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MODELING AND FAIR SLOT ASSIGNMENT IN ELASTIC OPTICAL
NETWORKS UNDER DYNAMIC TRAFFIC

SUMMARY

In elastic optical networks, the optical spectrum is divided into very narrow bands
(slots) and one or more consecutive slots can be used together, instead of thicker and
fixed slots defined by the ITU-grid for WDM optical networks. Having the ability to
create different bandwidth connections using only the required number of
consecutive slots enables more efficient use of network resources. The most
fundamental problem to be solved in elastic optical networks is to establish
appropriate connections for new incoming traffic requests, known as routing and
spectrum assignment problems. Under dynamic traffic conditions, the flexibility to
use a different number of slots brings about a new problem called spectrum
fragmentation that is not available in WDM networks. In dynamic traffic, over a
period of time, the optical spectrum is divided into several free and separated slot
groups of different sizes. This may result in blocking of connection requests even
though there are free spaces in the spectrum.

Another problem in elastic optical network is the fairness problem, which is due to
high bandwidth requests are more likely to be blocked compared to low bandwidth
requests.

The main aim in thesis is to examine the problem of routing and spectrum
assignment in the elastic optical networks under dynamic traffic and develop new
methods for solving the problem. For this purpose, a new graphical model will be
developed to model the dynamic behavior of the elastic optical network for spectrum
utilization. This model simplifies the visualization of the current state of the network
in a graphical form and an appropriate data structure in the memory. The basic
concepts of the model are first shown for a single link, then the same idea is used to
generalize the model to represent the entire network topology. The use of this model
in the routing and spectrum assignment is explained by the update procedures in the
structure after the addition or removal of a link. This new model can reduce the time
complexity of routing and spectrum assignment methods by providing a data
structure that captures the current spectrum of network links.

Using this new model, we designed new effective heuristic algorithms to solve the
problem of general routing and spectrum assignment, which proved to be NP-hard.
The basic approach is to reduce the probability of general blocking by trying achieve
desired fairness with different bandwidth. To solve the fairness problem, we
proposed two methods: In Equal Opportunity Slot Assignment (EOSA), we set the
slots that are determined by the number of slots needed, and the location of the slot
will begin with respect to the predefined sections of whole grid. In the second
approach, Nigh-Fairness Slot Assignment (NFSA), this idea has been developed
using two different slot assignment methods.
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In general, the complexity of the problems prevents the optimal resolution of these
except for very small samples.

To evaluate the performance of the proposed methods, we compare EOSA and
NFSA with First Fit slot assignment method, which has the best performance in case
of blacking probability, on different backbone topologies. The result of comparison
shows that our methods achieve desired fairness and improves the performance of
the entire network in terms of blocking probability remarkably.
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DEGISKEN TRAFIKLIi ESNEK OPTiK AGLARDA MODELLEME VE
ADIL SLOT ATAMA

OZET

Elastik optik aglarda, optik spektrum ¢ok sayida dar bantlara boltnir ve WDM optik
aglar i¢in ITU-grid tarafindan tanimlanan daha genis ve sabit slotlar yerine bir veya
daha fazla ardisik slot birlikte kullanilabilir. Sadece gerekli sayida ardisik slot
kullanarak farkli bant genisliginde baglantilari olusturma becerisine sahip olmak, ag
kaynaklarinin daha verimli kullanilmasini saglar. Esnek optik aglarda ¢oziilecek en
temel sorun, yonlendirme ve spektrum atama problemleri olarak bilinen yeni gelen
trafik talepleri i¢cin uygun baglantilar kurmaktir. Dinamik trafik kosullar1 altinda,
farkli sayida slot kullanma esnekligi, WDM aglarda mevcut olmayan spektrum
parcalanmasi olarak adlandirilan yeni bir soruna neden olur. Dinamik trafik
kosullarinda, bir siire sonra, gelen ve sonlanan baglantilar nedeniyle, optik spektrum
giderek farkli boyutlarda serbest ve ayrik slot gruplarina boliiniir. Bu, spektrumda
serbest alanlar olmasina ragmen baglanti isteklerinin engellenmesine neden olabilir.

Esnek optik aglar (EON), daha ince spektrum izgaralari araciligiyla, spektral
kaynaklar1 verimli kullanmak i¢in ¢ok umut verici bir ¢oziimdiir. Coklu bant
genisligi servisleri ayni ag kaynaklarini paylastiginda, uygun bant genisligi yonetimi
gerekir. Ayrica, yliksek bant genisligi isteklerinin diigiik bant genisligi istekleriyle
karsilastirildiginda engellenmesi daha olasidir ve bu da farkli istekler arasinda adalet
sorununa neden olur.

Bu tezde temel amag, dinamik trafik altindaki esnek optik aglarda yonlendirme ve
spektrum atamasi problemini incelemektir ve problemi ¢dzmek i¢in yeni yontemler
gelistirmektir. Bu amagcla, spektrum kullanimi i¢in elastik optik agin dinamik
davranigin1i modellemek i¢in yeni bir grafik model gelistirilmistir. Bu model, agin
mevcut durumunun grafiksel bir bi¢imde ve bellekteki uygun bir veri yapisinin
gorsellestirilmesini basitlestirir. Modelin temel kavramlari ilk once tek bir baglanti
i¢in gosteriliyor, daha sonra aym fikir modeli tiim ag topolojisini temsil etmek i¢in
genellestirmek i¢in kullaniliyor.

Tek bir baglant1 icin gelistirilen katmanli model iki istek modelinde gosterildi,
birinci tip [1, k] arasindaki herhangi bir sayida slot bulunan tek bi¢imli bir model ve
ikinci tip isteklerde ise, baglantilarin bant genisligi ihtiyact ikinin katlar1 halinde
ifade edilebilir.

Gelistirilen model hem statik hem de dinamik yonlendirme ve kanal atama
durumlarinda, agdaki slotlarin belli bir andaki kullanim durumunu temsil etmek i¢in
kullanilabilir. Bir agda gelen baglant1 istekleri belirli bir siire i¢in Onceden
biliniyorsa, statik yonlendirme ve kanal atama yontemleri kullanilabilir. Bu durumda
agda cok sayida baglantinin kurulmasi i¢in en uygun konfigiirasyonu belirlemek i¢in
ayn1 anda tiim baglantilar1 ele alabilen optimizasyon yontemleri kullanilabilir. Ancak
bu problem yapisi geregi NP-zor oldugu i¢in tamsay1 dogrusal programlama gibi
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yontemler yerine sezgisel algoritmalarin kullanilmasi tercih edilir. Bu tiir sezgisel
yontemler ise baglantilar1 belli bir kritere gore siraya dizerek, teker teker kurulmasi
prensibine dayanir. Bu durumda oOnerilen model ag kaynaklarinin kullanimini
gosterebilmesi acisindan yararli olacaktir.

Dinamik trafik durumunda ise, baglanti isteklerinin aga teker teker ve rastgele olarak
geldigi varsayilir. Gelen bir baglant1 istegi icin uygun yolun bulunmasi ve bu yol
tizerindeki segilen slot gruplarin rezerve edilmesi gerekmektedir. Bunu yaparken
sadece agin o anki durumuna bakilir. Bu nedenle ag durumunu giincel tutan bir veri
yapist yonlendirme ve kanal atama algoritmalarini hizlandirabilir.

Bu yeni modeli kullanarak, NP ydnlendirme zorlugu olan genel yonlendirme ve
spektrum atamasi problemini ¢6zmek icin yeni etkili sezgisel algoritmalar tasarladik.
Temel yaklasim, farkli bant genislikleri ile istenen adalet saglamaya calisarak genel
engelleme olasiligini azaltmaktir. Adalet sorununu ¢ézmek igin iki yontem Onerdik:
Birinci, Equal Opportunity Slot Assignment (EOSA) yonteminde, belirli slot
numaralarindan baslayan slot gruplarini tahsis etmeyi amaglamaktadir. Bu sayede
slot atamasi1 miimkiin oldugu kadar diizenli yapilir. Bir istegin baslangi¢ slot
numarasi, ka¢ tane slot gerektirdigi dikkate alinarak belirlenir. Bu yontemin asil
amaci, yiksek bant genisligi isteklerine, onlar1 spektrumda diizgiin bir sekilde
yerlestirerek daha iyi atama olanaklar1 saglamaktir. Ornegin, biri 1 slotli bant
genigliginde digeri 7 sloth iki baglanti istegi, 16 slotli bir blokta ilk 8 slotun pargasi
olarak yan yana yerlestirilebilir. Benzer sekilde, 2 ve 6 yarik, 3 ve 5 yarik, ...
baglantilar ayrica 8 yarikta toplanir. Daha yiiksek bant genisligine sahip baglanti
istekleri i¢in 8 slot, boyle bir tamamlama gerekli degildir. Amag, yliksek bant
genisligi baglantilari i¢in engelleme olasiligini miimkiin oldugunca azaltmaktir.

Ikinci yaklasim olan, Nigh-Fairness Slot Atamasi (NFSA), burada yine tim
spektrumu maksimum genislikte slot gruplarina boldiik. Temel fikir, her grubu iki
esit pargaya bolmektir; birinci kissm EOSA gibi davranir ve ikinci kisim segilen
herhangi bir algoritmay:1 izler. Simiilasyonlarimizda First-Fit slot atamalarini
kullantyoruz. Bir istek geldiginde, algoritma istegin bant genisliginin maksimum
genigligin yarisindan daha kiigiik olup olmadigini kontrol eder ve bu durumda ilk
uyan yontemi kullanilir.

Onerilen yontemlerin her ikisi de, aga gelen baglant: taleplerinin slot numaralarmin
esit sekilde dagitildigr varsayimina dayanmaktadir. Aslinda, slot numaralarinin
dagilimi biliniyorsa, baslangi¢ slot numaralarina bagli olarak farkli atamalar
yapilabilir.

Deneyler icin farkli o6zelliklerde (Atamasinda, ayrit yogunlugu) ag topolojileri
secilmistir. Bunlardan ikisi Kuzey Amerika topolojisi (NSFNet ve USNet), ikisi de
Avrupa kitas1 topolojisidir (COST239 ve COST266). Bu topolojiler, literatiirde de
benzeri ¢aligmalarda siklikla kullanilan fiziksel aglardir. Deneylerde aga gelen
trafigin, yani baglanti isteklerinin Poisson dagilimina uygun oldugu varsayilarak,
farkli yogunluklarda baglant: istekleri rastgele olarak iiretilmistir. Baglantilarin bant
genisligi istekleri slot sayisi cinsinden 1 ile 16 arasinda diizgiin dagilmaktadir.
Agdaki tiim diigiim ciftleri arasinda baglant1 istegi gelme olasilig1 da esittir. Bu
secilen trafik parametreleri, literatiirdeki ¢alismalar incelenerek ve en ¢ok kullanilan
parametreler gézoniine alinarak belirlenmistir.

Onerilen yontemlerin performansii degerlendirmek i¢in, EOSA ve NFSA'y1, farkh
omurga topolojilerinde, karartma olasilig1 durumunda en iyi performansa sahip First
Fit slot atama yontemiyle karsilastirtyoruz. Farkli topolojiler igin yapilan simiilasyon
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sonuglari, ilk yontemimizin, yiiksek engelleme olasilig1 olan kismi adalet sorununu
tyilestirdigini, ancak ikinci yontemimizin, engelleme olasiligin1 birinciden daha iyi
gelistirdigini gostermistir. Genel olarak, yontemlerimizin istenen adaleti sagladigini
ve tiim agin performansini engelleme olasiligi agisindan dikkate deger bir sekilde
lyilestirdigini gostermektedir.
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1. INTRODUCTION

Optical network infrastructure is today's fastest data communication environment
used in both backbone and wide area networks and high-speed access networks. By
utilizing the advantages of the fiber network, a very high speed, safety, reliability,
and noise immunity characteristics that no other physical technology can provide,

provides an ideal communication infrastructure for wired networks.

In wide area networks, subsoil and submarine fiber is used to establish network
connections between countries / continents, and the transmission of data over the
optical medium is achieved by means of optical fiber technology. Besides,
nowadays, fiber propagation is gaining momentum in approaching metropolitan or

access networks.

The physical infrastructure that provides the operation of the optical network
consists of several components: optical switches, transponders and transducers, light
splitters and connectors, ROADM and light multiplexers. With these components, it
was possible to use the very high transmission capacity provided by the fiber
medium. Today, a total transmission rate of ten terabits / s can be achieved on a fiber
wire. The high transmission capacity provided by optical networks can be effectively
used for data transmission, which is possible by the separation of this very large
transmission capacity into a plurality of smaller capacities. This approach is known
as WDM (wavelength division multiplexing). The optical spectrum, which is
suitable for data transmission, is divided into parallel channels by using fixed grids
determined by the International Telecommunication Union known as ITU-grid [1].
The ITU-grid is defined at different bandwidths of 50 GHz, 100 GHz and 200 GHz.
Thus, depending on the selected frequency bands, transmission can be performed
over dozens of channels, each at 10 Gb / s, 40 Gb / s or 100 Gb / s. Hard ITU-grid

and WDM technology have been under investigation for many years.

The ever-increasing speed requirements, applications that require high speed on the

Internet, encourage a single channel speed to increase further. The telecom industry



now takes into account speeds of 400 Gb / s or even 1 Th / s. However, it is not
possible for a speed of 400 Gb / s to comply with 50 GHz ITU grid in standard
modulation types. On the other hand, achieving this by using different modulations

also significantly shortens the optical reach due to the channel noise to occur [2].

1.1 Flexible Optical Networks

With OFDM (optical frequency division multiplexing) technology, which has been
developed in recent years, the spectrum can be divided into bands of different widths
at the same time [3-5]. This is called the flexible-grid optical network [2]. In flexible
optical networks, instead of the fixed broadband ranges determined by the ITU-grid,
one or more successive convergence of much narrower bands called slots is used, so
that transmission paths at different speeds can be created at different speeds on the
carrier bands at the same time. In flexible networks, the unit slot width may be
smaller than conventional WDM networks, for example 12.5 GHz or 6.25 GHz [6].
In this way, a wide range of data from low data rates (e.g. 10 Gb / s) to high data
rates (e.g., 1 Th / s) can be used to communicate at speeds as much as required by

incoming traffic requests. (Figure 1.1).
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There are some elements that are in the key position in the implementation of the
flexible optical network. The first is optical transponders. Optical transmitters enable
an electronic sign to be transmitted to the optical signal, that is to say the light at the
desired wavelength, so that it can be transmitted along the optical path. Optical
receivers detect the light from the optical medium and convert it back into electronic
sign. Optical transceiver pairs have long been used in optical networks, but the
development of bandwidth-changing transceivers has enabled flexible optical
networks. The second important physical component is the switching elements.
ROADM (reconfigurable optical add / drop multiplexer) and bandwidth-variable
wavelength selective switch (WSS) are required for optical connections to be routed

from one fiber to another in intermediate nodes.

The most important feature of the flexible optical network, combining multiple
neighboring slots with narrowband, allows the network to be used more efficiently at
different speeds, but at the same time it brings important new challenges to the
operation and control mechanism of these networks [7]. The most fundamental
problem to be solved in flexible optical networks is the establishment of suitable
transmission paths for incoming connection requests. To do this, there must be a
suitable path between the source and destination nodes on the network topology, and
a range of spectrum must be assigned to this path in accordance with the speed of the
connection request. For WDM networks, this problem is known as routing and
wavelength assignment (RWA). In the case of flexible optical networks, the same
problem becomes the problem of routing and spectrum assignment (RSA). The
presence of a suitable path for a traffic request and the assignment of a spectrum to
suit this path appear to be two sub-problems. However, these sub-problems are not
independent of each other; therefore, they must be solved together to find the best
solution and by looking at the use of the network's current resources. The RSA
problem has been proven to be NP-hard [8]. The RSA problem can be examined

under two broad categories.

e A static RSA problem in which all traffic requests are known in advance,
and no change is to be assumed for a long time after the optical paths have
been established,;



e A dynamic RSA problem that the traffic requests come one by one and the
path should be set up within a short time after the arrival and the path

should be removed at the end of the life time.

As both categories correspond to the scenarios that may be different but valid in the
operation of the network, various studies and solutions are proposed in the literature
for both of them. This study assumes that the traffic in the network is dynamic, that
is traffic requests are not known before and in time, new connection requests come
one by one and end after a certain period of time. In such an operating condition,
each request must be evaluated separately and the connection should be established
in the most appropriate way according to the current situation of the network.
Therefore, for every request that comes to the network in dynamic traffic conditions,
it is necessary to perform the routing and spectrum assignment by considering an
algorithm's operation and the current conditions of the network. If the current state of
the network does not allow the incoming request to be met, for example, no path can
be found between the source and the destination at the desired speed, or if the slot
groups that can provide the desired speed on the path are not continuous between the
successive fiber links of the path, the request will be blocked. Therefore, in dynamic
traffic conditions, the blocking rate of requests constitutes a key performance
criterion. While flexible optical networks allow connections at different speeds using
a different number of slots, it is a very important feature that improves network
performance, but also leads to a striking problem in dynamic traffic conditions that is
not present in traditional WDM networks. this problem is called spectrum
fragmentation. Fragmentation occurs when the consecutive slots are dynamically
assigned to randomly received links and subsequently released. This is in some
respect similar to the problem of fragmentation caused by disk creation and deletion
over time. However, the spectrum fragmentation that occurs here is more complex
than it causes the use of different spectrum ranges in the different fiber links of the
network. Which slots on a fiber are used and which are free may be different from
other fiber. Therefore, when attempting to find a path for a connection, it is also
necessary that the same spectrum range on this path, ie the slot group, will be idle,
because of that the spectrum fragmentation affects the overall performance.

Depending on the structure of the spectrum fragmentation, there may be a problem

that a connection cannot be established, even though there is sufficient resources in



the network. Two types of fragmentation are described in the literature. In horizontal
fragmentation, although each fiber along the connecting path has a free spectrum of
sufficient width in each fiber, the same spectrum part may not be released from the
source to destination. For example, if the spectrum slots are numbered from 0 to N-
1, and a new connection request requires sequential 8 slots to be separated, 8 slots
are free on a fiber starting from the slideshow 15 and 8 slots on the next fiber
starting from the slice 27 may be free. This connection will be blocked as the same
slots must be used along the path in the flexible optical network. The problem is that,
although there is a spectrum range of sufficient width, this range does not show

continuity along the path.

Another type of fragmentation is vertical fragmentation. In this case on a fiber, in
total there are enough free slots, but these slots are located in non-adjacent parts. For
example, when a connection request that needs to be separated is 8 slots, only one of
the fibers on the path is located in 5.-7. slots and 17.-21. get slots free. Although
there are eight slots in total, the connection request will be blocked because they are

not in successive order.

In flexible optical networks, it is recommended that RSA algorithms should be
designed to prevent fragmentation as much as possible, or run defragmentation
algorithms at regular intervals, for example after a certain number of connection
requests are received. The methods proposed in the literature summary section are

examined in detail.

1.2 Traffic Grooming and Flexible Optical Networks

In conventional WDM networks, an optical connection is established for each traffic
request. These connections are called light path. The light paths have constant speeds
(such as 100 Gb / s) because the optical spectrum is divided into equal bandwidths
by the ITU-grid. If the incoming traffic requests are at lower speeds (such as 10 Gb /
s, 40 Gb / s), part of the capacity of the light path cannot be used. In cases where
there are traffic requests with different speeds on the network, traffic grooming
method is proposed in order to make more efficient use of network resources. Traffic
grooming can be applied if nodes in the network have grooming switches. Its logic is

based on the fact that traffic requests at different speeds in the network are groomed



together on light paths with greater speed. This problem is addressed together with
the problem of routing and wavelength assignment and is a difficult optimization

problem.

The problem of traffic grooming in WDM networks was first proposed in
metropolitan public networks and is one of the features of the SONET network.
However, the concept of grooming was then applied to wide area networks with
general topology [9]. For a long time, research is being done on this subject and an
important literature has been formed. Some of the questions aimed at how traffic
grooming will be done, which links will be assigned together, finding ways and

which nodes will be capable of traffic grooming.

In flexible optical networks, potentially, an optical connection can be established for
each traffic request with the capacity corresponding to the speed of the request. In
this case, you may be asked why traffic grooming is needed. However, in detail, in
flexible optical networks there is no linear increase relation between the speed of a
connection and the width it occupies on the spectrum (Table 1.1). For spectrum use,
for example, while a spectrum interval of 35 GHz, including a guard band, is
required to establish a connection at a speed of 40 Gb / s, a spectrum interval of 85
GHz is sufficient for a connection at a speed of 400 Gb /s [2, 10].

Table with single row and centered columns.

Table 1.1 The speed of sample traffic requests and the required bandwidths.

Speed of traffic Modulation Bandwidth
request (Gb / s) mode (GHz)
40 DP-QPSK 35
100 DP-QPSK 47.5
100 DP-16QAM 35
DP-QPSK 85
400 or DP-
16QAM
DP-QPSK 200
1000 or DP-
16QAM

The magnitude of the spectrum interval to be used here also affects the modulation
format to be used for data transmission and the length of the connection. Considering
these factors, it can be summarized with two points why traffic grooming will

increase the spectrum utilization efficiency



e The grooming of multiple traffic requests on a high-speed single optical
path will enable the use of a lesser range of spectrum than the individual

optical link for each request.

e For each optical path, a guard band must be held between the adjacent
connections on the spectrum. Reduction of the number of connections
reduces the number of guard bands, thus reducing the spectrum rate that

cannot be used for data transmission.

When the traffic grooming problem is added to the routing and spectrum assignment
problem in flexible optical networks, the optimization becomes an even more
difficult problem, regardless of whether the traffic is static or dynamic. There are
few studies on traffic grooming for flexible optical networks. In this thesis, proposed
linear integer programming (ILP - integer linear programming) and heuristic
methods are summarized in the literature summary section and new approaches to

the solution to be introduced in this thesis are explained in the method section.

1.3 Purpose of Thesis

The aim of this thesis is to examine the problems of routing and spectrum
assignment in flexible optical networks under dynamic traffic conditions and to
develop new methods to solve the problem. The purpose of this study is to develop a
graphical structure which effectively models the dynamics of the flexible optical
network and uses effective heuristic algorithms to solve the general routing and
spectrum assignment problem, which has been proven to be NP-completed using this
new model. In addition, the problem of fragmentation in the network over time is
examined. In order to evaluate how the performance can be increased in case of
spectrum assignment and traffic grooming problems, observations were made to

shed light on future studies The Rest of this thesis is as below:

In the rest of the current chapter, studies in the literature about routing and spectrum
assignment, fragmentation and fairness in elastic optical network are discussed in
detail.

Section 2 is about modeling of flexible slot assignment, a new spectrum usage model
has been created. This model reduces the complexity of the system and provides a

dynamic data structure to represent the spectrum. It has been shown that the model



will introduce significant acceleration in routing and spectrum assignment

algorithms.

Section 3, Studies on methods to reduce fragmentation on spectrum and increase
fairness for different requests are discussed. In this thesis, new spectrum assignment
methods proposed.

In Section 4, Simulation of the model and implementation of the methods are
explained. An important part of the thesis is the preparation and testing of a

simulation code using the model.

In Section 5, different routing and wavelength assignment algorithms were tested on
the simulation and the differences in the rate of blocking between different
bandwidth connections are presented and methods to reduce this difference are

discussed.

Finally, in Section 6, the thesis is concluded and possible future work are discussed.

1.4 Literature Review

Initial work on flexible optical networks was published in 2009 [3]. In these studies,
how the technological components required for the implementation of the flexible
optical network will be studied, the SLICE transceiver model, the test environments
and the experiments in the physical layer were examined. The flexible optical
network model has been introduced using wavelength multiplexers that can change
the bandwidth, and the changes that this technology will create in wide area
networks are discussed [4, 11].

1.4.1 Routing and spectrum assignment

In parallel with the technological studies related to the flexible optical network [5,
12-14], studies have also begun on the algorithms to be developed for the use of the
features of the flexible network [15, 16]. The development of new methods of
routing and spectrum designation for the efficient use of this new technology has
been the basis of the first studies to demonstrate the performance of these methods

under different traffic assumptions.

Studies on the RSA problem can be divided into two basic groups: Static RSA and
dynamic RSA.



1.4.1.1 Static routing and spectrum assignment

The static RSA problem takes the physical properties of the network as input, and a
group of traffic requests that are already defined. The aim is to direct these traffic
requests to the minimum use of resources in the network and to assign a spectrum
range of sufficient width to each request. In this problem, the assumption that all
traffic requests are already known may be valid if the traffic requests on the network
continue to stay on the network for too long after installation. In addition, the static
RSA problem model is a starting point for other problems because it is the most
fundamental problem to be solved in the flexible network. Therefore, the solution of

the static RSA problem is studied extensively.

Since the RSA problem is NP-problem, it is very difficult to resolve optimally
except for very small samples (with a small number of nodes, eg 6 nodes).
Therefore, in these studies, it was aimed to approximate the ILP formulation by
using different techniques or to determine lower bounds. In addition, two intuitive
methods have been proposed in these studies. SPSR (shortest path with maximum
spectrum reuse) uses the first-fit spectrum assignment method. Traffic requests are
handled one by one in order from the highest speed to the lowest speed. The second
heuristic method is BLSA (balanced load spectrum allocation). In another study [17]
is based on the assumption that the speed of traffic demands changes over time. In
this kind of traffic model, it was investigated how RSA problem could be solved and
various algorithms were proposed. This makes the problem more difficult by adding
a different dimension to the problem. The assumption that over time links may have
more or less speed requests can be used to model periodic bulk data transfers

between some applications or data centers.

In another study, as another type of RSA problem, routing, wavelength and spectrum
assignment (RWSA), again by using the ILP formulation [18], tried to dissolve this
problem [19]. This study assumes that the network, only allows connections at
certain speeds (10/40/100/400 and 1000 Gb / s). The RWSA problem was shown to
be a generalization of the RWA problem and the ILP formulation was solved for a
small network (6 nodes). For this reason, RWSA problem has been solved by sub-
problems and it has been tried to be solved by dynamic programming and various
heuristic algorithms. Examining the problem of static routing and wavelength /
spectrum assignment under the assumption that the network has both fixed-grid and



flexible-grid spectrum allocation at the same time [20], and based on the assumption
that there will be gradual transition from WDM networks to flexible optical

networks, it aims to solve the problems in this transitional period.

Studies using routing-based ILP approach the problem, assuming there are k
predetermined paths for each traffic request, in this way, the simplification of ILP is
aimed [21, 22]. Similar decomposition methods were applied in these studies and the
problems of routing and spectrum allocation were solved separately from each other
in a sequential manner. In fact, as the subproblems are interconnected, it is very
difficult to find the best solution in this way, but because simple heuristic algorithms

are easier to develop, sub routing is a preferred method in many studies.

1.4.1.2 Dynamic routing and spectrum assignment

The second group of RSA studies is based on the assumption that the traffic is
dynamic. According to this model, traffic connection requests come one by one, stay
in the network for a certain period of time and end when the life time is over. In this
case, when each connection request is received, it is necessary to set up an
appropriate path and assign the spectrum interval. Thus, network resources are used
dynamically and some resources are used at a certain time while others are free,

resource usage status changes continuously over time.

Due to the real-time problem, the algorithms used for the solution of the dynamic
RSA problem are expected to be simple and give quick results. The proposed
solutions for dynamic RSA can be divided into two groups: One-step methods aimed
at solving the problems of routing and spectrum assignment together and two-step

methods for solving each other separately.

In two-step methods, the approach is first to determine the alternative routes between
the source and destination for each possible traffic request and arrange these
candidate paths in a certain order, Then start the path at the beginning of the list to
determine if there is a suitable spectrum range. The first step here can be solved
offline before traffic requests arrive, so that the candidate paths for each pair of
nodes in the network can be determined in advance and kept in a table [23]. In this
case, the number of alternative routes determined between pairs of nodes is an
important parameter affecting performance. The problem of determining the range of

spectrum in the second step needs to be solved online after the traffic request has
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arrived. Generally, simple heuristic methods, first-fit [23] or random-fit [24]
methods are used to make quick decisions. In addition to these methods, a method
which aims to determine the optimum spectrum interval by using an evolutionary
algorithm has been proposed and the performance of this method has been shown to
be better than the first-fit spectrum assignment method [25]. [26] proposes Spectrum
Continuity, a multi-purpose routing algorithm that conforms to various constraints,

such as the transmission distance of the connection for the routing problem.

Different approaches can be used to the first-fit method in the spectrum assignment.
One approach is to first, route the link through the shortest path then to find a
suitable spectrum interval along the path by the first-fit method. Another method is
finding the k shortest path (with the KSP algorithm) then search for the desired
spectrum width along each path [23]. The second method increases the chance of
success since all the alternative k pathways are tried until the spectrum range is

found.

In single-step methods, sub-problems of routing and spectrum assignment are solved
together and greedy algorithms are mostly used for this purpose. In a study using this
method [27], three heuristic algorithms, Greedy-RWSA, SP-RWSA and K paths-
RWAS, were proposed and complexity and performance analyzes were given. An
important part of this study is to create an auxiliary graph representing the current
state of the network and to make the path finding on this graph. In the study that
proposes two different one-step RSA algorithms [23], a modified Dijkstra algorithm
is used to check whether the spectrum in each new link to be added to the path has
the desired band. The second version of the algorithm aims to find the least cost
route on alternative routes. Another study using a similar modified Dijkstra
algorithm is [28].

1.4.2 Fragmentation

Fragmentation-aware RSA algorithms aim at increasing performance of the blocking
and spectrum usage while solving the problem of routing and spectrum assignment.
The main difference is that when solving the problem, they first define criteria that
can show the amount or degree of fragmentation in the network and try to find the
path and spectrum interval using these criteria. One of the criteria used is the

utilization entropy [29]. These criteria measures vertical fragmentation on a link by
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counting and normalizing the number of neighboring slots in different use cases (in
use or free). A similar criterion to measure horizontal fragmentation, is defined by
following a slot along a path and counting the state transitions whether or not the
neighbor is in use. Another criterion used is the "fragmentation rate" [30]. This ratio
is calculated by considering the number of slots available on the links and the size of

the largest number of consecutive slots in the free state.

Fragmentation-sensitive methods can be examined in two groups as fragmentation

prevention and fragmentation corrector.

In case of fragmentation prevention methods [31, 32], when the connection request
comes, it is attempted to assign the spectrum and route to prevent or minimize
fragmentation. The main reason for fragmentation in flexible optical networks is the
ability to establish connections at different bandwidths, [32] thus comparing four
different spectrum assignment methods. In the full sharing method, the entire
spectrum can be used by all connections according to the first-fit method. In semi-
partitioning, if the bandwidth of the connection request is low, starting from one end
of the spectrum and if the bandwidth of the connection request is high, the
assignment is made from the other end of the spectrum. In the dedicated partitioning
method, the spectrum is divided in a strict manner according to the bandwidth, and
each connection request is directed through the spectrum in the section according to
the bandwidth. In fact, it is intended to eliminate the fragmentation at the same
velocity by grouping the links in the spectrum. Finally, in the shared partitioning
method, high-speed connections are allowed to share the partition of low-speed
connections. In the study, it is shown that the performance of the last two methods is

better than the previous two in terms of preventing fragmentation.

In another similar study [33], it is recommended that the spectrum be divided into a
number of successive slot groups and that each slot group is separated into a pair of
source-arrival node. Thus, each node pair is dedicated slot groups. Any slots that not
allocated for any pair of nodes can be shared between incoming requests. It has been
proposed in the study, two heuristic methods [34], which make the decision of
spectrum assignment according to the current fragmentation status of the network.
The Maximize Common Large Segment (MCLS) algorithm proposed in the [35],
finds candidate paths for a connection and examines the slots used in the links on

these paths. The method basically aimed at, if the desired connection is established
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on which alternative route, guarantee the existence of more slot groups on the paths
and neighbors in the new state of the network, which still indicating continuity
property.

In a study aimed at preventing fragmentation depending on the distribution of traffic
[36], It has been proposed to assign to links in the best possible way using
probability rules of spectrum sources. In this way, it is aimed to reduce the blocking
probability. In this study, which uses only fixed routing algorithms, a spectrum range
of a given size (called a block in the study) has been defined as the expected
capacity-EC, which is used in the proposed RSA algorithms.

The purpose of the methods of eliminating fragmentation is to perform
defragmentation periodically, taking into account that fragmentation is inevitable in
dynamic traffic. In spectrum defragmentation, the aim is to modify the assigned
spectrum of the existing connections to bring together the unused spectrum intervals
in the links as much as possible, thereby increasing the number of consecutive slots
in the free state. This arrangement is expected to reduce the probability of new future
connection requests being rejected due to lack of resources. Spectrum
defragmentation can be followed by two different strategies: periodic and connection
triggered. Periodic defragmentation methods are run after a certain time or when a
number of connection requests are received to the network. Since periodic
defragmentation covers the entire network in general, there is the possibility that
most of the connections in the network will be affected or even short-term
interruption. For methods triggered by the connection, if a suitable path and
spectrum are not found for a new connection request to the network, it is intended to
defragmentation the relevant links. Because the editing will only be on a group of
links, the overall network is not expected to be affected. As a local defragmentation

is made, the positive effect will be limited.

A study reviewing the network fragmentation problem is given in the [19]. One of
the recommended methods is to use the least number of slots as a result of the new
arrangement when performing spectrum defragmentation. However, this method can
only be implemented with an offline algorithm and it is not considered how the
existing connections will be affected. In the same study, the second proposed method
IS to minimize the number of interrupted connections. The problem was formulated

with ILP and also heuristic approaches were proposed.
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In another study [28], a link-triggered method was proposed. When a new
connection request is received, an RSA algorithm is executed first, if the appropriate
path and spectrum range for the new connection cannot be found, the
defragmentation algorithm is activated. It is aimed that the existing connections on
the selected path will be affected minimum during the defragmentation. The
proposed heuristic method was designed using the GRASP (greedy randomized
adaptive search) technique. In another similar study [37], a heuristic algorithm has
been proposed which aims at minimizing the number of connections affected by
defragmentation. Another connection triggered by the connection [38] uses an
auxiliary graph in the design of the decomposition algorithm. The problem is tried to
be solved by reducing the problem of finding the maximal independent set on this

graph.

[39] proposes a two-step spectrum defragmentation method. If the path assignment
for an incoming connection request cannot be made, the spectrum range is
determined in the first stage by an heurisitic algorithm to cause the least conflict on
the path. In the second stage, the problem of assigning the new spectrum range, to
the connections to be affected by the change, is modeled as a bipartite matching
problem. If perfect matching can be found, the existing links are moved to the new
spectrum ranges and the new connection request is first assigned to the selected

spectrum range.

It has been proposed by a study [40] that is triggered by the connection but aims to
select the most appropriate spectrum defragmentation time. It is aimed to increase
the usefulness of spectrum defragmentation. For this purpose, two metrics have been
defined, including the spectrum integrity on the link and the spectrum integrity
across the network. In another study, it is aimed to develop algorithms that can
decide when, how and on which links to apply the spectrum grooming [41]. It has
been shown here that only about 30% of the connections in the network can be

reduced the connection blocking rate by redirecting.

A number of hitless spectrum defragmentation methods have been proposed by [42].
This study is based on the HOPS (hitless optical path shift) technique proposed by
[43]. One of the recommended methods is that when a connection in the network is
terminated the other connections on the links which the terminated connection is

passed, move as far as possible to one side of the spectrum,
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so as to leave the other side of the spectrum as empty as possible for future
connection requests. In another algorithm, a simple heuristic RSA algorithm is run
when a new connection request is received, and if the connection cannot be
established, spectrum defragmentation is made on the path. Another hitless spectrum
defragmentation method is proposed by [44]. In this study, spectrum
defragmentation was shown experimentally and it was discussed how to adapt
OpenFlow protocol. Another hitless defragmentation has also been proposed by [45].
In this study, two different spectrum retuning methods were compared: spectrum
sweeping and spectrum hop. As a result of the simulation studies, it has been
suggested that the spectra technique gives better results in terms of network

performance.

1.4.3 Fairness in elastic optical network

In general, the blocking probability of a request depends on the amount of slots
requested, so requests that require more slots are more likely to be blocked than low
slot requests. The reason for this problem is spectrum contiguity, which makes it
difficult to find a large number of idle adjacent slots compared to finding a few idle
adjacent slots. The fairness problem in EON has been studied in several studies [46-
48]. In [46] the authors follow an additional performance indicator to measure the
level of fairness experienced by two types of demand, each requiring a different
spectrum bandwidth size. the proposed method is two-rate EONSs, in which the
solution is to divide the slots into two groups. One group is for one slot requests, and
the other is for n-slot requests. In [47] Elastic optic networks address different types
of traffic services fairness and accordingly, a fairness sensitive spectrum allocation
scheme was proposed. This study proposes two methods for the problem,
Progressive Allocation & Dynamic Reallocation (PADR) and another algorithm that
can minimize the blocking probability, Partial Sharing, Progressive Allocation &
Dynamic Reallocation (PSPADR). The proposed method in [48] is routing based
trunk reservation which some trunk reservation algorithms are used and added some
constraints for requirement of a continuous slots. In this paper we proposed two
methods for this problem, by setting start slot for requests. It is expected that by
reserving slots for each request individually while increasing fairness it has

significant impact in reducing the blocking probability.
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1.4.4 Grooming

The first group of studies [49, 50], which aims to solve the problem of routing and
spectrum assignment by taking traffic grooming, represents the problem with MILP
formulation [51-53]. The objective function of optimization is to minimize the total
number of slots used on a link. However, in dynamic traffic, fast-running heuristic
methods should be preferred because it is necessary to address the problem online. In
the first study [51], ring-structured topologies were considered and an ILP
formulation was designed. In addition, two heuristic algorithms, one aiming to
reduce the amount of spectrum used and the other to reduce the number of used
transceivers, have also been proposed. The second group is based on heuristic
methods. Such a study was conducted by [54]. In order to model the problem, a more
detailed auxiliary graph was used instead of physical topology. In this diagram, each
node in the network consists of different layers; the receiver / transmitter layer
represents the optical-electrical signal transformation (this layer also represents the
node's grooming ability), while the spectrum layer shows ready-to-use spectrum
ranges. Since the auxiliary graph shows the current state of the network in terms of
resource usage, when a new connection request is received, the path and spectrum
range to be assigned are determined by running the shortest path algorithm on this
graph. In another study [55], by defining spectrum engineering, it was shown how a
node architecture might be in a network including traffic grooming and a traffic

grooming algorithm was given.

In a study [56] combining traffic grooming method with multipath routing, it
recommends that if the incoming request cannot be established with a single
connection, it should be divided into multiple paths. Candidate paths are pre-
determined with a K shortest path algorithm and kept in a list, in other words, it has
been tried to simplify the solution by making the routing through fixed candidate

paths.
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2. FLEXIBLE SLOT ASSIGNMENT MODEL

As the problem of routing and spectrum assignment is known to be NP-complete
complexity [33], the proposed approaches for solving this problem focus on finding
solutions as close as possible to the optimum solution instead of the optimum
solution. The proposed approaches can be divided into two groups. The first is the
mathematical formulation of the problem. In these approaches, integer linear
programming (ILP) method is used. Several ILP formulations have been given in
the literature [22, 27, 33, 57], and various simplification approaches to the solution
of these formulations have been proposed, such as splitting into two or more stages.
The second group consists of heuristic approaches. Simple heuristic methods have
been proposed, which are mostly fast solutions (brute force methods), but some
studies have used advanced heuristic methods [25]. Since heuristic methods are the
most appropriate approach to solve the problem in practice, most studies focus on
this aspect. Because of the high complexity, ILP formulation and optimization are
generally used for performance comparison or evaluation as it can achieve full

solution in very small networks.

When the fragmentation and traffic grooming problems are added to the RSA
problem, the complexity increases. Similarly, approaches can be divided into two
groups as ILP-based [53] and heuristic [54].

In general terms, the performance of the proposed methods in the literature is
examined by performing parametric changes in itself, but many methods are not
analyzed and critically evaluated. Another observation is that there is no intensive
effort to model the problems in the flexible network and that the graphical models

used for representation are limited and similar.

In this thesis, it is aimed to develop various heuristic approaches to solve the
problem. In these approaches, it is recommended to make grouping based on the

common features of connection requests.
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In the proposed problem, connection requests are sent to the network one by one in a
random order. Whenever a request is received, a decision is made based on the
current situation of the network and the path through which the link is established
and which range of the spectrum is decided. In order for this decision to be made
quickly, the complexity of the proposed algorithms should not be high. Therefore,
the four different approaches proposed above have to be transformed into fast
working heuristic algorithms. An important component of the thesis is to determine

the most appropriate and good result among different algorithm design techniques.

Flexible optical networks allow the optical fiber to be used for channels in the
desired bandwidth by dividing the usable spectrum of the optical fiber into smaller
pieces, ie slots, and combining several successive slots. Thus, a more flexible and
more efficient slot sharing model is available for operators. Each slot is a spectrum
part of equal width (for example 12.5 GHz), and it is possible to carry approximately
300-400 slots on a single fiber. The ability to combine several slots allows the
separation of only a sufficiently wide spectrum to match the bandwidth of the
incoming connection requests. Thus, the available spectrum range can be avoided by
wasting more than the connections needed. This basic design objective provides
theoretically important gains. In practice, however, there are some obstacles to the

realization of such a system.

An important challenge is the modeling problem that is so flexible that the spectrum
can be used. In conventional WDM systems, each wavelength includes, for
example, a 50 GHz bandwidth and the center frequencies determined by the
standards known as ITU-grid. Each wavelength can be assigned to carry a single
communication channel. It is not possible to combine two wavelengths side by side,
so there is no interaction between the wavelengths and there is no relation between
them. In this respect, each wavelength can be seen as a separate / independent layer
in all the fibers in the entire network. Thus, most of the time WDM networks are
represented by a multi-layered data structure representing a wavelength of each
layer. Each layer has a complete topological copy of the network, and each layer is

independent of the others if the network does not contain wavelength converters.

However, such a model cannot be used in the context of flexible optical networks.
The main obstacle to this is the interaction between slots. A slot can be used alone or
it can be used as a separate channel by combining with the left or right side. That is,
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each slot cannot be an independent layer. One of the objectives of this thesis is to
develop a model that can represent dependencies between these slots. In the model
laid down, a structure representing the use of each slot and possible slot groups

should be established (depending on a certain section of the time).

The model proposed here is a layered representation of the network structure at a
given moment. If the connection requests in the network come dynamically, remain
in the network for a certain period of time, and leave the network at the end of this
period and release the resources, the model shows the slot groups currently being
used in the network. In addition, the information of slots not currently used should
be kept. Thus, it will be possible to use the model directly by the routing and
spectrum assignment algorithm. An important advantage of this model is that the

network status can be expressed visually.

2.1 Single Link Model

A single link model will be used to represent slots on a single fiber. Then this model

will be generalized on the network.

The number of slots that can be carried on a single fiber, and the bandwidth of each
slot is fixed. The recommended slot widths in the literature are mostly 12.5 GHz or
6.25 GHz. Connection requests to the network can have different bandwidths: 40 Gb
/'s, 100 Gb /s, 400 Gb / s. In order for these requests to be met, multiple consecutive
slots must be used in groups. For example, a 35 or 37.5 GHz band is sufficient
depending on the modulation format for a 100 Gb / s connection request. In this case
3 slots with 12.5 GHz or 6 slots with 6.25 GHz must be used.

When the studies in the literature are examined, it can be seen that the total number
of slots that can be carried on a single fiber is accepted between 32 and 400. The
existence of such a large number of ranges is due to the acceptance of different slot
widths and different modulation techniques. Similarly, some assumptions are made
for the bandwidths of the different connection requests to the network. The number
of slots to be allocated to a connection request has been determined to be between 1
and 32 in many studies. However, the bandwidth of the requests generally shows

two different patterns.
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For requests of the first type, the bandwidth request of an incoming connection may
fall against any number of slots between 1 and k. In this case, it is considered that
the bandwidth of the incoming traffic is uniformly distributed between the slot 1 and
the k slot. In this study, the number of k is 4, 10, 16 or 32.

For the second type of requests, the bandwidth requirement of the connections can
be expressed in multiples of two. A new connection request can be made with 1, 2,
4, 8,..., slots. The upper limit of the number of slots that can be used in such

requests is mostly 8, 16, or 32.

The model developed in this thesis is explained in the following examples based on
the traffic models described above. In fact, however, the proposed model is generally
flexible to adapt to any type of traffic request and slot usage pattern. For this reason,

acceptances in the given examples should not be considered as restrictive.

Another issue to be considered here is the spectrum ranges known as the guard band.
In general, it is envisaged that 1 or 2 slots are left blank to prevent marking in the
two adjacent communication channels. It is assumed in the literature that in some
studies a fixed empty slot space is left in this way. In another group, assuming that
the guard band will be included in the slot group assigned to the channel, number of
slots is assigned to 1 or 2 more than enough number of slots for incoming requests.

The proposed model is suitable for both types of studies.

2.1.1 Uniform requests model

First assume that a connection request can be met with a single slot, and there are T
slots in a fiber. In the network which there is no connection, all the slots on a fiber
can be used to establish this connection from so to st-1. If the incoming connection
requires 2 slot widths, then two adjacent slots should be used: For example, so and s1
can be connected together or s1 and sz can be used together. The dependency
between the slots used in this way starts to create additional obstacles that do not
occur in a single slot for new future connection requests in the network. The use of
So and s1 together for a connection will prevent the installation of another two slots
on, for example, s; and s.. This dependence between the slots is mathematically
opposed to a semi-lattice structure. This relationship between the slots on a link can
be modeled using a semi-lattice structure, where the set of all sets of neighbor slots

form a partially ordered set.
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Description 1

The slots of the spectrum in a fiber are expressed as So, S1, S2, ..., sT-1. The maximum
number of slots that can meet the maximum bandwidth of incoming connection
requests is k. Use s;, j to represent the set of consecutive slots starting from the slot s;
and ending with the s;. In this statement i <j, in this case si, j ={Si, Si+1, Si+2, ..., Sj}-

According to these definitions:

L ={so, S1, S2, ..., ST-1,

S0,1, S1,2, +.., ST-2,T-1,
S0,2, S1,3, ..., ST-3,T-1,
SO,k-1, SL,Ky S2,k+1, -+-» STk T-1} (2.1)

L is a partial ordered set. In addition, the set intersection N, together with the cluster

combination U , is a semi-lattice of the structure <L, N, U>.

The Hasse diagram of this half- lattice can be used to show the dependencies
between adjacent slots. In other words, all possible slot groups can be represented in
this diagram, and the dependency between them can be visualized using this diagram

and used as a data structure.

For example, a diagram consisting of only 4 slots (T = 4) and maximum number of

slots that can be used together is 4 (k = 4).

Figure 2.1 shows the diagram of this example system. Here, each node (shown by
the round) shows an element of the set L, ie a set of slots that can be used
individually or together. A distinction between the two nodes si, j and sl, m (1 <1and
j <m) means that the spectrum interval [i, j] is a sub-interval of the spectrum interval
[1, m]. Therefore, these two spectrum ranges are interdependent. The diagram
consists of k levels representing groups of 1, 2, ..., k slots. The lowest level includes
single slots, the second level above it contains groups of 2 slots, so that each level
contains a set of slots of that number. The lowest level includes single slots, the
second level above it contains groups of 2 slots, so that each level contains a set of

slots of that number.
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Figure 2. 1. Model for uniform requests. T=4, k=4

When a connection request is received, a new slot set is assigned to that connection
request. It is not possible to assign that slot group to another request until this
connection is terminated. This makes the single slot nodes representing the slot
group in the diagram and all upper set of those nodes unusable. For example, in
Figure 2.1, consider the slot s; assigned to a link. In this case, S1, So,1, S1,2, So,2, S1.3,
and so3 nodes show the slot groups that cannot be assigned to future connections in
the future. To illustrate this situation in the diagram, these nodes and related details
can be deleted or marked as unavailable. When these nodes are deleted, the rest of
the diagram is divided into two parts, one part consists of so nodes, the other part

consists of nodes sz, s3 and s2.3. This effect also represents the fragmentation.

2.1.2 Power-of-two requests model

Similar to the previous one, the semi-cage structure of the slot groups can be used. In
this model, the partially ordered set, is defined as the set of all possible slot groups

where the number of elements is a power of two.
Definition 2

The slots of the spectrum in a fiber are expressed as So, S1, S2, 1, ST-1. The maximum
number of slots that can meet the maximum bandwidth of incoming connection
requests is 2°. Use si, j to represent the set of consecutive slots starting from the slot s;

and ending with the s;. In this statement i <j, in this case si, j ={Si, Si+1, Si+2, ..., Sj}.
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According to these definitions:
L ={so, S1, S2, ..., ST-1,
S0,y 81,2, -+, ST-2,T-1,

S0.3, S14, ..., ST-4,T-1,

P+1

S027, 5127, 227, L, T2 T} (2.2)

L is a partial ordered set. In addition, the set intersection N, together with the cluster

combination U, is a semi-lattice of the structure <L, n , u>.

The diagram consists of a exactly p+1 levels, one for each value of 0,1,....p. A
simple example of this model is given in Figure 2.2 for a spectrum of 4 slots and a
fiber where the largest bandwidth is 4 slots, ie 22.

In this example, the model consists of 3 levels. So 3 is the slot group representing the
entire spectrum. Because the maximum bandwidth request covers all of the
spectrum, the set of sp3 can also be assigned to a connection. In a more realistic
system, for example, for a spectrum of 300 slots, the top nodes will consist of groups

of 2P slots. If P = 5, the whole diagram will consist of a total of 6 levels.

Figure 2. 2. Model for Power-of-two Requests. T=4,P =2

2.2 Generalization Model for Network

The fiber model described in the previous section can be adapted to represent an
entire network. In this way, a new layered model can be formed to represent the use
state of the spectrum slots of a flexible optical network and the dependencies of the
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slot groups. In this model diagram, each node represents a certain group of slots in

the entire network.

Assuming a simple 4 node mesh topology shown in Figure 2.3, the proposed
network model is given in Figure 2.4. Diagram nodes representing the single slot are
at the first level, ie at the lowest level. In general, groups of i slots are at the level i.
In this example, the connection requests are assumed to be uniformly distributed

between 1 and 4 slots.

W N E
Q O

5

Figure 2. 3. 4-node mesh topology.
A node in the diagram contains a copy of the entire network topology. This topology
knowledge can be represented by a simple neighborhood matrix structure. If the slot
spacing (set) to which the node is related is in use on a fiber or is empty, the value of
the corresponding matrix element is appropriately changed. As the dependencies
between the slot groups are indicated by the diagram, the use of a slot group requires
updating in the corresponding matrices in all the dependent groups. However, this is

an easy process due to the structure of the diagram.

In Figure 2.4, for example, node s1,2 holds information about the use of only slots s;
and sy in the entire network. If W-E is connected between W-N- E using s1 and sz
slots, it can be specified that the W-N and N-E distances of the network in node s>
are deleted / marked so that this slot group is no longer suitable for another

connection.
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Figure 2. 4. Model representing the 4-node network in Figure 2.3.
2.3 Using the Model for Routing and Spectrum Assignment

The developed model can be used in both static and dynamic routing and spectrum
assignment situations to represent the use of slots in the network at a particular time.
Static routing and spectrum assignment methods can be used if incoming connection
requests in a network are known in advance for a certain period of time. In this case,
optimization methods that can handle all the connections at the same time can be
used to determine the optimal configuration for establishing a large number of
connections in the network. However, since this problem is NP-difficult, it is
preferable to use heuristic algorithms instead of methods such as integer linear
programming. Such heuristic methods are based on the principle of setting the
connections one by one by ordering them according to a certain criterion. In this

case, the proposed model will be useful to show the use of network resources.

In the case of dynamic traffic, the connection requests are assumed to come to the
network one at a time and randomly. The appropriate route must be found for an
incoming connection request and the selected slot groups on this path must be
reserved. In doing so, only the current state of the network is checked. Therefore, a
data structure that keeps the network state up to date can speed up routing and

spectrum assignment algorithms.

The proposed grid structure can easily be converted into a dynamic data structure.
The dependencies between the nodes in the diagram can be implemented with

pointers between nodes in the data structure.
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An example of how to use the data structure is given in Figure 2.5. In this example, a
spectrum interval of 4 slots is assumed, and dynamic connection requests are coming
on 4-nodes sample topology. Connection requests are uniformed distributed, and
bandwidth requests range from 1 to 4. The first-fit slot assignment is used as a
method of spectrum assignment. Connection requests come in two directions.

initially, there is no connection in the system, so all slots are empty. This is
equivalent to the structure of Figure 2.4. First, there is a bandwidth request of 1 slot
between the nodes W, S. As the first-fit method is used, firstly it will be checked
whether there is a path using slot so. If there is no path between W and S using the
slot so (due to the connections in the network, this slot is not empty), a path using the
slot sy is searched. In this way, the first slot, which has a suitable path, is assigned to
the connection. In the example, because the network is still empty, there is a path for
the slot sp as a result of the path search on the topology in node so in the model. This
path (W-N-S) is shown in blue.

Figure 2. 5 Model for establishing two different connections.

Once the connection is established, the model needs to be updated. The two links to
which the connection is passed, W-N and N-S are removed from the topology in

node so, this is indicated by the red 'X'. Because slot so is no longer idle in these two
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fibers, some slot groups are no longer available. These groups are nodes forming the
upper set of node So, ie So.1, So.2, and So.3. This upper-set is represented by dotted blue
ellipses. On these nodes, the segments representing the same fibers were removed

from the topology.

Assume that a second connection request (S, E) comes between the nodes, this
request bandwidth requirement of two slots. Two slots bandwidth are represented at
the second level in the model. Therefore, the routing algorithm will start from node
So.1 on the leftmost. The search on the topology on this node will not find a path,
because the previous connection used the slot so in the corresponding fibers, and
these links were deleted. Then the path s1is searched and S-N-E path is found. This
path is shown by green color in node s12. The second connection is established on

this path using slots s; and s».

After the second connection is established, the data structure must be updated again.
For this, the links S-N and N-E used by the connection in s, S2, and 6 nodes (dotted
in green in the Figure 2.5) forming the upper set of these two nodes should be

deleted from topologies. Figure 2.5 shows the situation after deletion of these links.

When a connection ends, the slots used must also be released along the path assigned
to the connection. To do this, the first level nodes representing the slots used by the
connection and the nodes representing all the slot groups forming the upper set of
these slots must be added to topologies again. The upper set of a node is easily
accessible using pointers upwards. The details of this process are given in the section

Implementing the model.

An important advantage of this model is that it reduces the complexity of routing and
spectrum assignment algorithms by the number of slots. In conventional models, if a
connection uses a slot, there must be a path on the network topology, then a suitable
slot interval must be set along the selected path. To do this, it is necessary to check
that the consecutive slots are available along the path. In the proposed model, groups
with the appropriate number of slots are represented by nodes at the same level. It is
enough to find a route in a group, because finding a route also shows that the slot

group is available on that path.
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2.4 Memory Requirement

Reducing the complexity of the proposed model is actually achieved by using more
space in memory. However, the space used is practically reasonable even for
realistic networks. A simulation program has been prepared in C ++ to implement
and test the model. Each node of the structure contains a copy of the topology. This
copy is represented by a matrix. Assuming that the number of nodes in the network
is N, the total required field with additional information fields is N? + 18 octave per

model node.

The number of nodes in the model is calculated for two different connection request

types.

For uniform connection requests, assuming that the bandwidth of a connection varies
between 1 and k slots, and the total number of slots in the spectrum are T, the model
has a total of M nodes which is calculated based on Equation 2.3.

M= [T -] (2.3)

For Power-of-two connection requests, assuming that the bandwidth of a connection
varies between 1 and 2° slots, and the total number of slots in the spectrum are T, the

model has a total of M nodes which is calculated based on Equation 2.4.
M=T/P+1)— 2Pt +p+2 (2.4)

To give an example, for uniform connection requests, in a 15-node network, in a
case where the total number of slots is T = 400 and the maximum bandwidth is k =
16 slots, the model consists of 6280 nodes. The entire model needs approximately
1.46 MB space. For a network topology consisting of 50 nodes, for example, this
amount will be approximately 15 MB.
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3. ROUTING AND SPECTRUM ASSIGNMENT

The developed simulation program was used to examine the performance of various
routing and spectrum assignment methods. These methods are briefly described
below. All methods are based on heuristic approaches because of the difficulty of the
problem. The best solution to the problem is based on the simultaneous resolution of
the routing and spectrum assignment, but in the literature, these two parts of the
problem in the heuristic methods are separate. the solution is reached more easily.

The solutions obtained for this convenience will often not be optimal.

3.1 Routing Algorithms

When a connection between two nodes has to be established, it is generally preferred
to use the shortest path. In the case of dynamic traffic conditions, that is, when the
connection requests are received and installed one by one, two basic approaches are
proposed: static routing and dynamic routing.

Static routing means that the shortest path between each pair of nodes is calculated
and retained in a table. In this way, the same shortest path is always used between
the two nodes and the current resource utilization of the network is not considered.
The advantage of this method is that a routing algorithm does not run for each
incoming connection request. Complexity is greatly reduced in this way. However,
the fact that the static method does not consider the state of the network creates a
significant problem. If the source is not available in the single selected path, ie if the
desired bandwidth is not found, the connection is blocked. In this case, a new path is

not searched and the connection is rejected.

In order to eliminate the disadvantage of static routing, Alternative Static Routing is
proposed. In this method, instead of a single path, there are more than one shortest
path. The shortest path between each of the two nodes in the network is kept in a
table beforehand. When the connection request is received, the first link is looked at,

if there is an appropriate bandwidth on this path, these slots are assigned to the
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connection. If the appropriate number of slots is not found, the second-row path is
attempted. In this way, k path is tried in order until a path can be found. If no slots
are found in any path, the connection request is rejected. Alternative static routing is
often a preferred method. It eliminates the additional processing load caused by
dynamic routing and removes the negative impact of the single short path in static

routing by offering a large number of alternatives.

The dynamic routing method runs the routing algorithm based on the current state of
the network whenever a connection request arrives, with no need to find any path
beforehand. With the additional workload, the dynamic method is actually much

more flexible and the links are less likely to be rejected.

When the studies in the literature are examined in detail, it is seen that alternative
static routing is used in most of them. In the thesis, firstly, comparisons were made
about the static and dynamic routing and the number of k in the alternative static
routing. For this purpose, various alternatives have been tried for K-short path (KSP)

routing.

Dijkstra algorithm is used for dynamic routing. Here, when each connection request
is received, the topology in the node of the corresponding slot group is searched, if
the path is found in the search result in this topology, there is no need to check

whether the slots are suitable. This is an important advantage of the model.

3.2 Spectrum Assignment Algorithms

3.2.1 First-Fit

The second problem in connecting is to assign a suitable slot interval. For this, the
most preferred method in the literature is first-fit (FF) method. Although many
wavelength assignment methods have been proposed for conventional WDM
systems, the first-fit method is almost always the preferred wavelength assignment
method, as it is the easiest to implement and performs as well as the others.
According to the basic mode of operation, the first wavelength of the spectrum is
tried to be assigned, if this wavelength is not suitable, the second is tried, so that all

spectrum are tested until a suitable wavelength is found.
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The first fit method can also be easily implemented for slot assignment. The
difference is that for a connection using more than one slot, the slot groups are tested
one by one. The difference is that the next slot interval of the slot groups is tested for
a connection using more than one slot. For example, for a connection using two
slots, first check if sp and sy slots are suitable. If even one of them is not available,
the next slot interval, namely s; and sz slots, is tried. In the performance analysis, the

first-fit slot assignment method was used as the base algorithm for comparisons.

3.2.2 Most Used Slot (MUS)

The reason for the success of the first fit method is to stack the used slots towards
the left side of the spectrum as much as possible. Thus, for future connection
requests, free slots are maintained towards the end of the spectrum. Another method
that adopts this approach is the most used slot method. Before deciding which slot
group to assign to the link, it is first necessary to keep track of how much all slot

groups are used across the network.

Therefore, when each connection is established, the number of times the slots used
are kept in a table. The slots are then sorted from the most used to the least used and
are attempted to be assigned to the connection in this order. If the slot group that
starts with the most used slot is not available along the connection path, the group

starting with the second most used slot is tried.

3.2.3 Least Used Slot (LUS)

In this method, which is the exact opposite of the MUS method, the aim is to ensure
that the slots assigned to the connections are used in equal amounts as possible. This
method always attempts to assign the least-used slots to the link. Thus, no slot group
is used more than others. The advantage of this is to ensure that there is an unused
amount of resources left in each system. It is thought that equal distribution of
resources will ensure that no slot group is completely blocked. Generally, the
performance of this method is lower than MUS method. Nevertheless, it is used in

comparisons because it is among the basic methods.
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3.2.4 Equal Opportunity Slot Assignment (EOSA)

A new slot assignment method developed is a peer-to-peer slot assignment. In this
method, the slots are evaluated in groups, not individually. The aim is to make the
assignment at regular intervals as much as possible, minimizing the problem of
fragmentation when slots are assigned. Accordingly, the starting slot number is
determined by looking at how many slots the incoming connection request needs.
For example, if the number of slots request is 8, the starting slot is numbers that can
be fully divided into 8.

In the EOSA method, the following conditions apply when selecting the starting slot

number of a connection:

[u—y

: for p=0 to MaxSlot do:
2: if width < (1/2) mazwidth then
if (p%mazwidth = 0)||
(p%omazwidth = 1/2 (mazwidth) - width) then
: startslot = p
5: if (width = (1/2) mazwidth)&&
(p%(1/2) mazwidth = 0) then

w

6: startslot = p

/6 else

8: if (p%mazwidth = 0)||
(pPomazwidth = mazwidth - width) then

9: startslot = p;

10: end for;

11: if no slot interval is available for the request

12: Request is blocked

Where width is the number of slots in which the connection request is, the startslot
represents to the starting slot number. The slots are numbered from 0 to T-1. A table

showing which bandwidth can start from which slots are given in Table 3.1.

In Table 3.1, each row shows the number of slots in which the connection request is
made, and the columns indicate slot numbers from 0 to 15. If the spectrum of a fiber
consists of, for example, 300 slots, this table shows each group of 16 slots. The X
marks in the table indicate which slot is the starting slot. For example, a connection
that requests 5 slots can be assigned to a group starting from 0 or 3. Similarly, slots

16, 19, 32, 35,... may also be selected as starting slot.
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Table 3. 1 EOSA method: the starting slots that can be assigned according to the slot
number of the connection request.

starting slot number

01 2 3 456 7 8 9 10 11 12 13 14 15
1 x X
2 X X

3 X X

4 X X
QSX X
2 ]6 Xx X
17 x x
S |8 x X
S19 x X
2 |10 x X
Lg,_-llx X
5112 x X

13 X X

14 X X

15 X X

16 X

This method aims to place the desired slot numbers properly on the spectrum. For
example, in Figure 3.1 two connections with 1 slot and 7 slots can be placed side by
side in a group of 8 slots to complement each other. Similarly, connections requested
for 2 and 6 slots, 3 and 5 slots... also integrate each other into 8 slots. As a result, the
spectrum is used efficiently as much as possible. Also by preventing the creation of
empty slots the fragmentation problem gets minimized. For connection requests
wider than 8 slots, there is no such completion. This is to reduce the blocking

probability in high slot number connections as much as possible.

Figure 3. 1. Two connections with 1 slot and 7 slots integrate each other into 8 slots.

Another assumption is that the number of slots for connection requests may be any
value between 1 and 16. This very general acceptance can be changed appropriately
if the system parameters are different. In this case, the EOSA method should also be

changed in slot assignment conditions.
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3.2.5 Nigh Fair Slot Assignment (NFSA)

The main objective of this algorithm is to solve the fairness problem in different
bandwidth requests without increasing the blocking in the network. The basic idea in
this method is to divide each group into two equal parts, the first part acts as EOSA,
and the second part follows First-Fit algorithm. When a request arrives, the
algorithm decides whether the bandwidth of the incoming connection request
exceeds a predetermined threshold value. For example, the threshold value is up to
half of the maximum allowed bandwidth (the size specified by maxwidth in the
algorithm). If the request for a connection is less than the threshold value, the slot
groups are scanned starting from the first slot of the spectrum, as in the first-fit
method, and the first appropriate range is assigned to the new connection. If the
bandwidth is greater than the threshold value, then the slot interval is assigned as in
the EOSA method.

in order to be seen more clearly, in a network where the maximum bandwidth

request is 16 slots, Table 3 showing which bandwidth can start from which slots.

Table 3. 2 NFSA method: the starting slots that can be assigned according to the slot
number of the connection request.

starting slot number

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1

2

3

4
95
3| 6
3|7
S 18 «x X
S19 x X
2|10 x X
éllx X
> 112 X X

13 x X

14 x X

15 x Xx

16 x

In Table 3.2 , each row shows the number of slots in which the connection request is

made, and the columns show slot numbers from 0 to 15. If the spectrum of a fiber
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consists of, for example, 300 slots, this table shows each group of 16 slots. The X

marks in the table indicate which slot is the starting slot.

In this algorithm, MaxSlot is the total number of slots in the fiber, width is the
number of slot request, maxwidth and startslot are the maximum possible number of

slots in a request and the starting slot number to be assigned, respectively.

The NFSA Algorithm is given below.

. for p=0 to MaxSlot do:
if width > (1/2) mazwidth then
if pY%mazrwidth = mazwidth - width then
startslot = p;
if (width = (1/2) mazwidth)&&
(p%(1/2) mazwidth = 0) then
startslot = p
else
Select one among them according to
First-Fit algorithm
10: end for;
11: if no slot interval is available for the request
12: Request is blocked

The proposed EOSA and NFSA methods are designed based on the assumption that
the number of slots for incoming connection to the network is uniformly distributed.
In fact, if the distribution of slot numbers is known, different assignments can be

made according to the starting slot numbers.
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4. IMPLEMENTATION (SIMULATION STRUCTURE)

Simulation program has been developed in C ++ in order to implement and test the

model. The program consists of the following components:
- Traffic generator: Generates random connection requests in desired distributions.

- Event list and event handler: Controls event-based and time-dependent operation of

the simulation.
- Connection handler: Coordinates about creating and removing connection requests.

- Network class: Holds the information of the network and includes the procedures

for managing them.

- Topology class: maintains physical resources information and includes procedures

for management. The data structure of the model is also part of this class.

The structure of the model consists of dynamically interconnected nodes (Figure
4.1). In a typical node, the slot interval includes the number of start and end slots, a
matrix representing the network topology, and four pointers: upleft, upright,
downleft, and downright. The entire model is created by the combination of these
nodes. The dependency slot groups are interconnected with pointers in the nodes.
This makes switching between nodes easier. In particular, it is important to easily

switch to the top-sets of the slots.

hY e

< 71
upleft upright
start| end
slot | slot
i j
downleft | downright

v N

¥ RN

Figure 4. 1. Node of the model.

topology
matrix
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When a connection is established, the node to a slot group containing the desired
number of slots is first taken. Using a routing algorithm (Dijksta, etc.) on the
topology in this node, a path is searched for between the two ends of the connection.
When a path is found, this slot group must be assigned to that connection. When a
path is found, this slot group must be assigned to that connection. To do this, go to
the bottom, that is to the first level slot nodes, by scanning all the nodes between the
first and last slots of the slot group, to erase the distances on the selected path from
the topologies in each node. After the individual assignment of the slots, the same
process must be done in the upper-set groups. For this, all levels are scanned from
the second level. For example, if the first assigned slot number is i, the first node to
go at the second level is the node that can be accessed with the upleft pointer. The

remaining nodes can be scanned from left to right when going to a higher-level node.

A similar method is followed when removing a link. The connection is removed
from the first level nodes of the slots used by the connection ie the used links are
replaced in the respective matrices. Then, the relevant nodes at the upper levels are

scanned and these links are added to the matrices again.
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5. EXPERIMENTAL EVALUATION

Detailed analysis of the routing and spectrum assignment methods described above
has been done through the simulation program. The purpose of this study is to
examine each method on the basis of connection blocking probabilities and to make

sense of what can be improved.

5.1 Experimental Environment

For the experiments, network topologies with different properties (node number,
edge density) were selected. Two of them are the North American topology (NSFNet
and USNet), both of which are European continent topologies (COST239 and
COST266). These topologies are physical networks frequently used in similar

studies in the literature.
The characteristics of topologies are given in the table 5.1

Table 5. 1 Network topologies

Topology Number of ~ Number of  Average Node
nodes edges Degree
NSFNet 14 21 3
USNet 24 43 3.58
COST239 11 26 4.73
COST266 25 51 3.92

Assuming that the traffic coming to the network in the experiments, ie the
connection requests are in accordance with the Poisson distribution, the connection
requests at different densities are produced randomly. Bandwidth requests of the
connections are uniformly distributed between 1 and 16 in the number of slots. The
possibility of a connection request between all node pairs on the network is equal.
These selected traffic parameters were determined by examining the studies in the

literature and taking into consideration the most frequently used parameters.

To obtain sufficient traffic density in the network, different Erlang values have been
tried and the results for the traffic generated according to these values are shown in

the graphs.
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There are several recommendations for the available spectrum range in a fiber, but
generally ranges are from 300 to 400. Similarly, T = 400 was chosen for the

analyzes.

The basic performance metric used in an environment with dynamic traffic is the
blocking probability. In this thesis, all comparisons were made with the blocking
probability and it can be calculated in two different ways. The first is the ratio of the
total number of accepted requests from all connection requests to the network to the
total number of connection requests. In the experiments here, the traffic-weighted

blocking probability was taken. According to this:

Yibi4;
Pe =S ®-1)

In equation 5.1, b; is the number of slots required by connection if i. is accepted
connection, A; = 1, otherwise Ai = 0. The advantage of this formula is that it also
takes into account the differences in bandwidth between connection requests. Thus, a

more realistic evaluation can be made.

In the drawing of the result graphs given in the rest of this section, the same value
was repeated 10 times and the average was taken to obtain the value of each point.
The experiment was terminated after a total of one million connections to the

network for each repetition.

5.2 Performance of Routing Algorithms

Experiments were performed on all 4 topologies. Here, the conclusions taken on the
USNet topology (Figure 5.1) will be discussed. The same results are not required to
be shown separately because similar results are generally taken in all topologies, so
it can be concluded from all experiments that the results discussed here are valid for

all topologies.

In the first group experiment, it is aimed to reveal the effect of static or dynamic
routing algorithms. Accordingly, alternative static routing and dynamic routing
methods were compared. Both methods, were used with the first-Fit spectrum
assignment algorithm. In the alternative static routing, the number of predefined
paths for each pair of nodes is selected as k = 3, 5, 7 and 10. (In case of k = 1, it is

against static routing). On the other hand, in dynamic routing, a route is sought
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without any restriction on the free slots of the network. The Dijkstra algorithm is
used to find a path, in other words, the shortest possible path will be found.

Figure 5. 1. USNet topology (24 nodes)
Figure 5.2 shows how static and dynamic routing methods for different network

loads (ranging from 350 to 500) affect the blocking probability. The curve indicated
by FF represents the performance in dynamic routing. The other 4 curves are the
results of alternative static routing. Here the KSP (k-shortest-path) can be seen with
the different shortest path numbers selected. According to these results, with the
increase of the number of alternative paths as expected, the probability of blocking
decreases. The worst performance occurs for the k = 3 condition. Increasing the
number of alternate paths improves performance, but does not achieve dynamic
routing performance. Even when the number of paths is 10, dynamic routing up to
about 450 Erlang is more successful. Static routing appears to be more successful at
high loads because, as the resources in the network are reduced, dynamic routing
starts to find increasingly circulating, complicated ways, and therefore uses too
many resources to avoid rejecting the current connection. As a result, network
resources are consumed more quickly. If the selected paths are not available in the
static alternative routing, a different path is not sought. All established connections

use relatively reasonable length (hop count) paths.
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Figure 5. 2. Blocking probability of static and dynamic routing algorithms according
to different network loads
This graph shows the important point. In the literature, KSP is almost used instead of
dynamic routing. In these studies, the number of alternative paths is kept to a very
low value of 3. However, this study shows that 3 alternative ways cannot be an
alternative to dynamic direction. In order to achieve high performance in KSP, the

number of paths must be at least 10.

Blocking probabilities of different bandwidths in the network are also often ignored.
Although we are examining the traffic-weighted blocking probability, the probability
of rejection increases as the bandwidth of the connection requests actually increases.
As the network load increases the spectrum fragmentation in the system will
increase, the chances of a small number of slot-using connection requests increase,
and the possibility of a large number of slot-using connections decreases. This is a
very important problem considering the network operator. In fact, rejection of high
bandwidth connections is not desirable for the operator. On the other hand, this
situation has been investigated because it may be an important indicator of the

fragmentation in the spectrum.

Figure 5.3 shows the individual blocking probabilities of connections at different
bandwidths when dynamic routing is used. The network load is between 350-500

Erlang. The curves are connected to 6, 7, 8, 10, 12, 14 and 16 slots. The blocking
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probability of connections requesting slots 1 to 5 is not shown in the graph. For the
11, 13, 15-slot connections, the curve is not shown so that the graph does not
interfere, but the blocking probabilities are the intermediate values as expected. The
first observation that can be made here is that the blocking probabilities increases as
the number of slots increases. This observation applies to all load conditions in the
network. blocking probabilities at high band widths are well above the acceptable
limits. It can be concluded that the reason for the high blocking probability is a great
deal of fragmentation, especially considering that the slot widths of 1-5 are not
rejected at all. Because, in fact, there is always a small number of slots in the
network, but they cannot be found together to form broadband. This raises the

importance of spectrum assignment methods that can eliminate fragmentation.

0.1

0.01 /

Blocking probability

0.001

0.0001 . g I :

350 375 400 425 450
Network load (Erlang)

Figure 5. 3. Separate blocking probabilities for different bandwidths connection
requests for dynamic routing

Figure 5.4 gives a similar result for the KSP 10 routing. The noticeable difference
between the two graphs is that the blocking probabilities for different bandwidths are
closer to each other. This result shows the difference between the two routing
algorithms. Blocking probabilities for connection with the lower slot not shown here

are not 0, but are very small, as in dynamic routing.
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Figure 5. 4. Separate blocking probabilities for different bandwidths connection
requests for KSP 10

5.3 Performance of Slot Assignment Algorithms

In this section, different slot assignment methods are compared. For all different slot
assignment methods, dynamic routing is used because of its high performance. The
most important reason for avoiding dynamic routing in previous studies is the
complexity of the process, but the new model that we propose in this thesis
addresses this complexity. Therefore, it is more meaningful to use high performance

dynamic routing.

Figure 5.5 shows the results for different slot assignment methods. Here, the four
curves using dynamic routing correspond to FF (First Fit), LUS (Least Used Slot),
MUS (Most Used Slot), and EOSA (Equal Opportunity Slot Assignment). In
addition, KSP 3, 5, 7 and 10 graphs were also included in the graph for comparison.
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Figure 5. 5. Blocking probabilities different slot assignment methods and traffic
loads

As can be seen in the graph, the first fit slot assignment method is surprisingly high
performance. It is noteworthy that the LUS method has the worst performance
among them, while EOSA is more successful than the others except FF. These

results are an important sign for EOSA.

Figure 5.6 shows the individual blocking probabilities of requests with different slot
numbers. In this way, the four best performing groups were compared. The
performances of FF, MUS and EOSA using dynamic routing and static KSP-10 are
shown as bars. In particular, the design objective of the EOSA method is to reduce
the blocking probability of high bandwidth connections. From this point of view,
EOSA shows the best performance in connections using slot 1-11. However, when
the number of slots is 12 or more, it is closer to FF but worse. Naturally, it is the
increase in the blocking probability in low bandwidth requests that are sacrificed for
this gain. However, this is one of the objectives of the algorithm, that is, it is

desirable to have an equal blocking probability of all connections in the ideal case.
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Figure 5. 6. Blocking probabilities for connection requests with different slot
numbers

The results obtained in the 24-node USNet topology to evaluate the performance of
the NFSA method are shown in Figures 5.7 and 5.8. Figure 5.7 shows the blocking
probabilities of the First Fit (FF), EOSA and NFSA slot assignment methods for
different network loads (ranging from 350 to 500). The first outstanding result is that
the FF method has the lowest blocking probability. While NFSA performing is close
to the FF, the EOSA performing is worst among the three methods.

In order to demonstrate how these methods are performed when considering requests
with different bandwidth, the graph in Figure 5.8 is created. Here, NFSA appears to
be the most successful method for the ability to respond to different bandwidth
requests in terms of fairness. In general, all three methods are higher at blocked
probabilities as the desired bandwidth increases. This situation is acceptable to some
extent. However, even with the highest bandwidth, it seems to be an important
achievement that NFSA keeps the blocking probability below a certain limit.
Requests for the Bandwidth between 9 slots and 16 slots are almost the same for
NFSA and the other two methods increase rapidly as the number of slots increases.

In this respect, we can say that NFSA works in accordance with the design purpose.
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In the case of a small increase in the overall blocking probability across the network,
a more fairness distribution is seen between connection requests.

—o—FF —=—NFA -—-=—EOSA

0.18
0.16
0.14
0.12

©
-

0.08
0.06

Blocking Probability

0.04
0.02

(O T T T T T T T T T T T T T T 1
350 400 450 500

Network Load (Erlang)

Figure 5. 7. Blocking probabilities at different network loads in the USNet topology
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Figure 5. 8. Blocking probabilities for each slot in the USNet topology
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Experiments have been repeated in three different networks to examine whether the
same results apply to other topologies. Figures 5.9 and 5.10 show the results for the
NSFNet network. As the number of nodes in this network is 14, the blocking rates
are generally higher than those of USNet. These results provide important
information to compare the performances at high loads. Although there is a different
topology, a similar performance is observed for the results obtained for USNet.
NSFA is located between FF and EOSA at the general blocking probability, but it is

better distributed to different connection request groups.
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Figure 5. 9. Blocking probabilities of different bandwidth requests in NSFNet
topology

The other two topologies used in the experiments are COST266 and COST239,

which are commonly used in the experiments and covering the European continent.

In Figures 5.11 and 5.12, the results for COST239 topology can be seen. In
COST239 results, NFSA has the highest blocking probability among the three
methods. Among the four topologies used in the experiments only such a result was
obtained in this topology. This topology is the smallest in number of nodes and is the
topology with the highest average node degree. However, when looking at different
bandwidths separately, the NFSA has the best connection distribution. Therefore, it
can be said that the NFSA method has achieved its purpose.
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Figure 5. 11. Blocking probabilities of different bandwidth in COST239 topology

In Figures 5.13 and 5.14 the results for COST266 topology can be seen. As can be
observed, for topology the blocking probability of NFSA scheme remarkably
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improves and it is also below than the First-Fit results. Also, we can see the NFSA
algorithm has the best result in terms of fairness. We can get the conclusion that by
determining the starting slot just for high bandwidth requests, and using First-Fit for
low bandwidth requests, the link utilization increases. This way, the algorithm is

able decrease the overall blocking probability.
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Figure 5. 12. Blocking probabilities for each slot at 650 erlang loads in COST239
topology
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Figure 5. 13. Blocking probabilities of different bandwidth in COST266
topology.
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6. CONCLUSION

One of the results of the project is the problem of routing and slot assignment in
wide area flexible optical networks is investigated in detail. The first major
contribution is the development of a model that can fully represent this new
spectrum designation technology in a dynamic traffic environment. The developed
model can be used for any slot assignment method and it can show the current status

of all the resources of the network at a given moment.

Routing and slot assignment methods often use the K-shortest path (KSP) method.
According to this, the K shortest paths between any pair of nodes are predetermined
and only these paths can be used for a possible connection. With the studies in this
thesis, it has been shown that dynamic routing method is better and K should be at
least 7-10 in order to achieve the same performance with KSP. On the other hand,
the additional time complexity, which is the main reason for not using the dynamic

routing in the literature, is eliminated by the network model we recommend.

We present two new algorithms for routing and slots assignment in dynamic traffic
to solve the problem of fairness among different bandwidth connections. The
simulation results for different topologies showed that our first method improves a
partial fairness problem with a high probability of blocking, but our second method
improves the probability of blocking much better than first. We believe that these
methods can inspire new methods for slot assignment, and our results indicate that

solving fairness without increasing the overall block in the network is possible.
The results obtained from this thesis can be used in different ways.

New spectrum assignment methods can be developed using the proposed model.
Further measurements can be made by taking into consideration the guard band
which is ignored in the thesis. The effect of the guard band on the blocking rate can

be examined and the effect of the traffic grooming can be observed.
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Although EOSA and NFSA methods gave the best results among the methods tested
in the thesis, the effect in terms of fair spectrum distribution was still limited. Studies

on how to improve this can be continued.

54



REFERENCES

[1]

[2]
[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Recommendation, I. G.694.1: Spectral grids for WDM applications:
DWDM frequency grid. 2012; Available from: http://www.itu.int/rec/T-
REC-G.694.1/

Gerstel, O., et al., Elastic optical networking: A new dawn for the optical
layer? IEEE Communications Magazine, 2012. 50(2): p. s12-s20.

Jinno, M., et al., Spectrum-efficient and scalable elastic optical path
network: architecture, benefits, and enabling technologies. IEEE
communications magazine, 2009. 47(11): p. 66-73.

Jinno, M., et al., Distance-adaptive spectrum resource allocation in
spectrum-sliced elastic optical path network [topics in optical
communications]. IEEE Communications Magazine, 2010. 48(8): p. 138-
145.

Rival, O. and A. Morea. Elastic optical networks with 25-100G format-
versatile WDM transmission systems. in OECC 2010 Technical Digest.
2010. IEEE.

Tornatore, M., et al. Complexity and flexible grid networks. in OFC 2014.
2014. IEEE.

Kretsis, A., et al., Planning and operating flexible optical networks:
Algorithmic issues and tools. IEEE Communications Magazine, 2014.
52(1): p. 61-69.

Shirazipourazad, S., et al. On routing and spectrum allocation in
spectrum-sliced optical networks. in 2013 Proceedings IEEE INFOCOM.
2013. IEEE.

Zhu, K. and B. Mukherjee, Traffic grooming in an optical WDM mesh
network. IEEE Journal on selected areas in communications, 2002. 20(1):
p. 122-133.

Wright, P., A. Lord, and S. Nicholas. Comparison of optical spectrum
utilization between flexgrid and fixed grid on a real network topology. in
OFC/NFOEC. 2012. IEEE.

Sato, K.-i. Recent developments in and challenges of elastic optical path
networking. in European Conference and Exposition on Optical
Communications. 2011. Optical Society of America.

Kozicki, B., et al. Filtering characteristics of highly-spectrum efficient
spectrum-sliced elastic optical path (SLICE) network. in National Fiber
Optic Engineers Conference. 2009. Optical Society of America.

Klekamp, A., et al. Transparent WDM network with bitrate tunable
optical OFDM transponders. in 2010 Conference on Optical Fiber
Communication (OFC/NFOEC), collocated National Fiber Optic
Engineers Conference. 2010. IEEE.

Takara, H., et al. Distance-adaptive super-wavelength routing in elastic
optical path network (SLICE) with optical OFDM. in 36th European
Conference and Exhibition on Optical Communication. 2010. IEEE.

55


http://www.itu.int/rec/T-REC-G.694.1/
http://www.itu.int/rec/T-REC-G.694.1/

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Varvarigos, E.A. and K. Christodoulopoulos, Algorithmic aspects in
planning fixed and flexible optical networks with emphasis on linear
optimization and heuristic techniques. Journal of Lightwave Technology,
2014. 32(4): p. 681-693.

Talebi, S., et al., Spectrum management techniques for elastic optical
networks: A survey. Optical Switching and Networking, 2014. 13: p. 34-
48.

Christodoulopoulos, K., I. Tomkos, and E. Varvarigos, Time-varying
spectrum allocation policies and blocking analysis in flexible optical
networks. IEEE Journal on Selected Areas in Communications, 2013.
31(1): p. 13-25.

Zotkiewicz, M., et al. Optimization models for flexgrid elastic optical
networks. in 2013 15th International Conference on Transparent Optical
Networks (ICTON). 2013. IEEE.

Patel, A.N., et al. Survivable transparent flexible optical WDM (FWDM)
networks. in Optical Fiber Communication Conference. 2011. Optical
Society of America.

Yu, X., et al. Static routing and spectrum assignment in co-existing
fixed/flex grid optical networks. in OFC 2014. 2014. IEEE.
Christodoulopoulos, K., I. Tomkos, and E.A. Varvarigos. Routing and
spectrum allocation in OFDM-based optical networks with elastic
bandwidth allocation. in 2010 IEEE Global Telecommunications
Conference GLOBECOM 2010. 2010. IEEE.

Klinkowski, M. and K. Walkowiak, Routing and spectrum assignment in
spectrum sliced elastic optical path network. IEEE Communications
Letters, 2011. 15(8): p. 884-886.

Wan, X., et al. Dynamic routing and spectrum assignment in flexible
optical path networks. in 2011 Optical Fiber Communication Conference
and Exposition and the National Fiber Optic Engineers Conference. 2011.
IEEE.

Yu, Y., et al. The first single-link exact model for performance analysis of
flexible grid WDM networks. in 2013 Optical Fiber Communication
Conference and Exposition and the National Fiber Optic Engineers
Conference (OFC/NFOEC). 2013. IEEE.

Almeida, R., et al. An evolutionary spectrum assignment algorithm for
elastic optical networks. in 2013 15th International Conference on
Transparent Optical Networks (ICTON). 2013. IEEE.

Wang, X., et al., Dynamic routing and spectrum allocation in elastic
optical networks with mixed line rates. Journal of Optical
Communications and Networking, 2014. 6(12): p. 1115-1127.

Patel, A.N., et al., Routing, wavelength assignment, and spectrum
allocation algorithms in transparent flexible optical WDM networks.
Optical Switching and Networking, 2012. 9(3): p. 191-204.

Castro, A., et al., Dynamic routing and spectrum (re) allocation in future
flexgrid optical networks. Computer Networks, 2012. 56(12): p. 2869-
2883.

Wang, X., et al. Utilization entropy for assessing resource fragmentation
in optical networks. in Optical Fiber Communication Conference. 2012.
Optical Society of America.

56



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Zhu, Z., et al., Dynamic service provisioning in elastic optical networks
with hybrid single-/multi-path routing. Journal of Lightwave Technology,
2013. 31(1): p. 15-22.

Yin, Y., Z. Zhu, and S.B. Yoo. Fragmentation-aware routing, modulation
and spectrum assignment algorithms in elastic optical networks. in
Optical Fiber Communication Conference. 2013. Optical Society of
America.

Wang, R. and B. Mukherjee, Spectrum management in heterogeneous
bandwidth optical networks. Optical Switching and Networking, 2014. 11:
p. 83-91.

Christodoulopoulos, K., I. Tomkos, and E.A. Varvarigos, Elastic
bandwidth allocation in flexible OFDM-based optical networks. Journal of
Lightwave Technology, 2011. 29(9): p. 1354-1366.

Zhang, M., et al., Planning and provisioning of elastic O-OFDM networks
with fragmentation-aware routing and spectrum assignment (RSA)
algorithms. Proc. 2012 ACP: p. 1-3.

Sone, Y., et al. Routing and spectrum assignment algorithm maximizes
spectrum utilization in optical networks. in 2011 37th European
Conference and Exhibition on Optical Communication. 2011. IEEE.

Chen, X., et al., A novel fragmentation-aware spectrum allocation
algorithm in flexible bandwidth optical networks. Optical Switching and
Networking, 2014. 12: p. 14-23.

Takagi, T., et al. Disruption minimized spectrum defragmentation in
elastic optical path networks that adopt distance adaptive modulation. in
European Conference and Exposition on Optical Communications. 2011.
Optical Society of America.

Yin, Y., et al., Dynamic on-demand defragmentation in flexible bandwidth
elastic optical networks. Optics express, 2012. 20(2): p. 1798-1804.

Wen, K., et al. Dynamic on-demand lightpath provisioning using spectral
defragmentation in flexible bandwidth networks. in European Conference
and Exposition on Optical Communications. 2011. Optical Society of
America.

Yu, X., et al. Spectrum compactness based defragmentation in flexible
bandwidth optical networks. in OFC/NFOEC. 2012. IEEE.

Zhang, M., et al. Bandwidth defragmentation in dynamic elastic optical
networks with minimum traffic disruptions. in 2013 IEEE International
Conference on Communications (ICC). 2013. IEEE.

Wang, R. and B. Mukherjee, Provisioning in elastic optical networks with
non-disruptive defragmentation. Journal of Lightwave Technology, 2013.
31(15): p. 2491-2500.

Cugini, F., et al., Push-pull defragmentation without traffic disruption in
flexible grid optical networks. Journal of Lightwave Technology, 2013.
31(1): p. 125-133.

Sone, K., et al. Effective utilization of network by spectrum
defragmentation. in Optical Fiber Communication Conference. 2014.
Optical Society of America.

Zhang, M., et al. Spectrum defragmentation algorithms for elastic optical
networks using hitless spectrum retuning techniques. in Optical Fiber
Communication Conference. 2013. Optical Society of America.

57



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Wang, X., et al. Blocking probability and fairness in two-rate elastic
optical networks. in 2014 16th International Conference on Transparent
Optical Networks (ICTON). 2014. IEEE.

Ma, S., et al. A fairness-aware dynamic spectrum allocation scheme in
elastic optical networks. in OptoElectronics and Communications
Conference and Photonics in Switching. 2013. Optical Society of America.
Callegati, F., et al., Trunk reservation for fair utilization in flexible optical
networks. IEEE Communications Letters, 2014. 18(5): p. 889-892.

Zhang, S., et al. Evolution of traffic grooming from SDH/SONET to
flexible grid. in 39th European Conference and Exhibition on Optical
Communication (ECOC 2013). 2013. IET.

Zhang, S., et al., Evolving traffic grooming in multi-layer flexible-grid
optical networks with software-defined elasticity. Journal of Lightwave
Technology, 2014. 32(16): p. 2905-2914.

Rottondi, C., et al., Routing, modulation level, and spectrum assignment in
optical metro ring networks using elastic transceivers. Journal of Optical
Communications and Networking, 2013. 5(4): p. 305-315.

Zhang, Y., et al. Traffic grooming in spectrum-elastic optical path
networks. in Optical Fiber Communication Conference. 2011. Optical
Society of America.

Zhang, G., M. De Leenheer, and B. Mukherjee, Optical traffic grooming
in  OFDM-based elastic optical networks. Journal of Optical
Communications and Networking, 2012. 4(11): p. B17-B25.

Zhang, S., C. Martel, and B. Mukherjee, Dynamic traffic grooming in
elastic optical networks. IEEE Journal on selected areas in
communications, 2013. 31(1): p. 4-12.

Yu, X., Y. Zhao, and J. Zhang. Optical grooming with spectrum
engineering (og-se) in flexi-grid networks. in Optical Fiber
Communication Conference. 2014. Optical Society of America.

Fan, Z., Y. Qiu, and C.-K. Chan, Dynamic multipath routing with traffic
grooming in OFDM-based elastic optical path networks. Journal of
Lightwave Technology, 2015. 33(1): p. 275-281.

Wang, Y., X. Cao, and Y. Pan. A study of the routing and spectrum
allocation in spectrum-sliced elastic optical path networks. in 2011
Proceedings leee Infocom. 2011. IEEE.

Pepperberg, 1.M., Alex & me: How a scientist and a parrot discovered a
hidden world of animal intelligence — and formed a deep bond in the
process. 2009, Scribe Publications: New York, NY.

58



CURRICULUM VITAE

Name Surname
Place and Date of Birth

E-Mail

EDUCATION:

° B.Sc.

: Nasim Ravi
: October 30, 1990, Tabriz, Iran

> nasim_ravi@yahoo.com

: Azarbaijan Shahid Madani University

PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE THESIS:

e Ravi, Nasim, and Aysegul Yayimli. "Fair slot assignment in elastic optical
networks under dynamic traffic.” 2018 International Conference on Information
Networking (ICOIN). IEEE, 2018.

59



