring 35 Shortest path first 10.3 s 10.3 s
Longest path first 9.4 s 9.7s
Random path 9.2s 8.9s
Ring 45 Shortest path first 16.4 s 16.8 s
Longest path first 15.7 s 15.7 s
Random path 14.9 s 14.4 s

4.4.2. Graph Coloring Heuristics

Before presenting the results obtained by the Graph Coloring heuristics, it is necessary
to characterise some parameters related to the graph G(W,P):
e Total number of paths obtained by the graph G(W,P);
e The probability of each pair of vertices of the graph G(W,P) being adjacent,
p, as defined in equation (3.1), since this parameter influences the number of
wavelengths in the network [5].
Table 4.12 shows the total number of paths and the parameter p for each of the

networks studied in this work.
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TABLE 4.12.

Parameters of the network logical topology for the applica-

tion of the Graph Coloring heuristics.

Networks | Total Paths p
COST 239 55 0.1010
NSFNET 91 0.2501
UBN 276 0.2250
CONUS 30 435 0.3792
CONUS 60 1770 0.3208
GT-ITM 27 351 0.5571
GT-ITM 34 561 0.5965
Ring 25 300 0.4783
Ring 35 595 0.4848
Ring 45 990 0.4884

From the analysis of Table 4.12, we observe that the parameter p of each of the ring
networks is around 0.48 when compared to most of the networks used in this work since
a specific link in the ring networks is used by half of the paths that originate from that
node. This occurs since ring networks have only two physical connections departing from
each node of the network. This leads to a high p in ring networks compared to the other
networks, because one physical link is most probably used by a higher number of logical
paths. This justification also applies to the real networks generated by the GT-ITM
tool that exceed a parameter p of 0.5 and achieve a p = 0.5571 with 27 nodes and a p
= 0.5965 with 34 nodes. These networks are divided into 3 and 4 domains, with more
than 7 nodes inside each domain, as shown in Figures A.6 and A.7, respectively, which
are interconnected with each other by two central nodes. This centralisation increases
the number of paths that pass through the physical links connected to the central node,
increasing the p parameter of the network.

Table 4.13 presents the total number of wavelengths obtained by the Greedy, DSATUR
and RLF algorithms for each of the networks characterised in section 4.2. Note that the
Greedy algorithm in these simulations considers the vertices ordered in descending order
of degree, which as shown in Chapter 3, leads to the minimum number of wavelengths
estimated by the Greedy algorithm.

Analysing the results of Table 4.13, we verify that the COST239, NSFNET and UBN
networks do not present any differences between the numbers of wavelengths obtained
by any of the heuristics. These results were expected, since the parameter p of each of
these networks is low. Remembering the conclusions taken in section 3.4 regarding the
performance of the Greedy, DSATUR and RLF algorithms, we have observed that the
number of wavelengths given by the three algorithms is quite similar, for networks with low
p. The same conclusion can be taken for the CONUS 60 network. This network, despite
having 1770 nodes, presents a low parameter p for the number of nodes it has. As we saw in
section 3.4, the higher the number of nodes existing in the networks, the nearer the number
of wavelengths estimated by the three Graph Coloring algorithms. Therefore, there is
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TABLE 4.13. Total number of wavelengths obtained by Greedy, DSATUR
and RLF algorithms for the networks described in section 4.2.

Networks | Greedy | DSATUR | RLF
COST 239 8 8 8
NSEFNET 24 24 24
UBN 64 64 64
CONUS 30 123 123 119
CONUS 60 543 543 543
GT-ITM 27 221 217 216
GT-ITM 34 347 342 338
Ring 25 78 76 76
Ring 35 153 149 147
Ring 45 253 249 247

no difference between the results of the Graph Coloring heuristics for the CONUS 60
network. The CONUS 30 network presents a slight difference in the number of wavelengths
obtained by the RLF algorithm (119 wavelengths), since it has a higher p (p = 0.3792)
and has a smaller number of vertices compared to the CONUS 60 network. Therefore,
for the CONUS 30 network, the RLF algorithm estimates better results than the other
algorithms. The GT-ITM networks, having a p above 0.5, shows a more clear difference
between the number of wavelengths predicted by the algorithms as expected from the
results shown in chapter 3. For these networks, the RLF algorithm presents the best
results reducing the number of assigned wavelengths by 5 for the network with 27 nodes
and by 9 for the network with 34 nodes, in comparison with the Greedy algorithm. In
this case, the DSATUR brings also advantages, since it assigns less 4 wavelengths than
the Greedy algorithm in the network with 27 nodes and less 5 wavelengths in the network
with 34 nodes. Therefore, these results for the GT-ITM networks, are in agreement with
the conclusions taken in Chapter 3, which have shown that, when the p parameter varies
between 0.5 and 0.9, the variations between these three Graph Coloring heuristics become
more notorious.

The ring networks, having a p value around 0.5, also show a visible difference between
the number of wavelengths obtained by the Graph Coloring algorithms. The ring network
with 25 vertices presents the same number of wavelengths for both the DSATUR and
RLF algorithms (76 wavelengths). Rings networks with 35 and 45 nodes present a higher
differences in the number of colors obtained by the three heuristics.

Regarding the computational times of the RWA tool with the application of these
Graph Coloring heuristics shown in Table 4.14, the conclusions are similar to the ones
found in section 3.4. The Greedy algorithm requires less time to obtain a solution, while
the RLF algorithm requires a higher computational time to return a viable solution.

Comparing Tables 4.10 and 4.13, we verify that the results obtained by the First Fit
algorithm with the demands ordered through the longest path first ordering strategy, are
quite similar to the results achieved by the Graph Coloring heuristics, more precisely by
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TABLE 4.14. Computational times of the RWA tool regarding the Greedy,
DSATUR and RLF algorithms.

Networks | Greedy | DSATUR | RLF

COST 239 4.0 s 4.2's 4.5 s
NSFNET 4.1 s 4.7 s 5.7s
UBN 7.2s 84 s 9.2s

CONUS 30 | 1425 16.5 s 175 s
CONUS 60 | 162.4 s 164.4 s 167.5 s

GT-ITM 27| 89s 10.7 s 11.2 s
GT-ITM 34| 16.7 s 174 s 18.1s
Ring 25 6.7 s 748 7.8 s

Ring 35 16.9 s 17.1s 18.6 s
Ring 45 43.4 s 49.0 s 53.1s

the Greedy algorithm with descending order of degree, where exactly the same number
of wavelengths is obtained, for all studied networks. Depending on the different network
scenarios, we conclude that the RLF algorithm tends to present the best results in com-
parison with the remaining algorithms, assigning a smaller number of wavelengths to the
real networks with higher p. It is also shown that both this algorithm and the DSATUR
algorithm are advantageous for wavelength assignment for networks with a p parameter
above 0.48, since they obtain lower wavelength values than the "most popular” algorithms
(First Fit, Most Used and Greedy). Although, the DSATUR and RLF algorithms tend
to minimise the number of wavelengths, they take higher computational times to return

a viable wavelength planning solution.

4.4.3. Application of the RWA Tool in Ring Networks

Since ring networks are an example of regular networks [26], there is an analytical expres-
sion that allows obtaining the minimum number of wavelengths that the network requires.
Therefore, in this section, the results obtained by the RWA tool will be compared with
the results obtained by the analytical expression given in [27]. This comparison is applied
to ring networks with size varying from 5 vertices to 60 vertices.

Table 4.15 shows the total number of nodes (paths) that each network has and the
corresponding p parameter. As expected, for higher network size in terms of the number
of nodes, the p parameter tends to approach 0.5, since the number of paths through each
physical link tends to be half of the total number of paths.

Since ring networks are regular networks [26], as they have a regular geometry, there
is an analytical expression that allows us to obtain the optimal number of wavelengths to
be used in this type of networks [27], that is, the minimum value of wavelengths that the
network requires. For a total meshed logical network, if the network has an even number

of nodes, the expression is:
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TABLE 4.15. Total paths and parameter p of each ring network.

Networks | Total Paths p
Ring 5 10 0.3333
Ring 10 45 0.4444
Ring 15 105 0.4615
Ring 20 190 0.4737
Ring 25 300 0.4783
Ring 30 435 0.4828
Ring 35 595 0.4848
Ring 40 780 0.4872
Ring 45 990 0.4884
Ring 50 1225 0.4898
Ring 55 1485 0.4906
Ring 60 1770 0.4915
2
W = M (4.4)
8
If the network has an odd number of nodes, the expression is:
2
W (N—-1)"+2(N—-1) (4.5)

8

Table 4.16 shows the total number of wavelengths obtained by the First Fit, Most
Used, Greedy, DSATUR, RLF algorithms, and by the analytical expressions (4.4) and
(4.5) for each of these networks.

TABLE 4.16. Total number of wavelengths obtained by First Fit, Most
Used, Greedy, DSATUR, RLF algorithms and by the analytical expressions
(4.4) and (4.5) for each ring network.

IS{;;‘eg First Fit Most Used | Greedy | DSATUR | RLF 4E.;1s8-5
SPF |LPF| RP |SPF | LPF| RP 4.5
5 i [ 3 | 35| 4 | 3 | 40 3 3 3 3
10 | 16 | 15 | 1568 | 16 | 15 | 159 | 15 i5 15 15
15 | 34 | 28 | 327 35 | 20 | 337 | 28 28 28 | 28
20 | 66 | 55 | 595 | 64 | 55 | 59.8 | 55 55 55 | 55
25 | 93 | 78 | 869 | 94 | 79 | 90.7 | 78 76 6 | 78
30 | 144 | 120 |130.5| 139 | 120 | 129.1| 120 120 120 | 120
35 | 184 | 153 |174.9] 192 | 154 | 175.9| 153 149 147 | 153
40 | 257 | 210 |229.7] 253 | 216 | 2289 211 210 210 | 210
45 | 318 | 253 |286.0| 316 | 254 |286.4| 253 949 247 | 253
50 | 334 | 325 |353.7| 387 | 326 | 356.3| 327 325 323 | 325
55 | 448 | 378 |423.6| 465 | 379 | 424.6| 378 376 373 | 378
60 | 563 | 465 |503.9| 555 | 466 | 506.6| 469 465 463 | 465
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The results presented in Table 4.16 are in agreement with the conclusions taken from
Tables 4.10 and 4.13 for ring networks. The First Fit algorithm ordered using the longest
path first strategy tends to give wavelength values very close or identical to the results
obtained by the Graph Coloring heuristics. Using the random path ordering strategy,
the First Fit and Most Used algorithms present a number of intermediate wavelengths
between the number of wavelengths obtained by the longest path first and shortest path
first strategies. Regarding the number of wavelengths obtained by the Graph Coloring
algorithms, the higher the p parameter of each network, the differences between the results
obtained by the WA algorithms become more evident.

Comparing the values obtained by equations (4.4) and (4.5) with the values obtained
by the RWA tool, we observe that the algorithms that obtain the minimum number of
wavelengths for most of the ring networks analysed are the First Fit algorithm ordered
through the longest path first strategy and the Greedy algorithm. In networks with 40,
50 and 60 nodes, the algorithm that obtains the optimal value, in addition to the First
Fit algorithm combined with the longest path first ordering, is the DSATUR algorithm,
except for the network with 40 nodes, where the optimum value is also obtained by the
RLF algorithm.

However, by a detailed analysis of Table 4.16, we verify that in ring networks with
25, 35, 45, 50, 55 and 60 nodes, the number of wavelengths generated by the DSATUR
and/or RLF algorithms (because in networks with 50 and 60 nodes only happen in the
RLF algorithm) are lower than the value obtained by the analytical expressions for those
networks. This situation happened only in these networks because, during their simula-
tion, a wavelength assignment error occurred in some paths of the networks. The fact
that this error appeared only in these regular networks does not invalidate the results
generated by the same algorithms for the remaining real networks. After the implemen-
tation of the DSATUR and RLF algorithms in the RWA tool, the results obtained by
the simulations in small size networks (networks up to 15 nodes) were confirmed manu-
ally. Furthermore, the implementation of these algorithms and the results of the RWA
tool were also confirmed in chapter 3 with the results shown in [5] for networks with
randomly generated path matrices up to 100 nodes. The average number of wavelengths
predicted by the developed RWA tool has shown a very good agreement (to the decimal

level) compared to the results presented in [5].

4.5. Conclusion

This chapter focused on presenting and discussing the results of the number of wave-
lengths assigned to the networks studied by the developed RWA tool. At the beginning
of this chapter, the parameters of the physical and logical topologies that characterise
the networks used in the tool were defined, as well as a brief description of each of these
networks has been provided. Next, we showed the solutions produced by the RWA tool
applied to some real networks using the WA algorithms studied: First Fit, Most Used,
Greedy, DSATUR and RLF. In order to cover most of the existing scenarios, networks
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of various sizes and shapes (COST 239, NSFNET, UBN, CONUS 30, CONUS 60, GT-
ITM 27 and GT-ITM 34) have been considered. Firstly, we verified that the longest
path first ordering strategy used by both First Fit algorithm and Most Used algorithm
is the ordering that generates solutions more identical to the solutions generated by the
Graph Coloring heuristics. Regarding the Graph Coloring heuristics and having in mind
the network size, when the parameter p varies between 0.5 and 0.9, a more noticeable
difference of the number of wavelengths attributed by the Greedy (with nodes ordered in
descending order of degree), DSATUR and RLF algorithms is found.

As concluded also in the previous chapter, the RLF algorithm tends to produce the best
solutions, minimising the number of wavelengths used in the networks. In addition, for a
parameter p above 0.5, it has also been proven that this algorithm and the DSATUR al-
gorithm are advantageous for wavelength assignment in the planning of optical networks,
because they obtain better solutions than the most usual wavelength assignment algo-
rithms. One example where these improvements are evident is in the networks generated
by the GT-ITM tool whose physical topology is based on several cluster of nodes intercon-
nected by central nodes using few links. For this type of networks, more specifically for a
network with 34 nodes, the RLF algorithm reduces the number of assigned wavelengths by
9 and the DSATUR algorithm by 5 compared to the Greedy algorithm. The disadvantage
of these two Graph Coloring algorithms is the computational time that they require to
return a solution since they need more time compared to First Fit, Most Used and Greedy
algorithms. Furthermore, for the networks studied, there is no significant advantage in
applying these algorithms to networks with a parameter p below 0.5, because the number
of wavelengths obtained is similar to the values obtained by the Greedy and First Fit

algorithms.
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CHAPTER 5

Conclusions and Future Work

5.1. Conclusions

This work focused on studying different Graph Coloring heuristics for solving the WA
problem for static traffic in transport optical networks. The main goal of a static RWA
scenario is to minimise the number of wavelengths to be used in a specific number of
optical paths that compose the network. Thus, Chapter 2 focused on the introduction
of the basic concepts concerning optical networks. The concepts of physical topology
and logical topology of a network were defined, as well as the concepts of adjacent and
traffic matrices. This chapter also includes a brief explanation of the OTN architecture
and the network elements, known as ROADMSs, used in these optical networks. The key
concepts of planning an optical network were also presented, the routing and wavelength
assignment, as well as the algorithms that were studied and implemented in this work:
the routing algorithm Yen’s k-shortest path and the WA algorithms First Fit, Most Used,
Greedy, DSATUR and RLF. These last three algorithms belong to the Graph Coloring
heuristics group.

Chapter 3 presented the flowchart that characterises the planning tool developed in
this work in Matlab for network optimisation. Besides the explanation of how the tool
was developed, this chapter also described the pseudocodes of the Graph Coloring heuris-
tics. After implementing the Greedy (with three different degree ordering strategies),
DSATUR and RLF algorithms based on the presented pseudocodes, a performance as-
sessment of these three algorithms was carried out. This study was carried out isolated
from the whole optical network planning tool, with the random generation of path ma-
trices with a different number of vertices, in order to compare the obtained results with
other published works and validate the implementation of the Graph Coloring heuristics.
From this study, it was concluded that for values of p from 0.5 to 0.9, the RLF algorithm
tends to produce fewer colors than the other algorithms, but in contrast, it requires more
time to generate them, while the Greedy algorithm is faster and tends to give a slight
worst solution, producing more colors. The DSATUR algorithm produces better solutions
than the Greedy algorithm and slightly worse than the RLF algorithm. For values of p
between 0.9 and 1, the colors produced by the three algorithms tend to approximate until
the maximum limit of assigned colors is achieved. For values of p up to 0.2, the number
of colors generated by each algorithm is also quite identical and, from this limit, Graph
Coloring algorithms tend to show the behaviour already mentioned.

In Chapter 4, the results generated by the WA algorithms for real networks (COST
239, NSFNET, UBN, two versions of the CONUS network and two networks generated

53



by the GT-ITM tool) and for ring networks of 25, 35 and 45 vertices were presented
and discussed. At the beginning of the chapter, a brief description of these networks has
been presented and the parameters of the physical and logical topologies of these net-
works were characterised and calculated. Based on the results estimated by the several
algorithms, the conclusions taken in chapter 3 were confirmed and generalised for real
networks. Since the focus of this work was on the solutions produced by the RLF and
DSATUR algorithms, due to the fact that they are not normally used in the optical net-
works planning, it was verified that these two algorithms are advantageous for wavelength
assignment for the networks generated with the GT-ITM tool, as they obtain a smaller
number of wavelengths than the most usual WA algorithms. In the GT-ITM network
with 34 nodes, the RLF algorithm reduces the number of assigned wavelengths by 9 and
the DSATUR algorithm by 5 when compared to the Greedy algorithm with the vertices
ordered in descending order of degree. Hence, the RLF and DSATUR algorithms bring
advantages in networks that exhibit several node clusters interconnected by one or two
links, such as the ones generated by the GT-ITM tool. In contrast, these two algorithms,
DSATUR and RLF, have a reduced advantage when applied to real networks with a pa-
rameter p below 0.5 because the number of wavelengths generated by these algorithms is
quite similar to the one generated by the Greedy and First Fit algorithms. Furthermore,

they require more computational time to return a solution.

5.2. Future Work
The study developed in this work focused on the performance and behaviour of the Graph

Coloring heuristics for assigning wavelengths in the planning of an optical network. In
addition, based on the study carried out in this dissertation, the future work that can be

performed is the following:

e Expand the tool developed in this work to consider network protection;

e Consider other logical topologies besides the full mesh;

e Consider the OSNR of each path as a cost metric instead of the distance or the
number of hops;

e Use different traffic demands with more than one traffic unit;

e Compare the results obtained by the heuristics developed in this work with the
results predicted by exact algorithms;

e Generalise the tool developed in this work to respond to the dynamic traffic

demands.
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APPENDIX A

Real Networks Topology

The physical topology of the real networks used in Chapter 4 is the following. Note
that the numbers in the links represent the distance in km and the nodes are numbered

sequentially with no particular order.
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FiGURE A.1. Physical topology of the COST 239 network.
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FIGURE A.2. Physical topology of the NSEFNET network.
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F1GURE A.4. Physical topology of the CONUS network with 30 nodes.
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FiGURE A.5. Physical topology of the CONUS network with 60 nodes.

FIGURE A.6. Physical topology of the network with 27 nodes of the
network generated by the GT-ITM tool.
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APPENDIX B

Article: Graph Coloring Heuristics for Optical Networks

Planning

The article was submitted to the conference ConfTele 2021, which will be realized in

Leiria in February 2021.
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Abstract—This work focuses on the study of wavelength
assignment algorithms based on Graph Coloring techniques. We
analyze the performance of the Greedy heuristic, a well-known
Graph Coloring heuristic, as well as the Degree of Saturation
(DSATUR) and the Recursive Largest First (RLF) heuristics, for
planning optical networks. These last two heuristics, to the best of
our knowledge, have not yet been applied in the context of optical
networks. Extensive simulations have been performed, using real
network topologies under a static traffic scenario and we have
concluded that the DSATUR and RLF heuristics can outperform
the Greedy heuristic in network scenarios where there are several
network clusters interconnected by only one or two links. In these
cases, the RLF and DSATUR heuristics can provide less 9 and 5
wavelengths, respectively, than the Greedy heuristic, in networks
with 34 nodes.

Index Terms—DSATUR, Graph Coloring, Greedy, Optical
Networks, RLF, Wavelength Assignment.

I. INTRODUCTION

Optical networks are essential in today’s global commu-
nications, and the study of planning tools that efficiently
allocate network resources is crucial to network providers [1].
Routing and wavelength assignment are two vital functions for
allocating the network resources. The routing function consists
on finding the best optical path to be used by an optical
channel, and implies the selection of a set of links between
the source and destination nodes, whereas the wavelength
assignment function is responsible for choosing an appropriate
wavelength, from the whole wavelength division multiplexing
(WDM) signal, for routing the optical channel taking into
account the wavelength continuity and the distinct wavelength
constraint. These two functions are commonly designated as
the Routing and Wavelength Assignment (RWA) problem [1].

RWA can be seen as an optimization problem whose goal
is to minimize the number of wavelengths to be used in
a static network scenario. For a dynamic network scenario,
the goal of RWA is to minimize the wavelength blocking
probability, for a fixed number of wavelengths. Moreover, the
RWA problem can be solved as a whole or can be solved
by finding independent solutions for the routing and also for
the wavelength assignment (WA) problems. Usually this last
approach is applied to solve RWA problems. Additionally,
we can rely, for both problems, on exact solutions, based
on Integer Linear Programming (ILP) solutions, or heuristics
solutions, that can give approximate or even the exact solutions
with shorter computation times [2]. Some examples of the

heuristic algorithms typically used for the routing function are
the Dijkstra and Yen’s k-shortest path algorithms [3]. Also, the
most common algorithms used for the WA problem are the
First-Fit and Most-Used. Another type of algorithms that can
be used for the WA problem are the Graph Coloring algorithms
[4].

Graph Coloring algorithms can be applied in many different
areas, besides optical networking, like social networking,
chemistry, scheduling, satellite navigation, electrical engineer-
ing and computer networking [4]. The problem of Graph Col-
oring, in short, consists in coloring all the graph vertices with
the minimum number of colors so that no vertices connected
by an edge are given the same color. In this work, we explore
three Graph Coloring heuristics for solving the WA problem
in real network topologies assuming a static scenario and a
full mesh logical topology. In particular, we study the Greedy
algorithm, usually used in WA studies, as well as the Degree
of Saturation (DSATUR) and Recursive Largest First (RLF)
algorithms [4], [5]. These last two algorithms, to the best of
our knowledge, have not yet been applied to WA problems.
Besides analyzing and comparing the performance of these
Graph Coloring algorithms, using real network topologies,
such as COST 239 and CONUS networks, we also compared
their performance in terms of the number of wavelengths with
the traditional First-Fit and Most Used algorithms. Lastly, we
assess and compare the computation time between all the
studied algorithms for the various network topologies.

The reminder of the paper is organized as follows. In Sec-
tion II, the three Graph Coloring algorithms, Greedy, DSATUR
and RLF heuristics are explained and their pseudocode are
detailed. Also, a validation and a comparative performance
study between the algorithms is done in this section. In
Section III, the developed planning tool is explained and
the real network topologies studied are presented, together
with the main features of the network physical and logical
topologies. In Section IV, the results are discussed in terms
of the estimated number of wavelengths, as well as in terms
of computation time required by each one of the algorithms.
Finally, the conclusions are drawn in Section V.

II. GRAPH COLORING HEURISTICS

In this section, the pseudocodes of the three Graph Coloring
algorithms, Greedy, DSATUR and RLEF, are explained. A



comparative performance study between these heuristics is
performed and validated.

A. Greedy Algorithm

The Greedy algorithm is perhaps the most used algorithm
for coloring graphs and consists in coloring the vertices of
the graph one by one according to an arbitrary order [4], for
example, placing the vertices in descending order of degree
(the degree is the number of incident edges at each vertex).
Then, the algorithm assigns each vertex to the first available
color. The pseudocode of this algorithm is given in Figure 1.

GREEDY (S < S;; X ¢V)

(1) fori< 1to|X|do
(2) forj € 1to S|

3) if (§; U {v;}) is an independent set then
€) Sp € 85 U i}

(5) break

(6) elsej < j+1

(7) if | > S| then

(8) Sj € {vi

(9 S€S5US;

Fig. 1. Pseudocode of Greedy algorithm.

The pseudocode starts by creating the set X that has all the
vertices of the graph in a particular order, e.g., descending.
The pseudocode also defines the set S which represents the
list of colors associated with the vertices of X. Initially S
= 51, which means that S; is the first available color to be
assigned to a vertex. As the algorithm takes a vertex from the
set X, it first tries to assign a color from the set S to that
vertex. In each iteration, the algorithm takes each vertex v; of
the set X, and checks if v; can be assigned to the color S, i.e.,
the algorithm checks if the color S; was not assigned to an
adjacent vertex of v; (i.e. the vertices associated with color S;
are an independent set of v;). If the condition is true, then the
color S; is assigned to the vertex v; and the process moves on
to consider the next vertex. Otherwise, if the colors from the
set S can not be assigned to that vertex, the algorithm assigns a
new color to the vertex v;. Lines 7, 8 and 9 of the pseudocode
represent the creation of a new color and the assignment of
that color to vertex v;, as well as its addition to the set S. The
algorithm ends when all vertices of set X have been assigned
to a color.

B. DSATUR Algorithn

The DSATUR algorithm is very similar to the Greedy
algorithm, since it takes each vertex one by one according
to some ordering and then assigns the appropriate color to
the vertex. The difference between these two algorithms is on
the ordering in which the vertices are colored. In the Greedy
algorithm, the vertex ordering is decided before any coloring,
whereas, in the DSATUR algorithm, the choice of the next
vertex to be colored is decided heuristically based on the
characteristics of the current coloring of the graph [4]. In the

DSATUR algorithm, the choice of the next vertex to be colored
is based primarily on the saturation degree of the vertices.
The degree of saturation of an uncolored vertex is the number
of different colors existing in its adjacent vertices [4]. The
pseudocode of this algorithm is given in Figure 2.

DSATUR (S < S;; X €V)

(1) fori< 1to|X|do
2) Choose v e X
(3) forj < 1to|S|

(4) if (§; U {v}) is an independent set then
(6) break

(7 elsej € j+1

(8) if j > |S| then

) S; € {v}

(10) S€5US;

(1) X<« X-{v}

Fig. 2. Pseudocode of DSATUR algorithm.

The pseudocode of the DSATUR algorithm (Fig. 2) is very
similar to the Greedy algorithm pseudocode (Fig. 1). The main
difference between these two algorithms lies in lines 2 and
11 of the pseudocode given in Fig. 2. In each iteration of
the algorithm, the next vertex to be colored is selected from
the set X (line 2) and a color from the set S is assigned to
that vertex, similar to the Greedy algorithm. However, in the
DSATUR algorithm, the next vertex to be colored is chosen
as the vertex in X that has the maximal saturation degree.
If there is more than one vertex with the maximal saturation
degree, the one with the highest degree is chosen from these
set of vertices. The first vertex chosen to be colored is the
vertex with the highest degree. Once the vertex is colored, it
is removed from the set X (line 11). The algorithm ends when
X=(, which means that all vertices have been assigned to a
color of the set S.

C. RLF Algorithm

The RLF algorithm follows a slightly different strategy
regarding the Graph Coloring in comparison with the previous
algorithms, which have a similar procedure [4]. The RLF
algorithm consists in coloring a graph with one color at a
time, as opposed to one vertex at a time. At each step, the
algorithm applies heuristic methods to identify an independent
set of vertices in the graph (i.e. non-adjacent vertices), which
are then, associated with the same color. This independent set
of vertices is then removed from the graph, and the process is
repeated in the resulting smaller subgraphs. The pseudocode
of this algorithm is given in Figure 3.

The pseudocode begins by defining four sets. The set X
that contains the initially uncolored vertices, the set Z that
will aggregate throughout the algorithm the selected vertices
in each cycle to be later assigned to a color of the set S, the
set S that is responsible for assigning a color Sy, to the vertices
of Z and the set Y that will contain the uncolored vertices that



cannot be feasible assigned to color Sj. At the beginning of
the pseudocode execution X=V, Z=0, S= () and Y= (.

RIF (S€0; X<V, Y0, Z<0)

(1) fori< 1to|X|do
2) forj € 1to|X|do

3) while j + @ do

(4) Choose v € X
(5) Z € v}

(6) Y€ YUTg{v}
(7) X€X-(YU{r})
(8) XeyY

(9) Y€0

(10) fork € |S|to|Z] do
(11) S € 5 U {v}

(12) S€SUS,

(13) k€k+1

Fig. 3. Pseudocode of RLF algorithm.

In each outer loop, a color is created. Lines 2-7 are respon-
sible for selecting the vertex to be colored. The pseudocode
begins by selecting a vertex v of X (line 4), which is added
to the set Z (line 5). All vertices adjacent to v, represented by
I'x{v}, are then transferred to the set Y (line 6), since they
cannot be assigned the same color as v. Finally, on line 7,
both the vertex v and its adjacent vertices are removed from
the set X, since they are not considered candidates for the
assignment of the same color as v. As soon as X=(), no more
vertices can be added to the current color. Therefore, in line 8,
all the vertices of the set of non-colored vertices Y are moved
to the set X, and then in line 9, the set Y is emptied.

In lines 10-12 the assignment of the color selected by the
outer loop, Sk, to all vertices that are in set Z and have no
color assigned is done. As soon as this color is assigned to
these vertices, the color is added to set S. Then, a new color
(line 13) is created and the algorithm repeats the loop again.
The algorithm ends when both sets X and Y are empty, which
means that all vertices have been colored and are in set S.

The process of selecting the next v € X on line 4, follows
a similar rationale to the DSATUR algorithm. The first vertex
to be chosen for the assignment of each color is the vertex in
X that has the highest degree. The remaining vertices v to be
assigned to the same color are selected as the vertices in X
that have the highest degree in the subgraph defined by YUpv.

D. Graph Coloring Heuristics Performance

After the implementation of these algorithms in the software
tool developed in this work, the performance of the algorithms
was analyzed with random generation of graphs. A random
graph, denoted by G,,,p, is a graph comprising n vertices,
where each pair of vertices is adjacent with probability p
[4]. In this work, the parameter p of graph G,,,, is obtained
through the average of the degrees of each vertex, given by,

n degree;
p= Zz:l n—1 (l)
n

where degree; represents the degree of the vertex . When
p=0, it means that all vertices are non-adjacent, and when
p=1, all vertices of the graph are adjacent.

Figure 4 shows the average number of colors as a function
of p obtained for n=100, for the Greedy, DSATUR and RLF
algorithms. In Figure 4, an upper bound is also represented,
which is defined as the highest degree of a vertex in the graph
to be colored plus one [1]. For each value of p, 50 random
graphs are generated. Then, an average is performed to obtain
the average number of colors generated by these 50 random
graphs realizations. In the Greedy algorithm, the vertices are
ordered considering the descending order of degree.

Greedy DSATUR RLF ——Upper Bound
100

920

80

70

60

50

40

30

20

10

Colors

Fig. 4. Average number of colors produced by the Greedy (descending order),
DSATUR and RLF algorithms for a network with 100 vertices (n=100).

Observing Figure 4, we verify that for values of p close to
1, the number of colors predicted by the different algorithms
tends to become similar, reaching the maximum limit of colors
i.e., n=100 meaning that all vertices are adjacent to each other.
We also observe that, the Greedy algorithm is the algorithm
that produces the worst results, i.e., it needs to assign more
colors, while the RLF algorithm generates the best solutions
across the whole set, assigning a lower number of colors. The
DSATUR algorithm produces solutions with fewer colors than
the Greedy algorithm and slightly more colors than the RLF
algorithm. In Figure 4, it is also shown that the results obtained
with the upper bound are quite different from the ones obtained
with the three Graph Coloring algorithms studied. From the
simulations that we have performed for various values of n, we
observe that the higher the value of n, the nearer the number of
wavelengths estimated by the three Graph Coloring algorithms
tends to be.

Analyzing in more detail the solutions produced in Figure 4,
for p<=0.2, the Greedy algorithm achieves about 10.2 colors,
the DSATUR algorithm produces approximately 8.7 colors
and the RLF algorithm generates 8.04 colors. For p=0.5, the
Greedy algorithm produces around 20.5 colors, the DSATUR
algorithm generates about 18.7 colors and the RLF algorithm
generates only 17.5 colors. For this value of p, the upper bound
on the number of colors is as high as 60 (almost the triple ob-
tained with the analyzed algorithms). These findings were also
obtained in [4], which allows validating our implementation



of the three Graph Coloring algorithms that are going to used
in Section IV for planning real optical networks.

III. DEVELOPED PLANNING TOOL

In this section, we explain the main building blocks of our
planning tool with special focus on the implementation of the
Graph Coloring algorithms. Then, we present the real networks
studied in this work, and characterize their physical topologies
features and also some of their logical topology features.

The main building blocks of our planning tool are repre-
sented in the flowchart of Figure 5. As shown in Figure 5, our
planning tool consists on 6 sub-problems:

Physical Topology +
Traffic Matrix

!

| Lightpath Routing |

l Shertest
Path First

| Traffic Routing |

l Longest
Path First

| Path Ordering
Random

l Path

Wavelength Assignment

I I I
Most Graph
Used Cloloring

| Greedy | |DSATUR| |

First Fit

Fig. 5. RWA sub-problems.

1) Physical Topology and Traffic Matrix: the network phys-
ical topology, as well as, the logical topology (charac-
terized by the traffic matrix) are defined.

2) Lightpath Routing: the lightpaths are routed over a phys-
ical topology using the Yen’s k-shortest path algorithm.

3) Traffic Routing: after the path is computed and selected,
the different traffic units are routed and assigned be-
tween the source and destination nodes through the
logical topology.

4) Path Ordering: before assigning the wavelengths to the
lightpaths obtained through the routing algorithm, it is
necessary to order these lightpaths. The criteria used to
order the paths can be shortest path first, longest path
first, and random path. Different metrics can be used to
establish the paths order, for example, the distance in
kilometers or the number of hops.

5) Wavelength Assignment: after the lightpaths are ordered,
the wavelengths are assigned accordingly to a given
algorithm. Graph Coloring heuristics such as Greedy,
DSATUR and RLF, are going to be used in the RWA
planning tool. For these heuristics, step 4 is not required.

Before using the Graph Coloring algorithms, the path graph
G(W,P) must be found. This graph is obtained from the graph
G(V,E) that represents the physical topology. The vertices of
G(W,P) are the optical paths W = (wy,ws, ws, ..., wys) and
P is the set of links between these vertices [1]. These links
are established between one or more vertices (i.e. paths) that
share one or more physical links. After obtaining the graph
G(W,P), the vertices can be colored considering the three
Graph Coloring algorithms studied in this work and explained
in Section II. The number of colors obtained corresponds to
number of wavelengths needed for solving the RWA problem.

The real networks used in this work are: COST 239 [6], [7],
NSENET [8], [9], UBN [10], two variations of the CONUS
network [11], [12], one with 30 nodes and other with 60 nodes
and two variations of the network generated by the GT-ITM
tool in [13], one with 27 nodes and other with 34 nodes.

The GT-ITM (Georgia Tech Internet Topology Modeler)
tool generates pseudo-random network topologies on which
researchers can perform their analyses [14]. The nodes of the
topologies generated are organized in clusters that interconnect
with each other by few interconnection links [14]. Figure 6
represents the network with 34 nodes generated by this tool.

Fig. 6. Physical topology of the network with 34 nodes generated by the
GT-ITM tool.

Some of the parameters of the physical topology of the real
networks studied in this work are given in Table L.

TABLE I
PHYSICAL TOPOLOGY PARAMETERS.
. Average Variance

Network Node | Link Node Deggree Node Degree
COST 239 11 26 4.7 0.4
NSFNET 14 21 3.0 0.3
UBN 24 43 3.6 0.9
CONUS 30 30 36 2.4 0.4
CONUS 60 60 79 2.6 0.5
GT-ITM 27 27 36 2.7 2.0
GT-ITM 34 34 44 2.6 1.8

The average node degree presented in Table I is defined by
[15]:
Zilil degree; 5
N @
where N is the total number of the nodes of the network. The
variance node degree, in Table I, measures the regularity of

a:



the network, i.e., how similar the nodes of the network are in
terms of the number of connections, and is defined as [15]:

o2 = Zf\;l (degree; — d)* 3)
N -1

When the variance node degree is zero, it means that all
network nodes have the same node degree and the same
number of incoming/outcoming connections, as it happens
for example in ring networks. As the value of the variance
increases, it means that the similarity of the network is
reduced.

In Table II, two parameters of the network logical topology
used in the context of the Graph Coloring algorithms, the total
number of paths of the graph G(W,P) and the parameter p
defined in equation (1) for several real networks are presented.

TABLE II
TOTAL NUMBER OF PATHS AND p PARAMETER.

Networks Total Paths p
COST 239 55 0.10
NSFNET 91 0.25
UBN 276 0.23
CONUS 30 435 0.38
CONUS 60 1770 0.32
GT-ITM 27 351 0.56
GT-ITM 34 561 0.59

From the analysis of Table II, we observe that the parameter
p of the networks generated by the GT-ITM tool is p = 0.56
with 27 nodes and p = 0.59 with 34 nodes. These networks are
divided into 3 and 4 domains, with more than 7 nodes inside
each domain, which are interconnected with each other by
two central nodes. This centralization increases the number
of paths that pass through the physical links connected to
the central node, increasing the p parameter of the network
compared to the remaining real networks. As can be seen in
Figure 4, when p is greater than 0.5, the DSATUR and RLF
algorithms tend to give even better results than the Greedy
algorithm in comparison with p<=0.5.

IV. RESULTS AND DISCUSSION

In this section, we present the number of wavelengths
as well as the computation times obtained by the planning
tool developed for the real networks presented in Section
III. Besides the three Graph Coloring algorithms we also
considered the First Fit and Most Used algorithms. The results
presented in this section assume a full mesh logical topology
with one traffic unit in each path.

Tables III and IV present the total number of wavelengths
obtained by each of the Graph Coloring heuristics and the First
Fit and Most Used, for the real networks discussed in Section
III. Before applying these algorithms, the network demands
are sorted according to three different orderings: shortest path
first (SPF), longest path first (LPF) and random path (RP).
The values of the random path ordering strategy represent the
average obtained after 10 simulation runs.

By analyzing Tables III and IV, we verify that the results
obtained by the First Fit algorithm with the LPF ordering
strategy, are quite similar to the results achieved by the Graph
Coloring heuristics, in particular with the Greedy algorithm
with descending order of degree, where exactly the same
number of wavelengths is obtained for all studied networks.

TABLE III
NUMBER OF WAVELENGTHS OBTAINED BY FIRST FIT AND MOST USED
ALGORITHMS FOR THE NETWORKS DESCRIBED IN SECTION III.

Networks First Fit Most Used
SPF | LPF RP SPF | LPF RP
COST 239 8 8 8.2 9 8 8.3
NSFNET 24 24 24.0 25 24 24.2
UBN 70 64 66.0 71 64 66.7

CONUS 30 134 123 1235 | 135 124 | 123.8
CONUS 60 | 550 | 543 | 543.5 | 551 543 | 5437
GT-ITM 27 | 229 221 | 2213 | 229 221 | 221.1
GT-ITM 34 | 356 347 | 347.1 | 356 347 | 3472

TABLE IV
NUMBER OF WAVELENGTHS OBTAINED BY GREEDY, DSATUR AND RLF
ALGORITHMS FOR THE NETWORKS DESCRIBED IN SECTION III.

Networks Greedy | DSATUR | RLF
COST 239 8 8 8
NSFNET 24 24 24
UBN 64 64 64
CONUS 30 123 123 119
CONUS 60 543 543 543
GT-ITM 27 221 217 216
GT-ITM 34 347 342 338

Regarding the behavior of the three Graph Coloring algo-
rithms, we observe that the COST239, NSFNET and UBN
networks do not present any differences between the numbers
of wavelengths obtained. These results were expected, since
the parameter p of each of these networks is less or equal to
0.25, and as shown in Figure 4, the number of colors is quite
similar for networks with such p. The same conclusion can
be applied to the CONUS 60 network. This network, despite
having 1770 nodes, presents a low value of p for the number
of nodes it has (p=0.32). The CONUS 30 network presents
a slight difference in the number of wavelengths obtained by
the RLF algorithm (119 wavelengths), since it has a higher p
(p = 0.3792) and has a smaller number of vertices compared
to the CONUS 60 network. Therefore, for the CONUS 30
network, the RLF algorithm gives better results than the other
algorithms. The GT-ITM networks, having a p above 0.5,
show a clearer difference between the number of wavelengths
predicted by the algorithms. For these networks, the RLF
algorithm presents the best results reducing the number of
assigned wavelengths by 5 for the network with 27 nodes
and by 9 for the network with 34 nodes, in comparison with
the Greedy algorithm. In this case, the DSATUR also brings
advantages, since it assigns less 4 wavelengths than the Greedy
algorithm in the network with 27 nodes and less 5 wavelengths
in the network with 34 nodes. Therefore, the results for the GT-
ITM networks are in agreement with the conclusions taken in



Figure 4, which have shown that, when the p parameter varies
between 0.5 and 0.9, the variations between these three Graph
Coloring heuristics become more notorious.

Next, the computation time (in seconds) of each one of
the wavelength assignment algorithms studied is assessed. The
results are shown in Tables V and VI. All the results presented
in this work were obtained in a computer with an Intel(TM)
core 15 processor at 2.20 GHz and with 8§ GB of RAM.

TABLE V
COMPUTATION TIME (IN SECONDS) CONSIDERING FIRST FIT AND MOST
USED ALGORITHMS.

First Fit Most Used

LPF | RP LPF | RP
COST 239 3.9 3.8 3.2 4.0 3.5 3.2
NSFNET 4.7 4.3 3.9 4.9 4.7 3.9

Networks

UBN 8.6 7.2 6.5 8.2 7.2 6.5
CONUS 30 8.5 7.2 7.0 8.2 7.4 6.4
CONUS 60 | 333 | 325 | 31.5 | 289 | 30.2 | 30.7

GT-ITM 27 | 85 7.6 6.9 8.8 7.8 6.9
GT-ITM 34 | 9.2 8.1 7.8 9.6 8.4 8.0

TABLE VI
COMPUTATION TIME (IN SECONDS) CONSIDERING GREEDY, DSATUR
AND RLF ALGORITHMS.

Networks Greedy | DSATUR | RLF
COST 239 4.0 42 4.5
NSFNET 4.1 4.7 5.7
UBN 7.2 8.4 9.2
CONUS 30 14.2 16.5 17.5
CONUS 60 162.4 164.4 167.5
GT-ITM 27 8.9 10.7 11.2
GT-ITM 34 16.7 17.4 18.1

The computation time obtained by the First Fit and Most
Used algorithms are quite similar to the computation time of
the Greedy algorithm for networks up to 25 nodes. For net-
works above 25 nodes, the First Fit and Most Used algorithms
generate solutions quicker than the Greedy algorithm.

Comparing the three Graph Coloring heuristics, the Greedy
algorithm, despite producing more colors, generates solutions
in a shorter computation time. The RLF algorithm requires
more time to generate solutions, but it is the algorithm that
assigns fewer colors. The DSATUR algorithm has slightly
longer computation time than the Greedy algorithm.

V. CONCLUSIONS

In this work, we have implemented an optical network
planning tool that uses three Graph Coloring heuristics to
solve the WA problem, the Greedy, the DSATUR and the RLF
algorithms.

We have compared the performance of these three Graph
Coloring heuristics in some real network topologies, COST
239, NSFNET, UBN, CONUS 30, CONUS 60, GT-ITM 27
and GT-ITM 34 in a static network scenario considering a full
mesh logical topology with one unit of traffic in each path.

We have concluded that the RLF algorithm produces the
best solutions, minimizing the number of wavelengths used

in the network. In addition, for a parameter p above 0.5, it
has also been proven that this algorithm and the DSATUR
algorithm are advantageous for WA in the planning of optical
networks, because they obtain better solutions than the most
usual wavelength assignment algorithms, the First Fit and
Most Used. One such example where these improvements are
evident is in networks whose physical topology is based on
several cluster of nodes interconnected by central nodes using
few links, e.g. as the networks generated by the GT-ITM tool.
For this type of networks, more specifically for a GT-ITM
network with 34 nodes, the RLF algorithm reduces the number
of assigned wavelengths by 9 and the DSATUR algorithm by 5
compared to the Greedy algorithm. The disadvantage of these
two Graph Coloring algorithms is slightly higher computation
time they require to return a solution, in comparison to First
Fit, Most Used and Greedy algorithms.
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