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Abstract

In recent years, with the proliferation of emerging Internet services such as high-definition
video, online education, remote work, cloud computing, etc., network traffic is also growing
explosively. As a result, the demand for network bandwidth is also growing, which directly
contributes to the technology advancement of physical devices for optical networks. In order
to cope with the growing network traffic and bandwidth demand, from the deployment of
traditional wavelength switched optical networks (WSONSs) in the early 2000s, thanks to
the technology advancement of physical devices, the optical network architecture has gone
through several significant evolutions.

As the highly representative optical network architectures of next generation optical net-
works, spectrally flexible elastic optical networks (EONs) and spectrally and spatially flex-
ible space division multiplexing elastic optical networks (SDM-EONSs) are the focus in our
work. Different from traditional WSONSs, which have been fully commercialized currently,
EONs employ flexible wavelength assignment technology with smaller spectral granularity
to improve the efficiency and flexibility of diverse traffic transmission. On the other hand,
SDM-EONs are considered to be one of the most promising network architectures to meet
the rapid growth of Internet traffic by adding spatial dimensions to EONs via space division
multiplexing (SDM) technology, leading to a significant increase in transmission capacity.

In this thesis, we begin with an introduction to the evolution history of optical network
architectures and the resource allocation problems needing to be solved in each generation
of architectures. Through a review of previous work related to the resource allocation
problems, our contributions to static resource allocation in EONs and SDM-EONs are
clarified. After that, we discuss the related background technologies and assumptions needed
to be used in this thesis in detail for several typical optical network architectures. Next,
we focus on the static resource allocation problem in EONSs, in order to better understand
the characteristics of various types of mathematical optimization models for this problems
in next generation optical networks. Specifically, we divide the models for the problem in
EONSs into four types based on different perspectives for routing and spectrum assignment.
Afterwards, we analyze and summarize the characteristics of each model, and propose a
series of improved methods to enhance the computational performance of each model. This
work can be a reference for mathematical modeling of the optical network resource allocation
problems in different generations. In addition, we extend the node-type model from EONs
to make it applicable to the problem in SDM-EONs. Since the model has a large number of
constraints and variables and is difficult to solve directly, we proposed three exact algorithms
based on model decomposition to better solve it. Moreover, it is shown via simulation
experiments that our model can provide a more accurate solution compared to the model
in previous work. This work will assist network operators in designing more efficient and
reasonable resource supply schemes in network planning for SDM-EONSs.
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Chapter 1

Introduction

In recent years, the rapid growth of data-intensive applications such as cloud computing,
multimedia streaming, and internet of things (IoT) has led to an unprecedented demand
for high-speed and efficient communication networks. Optical networks have emerged as a
promising solution to meet these escalating bandwidth requirements due to their inherent
characteristics of high capacity and low latency.

As shown in Fig. 1.1, since the beginning of this century, technologies of optical networks
have shown an unprecedented high-speed development trend [1]. Among them, wavelength
division multiplexing (WDM) -based wavelength switched optical network (WSON) has
been widely used in various current optical network scenarios, while elastic optical network
(EON) and space division multiplexing elastic optical network (SDM-EON) are widely no-
ticed as promising next-generation optical networks due to their larger network capacity
and higher spectral flexibility. However, due to the varying characteristics of new optical
network architectures, in order to ensure the optimal utilization of network resources while
meeting the stringent quality of transmission (QoT) requirements of different applications,
we need to design efficient resource allocation schemes to correspond to the challenges posed
by the new architectures.

In this chapter, we briefly introduce the static resource allocation problems and sum-
marize our contributions to the research in this field. Finally, we state the structure of this

thesis.

1.1 Static resource allocation problems in optical networks

Thanks to technological advances in physical devices, optical network architectures have
evolved rapidly. However, the new architectures have created a wide variety of new net-
work resources and restrictions on resource utilization. As a result, the resource allocation

methods in the existing architecture will be difficult to adapt to the new architectures.
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Therefore, designing efficient and reasonable resource utilization schemes has become an
important task that next generation optical network architectures must address in their
applications.

Resource allocation problems in optical networks, such as routing and wavelength assign-
ment (RWA) in WSONSs, routing and spectrum assignment (RSA) or routing, modulation
format and spectrum assignment (RMSA) in EONs, and routing, space and spectrum assign-
ment (RSSA) or routing, modulation format, space and spectrum assignment (RMSSA) in
SDM-EONSs, can be divided into static (e.g., [2-21]) and dynamic scenarios (e.g., [8,22-27]).
In static scenarios, all connection requests are known in advance, and the objectives are
usually to determine the network design required to accommodate all known connection
requests or to minimize the amount of resources required for various sets of known con-
nection requests. In contrast, in dynamic scenarios, we deal with connection requests that
occur and disappear based on the passage of time. We typically simulate actual connection
situations and study how to design the network and distribute connection requests so that
connection requests are served in real time [28].

To solve resource allocation problems in optical networks, mathematical optimization
techniques are generally adopted. These techniques can be classified into two approaches.
One approach is to find the exact optimal solution (e.g., [2-4,7,8]). When we formulate the
problem as an integer linear programming (ILP) problem, we can solve it exactly by using
solvers [15,16]. If we employ such an approach, modeling and formulating the problem
as an ILP depend on the efficiency of solving it. The scales of the instances that can be
solved in a reasonable time by this approach are often much smaller than those in real
application scenarios, making the approach suitable for static scenarios where an exact
optimal solution is required and there is enough time for investigation. In contrast, using
heuristic algorithms enables finding better solutions within a relatively short time (e.g.,
[8,17,18,29]). In particular, in the dynamic case, since the network is in the practical stage
and the QoT is important, the scalability of the approach and the response time to each
connection request are prioritized [8]. Moreover, it is also often difficult to find high-quality
solutions in reasonable time for solving large-scale instances in static scenarios. Therefore,
if we require a fast and reasonable resource allocation scheme rather than an exact optimal
solution, in this case, heuristic algorithms are usually used to solve the optimization problem
quickly, instead of using an ILP model to find an exact solution.

In this thesis, we focus on the static RSA/RMSA and RMSSA problems for two next gen-
eration optical networks, EONs and SDM-EONs, which are widely noticed and anticipated
in recent years. We selected EONs and SDM-EONSs for our study as they are established

architectures with extensive research support. While other architectures of next generation



CHAPTER 1. INTRODUCTION

optical networks are also promising, EONs and SDM-EONSs offer a robust foundation for
optical network research. Studying these architectures provides core insights that benefit
future research. Furthermore, the main reason for focusing on the static scenario of re-
source allocation is that it plays a critical role in the initial design and planning of next
generation optical networks. While dynamic scenarios are important and reflect real-time
network conditions, understanding the static resource allocation in the planning phase is
essential. Researching resource allocation problems in static scenarios for EONs and SDM-
EONSs is crucial for understanding their performance, developing theoretical foundations,
aiding network planning and design, facilitating comparisons, and directly improving re-
source allocation efficiency in specific applications. By addressing the static scenarios, this
research aims to develop insights and mathematical optimization models that can inform
both static and dynamic resource allocation strategies, contributing to the long-term effi-

ciency and performance of next generation optical networks.

1.2 Motivations and contributions

1.2.1 Contribution to the RSA/RMSA problem

The RSA/RMSA problem in EONs has garnered significant attention, and several works
have focused on solving it using ILP models [2-14,29]. In this thesis, we present a compre-
hensive summary of mathematical optimization models for the static RSA/RMSA problem
from two distinct perspectives: routing and spectrum assignment.

Regarding routing, the models can be categorized into node-type and path-type, while
spectrum assignment models fall into slot-type and channel-type classifications. Further-
more, the consideration of multiple modulation formats is essential in EONs, where DAT
is used to dynamically select the optimal modulation level for signals [5]. By combining
routing and spectrum assignment models with modulation format considerations, we iden-
tify four primary types of mathematical optimization models: node/slot, node/channel,
path/slot, and path/channel.

Various types of ILP models have been discussed in previous works on different optical
networks with or without considering multiple modulation formats, as shown in Table 1.1.
To the best of our knowledge, as shown in the table 1.1, while there are many researches
using or comparing several models, this research is the first work to have a unified discussion
of all four models, which contributes to a better understanding of the characteristics of the
various types of models. Moreover, in order to analyze the characteristics of each model, we
formulate these four models respectively for the RSA problem considering the modulation
formats (i.e., the RMSA problem) in Chapter 3.
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Table 1.1: Related models considered in previous works.

Models

Refs. Modulation
path/slot path/channel node/slot node/channel
[2,4,9,10,13,29] Y N N N %
3] N Y N Y N
15,17, 19] N Y N N Y
5] Y Y % N Y
8] N Y N % N
[14] N N Y % Y
[16] Y Y N N Y
[12] Y Y N Y N
our work Y Y Y Y Y

For instance, Christodoulopoulos et al. [2] formulated an RMSA problem model, which
aligns with our path/slot model. Their work also proposed a decomposition method that
breaks down the RSA problem with modulation formats into two constituent subproblems.

Velasco et al. [3] pioneered a channel-based ILP model for the RSA problem without
considering modulation formats, and they compared it with a slot-based model. On the
other hand, Walkowiak et al. [11] presented a path/channel model, slightly different from
Velasco et al.’s model, as it considered the RSA problem with modulation formats. This
model is similar to our path/channel model.

Cai et al. [7] proposed a node-type model for the RSA problem without considering
modulation formats, which shares similarities with our node/slot model. Additionally, Ve-
lasco et al. [8] formulated a node-link model using precomputed slots for the RSA problem
without considering modulation formats, which is similar to our node/channel model. Tt is
notable that both our node/slot and node/channel models for RMSA problem in this thesis
are original since there are few previous works that formulated node-type models in the
context of considering modulation formats.

To better comprehend the characteristics of each model type and enhance their appli-
cability in emerging optical switching networks like SDM-EONSs, we systematically classify
and summarize previous works on the static RSA/RMSA problem for EONs. Additionally,
we aim to improve the computational performance of each model type according to their
unique characteristics and discern the differences between them.

By conducting a thorough analysis and comparison of these models, our research con-
tributes to a deeper understanding of the RSA/RMSA problem and provides valuable in-

sights to optimize and adapt these models for newer generations of optical switching net-
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works, ensuring efficient resource allocation and enhanced performance in evolving EON

environments.

1.2.2 Contribution to the RMSSA problem

As we stated in the last subsection, ILP models for the resource allocation problems in
optical networks can be classified into path-type models (e.g., [2,4]), which select paths from
a set of candidate paths, and node-type models (e.g., [8,14]), which consider all available
paths according to the modeling approaches on routing [28]. Notably, for a path-type model
that employs a set of candidate paths, the solutions obtained by the model are exact if the
set of candidate paths considers all available paths, which we call all-path-type; and the
solutions obtained by the model are not necessarily exact if the set of candidate paths
includes only a part of the available paths, which we call k-path-type. To the best of our
knowledge, the vast majority of previous works employing the path-type models uses the
k-path-type. Moreover, for RMSA or RMSSA problems that consider multiple modulation
formats, ILP models are correspondingly complicated.

In addition, space lane change (SLC) is a nonnegligible transmission technique in SDM-
EONSs. Specifically, with the adoption of SLC technology, connection requests can disregard
spatial continuity restrictions and use different spatial dimensions on different links of a light
path. Although SLC can further increase the routing flexibility at the same spatial switching
granularity to enable higher spectral efficiency, it consumes higher equipment costs due to its
deployment of wavelength selective switches (WSSs) with higher port counts. In Table 1.2,
we categorize previous works based on whether the SLC technique is applied to the resource

allocation problem.

Table 1.2: Previous works with and without space lane change technology.

References Space lane change
[9,16,30-51] Y
[12,21,31,45, 48, 52-63] N

For static scenarios, based on the conclusions in previous works Yang et al. [9,25], it
can be observed that the savings in spectrum resources that SLC can bring are negligible
compared to its equipment cost. Therefore, in our work, the RMSSA problem without
considering SLC is discussed for static scenarios.

There are three types of SpChs in SDM-EONSs i.e., spectral (Spe), spatial (Spa), and
spectral and spatial (Spe & Spa) SpChs, which correspond to three switching paradigms,

i.e., independent switching (In-Sw), fractional joint switching (FrJ-Sw), and joint switching
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Table 1.3: Previous works in consideration of different switching paradigms and SpChs.

References Switching paradigm Super channel
[30-58,61,63-71] Ind-Sw Spe
[24,33,34,52,54,55,61,64-67,72, 73] J-Sw Spa
[33,34,52,54,55,64-67,72] FrJ-Sw Spe & Spa

(J-Sw), respectively. Table 1.3 shows the previous works that considered different switching
paradigms and SpChs. In our work, all the above mentioned SpChs and switching paradigms
will be considered.

In our previous work on RSA/RMSA, analyzing the characteristics of various types
of models, it is easy to conclude that the node-type ILP models can provide theoretically
optimal solutions to these problems, which will be very significant for designing a reasonable
resource allocation scheme to minimize the cost in the design phase of optical networks.
However, how to solve the node-type model efficiently is also a challenge because of its high
complexity. Therefore, for the RMSSA problem in SDM-EONs, we consider a node-type

model and discuss how it can be solved in a reasonable time.

Table 1.4: Related problems considered in previous works that formulated ILP models for
SDM-EONs.

Models SpCh types

Refs. SLC Modulation
(k)-path  node Spe Spa Spe & Spa
[20] N Y N Y N N Y
[37,63] N Y N Y N N N
[21] N Y N N N Y Y
[40] N Y N Y Y Y N
[50,51] Y Y N Y N N Y
[19] Y Y N Y N Y Y
[41] Y N Y Y N N Y
[12] Y Y Y Y N N N
[25] N Y N Y Y Y Y
[9,16] Y Y N Y Y Y Y
our work N N Y Y Y Y Y

To the best of our knowledge, in the static scenarios of SDM-EONSs, there is not yet
any work that solves the RMSSA problem, which involves multiple modulation formats by
formulating node-type ILP models. In our work, considering the limitations of the role

of SLC in static scenarios, a novel non-SLC node-type ILP model considering all three
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types of SpChs is proposed, several computational methods to speed up the model and a
heuristic algorithm for addressing large-scale instances are discussed. This part is detailed
in Chapter IV. Furthermore, this model can provide better solutions than the k-path-type
models in Refs. [9,16]. Table 1.4 shows the difference between our work and previous
works that formulated ILP models to describe the resource allocation problems for optical
networks. In Table 1.4, (k)-path and node represent the path-type and node-type models
with arbitrary types of spectrum assignment, respectively. Besides, the three SpChs, Spe,
Spa and Spe & Spa, and the switching paradigms corresponding to them, will be specifically
introduced in Chapter 2.

With our research, we aim to make substantial contributions to the field of RMSSA
problems in SDM-EONSs, paving the way for efficient and cost-effective resource allocation
schemes in the context of static scenarios. By focusing on node-type ILP models and
addressing the challenges posed by multiple modulation formats, our work seeks to advance

the state-of-the-art in optical network design and optimization.

1.3 Structure of this thesis

This thesis consists of five chapters.

In Chapter 1, the research background, significance, and contribution of this thesis are
explained as an overview.

In Chapter 2, we present in detail the background knowledge and key technologies in
the three generations of optical networks, WSON, EON and SDM-EON, as well as their
resource allocation problems.

In Chapter 3, we classify the mathematical optimization models in the previous works
for the RSA/RMSA problem in EONs into four types (namely, path/slot, path/channel,
node/slot, and node/channel models) according to the two perspectives of routing and
spectrum assignment. Moreover, we analyze and summarize the characteristics of each
model and propose a series of improved methods to enhance the computational performance
of each model. Finally, we verify the effectiveness of the improved methods and analyze the
differences between the models by comparative simulation experiments.

In Chapter 4, we propose a node-type ILP model without SLC for the RMSSA problem
in SDM-EON;, based on the node/slot model of the RMSA problem in EON in Chapter 3. To
better solve this model, we propose three exact algorithms based on model decomposition
(namely, DMD, ASLC-MD, and SSLC-MD algorithms) and examine their performance
through comparative simulation experiments. In addition, we also compared our node-type
model with the k-path-type one in the previous works Refs. [9, 16].

In Chapter 5, we summarize this research and describe the possible future works.



Chapter 2

Background knowledge and key
technologies

The rapid development of optical communication began with a significant breakthrough in
the 1970s when Corning Inc. of the USA successfully developed the world’s first practical
silicon optical fiber. This achievement marked the beginning of utilizing optical fibers for
communication purposes, propelling the swift evolution of optical networks. The advent of
the first optical fiber system in 1976 in Atlantic, USA laid the foundation for addressing
the increasing demand for high-bandwidth network applications [74].

Optical networks are composed of optical fibers and equipment deployed along the fibers
to manipulate light signals. This configuration allows for the utilization of light as a medium
for data transmission, making it an ideal solution for handling the ever-growing data re-
quirements of modern communication systems. The functionality of optical networks is
intricately linked to the physics of light and the technologies used to manage optical flow.
As a result, breakthroughs in optical technologies have led to several landmark evolutions
in optical network architectures.

This chapter provides an overview of the evolutionary history of optical network archi-
tectures and their corresponding features. Each network architecture is characterized by
unique properties and supported by specific physical devices. We delve into the relation-
ship between these factors and the challenges posed to the network optimization problem.
Specifically, we begin with an introduction of the basics of optical transmission. Then, we
overview the relevant background technologies and resource allocation problems in the three
representative generations of optical network architectures, which are WSON, EON, and
SDM-EON, respectively.
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2.1 Optical transmission

2.1.1 Evolution of optical networks

An optical network consists of optical fibers carrying optical channels (OChs) and the
devices deployed along the fibers to process the light. Thanks to the development of break-
through technologies, optical networks have undergone several milestones in their evolution.

In this century, optical networks have rapidly evolved into six typical architectures as
shown in Fig. 2.1 to address the growing requirements of traffic. Among them, the earliest
and currently active architecture is wavelength switched optical network (WSON), which
employs wavelength division multiplexing (WDM) technology to carry different connection
requests simultaneously [75-78]. Although this architecture effectively improves the capac-
ity and utilization of the networks compared to the previous time division multiplexing
(TDM) optical networks, it still suffers from the lack of flexibility in spectrum assignment.

In order to solve the problem that the traditional WDM optical network with fixed
wavelength assignment can no longer provide efficient services for users and cannot adapt
to the future needs of high-speed, large-scale traffic volume, and highly scalable networks,
Jinno et al. (2009) proposed the concept of Spectrum Sliced Elastic Optical Network (EON),
which is characterized by high-capacity, high-flexibility, and scalability, and adapted to
various forms of network services [79].

However, as the traffic volume increases further, traditional EONs using only C-band
or employing single-mode fibers (SMFs) will struggle to handle the future connection re-
quests with extra-large capacities because of the constraints of nonlinear Shannon limit of
SMFs. To overcome this limitation, space division multiplexing (SDM) [80, 81] and band
division multiplexing (BDM) [82-84] were introduced as promising solutions for EONs, and
these new network architectures are called SDM-EONs and Multi-band (MB) -EONs. In
SDM-EONSs, nodes are connected by fibers with multiple spatial dimensions, such as fiber
bundles (FBs), multicore fibers (MCFs) and few-mode fibers (FMFs) [12]. By introducing
multiple spatial dimensions in this way, a significant increase in optical network capacity
can be achieved. On the other hand, MB-EONSs utilize BDM technology, which exploits the
available frequency spectrum from the traditional C band to L-, S-, E-, and O-band ranging
between 1260nm and 1625nm with attenuation coefficient (fiber loss) less than 0.4dB/km
on the same deployed SMF [82,83]. Therefore, network capacity is multiplied without either
the employment of dark fibers or the deployment of new fibers achieving large savings of
investment for network upgrading [83].

Moreover, in order to correspond to the foreseeable larger traffic volume in the future,

there has been a recent increase in the works discussing spatial channel networks (SCNs)
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Figure 2.1: Six typical architectures in the development of optical networks.
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for the massive SDM era that utilize spatial bypass [85-89], as well as MB-SDM-EONSs that
combine both BDM and SDM [63,90].

In this thesis, we focus on resource allocation under two typical next generation archi-
tectures, EONs as well as SDM-EONSs.

2.1.2 Transmission schemes

In optical networks, there are four types of transmission schemes in which a source specifies
a destination to send and receive data: unicast, multicast, broadcast, and anycast. Fig. 2.2

shows a conceptual diagram of the four transmission schemes.

O O
O
() unicast (b) multicast

O
@

O

(c) broadcast (d) anycast

Figure 2.2: Four types of transmission schemes in optical networks.

The red nodes are source hosts (clients), and the yellow, blue, and green nodes are
destination hosts (servers). The yellow node represents a destination host that is not the
transmission target of the source host, the blue node represents a destination host that is
actually transmitting with the source host, and the green node represents a destination host
that is the transmission target of the source host but is not transmitting with other nodes.
The dotted line in Fig. 2.2 (d) shows the connection between the addresses of the green

destination host and the source host.
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Unicast is point-to-point transmission between a single source host and destination host
(server), as shown in Fig. 2.2 (a). For example, browsing websites and transmitting files are
examples of unicast. Multicast is point-to-multipoint transmission between a single source
host and multiple destination hosts, as shown in Fig. 2.2 (b). For example, broadcast
videoconferencing, such as online teaching, is an example of multicast. Broadcast is point-
to-all transmission between a single source host and the entire destination host, as shown in
Fig. 2.2 (c¢). The difference between broadcast and multicast is the range of destination hosts
(broadcast is between a source host and all destination hosts on the network). Anycast is
point-to-point transmission between a single source and destination host, but an appropriate
destination host is selected from among multiple destination hosts, and transmission and
reception take place between the selected destination host and the source host, as shown in
Fig. 2.2 (d) [91].

In this thesis, we focus on the simplest unicast transmission scheme in order to grasp
the characteristics of the model itself. However, the model considered in this paper can be

extended to the other three transmission schemes.

2.1.3 Optical fiber transmission

Optical fiber is a very lightweight cable with a diameter almost as thin as a human hair.
In the early 1980s, network operators began utilizing optical fibers in telecommunication
networks [92].

Compared with other wired physical transmission media, optical fiber transmission sup-
ports the current wired transmission system due to its large available bandwidth, low loss
etc. The total bandwidth of an optical fiber is about 400 nm while ensuring that the optical
loss is less than 0.5 dB/km, and is generally divided into the wavelength bands O, E, S, C,
and L [76,77]. Among them, C-band has a wavelength range of 1530 nm to 1565 nm and
covers an available spectrum of about 4 THz. Because of its advantage of low loss, C-band
is very conducive to long-distance optical transmission, and is often adopted as the main
band for optical fiber transmission [76,77]. In the last few years, the multiplexing of several
other bands (e.g., S and L-band) has been discussed in order to correspond to larger traffic
volume in the future [63,82,83,90].

2.2 Wavelength switched optical network

2.2.1 Wavelength division multiplexing transmission technology

Wavelength division multiplexing (WDM) technology has revolutionized the landscape of

optical communication networks by enabling the simultaneous transmission of multiple data
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streams over a single optical fiber. By utilizing distinct wavelengths as independent com-
munication channels, WDM has significantly enhanced the capacity, scalability, and effi-
ciency of modern optical networks. This technology has become a fundamental pillar of
long-haul and metropolitan networks, addressing the escalating demand for high-speed and
bandwidth-intensive applications [75, 76].

The concept of WDM dates back to the early 1970s when researchers realized the po-
tential of leveraging different wavelengths to increase the capacity of optical fibers. The
initial implementation of WDM relied on coarse-grained channels with wide spacing be-
tween wavelengths. However, with advancements in fiber optics and laser technology, dense
wavelength division multiplexing (DWDM) emerged in the late 1980s, allowing for much
narrower wavelength spacing and significantly higher data rates [76].

The adoption of erbium-doped fiber amplifiers (EDFAs) in the early 1990s further fu-
eled the development of WDM technology by enabling efficient amplification of multiple
wavelengths simultaneously. This breakthrough eliminated the need for costly and com-
plex optical-electrical-optical (O-E-O) conversions between wavelengths, resulting in more
streamlined and cost-effective network architectures. Such an optical network has no O-
E-O conversion (i.e., utilizing optical bypass) during transmission and is referred to as an

all-optical network [93].

Aﬂmﬂm Connection Request 1: 40 Gbps

Connection Request 2: 20 Gbps

Connection Request 3: 60 Gbps

10 GHz
Guard Band

Y
50 GHz
Wavelength

Nominal central frequency

Y
200 GHz

Utilized Spectrum

i o S i i i o o o i il i i i om

B el

Figure 2.3: Hlustration of transmission in fixed 50 GHz grid WSON for connection requests
with traffic volume of 20, 40 and 60 Gbps.

A typical WSON uses 50 GHz channel spacing on the C-Band, i.e., the total 4 THz
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spectrum on the C-Band is divided into 80 available wavelengths, with each wavelength
occupying 50 GHz of spectrum [76-78]. In an optical channel (OCh), the spectrum used
to carry data is called the optical carrier (OC). In WSON with this specification, the OCs
should be less than 50 GHz because the switching guard band between two OCs needs to
occupy a certain spectrum to ensure all-optical switching and routing. Furthermore, in
general, the maximum bit rate that can be supported by a single OC is 40 Gbps [78,94].
In this case, for three connection requests with traffic of 20, 40 and 60 Gbps, the spectrum
they use is shown in Fig. 2.3. It can be observed that in WSONSs, the minimal unit of
spectrum assignment is a whole wavelength, and even when the bandwidth required by a
connection request is less than one wavelength, it still occupies the whole wavelength to

achieve the transmission.

2.2.2 Routing and wavelength assignment problem

/ﬂmmﬂm Connection Request 1: 40 Gbps, node 2 to 3

Connection Request 2: 20 Gbps, node 2 to 4

Connection Request 3: 60 Gbps, node 1 to 3

f 4 GHz A A

Wavelength
continuity

50 GHz
Wavelength

Wavelength nonoverlapping

@ @ ® @

Figure 2.4: Illustration of routing and wavelength assignment problem.
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For the design of optical networks, the mathematical optimization problem considering
routing, spectrum, and other network resources is called the resource allocation problem for
optical networks. Solving the resource allocation problem is significant for reducing network
cost and saving energy.

In fixed-grid WDM-based WSONSs, the resource allocation problem is referred to as
the routing and wavelength assignment (RWA) problem. Specifically, there are two main
constraints on the RWA problem, as shown in Fig. 2.4, a wider-spectrum grid, such as
the 50 GHz wavelength, is adopted. A light path for one connection request can only be
established by occupying the same wavelength on all links it passes through, which is called
the wavelength continuity restriction, and a single wavelength can only be employed at most
once, which is referred to as the wavelength nonoverlapping restriction. This problem has

been proven to be NP-hard and was investigated in many previous works [95,96].

2.3 Elastic optical network

With the advent of the big data era, video-on-demand and internet video services in the
network have led to an explosive growth of data traffic in the network, the use of fixed
wavelengths, a single modulation format for the distribution of the traditional wavelength
division multiplexing (WDM) optical network (i.e., WSON) is extremely inefficient, has been
unable to provide users with efficient services, and can not be adapted to the future of the
high-speed, data-rich, and scalable network requirements. In order to improve the efficiency
of WSONs, an EON based on coherent optical orthogonal frequency division multiplexing
(CO-OFDM) or nyquist wavelength division multiplexing (N-WDM) technology has been
proposed (i.e., so-called SLICE architecture proposed via Jinno et al. [79]). EONs adhere to
the recommendations of the ITU-T G.694.1 [97]. A total of 4 terahertz of spectrum resources
in the C-band can be divided into 320 FSs each with a frequency of 12.5 GHz and a reduced
center frequency granularity of 6.25 GHz. Consequently, EONs can create flexible optical
channels occupying different numbers of F'S with channel spacing being integer multiples of
6.25 GHz, thereby enhancing the utilization of spectrum resources. In other words, flexible
optical channels can be established as per requirements to accommodate varying bit rates

and efficiently serve connection requests of different traffic volumes.

16



CHAPTER 2. BACKGROUND KNOWLEDGE AND KEY TECHNOLOGIES

Connection Request 1: 20 Gbps

Connection Request 2: 100 Gbps
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(a) Spectrum assignment in WSON
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Figure 2.5: Illustration of spectrum assignment between WSONs and EONs.

Fig. 2.5 illustrates the distinction between WSONs and EONs concerning spectrum
assignment and the principles behind the ability of EONs to efficiently utilize network
bandwidth resources. In the WSON depicted in Fig. 2.5 (a), when the bandwidth of a
connection request is smaller than the capacity of a single wavelength, the optical network
is still forced to allocate an entire wavelength for that connection request. For instance, if
the connection request 1 is only 20 Gbps, the WSON protocol mandates the assignment
of a complete wavelength for this relatively small connection request. Similarly, when the
bandwidth of a connection request exceeds the capacity of a single wavelength, multiple
complete wavelengths must be assigned. For instance, if connection request 2 requires
100 Gbps of bandwidth, even though a single wavelength in WSON has a capacity of 40

Gbps, three complete wavelengths are assigned to connection request 2, and GB is also
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needed between the 3 wavelengths, which reduces network efficiency. In contrast, Fig. 2.5
(b) presents one type of EONs, which leverages CO-OFDM technology to generate several
subcarriers, allowing 1/2 spectral overlap between adjacent subcarriers. This enables the
smallest unit for carrying connection requests to be multiple continuous wavelength division
multiplexing subcarriers, which we refer to as FSs. Assuming each FS in the EON shown
in Fig. 2.5 (b) has a capacity of 10 Gps, then for connection request 1 and 2 illustrated
in Fig. 2.5 (a), connection request 1 only requires 2 FSs instead of an entire wavelength,
and connection request 2 only needs 10 FSs instead of 3 complete wavelengths without
the need for GBs. However, GBs are still required between different connection requests,
such as the GB between connection request 1 and 2. Additionally, employing the grooming
strategy to combine small connection requests with same source-destination nodes into
larger connection requests for transmission can further save more GBs, thus enhancing
network efficiency.

Moreover, WSONSs utilize a single modulation format, while EONs support multiple
modulation formats, such as binary phase-shift keying (BPSK), quadrature phase-shift key-
ing (QPSK), 8-quadrature amplitude modulation (8QAM), and 16-quadrature amplitude
modulation (16QAM). Higher modulation formats represent more information per 1 Hz but
may lead to shorter maximum transmission distances. EONs adaptively select the appro-
priate modulation format based on the distance between source and destination nodes when
transmitting information, i.e., DAT.

In summary, EONs present significant advantages over WSONs, allowing for more ef-
ficient utilization of network bandwidth resources through FSs and grooming strategies.
Furthermore, by supporting multiple modulation formats, EONs can adapt to varying trans-

mission distances, optimizing network performance and efficiency.

2.3.1 Multiplexing technologies in EONs

In EONSs, meeting the ever-increasing demands for high data rates and spectral efficiency
requires advanced multiplexing technologies. Two prominent technologies that have sig-
nificantly impacted the design and performance of EONs are CO-OFDM and N-WDM.
Both CO-OFDM and N-WDM play crucial roles in enhancing the capacity and efficiency
of optical communication systems in EONs.

CO-OFDM is a transformative technology that combines coherent detection with or-
thogonal frequency division multiplexing (OFDM) [98-102]. The OFDM concept involves
dividing the data stream into multiple subcarriers, each with a low symbol rate, and trans-
mitting them simultaneously. Coherent detection, on the other hand, extracts both the

amplitude and phase information of received optical signals, enabling robust data transmis-
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sion over long distances. By leveraging coherent detection with OFDM, CO-OFDM achieves
high spectral efficiency, mitigating impairments caused by fiber dispersion and nonlinear-
ities. This makes CO-OFDM a suitable solution for long-haul transmission and efficient
utilization of the optical spectrum in EONs.

N-WDM, based on the Nyquist criterion, is designed to maximize spectral efficiency by
spacing channels at half the Nyquist rate [103-106]. This allows for doubling the number
of data channels that can be accommodated within the available optical bandwidth with-
out introducing intersymbol interference. N-WDM optimally utilizes the optical spectrum,
achieving higher data rates and increased capacity compared to traditional WDM technol-
ogy. The ability of N-WDM to efficiently utilize optical resources makes it a compelling
choice for high-capacity optical networks in EONs.

Both CO-OFDM and N-WDM contribute to the advancement of EONs by offering
high data rates, enhanced spectral efficiency, and improved signal performance. The works
discussed in the Chapter 3 and 4 of this thesis are mainly under N-WDM based EONs and
SDM-EONS.

2.3.2 Distance adaptive transmission

Distance adaptive transmission (DAT) is one of the key features of EONs. With DAT,
all available modulation formats dynamically adjust to the transmission distance along
the optical path, selecting the most efficient modulation format that does not exceed the
maximum transmission distance [5,107]. This adaptive mechanism ensures optimal spectral
efficiency and maximizes the utilization of the optical spectrum while maintaining signal
integrity across varying transmission distances.

In this thesis, four different modulation formats are considered, which are BPSK, QPSK,
8QAM and 16QAM, respectively. Moreover, we consider these modulation formats with
dual polarization (DP), i.e., DP-BPSK, DP-QPSK, DP-8QAM and DP-16QAM, respec-
tively. The transmission distance and modulation levels (in bits per symbol) of these
modulation formats are shown in Table 2.1. The data in Table 2.1 for EONs based on
CO-OFDM is referenced from Refs. [108-110] and those for EONs based on N-WDM are
referenced from Refs. [12,33]. It is worth noting that the transmission distances indicated in
the table are in the case where only the optical signal-to-noise ratio (OSNR) of the optical
fiber transmission is considered, i.e., without considering the inter-core crosstalk (XT).

From Table 2.1, it can be observed that modulation formats with higher modulation
levels can support more bits per symbol (i.e., higher efficiency of transmission), but at the
same time have shorter transmission distances. As a result, for connection requests trans-

mitted along lightpaths with different path lengths, EONs can adaptively employ different
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Table 2.1: Transmission distance and modulation levels for different modulation formats.

Modulation formats |DP-BPSK DP-QPSK DP-8QAM DP-16QAM
Transmission distance (km) CO-OFDM 4000 2000 1000 500

N-WDM 6300 3500 1200 600
Modulation level (bits/s/Hz) ‘ 2 4 6 8

modulation formats to provide optimal spectral efficiency.

2.3.3 Super channel in EONs

Super channel (SpCh) is an innovative concept that revolutionizes the way optical data
is transmitted for EONs. Instead of using traditional fixed-wavelength channels in WSONs,
the SpCh combine multiple adjacent wavelength channels to create a broader and more
flexible transmission entity. This aggregation of closely spaced wavelengths allows for the
simultaneous transmission of a large amount of data over a wider optical spectrum.

The unique features of SpCh is its flexibility in supporting different bandwidth require-
ments for connection requests. Thanks to the use of bandwidth-variable optical transceivers
(BVTs) and bandwidth-variable wavelength cross-connects (BV-WXCs), SpCh can estab-
lish light paths with varying numbers of FSs without the need to switch grid bandwidth
intervals. This adaptability enables efficient resource utilization and dynamic allocation of
bandwidth to cater to diverse traffic demands [79].

As shown in Figure 2.6, the SpCh is composed of several continuous OCs that are gen-
erated by several continuous single-carrier transmitters. Switching GBs exist only between
adjacent SpChs, and there are no switching GBs between two adjacent OCs in the same
SpCh. Since the SpCh of EON takes only 2 switching GBs at two sides of the SpCh (i.e.,
1FS), it has high spectral efficiency compared to the optical channels of WSONs. It is
notable that SpChs in EONs are present only at a single spectral dimension (i.e., they do
not span spatial dimensions), thus such SpChs are also named spectral SpChs (Spe SpChs).
In later section of this chapter, we will also introduce several different types of SpChs in
SDM-EONs with multiple spatial dimensions.

The adoption of SpChs in EONs brings significant benefits in terms of increased ca-
pacity, enhanced spectral efficiency, and improved network flexibility. It addresses the
challenges posed by ever-increasing data demands and supports the efficient transmission of
data-intensive applications, making it a fundamental component of next generation optical

networks.
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2.3.4 Routing, modulation and spectrum assignment problem

As shown in Fig. 2.7, the difference with WSON is that in EONs, narrower-spectrum grids,
such as the 12.5 GHz grid, which conforms to the G.694.1 standard recommended by the
International Telecommunication Union Telecommunication Standardization Sector (ITU-
T) [97], is adopted. Each of the small grids shown in Fig. 2.7 (b) represents the basic
unit of the spectrum in EONs, which is called the frequency slot (FS) in this work and
the frequency slice in some works [3,5,8]. There is a guard band (GB) between any two
adjacent connection requests, which prevents data crosstalk between the two connection
requests [4,111]. To more easily visually compare the spectrum resources of WSONs and
EONS, the GBs are not shown in this figure. Moreover, light paths for connection requests
can be established flexibly by using super channels (SpChs) that are matching the size of
connection requests and consisting of different numbers of contiguous FSs without GBs in
between. In this context, although EONs have achieved higher spectrum efficiency and more
flexible transmission than WSONs, their smaller and more flexible spectrum granularity has
also caused the problem of spectrum resource allocation problem to become complicated.
For instance, EONs impose more restrictions on the establishment of light paths; that is,
the FS allocated to a light path must be contiguous in the spectral domain. This is the
well-known routing and spectrum assignment (RSA) problem, which has been proven to be
NP-hard by Refs. [2,112].

(a) Wavelength Switched Optical Network (WSON)

>

r r Y >

\ J
[

50 GHz Wavelength

(b) Elastic Optical Network (EON)

T T . * GHz

( J
Y

Frequency Slot (FS) Super Channel (SpCh)
12.5 GHz 87.5 GHz

v

Figure 2.7: Illustration of spectrum usage in WSONs and EONs.

The RSA problem involves finding a single transmission path for a connection request
under three basic constraints: FS contiguity, spectrum continuity, and nonoverlapping. FS

contiguity is the constraint that the FSs allocated to each connection request must be
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contiguous. Spectrum continuity is the constraint that the spectrum of the F'Ss used in any
link must be the same when the light path to serve a connection request uses multiple links.
Nonoverlapping is the constraint that an F'S on a link cannot be used for two connection

requests at the same time.

[TTTTTT,

(a) Correct routing and spectrum allocation (b) Incorrect routing and spectrum allocation

Figure 2.9: Illustration of routing and spectrum assignment problem.

Fig. 2.8 shows the origination and destination nodes and the number of F'Ss required for
each of the five colored connection requests in the illustrative example of the RSA problem
in Fig. 2.9. For example, the blue connection request transmits from node 1 to node 3 and
requires two FSs. Fig. 2.9 shows an example of the RSA problem. In this case, one grid
represents one F'S, a colored grid means that the FS is assigned to a connection request of
corresponding color, and an uncolored grid means that no connection request is assigned
to the FS. Fig. 2.9 (a) shows a correct example of routing and spectrum assignment in
an EON with five nodes. All of the connection requests satisfy the three basic constraints
described above. Fig. 2.9 (b) shows an incorrect example of an allocation that does not
satisfy the basic constraints. In the figure, the connection request in blue does not satisfy
F'S contiguity because the FS bandwidth is not contiguous. The purple and red connection
requests do not satisfy nonoverlapping because they share the second FS of the link between

nodes 3 and 4. And the red connection request does not satisfy spectrum continuity because
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it uses FSs of different indexes on the two links.

In addition, when considering multiple modulation formats, EONs support using dis-
tance adaptive transmission (DAT) to select the modulation formats, i.e., selecting appropri-
ate modulation formats for optical signals depending on the length of the light paths [5,107].
In this context, the RSA problem turns into a more complex routing, modulation format
and spectrum assignment (RMSA) problem [16,28]. In this thesis, our work on the RSA
and RMSA problems will be presented in detail in Chapter 3.

2.4 Space division multiplexing elastic optical network

2.4.1 SDM fibers

o Single-mode core O Multi/few-mode core @ Optical fiber Single-mode fiber (SMF)

o
o o o o
o O o
o o
O 0 o o o o

(a) Even SM-MCF (b) Coupled SM-MCF (c¢) Uneven SM-MCF (d) MMF
(without coupling, (with coupling for all (with coupling in (with coupling for
with XT) modes, with XT) groups, with XT) all modes or in

groups, with XT)

o O
o O
(e) FMF (f) FM-MCF (g) SMFB (h) FMFB
(with coupling for (with coupling in (without coupling, (with coupling in
all modes or in groups, with XT) without XT) groups, without XT)

groups, with XT)
Figure 2.10: Types and properties of SDM fibers.

Space division multiplexing (SDM) is a pioneering approach revolutionizing optical com-
munication by leveraging multiple spatial dimensions to enhance data transmission capaci-
ties [80,113]. Within the realm of SDM, various types of optical fibers have been developed
to accommodate these spatial dimensions and address the escalating demand for higher
data rates and extended transmission distances, as depicted in Fig. 2.10.

One fundamental category is the single-mode multi-core fiber (SM-MCF or MCF) [114-
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116]. This innovation entails embedding multiple single-mode cores within a fiber cladding,
with each core guiding a distinct mode. The arrangement of cores can adopt diverse struc-
tures such as one-ring, dual-ring, linear-array, two-pitched, or hexagonal patterns. Cores
can be spaced closely or widely, with even or uneven packing, and they will exhibit varying
degrees of coupling, ranging from strong to weak interactions [117-119]. The MCF design
optimizes efficient spatial data transmission while offering versatility in core arrangement.

Few-mode fiber (FMF) [120, 121], a subtype of multi-mode fibers (MMF) [122,123],
provides SDM transmission by supporting a relatively low number of transverse modes
within a higher index core. FMFs are particularly advantageous for achieving longer trans-
mission distances, as the interference and impairments arising from a limited number of
co-propagating modes are easier to manage compared to MMFs with higher mode counts.

Combining the benefits of MCF and FMF, few-mode multi-core fiber (FM-MCF) al-
lows the simultaneous propagation of transverse modes across multiple higher index cores
[124,125]. This configuration mitigates the drawbacks associated with MCF and FMF
technologies, resulting in a more balanced performance.

Fiber bundles (FBs) represent the simplest form of SDM, accomplished by aggregating
numerous fibers into a bundle. While single-mode fiber bundles (SMFB) are a notable
example, supporting a single spatial mode per fiber, there’s also the possibility of few-
mode fiber bundles (FMFB), where each fiber guides a limited number of modes. SMFB, a
commercially available technology, facilitates a seamless transition from existing networks

to SDM, owing to its adaptability and compatibility.

Table 2.2: SDM Fibers in previous resource allocation works.

References SDM fiber
[9,31-34,52,54,55,61,64-67,67,72,73] SMFB
[9,24,30,31,35-51,53,56-58,61,63,68-71,73,126] MCF
[21,59-61, 72] MMF /FMF
[48,127,128] FM-MCF

Table 2.2 presents an overview of prior research exploring resource allocation with var-
ious types of SDM fibers. Remarkably, SMFB and MCF, despite the multitude of SDM
fiber variants, are the most frequently studied types. This preference can be attributed
to several reasons: i) Avoidance of costly multi-input-multi-output digital signal processor
(MIMO-DSP) technology, which is crucial in strongly-coupled SDM fibers, as it significantly
escalates network costs with the number of modes/cores [87,129]; ii) Greater flexibility in
signal generation, routing, switching, and reception, as strongly-coupled modes/cores neces-

sitate joint processing [12]; iii) Enhanced ease of transitioning from existing optical networks
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to SDM-based infrastructures. Consequently, our focus in this thesis is primarily on SMFB
and/or MCF. Additionally, the spatial dimension within these fibers, referred to as ‘space

lane (SL)’, plays a pivotal role in our research.

2.4.2 Noise in SDM fibers

In the realm of SDM optical fibers, two critical parameters that significantly influence
the performance and quality of transmitted signals are optical signal-to-noise ratio (OSNR)
and inter-core crosstalk (XT).

The OSNR is a fundamental metric that measures the quality of an optical signal relative
to the noise present in the transmission system. It quantifies the ratio of the optical power of
the signal to the power of the noise introduced during transmission and reception. A higher
OSNR indicates a stronger signal relative to the noise, leading to improved signal fidelity
and better error performance. In SDM fibers, where multiple spatial modes or cores carry
different signals simultaneously, maintaining a high OSNR is crucial to ensure reliable data
transmission across the various cores or modes. OSNR is a critical factor in determining
the achievable data rates and the reach of SDM transmission systems.

Inter-core crosstalk, also known as inter-modal crosstalk or inter-core interference, occurs
when optical signals from one core of an SDM fiber interfere with or leak into adjacent cores
or modes. This phenomenon can lead to signal degradation, reduced signal-to-noise ratio,
and increased bit error rates. XT becomes more pronounced in tightly packed cores or
modes and is influenced by factors such as the design of the fiber, the spacing between
cores, and the characteristics of the transmitted signals. Managing and minimizing XT
is essential to maintaining the integrity of signals carried by different cores or modes and
ensuring the overall performance of SDM transmission systems.

In this thesis, we have the following considerations and assumptions about the influence
of OSNR and XT on the SDM transmission system. As shown in Figure 2.11, we consider
several cases where each link uses the 4-core MCF [130] or the 12-core MCF [131] to connect

the networks in our work.

(a) 4-core MCF (b) 12-core MCF

Figure 2.11: The MCFs considered in this thesis.
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Based on the ITU-T standard G.694.1, the total number of FSs that each link has (i.e.,
|F'|) is set to 320 (i.e., 12.5 GHz per FS at the C-band with a 4 THz bandwidth) [97].
The number of modulation levels |M F| is set to 4. The numbers 1, 2, 3, and 4 indicate
the modulation formats double polarization (DP)-BPSK, DP-QPSK, DP-8QAM, and DP-
16QAM, respectively. Each OC is generated by a transceiver which can support 50 Gbps
via DP-BPSK under 32 Gbaud symbol rate containing 7 GBaud (approximately 20%) for
forward error correction (FEC) overhead [51] and occupying in total 37.5 GHz spectrum
(i.e., 3 FSs) [132]. Therefore, the supportable bit rates per OC for the modulation formats
DP-BPSK, DP-QPSK, DP-8QAM and DP-16QAM are set to 50, 100, 150 and 200 Gbps,

respectively.

Table 2.3: Physical features of the MCFs considered in the simulation experiments.

Fiber type k A B r

4-core MCF [130] 5.0 x 107* 3.9 x 107° 4.0 x 10° 5.0 x 1072
12-core MCF [131] 1.4 x 1073 3.7 x 107° - -

For the maximum transmission distances (km) of the considered modulation formats
above, we consider that they are mainly driven by OSNR and XT. As shown in Table 2.3,
these physical features of the two types of MCFs we mentioned above are used to calculate
the maximum transmission distances for different modulation formats. The parameters
k, A, B and r represent the coupling coefficient, core pitch, propagation constant, and
bend radius, respectively. It should be noted that the coupling coefficients k are calculated
according to Ref. [133]. In the coherent systems, the maximum transmission distances of
different modulation formats bounded by OSNR, and can be estimated by the Gaussian
Noise model of nonlinear interference [33]. And the XT of a connection request in MCFs
after D km can be calculated by Eq. (2.1).

_ C—C-exp{-2(C +1)uD} 2k>r

XT(D) = h =
D) = e a2+ uDy* M "= A

(2.1)

In Eq. (2.1), C represents the number of adjacent cores of the core transmitting the cur-
rent connection request. We assume that the thresholds of XT (X7 ¢) for modulation
formats DP-BPSK, DP-QPSK, DP-8QAM, and DP-16QAM are -14, -18.5, -21, and -25
dB, respectively [42], and that the XT oscillation requires a -2 dB margin (X7Targ) [20].
Therefore, for a given modulation format m, the maximum transmission distance bounded
by XT (DXT) can be calculated by Eq. (2.2).

DXT = max{D|XT(D) < XT!"e + XxT™"9} (2:2)
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Table 2.4: Maximum transmission distances bounded by OSNR and XT in 4-core MCFs
and 12-core MCFs under different modulation formats m.

Maximum transmission distance (km)

DP-BPSK DP-QPSK DP-8QAM DP-16QAM

Limitation factor

DYSNE [33] 6300 3500 1200 600
DXT in 4-core MCFs 38945 13872 7808 3111
DXT in 12-core MCFs 4712 1678 944 376

Table 2.5: Maximum transmission distance of each modulation format and maximum traffic
volume supported of each OC fixed at 32 Gbaud for 4-core and 12-core MCFs.

Modulation format DP-BPSK DP-QPSK DP-8QAM DP-16QAM
Transmission distance (4-core) (km) 6300 3500 1200 600
Transmission distance (12-core) (km) 4712 1678 944 376
Traffic volume per OC (Gbps) 50 100 150 200

For connection requests in 4-core and 12-core MCFs with different modulation formats,
we can calculate the maximum transmission distances bounded by OSNR (D9SVE) [33] and
XT (DXT), respectively, as shown in Table 2.4. And the maximum transmission distance
is the small one of D@SNE and DXT.

Therefor, the maximum transmission distances (km) of these modulation formats consid-
ered and the maximum traffic volume (Gbps) that an OC can carry under each modulation

format are shown in Table 2.5.

2.4.3 Super channels in SDM-EONs

Three types of SpChs with different spatial switching granularities have been proposed in
SDM-EONSs, and they are the spectral super channel (Spe SpCh), the spatial super channel
(Spa SpCh), and the spectral and spatial super channel (Spe & Spa SpCh), as shown in Fig.
2.12, 2.13, 2.14, respectively [12]. Here, we assume that the spatial dimension of an SDM-
EON is 4 (i.e., a 4-core MCF or 4-fiber SMFB). Then, the SpChs with spatial switching
granularities 4, which are equal to 1, 2 and 4, correspond to Spe SpCh, Spe & Spa SpCh
and Spa SpCh, respectively.

e As shown in Fig. 2.12, a Spe SpCh is composed of several continuous OCs that are

generated by several continuous single-carrier transmitters. Switching GBs exist only
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Figure 2.12: Illustration of spectral super channel (Spe SpCh) and spectral super transceiver
(i = 1). DSP: digital signal processor, DAC: digital-to-analog converter, IQ-MOD: in-
phase and quadrature modulator, LS: laser source, N:1: coupler, FIFO: SDM fan-in/fan-out
component.
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Figure 2.13: Illustration of spectral super channel (Spa SpCh) and spectral super transceiver
(i = 4). DSP: digital signal processor, DAC: digital-to-analog converter, 1Q-MOD: in-
phase and quadrature modulator, LS: laser source, N:1: coupler, FIFO: SDM fan-in/fan-out
component.
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(b) Spectral & Spatial SpCh and Spectral & Spatial super transmitter (i = 2, irregular)

Figure 2.14: Tllustration of spectral & spatial super channel (Spe&Spa SpCh) and spectral &
spatial super transceiver in regular and irregular case (i = 2). DSP: digital signal processor,
DAC: digital-to-analog converter, IQ-MOD: in-phase and quadrature modulator, LS: laser
source, N:1: coupler, FIFO: SDM fan-in/fan-out component.
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between adjacent SpChs, and there are no switching GBs between two adjacent OCs
in the same SpCh. Since a Spe SpCh takes only 2 switching GBs at two sides of
the SpCh (i.e., 1FS), it has the highest spectral efficiency. However, a Spe SpCh
containing 4 OCs, as in the example in the figure, uses four independent laser sources;

hence, it is the most costly.

e Fig. 2.13 illustrates an Spa SpCh containing 4 OCs, and it is generated by a 4 x 1 joint
transmitter and uses a common laser source in different spatial dimensions. Thus, it

has the lowest cost, although it has the lowest spectral efficiency.

e A Spe & Spa SpCh containing 4 OCs is shown in Fig. 2.14(a), and it is generated by
a 2 x 2 fractional joint transmitter. OCs allocated on the same spectrum can share a
common laser at the transmitter. It is obvious that the Spe & Spa SpCh is a hybrid
SpCh that provides intermediate cost and spectral efficiency. Fig. 2.14(b) shows an
irregular Spe & Spa SpCh containing 3 OCs, which is not considered in this work.

2.4.4 ROADMs and switching paradigms in SDM-EONs

Space lane change (SLC) is a nonnegligible transmission technique in SDM-EONSs. Specifi-
cally, with the adoption of SLC technology, connection requests can disregard spatial con-
tinuity restrictions and use different spatial dimensions on different links of a light path.
As shown in Fig. 2.15(b), the red connection request space lane changed from SL4 to SL2
to make room for the newly added connection request. SLC makes resource allocation
more flexible, which further improves spectrum efficiency, especially in dynamic problems.
As a negative effect, although SLC can further increase the routing flexibility at the same
spatial switching granularity to enable higher spectral efficiency, it consumes higher equip-
ment costs due to its deployment of WSSs with higher port counts. In static scenarios,
the savings in spectrum resources that SLC can bring are negligible compared to its equip-
ment cost [9,25]. Therefore, in this thesis, which focuses on static scenarios, we discuss the
non-SLC case.

There are three switching paradigms in SDM-EONSs, independent switching (In-Sw),
fractional joint switching (FrJ-Sw) and joint switching (J-Sw), corresponding to the Spe
SpCh, Spa SpCh and Spe & Spa SpCh, respectively. In-Sw and FrJ-Sw can each be subdi-
vided into two types based on whether they support SLC [25].

Fig. 2.16 shows the architectures of the reconfigurable optical add-drop multiplexers
(ROADMS) corresponding to the various switching paradigms with and without SLC. The
ROADMs in the figure are all at the 2-degree (i.e., SDM in and SDM out) intermediate

nodes in a network that has 4 spatial dimensions on each link.
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Figure 2.15: Examples of transmission without and with SLC support.
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Figure 2.16: Illustration of ROADM architectures for various switching paradigms at spa-
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e Fig. 2.16(a) and (b) illustrate the architectures of the route-and-select (R&S) ROADMs
corresponding to In-Sw without and with SLC, respectively. In this instance, the spa-
tial switching granularity 7 is equal to 1. It is observed that the ROADM structure
supporting SLC has a higher port count per WSS, resulting in higher costs.

e Fig. 2.16(c) and (d) illustrate the architectures of the R&S ROADMSs corresponding
to FrJ-Sw without and with SLC, respectively. In this instance, the spatial switching

granularity ¢ is equal to 2.

e Fig. 2.16(e) shows the architecture of the R&S ROADM corresponding to J-Sw with
and without SLC. In this instance, the spatial switching granularity ¢ is equal to 4.
Since there is no spatial dimension group that can be changed when the connection
requests pass through the ROADMs, the structures of the ROADMSs are the same for
the SLC and non-SLC cases when the switching paradigm is J-Sw. In addition, it
should be noted that if all WSSs on the LHSs of Fig. 2.16(a) to (e) are replaced by
splitters with the corresponding dimensions (e.g., Fig. 2.16(f) for Fig. 2.16(d)), the
R&S ROADMs in the figures will change to broadcast-and-select (B&S) ROADMs.

2.4.5 Routing, modulation, space and spectrum assignment problem

Similar to the RWA problem in WSONs to the RSA/RMSA problem in EONs, new net-
work features introduced by new network architectures will lead to evolving optimization
problems in optical networks. In SDM-EONs, because of the introduction of multiple spa-
tial dimensions, light-path selection needs to consider the assignment of space lanes (SLs),
which makes the resource allocation problem more complex. As shown in Fig. 2.17, there
are various scenarios for resource allocation in SDM-EONs because of the increased spatial
dimensions. Such a resource allocation problem is the routing, space and spectrum assign-
ment (RSSA) problem [12]. The names and meanings of RSSA problems may vary slightly
depending on the different factors considered. For instance, if the fiber type of the network
is MCF, the RSSA problem is also known as the routing, core and spectrum assignment
(RCSA) problem.

Moreover, similar to the RSA problem, the RSSA problem is complexed into a rout-
ing, modulation format, space, and spectrum assignment (RMSSA) problem when multiple
modulation formats are considered. The RSSA problem has been discussed and proven as
NP-hard in many previous works [12,27,33,48,52,134]. Thus, it is easy to realize that the
RMSSA problem, which has a much higher complexity, is also obviously NP-hard. In this
thesis, our work on the RMSSA problem will be presented in detail in Chapter 4.
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Figure 2.17: Illustration of various scenarios for resource allocation in SDM-EONSs.
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Chapter 3

ILP models and improved methods

for the RSA/RMSA problem in
EONSs

Up to now, there has been a lot of work related to the RSA/RMSA problem for EON in static
scenarios, as we discussed in Subsections 1.2.1 and 2.3.4. For static scenarios, mathematical
models, such as the ILP model, are generally employed. These modeling and formulating as
ILP can be classified into various types depending on the differences in viewpoints. As we
mentioned in subsection 1.2.1, although there is a lot of work using a variety of ILP models
to solve the static RSA/RMSA problem, the analysis of the respective characteristics of
the various models is not yet clear. In this chapter, in order to better understand the
characteristics of each type of models and to improve them for use in newer generations
of optical networks, such as SDM-EONs, we systematically classify and summarize the
models from previous works on the static RSA/RMSA problem for EONs, improve their
computational performance according to the characteristics of each type of models, and
compare the differences between them.

This chapter is organized into the following three sections. In Section 3.1, we classify
mathematical optimization models for RSA/RMSA problems in previous works, and for-
mulate the four types of mathematical models, path/slot, path/channel, node/slot, and
node/channel, as ILP problems. In Section 3.2, we analyze the four models to understand
the characteristics of each model, and improve the computation method to compensate for
the weaknesses of each model. In Section 3.3, we verify the effectiveness of the improvement
through computer experiments, and perform a comparative simulation experiment between

the models used the improved calculation methods.
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3.1 Optimization models for static RSA/RMSA problem

In this section, we address four optimization models (i.e., path/slot, path/channel, node/slot
and node/channel model) with multiple modulations in turn. They are formulated as ILP
in different ways. The descriptions of the notations common to these models are shown as

follows.

Parameters:

E: the set of links in network topology.

F': the set of F'Ss index on each link.

MF: the set of available modulation levels.

R: the set of connection requests.

T,: the traffic volume [Gbps] of connection request r.

P,: the set of candidate paths for serving connection request 7.

toc: the traffic volume [Gbps] that a single OC using the modulation format with the
lowest spectral efficiency can support. How much traffic volume can be supported depends
on the symbol-rate of the transceiver.

my: the level of modulation format that allows the length of the candidate path p € P,
according to DAT.

Wrg: the bandwidths [GHz] occupied by a FS.

Woc: the bandwidths [GHz] occupied by a single OC.

Wep: the bandwidths [GHz] occupied by a switching GB.

n¥: the number of FSs required for transmitting connection request by using candidate
path p € P,.

n,"': the number of FSs required for transmitting connection request r by using modu-
lation level m € MF.

M: a value that is large enough.

Variable:
Finaz € Z4: anonnegative integer variable that indicates the maximum index of required

FSs in the network topology.

For comparison purposes, we set the objective functions of the four models to be the
same. That is minimizing the maximum index of required F'Ss in the network topology (i.e.,
Fiax), as shown in Eq. (3.1).

minimize  Fax (3.1)
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In path/slot and path/channel models, n? can be calculated by Eq. (3.2). We can
assign modulation levels from small to large for different modulation formats from low
to high spectral efficiencies. For instance, if we use the four modulation formats BPSK,
QPSK, 8QAM, and 16QAM, which have spectral efficiencies of 1, 2, 3, and 4 [b/s/Hz],
then we can assign modulation levels 1, 2, 3, and 4 to BPSK, QPSK, 8QAM, and 16QAM,
respectively. In Eq. (3.2), the level of modulation format for candidate path p (i.e., m,) can
be determined by DAT. In other words, among all modulation formats that can serve the
length of candidate path p, the modulation format with the highest spectral efficiency is
selected, and the level corresponding to that modulation format is the value of m,,. Similarly,
m indicates the level of modulation format in the set of available modulation levels M F,
and n)"* can be calculated by Eq. (3.3) in node/slot and node/channel models. In this paper,
we assume that the spectrum grid (i.e., Wgg) is 12.5 GHz based on the ITU-T standard
G.694.1, the transceiver transmits/receives an OC with 37.5 GHz (i.e., Wp¢) bandwidth
at a fixed 32 Gbaud baud rate, and the bandwidth of the switching GB (i.e., Wgp) is 12.5
GHz (6.25 GHz on each side of a SpCh).

(&1 -Woc + Wes

nb = 3.2
p [t (2)
T,
= Woe + W,
= ([m'toj WOC “1 (3.3)
FS

The following subsections explain in order of additional parameters, variables, and re-

spective constraints of each model.

3.1.1 Path/slot model

In the path/slot model, transmission paths are selected from the prepared candidate paths,
and the model allocates FSs by using variables corresponding to themselves. We use the
model proposed in [2]. However, the number of formulations for the nonoverlapping con-
straints of this model in [2] is larger. To simplify the model, we use the formulations of
nonoverlapping constraints from [9], by which the number of nonoverlapping constraints
can be reduced by |R|? - |P.|?. This model uses the following additional parameters and

variables.

Variables (additional)

fr € Z: a nonnegative integer variable that indicates the index of the first F'S used by
the connection request r.

orrr € {0,1}: a binary variable that is equal to 1 if the index of starting F'S used by
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connection request 7 is smaller than that used by 7/, and 0 otherwise.
2 € {0,1}: a binary variable that is equal to 1 if candidate path p is used to transmit

connection request r, and 0 otherwise.

Constraints

d ab=1, VreR (3.4)

pGPr
Oppt + Opty = 17 VT‘, ! ER:r 7é r (35)
foent < e o (s ). o0
Vr,r' € Rip€ Prp € Pir £ 0!, pnp’ # 10 '
Frax > fr+nl2l =1, VreR, peP: (3.7)

Eq. (3.4) indicates that only one path p can be selected for any connection request r from
the set of candidate paths. Eqgs. (3.5) and (3.6) together suggest spectrum non-overlapping
constraints between different connection requests. Among them, Eq. (3.5) indicates the
prioritization of connection requests, and expresses that there is always a prioritization
for any two different connection requests. Eq. (3.6) indicates that the required FSs for
different connection requests that have a common link in the path cannot overlap each
other. Eq. (3.7) describes how to calculate the maximum index of the required FSs (i.e.,
Finax). The right hand side of the Eq. (3.7) represents the index of the terminal F'S used by
the connection request r. For all connection requests in the whole network, the maximum
index of required FSs Fi,ax is larger than the terminal FS index used by any connection

request.

minimize Fyqz

s.t.
(@) Ypep ar =1, VreR
(b) Oyt + Opty = ]-7 VT’, r"eR:r 7& r’ (38)

@ﬂ+%§h+MP—@wﬂAwa
VT,T‘/GR,pEPT,pIGPTI 17“7é’l“/,pﬁp/§£®
(d) Foax > fr+nkal =1, VreR, peP,

According to the objective function and constraints above, the path/slot model can be

expressed as minimizing Eq. (3.1) under constraints Eqgs. (3.4) to (3.7), i.e., Eq. (3.8).
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3.1.2 Path/channel model

The path/channel model is a model that transmission paths are selected from the prepared
candidate paths and that allocates F'Ss by using variables corresponding to the prepared
candidate channels which consist of multiple adjacent FSs. We use the Channel-Based
formulation proposed in Chapter 3 of Ref. [5]. This model uses the following additional

parameter and variables.

forn’ =6 {

forn? =4

. .
for nf =2 -< \:
: | ! I:

FS, VFS, TFS, TFS, TFS. TFS, T f

v

Figure 3.1: Examples of channels construction for connection requests requiring different
number of FSs.

Parameters (additional)

C?: the set of candidate channels that fit the number of required FSs for transmitting
connection request r by path p.

fF¢: the index of the first FS in channel ¢ of the connection request r transmitted by
path p.

5ffcf : a binary constant that is equal to 1 if channel ¢ containing FS f is assigned to
connection request r on path p, 0 otherwise.

C? is a pre-computed set obtained by nl. We illustrate it in Fig. 3.1 (assume that the
maximum index of F'Ss on links is 6, shown as F'Sy, F'Se, - - - , F'Sg). For a connection request

requiring 2 FSs (i.e., n¥ = 2), the set of channels {(FSy, FSs),(FSa, FSs3),(FSs, FSy),
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(F'Sy, F'Ss5), (FS5,FSe)} can be created, which is shown in yellow and has five channels
with two FSs. Similarly, for a connection request requiring 4 and 6 FSs (i.e., n¥ = 4 and
nk = 6), we can create the set of channels shown in blue and green, respectively. The
channels construction method above can cover all situations where the connection request
uses F'Ss.

CP = {[FSi, FSii1, ..., FSppw 1] |i=1,...,|CP} (3.9)
CP| = |F| — nP +1 (3.10)

Eq. (3.9) shows how the channels sets are generated. Each connection request r cor-
responds to one set of candidate channels CF on each of its candidate paths. For any
connection request, offset 1 FS each time to create a channel of size n¥, and traverse all
FSs in the link to obtain the set of candidate channels for connection request r. Using
the method, we can obtain the Eq. (3.10) for calculating the number of channels in the

candidate channel set.

Variable (additional)

2 € {0,1}: a binary variable that is equal to 1 if channel ¢ is used to serve connection

request r on path p, and 0 otherwise.

Constraints

> ar=1, WreR (3.11)

peP’r CGC,,I?

gpfgr <1, Vee E,f€F (3.12)
> 2 >

reR pEPr CEC?
eCp

SN (D) att —1 < Fnax, Vr€R (3.13)
pEPy CEC’%0

Eq. (3.11) states that for any connection request 7, only one path p can be selected from
the candidate path set P, and only one channel ¢ can be selected from the candidate channel
set CF on the path p. Eq. (3.12) expresses the spectrum non-overlapping constraint between
different connection requests. It means that the number of connection requests using any
FS on any link is always one or less. Eq. (3.13) describes how to calculate the maximum
index of the required FSs (i.e., Fihax). It is easy to understand that the left hand side of
Eq. (3.13) represents the index of the terminal FS used by the connection request .
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minimize Fiqz
s.t.
(a) ZpEPr ZCECf ay’ = 1, VreR (3.14)
(b) E’FGR ZPECPT EcECf 556]0%56 S 17 Ve € Ea f EF
eCp
(C) ZpEPT ZcGCf ( 71'76 + nf) xfc -1< Fma)u Vre R

According to the objective function and constraints above, the path/channel model can
be expressed as minimizing Eq. (3.1) under constraints Egs. (3.11) to (3.13), i.e., Eq.
(3.14).

3.1.3 Node/slot model

The node-type constructs transmission paths for given connection requests by using vari-
ables corresponding to links. The node/slot model is a node-type model that allocates FSs
by using variables corresponding to themselves. We use the node-link formulation proposed
in Chapter 3 of [5]. To simplify the model, we use the formulations of nonoverlapping
constraints from [9], by which the number of nonoverlapping constraints can be reduced by

2|R|?. This model uses the following additional parameters and variables.

Parameters (additional)

V': the set of nodes in network topology.

o, : the set of links leaving from node v.

o, : the set of links entering node v.

sp: the origin node for connection request r.

d,: the destination node for connection request r.
[°: the length of link e.

a™: the maximum transmission distance allowed by modulation level m.

Variables (additional)

h, € R;: a nonnegative continuous variable that represents the length of the path used
by connection request r.

u® € {0,1}: a binary variable that is equal to 1 if connection request r uses the
modulation level m, and 0 otherwise.

x& € {0,1}: a binary variable that is equal to 1 if connection request r uses link e, and

0 otherwise.
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We also employ the variables f,, o,,~ described at subsection 3.1.1.

Constraints (additional)

1 ifv=s,

daf— Y af={ 1 ifv=d, VWEV,reR (3.15)
e€of e€oy 0  otherwise
he > 1%, VreR (3.16)
ecE
Z a™uw > h, VreR (3.17)
meMF
Y wul=1, VreR (3.18)
meMF

Fr+ Cmentr 0 < for+ M (3 (5 + 25 + 0rv) ]

3.19
Vr,r' € Ree E:r#1/ (8:19)

Fiax Zfr—l—n,’,”uT—L Vre RmeMF (320)

Using the flow conservation law, Eq. (3.15) indicates that at each node in the network,
one connection request can use only one path [5,12,14]. More specifically, in Eq. (3.15),
o} and o, denote the set of links leaving and entering node v, respectively; and Ze@j s
and ) . or &7 denote the value of links leaving and entering node v, respectively. Thus, if
x¢ represents a path for connection request r, LHS of Eq. (3.15) equals to 1 for the origin
node s, and -1 for the destination node d,. And, LHS of Eq. (3.15) equals to 0 for inter
nodes in the path and other nodes without through the path. Note that Eq. (3.15) allows
any cycles adding the path. If the cycles exist in the solution, we can delete them form the
solution without being to infeasible. In the models where the routing is node-type, the path
length is not a constant because the candidate path set is not created in advance. Therefore,
it is unclear which modulation method can be used, and the number of FSs required for
connection requests cannot be calculated in advance. Egs. (3.16) to (3.18) represent the
binary variable w," for determining modulation level by DAT. Among them, Eq. (3.16)
expresses the variable h, which represents the length of path, Egs. (3.17) and (3.18) together
state that only one modulation level which allows the length of path can be selected for
any connection request. Eq. (3.5) in subsection 3.1.1 and Eq. (3.19) together represent
spectrum non-overlapping constraints between different connection requests, similar to the

path/slot model in subsection 3.1.1. Eq. (3.20) expresses the calculation method of the

maximum index Fj.x of the required FSs.
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minimize Fyqz

s.t.
1 ifv=s,

(@) Deot Tr = Dpeo-r =14 —1 ifv=d. YweEV,reR
0  otherwise

(b) he > > cpllxy, VreR

() Domemra™ul > hy, VreR

(d) Y pemrpur =1, VreR

(€) fr+ D menpniul < frr + M [3— (28 + 28 + 0]

Vr,r' € Riee E:r#1'
(f) oppr +0pp =1, Vr,r' € R:r # 1’
(9) Finax = fr +nu* —1, Vre Rome MF

(3.21)

According to the objective function and constraints above, the node/slot model can be
expressed as minimizing Eq. (3.1) under constraints Eq. (3.5) and Egs. (3.15) to (3.20),
ie., Eq. (3.21).

3.1.4 Node/channel model

The node/channel model is a node-type model that allocates FSs by using variables corre-
sponding to the prepared candidate channels which consist of multiple adjacent F'Ss. To the
best of our knowledge, there are few works that use the formulation of the node/channel
model and consider the modulation formats simultaneously. Therefore, we formulate the
following node/channel model based on the ‘NL-SA’ formulation in [8] and the ‘Node-Link’

formulation in chapter 3 of [5].

Parameters (additional)

C,: the set of candidate channels consisting of all possible required numbers of FSs for
connection request 7.
C*: the set of candidate channels that fit the number of required FSs for transmitting
connection r by modulation format m, C}* C C.
7¢: the index of the first F'S in channel ¢ of the connection request r transmitted by
modulation format m.

fyﬁf : a binary constant that is equal to 1 if channel ¢ in the set of channel for connection
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request r contains FS f, 0 otherwise.
O = {[FSi, FSiy1,..., FSirmpi] | i = 1,....|C7} (3.22)

IC™| = |F| —n™ + 1 (3.23)

C, and C)" are pre-computed sets obtained by n;". Similar to the path/channel model in
subsection 3.1.2, Eq. (3.22) shows how the channels sets are generated. The number of
channels in the candidate channel set can be calculated by Eq. (3.23).

We also employ the Parameters V, o.f, 0.7, MF, s,, d, I°, and a™ described at subsec-
tion 3.1.3.

Variables (additional)

xt¢ € {0,1}: a binary variable that is equal to 1 if channel ¢ is used to serve connection
request r on link e, and 0 otherwise.

y¢ € {0,1}: a binary variable that is equal to 1 if connection request r uses channel c,
and 0 otherwise.

We also employ the variables w*, h, described at subsection 3.1.3.

Constraints (additional)

+yr ifv=s,
ZeEUff xic o ZEEO'; xf“c - _yg if v= dy (3‘24)
0  otherwise
YoeV,re R,ceC,
> yi=u, VreRmeMF (3.25)
ceCm
he> YN I, VreR (3.26)
ecE ceC,

DY > atyf <1, VeeE feF (3.27)

reRmeMF ceC™
Z Z (f4+n") e’ —1< Fpew, Vre€RecE (3.28)

meMF ceCm

Egs. (3.24) and (3.25) using flow conservation law indicates that at each node in the
network, one connection request can use only one channel on only one path. And Eq. (3.25)

shows the relationship between channels and modulation formats. Similar to the node/slot
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model in subsection 3.1.3, Egs. (3.17), (3.18) in subsection 3.1.3 and Eq. (3.26) represent
the binary variable u]"* for determining modulation format by DAT. Among them, Eq. (3.26)
expresses the variable h, which represents the length of path, Egs. (3.17) and (3.18) together
state that only one modulation format which allows the length of path can be selected for any
connection request. Eq. (3.27) expresses the spectrum non-overlapping constraint between
different connection requests, similar to the path/channel model in subsection 3.1.2. Eq.
(3.28) describes how to calculate the maximum index of the required FSs (i.e., Fiyax), similar

to the path/channel model in subsection 3.1.2.

minimize Flaq
s.t.
+yl fv=s,
(@) Yoot T = Deeor Tt =4 —yr ifv=d,
0 otherwise
YoeV,re R,ceC,
b) Yecomys =u, Vre Rome MF
) he 23 cep 2icec, I°27°, VreR
d) > rer D memF Eceqtn xgc'ﬁf <1, Vec€E feF
e) Yomemrpaul > hy, VreR
) Smenpu=1, VreR
9) Yomemr 2oceem (FM ) 2l =1 < Frge, VrE€Re€E

(3.29)

(
(
(
(
(
(

According to the objective function and constraints above, the node/channel model can
be expressed as minimizing Eq. (3.1) under constraints Eq. (3.17), (3.18) and Eqgs. (3.24)
to (3.28), i.e., Eq. (3.29).

3.1.5 Classification of models in previous works

Through an extensive review of previous works on the static RSA/RMSA problem, we
classify and summarize the ILP models as illustrated in Table 3.1.

For instance, Christodoulopoulos et al. [2] formulated a model for the RSA problem con-
sidering modulation formats (i.e., the RMSA problem), which matches the characteristics
of the path/slot model we illustrated, and presented a decomposition method of the model,
which breaks the RMSA problem into its two substituent subproblems.

Velasco et al. [3] first proposed a channel-based ILP model for the RSA problem with
no modulation format considered, which matches the characteristics of the path/channel

model we illustrated, and compared it with the slot-based model. The model in Walkowiak
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Table 3.1: Classification of mathematical optimization models for RSA/RMSA problems in
previous works.

Path Node

Christodoulopoulos et al. [2,4],
Wang et al. [13], Walkowiak [5],

Slot Wang et al. [29], Miyagawa et al. [10], Cai et al. [7], Walkowiak [5]
Yang et al. [9], Wu et al. [16]
Velasco et al. [3], Velasco et al. [§],
ChannelwalkOWiak et al. [11], Tornatore et al. [14], Velasco et al. [8], Tornatore et al. [14]

Godcien et al. [17], Walkowiak [5], Klinkowski et al. [12]
Klinkowski et al. [5], Wu et al. [16]

et al. [11] also conforms to the path/channel model we introduced, but it differs slightly from
the model in Velasco et al. [3] because it is presented in the context of the RSA problem
considering modulation formats.

Cai et al. [7] first proposed a model of node-type for the RSA problem with no modu-
lation format considered, which conforms to the node/slot model we introduced.

Velasco et al. [8] formulated a node-link model which used pre-computed slots for the
RSA problem with no modulation format considered, which is similar to the node/channel

model we illustrated.

3.2 Improved methods for models

To speed up the solution time of these ILP models, several studies have discussed im-
proving computational methods to reduce the size of the variables and constraints of their
models or to provide better bounds for these models.

To provide better lower bounds, Christodoulopoulos et al. [2] and Miyagawa et al. [10]
formulated a path-type relaxation model in the RSA problem with modulation formats
considered. Velasco et al. [3] proposed two relaxed formulations for path-type and node-
type models in the RSA problem without modulation formats considered. In our work,
we formulated both path-type and node-type relaxation models in the RSA problem with
modulation formats considered in Subsection 3.2.2. Furthermore, for the channel model, to
the best of our knowledge, no general existing study has proposed a method to reduce the

number of channels in advance, as in Subsection 3.2.3.
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3.2.1 Characteristics and weaknesses of each model

In order to improve the solving time by using an optimization software, we first observe
the characteristics and the weaknesses of each model.

Table 3.2 shows the number of variables and constraints of the formulation of the four
models, path/slot, path/channel, node/slot, and node/channel described in Section 3.1.
From here, K is the number of candidate paths. For better comparison, we fixed the
V|, |E|, |MF|, which are usually smaller than |R| and |F|. As shown

in Table 3.3, the constraints and the number of variables of each model can be roughly

observed by |R| and |F|. The following can be observed from Table 3.2 and Table 3.3.

parameters K,

Table 3.2: Number of variables and constraints per model.

Models Variables Constraints
path/slot O(|R*+K-|R|) O(K?-|R|?)
path/channel O(K-|R|-|C]) O(|E|-|F| + |R|)
node/slot O(|R]2+\R]-\MF\+\R]-\ED O(]V|-\R[+]R\~]MF]+]R\2-\E\)
node/channel  O(|R|-|MF|+|R|-|E|-|C|) O(|V[-|R|-|C|+|R|- |MF|+|E|-|F|+|R|-|E]|)

Table 3.3: Number of variables and constraints per model derived by |R| and |F|.

Models Variables Constraints
path/slot O(|RP?) O(|R]?)
path/channel O(|R|-|F]) O(|F| + |R]|)
node/slot O(|R[?) O(|RJ?)
node/channel O(|R|-|F) O(|R|-|F])

(1) Since the number of variables and constraints in the two models of slot-type (path/slot
and node/slot models) involves the square of the number of connection requests |R|?, the
number of connection requests |R| has a large impact on the path/slot and node/slot models.

(2) Due to the number of constraints, path/slot model is susceptible from changes in
the number of candidate paths K. However, since K is usually much smaller than |R| and
|F'|, we can disregard its effect.

(3) From the number of constraints in path/channel model, we can observe that the
model is affected by the number of links |F| in network topology, the number of FSs |F|
on each link, and the number of connection requests |R|. Considering that |E| tends to be
much smaller than |R| and |F|, we ignore its effect. And from the number of variables, it

is also affected by the number of channels |C| in the channel set. Since |C| is positively
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correlated with |F|, |F'| has an effect on the number of variables in the path/channel model.

(4) The node/slot model is not only affected by changes in the number of connection
requests |R|, but also by the number of nodes |V| and links |E| in the network topology.
In addition, it is also affected by the number of modulation levels |M F'|. Likewise, we can
ignore the effects of |V|, |E| and |M F| in the comparison.

(5) Node/channel model is influenced by all the parameters mentioned above.

(6) The numbers of variables and constraints of the path/slot and node/slot models are
related to the square of the number of connection requests (i.e., |R|?), while they of the
path/channel and node/channel models are not only related to |R| but are also affected by
the number of F'Ss in each link |F|.

Based on the above observations, we will explore whether the calculation time of each
model can be reduced. The number of nodes |V| and the number of links |F| are related
to the size and structure of the network topology and cannot be improved in the resource
allocation problem. In addition, since the number of connection requests |R| is related to
user needs and should not be reduced arbitrarily, we will work on improving the calculation
method from other parameters. For example, it is expected that it is effective to reduce the
calculation time of the model by first relaxing the part where there are too many constraints

in the model and discarding unnecessary channels from channel sets.

3.2.2 Improved lower bound for models

Since there is a large number of constraints on spectrum allocation, if we relax some
constraints, the relaxed model will become much easier to be solved. Then we solve the
relaxed model and its solution will be a lower bound of the original model. In this way,
we can reduce the computation time of solving the original models by some optimization
softwares.

Therefore, we consider the following path-type and node-type relaxation models [2,3,10].
Firstly, we solve the relaxation problems. And then, we use the objective function values of
the relaxed problems (path-type relaxation and node-type relaxation) as the initial lower
bounds of original problems. These can effectively reduce the computation time of solving
each ILP model.

The objective function of our RSA problems is to minimize the maximum index of FSs
used in the network. The value of F,s will be given to the original path-type models as
an initial lower bound. The meaning of the parameters and variables is the same as the
parameters and variables in the path/slot model in Section 3.1. The lower bound F,g. for

path-type is obtained by the following ILP.

49



CHAPTER 3. ILP MODELS AND IMPROVED METHODS FOR THE RSA/RMSA
PROBLEM IN EONS

minimize Flyge

s.t.

(a) ZpePr =1, VreR

(4) Fuse > Syep oere afnf =1, Ve e E

(3.30)

The constraint (a) is same as Eq. (3.4) described in subsection 3.1.1.

In order to find Fis by using formulation of node-type, we introduce a binary variable
b*¢ that is equal to 1 if connection request r uses modulation m and link e, and 0 otherwise.
And the meaning of the parameters and variables other than b'¢ is the same as that in
node/slot model in Section 3.1. The lower bound Fys. for node-type is obtained by the
following ILP.

minimize Fyge
s.t.
1 ifv=s,
(@) Peot T5 = Ppeor Tr =4 —1 ifv=d,
0  otherwise
YoeV,reR
b) hpy 2> cplxy, VreR
c) Yomemrpalul > he, VreR
d) Y emrur =1, VreR
€) 2orer omemp Uy — 1< Fuse, Ve€E
Hore<i@r+a), reRmeMFeckE
g e >ur+at—1, Vre Rme MF,ecFE

(3.31)

(
(
(
(
(
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The constraints (a) to (d) are same as Eqs. (3.15) to (3.18) described in subsection 3.1.3.

3.2.3 Improved channels generation methods

In the channels construction methods, shown in Subsection 3.1.2 and 3.1.4, the size of
the channels set C¥ or C™ is determined by the number of FSs required for each connection
request and the total number of FSs given on each link. We assume that 4 THz (C-band)
is considered and that the spectrum grid (i.e., wavelength of an FS) is 12.5 GHz according
to the ITU-T standard G.694.1 [97]. Therefore, there are 320 FSs on each link. In the
case where the number of connection requests and the number of FSs required are not so

large, the maximum index of F'Ss required on each link of the network may be much smaller
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than 320. Therefore, if 320 is set as the maximum index of FSs in the preprocessing of
creating channels, a large number of unnecessary channels will be created, which will waste
computer memory and increase the computation time of the channel-type model. In this
regard, if the upper bound of F'Ss required can be obtained before solving the channel-type
model, the unnecessary channels can be effectively reduced by using the value of the upper
bound in the preprocessing of creating channels.

Our improved channel generation method for the path/channel model can be described
as the following 3 steps.

Step 1:

Obtain the paths for the connection requests by solving the path-type relaxation problem
which is described as Eq. (3.30) in Subsection 3.2.2.

Step 2:

Solve the path-type spectrum allocation problem where the paths obtained in Step 1 is
used, to obtain an upper bound of Fj,,,. The path-type spectrum allocation problem can
be described as Egs. (3.1), (3.5), (3.6) and (3.7) in Section 3.1.

Step 3:

Generate the channels by using the channel generation method where the upper bound of

Fiqz obtained in Step 2 is used. The channel generation method is described in Subsection

3.1.2.

Table 3.4: Maximum transmission distance of each modulation format and traffic volume
supported of each OC at fixed 32 Gbaud.

Modulation format DP-BPSK DP-QPSK DP-8QAM DP-16QAM
Maximum transmission distance (km) 6300 3500 1200 600
Traffic volume per OC (Gbps) 50 100 150 200

Node/channel model does not have candidate sets of paths before it is solved, so the
lengths of the paths which may be used by connection requests are unknown. Furthermore,
if the length of the path is unknown, then we do not know which modulation format will
be used. So we create channel sets for each modulation format under consideration. But
if we consider all the cases where each modulation format is used, the number of channels
will increase in proportion to the number of modulation formats. In practice, the number
of FSs required may be the same for several different modulation formats in cases where
the traffic volumes of connection requests are not very large. For example, we assume that
a single OC comprises 3FSs generated by a transceiver and consider four modulation for-
mats: DP-BPSK, DP-QPSK, DP-8QAM, and DP-16QQAM. The volume of traffic that can
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be transmitted simultaneously by one OC with each modulation format and the maximum
distance that each modulation format can transmit, as in [33], are presented in Table 3.4.
Then a connection request with 50 Gbps can be transmitted by an OC (3FSs) no matter
what modulation format is used. In this case, if we create channel sets for all modulation
formats, three of the channel sets will actually be wasted. Here, the modulation formats

corresponding to the channel sets where waste occurs are called unnecessary modulation
formats for connection requests (i.e., DP-QPSK, DP-8QAM and DP-16QAM in the exam-
ple).

Similarly, our improved channel generation method for the node/channel model can be
described as the following 4 steps.

Step 1:

Obtain the links and modulation levels for the connection requests by solving the node-
type relaxation problem which is described as Eq. (3.31) in Subsection 3.2.2.

Step 2:

Solve the node-type spectrum allocation problem where the links and modulation levels
obtained in Step 1 is used, to obtain an upper bound of Fj,4,. The node-type spectrum
allocation problem can be described as Egs. (3.1), (3.5), (3.19) and (3.20) in Section 3.1.
Step 3:

Filter to obtain the set of useful modulation levels, where each modulation level leads
to a different value of x".

Step 4:

Generate the channels by using the channel generation method where the upper bound

of Finqx obtained in Step 2 and the set of useful modulation levels obtained in Step 3 is

used. The channel generation method is described in Subsection 3.1.4.

3.3 Simulation and numerical results

In this section, we first observe the effectiveness of our improved methods by using a 6-
node ring network, and then compare the models through simulation experiment in N6S9
network.

Gurobi optimizer v9.0.1 [135] is the solver software used for the optimization of the
models in this chapter. Since the RSA/RMSA problem mentioned in Subsection 2.3.4 has
been proven to be NP-hard, the ILP models of the RSA/RMSA problem may not be solved
completely (i.e., they may not find the optimal solution) in a reasonable time for some
traffic data sets. Therefore, we set the upper limit of computation time for the solver

to solve one instance in 3600 seconds. The simulation experiments were executed under
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Microsoft Windows 10 by a computer with Intel 4-core 8 thread 3.7 GHz CPU and 16 GB
memory.
3.3.1 Effectiveness of improvement

In this subsection, we will compare the models before and after the improvement in the

6-node ring shown in Fig. 3.2.

800

Unit: km
1000

Figure 3.2: 6-node ring network topology

The total number of FSs that each link has (i.e., |F|), is set to 320 and the number
of modulation levels |[MF| is set to 4. The amount of traffic that can be transmitted
simultaneously by one OC with each modulation format and the maximum transmission
distance that each modulation format can support are shown in Table 3.4.

We consider different number of connection requests — from 20 to 100, 20 per step. And
20 traffic data sets are generated randomly for each number of connection requests. The
traffic volume (Gbps) of each connection request is randomly selected from 50, 100, 150, and
200 Gbps, and the origin and destination nodes of each connection request are randomly
selected from the nodes in the network topology used. The candidate paths between each
node pair are found in advance by the k-shortest path (KSP) algorithm [?]. Since it is a
ring, there are two types of paths: when K = 1, only the shortest path is considered, and
when K = 2, the path is chosen from all two candidate paths.

Table 3.5 shows the experimental results before and after the improvement of the
path/slot model. In the table, “K = 1”7 and “K = 2” mean that the number of candi-
date paths is 1 and 2, respectively. “Done” indicates the ratio solved within the time limit
of 3600 seconds in 20 experiments for each number of connection requests. “FS index” is
the obtained value output within the time limit, and if the model can be solved within
the time limit, it is the value of objective at optimal solution. “Gap” is the ratio of the

difference between the obtained upper and lower bound for the objective function. So the
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Table 3.5: Results before and after the improvement of path/slot model.

R
original improved original improved

Done (%) 20 100.00 100.00  100.00 100.00

40 90.00  100.00 0.00 95.00
60 500  100.00 0.00 75.00
80 0.00  100.00 0.00 35.00
100 0.00  100.00 0.00 20.00
FSindex 20 31.00 31.00  23.60 23.60
40 55.60 55.60  43.80 43.75
60 75.85 7585 61.75 60.75
80  100.55  100.55  87.45 80.10
100 121.90  121.90 11245 101.1
Gap (%) 20 0.00 0.00 0.00 0.00
40 2.27 0.00  53.95 0.12
60 35.87 0.00  75.40 0.49
80 57.18 0.00  84.66 2.55
100 62.44 0.00  86.31 3.65
Runtime (s) 20 0.16 0.02  26.39 14.38
40 429.78 0.02 3600.00  183.52
60  3473.83 0.04 3600.00  1000.44
80 3600.00 0.05 3600.00  2546.36
100 3600.00 0.08 3600.00  2962.44

larger this value is, the more the solver is in the middle of its computation, and the less
complete the process of solving the model is. “Runtime” indicates the computation time to
solve the model. And the values of “FS index”, “Gap”, and “Runtime” are the average of
the results obtained from 20 experiments.

From the results in Table 3.5, we can see that the performance of the path/slot model has
been enhanced after the improvement. For instance, from the computation time “Runtime”,
we can see that the computation time of the improved model is clearly shorter than that
before the improvement. In addition, the results in Table 3.5 also show that the path/slot
model has a slow convergence of the lower bound. For instance, in the case that the number
of candidate paths is 1 (i.e., K = 1), the completion rate of solving the model “Done” and
the provisional FS index output within the time limit “FS index” show that the path/slot
model before the improvement almost never be solved completely in time limit when the
number of connection requests exceeds 60. But the provisional value obtained is the same

as the value of the objective at optimal solution obtained from the improved model. This
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is due to the very slow convergence of the lower bound of the path/slot model before the
improvement. In other words, the improved model overcame the weakness of the slow

convergence of the lower bound to a certain extent.
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Figure 3.3: “Runtime” (before and after improvement) for all 20 traffic data sets at K=1
in path/slot model
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Figure 3.4: “Runtime” (before and after improvement) for all 20 traffic data sets at K=2
in path/slot model

Furthermore, Fig. 3.3 and Fig. 3.4 show the “Runtime” (before and after improvement)

for all 20 traffic data sets at “K=1” and “K=2", respectively. We can observe that our
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improved method has very positive performance, especially in the case of K = 1. However,
the number of variables and constraints in path/slot is related to K2 -|R|?, and since we are
not improving the model itself, the effectiveness of our improved method decreases slightly

when the number of connection requests increases to 60 and above, in the case of K = 2.

Table 3.6: Results before and after the improvement of path/channel model.

|R]

original improved original improved

Done (%) 20 100.00 100.00  100.00 100.00
40 100.00 100.00  100.00 100.00
60 100.00 100.00 95.00 100.00
80 100.00 100.00 95.00 100.00
100  100.00 100.00 90.00 100.00

FSindex 20 31.00 31.00  23.60 23.60
40 55.60 55.60  43.70 43.70
60 75.85 75.85  60.45 60.45
80 10055  100.55  78.05 78.05
100 121.90  121.90  97.35 97.35
Gap (%) 20 0.00 0.00 0.00 0.00
40 0.00 0.00 0.00 0.00
60 0.00 0.00 0.09 0.00
80 0.00 0.00 0.07 0.00
100 0.00 0.00 0.17 0.00
Runtime (s) 20 0.27 0.05 1.56 0.09
40 1.69 0.12 8.50 0.54
60 8.70 026  211.08 3.38
80 11.22 0.48  280.41 12.30
100 21.39 0.78  559.65 19.11

Table 3.6, Fig. 3.5 and Fig. 3.6 respectively show the results before and after the im-
provement of path/channel model and the details in “Runtime” of the 20 traffic data sets.
We can observe that by improving the channels generation algorithm, path/channel model

has also been well improved.
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Figure 3.5: “Runtime” (before and after improvement) for all 20 traffic data sets at K=1
in path/channel model
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Figure 3.6: “Runtime” (before and after improvement) for all 20 traffic data sets at K=2
in path/channel model

57



CHAPTER 3. ILP MODELS AND IMPROVED METHODS FOR THE RSA/RMSA
PROBLEM IN EONS

Table 3.7: Results before and after the improvement of two node models.

IR node/slot node/channel

original improved original improved

Done (%) 20 85.00 100.00  100.00 100.00

40 0.00 95.00 — 100.00
60 0.00 70.00 — —
80 0.00 35.00 — —
100 0.00 40.00 — —
FS index 20 23.60 23.60 23.60 23.60
40 43.80 43.75 — 43.70
60 62.35 60.85 — —
80 86.95 79.80 — —
100  112.60 100.40 — —
Gap (%) 20 1.52 0.00 0.00 0.00
40 62.37 0.12 — 0.00
60 79.27 0.60 — —
80 85.45 2.17 — —
100 88.98 3.04 — —

Runtime (s) 20 804.94 44.92  553.63 73.59
40 3600.00 230.67 — 1017.32
60  3600.00 1473.16 — —
80  3600.00 2711.99 — —
100  3600.00 2440.28 — —

The results before and after the improvement of the node/slot and node/channel model
are given in Table 3.7. And Fig. 3.7 shows the details in “Runtime” of all 20 traffic data sets
in the node/slot model. Similar to the path/slot model, the effectiveness of the improved
method decreases slightly as the number of connection requests increases. Since it is difficult
for the node/channel model to obtain a feasible solution within the time limit after the
number of connection requests reaches a certain number, we have not counted the results
of all 20 sets of traffic data sets of the model. The hyphen sign in Table 3.7 means that
no feasible solution was found within the time limit. We can see that the performance of
the node/slot and node/channel models has been improved after the improvement. It is
worth mentioning that when the number of connection requests |R| is more than 60, the
node/channel model before and after the improvement did not find a feasible solution within
the time limit, which indicates that the performance of the node/channel model is relatively

low.
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Figure 3.7: “Runtime” (before and after improvement) for all 20 traffic data sets in node/slot
model

3.3.2 Comparative simulation

In this subsection, we perform a comparative simulation experiment to compare the
models by using the improved calculation methods in Subsection 3.3.1 on the N6S9 and NSF
networks [20] shown in Figs. 3.8 and 3.9. The simulation environment and the connection
requests used in the N6S9 network topology are the same as those in Subsection 3.3.1.
Similar to the traffic data sets generation approach in Subsection 3.3.1, in the simulation
of the NSF network topology, we also consider different numbers of connection requests —
from 20 to 100, 20 per step. Ten traffic data sets are generated randomly for each number
of connection requests. The traffic volume (Gbps) of each connection request is randomly
selected from 50, 100, 150, and 200 Gbps, and the origin and destination nodes of each

connection request are randomly selected from the nodes in the network topology used.
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Unit: km
Figure 3.9: NSF network topology

Tables 3.8 and 3.9 show the results of our simulation on the N6S9 network and NSF
network, respectively. The results in the table show the differences between path-type and
node-type models and between slot-type and channel-type models.

We do not show the computational time for finding the initial bounds in our results for
the following two reasons.

a) In our work, the main focus is on comparing the performances of the models. Since
the initial bounds we provided to the four ILP models are the same, these bounds do not
influence the comparison of the model computational times.

b) Actually, we performed 10 sets of pre-experiments for the path/slot model with K
= 3, R = 100, and the average computation time for finding the initial bounds was 0.16s,
which is much less than the average solution time of 2358.09s for the model in that case.
(1) Differences between path-type and node-type models

The differences between path-type and node-type models are mainly in computation
time and the quality of the model solution.

Concerning the results of comparing the computation time “Runtime”, similar observa-
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tions can be drawn from both N6S9 and NSF network topologies. That is, the two node-type
models (i.e., node/slot and node/channel models) are slower than the two path-type mod-
els (i.e., path/slot and path/channel models). And the path-type models are quite fast in
computation time, especially when the number of candidate paths K is small. The reason
for the difference in computation time may be that the path-type and node-type models
handle different numbers of paths. Specifically, for a path-type model, when K = 1, the
path is already determined and only the spectrum allocation is to be determined. So its
computation time should be the fastest. However, as K increases, the spectrum allocation
also changes with respect to which path is chosen, thus expanding the search area. On the
other hand, the node-type model has to determine the spectrum allocation and search for
all possible paths between two nodes in the network regardless of the candidate paths, so
the search area is quite large, which leads to a long calculation time.

For the quality of the model solution (i.e., the value of “FS index”), since all paths
are considered in node-type model, an optimal solution can be obtained when the model
is completely solved. However, the path-type models may not provide an optimal solution
when not enough number of paths for the candidate is given. From the obtained value “FS

index”

output within the time limit, both network topologies indicate similar results. That
is, in the results for K = 1 and K = 2 on both networks, and even in some results for
K = 3 on the NSF network (e.g., |R| = 20 and |R| = 40), the two path-type models did
not perform as well as the node-type models. This is because the candidate paths of the
path-type models are limited when K = 1 and K = 2. When the number of candidate paths
K is increased (e.g., K =3, K =4 and K =5 on N6S9 network), the computation time of
the path-type models became longer, but the solution became better. In other words, there
is a trade-off between the solution quality of path-type model and the computation time.
(2) Differences between slot-type and channel-type models

The difference between slot-type and channel-type models is mainly in the computation
time.

Firstly, when the number of connection requests is more than 60 on the N6S9 and
40 on the NSF network, the path/slot, path/channel, and node/slot models found feasible
solutions, while the node/channel model did not even find a feasible solution within the time
limit. This may be due to the large increase in the number of channels in the node/channel
model. It is not possible to compare the two models in the node-type. Therefore, we only
compare the path/slot model and the path/channel model in the path-type to analyze the
difference between the slot-type and channel-type models.

The results for the path/slot and path/channel models on both network topologies

show the high performance of the path/channel model. For instance, in the cases where
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the number of candidate paths K was 2, 3, 4 and 5 on the N6S9 network and K was 2 and
3 on the NSF network, as the number of connection requests increased, the computation
time of the path/slot model and the number of times the model was not solved significantly
increased, while the path/channel model showed no particular increase in computation
time and gap. This is probably due to the fact that the slot-type model has quite a lot
of constraints on the prioritization of FSs assigned to connection requests. According to
the observations in Section 3.2, the number of these constraints is related to the square of
the number of connection requests, so as the number of connection requests increases, the
number of constraints in the slot-type model increases exponentially, and the computation
time of the slot-type model also increases significantly. On the other hand, the channel-
type model satisfies the FSs contiguity constraints before solving the model, and creates a
candidate set of channels with the required number of FSs for each connection request in
advance. Therefore, in a channel-type model, there is no need to determine the prioritization
of FSs assigned to connection requests, so there are no constraints on this, which reduces

the computation time of the model.
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Chapter 4

Solving the RMSSA problem in
SDM-EONs via a node-type ILP
model

In SDM-EONSs, because of the introduction of multiple spatial dimensions, light-path se-
lection needs to consider the assignment of space lanes (SLs), which makes the resource
allocation problem more complex. Such a resource allocation problem is the routing, space
and spectrum assignment (RSSA) problem [12]. Similarly, the RSSA problem is complexed
into a routing, modulation format, space, and spectrum assignment (RMSSA) problem
when multiple modulation formats are considered. As we stated in Subsection 1.2.2, in
the design phase of optical networks, the resource allocation problem in static scenarios
needs to be solved to ensure a more rational network design. In order to ensure the optimal
solution, mathematical models such as ILP models are often used to solve the resource al-
location problems in static scenarios. Node-type ILP models are important for the resource
allocation problems in static scenarios due to its global optimal solutions. To the best of
our knowledge, there has not been any study that addresses the RMSSA problem involving
multiple modulation formats by modeling a node-based ILP in the static scenario of SDM-
EONs. In our work, considering the limitations of the role of SLC in static scenarios, a
novel non-SLC node-type ILP model considering all three types of SpChs is proposed, and
several computational methods to speed up the model are discussed.

This chapter is organized into the following three sections. In Section 4.1, we depict
our non-SLC node-type ILP model for solving the RMSSA problem with the objective of
minimizing the maximum FS index. In Section 4.2, we develop four algorithms based on
the model, three of which are used to solve the model exactly for small-scale instances
and the other one is a heuristic algorithm for large-scale instances. In Section 4.3, we
compare the three exact algorithms for solving our model and verify the effectiveness of

the three algorithms via lower bounds of our model and results of the heuristic algorithm.
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In addition, we compare our model with the previous k-path-type one in Refs. [9,16] via

simulation experiments.

4.1 Problem formulation

In this section, we construct a node-type ILP model for the static non-SLC RMSSA prob-
lem (referred to as the non-SLC node-type ILP model) with arbitrary spatial switching

granularity.

4.1.1 Non-SLC node-type ILP model
Parameters

1: the spatial switching granularity.

G;: the set of spatial dimension g determined by the spatial granularity i.

V: the set of network topology nodes.

E: the set of network topology links.

o the set of links leaving from node v € V.

o, : the set of links entering node v € V.

[°: the length of link e € E.

MF: the set of available modulation levels.

a™: the largest connection distance that can be reached in modulation level m € M F'.

R: the set of connection requests.

Wrg: the bandwidth of one FS.

Weap: the bandwidth of one GB.

Woc: the bandwidth of one OC.

sy: the source node of connection request r € R.

d,: the destination node of connection request r € R.

toc: the traffic volume [Gbps| that can be transmitted by a single OC using the least
spectrally efficient modulation format.

T,: the traffic volume [Gbps| of connection request r € R.

n™: the number of FSs necessary to connection request 7 € R using modulation level
m € MF at spatial granularity s.

M: a value that is large enough.
Notably, the set of available modulation levels is constructed by assigning the modu-

lation levels from small to large according to the order of low to high spectral efficiency.

Specifically, to construct a set of available modulation levels M F', we can assign modu-
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lation levels 1, 2, 3, and 4 in MF corresponding to the modulation formats DP-BPSK,
DP-QPSK, DP-8QAM, and DP-16QAM with spectral efficiencies of 2, 4, 6, and 8 [b/s/Hz],
respectively [5].

Thus, in the node-type ILP model, the number of FSs n™ can be calculated by Eq. (4.1).
In this chapter, we assume that the spectrum grid (i.e., Wgg) is 12.5 GHz based on the
ITU-T standard G.694.1, the transceiver transmits/receives an OC with 37.5 GHz (i.e.,
Woc) bandwidth at a fixed 32 Gbaud baud rate, and the bandwidth of the switching GB
on each side of an SpCh (i.e., Wgp) is 6.25 GHz.

m-toc

" Wrs

HLVZ-‘ -Woce +2Wap

Variables

z7Y € {0,1}: a binary variable is set equal to 1 if connection request r uses spatial
dimension group ¢ on link e and 0 otherwise.

u® € {0,1}: a binary variable that is set equal to 1 if connection request r uses the
modulation level m and 0 otherwise.

orr € {0,1}: a binary variable that is set equal to 1 if the index of starting FS used by
r is smaller than that used by r’ and 0 otherwise.

h, € R;: a nonnegative continuous variable that represents the length of the path used
by connection request r.

fr € Z4: a nonnegative integer variable that indicates the index of the first F'S used by
the connection request 7.

Finax € Z4: a nonnegative integer variable that indicates the maximum index of re-

quired F'Ss in the network topology.

Objective function

Minimize Fjqz (4.2)

The objective function of the model is to minimize the maximum index of the required

FSs Fyuae in the network topology, as shown in Eq. (4.2).

Constraints

Constraint for light path uniqueness and spatial continuity:
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1 ifo=s,
Yecot B =Y om 2 =8 1 ifv=4d,
0 otherwise
YoeV,re R gecG;

Y Y a9<1, WweVireRr (4.4)

Y <1, WweVireR (4.5)

Egs. (4.3) to (4.5) ensure that only one path and one spatial dimension group are used
for each connection request, i.e., ensure light path uniqueness and spatial continuity (i.e.,
non-SLC) constraints. Specifically, Eq. (4.3) uses the law of flow conservation. If the light
path transmitting the connection request r uses the spatial dimension group g on link e,
then the left-hand side of Eq. (4.3) will equal 1 at the source node s, and —1 at the desti-
nation node d,, and it will equal O at inter nodes on the light path and at nodes not on the
light path. Egs. (4.4) and (4.5) enable that there is no cycle in the light path. Specifically,
a connection request r can enter and exit a node at most once, regardless of the spatial

dimension g.

Constraint for DAT:

he> >N a9, WreR (4.6)

eck gEGi
> a"u'>h,, VreR (4.7)
meMF
Y ul'=1, VreR (4.8)
meMF

Egs. (4.6) to (4.8) represent that only one modulation level, which is determined by the
length of the path, can be selected for any connection request. Specifically, the path lengths
h, under different decision variables z;? are obtained by Eq. (4.6). Then the appropriate
m € MF can be selected by Eq. (4.7). Eq. (4.8) ensures that only the same m will be used

for a connection request.

Constraint for spectrum continuity and spectrum nonoverlapping:

Oppr +0pp =1, Vr,' €R:r # 7' (4.9)
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fr+ Dmenr iUl < fo+ M3 = 27 — 277 — o)

(4.10)
Vr,r' € Ree E,ge Gy :r #1r'

fot D MU —1< Fras, WVreR (4.11)
meMF

Egs. (4.9) and (4.10) prevent the overlapping of the spectrum used by different connec-
tion requests. Specifically, Eq. (4.9) captures the relationship between the starting FS of r
and r’. If r and 7’ use the same link e and spatial dimension g and f, less than f, which
means the starting F'S of r is before v/, the RHS of Eq. (4.10) is equal to f;. To ensure that
Eq. (4.10) holds, the RHS of Eq. (4.10) needs to be greater than f, plus the number of FSs
required for r which on the LHS of the Eq. (4.10). On the contrary, if » and 7’ do not use
the same link e and spatial dimension g simultaneously, or if the starting FS of 7’ is before
r, the RHS of the equation is large enough for Eq. (4.10) to hold. Eq. (4.11) expresses the

calculation method of Fiqz.

minimize Fiaz
s.t.
1 ifv=s,
(@) Yot @ = Peora? =4 -1 fv=4d,
0  otherwise
YVveV,reR,geG;
(0) Yoecor geq, ¥ <1, YweVreR
(€©) Pecot 2ogec; i’ <1, YoeVireR (4.12)
(@) hy > Yoep Sgeq, o8, ¥ € R
(e > pempa™ul > h., VreR
(f) ZmeMFU;n =1, VreR
(9) Oppr +0pr, =1, Vrr' € R:r #£1/
(h) fr+ D menre miu < fr 4+ M(3 — 27 — 2 — 0,1)
Vr,r' € Riee E,ge Gy :r # 7'
(i) fr+ Y menr MU =1 < Fray, Vr€R

According to the objective function and constraints above, the node/channel model can

be expressed as Eq. (4.12).

4.1.2 Analysis for scales of the proposed ILP model

In this subsection, we summarize our proposed non-SLC node-type ILP model (hereafter

referred to as node-type model) and compare it with the previous k-path-type ILP model
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in Ref. [16]. The major differences are stated as follows.

Table 4.1: Number of variables and constraints per model.

Models Variables Constraints
k-path-type O(k - |R"’EHG1’HF2D O(k - IQRI'\EI‘\F\)
node-type O(|R||E|-|Gil+|R]") O(|R” - |E|-|Gil)

Table 4.1 shows the order of magnitude of the variables and constraints for the node-
type and path-type model. Where the same notations as in Subsection 4.1.1 are used, and

k indicates the number of alternate routes in the k-path-type model.

e The number of variables and constraint expressions in the node-type model is related
to the square of the number of connection requests, so the number of connection

requests significantly impacts the node-type model.

e The node-type model is not only affected by the number of connection requests but
also by the number of links in the network topology and changes in the number of

spatial dimensions.

e The path-type model is sensitive to changes in the number of candidate paths k.
In addition, the path-type model is influenced by the number of links in the network

topology, the total number of FS on each link, and the number of connection requests.

Since the number of variables and constraints of the model are proportional to |R|?, | E|
and |G;|, the model will become increasingly difficult to solve as the number of connection
requests, spatial dimensions and scale of the network topology increase. Hence, for large-
scale instances, such as dealing with a large number of connection requests in a network
topology with a large number of nodes, links and spatial dimensions, the model may be
difficult to solve with ILP solvers. Actually, in our pre-experiments that included a small
6-node network, the model was difficult to solve directly when there were more than 100

connection requests in the network, which obviously needs to be improved.

4.2 Algorithms for solving the node-type ILP model

In this section, we address three model decomposition algorithms named direct model de-
composition (DMD), All-SLC model decomposition (ASLC-MD), and Semi-SLC model de-
composition (SSLC-MD) algorithms for enabling the ILP solvers to solve the model more
efficiently, and also propose a heuristic algorithm named first-fit greedy (FF-G) algorithm

to corresponding large-scale instances that are difficult to solve via ILP solvers.
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4.2.1 Direct model decomposition (DMD) algorithm

Node-type models are difficult to solve exactly with ILP solvers since the default initial
bounds provided by ILP solvers are often of low quality. Providing superior initial bounds
by decomposing the model for solving in multiple stages is a method that can effectively
speed up the solving of the model. Such the method has been used in several previous
related works Ref. [2,3,10] which focused on the RSA/RMSA problem of EONs.

For the RMSSA problem of SDM-EONSs, the increase in spatial dimensions makes the
model decomposition methods more diverse. In particular, since the constraints related
to spectrum assignment (SA) have a huge number, it is necessary to keep the number
of constraints included in this part as small as possible when decomposing the model.
However, if the part related to routing assignment (RA) contains too many constraints, it
may lead to too slow solving of the relaxation model in this part, thus affecting the overall
solving process. We discussed the three decomposition methods “RA + modulation format,

space and spectrum assignment (MSSA)

7. “routing and modulation format assignment
(RMA) + space and spectrum assignment (SSA)”, and “routing, modulation format and
space assignment (RMSA) + SA” in our pre-experiments and found that the RMSA+SA
decomposition method can be used effectively. Therefore our decomposition method uses

the RMSA+SA approach that makes the part related to SA as light as possible.

Parameters (additional)

m2%: the selected modulation level for serving connection request r obtained by solving

the RMSA model.

Variables (additional)

b € {0,1}: A binary variable that is equal to 1 if connection request r uses modula-
tion level m and spatial dimension group g on link e and 0 otherwise.

F € Zy: A nonnegative integer variable that indicates the maximum index of re-

quired FSs in the RMSA model.
Fub

max

F'Ss in the SA model.

€ Z. A nonnegative integer variable that indicates the maximum index of required

We decompose the original RMSSA model in SDM-EONS (i.e., the non-SLC node-type
model in Subsection 4.1.1 that solves the RMSSA problem) into the routing, modulation
format and space assignment (RMSA) model (the object is Equation (4.13) to satisfy Eqgs.
(4.3)-(4.8) and (4.14)—(4.16)) and the spectrum assignment (SA) model (the object is Eq.
(4.17) to satisfy Eqs. (4.9) and (4.18)-(4.21)). Here, F® —and FY

max maz A€ non-negative
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integer variables that represent the maximum index of the required FSs in the RMSA
and SA models, respectively, and their values obtained by solving these two decomposition
models (i.e., the RMSA and SA models) can be used as the lower and upper bound values

meg
r

for the original RMSSA model separately. The notation b indicates a binary variable
that is equal to 1 if connection request r uses modulation level m and spatial dimension
group g on link e and 0 otherwise. m?“ denotes the selected modulation level for serving

connection request r obtained by solving the RMSA model.

RMSA model

The RMSA model relaxed all the constraints on the spectrum such as spectrum continuity
constraint and spectrum nonoverlapping constraint to find a better lower bound.
Objective Function:

Minimize F2? (4.13)

max

Subject to:

1 ifv=s,
eg eg . o
Diccod T T Deeoy T =4 —1 ifv=d,

0 otherwise
VveV,reR,geG;

(4.3)

9 <1, YweVreR (4.4)
> 2.

9 <1, WYweVreR (4.5)
2.2

he> YY) 1af9, VreR (4.6)

6EEQEG1'
Z au > h,, VreR (4.7)
meMF

d ul'=1, VreR (4.8)

meMF

1

b?€9§§~(uT+x$9), Vre Rme MF,ec E,gc G, (4.14)
b9 >wu+ a9 -1, Vre RmeMFecE,geG; (4.15)
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S e —1< FY,,, VeeE,geG; (4.16)
reRmeMF
SA model
Objective Function:
Minimize F!° (4.17)
Subject to:
Oppr +0pp =1, Vr,o' €R:r# 7' (4.9)
Fre 2 Fre (4.18)
FY > f4n™ — 1, VreR (4.19)
mouti
frtneT Sfr’+M'(1_0rr’) (4.20)
Vr,r' e Riee E,ge G :r#1'
m ={m e MF:r € R,ec E,g € G;|b" =1} (4.21)

As shown in Figure 4.1, by solving the RMSA model first, we can take the obtained
destination function value as the initial lower bound for the original model. After that, we
substitute the solutions obtained in the RMSA model as known parameters into the SA
model and solve it. Finally, the value of the objective function obtained by solving the SA
model is used as the initial upper bound for the original model, and the solutions of the
RMSA and SA models are substituted into the original model as the initial solutions to

solve it.
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Initialize DMD
algorithm

Decompose original
RMSSA model into
RMSA and SA models

Solve RMSA model
Obtain variables xfg ;

ult b and B

Solve SA model
Obtain variables f;.,
0ppr and K nyigx

Solve RMSSA model
by using F2..., E4b.. as initial
lower and upper bounds
respectively, and other obtained
variables as initial solutions

Output solutions

Figure 4.1: Framework of the DMD algorithm.

4.2.2 All-SLC model decomposition (ASLC-MD) algorithm

The model relaxation approach is not only the relaxation of spectral constraints discussed
in Subsection 4.2.1. Since the SLC node-based model does not have the constraints related
to spatial continuity, it is easier to solve compared to the non-SLC node-based model. And
as we have narrated in Subsection 1.2.2, for the RMSSA problem in static scenarios, the
savings in spectrum resources that SLC can bring about are minimal [9,25]. That is, for
the RMSSA problem in static scenarios, the solution of the problem considering SLC can
be transformed into the solution of the non-SLC problem in the vast majority of cases (i.e.,
the number of times SLC occurs can be reduced to zero). In this subsection, we introduce
this decomposition method with relaxed spatial constraints.

If we relax the restrictions related to the spatial continuity of the non-SLC node-type
model in Subsection 4.1.1 (i.e., Equation (4.3), the model will be changed to a node-type
model that supports SLC. In this case, the formulation related to routing and space using

the law of flow conservation in the SLC node-type model will become Equation (4.22) below.
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1 ifv=s,
ZGEU; deGi xfng - Zeeaj deGi xfng = -1 lf V= dT (4 22)
0 otherwise

YveV,reR

Since the number of constraints in the SLC model in Equation (4.22) is reduced in
comparison with the non-SLC model in Equation (4.3), the time required to solve the SLC
node-type model may be shorter than that required for the non-SLC model.

Objective function

Major objective:

The major objective function aims to minimize the maximum index of the required
FSs Fi: and is the same as the objective function of the non-SLC node-type model in
Subsection 4.1.1 (i.e., Eq. (4.2)).

Minimize Fpqz (4.2)
Minor objective:
Minimize Y )" SLCy (4.23)
veV reR

Here, SLCY denotes a binary variable that is equal to 1 if connection request r changes
the space lane used in the former link when passing through node v and 0 otherwise. Eq.
(4.23) denotes the minimization of the number of SLC counts performed for all connection
requests in the entire network. As we mentioned in Subsections 1.2.2 and 2.4.4, from the
statements and experimental results in Refs. [9,25], the effect of the spectrum savings from
SLC is negligible in the static scenario. Therefore, we can equate the RMSSA model in
Section ?? to the SLC-RMSSA model with Egs. (4.2), (4.4)-(4.11), and (4.22)—(4.25) if the
value of its minor objective function (i.e., Eq. (4.23)) is equal to 0. Here, SLCY denotes a
binary variable that is equal to 1 if connection request r changes the space lane used in the

former link when passing through node v and 0 otherwise.
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Constraints

1 ifv=s,
Ze@; ZQEGi 9 — Zeeaj ZQEGi 9 =< -1 ifv=d,

0 otherwise

YveV,reR
Z inggl, YoeV,reR
eco, 9€G;
Z meggl, YoeV,reR
ecot 9€G;
he > > 19, VreR
eEEgGGi

Z au > h,, VreR
meMF

> u'=1, VreR
meMF

Oppt +0pp =1, Vr,r' € Rir #1/

frt Smentr MU < frr+ M(3 — 279 — 257 — 0,,)
VT‘,T’ER,GEE,QEGi:T#r’

fr+ Z nf”u?” — 1< F 4z, VreR
meMF

>ecor r? =3 _ —xd < SLCY

e€ay,

YoeVre Roge G;:v#s,v#d,

Zeéo; = Zeeaj ! < SLCY
YoeVre Rige G;:v#s.,v#d,

(4.22)

(4.10)

(4.11)

(4.24)

(4.25)

Eqgs. (4.24) and (4.25) achieve the count of SLC times. According to the objective

function and constraints above, the equivalent original model for ASLC-MD algorithm can

be expressed as Eq. (4.26).
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Major objective:
Minimize Fiaz
Minor objective:
Minimize Y o, >, cp SLCY
s.t.
1 ifo=s,
(a) Zeeo; deG’i r? — Zeeg;r degi z? = -1 ifv=d,
0  otherwise
YveV,re R (4.26)
(0) Yecor Yogeq, ¥ <1, YveV,reR
(€) Yoot Yogec, 0! <1, YveVreR
(d) he 2 3 e 2 ogec; lexy?, VreR
(€) Xmemrpa™u = he, VreR
(f) Zmempul =1, VreR
(9) Opr +0p. =1, Nryr € R:r # 1/
(h) fr + Xmenrp i u < fr + M3 —27® — 25! — o)
Vr,r' € Re€e E,ge Gy:r # 1/
(@) fr + Y mempnru =1 < Frop, YreR

As shown in Fig.4.2, the ASLC-MD algorithm is actually the process of decomposing
and solving the SLC-RMSSA model with major and minor objective functions. First, we
address an SLC-RMSSA model with only the major objective, which consists of Egs. (4.2),
(4.4) to (4.11) and (4.22). This model is decomposed into the SLC-RMSA and SA models
(the SA model is independent of whether SLC is supported or not since it does not include
the selection of spatial dimensions). Similar to the DMD algorithm in Subsection 4.2.1, we
solve the SLC-RMSA and SA models in turn and confer the solutions of the SLC-RMSA and
SA models as initial solutions to the SLC-RMSSA model with only the major objective.
Different from the DMD algorithm, after that, we address an SLC-RMSSA model with
only the minor objective, which consists of Egs. (4.4) to (4.11) and (4.22) to (4.25). The
value of F),4,; obtained by solving the SLC-RMSSA model with only the major objective is
fixed, and the other variables are assigned to the SLC-RMSSA model with only the minor
objective as the initial solution. If the SCL number ) i > .r SLC} is equal to 0 upon
solving this model, the solutions of the model are output; otherwise, Fj,q, will be brought

into the DMD algorithm as an initial lower bound to solve the original RMSSA model.
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Initialize ASLC-MD
algorithm

Decompose SLC-RMSSA
model with only major
objective into SLC-RMSA
and SA models

Solve SLC-RMSA model
Obtain variables x;.9, ul,
b)Y and E2,

l

Solve SA model
Obtain variables f.,
0, and 42,

l

Solve SLC-RMSSA model
with only major objective
by using F!%,., F¥b. as initial
lower and upper bounds
respectively, and other obtained
variables as initial solutions

l

Solve SLC-RMSSA model
with only minor objective
by using Fy,qx from SLC-
RMSSA model with only
major objective as a constant
and other obtained variables as
initial solutions

Solve RMSSA model via
DMD algorithm
by using Fqy from SLC-
RMSSA model with only
major objective as an
initial lower bound

Output solutions

Figure 4.2: Framework of the ASLC-MD algorithm.
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4.2.3 Semi-SLC model decomposition (SSLC-MD) algorithm

Initialize SSLC-MD
algorithm

Decompose SLC-RMSSA
model with only major
objective into SLC-RMSA
and SA models

Solve SLC-RMSA model
Obtain variables x;.9, ul™,
b P and B

Solve SLC-RMSA model
with only minor objective
by using E2,,. from SLC-
RMSA model as a constant
and other obtained variables
as initial solutions
Update variables x;f‘g, u™ and

by

Solve SA model
Obtain variables f;.,
orr’ and quﬁx

Solve RMSSA model
by using F!2,,., E¥b.. as initial
lower and upper bounds
respectively, and other obtained
variables as initial solutions

Output solutions

Figure 4.3: Framework of the SSLC-MD algorithm.

The ASLC-MD algorithm minimizes the SLC number after solving the SLC-RMSSA
model, and the step that minimizes the SLC number requires much time because of the

high complexity of the SLC-RMSSA model. Therefore, we consider a semi-SLC model
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decomposition (SSLC-MD) algorithm, which minimizes the SLC number after solving the
decomposed SLC-RMSA model to ensure that a light path without SLC is obtained.

The framework of the SSLC-MD algorithm is shown in Figure 4.3. Different from the
ASLC-MD algorithm, the SSLC-MD algorithm supports SLC only in the RMSA model,
while the RMSSA model is the original non-SLC node-type model. The SSLC-MD algo-
rithm minimizes the SLC number (i.e., solving the SLC-RMSA model with only a minor
objective) after solving the SLC-RMSA model (i.e., minimizing the maximum index of the
required FSs). Since the FSs are not yet assigned in the SLC-RMSA model, whether SLC
is considered does not have an impact on the maximum index of the required FSs (i.e., the
SLC number in the SLC-RMSA model with SLC can converge to 0).

4.2.4 First-fit greedy (FF-G) algorithm

Since it is difficult to solve the model in subsection 4.1.1 exactly in a reasonable time for
some large-scale instances, in this subsection, we propose a heuristic algorithm named first-

fit greedy (FF-G), the details about which can be accessed in our previous work Ref. [29].

Algorithm First-Fit Greedy
1: Update the available FSs and spatial dimension groups
2: for Method in SORTS do
3:  Sort the set of connection requests R via Method
for » in R do
Find all physical paths P, for r
for pin P, do
Determine the most efficient modulation format m! for each physical path p via
DAT
end for
: Calculate n;”gi
10: Create the candidate spectral blocks set B, with spatial continuity and FSs conti-
guity restrictions imposed, and b,"¥ € B, is composed of ni”gi FSs
11: for b,"? in B, do

© ®

12: Assign b to r on a trial and calculate the maximum index F'S%." of the FSs
used in the network after the trial assignment

13: end for

14: Find the minimum F S’grbal;, realign its corresponding b;" to r and update the

available FSs and spatial dimension groups
15:  end for
16:  Record the maximum FSs index used in the network under the current sorting method
of R
17: end for
18: Select the allocation scheme for the sorting method, which determines a minimum value
of the maximum FSs index used in the network

Here, SORTS is a set of different sorting methods. We discuss 9 sorting methods

80



CHAPTER 4. SOLVING THE RMSSA PROBLEM IN SDM-EONS VIA A
NODE-TYPE ILP MODEL

according to the different properties of connection requests, which are sorting by traffic
volume from small to large and large to small, the average hops of all paths from small to
large and large to small, the hops of the shortest path from small to large and large to small,
the hops of the longest path from small to large and large to small, and random sorting.
We previously search for all possible simple paths (i.e., paths without cycles) between the
source and destination nodes of each connection request via the depth-first search (DFS)
algorithm, and the set of all possible simple paths for the connection request r is denoted
as P,.

4.2.5 Analysis for scales of the ILP models

The variables and constraints in each model mentioned in Sections 4.1 and 4.2 are shown
in Table 4.2. RMSSA and RMSA indicate the original model proposed in Subsection 4.1.1
(i.e., Non-SLC node-type ILP model) and the relaxation model employed by the DMD
algorithm in Subsection 4.2.1, respectively. SLC-RMSSA and SLC-RMSA denote the node-
type ILP model supporting SLC and the relaxation model supporting SLC, respectively,
which are employed in the algorithms ASLC-MD in Subsection 4.2.2 and SSLC-MD in
Subsection 4.2.3. SA is the model considering only the spectrum assignment which is used
in Subsections 4.2.1-4.2.3.

Table 4.2: Number of variables and constraints per model.

Models Variables Constraints
RMSSA O(|R|-|EJ|Gi|+|RI) O(IR|-[V[|Gi|+|R[* - |E|-|G4])
SLC-RMSSA O(|R||E|-|Gi|+|RI*) O(IRIV|+|R[* - |E||Gy)
RMSA O(|R|-|MF[-|E||Gi|) O(|R||V[-|Gi|+|R|-|M F|-|E|-|Gi])
SLC-RMSA O(|R[-|MF||E||G; I) O(|R[|V|+|R|-|MF|-|E]|G; I)
SA O(|R?) O(|R[?)

Analyzing the number of variables and constraints for each model, the following can be

derived.

(1) The number of connection requests | R| affects RMSSA and SLC-RMSSA significantly
because the numbers of variables and constraints in these two models are related to

the square of the number of connection requests |R|?.

(2) The numbers of variables and constraints of the models RMSA, SLC-RMSA, and SA
used in the decomposition algorithms are not affected by the square of the number of
connection requests. Thus, it is expected that the decomposition algorithms effectively

reduce the computation time compared to solving the original model directly.
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(3) SLC-RMSSA and SLC-RMSA show a reduction in the number of constraints (from
O(|R| - |V|-1G;|) to O(|R| - |V|)) compared to RMSSA and RMSA. Due to the effect
of |R|?, the impact on the computation time caused by the change may be negligible
in SLC-RMSSA and RMSSA. However, in SLC-RMSA and RMSA, when constraints
whose number is O(|R| - |V|-|G;]) (i-e., Equation (4.3) in Subsection 4.1.1, which uses
the law of flow conservation) are abundantly present, the change has the potential to

reduce the computation time of the model.

4.3 Simulation and numerical results

In this section, we first verify the effectiveness of the three algorithms proposed in Section
4.2 via lower bounds of our model and results of the FF-G algorithm in the N6S9 network
and then compare our model with the path-type models proposed via M. Yang et al. [9]
and Q. Wu et al. [16] in the NSF network.

4.3.1 Environmental parameters and assumptions

As shown in Fig. 2.11 in Subsection 2.4.2, we consider several cases, where each link uses
the 4-core MCF [130] or the 12-core MCF' [131] to connect the network in the simulation
experiments. As we mentioned in the Subsection 2.4.2, based on the ITU-T standard
G.694.1, the total number of FSs that each link has (i.e., |F|) is set to 320 (i.e., 12.5 GHz
per F'S at the C-band with a 4 THz bandwidth) [97]. The number of modulation levels | M F|
is set to 4. The numbers 1, 2, 3, and 4 indicate the modulation formats double polarization
(DP)-BPSK, DP-QPSK, DP-8QAM, and DP-16QAM, respectively. Each OC is generated
by a transceiver, which can support 50 Gbps via DP-BPSK under the 32 Gbaud symbol rate
containing 7 GBaud (approximately 20%) for forward error correction (FEC) overhead [51]
and occupying in total 37.5 GHz spectrum (i.e., 3 FSs) [132]. Therefore, the supportable
bit rates per OC for the modulation formats DP-BPSK, DP-QPSK, DP-8QAM and DP-
16QAM are set to 50, 100, 150 and 200 Gbps, respectively. The maximum transmission
distances (km) of these modulation formats considered and the maximum traffic volume
(Gbps) that an OC can carry under each modulation format are shown in Table 2.5.

The Gurobi optimizer v9.5.2 [136] is the solver software used to solve the models in this
chapter. Since the RSA problem is a well-known NP-hard problem that has been proven
by [2,112], it is obviously NP-hard for the RMSSA problem that considers multiple spatial
dimensions and modulation formats based on the RSA problem. Thus, for some instances,
ILP models cannot be completely solved in a reasonable time (i.e., the obtained solution

cannot be verified as optimal). To obtain a feasible solution of the model when solving each
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instance, we set an upper limit of 3600 seconds for the computation time of each part of
the algorithms (e.g., in the DMD algorithm, the upper limit of computation time for the
RMSA, SA, and RMSSA models are all 3600 seconds). The simulation experiments are
executed in a Microsoft Windows 10 OS on a computer with an Intel 8-core 16-thread 3.6
GHz CPU and 64 GB memory.

4.3.2 Simulation results of the algorithms

In this subsection, we compare the algorithms for solving the non-SLC node-type model
in the N6S9 network shown in Fig. 4.4, which consists of 6 nodes and 18 directed links
interconnected by 4-core MCF's [130]. The available spatial switching granularities i are 1,

2, and 4, corresponding to the cases of Ind-Sw, FrJ-Sw, and J-Sw, respectively.

Figure 4.4: 4-core N6S9 network topology.

The traffic volume (Gbps) of each connection request is generated ranging from 100 Gbps
to 1 Thps in accordance with a uniform distribution. The source node and destination node
of each connection request are randomly selected from the nodes in the network topology
used. We consider different numbers of connection requests—from 50 to 200, 50 per step.
Thirty traffic data sets are generated randomly for each number of connection requests.

Since there is not yet any work that involves multiple modulation formats by formulating
node-type ILP models to solve the RMSSA problem, we consider lower bounds of the model
and results of the following commonly used the FF-G algorithm mentioned in Subsection

4.2.4 for solving the model as the indicators to evaluate the effectiveness of our algorithms.
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Table 4.3: Maximum FS index of the non-SLC node-type model solved by the DMD, ASLC-
MD, SSLC-MD and FF-G algorithms.

Algorithms
|R| i LB
DMD ASLC-MD SSLC-MD FF-G
1 30.60 (0) 30.60 (0) 30.60 (0) 31.80 (0) 30.60 (0)
50 2 30.55 (0) 30.55 (0) 30.55 (0) 33.33 (0) 30.55 (0)
4 37.87 (0) 37.87 (0) 37.87 (0) 41.40 (0) 37.87 (0)
1 49.76 (5) 50.60 (14) 49.68 (5) 53.53 (0) 49.28 (1)
100 2 55.90 (3) 56.25 (8) 55.80 (3) 59.63 (0) 55.55 (1)
4 69.63 (2) 69.57 (1) 69.60 (2) 75.73 (0) 69.50 (0)
1 74.93 (19) - 74.52 (17) 76.53 (0) 70.90 (4)
150 2 80.20 (1) — 80.57 (2) 86.30 (0) 80.17 (0)
4 102.50 (9) 102.63 (13) 102.60 (13) 110.63 (0) 102.17 (0)
1 95.03 (19) - 96.43 (21) 99.30 (0) 92.07 (4)
200 2 105.67 (7) - 105.70 (8) 112.80 (0) 105.33 (0)
4 134.83 (18) 134.67 (14) 134.67 (14) 144.17 (0) 133.60 (0)

Table 4.3 shows the experimental results in the N6S9 network shown in Fig. 4.4, which
consists of 6 nodes and 18 directed links interconnected by 4-core MCFs [130], for the
maximum FS index of the non-SLC node-type model solved by the DMD, ASLC-MD, SSLC-
MD and FF-G algorithms in the cases of spatial switching granularities ¢ equal to 1, 2, and
4. The result is the value of the parameter ‘ObjVal’ output by Gurobi, which is the global
optimal value when the model is completely solved in the time limit and is the local optimal
value or current best value if a solution exists when the model is not completely solved in
the time limit. ‘LB’ indicates the lower bound given by the parameter ‘Objbound’ of Gurobi
when solving the RMSA model. The numbers listed in the parentheses indicate the numbers
of sets in the 30 traffic data sets for which the optimal solutions are not obtained within the
time limit (i.e., the number of times the model is not solved completely). The ASLC-MD
algorithm does not obtain feasible solutions in the time limit for instances whose numbers
of connection requests are 150 and 200. For the 30 traffic data sets with 150 connection
requests, there are 24 sets when ¢ is equal to 1 and 29 sets when ¢ is equal to 2, where no
feasible solution is found. For the 30 data sets with 150 connection requests, no feasible
solutions are found for all 30 sets when i is equal to 1 and 2. As shown in Table 4.3,
the results of the ASLC-MD algorithm are not very satisfactory, and it would be difficult
to find feasible solutions in a reasonable time when the number of connection requests
becomes larger. By comparing the results of the DMD, SSLC-MD, FF-G algorithms and
lower bound, it can be observed that DMD and SSLC-MD can effectively solve the node-

type model in the instances that were originally difficult to solve directly, and the qualities
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of the solutions obtained by DMD and SSLC-MD in the time limit were approximately the
same and much better than the solutions obtained by heuristic FF-G algorithm.
Furthermore, it can be observed that with the number of connection requests being
150 and 200, all of our three algorithms yielded a large number of instances that could
not be solved completely within the time limit. As we analyzed in Section 4.2.5, our
model is strongly influenced by the number of connection requests. Therefore, when facing
large-scale instances with a high number of connection requests, it will be difficult to solve
in a reasonable time. In our pre-experiments, we noticed that the maximum number of
connection requests that our algorithms can handle in the limited 10,000-second time is
about 300. That is, for instances larger than 300 connection requests, we suggest using

other efficient heuristic algorithms to solve them.

Unit: km

Figure 4.5: 12-core NSF network topology.

For instance, Table 4.4 shows the results of the FF-G algorithm for large-scale instances
whose numbers of connection requests are 300 and 600 in the NSF network shown in Fig.
4.5, which consists of 14 nodes and 42 directed links interconnected by 12-core MCFs.
‘FS index’ indicates the average value of the maximum FS index used in the network for
the 30 traffic data sets. ‘Lower bound’ indicates the lower bound given by the parameter
‘Objbound’ of Gurobi when solving the RMSA model. In the case where |R| = 600 and
i = 1, the RMSA model did not find a valid lower bound in 3600 seconds of time limit and 64

GB of memory because of the excessive computational complexity. ‘Runtime’ indicates the
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Table 4.4: Results of the FF-G algorithm for large-scale instances.
|R| i ‘ FS index Lower bound Runtime (s)

1 60.77 99.97 1089.07

2 59.10 49.63 545.16

300 3 63.07 54.20 365.65
4 68.10 58.67 278.78

6 81.63 68.10 190.82

12 116.87 96.73 105.48

1 100.60 - 2356.19

2 107.23 90.53 1140.22

600 3 117.17 102.57 748.90
4 128.23 112.17 956.32

6 152.97 130.58 383.33

12 222.10 187.83 199.83

average computation time for these indices. It can be observed that the results obtained by
our proposed heuristic FF-G algorithm were relatively close to the lower bound in overall.
When the spatial switching granularity ¢ was small, the results obtained by the FF-G
algorithm were much closer to the lower bound, but as i increased, the difference between

the results obtained by the FF-G algorithm and lower bound increased somewhat.
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Figure 4.6: Execution time of the non-SLC node-type model solved by the DMD, ASLC-
MD and SSLC-MD algorithms.

Fig. 4.6 shows the experimental results regarding the execution time of the non-SLC
node-type model solved by the DMD, ASLC-MD and SSLC-MD algorithms in the cases of
spatial switching granularities ¢ equal to 1, 2, and 4 in the 4-core N6S9 network shown in
Fig. 4.4. The vertical coordinate called ‘average runtime’ indicates the average execution
times of Gurobi when solving the model. The horizontal coordinate indicates the number
of connection requests from 50 to 200 with 50 requests per step. Since the computation
time of the heuristic FF-G algorithm is more than 10 times faster than those of the DMD,
ASLC-MD, and SSLC-MD algorithms, which are used to solve the model, we do not include
it in the comparison. The three figures in the left-hand column show the average execution
times of the three algorithms used to solve the model for various values of spatial switching
granularities i. The performance of the ASLC-MD algorithm was the worst. Moreover, by
comparing the other two algorithms, DMD and SSLC-MD, it can be observed that in the
case where the switching paradigms of the SLC and non-SLC models are different (i.e., the

cases where ¢ = 1 and i = 2), there is a larger number of spatial dimension groups, and
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the performance of SSLC-MD is superior to that of DMD (e.g., the average execution time
of SSLC-MD is shorter than that of DMD in the case of ¢ = 1; however, in the case of
1 = 2, since the number of spatial dimension groups is reduced, the advantage of SSLC-MD
compared to DMD is also reduced). In the case where i = 4, the switching paradigms of
SLC and non-SLC are the same, and the results of DMD and SSLC-MD are both good
and bad. The figures in the middle column and the right-hand column show the box plots
of the results of DMD and SSLC-MD for various cases of spatial switching granularities i,
respectively, and we can see the dispersion of the results for all 30 traffic data sets through
these plots.

To better verify the difference in performance between the DMD and SSLC-MD algo-
rithms with different numbers of spatial dimension groups, we increase the number of cores
of MCF to 6 and perform experiments using the same 30 traffic data sets with connection
request numbers of 50, 100, and 150. In this case, there are 4 possible values of spatial
switching granularities, which are 1, 2, 3, and 6, corresponding to the numbers of spatial
dimension groups, which are 6, 3, 2, and 1, respectively. Fig. 4.8 shows the experimental
results regarding the execution time of the non-SLC node-type model solved by the DMD
and SSLC-MD algorithms in the cases of the 6-core N6S9 network shown in Fig. 4.7. The
figures in the middle column and the right hand column show the box plots of the results
of DMD and SSLC-MD for various cases of spatial switching granularities ¢, respectively.
It is obvious that when the spatial switching granularity ¢ is small (i.e., when the number
of spatial dimension groups is large, such as when i = 1), the SSLC-MD algorithm has a
shorter average computation time and shows better performance; however, when the spa-
tial switching granularity ¢ increases and the number of spatial dimension groups decreases,
the SSLC-MD algorithm is inferior to the DMD algorithm. Therefore, to better solve the
node-type model, we should select the appropriate decomposition algorithm according to

the number of spatial dimension groups.
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Figure 4.7: 6-core N6S9 network topology.
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4.3.3 Comparison of the proposed non-SLC node-type model and the
previous k-path-type model

In this subsection, we compare the non-SLC node-type model (hereafter referred to as the
node-type model) in this work with the previous k-path-type model in Refs. [9,16] (hereafter
referred to as the k-path-type model) in the NSF network shown in Figure 4.9, which consists
of 14 nodes and 42 directed links interconnected by 4-core MCFs. For illustrative purposes,

we conduct simulation experiments only at Ind-Sw with spatial switching granularity ¢ = 1.

Figure 4.9: 4-core NSF network topology.

The set of candidate paths (k-shortest paths) for the k-path-type model is determined
by the same routing algorithm as mentioned in Refs. [9,16]. We precompute two sets of
candidate paths with candidate path numbers K equal to 2, 3, 4 and 5 in the NSF network
and provide them to the k-path-type model. Since it takes a longer time to solve the node-
type model, the node-type model is solved by using the solutions of the k-path-type model
as the initial solutions. The upper limit of computation time for each model is set to 3600s.

Table 4.5 shows the results of the node-type model and the k-path-type model on the
NSF network in our simulation. We performed simulation experiments for each of the four
types of connection requests in the case where ¢ = 1 and the number of connection requests
was equal to 100. ‘Random nodes’, ‘Same source nodes’, ‘Same destination nodes’ and ‘Not
uniform nodes’ denote the types of connection requests whose source and destination are

randomly generated, source nodes are the same, destination nodes are the same, and source
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and destination nodes are not all randomly generated, respectively (we fix the source and
destination nodes of 20 of the 100 connection requests as nodes 4 and 9). Thirty traffic data
sets are generated for each type of connection requests. The same instances of connection
requests are solved for the two models. The numbers listed in the parentheses indicate the
numbers of sets in the 30 traffic data sets for which the optimal solutions are not obtained
within the time limit (i.e., the number of times the model is not solved completely). The
results of ‘FS index’ are output via the parameter ‘ObjVal’ of Gurobi and indicate the
maximum FS index used in the network. The result is the optimal value when the model
is completely solved in the time limit and is the feasible solution if a solution exists when
the model is not completely solved in the time limit. The results of ‘LB’ indicate the lower
bounds given by the parameter ‘Objbound’ of Gurobi. ‘Node’ and ‘K-Path’ indicate the
node-type and k-path-type models, respectively.

We can observe that the qualities of the solutions of the k-path-type model are not
better than those of the node-type one for the various types of connection requests. This is
because the sets of candidate paths of the k-path-type model do not completely include all
possible paths, which leads to the solutions obtained by the k-path-type model not being the
optimal solutions. For instance, when K = 2, the set of candidate paths for each connection
request contains only two possible paths, so although the computation times for solving the
model might be greatly reduced, the qualities of the solutions are more insecure. However,
when K = 3, the solutions (i.e., FS index) and the lower bound of the k-path-type model are
improved compared to those of the case when K = 2. We also observe that in the cases of
K =4 and K = 5, in some instances for the k-path-type model, although the lower bounds
become closer to the lower bounds of the node-type model as K increases, the solutions
become worse. The reason is that as K increases, the computational time required to solve
the k-path-type model becomes much longer, so that more feasible but nonoptimal solutions
that fail to solve the model completely appear. Therefore, it is often necessary to determine
a reasonable value for the candidate path number K by pre-experimentation when we solve
this type of problem with the k-path-type model. In addition, the node-type model is more
difficult to solve in a short time than the k-path-type one, but since it considers all possible
paths, if the node-type model can be solved completely, the qualities of its solutions are
more reliable than those of the k-path-type one. On the other hand, the node-type model
can be used to check the qualities of the solutions of k-path-type model for various values of
K through operations such as solving the node-type model by using the solutions obtained
by k-path-type model as the initial solutions (i.e., if the solutions obtained by the node-type
model are better than those of k-path-type one, the solutions of k-path-type one can still

be improved).
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Chapter 5

Conclusion and future work

5.1 Conclusion

This Ph.D. thesis introduced and addressed the static resource allocation problems in several
generations of optical networks, from the traditional WSONs to the EONs, and further to

the SDM-EONSs. The conclusion of this thesis are per chapter summarized as follows:

e In Chapter 1, we explained the research background and significance of this thesis. In

addition, we summarized our contributions in the research field of resource allocation
for EONs and SDM-EON:s.

e In Chapter 2, we introduced the background knowledge and key technologies, as well as
assumptions in the three representative generations of optical network architectures,
WSONs, EONs, and SDM-EONS, that are relevant to the content of this thesis. In
addition, we discussed the relationship between physical devices and the challenges of

the optical network resource allocation problems.

e In Chapter 3, we focused on the static RSA/RMSA problem in EONs. In order to
better understand the characteristics of each type of models and to improve them
for use in newer generations of optical networks, such as SDM-EONs, MB-EONs and
SCNs, we divided the models in static RSA/RMSA problem into four types (i.e.,
path/slot, path/channel, node/slot, node/channel) based on different perspectives for
routing and spectrum assignment. After that, we analyzed and summarized the char-
acteristics of each model, and proposed a series of improved methods to enhance the
computational performance of each model. Specifically, we found a better lower bound
by relaxing the constraints of spectral and improved the computational speed by de-
composing the model. Finally, we verified the effectiveness of the improved methods
and analyzed the differences between the models through a comparative simulation

experiment. Specifically, our improved methods can significantly speed up the solver
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or the exact algorithm for solving the models. Moreover, we can observe that the
node-type model, which is harder to solve compared to the path-type model, can pro-
vide a global optimal solution theoretically, which will be very helpful in the design
phase of optical networks. The path/channel model showed overwhelming perfor-
mance in the simulation. Considering the advantages of the model, the availability of
the path/channel model in large backbone networks and more complex EONs (e.g.,
SDM-EONSs) are also worth being looked forward to. Although it is not introduced
in this thesis, we discussed the extension of the path/channel model for SDM-EONs

in our work Ref. [16], and the extended model demonstrated excellent performance.

e In Chapter 4, we proposed a node-type ILP model without SLC for the static resource
allocation problem of SDM-EONS (i.e., the RMSSA problem). Since this model has a
large number of constraints and variables and is difficult to solve directly, we proposed
three exact algorithms based on model decomposition (i.e., the DMD, ASLC-MD, and
SSLC-MD algorithms) to better solve it. Specifically, in DMD, we found a better lower
bound by relaxing the constraints of spectral and improved the computational speed
by decomposing the model. In ASLC-MD, we transformed the Non-SLC model into
an SLC-supported model by relaxing the spatial constraints. After that, we zeroed
out the number of SLC counts in the network by setting the minor function to find
the solution of the original model. In SSLC-MD, we combined the above two methods
to find the lower bound by solving the relaxation model with the SLC-supported
model. Through the comparison experiments, we investigated the performance of the
DMD and SSLC-MD algorithms, which can solve the node-type model effectively, and
found that we should select the appropriate decomposition algorithm according to the
number of spatial dimension groups to better solve the node-type model. In addition,
we also compared our node-type model with the k-path-type one in the previous works
Refs. [9,16]. The results indicate that our node-type model has an advantage over
the previous k-path-type model in terms of solution quality, and our node-type model
is a promising approach for checking the qualities of the solutions of the k-path-type

models.

5.2 Possible future work

Following the evolution of optical network architectures introduced in this paper, it can
be inferred that there are still many pending future works in this research field. As we
introduced in Subsection 2.1.1, architectures such as MB-EON based on band-division mul-
tiplexing, MB-SDM-EON, and SCN based on large-scale SDM have been proposed in recent
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years, taking into account the larger network traffic in the future. These architectures are
considered to be promising, cost-effective solutions for future network planning [63,82-90].
However, as always, the evolution of network architectures always brings both opportunities
and challenges, and the concept of network resources such as SpChs in these new network
architectures will change essentially again. For instance, spatial channels in SCNs can allo-
cate the bandwidth resources of the entire C-band to a single connection request to achieve
Pbps-level optical transmission, and enable spatial bypassing so that wavelength switch-
ing at the optical layer is not required. Therefore, it is necessary to establish a reasonable
mathematical optimization models for the resource allocation problems in new architectures
such as MB-EON, MB-SDM-EON, SCN, etc., and design efficient algorithms to solve them.
Moreover, in order to cope with failures in the networks to ensure survivability of transmis-
sions, protection and restoration of transmissions (i.e., guaranteeing efficient transmission
of connection requests despite a certain degree of link or optical path failures) should also
be considered in the network design [90,137-141]. These elements are a part of our future
work.

In addition, as we state in Section 1.1, it is not practical to build mathematical opti-
mization models and solve them exactly in static scenarios for large-scale instances or in
dynamic scenarios. Therefore, in such cases, designing and applying a heuristic algorithm
or reinforcement learning approach with high accuracy and robustness also has important
implications for the design and application of optical network architectures. These elements

are also the focus in our future work.
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