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Abstract

The exponential growth of heterogeneous, bandwidth-intensive applications has re-
vealed the limits of traditional fixed-grid Wavelength Division Multiplexing (WDM)
networks and motivated a shift to flexible-grid Elastic Optical Networks (EONs).
EONSs offer much higher spectral efficiency but also create a challenging combi-
natorial problem: Routing and Spectrum Assignment (RSA). RSA must respect
spectrum continuity and contiguity constraints while avoiding fragmentation in a
dynamic traffic environment.

This thesis offers a comprehensive study of RSA strategies for EONs through
a purpose-built discrete-event simulator. The simulator models dynamic lightpath
setup and teardown under heterogeneous traffic conditions and implements key RSA
policies — First-Fit, Random-Fit, and Longest-Fit — as well as important architec-
tural options such as wavelength conversion and a software-defined break capability.
Experiments were carried out on both toy and large-scale realistic topologies and
validated against reference implementations.

Our results show that deterministic allocation policies generally outperform
stochastic ones. First-Fit minimizes blocking probability, while Longest-Fit maxi-
mizes resource efficiency: it reduces wavelength converter usage by 18-24% while
keeping blocking performance competitive. Enabling break capability proved to be
a highly effective, low-cost software feature that significantly improves performance
and reduces hardware requirements. By contrast, wavelength conversion yields only
modest blocking reductions (2—6%) at substantial economic cost. Based on these
findings, we recommend Longest-Fit with break capability for resource-conscious
deployments and First-Fit where minimizing blocking is the priority. This work con-
tributes a validated simulation tool and actionable insights for RSA design, laying
the groundwork for future research into machine-learning driven, impairment-aware,
and cost-aware optimization of elastic optical networks.
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Chapter 1

Introduction

The relentless growth of bandwidth-intensive applications, such as cloud comput-
ing, ultra-high-definition video streaming, and real-time virtual reality, is pushing
conventional optical transport networks to their fundamental limits. Traditional
fixed-grid Wavelength Division Multiplexing (WDM) systems, which allocate spec-
trum in rigid 50 GHz or 100 GHz channels, increasingly reveal their limitations in
efficiently accommodating dynamic and heterogeneous traffic patterns. This archi-
tectural constraint often leads to substantial underutilization of spectral resources,
creating capacity bottlenecks even when theoretical spectrum availability remains.

Elastic Optical Networks (EONs) have emerged as a transformative solution to
these challenges. By adopting a flexible grid architecture that divides the optical
spectrum into narrow, closely spaced slots (typically 12.5 GHz or finer), EONs
enable dynamic and efficient resource allocation tailored to specific service require-
ments. This paradigm shift from fixed to adaptive spectrum allocation fundamen-
tally enhances network utilization while supporting diverse traffic characteristics.
However, this flexibility introduces new complexities in the Routing and Spectrum
Assignment (RSA) process, which must simultaneously satisfy three critical con-
straints: spectrum continuity (same slots along entire path), spectrum contiguity
(adjacent slots within each link), and fragmentation management amid dynamic
traffic patterns.

This thesis presents a comprehensive investigation of RSA strategies for EONs
through the development and application of an advanced discrete-event simulation
framework. Our research methodology combines theoretical analysis with exten-
sive simulation experiments to evaluate the performance characteristics of various
spectrum allocation policies under different network configurations and traffic con-

1



2 CHAPTER 1. INTRODUCTION

ditions.

To establish the necessary foundation for this work, Chapter 2 begins with a
comprehensive overview of optical networking technologies, examining traditional
WDM-based systems and their limitations before progressing to the architectural
foundations of Elastic Optical Networks. This background sets the stage for under-
standing lightpath establishment processes and the RSA problem formulation that
underpins our research.

Building upon this foundation, Chapter 3 details the design and implementation
of our custom-developed EON simulator. This extensive chapter covers the physical
layer implementation including node, link, spectrum, and connection classes; the
control plane architecture featuring route computation and spectrum management
systems; and the simulation engine core with its event processing and data man-
agement capabilities. The chapter provides thorough descriptions of implemented
spectrum assignment policies and the complete simulation workflow.

Having established these theoretical and methodological foundations, Chapter 4
presents our experimental methodology and results analysis. Beginning with simu-
lation setup details including configuration parameters and topology specifications,
the chapter proceeds to systematic performance evaluation of three primary alloca-
tion policies: First-Fit, Random-Fit, and Longest-Fit. Each policy is analyzed under
varying conditions of wavelength conversion and break capability. The chapter in-
cludes validation against reference implementations and concludes with testing on
a realistic large-scale network topology to demonstrate the simulator’s capabilities
and confirm policy performance generalizations.

Finally, Chapter 5 synthesizes our findings and contributions, discussing the
practical implications for network operators and identifying promising directions
for future research. The conclusion affirms that intelligent RSA algorithm design,
particularly through policies like Longest-Fit combined with features like break
capability, can achieve significant performance and cost gains in elastic optical
networks.

Through this structured investigation, this thesis aims to provide both theoretical
insights and practical tools for the design and operation of efficient, high-capacity
optical networks that can meet the escalating demands of modern digital applications.



Chapter 2

Overview

The digital universe is expanding at an incredible rate, driven by a relentless global
demand for bandwidth. From the seamless streaming of 4K and 8K video to the
vast, real-time data exchanges of cloud computing and the stringent low-latency re-
quirements of 5G and emerging 6G networks, this growth exerts immense pressure
on the global optical network infrastructure—the physical backbone of the internet.
For years, the industry has relied on wavelength division multiplexing (WDM)
technology, which multiplies capacity by transmitting multiple light signals (wave-
lengths) concurrently on a single fibre. However, the fundamental rigidity of its
design has become its greatest liability in the face of dynamic, unpredictable traf-
fic. This chapter will chronicle this evolution by first examining the limitations of
fixed-grid WDM, then exploring the incremental improvement offered by ROADMs,
and finally detailing the paradigm shift to Elastic Optical Networks (EONSs), their
enabling technologies, and the new research challenges they introduce.

2.1 Foundations and Limitations of Fixed-Grid WDM

Wavelength Division Multiplexing (WDM) technology represents the conventional
approach to optical networking, enabling substantial transmission capacity through
simultaneous transmission of multiple optical carrier signals over a single fiber.
WDM systems operate according to the ITU-T G.694.1 standard, which specifies
fixed channel spacings of 50 GHz or 100 GHz within the conventional band (C-band)
ranging from 1,530 nm to 1,565 nm, preferred for its lower attenuation characteristics
during data transmission [/1} 2].
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Figure 2.1: 50 GHz Fixed Grid Optical Network supporting mixed line-rate ser-
vices [3]].

An end-to-end optical connection in this system is referred to as a lightpath—a
dedicated, unbroken circuit from a source to a destination node, traversing a physical
route of fiber links and optical switches. The establishment and operation of these
lightpaths rely on a set of core components that form the foundation of all optical
networks [4} 2] (Figure 2.2). Furthermore, this process is governed by a set of
constraints, which become even more complex and critical in the evolution to agile
networks; these will be explored in detail in Section @

* Transponders: The terminal endpoints. These devices perform the crucial
Optical-Electrical-Optical(O-E-O) conversion, transforming electrical data
from client devices into precise optical signals on a specific ITU-T wave-
length at the transmitter, and reversing the process at the receiver.

* Multiplexers/Demultiplexers (Mux/Demux): The on-ramps and off-ramps
of the optical highway. The multiplexer combines individual wavelengths from
multiple transponders onto a single fiber for transmission. At the destination,
the demultiplexer separates the composite signal back into its constituent
wavelengths, directing each to its intended receiver.

* Optical Add-Drop Multiplexers (OADMs): The interchanges. A Fixed
OADM (FOADM) allows a specific, pre-defined wavelength to be dropped
(received) or added (transmitted) at an intermediate network node, while all
other wavelengths express through unchanged. This enables complex ring and
mesh topologies but is a static, manually configured hardware solution.

* Erbium-Doped Fiber Amplifiers (EDFAs): The signal boosters. These
optical amplifiers counteract signal attenuation (loss) in the fiber, boosting
the optical power without the need for costly and complex O-E-O conversion,
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thus enabling transmission over transcontinental distances.
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Figure 2.2: Multiplexing and demultiplexing of optical signals

This entire architecture is governed by a critical constraint: the wavelength
continuity constraint [5]. This mandates that the exact same wavelength must
be available and reserved on every single fiber link along the entire route of the
lightpath. This fundamental rigidity creates three profound inefficiencies:

1. Spectrum Waste (The "Empty Truck” Problem): A low-bit-rate service (e.g.,

10 Gb/s [2.1)) occupies an entire 50 GHz channel, leaving most of its capacity
unused. Conversely, a high-bit-rate service (e.g., 400 Gb/s) must awkwardly
bond multiple 50 GHz channels, a complex process that leaves unused “guard
bands” between them and consumes extra transponders.

2. Operational Inflexibility: The network cannot adapt to the specific band-

width needs of a connection. A lane is a lane, whether you need to send
a car or a convoy of trucks. Provisioning new services requires manual,
time-consuming hardware reconfiguration.

3. Higher Blocking Probability: Even if the total unused capacity in the network

is sufficient, a connection request is blocked if a single common wavelength
isn’t free on all links of the path. This is known as wavelength blocking.
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The network was static, inefficient, and operationally costly, proving increasingly
ill-prepared for the unpredictable, “bursty” traffic patterns of the modern internet.

These fundamental inefficiencies spurred the development of a more agile net-
work node, the first step toward a flexible network: the Reconfigurable Optical
Add-Drop Multiplexer (ROADM).

2.2 The First Step Towards Agility: The ROADM
Revolution

The initial response to this rigidity was a crucial evolutionary step: the Recon-
figurable Optical Add-Drop Multiplexer (ROADM). The key innovation was the
Wavelength Selective Switch (WSS). This component allowed network operators to
remotely and dynamically configure—via a software controller—which wavelengths
were added, dropped, or expressed through at any network node [3} 6]

—>

= > M
o | o) —> 2 | _
g . —» A3 £
2 . ; £

w —P \ / " )"w

Client
Electrical Input—»{EO —» A; A —»[OE —»Electrical Output

Figure 2.3: Wavelength Division Multiplexing (WDM)-based transmission employs
a multiplexer (MUX), a reconfigurable optical add—drop multiplexer (ROADM),
a demultiplexer (DEMUX), W wavelengths {11, A2, ..., Aw}, electrical-to-optical
(E/O) converters, and optical-to-electrical (O/E) converters at both ends of the
link. [3]]
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Figure 2.4: Evolution of ROADM with Flexible Grid [6]

This represented a monumental leap in operational flexibility. ROADMs intro-
duced critical features:

* Colorlessness: Any transponder can connect to any ROADM port to transmit
or receive any wavelength, breaking the fixed relationship between a physical
port and a specific wavelength.

* Directionlessness: Any wavelength can be routed to any physical output port
of the node, providing unprecedented flexibility in network design and traffic
engineering.

} Fiber Route 1 Ass  Fiber Route 2
"

P SE————- e T

Figure 2.5: Reconfigurable Optical Add-Drop Multiplexer (ROADM) critical fea-
tures [2]: (a) Colorless add/drop and (b) Directionless add/drop.

This innovation drastically reduced the manual intervention and operational expen-
diture associated with FOADMs and enabled robust, survivable, and easily reconfig-
urable mesh networks. However, this was a partial solution. These first-generation
ROADMs were still built for the fixed grid. They could switch entire 50 GHz lanes
with newfound agility, but they could not change the width of the lanes themselves.
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The underlying problem of spectral inefficiency remained unsolved. The high-
way was now smartly managed, but the lanes were still rigid. This necessitated
a more radical, paradigm-shifting solution: a move from a fixed-wavelength to a
flexible-spectrum architecture, giving rise to Elastic Optical Networks.

2.3 The Paradigm Shift: Architecting the Elastic Op-
tical Network

The true revolution was a fundamental shift in thinking: from managing wavelengths
to managing spectrum. Elastic Optical Networks (EONs) abandoned the fixed grid
for a flexible grid (also defined in ITU-T G.694.1), slicing the C-band spectrum into
fine, granular slots of 12.5 GHz [/[]. The central frequency of a slot is defined as

f, =193.1THz+n x0.00625THz, ne?Z, (2.1)

where n is an integer index identifying the slot position [7(see Figure 2.7). A
connection now requests not a fixed wavelength, but a variable amount of capacity:

W =12.5GHz x m, (2.2)

where m indicates the number of contiguous slots allocated to the connection as a
positive integer [/[].This is the concept of right-sizing” the spectrum, allocating
precisely the amount of resource needed for the traffic demand, chosen modulation
format, and transmission distance. This new paradigm necessitated a complete
overhaul of the network’s components and underlying transmission techniques. A
key enabling technology is Orthogonal Frequency Division Multiplexing (OFDM)
applied in the optical domain (O-OFDM). Proposed by M. Jinno etal. [7]], O-OFDM
replaces the simple intensity modulation of traditional DWDM. It works by splitting
a high-speed data stream into many orthogonal, lower-speed subcarriers that are
closely spaced and transmitted in parallel. This orthogonality prevents interference
between subcarriers, allowing them to be packed tightly together in the frequency
domain. O-OFDM is the fundamental technique that makes the fine-grained 12.5
GHz granularity and the flexible aggregation of slots into superchannels not just a
concept but a practical reality. (see Figure 2.6)).
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and Energy saving (adapted from )
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Figure 2.7: 12.5 GHz flexible grid in Elastic Optical Networks supporting mixed

line rate services (from ).

2.3.1 Fixed vs. Flexible Grid Comparison

Figure [2.§] shows the key differences between fixed-grid WDM and flexible-grid
EON spectrum allocation. Fixed grids use uniform, rigid spectral slots with set
spacing. This often results in underused spectrum because of coarse granularity
and the need for wide guard bands. In contrast, flexible grids enable the dynamic
allocation of variable-sized, contiguous spectrum slices that closely match traffic
bandwidth needs. This flexibility greatly improves spectral efficiency and network
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scalability [g]].

Fixed-grid Flexible-grid
Total Bandwidth used 200 GHz Total Bandwidth used- 125 GHz
T = —

12.5 GHz
-

] | O B8

25 GHz 12.5 GiHz 37.5 GH=z 45 GiHz

Figure 2.8: Comparison of spectrum allocation in Fixed-grid WDM vs. Flexible-
grid EON architectures (adapted from [&])).

2.3.2 Sliceable Bandwidth-Variable Transponders and Super-
channels

This new paradigm necessitated a complete overhaul of the network’s components:

¢ Sliceable Bandwidth Variable Transponders (SBVTs): The intelligent end-
points of the EON. Unlike fixed transponders, SBVTs are multiflow transpon-
ders that can generate multiple independent optical flows (subcarriers), dy-
namically tune the modulation format (e.g., from robust PM-BPSK for long
distances to spectrally efficient PM-16QAM for short ones), adapt the for-
ward error correction (FEC) overhead based on link conditions, and slice their
total capacity, directing different subcarriers to different destinations simul-
taneously. They are the cornerstone of elasticity, making the transponder a
software-defined resource. [9]]

* Flexible-Grid ROADMs / BV-WXCs: The new intelligent interchanges.
These nodes employ Flexible-Grid Wavelength Selective Switches (WSS).
They are no longer limited to switching fixed 50 GHz chunks; they can
dynamically route any contiguous block of spectrum (e.g., 37.5 GHz, 62.5
GHz, 87.5 GHz). These are also called Bandwidth Variable Wavelength
Cross-Connects (BV-WXCs) and are essential for supporting the variable-
sized channels of EONs [10]].
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Figure 2.9: Conceptual difference between (a) a conventional Bandwidth Variable
Transponder (BVT), which dedicates its entire capacity to a single source-destination
pair, and (b) a Sliceable BVT (SBVT), which can partition its capacity into multiple,
independent ’slices’ or sub-flows that can be routed to different destinations simul-
taneously. This sliceability offers unparalleled flexibility and efficiency. [EI]
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Figure 2.10: (b) Operation of a flexible-grid ROADM, demonstrating its ability
to switch variable-bandwidth superchannels (e.g., from A to C or D) that would be
blocked by the fixed-grid boundaries of a traditional ROADM (a).(adapted from []EI])
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The integration of these components forms a cohesive EON architecture, as
illustrated in Figure 2.11} This architecture demonstrates how BVTs or SBVTs at
the edge interface with the flexible-grid core, where BV-WXCs dynamically route
variable-sized spectrum slices to establish end-to-end lightpaths.

BV-WXC BV-WXC
B oc—o—523
BVT BVT
Client Client
@ @

Boc—o- ol
BVT BVT
BV-WXC BV-WXC

Client Client

Figure 2.11: Architecture of an Elastic Optical Network (EON) node. The diagram
shows Bandwidth Variable Transponders (BVTs) or Sliceable BVTs (SBVTs) at the
network edge, responsible for generating and receiving optical signals. These con-
nect to Bandwidth Variable Wavelength Cross-Connects (BV-WXCs) in the network
core, which flexibly switch variable-sized spectrum slices between different fiber
links to establish connections. (adapted from [3]])

These components enable the most efficient transport unit in an EON: the su-
perchannel. A superchannel is a high-capacity optical signal formed by densely
aggregating multiple subcarriers (e.g., from an SBVT) that are generated, routed,
and received as a single entity. By sharing guard bands only at the edges of the entire
superchannel and not between internal subcarriers, they achieve remarkable spectral
efficiency. A telling example from the literature shows that a 1.2 Tb/s signal requires
approximately 600 GHz of spectrum in a fixed-grid DWDM system but only about
462.5 GHz when implemented as a superchannel, representing a 23% reduction in
spectral footprint [9].(see Figure [2.12).

The practical implementation of superchannels is commercially viable only
through Photonic Integrated Circuit (PIC) technology. As shown in Figure 2.13]
a PIC integrates dozens of discrete optical components (lasers, modulators,
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Figure 2.12: (a) Conventional channel and (b) superchannel. (adapted from |E|])

(b)

Superchannel

multiplexers) onto a single chip, which is the only practical way to realize the
complex superchannel transmitters required for EONs. PICs drastically reduce
the size, power consumption, cost, and hardware complexity by an order of mag-
nitude compared to discrete component implementations. Beyond 100 Gb/s, PIC
technology is considered mandatory for feasible superchannel deployment.

Analysis of Efficiency Gains: The quantitative superiority of EONs is demon-
strated in Figure which models the efficiency gains over a point-to-point link.
While EONs consistently deliver efficiency improvements, the magnitude of the
benefit is highly dependent on the specific traffic scenario. For example, a 100 Gb/s
signal using DP-16QAM can fit efficiently into a single 50 GHz grid, resulting in a
modest gain for EON. This scenario represents the best-case scenario for fixed-grid
systems, minimizing their inherent inefficiency.

However, the most significant advantages of EON become starkly evident for
rates that are not a clean multiple of the fixed grid, such as 400 Gb/s or 1 Tb/s. Here,
as the Figure [2.14] shows for 1 Tb/s DP-QPSK, gains can be dramatic—exceeding
150%—because fixed-grid DWDM requires inverse multiplexing—splitting the traf-
fic into multiple 50 GHz channels (e.g., four channels for 400G DP-QPSK).
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Figure 2.13: Conceptual diagram of a Photonic Integrated Circuit (PIC), showing
the integration of multiple optical components onto a single chip.

E;T:t:d I'\gt::.gltation gg:znmﬂell:lth Fixed grid solution Eg:‘:iency Increase for
(Gb/s) (GHz)

40 DP-QPSK 25410 1 50 GHz channel 35 GHz vs. 50 = 43%
100 DP-QPSK 37.5+10 1 50 GHz channel 47.5 GHz vs. 50 = 5%
100 DP-16QAM 25410 1 50 GHz channel 35 GHz vs. 50 = 43%
400 DP-QPSK 75+10 4 100 Gb/s in 4 50 GHz channels 85 GHz vs. 200 = 135%
400 DP-16QAM 75+10 2 200Gb/s in 2 50 GHz channels 85 GHz vs. 100 = 17%
1000 DP-QPSK 190410 10 100G in 10 50 GHz channels 200 GHz vs. 500 = 150%
1000 DP-16QAM 190+10 5 200Gby/s in 5 50 GHz channels 200 GHz vs. 250 = 25%

Figure 2.14: Efficiency improvement for flexible spectrum over a point-to-point
link, assuming a 50 GHz grid for fixed DWDM and 10 GHz channel guard band and
superchannels for EONs.
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This approach has two critical drawbacks: it consumes more transponders and,
more importantly, it introduces a much higher blocking probability in a network-
wide context. A connection request is blocked if all required inverse-multiplexed
channels are not available on every link of the path. This dramatically amplifies the
spectral inefficiency.

Thus, when modeled over an entire network—rather than a single point-to-point
link—the efficiency benefits of EON are significantly amplified, often exceeding
50% due to this reduced blocking. EON avoids inverse multiplexing by allocating
a single, optimally-sized spectrum block, drastically increasing the likelihood of
finding a available path. Therefore, from both a pure spectral efficiency and a
network utilization perspective, there is a compelling advantage to deploying EONSs,
assuming the traffic demand is sufficient and diverse enough to merit the advanced
infrastructure.

2.4 Lightpath Definition and Establishment

As defined in Section 2.1} a lightpath is an end-to-end optical connection that
allows data to be transmitted entirely in the optical domain, avoiding costly optical-
electrical-optical (O-E-O) conversions at intermediate nodes [4]. While this core
definition applies to both Wavelength Division Multiplexed (WDM) and Elastic Op-
tical Networks (EONs), the process of establishing a lightpath differs fundamentally
due to their distinct resource allocation constraints.

These constraints arise from the physical and technological limitations of op-
tical transmission and switching and are the primary factors determining whether
a connection request can be successfully fulfilled. In both paradigms, establishing
a lightpath involves more than just finding a physical route; it requires allocating
a specific spectral resource—a fixed wavelength in WDM or a contiguous set of
frequency slots in EONs—that must be available along the entire path according to
a strict set of rules.

24.1 WDM lightpath
In traditional fixed-grid WDM networks, two main constraints must be met.

Routing constraint The first of which is the Routing constraint. This constraint
considers finding a viable physical route through the network topology which con-
nects the source node to the destination node through a set of optical fiber links.
Path selection typically performed using algorithms like Dijkstra’s shortest path al-
gorithm that often focus on minimizing metrics based on hop count (i.e., link count)
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or total physical distance. While some algorithms may be concerned with addi-
tional physical pathing constraints such as traffic load balancing of network links,
survivability of the path in case of network failure (utilizing physical path diversity),
and signal quality constraints such as Optical Signal-to-Noise Ratio (OSNR) and
the accumulation of Polarization Mode Dispersion (PMD). These circumstances are
more suited for constraint-based routing algorithms or k-shortest path algorithms to
achieve the pathing objectives.

Wavelength continuity constraint The second constraint is Wavelength continu-
ity constraint. This constraint states that the specific wavelength must be available
on each of the lightpath’s fiber links along the path. For example, during the light-
path, if it entered the network on A; = 193.1 THz, it must remain on A; at every hop
along the lightpath. This constraint is due to the way some network elements are
designed like Reconfigurable Optical Add-Drop Multiplexers (ROADMs) and trans-
parent Optical Cross-Connects (OXCs). These types of network elements operate in
the optical domain and usually do not support wavelength conversion. In fixed-grid
WDM systems, ROADMs can add, drop or pass specific wavelength channels, but
they do not have the functionality to shift signals from one frequency slot to another.
Transparent OXCs also switch wavelength channels from one fiber to another fiber
within the same wavelength channel and maintain the wavelength at its original opti-
cal frequency. Thus, when a lightpath enters the network utilizing a wavelength slot
(41 = 193.1 THz), it must exit the same A; at each intermediate node. ROADMSs and
OXCs are unable to convert it to another available slot (1, = 193.2 THz), regardless
of available slots.

The inability to convert between wavelength slots introduces the problem of
wavelength blocking. A lightpath request may be rejected despite sufficient capacity
on individual links, simply because no single wavelength is free on all of them. For
example, suppose link 1 has 4; available but not A, while link 2 has A, available
but not 4;. In such a case, the request cannot be accommodated, even though both
links have capacity. This limitation can be overcome by introducing wavelength
converters at intermediate nodes. These devices allow a signal to be shifted from one
wavelength to another, thus relaxing the continuity constraint. If in every node of the
network, a wavelength converter is placed, the network behaves similarly to a circuit-
switched system, where blocking is determined only by capacity availability rather
than wavelength alignment. The presence of wavelength converters significantly
reduces blocking probability and improves spectral utilization [[11]].
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2.4.2 EON lightpath

The shift from fixed-grid Wavelength Division Multiplexing (WDM) to flexible-
grid Elastic Optical Networks (EONs) brings new opportunities and constraints for
lightpath setup. While keeping the main routing constraint from WDM networks,
EONs introduce additional spectrum-related constraints that change the resource
allocation issue.

Spectrum Contiguity Constraint The spectrum contiguity constraint expresses
the requirement that the frequency slots assigned to a lightpath must be contiguous
(adjacent) on each fiber link. For example, a 37.5 GHz lightpath (3 x 12.5 GHz
slots) might occupy slots [21, 22, 23], which corresponds to the frequency range
193.2625-193.3000 THz. Contiguity is important for signal integrity in all-OFDM-
based transmission systems, where the orthogonality of subcarriers depends on very
precise alignment related to the spectral locations.Without it, spectral leakage and
interference degrade the signal [7]. In contrast, WDM networks do not require
contiguity, since each wavelength (e.g., 4; = 193.1 THz, 1, = 193.2 THz) is treated
independently and carries a separate fixed-bandwidth signal.

Spectrum Continuity Constraint This second constraint expands the wavelength
continuity principle of WDM by requiring that the same contiguous block of fre-
quency slots be available on all links of the lightpathm. As shown in Figure 2.16]
Chatterjee et al. present a lightpath request needing two adjacent slots from node
A to node E. The shortest path A—C-E fails because even though each link has
two free contiguous slots, they are not aligned across links, violating the continuity
constraint. The request can be satisfied through the alternate path A—C-D-E, where
slots [5, 6] are available and aligned on all links, thus meeting both continuity and
contiguity constraints.

Together with Figure Chatterjee et al. [[12] further illustrate how fragmen-
tation leads to call blocking in Figure Consider a lightpath request that needs
two slots, as shown in Figure 2.15[a). Even though two free slots are available
throughout the network, the request fails because those slots are either not synchro-
nized across links (Figure @kb)) or not next to each other on individual links
(Figure [2.13(c)).

These examples show two main types of fragmentation:

* Non-aligned fragmentation: Required slots are available on each link but do
not match along the path, breaking continuity.

* Non-contiguous fragmentation: Free slots on individual links are scattered,
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Figure 2.15: (a) Slot requirement for spectrum allocation, (b) fragmentation due to
non-aligned free slots, and (c) fragmentation due to non-contiguous free slots .

disrupting contiguity.

Both types of fragmentation raise the blocking probability by decreasing the usable
spectrum, even when there seems to be enough capacity available.

When spectrum converters are used at intermediate nodes, the spectrum con-
tinuity constraint can be relaxed. This allows a lightpath to use different contiguous
slot blocks on each link. For example, a lightpath might use slot 21 on link 1, slot 22
on link 2, and slot 23 on link 3. The criterion for spectrum continuity would likely
still apply because of the nature of coherent superchannel and O-OFDM transpon-
ders. Because of this, spectrum fragmentation is still a major problem with EON
control-plane design. [7]]
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Figure 2.16: Concept of continuity and contiguity constraints in Elastic Optical

Networks .

Non-overlapping constraint This non-overlapping criterion also removes spec-
tral interference, by ensuring that no two lightpaths can use the same slot on the
same fiber. If a lightpath uses slots [21, 22, 23], it cannot then have another lightpath
make use of [22, 23, 24] on the same link. This ensures some integrity with signals,
whether it be EON or WDM, while in WDM it is wavelengths rather than slot ranges

being used. [10].

Guard bands Guard bands are also needed to separate adjacent lightpaths to
prevent interference relative to either filter roll-off or spectral leakage. For example,
if one lightpath is occupying slots [21, 22, 23], the second lightpath must begin in
slot 25 or later; therefore, slot 24 is reserved as a guard band. The width of the guard
band is based on the transponder and modulation format. While WDM systems had



20 CHAPTER 2. OVERVIEW

fixed grid spacing (e.g., 50 or 100 GHz), wherein guard bands were already placed,
EONSs must reserve an explicit guard band, thus sacrificing spectral efficiency to
maintain the quality of the signal [7, 3].

In the next chapter, a modular Python simulator for Elastic Optical Networks
(EONs) will be described. The flexibility of EONs, while solving the problems of
WDM, introduces the complex and NP-hard Routing and Spectrum Allocation
(RSA) problem. Managing spectrum fragmentation becomes the paramount
challenge for efficient network operation. This simulator, implemented as a
discrete-event framework, supports flexible spectral allocation and configurable
traffic scenarios, enabling systematic comparison of allocation strategies under var-
ied network conditions. This enables the systematic comparison of allocation
strategies that is critical for unlocking the full potential of EONs.



Chapter 3

Elastic Optical Network Simulator

This chapter introduces a modular Python-based simulator for Elastic Optical Net-
works (EONs), which is a translation and extension of the original Java-based
simulator OfNetSim, developed by Prof. Luiz Henrique Bonani (Federal University
of ABC, Brazil). This tool is designed to analyze the effects of fragmentation and
evaluate various spectrum assignment strategies. The full implementation is avail-
able in the project’s GitHub repository athttps://github.com/giditre/WCaaS
(currently private, to be made publicly available upon publication). The simulator
is highly configurable and supports the import of realistic network topologies from
the SNDIib library. To enhance efficiency, it precomputes shortest paths between
edge nodes using Dijkstra’s algorithm with sparse matrix optimization. The sim-
ulation engine then dynamically manages connection request generation, spectrum
allocation, and release events.

Our evaluation looks at spectrum allocation policies in various scenarios: with
and without wavelength converters, and with or without the hypothetical can_break
relaxation. We implement First-Fit, Random-Fit, and Longest-Fit policies and
analyze their performance in terms of blocking probability, fragmentation, and
spectrum utilization. By simulating realistic traffic patterns and service demands,
we gain valuable insights into the trade-offs involved in achieving flexibility while
minimizing fragmentation in EONs.

3.1 Physical Layer Implementation

The simulator is implemented in object-oriented Python. The physical layer models
network elements and the connection lifecycle using compact, single-responsibility
classes. The main EON entities are:
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* Node — represents a reconfigurable optical switch with optional wavelength
conversion capability;
* Link - represents a unidirectional fiber span that tracks slot-level spectrum

availability;

* Spectrum — represents contiguous frequency-slot blocks allocated to light-
paths;

* Connection — represents the lifecycle manager for a lightpath (setup, hold,
teardown);

* Route —represents a path (sequence of links) together with allocation helpers;
* Topology — represents the container of all nodes and links and handles path
computation and visualization.
Each class plays a specific role in simulating the network’s behavior. In the
following subsections, each class will be explained in detail, describing its attributes,
methods, and how it interacts with other components in the simulator.

3.1.1 Node Class

The Node class models a network node (an optical switch) that maintains input and
output ports and handles wavelength-conversion requests. The complete implemen-
tation can be found in the project’s GitHub repository.

Each Node corresponds to one graph vertex and encapsulates the local state and
capabilities needed by the control plane. In particular, a node records the costs of
incoming links, instantiates Link objects for its outgoing edges, tracks available
wavelength converters and their usage, and provides simple APIs to allocate and
release converters when connections require wavelength shifts.

Main attributes The node stores its adjacency-related and operational data in a

few core attributes.
1. The input_ports array (a NumPy integer array) represents the cost of the

incoming link from each neighbour (a zero value indicates no incoming link);

2. The output_ports array (a NumPy object array) represents the Link instances

for directed outgoing edges; absent outgoing links are represented explicitly

by None to avoid uninitialized entries;

The node_id represents the node identity;

4. The debug flag represents a boolean option that enables optional runtime
tracing;

5. The converters attribute represents the converter resources, stored as a de-
faultdict(int) keyed by pairs (shift, converter_id), where each value counts
the currently active conversions handled by that converter instance;

et
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6. The max_conversions represents the maximum concurrent conversions per
converter;

7. The placement_cost represents the CAPEX for installing a new converter;

8. The usage _cost represents the OPEX per converter use, controlling converter
behaviour and accounting.

Initialization The constructor receives the network adjacency (topology) matrix,
the local node_id, and the number of spectrum slots for outgoing links. During
initialization the node iterates over all vertices i: if topology[node_id, i] != 0.0
a Link object is created for the outgoing edge and stored in output_ports[i]; if
topologyl[i, node_id] != 0.0 the incoming link cost is recorded in input_ports[i]. In
this way each node maintains immediate knowledge of neighbouring links and their
costs while delegating per-link spectrum state to the corresponding Link objects.

Converter Management Converter instances are tracked per frequency shift and
per instance identifier. The converters dictionary stores, for each key (shift, con-
verter_id), the number of active conversions currently handled by that instance.

When a conversion is requested for a given shift, existing converters with that
shift are scanned. If any instance has free capacity (i.e., its active count is below
max_conversions), its counter is incremented and only the usage_cost is charged. If
all existing instances for the shift are saturated, a new converter instance is created
(its active count initialized to one), and both the placement and usage costs are
charged.

This design keeps converter bookkeeping simple while clearly separating place-
ment CAPEX from per-use OPEX.

The node exposes a small, clear API used by the control plane.

The enable debug(enable=True): Toggles runtime tracing. When enabled,
users will see some debug lines about the output of converter usage.

The use_converter(shift, debug header): It tries to allocate a wavelength
converter for the requested frequency shift and returns a (placement, usage) cost
pair: usage (OPEX) is always charged, while placement (CAPEX) is non-zero
only when a new converter must be instantiated. It scans existing converters keyed
by (shift, id) and, if it finds one with spare capacity, increments its active counter,
optionally logs the event, and returns (0, usage) to indicate reuse. If no existing
converter has free slots, it creates a new converter id (using the current count of
converters for that shift), initializes its counter to one, sets placement = place-
ment_cost, logs the placement if debugging is enabled, and returns (placement,
usage).
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The release_one_converter(shift, debug header): It is the method used
to free resources, so it decrements the active counter of the first matching converter
instance.

The reset_all converters(shift, debug header): It is the method used
for the final cleanup, which zeros the active counts for all converters of that shift.

3.1.2 Link Class

The Link class models a unidirectional optical fiber span between two nodes, provid-
ing the fundamental infrastructure for lightpath connections. This class is responsi-
ble for storing both the physical characteristics of the fiber link and maintaining the
dynamic state of spectrum availability, providing the low-level data structure essen-
tial for routing and spectrum assignment algorithms. The complete implementation
is available in the project’s GitHub repository.

Main attributes The class encapsulates the following core attributes:

1. link_cost: Floating-point value representing the metric used for path compu-
tation (typically physical distance or administrative cost);

2. input_node: Integer identifier of the source node;

output _node: Integer identifier of the destination node;

4. spectrum_status: NumPy array of type uint8 and length num_slots, where
each element represents the availability of a frequency slot (1 = free, 0 =
occupied)

b

Initialization During initialization, the constructor receives three essential param-
eters: the numerical link cost, the source and destination node identifiers, and the
total number of spectrum slots available on the fiber. The initialization process
involves assigning the provided cost value to link_cost, storing the node identifiers
in their respective attributes, and creating the spectrum status array initialized to all
ones, representing a completely available spectrum upon creation.

Spectrum management As mentioned before, spectrum resources on each link
are represented by a NumPy array named spectrum status, where each element
corresponds to a frequency slot. A slot value of 1 indicates that the slot is free, while
0 indicates that it is currently occupied by a connection. This binary vector allows
efficient bitwise operations to identify available contiguous slot blocks, essential for
spectrum assignment algorithms like First-Fit or Longest-Fit.
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3.1.3 Spectrum Class

The Spectrum class serves as a fundamental abstraction for representing contiguous
blocks of frequency slots allocated to optical lightpaths within the network. This
class encapsulates the essential properties of spectrum segments that are candidates
for allocation or have been assigned to specific connections, playing a critical role
in both spectrum assignment algorithms and resource management operations. The
complete implementation details are available in the project’s GitHub repository.

Main attributes The class maintains three core attributes that define the charac-
teristics of a spectrum block.

1. size: The number of consecutive frequency slots contained within the block,
represented as an integer value;

2. position: The starting index of the block within the spectrum grid, following
a zero-based indexing convention that aligns with the Link.spectrum _status
array representation;

3. consecutiveness: An integer which is equal to size - 1 and it represents the
number of slots that follow the initial starting position, effectively defining the
block’s continuity span.

Initialization During initialization, the constructor accepts the size and position
parameters and automatically computes the consecutiveness value. The implemen-
tation includes validation to ensure that the size parameter meets the requirement of
being greater than or equal to one size > 1, maintaining the integrity of spectrum
block representations throughout the system. This design supports efficient man-
agement of spectrum blocks during allocation and release operations by providing a
standardized representation that can be easily manipulated and evaluated.

The Spectrum class facilitates the verification of contiguity constraints that are
essential for end-to-end spectrum assignment in wavelength-routed networks. By
encapsulating the mathematical relationship between size and position, the class
enables efficient computation of block boundaries and overlap detection. Further-
more, it serves as a fundamental data structure for representing candidate spectrum
segments during routing and resource assignment procedures, providing algorithms
with a consistent interface for evaluating spectrum availability and making allocation
decisions. The implementation’s simplicity and focus on computational efficiency
make it particularly suitable for the intensive processing requirements of dynamic
spectrum allocation in elastic optical networks.
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3.1.4 Topology Class

The Topology class serves as the foundational component for managing the complete
network graph within the simulation environment. This class handles the loading,
representation, and visualization of network topologies, providing the structural
framework upon which all routing and spectrum allocation operations are built. The
complete implementation is available in the project’s GitHub repository.

Main Attributes The class maintains several key attributes that collectively define
the network structure:

1. yaml file: The path to the topology configuration file.

2. num_nodes: The total number of nodes determined during the loading pro-
cess.

3. topology: The central data structure, an N X N NumPy array of floating-point
values representing link costs, where zero values indicate the absence of a
connection between nodes.

4. nodes: The ordered list of node identifiers.

5. links: The collection of endpoint pairs defining physical fiber connections,
e.g., [(src,dst), .. .].

6. node_positions: A dictionary mapping node names to their respective (x, y)
coordinate tuples.

Initialization Upon instantiation, the class initializes core attributes from the pro-
vided YAML file path: yaml file stores the configuration path, while num _nodes is
determined post-loading.

The topology representation includes an N X N NumPy adjacency matrix topology
storing inter-node link costs (typically physical distances), a list nodes containing
node identifiers, and a list links of endpoint pairs defining fiber connections. Nodal
spatial positions are captured in node_positions as a dictionary mapping node names
to 2D coordinate tuples. These attributes collectively define the network graph struc-
ture and enable distance-based routing computations.

Loading Topology from YAML The load_topology() method implements the
complete pipeline for parsing YAML configuration files and constructing the network
graph. The method expects YAML files conforming to a specific schema that defines
nodes with their spatial coordinates and links between node pairs.
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nodes:
nodel: [x1, yl1]
node2: [x2, y2]
links:
linkl: [nodel, node2]

Figure 3.1: Topology yaml file configuration nodes and links.

The simulator parses a YAML topology file, which can represent a topology
get from SNDIib [[13[](for example, see Fig. , to extract nodes, their positions,
and link definitions. A mapping of node names to matrix indices is created, and
topology is initialized as a zero-valued float matrix. For each link definition,
the method calculates the Euclidean distance between connected nodes using the
formula:

distance = v(x2 — x1)2 + (y2 — y1)2

This distance metric is assigned symmetrically to both directions in the adjacency
matrix, effectively modeling an undirected graph with consistent link costs in both
transmission directions.

Figure 3.2: SNDIib — USA topology [13] This is a U.S. backbone-style network
topology, with major city POPs (Points of Presence).

Visualizing the Topology The class provides the show_topology () method for
generating visual representations of the network structure. This implementation
utilizes NetworkX for graph manipulation and Matplotlib configured for headless
rendering environments. The method plots nodes at their specified coordinates,
draws edges between connected nodes, and annotates these edges with their corre-
sponding distance values.

The visualization functionality serves multiple purposes: it enables rapid val-
idation of topology configurations during development, facilitates debugging of
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network structures, and provides intuitive understanding of network connectivity
patterns. The generated diagrams are automatically saved to temporary storage
and opened using the system’s default image viewer, ensuring compatibility across
different operating environments.

The Topology class thus provides a comprehensive solution for managing net-
work infrastructure within the simulation, offering both computational efficiency
for pathfinding algorithms and intuitive visualization capabilities for analysis and
verification purposes.

3.1.5 Connection Class

The Connection class encapsulates the complete state of an active lightpath es-
tablished through the Elastic Optical Network, serving as the central entity for
managing connection lifecycle from establishment to teardown. This class aggre-
gates all necessary information to maintain a lightpath during its operational lifetime
and enables efficient scheduling within the simulation’s event management system.
The complete implementation is available in the project’s GitHub repository.

Main attributes The class maintains several critical attributes that collectively
define the connection’s characteristics and resource requirements.
1. time_stamp (float): The release time of the connection (used for scheduling
release time);
2. route (List[int]): The ordered list of node indices that define the path traversed
by the lightpath through the network infrastructure;
3. spectrum (Spectrum): The allocated spectrum slice or block ensuring proper
spectrum resource management;
4. service_type (int): The service or traffic class identifier.
5. id_conn (int): The unique connection identifier.
6. total_cost (float): The cost metric for the connection (distance + converter
costs).
7. used_converters (list): This records converters used along the path during the
connection’s lifetime to ensure proper resource release. Defaults to an empty
list if not provided.

Initialization During initialization, the constructor accepts mandatory parame-
ters including release time, route specification, spectrum allocation, service type
classification, and connection identifier. The implementation incorporates optional
parameters for total cost and converter usage tracking, employing defensive pro-
gramming practices to avoid mutable default arguments through explicit None checks
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and conditional list initialization.

Comparison method The class implements the __1t__ special method to enable
comparison based on release timestamps, making Connection objects compatible
with priority queue structures such as Python’s heapq module. This ordering ca-
pability allows the simulation engine to efficiently manage connection lifetimes by
processing teardown events in chronological order. When a connection reaches its
scheduled release time, the simulation engine automatically triggers the release of all
associated spectrum resources and wavelength converters, effectively modeling the
dynamic resource allocation patterns characteristic of real-world optical networks.
This comprehensive implementation ensures that each connection maintains com-
plete state information necessary for accurate simulation of optical network behavior,
including resource utilization tracking, cost accounting, and temporal management
within the discrete-event simulation framework.

3.1.6 Route Class

The Route class serves as a fundamental data structure for representing predeter-
mined network paths within the optical network simulation. This class encapsulates
complete information about a specific path through the network infrastructure, in-
cluding its nodal composition, cumulative cost metric, and unique identification.
Route object are instantiated during the network initialization phase and subse-
quently utilized by both the control plane for path computation and the simulation
engine for connection establishment procedures.The complete implementation is
available in the project’s GitHub repository.

Main attributes The class maintains three essential attributes that comprehen-
sively define a network path.
1. route (List[int]): The ordered list of node IDs defining the path from source
to destination node;
2. route_cost (float): The total cost of the route, accumulated along the path (for
example, sum of individual link distances or other relevant cost parameters);
3. route_id (int): The unique identifier that distinguishes each route instance
within the system, enabling efficient reference and management of multiple
precomputed paths.

Initialization During initialization, the constructor receives the complete node se-
quence, total path cost, and unique identifier as parameters. These values are stored
within the object’s internal state without modification, preserving the integrity of
the path information throughout the simulation lifecycle. The initialization pro-
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cess ensures that each Route object maintains immutable path characteristics once
instantiated, providing consistent behavior for all components that utilize route in-
formation.

Public methods The class exposes a single public method, getRoute (), which
returns the complete ordered list of node identifiers defining the path. This method
provides controlled access to the path information while maintaining encapsula-
tion of the internal data representation. The simulation engine’s ignition system
and control plane algorithms utilize this method to retrieve path specifications
when establishing connections, ensuring that all network components operate with
consistent path information. The minimal interface design reflects the class’s spe-
cialized purpose as a data carrier rather than an active component, optimizing both
performance and reliability within the simulation framework.

3.1.7 Connection Setup and Release

The connection lifecycle management within the EON simulator follows a structured
process that mirrors real-world optical network operations. When a connection
request arrives, the control plane (as detailed in Section initiates a multi-stage
provisioning procedure. First, it selects an appropriate Route object (as detailed
in Section [3.1.6) that satisfies the requested source-destination pairing and quality
parameters. The route selection considers factors such as path length, existing
congestion, and available resources.

Following route selection, the spectrum allocation phase starts, where the con-
trol plane performs a comprehensive search for contiguous spectrum slots along all
Link objects comprising the selected route. This process employs specific spec-
trum assignment algorithms (First-Fit, Random-Fit, or Longest-Fit, as detailed in
Section [3.2)) to identify available frequency blocks that meet the bandwidth re-
quirements while adhering to continuity and contiguity constraints. The allocation
mechanism also accounts for wavelength conversion capabilities when enabled, al-
lowing different spectral segments to be used on different links along the path.

Upon successful spectrum allocation, the system instantiates a Connection ob-
ject (as described in Section [3.1.5)) that encapsulates the complete connection state.
This object incorporates the selected route, assigned Spectrum blocks, service type
classification, calculated total cost, and precisely computed release time based on
the holding time distribution. The connection is immediately inserted into a priority
queue structure, ordered chronologically by release time, enabling efficient event
scheduling and management.

The connection teardown process activates automatically when the system time
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reaches the connection’s scheduled release time. The simulator extracts the con-
nection from the priority queue and systematically releases all allocated resources.
This includes freeing the previously occupied spectrum slots on every traversed link
in the path, effectively updating the spectrum status arrays to mark these slots as
available for future allocations. Additionally, the implementation performs precise
resource accounting by releasing any wavelength converters utilized along the path,
ensuring that converter resources on the corresponding Node instances are properly
returned to the available pool.

This comprehensive setup and release mechanism accurately models the dynamic
resource management characteristics of elastic optical networks, demonstrating how
network resources are allocated, utilized, and reclaimed based on traffic demand
patterns. The process emphasizes the critical relationship between route selection,
spectrum allocation, and connection lifecycle management, providing a realistic
simulation of optical network behavior under varying traffic conditions and resource
constraints.

3.2 Control Plane

The Control Plane serves as the core intelligence system of the network simulator,
orchestrating both routing decisions and the allocation of spectral resources. It
determines the optimal paths for connections and manages the efficient assignment
and release of optical spectrum throughout the simulation lifecycle.

3.2.1 Initialization and Routing Engine

During initialization, the Control Plane executes several optimization-oriented prepa-
ration steps. The physical network topology is first converted into a compressed
sparse row (CSR) matrix representation, a structure that significantly reduces com-
putational overhead during path calculations. This representation is created once
and reused throughout the simulation, avoiding the repeated conversion cost that
would otherwise occur in every shortest-path computation.

The system precomputes all valid edge-to-edge routes using Dijkstra’s algorithm.
This is specifically limited to edge node pairs, based on the fundamental network
assumption that traffic originates and terminates at network edges. This deliberate
restriction avoids unnecessary processing of the intermediate core nodes. During
this phase, the Control Plane also collects essential network statistics such as the
average, minimum, and maximum hop counts directly during route discovery. This
eliminates the need for a separate post-processing step, accelerating the initialization
process.
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The initialization stage also establishes probabilistic models for connection gen-
eration. The probabilities of the source-destination pairs are derived from the set of
valid edge-to-edge connections and stored in cumulative form to enable constant-
time random sampling. In parallel, traffic class probabilities are prepared, ensur-
ing that subsequent connection requests follow realistic service-type distributions.
This precomputation strategy delivers substantial performance benefits. By retriev-
ing routes directly from the precomputed matrix rather than recalculating them
on demand, the Control Plane can process connection requests with minimal de-
lay. Restricting path discovery to edge nodes further reduces complexity, while
the sparse-matrix optimization ensures that Dijkstra’s algorithm executes efficiently,
even for large and sparsely connected optical topologies.

Once initialization is complete, the routing engine operates in real time. For
each incoming connection request, it randomly selects a source and destination
node pair according to the established probability distribution and retrieves the
corresponding shortest path from the precomputed route set. The path is returned
as an ordered sequence of nodes encapsulated within an immutable Route object,
which also records the total path cost. This separation of routing logic from later
spectrum assignment processes preserves modularity and allows the simulation to
scale without introducing computational bottlenecks.

3.2.2 Spectrum Management System

The Control Plane implements a comprehensive spectrum management framework
that handles the allocation, release, and querying of spectral resources along net-
work routes. This system provides the foundation for establishing and maintaining
lightpaths while ensuring efficient spectrum utilization.

Core Operations

Spectrum Allocation The assign_spectrum method marks spectrum slots as
occupied along each link of a specified route for multiple spectrum blocks. Itrequires
an array of network nodes, each containing port and spectrum information, a list
of node indices that define the path of the lightpath, and a list of spectrum objects,
each representing a continuous spectrum block to be assigned on a link. For each
spectrum block, the method iterates over the route links and marks the corresponding
slots in the link’s spectrum status as occupied (value 0). The indexing ensures that
each spectrum block corresponds to its respective link in the route. This per-link
assignment supports scenarios where wavelength conversion is allowed, enabling
different spectrum blocks per link. Then, it returns the updated nodes array with
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modified spectrum slot statuses reflecting the assigned spectrum.

Spectrum Release The return_spectrum method reverses the assignment by
marking previously occupied spectrum slots as free. As input, it needs the network
nodes, the path where the spectrum was assigned, and a list of Spectrum objects to
release. Similar to assignment, it maps each spectrum block to the corresponding
link on the route and sets the slots from occupied (0) back to free (1). Finally,
it returns the nodes array with the specified spectrum slots freed, making them
available for future connections.

Spectrum Availability Assessment

End-to-End Availability Checking The get_available boolean spectrum
method, given as input the network nodes and the route over which availabil-
ity is checked, computes the intersection of available spectrum slots across all links
of a route, determining which slots are free end-to-end. Starting from the first link’s
spectrum status, the method performs a logical AND operation with subsequent
link spectra. This intersection ensures that only slots free along the entire route are
marked as available (1). It returns a binary list where each element indicates if the
corresponding slot is available (1) or occupied (0) end-to-end.

Per-Link Spectrum Analysis

get_per_link_spectrum _matrix: The get _per_link spectrum matrix method
is used to find a binary matrix representing the availability of spectrum slots per
individual link along the route, so as input, it requires the network node and the
path. Each row of the matrix corresponds to a link in the route; each column
corresponds to a spectrum slot. Values are 1 if the slot is free on that link, or 0
otherwise. Asoutput, itreturns a 2D NumPy array (num_linksxnum_slots) showing
per-link spectrum availability, useful for allocation algorithms that consider per-link
constraints or wavelength conversion.

Contiguous Block Identification The create vector_spectrum method con-
verts a binary spectrum vector into a list of continuous free spectrum blocks. It
needs as input a binary vector spectrum_status representing spectrum availabil-
ity (usually the output of get_available boolean spectrum). It scans the list to
identify continuous runs of free slots and creates corresponding Spectrum objects
representing their size and starting position, then returns a list of Spectrum blocks
available for allocation along the route.

Advanced Block Extraction with Numba Optimization Theextract_available
blocks_from matrix method is designed to extract all valid spectrum blocks of
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a specified required bandwidth from the per-link spectrum matrix. This extraction
is a crucial step in spectrum assignment algorithms that incorporate wavelength
conversion, as these algorithms must consider the availability of contiguous free
spectrum blocks on each link individually.

Given the per-link spectrum matrix and a required bandwidth, the method identi-
fies all contiguous blocks of the required size starting at every possible slot index on
each link. For each such block, it then determines how many consecutive links along
the route also have this block available. The output of the method is a dictionary
that maps tuples of the form (link_index, start_slot) to tuples containing the required
bandwidth and the number of consecutive links covered. This mapping encodes
both the position of the block and the extent of its availability along the route.

Two versions of this method have been developed. The first is a pure Python im-
plementation that operates straightforwardly. It receives as inputs a two-dimensional
binary array where each row corresponds to a link and each column corresponds to
a spectrum slot; in this array, a value of 1 indicates a free slot while 0 indicates an
occupied slot. Additionally, it takes the required bandwidth, which is the number of
contiguous slots needed to accommodate a connection. The goal of the method is
to find every possible starting slot index on each link where a contiguous block of
free slots of the required size exists, and to determine how many consecutive links
maintain this availability starting from that link.

The algorithm works by sliding a window of length equal to the required band-
width across the spectrum slots for each link. For every candidate start slot, the
method checks whether the corresponding block of slots is free on each link, result-
ing in a Boolean array that indicates availability per link. This Boolean array is then
analyzed to detect consecutive runs of links where the block is continuously free.
For each such run, the method records entries in the output dictionary that specify
the starting link index, the starting slot index, the bandwidth, and the length of the
coverage in terms of consecutive links. The method’s ability to record partial cover-
age, where the requested block is only available on a subset of the consecutive links
rather than the entire path, is important for flexible spectrum assignment policies
such as partial allocation and wavelength conversion.

The second version is a high-performance implementation that leverages the
Just-In-Time (JIT) compilation capabilities of the Numba library. By decorating
the function with Numba’s @njit decorator, the code is compiled into optimized
machine code, which significantly improves runtime efficiency, especially for large-
scale networks or scenarios that require frequent real-time computations. This ver-
sion enhances performance by detecting continuous runs of free slots on each link
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and sliding the fixed-length window only over these valid runs rather than the entire
spectrum. It further improves efficiency by rapidly evaluating the coverage of each
candidate block across consecutive links using compiled loops and by employing
typed dictionaries to speed up data storage and retrieval. This Numba-accelerated
implementation is particularly valuable in the control plane of elastic optical net-
works, where swift and repeated spectrum assignment decisions are critical for
maintaining network performance under dynamic traffic conditions.

Implementation Example

Consider a network route consisting of three sequential links, each with a spectrum
divided into eight slots. The availability of each slot on each link is represented by
the following binary matrix, where a value of 1 indicates a free slot and 0 indicates
an occupied slot:

11111011
S=(1 1111110
11111100
Here, each row corresponds to a link in the route, while each column represents a

spectrum slot index from 0 to 7.

Use of get per link spectrum matrix: The matrix S is typically obtained
using the method get_per_link spectrum matrix, which extracts the availability
of spectrum slots for each link individually along the route. This per-link information
is essential when wavelength conversion is permitted or when spectrum allocation
decisions are made with consideration for link-specific constraints.

Use of get_available boolean spectrum: To assess which spectrum slots are
free across the entire route simultaneously (i.e., end-to-end availability), the method
get_available boolean spectrum computes the logical AND of all rows in S.
This intersection produces a one-dimensional binary vector v indicating slots that
are free on every link along the route. Applying this operation to S yields:

v=(1IA1ALl, 1AL1AL 1ALTAL T1TA1AL,
IANTAL OATAL 1A1AO0, 1A0AO0)
=(1,1,1,1,1,0,0,0)

This shows that only slots O through 4 are free on all three links simultaneously,
matching the coverage analysis where blocks starting within these slots may have
coverage 3.
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Use of create_vector_spectrum: The vector v is then processed by create
_vector_spectrum, which identifies continuous runs of free slots within the vector.
These continuous blocks represent spectrum segments that can be allocated without
interruption across the entire route. In this example, because free slots appear in
continuous groups, the method detects multiple multi-slot free blocks rather than
i1solated single-slot blocks, as detailed in Table @

Use of extract available blocks from matrix: While the previous meth-
ods focus on end-to-end availability, scenarios that allow wavelength conversion or
partial allocation require detailed per-link block availability. The method extract
_available blocks_from matrix addresses this by sliding a window of a spec-
ified required bandwidth over each link’s spectrum row in S. For example, if a
connection requires a block of three contiguous free slots, this method identifies all
such blocks on each link individually and then determines how many consecutive
links also have the block free starting from that link.

For the matrix S and a required bandwidth of 3, the method finds the following
blocks (Table 3.1): The coverage indicates how many consecutive links, starting

(Link, Start Slot) | (Bandwidth, Coverage)
(0, 0) (3, 3)
0, 1) (3, 3)
0, 2) (3, 3)
0, 3) (3,2)
(1, 1) (3,2)
(1,2) 3,2
(1, 3) 3, D
(2,0) (3, 1)

Table 3.1: Extracted 3-slot spectrum blocks with their coverage across links

from the given link, have the specified free block available. For example, the block
starting at slot O on link O has coverage 3, meaning it is free on all three links. The
block at slot 3 on link O has coverage 2, indicating it is free on link O and link 1
but not on link 2. Similarly, blocks with coverage 1 are only free on a single link.
This detailed coverage information is crucial when wavelength conversion or partial
spectrum allocation is allowed.

Together, these methods provide a layered approach to spectrum availability
assessment, supporting both conservative (no conversion) and flexible (with con-
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version) spectrum allocation strategies. The get_per_link spectrum matrix
method offers detailed per-link slot availability, which serves as input to both get
_available_boolean_spectrumand extract_available_blocks_from matrix.
The former aggregates availability into an end-to-end view, enabling the create
_vector_spectrum method to extract continuous free blocks for whole-route al-
location without wavelength conversion. The latter method, extract_available
_blocks_from matrix, supports more flexible allocation strategies by examining
blocks on each link and their coverage, which is crucial when wavelength conversion
or partial allocation is allowed.

3.2.3 Spectrum Assignment Policies

Spectrum assignment policies are essential in elastic optical networks as they de-
termine how spectral resources are allocated to connection requests. These policies
define the method for selecting contiguous free spectrum blocks along a route, influ-
encing network performance, blocking rates, and resource efficiency. The choice of
policy impacts the complexity of spectrum assignment algorithms and their ability to
support features like wavelength conversion and partial spectrum allocation (break
capability).

Policy Families

The spectrum allocation policies developed in this work are organized into three main
families, each representing a different trade-off between computational efficiency
and allocation effectiveness.

Base Family The Base family represents the simplest and fastest category. These
policies operate either on a per-link basis (with wavelength conversion) or by relying
on an aggregated end-to-end view of the spectrum (without conversion). Decisions
are made using straightforward heuristics such as first-fit or random-fit, which select
the first or a random suitable block from the available options. The key advantage of
this family lies in its very low computational overhead, making it highly scalable and
practical for real-time use in large networks. However, this simplicity comes at the
cost of increased spectrum fragmentation. Because allocations are made greedily
and without considering long-term continuity, the spectrum tends to fill unevenly,
leaving behind small unusable gaps and potentially increasing blocking probability
under higher loads.

Best-Effort (BE) Family The Best-Effort (BE) family represents an intermediate
level of complexity. Unlike the Base family, BE policies adopt a broader perspective
by analyzing candidate spectrum blocks across the entire path before committing to
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an allocation. This path-wide enumeration enables smarter choices, such as priori-
tizing blocks that extend over multiple consecutive links to preserve continuity. In
this way, Best-Effort policies attempt to reduce fragmentation and improve accep-
tance ratios, while still avoiding the computational explosion of full backtracking.
They therefore provide a balanced trade-off: lower blocking probability and better
spectrum utilization than Base methods, with only moderate increases in runtime.
These properties make the BE family well-suited for dynamic, online provisioning
scenarios where both efficiency and performance are important.

Stubborn (ST) Family The Stubborn (ST) family is the most advanced and
computationally intensive. These policies introduce recursive backtracking and retry
mechanisms, enabling an exhaustive exploration of the allocation space. Rather than
committing to the first viable option, Stubborn policies evaluate multiple alternatives,
undoing earlier allocations if they prevent the successful completion of the path. This
tree-search approach guarantees completeness: if a feasible allocation exists within
the attempt limit, the algorithm will eventually find it. The trade-off, however, is a
significant increase in computational cost, with runtimes that can grow exponentially
in the worst case. As such, Stubborn policies are best suited to offline planning,
design studies, or scenarios where maximizing acceptance and minimizing blocking
probability are critical objectives, and where computational resources and execution
time are less constrained.

Taken together, these three families offer a progression of strategies: from the
lightweight and highly scalable Base approaches, through the balanced and path-
aware Best-Effort methods, up to the exhaustive and robust Stubborn algorithms.
This layered categorization allows network operators or researchers to select the
policy family that best aligns with their application scenario, balancing the trade-off
between runtime performance and allocation optimality.

Operational Constraints and Features

Spectrum assignment policies operate within a well-defined set of physical con-
straints and can leverage specific network capabilities that significantly influence
their operation and performance.

The fundamental constraints governing all spectrum allocation decisions are
contiguity and continuity. The contiguity constraint requires that spectrum slots
allocated to a single lightpath on any given fiber must be adjacent in frequency, pre-
venting fragmented allocations within a single link. The continuity constraint states
that, unless wavelength conversion capabilities are available, the same contiguous
block must be reserved across all links of the route, ensuring the optical signal



3.2. CONTROL PLANE 39

can traverse the entire path without electronic processing. These constraints ensure
the physical viability of optical transmissions but significantly restrict allocation
flexibility.

Wavelength conversion Wavelength conversion is a crucial network capabil-
ity that relaxes the continuity constraint. When enabled (through the Boolean
conversion parameter), intermediate nodes equipped with wavelength converters
can shift optical signals to different spectral segments across links. This allows a
connection to use different spectral blocks on different links of its path, dramatically
increasing allocation flexibility and reducing blocking probability. The implementa-
tion cost of this capability includes both capital expenditure for converter hardware
and operational expenditure for their utilization, creating an important economic
trade-off against performance improvements.

(b) Request accepted with conversion

(a) Request accepted without conversion (can_break=False)

Figure 3.3: Wavelength conversion

Figures [3.3b|and [3.34] illustrate the effect of wavelength conversion on spectrum
assignment. Without wavelength conversion the entire lightpath must occupy the
same frequency slots on every link; accordingly, the allocator reserves the contiguous
block starting at slot 3 (i.e., slots 3—5) across the whole path. When wavelength
conversion is allowed, each link can use different slot positions to satisfy the same
connection. For example, in Figure [3.3b] link 0 selects block (0,3), link 1 selects
(3,3), and links 2—4 select (0,3). This per-link flexibility increases the probability of
accepting the current request but may also produce more fragmentation on individual
links.

Break Capability The Break capability (controlled by the Boolean can _break
parameter) determines whether allocation algorithms can partition large free spectral
regions during assignment operations. When disabled, algorithms preserve large
contiguous free blocks by avoiding fragmentation, even if this requires searching for
alternative spectral segments. When enabled, algorithms may split large free regions
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to maintain continuity with previous allocations, increasing immediate connection
acceptance rates at the potential cost of increased future fragmentation. This capa-
bility primarily affects Best-Effort and Stubborn policies, as Base policies typically
lack the path-wide perspective necessary to make such determinations.

For example, consider a path of %5 links with %7 slots each, and the current
occupancy pattern:

1110000
1111111
S=|1 1111120
000T1T1T11
00O0T1T1T11

Suppose the allocator assigns slots 0—2 on links 0-2. For links 3—4, these slots
cannot be reused because continuity is required. The allocator now considers the
next contiguous candidate: slots 3—5. Even though slots 3-5 are free on links 34,
this selection would fragment a large free block that exists upstream (on links 1-2),
so it is rejected. The allocator must continue searching and finds slots 4—6, which
are an available solution because using them does not split a contiguous free block.

When can _break is true, the allocator is allowed to split large free blocks on
the current link in order to maintain continuity with the previous allocation. This
means that even if selecting a particular contiguous block would fragment a larger
free region upstream, the allocation is permitted. Using the same example as before
(5 links with 7 slots), suppose links 0-2 have slots 0-2 assigned. For links 3—4, slots
3-5 are now considered valid even if this would break a large unfragmented free
region that exists upstream, because can_break=true removes the restriction. This
increased flexibility allows the allocator to find a valid path more easily, reduces
blocking probability, and improves resource utilization, but it comes at the cost of
creating fragmented free spectrum on the link, which could make future allocations
slightly harder to fit.

Implementation Heuristics

Within each policy family, spectrum assignment employs specific low-level heuris-
tics to select individual spectrum blocks from available candidates:

* First-Fit: Scans candidate slot positions in ascending frequency order and
selects the first block meeting the bandwidth requirement. This approach
offers simplicity and speed but may lead to suboptimal spectrum utilization
over time. Applied in Base, BE, and ST variants.
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* Random-Fit: Selects randomly from all suitable candidate blocks of suffi-
cient size. This approach promotes spectral load balancing and helps avoid
pathological allocation patterns that can occur with deterministic methods.
Implemented for Base, BE, and ST families to provide variability and frag-
mentation mitigation.

* Longest-Fit (Largest-Fit): Selects the largest contiguous block available to
preserve large regions of spectrum for future high-capacity requests. This
approach aims to reduce fragmentation by leaving larger contiguous free
blocks available for future allocations. Is used primarily in BE and ST families
where block enumeration is available.

These heuristics are implemented across all policy families, with each family em-
ploying them in different contexts and with varying levels of sophistication. The
Base family typically applies these heuristics to immediate availability information,
while Best-Effort and Stubborn families apply them to enumerated candidate sets
with path-wide visibility.

Unified Policy Framework

The spectrum allocation framework implemented in this work can be understood as
a multi-dimensional policy space where any specific allocation strategy is defined
by the combination of:

1. Policy Family: The fundamental approach (Base, Best-Effort, or Stubborn)
2. Wavelength Conversion Setting: The continuity requirement across links
3. Break Capability Setting: The permission to fragment large free blocks

4. Selection Heuristic: The method for choosing individual blocks (First-Fit,
Random-Fit, or Longest-Fit)

This combinatorial approach creates a rich design space for spectrum allocation
strategies. Forexample,afirst_fit best_effort policy with conversion=True
and can_break=False will perform a first-fit search on a path-wide basis, allowing
different slots per link but avoiding the splitting of large free blocks. Conversely,
alongest_fit_stubborn policy with conversion=False and can _break=True
will exhaustively search for the largest possible contiguous block that can be allo-
cated end-to-end, even if it requires fragmenting existing free regions.

This unified framework allows network operators to select the precise com-
bination of policies and parameters that best aligns with their specific network
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characteristics, traffic patterns, and performance requirements, ranging from simple
and fast allocations to complex and optimal ones.

The logical progression from policy families to operational constraints to im-
plementation heuristics provides a structured understanding of spectrum allocation,
moving from high-level strategies to specific implementation details while preserv-
ing a clear relationship between all system components.

In the following sections, these families and heuristics are described in detail,
together with the helper functions that the control plane provides to (i) compute
per-link and end-to-end availability, (ii) extract candidate blocks, and (iii) perform
allocation attempts (including conversion and optional can_break behavior where
supported).

First-Fit Allocation Policy

The First-Fit (FF) policy is a simple and widely used greedy spectrum-allocation
strategy: it scans frequency slots in ascending order and assigns the first contiguous
block that satisfies the requested bandwidth. Although conceptually straightforward,
practical implementations vary depending on whether wavelength conversion is al-
lowed and on additional constraints such as slot reuse or partial-block handling. In
this work we implement three First-Fit variants — base, best-effort and stubborn
— that share the same greedy principle but differ in flexibility, computational cost
and robustness in fragmented or constrained scenarios. The base variant provides
a minimal, low-complexity assignment; best-effort relaxes certain alignment con-
straints to exploit fragmented spectrum; and stubborn augments the greedy search
with backtracking to recover from unlucky early choices.

First-Fit Base The First-Fit Base policy serves as the foundational algorithm for
spectrum allocation and operates in two distinct modes, depending on the availability
of wavelength conversion capabilities.

In the mode without wavelength conversion the algorithm requires that the
same contiguous slot block be available on every link of the path. The algorithm
first computes a single binary spectrum list where a slot is marked as available (1)
only ifitis free on every link of the path. This is achieved via alogical AND operation
across all link spectra (get_available_boolean_spectrum). This aggregated spectrum
is then converted into a list of contiguous free blocks (create_vector_spectrum), which
serves as the input for the allocation routine. It scans that list for the first block,
if no common block satisfies the bandwidth requirement the request is rejected. In
this mode, the algorithm enforces a strict spectrum continuity constraint across the
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entire optical path. Let
P=A{l,l,....1,}

be a route consisting of n links. The set of all spectrum blocks that are commonly
free on every link /; € P is denoted as

F common

Each block b € F.ommon 1 characterized by its starting slot index s(b) and its size
z(b) (i.e., the number of contiguous slots it spans).

For an incoming connection request with bandwidth requirement B (expressed
in number of slots), the algorithm selects:

b* =arg emin s(b) subjectto z(b) > B.

If such a block b* exists, it is allocated on every link /; € P. Otherwise,
the request is blocked. This mode has a time complexity of O(|F¢ommon|) and is
straightforward to implement, but it can lead to higher blocking probabilities because
of the stringent requirement that the same contiguous slots must be available across
all links of the path.

In the mode with wavelength conversion, each link is treated independently:
the input is a binary availability matrix (one row per link), the algorithm identifies
contiguous free blocks on each link and assigns the first block that is large enough;
if any link lacks a suitable block, the allocation fails. The conversion-enabled
mode is more flexible (because allocations may differ between links), but it requires
wavelength converters at the nodes. When wavelength conversion is available,
the spectrum continuity constraint is relaxed. The input is a binary availability
matrix A of dimension n X F, where F is the total number of frequency slots, and
Ali, j] = 1 indicates that slot j is free on link /;. The algorithm processes each link
[; independently. For each link, it identifies the set of contiguous free blocks F;. It
then selects for each link:

b: = argini}ls(b) subjectto z(b) > B
€r;

If a valid block b7 is found for every link /; € P, the allocation is successful. The time
complexity is O(n - F). This mode is more flexible and can achieve lower blocking
probability, but it requires the presence of wavelength converters at network nodes,
increasing capital expenditure.
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Numerical example To illustrate the baseline First-Fit behaviour, consider the
linear topology composed of six nodes and five serial links:

Route: 0 > 1 —>2 >3 —>4—>5,

the path traverses 5 links (links between node pairs (0, 1), (1, 2), (2, 3), (3,4), (4,5)).
Each link provides 15 spectrum slots indexed from O to 14. The requested lightpath
requires a contiguous block of required_bandwidth = 3 slots on every link.

The initial per-link spectrum availability (1 = free, 0 = occupied) for the five links
on the route is:

Initial spectrum (rows = links 0—4, cols = slots 0—14):

1111111111100 0°1
1111111 100O01T1T11
So=(1 110001 1T1TT1T1T1T1T1:1
1111110001 1T1T1T1:1
1111111 100O01T1T1:1

MNO-N1

N1-N2

N2-N3

N3-N4

N4-N5

Figure 3.4: Initial available matrix

First assignment attempt (baseline, no conversion): Under the baseline First-
Fit-based policy without wavelength conversion, the same contiguous slot indices
must be available on every link. The algorithm scans from the lowest slot index
upward and selects the first common block of size 3. In this example, the earliest such
common block is the slots {0, 1,2} on all links. Thus, the first assignment allocates
position 0 with size 3 on every link. After allocation, the spectrum becomes:

After first assignment no conversion (slots 0-2 set to occupied on all links):
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0001111111100 0°1
00011T1T1100O01T1T11
Si;=10000O0O01T11T1TT1T1T1T11
0001110001 T1T1T1T1:1
0001111 100O01T1TI]1

NO-N1

N1-N2

N2-N3

N3-N4

N4-N5

Figure 3.5: After first assignment (slots 0-2 set to occupied on all links).

Second assignment attempt (baseline, no conversion): A second connection
request with the same bandwidth (3 slots) arrives. The baseline no-conversion
policy again looks for a block of three contiguous slots that is identically free
on all links. Scanning S; from the lowest index upward reveals that there is no
common contiguous block of size 3 that is free on every link (the previously free
slots are fragmented differently across links). Therefore, the allocation fails under
the no-conversion baseline: no additional identical end-to-end block exists, and the
spectrum matrix remains S;.

W1 w2 w3 wa W5 Weé w7 w8 wo W10 W1l w1z w13 w14 w1s

MNO-N1

N1-N2

N2-N3

N3-N4

N4-N5

Figure 3.6: Second assignment attempt (baseline, no conversion): allocation fails
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Baseline with wavelength conversion: For comparison, if wavelength conver-
sion is permitted, the algorithm may choose independent contiguous blocks per link
(i.e., different slot indices on different links). Applying the First-Fit rule per link
(scan each link separately and pick the earliest fitting block) to the same post-first-
assignment availability S yields a successful allocation for the second request. In
the observed execution, the chosen per-link blocks (position, size) were:

link index | chosen block (position,size)
0 (3,3)
1 (3, 3)
2 (6, 3)
3 (3,3)
4 (3, 3)

Applying these per-link allocations produces the following spectrum after the second
assignment (with conversion enabled):

After second assignment (with conversion):

0000O0OO0OT1TT1T1TT1T1O0O0O01
0000O0OO0OT1T1O0O0O0T1T1T11
S =100 000O0O0OO0OO0OT1TT1T1T1T1:1
0000O0O0OO0OOO0OTTI1TTI1TTITI1
0000O0OO0OTT1O0O0OO0OT1TT1T1:1

NO-N1

N1-N2

N2-N3

N3-N4

N4-N5

Figure 3.7: After second assignment (with conversion)

This numerical example highlights the principal difference between the two
baseline modes:
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» Without wavelength conversion, allocations must use identical slot indices
across every link; fragmentation and misaligned free regions across links
quickly prevent additional allocations.

» With wavelength conversion, independent per-link assignment allows the al-
gorithm to exploit local free segments and often admits requests that would
otherwise be blocked, at the expense of requiring wavelength converters at
intermediate nodes.

First-Fit Best-Effort The First-Fit Best-Effort policy is a greedy allocation de-
signed for networks with wavelength conversion. Itintroduces the boolean parameter
can_break, which controls an alignment/adjacency constraint across neighboring
links: with can_break = false a stricter adjacency rule is enforced (certain over-
laps with the immediately preceding link are rejected), while with can break =
true that alignment restriction is relaxed and each link may be assigned any con-
tiguous block that fits the request even if adjacent links start at different slot indices.

The routine scans candidate contiguous blocks in ascending slot order (first-fit),
and for each candidate it assigns that block to as many consecutive links as the
candidate covers. The assignment is final (no backtracking). If, after the scan, any
link along the path remains unallocated, the request is rejected.

Operationally, the algorithm first inspects the availability matrix

A € {0, 1}™F,

where n is the number of links on the path and F is the number of frequency slots;
Ali, j] = 1 means slot j is free on link /;. From this matrix the algorithm extracts
all contiguous free blocks of length at least B and represents each one as a candidate
described by its starting slot, the link where it begins, and how many consecutive
links it covers. Candidates are considered in the natural first-fit order, i.e. sorted by
increasing starting slot within each starting-link group.

Allocation proceeds in a single forward pass along the path. A pointer called
current_link begins at the first link and the allocator repeatedly selects the ear-
liest (first-fit) candidate that is valid for the current context and assigns it to the
maximum number of consecutive links it covers. When a candidate is accepted,
the corresponding starting slot is recorded for each of those links and the pointer
advances past the covered links; the choice is final and the algorithm does not back-
track. If the scan reaches a link for which no valid candidate exists, the request is
blocked.

The meaning of “valid” depends on the can_break setting. When can_break
= false the allocator enforces a stricter adjacency constraint: it avoids selecting
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a candidate that would break up a large, unfragmented free region on the current
link in a way that conflicts with upstream availability. Concretely, this means
some candidate placements that would be locally free are rejected because they
would fragment a clean block that upstream links still consider available. When
can break = true this adjacency restriction is relaxed and any candidate that
covers the current link may be chosen regardless of alignment with previously
selected blocks; the allocator can therefore use different starting indices on adjacent
links and accept local fragmentation in order to complete the request.

First-Fit Best-Effort is a fast, greedy routine (typical implementation cost on
the order of O(n - F) for candidate extraction and scanning) that trades optimality
for simplicity. With can break=false it prioritizes preserving large contiguous
regions and limiting fragmentation; with can_break=true it prioritizes acceptance
probability by allowing per-link flexibility. The choice of the flag therefore im-
plements a practical policy trade-off between long-term spectrum compactness and
immediate blocking reduction.

First-Fit Stubborn The First-Fit Stubborn policy is a hybrid allocation strategy
that combines the simplicity of first-fit selection with the completeness of recursive
backtracking. It is implemented as a first-fit allocation procedure that, when a local
choice leads to a dead end, undoes that choice and explores alternative candidates un-
til either a complete path allocation is found or a configurable attempt limit is reached.
This implementation targets the wavelength-conversion mode only and represents
the allocation result as a list of Spectrum objects, one per link. The routine begins by
preparing a safe failure sentinel (allocation_failure) and a hard cap on the total num-
ber of candidate selection attempts (MAX_ATTEMPTS) across the entire recursive
search tree. This cap limits the computational effort by counting every time a candi-
date is tried, regardless of the recursion depth, ensuring the algorithm terminates even
in complex scenarios. All candidate spectrum blocks that satisfy the requested band-
width are precomputed once via extract_available blocks_from matrix_jit;
these candidate blocks are stored in a map keyed by (start_link, start_slot) with val-
ues describing the block bandwidth and how many consecutive links it covers.
Precomputing candidates keeps the recursive search focused on feasible blocks and
avoids repeated scanning of the full spectrum matrix. The heart of the algorithm is
a recursive function that advances along links from the lowest index to the highest.
At each recursion step it first enforces the maximum attempts guard and then checks
the base case: if the current link_idx is equal to or greater than the number of links,
a complete allocation has been built and is returned. The routine also skips links
that were already assigned as part of a previous multi-link block so the search only
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attempts allocation for truly free link positions.

Candidate selection depends on the can_break flag. When can break is
true, any candidate block that begins at the current link is considered valid; the al-
gorithm allows allocating a contiguous subset of links from that candidate’s coverage.
When can
is false, the algorithm applies a stricter filter: only candidates that start ex-
actly at the current link, that do not exceed the path length, and that do not conflict
with the immediately preceding link are allowed. The adjacency check excludes
candidates whose slots are entirely occupied in the previous link, ensuring align-
ment with already committed allocations—unless the previous link is unallocated,
in which case the candidate remains valid.

After filtering, candidates are ordered for first-fit behavior by ascending start-
ing slot. The function then attempts each candidate in sequence, incrementing
the shared attempts counter before each trial so the overall search can be aborted
when MAX_ATTEMPTS is reached. For a chosen candidate, the routine tentatively
marks the corresponding links with Spectrum entries and recurses to continue allo-
cation beyond the current block. If recursion succeeds and returns a full allocation,
that solution is propagated upward; if it fails, the function implicitly backtracks
by discarding the tentative marks and trying the next candidate. If all candidates
fail at a given recursion level, the function returns None to signal a dead end and
trigger backtracking in the caller. FF-Stubborn therefore behaves like a depth-first
tree search where nodes correspond to candidate block choices and branches rep-
resent alternative allocations for a link segment. This makes the policy complete
in the sense that it will find a feasible allocation if one exists within the config-
ured attempt budget, but it also exposes the algorithm to exponential worst-case
runtime. The MAX_ATTEMPTS parameter is a pragmatic control to trade off
search thoroughness against runtime, guaranteeing termination even when no full
allocation exists. In practical terms FF-Stubborn is most useful when simple greedy
strategies (such as plain first-fit or Best-Effort) fail due to early choices that create
later dead ends—particularly in highly fragmented spectra or under strict alignment
constraints. It is more robust than greedy approaches but significantly more compu-
tationally expensive, so it is best applied selectively (for instance, as a fallback when
faster heuristics cannot find a path) or with conservative attempt limits when used
within large-scale simulations.

Best Effort vs Stubborn: numerical Example We start from an initial spec-
trum allocation matrix representing 5 network links (rows 0 to 4) and 15 frequency
slots (columns O to 14). Each entry is either:
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¢ 1 = slot free/available
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* 0 = slot occupied/unavailable

Initial spectrum (rows = links 0—4, cols = slots 0—14):
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Starting from the initial spectrum Sy (five links, 15 slots each), all four combina-
tions (Best-Effort / Stubborn X can_break = true/false) produce the same, easy first
allocation from the initial spectrum: link O is assigned the contiguous block starting
at position 3 (slots 3—5) and links 14 are assigned the contiguous block starting at
position 0 (slots 0-2).

NO-N1

N1-N2

N2-N3

N3-N4

N4-N5

W1 w2 w3

W

W5 We

Figure 3.8: First Assignment (First-fit Best-Effort / Stubborn X can_break = true/-

false)

The divergence appears on the second allocation attempt:

1. First-fit Best-Effort with can_break = true: it finds per-link contiguous blocks
at different start indices (logged starts: 6 for link O, 8 for links 1-3, and 3 for
link 4) and updates the spectrum accordingly. Because alignment across links
is not required, the greedy scan can exploit remaining fragmented pockets
independently on each link.

2. First-fit Best-Effort with can_break = false fails on the second attempt: the
strict adjacency checks combined with the first-fit choice prevent any valid
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Figure 3.9: Second assignment in First-fit Best-effort can_break=True

contiguous start positions that satisfy all links, so each link returns (-1,-1) and
the spectrum stays the same. Under this strict mode, the routine is limited in
how it builds valid_keys (it searches for blocks starting at specific positions and
enforces adjacency and overlap checks), and the greedy first-fit method can’t
find a single valid contiguous choice per link given the current fragmentation
— it never considers later candidate starts once earlier options lead to dead
ends.

W1 w2 w3 w4 W5 W6 w7 W8 w9 W10 W1l w1z w13 W14 W15
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N2-N3

N3-N4

N4-N5

Figure 3.10: Second assignment in First-fit Best-effort can_break=False

3. First-fit Stubborn with can_break = true behaves like the First-fit Best-Effort
can_break = true case (it finds per-link varying starts such as 6, 8, 8, 8, 3)
because best-effort already succeeds there.

4. First-fit Stubborn with can_break = false does not stop at the first failing
candidate; it explores alternative candidate blocks recursively and backtracks
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Figure 3.11: Second assignment in First-fit Stubborn with can_break = true

when a choice prevents future allocations. Here, the stubborn no-break second
assignment succeeds by ultimately selecting start position 8 for links 0-3 and
3 for link 4 ((8,3),(8,3),(8,3),(8,3),(3,3)), a combination the first-fit best-effort
never reached. In short, best-effort gave up; stubborn tried other combinations
and found a feasible alignment.

W1 w2 w3 W W5 W6 w7 w8 w9 W10 W1l w1z w13 w14 w15

NO-N1
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N2-N3

N3-N4

N4-N5

Figure 3.12: Second assignment in First-fit Stubborn with can_break=False

So, can_break controls alignment across links (it allows per-link start indices
to differ when true), while the search strategy (best-effort vs stubborn) controls
whether the allocator will try alternate start positions when the obvious first choices
lead to dead ends. In the example, the first allocation was easy and identical for
all modes; the second allocation succeeds for any mode that either allows per-link
shifting (can_break=True) or, if alignment is required, for a search that is willing to
backtrack (stubborn can_break=False). Best-effort can_break=False is the one that
fails. When running the Best-Effort allocator with can_break = True, the second
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assignment succeeds by choosing different contiguous blocks per link (logged starts:
6, 8, 8, 8, 3). can_break = True allows each link to pick its own start index (blocks
remain contiguous on each link but need not be aligned across links), so the greedy
scan finds available pockets and succeeds.

Random-Fit Allocation Policy

The Random-Fit (RF) policy is a probabilistic spectrum-allocation strategy in which,
instead of scanning slots in a fixed order, the algorithm randomly selects a contiguous
free block from the set of all blocks that meet the bandwidth requirement. This
randomization helps distribute spectrum usage more evenly across the frequency
range, potentially reducing fragmentation caused by deterministic policies such as
First-Fit. As with FF, the implementation can vary depending on whether wavelength
conversion is allowed and on constraints like slot reuse or partial-block handling. In
this work we implement three Random-Fit variants — base, best-effort and stubborn
— that mirror the flexibility and search strategies of their First-Fit counterparts, but
introduce randomness in block selection to balance load and improve spectrum
utilization in the long term.

Random-Fit (base) The Random-Fit base routine implements the simplest idea:
pick a suitable free block at random instead of always taking the first one. In the
no-conversion mode the input is a list of precomputed contiguous blocks that are
free on every link; the routine filters those blocks to the ones large enough and then
selects one uniformly at random, assigning that identical block to every link. In the
conversion mode the input is a per-link binary availability matrix; for each link, the
routine enumerates all contiguous free blocks, filters them to those with size larger
or equal required_bandwidth, and then selects one of these valid blocks uniformly
at random. If the selected block is larger than the request, a random start position
within that block is chosen so that the required number of contiguous slots fits. If
any link has no valid block the whole request fails. The base policy therefore trades
deterministic/fragmentation-aware placement for randomness that can help spread
load or avoid worst-case patterns.

Random-Fit Best-Effort The Best-Effort variant extends the base per-link random
choice to multi-link allocations and introduces the familiar can _break flag. The
routine builds a set of candidate multi-link blocks (keyed by link index and start slot)
and then walks the path: if can_break = true it accepts any candidate that covers the
current link (so each link can take a contiguous block starting at a different position);
if can_break = false it applies stricter adjacency checks and only accepts candidates
that start exactly at the current link and do not produce forbidden overlaps with the
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previous link. The key difference from First-Fit is that when there are multiple valid
candidates the algorithm picks one uniformly at random rather than deterministically
picking the earliest. If, after filling as many links as a chosen candidate covers, some
link remains unallocated the routine continues scanning; if any link ends up without
a block the request fails. Because choices are random, two runs on the same input
can produce different allocations and fragmentation outcomes.

Random-Fit Stubborn (backtracking + randomness) The stubborn (backtrack-
ing) variant combines randomness with a recursive search. It extracts the same
candidate set as Best-Effort, shuffles it (randomized ordering) and then attempts to
allocate by recursion (at maximum MAX ATTEMPTS times ): pick a random can-
didate for the current link, assign it to the covered links, and recurse to allocate the
remainder. If the recursion hits a dead end, it backtracks and tries the next random
candidate. This preserves the advantage of randomness (diverse allocations across
runs) while gaining the ability to recover from early unlucky choices by exploring
alternatives. In short: Best-Effort = random greedy; Stubborn = random search with
backtracking.

Considerations: The Random-Fit policy distributes allocations stochastically,
thereby avoiding the systematic, pathological placement patterns that determin-
istic First-Fit may produce under repeated, similar requests. This randomization
promotes spectral load balancing and increases diversity in slot utilization. The
Best-Effort Random variant provides rapid allocations with complexity O(n); how-
ever, it is more likely to fail in heavily fragmented spectra because an initially
unlucky random choice can fall within unusable regions. By contrast, Stubborn
Random applies backtracking and thus systematically explores permutation spaces,
improving the probability of finding a valid allocation at the expense of higher
worst-case complexity, typically O(n*) where k denotes the backtracking depth.

Policy selection should be driven by the fragmentation characteristics of the spec-
trum and by the relative importance of allocation success versus allocation latency.
Under strict alignment constraints (can_break=false) and in strongly fragmented
spectra, Stubborn Random maximizes the likelihood of successful allocation and is
therefore the preferred choice despite its computational cost. For environments with
moderate fragmentation where responsiveness is prioritized, Best-Effort Random
combined with can_break=true yields a favourable trade-off between speed and
success rate. In cases of low fragmentation or when long-term load balancing is the
primary objective, the basic Random-Fit policy is appropriate due to its simplicity
and its tendency to prevent pathological placement patterns.
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Numerical Example: We start from an initial spectrum allocation matrix rep-
resenting 5 network links (rows 0 to 4) and 15 frequency slots (columns 0 to 14).
Each entry is either:

¢ 1 = slot free/available

* 0 = slot occupied/unavailable

Initial spectrum (rows = links 0—4, cols = slots 0—14):

0001111111 111T11
1111 1000T1TT1T1T1T1T1:1
So=(1 111 00O01T1TT1T1T1T1T1:1
11100011 T111T1T1T1:1
1111111100O01T1T1]1

1. Random-fit base:

(a) Random-Fit Base no conversion: the algorithm tries to find the same

contiguous block of free slots across all links in the path. A valid
candidate block must be free on every link at the same position. From
these valid blocks, the algorithm picks one uniformly at random and
applies it to all links.
In the first assignment, the only chosen block was (pos=11, size=3), so
all links had these slots marked as occupied. When the second request
comes, no contiguous block of the required size exists across all links at
the same position, so the list of valid candidates is empty — all positions
return as (-1, -1).

wLoowe  ws WA ws

No-NL
NLN2
NNz

L w2 wB WA WS W6 W7 We W9 W0 Wl W12 W3 W4 wis

w
No-NL
NNz
N3

(b) Second assignment RF base no conver-

(a) First assignment RF base no conversion sion

Figure 3.13: Random-Fit Base without conversion
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(a) First assignment RF base with conversion
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(b) Random-Fit Base with Conversion: here, wavelength conversion allows

different slot positions to be chosen per link. The algorithm scans the
link’s row to find contiguous blocks of free slots (1 values), filters to
blocks where the size is equal to or larger than the required bandwidth.
Then, it chooses one valid block at random for that link. From within
that block, it picks a random starting position so the required slots fit.
In the first assignment, each link picks a suitable free block indepen-
dently: positions 3, 0, 8, 11, and 11 with size 3. After marking these
as occupied, the second assignment again selects different positions per
link (6, 12, 12, 8, and 1), successfully allocating another set of blocks.
The updated matrix shows a more scattered occupation, as slot alignment
between links is not required.

10wl w2 w3 w4 wis

w

(b) Second assignment RF base with conver-
sion

Figure 3.14: Random-Fit Base with conversion

2. Random-Fit Best Effort: the code generates a dictionary of candidate blocks
from the matrix, keyed by (start_link, start_slot) with values (bandwidth,
links_covered).

(a) can_break=True: Any block that covers the current link is valid. The

valid _keys list will include candidates starting before the current link if
the block spans across it. Random choice from these keys allows partially
overlapping allocations between links, so fragmentation is tolerated and
gaps get filled faster. In the first assignment, different positions (3, 8, 8,
8, and 11) are chosen and marked. The second assignment again finds
blocks at positions 6, 12, 12, 12, and 0, further filling scattered gaps.
Note that, as Fig. @ka) shows, links 1, 2, 3,4 choose blocks starting
from position 8,8,8,11, even though those slots are free in previous links,
this behavior is allowed since we enable the can_break mode.
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(a) First assignment RF best-effort (b) Second assignment RF best-effort
(can_break=True) (can_break=True)

Figure 3.15: Random-Fit Best Effort with conversion (can_break=True)

(b) can_break=False: A valid block must start exactly at the current link and
fit within the remaining hops. Additionally, the previous link must not
have all these slots free to avoid overlapping free space. This helps keep
the spectrum more continuous. Only contiguous, same-size blocks per
link are chosen, leading to more compact occupation patterns. In both
assignments, the yellow blocks (chosen blocks) start from the current
link. For example, in Fig. [3.16(a), link 4, the chosen block starts at
position 1 with size 3; it is allowed because, in link 3, slot 3 is not free,
so we are not breaking contiguous blocks.
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(a) First assignment RF best-effort (b) Second assignment RF best-effort
(can_break=False) (can_break=False)

Figure 3.16: Random-Fit Best Effort with conversion (can_break=False)

3. Random-Fit Stubborn: This uses backtracking to find an allocation if one
exists. Like Best Effort, it builds a candidate dictionary first, but instead of
moving forward greedily, it randomly shuffles the candidate keys for the current
link, tries one allocation, and recursively proceeds to the next unallocated link.
If adead end is reached, it backtracks and tries the next candidate. This method
tends to produce more aligned patterns (especially when can_break=False),
because the backtracking will explore allocations that keep spectral continuity
before settling for fragmented ones.



58 CHAPTER 3. ELASTIC OPTICAL NETWORK SIMULATOR

(a) can_break=True: all blocks starting at the current link are candidates, re-
gardless of overlap, and the algorithm prefers keeping allocations aligned
if possible, even when splitting is allowed. The first assignment picks
positions 5, 8, 8, 8, and 1, marking them accordingly. The second as-
signment finds the same contiguous block at position 11 on all links,
filling it uniformly.
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(a) First assignment RF stubborn (b) Second assignment RF stubborn
(can_break=True) (can_break=True)

Figure 3.17: Random-Fit Stubborn with conversion (can_break=True)

(b) can_break=False: stubborn mode still enforces alignment but only with
contiguous blocks, producing a denser and more uniform occupation
pattern, applying the same non-overlap rule as Best Effort.
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(a) First assignment RF stubborn (b) Second assignment RF stubborn
(can_break=False) (can_break=False)

Figure 3.18: Random-Fit Stubborn with conversion (can_break=False)

Longest-Fit Spectrum Allocation Policies

The implementation provides two Longest-Fit variants: longest_fit _best_effort
and longest_fit_stubborn. Both policies utilize a common helper function,
extract_available blocks from matrix_jit, to generate a candidate map.
This map is keyed by tuples of (start_link,start_slot) and stores values of
(bandwidth,links_covered), representing the size of the contiguous free block and
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the number of consecutive links it spans. The two variants diverge significantly in
their search strategy for selecting from this candidate set.

Longest-Fit Best-Effort The Longest-Fit Best-Effort method implements a greedy,
multi-link allocation that always prefers candidate blocks covering the largest num-
ber of consecutive links.

The procedure begins by extracting a global candidate map of contiguous free
blocks that satisfy the requested bandwidth; each candidate is annotated by its
starting link, starting slot, block size and the number of consecutive links it can
cover.

If the can break flag is false, the algorithm applies an additional filter that
discards any candidate whose entire slot range is free on the immediately preceding
link. This no-break rule prevents the algorithm from reusing the exact same spectral
slice on adjacent links, thereby enforcing a alignment constraint that helps maintain
larger contiguous free regions. The remaining candidates are then sorted by coverage
length (descending) and by start slot (ascending). The allocator scans this sorted list
and greedily assigns each longest non-overlapping candidate to all unallocated links it
covers (assignments are truncated at the path end usingamin(..., total_links)
guard). Links covered by a chosen block are marked as allocated and skipped in
subsequent checks; the routine stops early once every link has been assigned. If,
after exhausting all candidates, any link remains unallocated, the function returns a
uniform failure (a list of Spectrum(-1,-1) entries).

From a complexity standpoint the dominant costs are candidate extraction and the
sort: if m denotes the number of candidates, sorting is O (m log m) and assignment
is linear in the number of candidates and links. In practice the number of candidates
grows with fragmentation and path length, so runtime depends on the network state.

Functionally, Longest-Fit Best-Effort favours continuity by assigning long, multi-
link blocks first, reducing local decisions and improving spectrum utilization when
wavelength conversion is not available. The default can break=true permits
identical slot ranges to be reused across adjacent links (useful when continuity is
desired), while can_break=false enforces stricter per-hop distinctness at the cost
of reduced flexibility and potentially higher blocking. Compared with exhaustive
(backtracking) variants, the Best-Effort approach is fast and simple but may fail
in situations where a greedy longest choice blocks a later feasible arrangement;
in such cases a stubborn/backtracking variant can recover by exploring alternative
candidates. Overall, Longest-Fit Best-Effort is appropriate when one wants a fast
allocator that promotes long continuous allocations, and when occasional failures
due to greedy choices are acceptable.



60 CHAPTER 3. ELASTIC OPTICAL NETWORK SIMULATOR

Longest-Fit Stubborn The Stubborn policy is a recursive backtracking strategy
designed to allocate spectrum resources by prioritizing candidate blocks according
to their coverage—the number of consecutive links they span—and, secondarily,
by their starting slot. The process begins by extracting all candidate blocks of the
required bandwidth from the spectrum matrix. These blocks are then grouped by
their starting link and sorted so that those with greater coverage come first, and
within equal coverage, those with lower starting slots are prioritized.

The algorithm operates recursively. At each step, it identifies the first unallocated
link, which is the lowest-index link not yet assigned. From there, it collects all
candidate blocks that begin at any free link and that fit within the spectrum matrix
without exceeding the number of links or slots. If the can_break flag is set to
false, the algorithm further restricts these candidates by excluding any block that
would create an adjacency conflict with the previous link. An adjacency conflict
occurs when the previous link already has all of the slots of the candidate block
occupied. This condition ensures that, whenever possible, allocations are aligned
with what has already been assigned. If the previous link is unallocated, however,
the candidate is still considered valid.

Once filtered, the valid candidates are sorted again by coverage in descending
order and by starting slot in ascending order. The algorithm then examines each
candidate in this order. For each one, it checks how many links can be allocated.
If can break is true, it allows allocation of a contiguous subset of free links
starting from the candidate’s initial link up to its coverage. If can_break is
false, it requires that the entire block of links defined by the candidate’s coverage
be free and allocated as a whole.

When a valid allocation is found, the algorithm updates the spectrum state and
recurses to attempt further allocations. If a full allocation is achieved through
recursion, the process returns the solution. If not, the algorithm backtracks and
explores the next available candidate. Although the method is complete, meaning
it is guaranteed to find a solution if one exists, it may take exponential time in the
worst case. To prevent excessive computation, a parameter called MAX_ATTEMPTS is
used to cap the number of recursive trials.

This method is complete and robust in highly fragmented spectra with strict
alignment constraints, though it incurs higher computational time compared to
greedy methods in simpler scenarios

Numerical Example: We start from an initial spectrum allocation matrix rep-
resenting 5 network links (rows 0 to 4) and 15 frequency slots (columns 0 to 14).
Each entry is either:
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* 1 = slot free/available
* 0 = slot occupied/unavailable

Initial spectrum (rows = links 0—4, cols = slots 0-14):

0oo0o0111111111T1T1:1
1111 1000T1TT1T1T1T1T1:1
So=|11 11 1000T1TT1T1T1T1T1T1
111000111 11T1T1T1:1
1111111 100O01T1T1]1

The results between the longest_fit_best_effort and longest_fit_stubborn
spectrum assignment policies reveal that their practical differences are negligible
in this small example. Both methods consistently prioritize the allocation of the
largest contiguous spectrum block available along the path, which means that in
scenarios where a dominant block exists, they converge to the exact same allocation
decision. This was particularly evident in the first evaluated request (position 11,
size 3), where the four combinations (best_effort vs. stubborn X can_break=True
or False) selected the same block, resulting in identical link occupancy states.

In more fragmented situations, such as the second evaluated request, the methods
exhibited only minor divergences in slot positions when can_break=True. For
example, the best_effort method selected blocks at positions 3 and 0, while the
stubborn method selected positions 8 and O (or 1 in one case). However, the re-
sulting link status matrices remained highly similar, with only marginal differences
in slot allocation patterns. When can_break=False, both methods again behaved
almost identically, typically choosing position 11 first and then a nearby longest
block, such as position 8.

These observations highlight that the longest fit policy itself dominates overall be-
havior, rendering the choice between best_effort and stubborn of limited practical
significance. The structural similarity in their results comes from the fact that both
strategies rely on the same core logic: prioritizing the largest contiguous spectrum
block, which strongly constrains possible variations in output.

In contrast, the can_break parameter has a more tangible effect on the allocation pat-
terns. When set to False, it imposes stricter continuity constraints across the path,
preventing block selection if it fragments free slots on adjacent links. This restriction
can alter allocation decisions in highly fragmented spectrum states, occasionally re-
ducing flexibility and increasing blocking probability. Therefore, within the family
of longest-fit allocation strategies, the tuning parameters such as can_break appears
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to be much more impactful than the choice between the best_effort and stubborn
variants.
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Figure 3.19: Longest-Fit Best-Effort with conversion (can_break=False)
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Figure 3.20: Longest-Fit Stubborn with conversion
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3.3 Simulation Engine

The simulation engine, implemented within the Simulation class, orchestrates end-
to-end experiments using a discrete-event simulation (DES) approach. Its operation
is divided into distinct phases: configuration, initialization, parallel execution, and
analysis.

Configuration and Initialization: At startup, the engine employs a layered con-
figuration system. It first reads a default_parameters.yaml file to establish baseline
values. Scenario-specific YAML files are then loaded, overriding or extending these
defaults to define a unique experiment. This system ensures both consistency across
runs and flexibility for specific tests.

From this configuration, the engine automatically calculates several derived
parameters crucial for the simulation:

1. Slots per Fiber: The number of frequency slots is calculated as

available spectrum bandwidth

N. =
slots slot bandwidth

2. Service Probabilities (p;): The probability p; that a connection requests
service class k is either taken directly from the configuration or derived using
an inverse-bandwidth rule (p; o« 1/sy). This models a realistic scenario where
smaller, more common requests occur more frequently, inherently influencing
network fragmentation.

3. Maximum Network Load (A): The theoretical maximum load the network
can support is given by

Ngiots * Nlinks
h 2k PrSk
where Njinks is the number of physical links and h is the average hop count
of shortest paths between all edge nodes (precomputed at initialization). This
value A defines the range of loads (e.g., from 10% to 100% of A) evaluated
in the experiment.

b

Parallel Execution: The evaluation of multiple load points is managed via Python’s
multiprocessing. Apandas DataFrame, with one row per load point, is constructed
and passed to a multiprocessing pool. Each worker process receives a row, initializes
an independent ControlPlane (containing routing tables and spectrum policies), and
creates a pristine Node array. Each Node object contains output ports modeled as
Link objects, which hold the spectrum status, a binary vector of length Njos Where
1 signifies a free slot and 0 an occupied one.
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Critically, each worker’s state is entirely isolated, and its random number genera-
tion is deterministic and reproducible: the worker seed is derived from a global base
seed plus the unique load point index (e.g., worker_seed = base_seed + point_index).
This guarantees that runs are both reproducible and independent.

The Event Loop (ignition()): The core of the simulation is a heap-based priority
queue that manages connection arrival and departure events. Connection arrivals
follow a Poisson process. Inter-arrival times (¢) and holding times (7},) are generated
using the inverse-transform method:

_ _In(U) T, - In(U)

/1 B h — /,L ”

where U ~ U (0, 1) is a uniform random variate, A is the arrival rate for the current
load point, and u = 1/average_holding_time is the departure rate. The service class
for each arrival is selected by weighted sampling from the distribution py.

Upon a connection arrival, the engine invokes the configured spectrum assign-
ment policy (e.g., first_fit best_effort), passing it the required bandwidth and
the current per-link spectrum availability matrix. The policies abstract the allocation
complexity; they return either a list of Spectrum objects (one per link, defining a
contiguous block) or a failure indicator. The key differentiating factors between
policies are:

1. Continuity Constraint: Whether the allocated block must start on the same
slot index on every link (no wavelength conversion) or can vary per link (with
conversion).

2. Alignment Constraint: The can_break flag controls whether a block can be
chosen even if it would break alignment with the previous link’s free spectrum.

3. Search Strategy: Whether the policy uses a greedy first-fit/random-fit/longest-
fit approach (best_effort) or employs backtracking to explore alternatives (stub-
born).

Resource Management and Costing: A successful allocation triggers an update
of the network state. assign_spectrum() marks the chosen slots as occupied (1 —
0) on each link of the route. If wavelength conversion is enabled and the chosen
slots differ between adjacent links, the use_converter() method is called on the
intermediate node. This method manages a pool of converter resources, handling
both the usage of existing converters and the placement of new ones if necessary.
It returns a unique identifier for the converter used, which is stored within the
connection object.
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The total cost for a successful connection is calculated as:

Ciotal = Z S¢Cslot + h Chop t Hconv Cconv T Mnew_conv Cplacements
4

where s, is the number of slots used on link ¢, 4 is the hop count, n¢qyy 1S the number
of wavelength conversions performed, and 7pew onyv 1 the number of new converter
installations required.

When a connection’s holding time expires, it is popped from the priority queue
and torn down. release_spectrum() frees the allocated slots (0 — 1), and
release_converter() is called with the stored converter IDs to release those
specific resources.

Performance Metrics and Analysis: After processing all connection requests,
each worker computes standard performance metrics:
1. Network Blocking Ratio:

(total)

(net) __ blocked
Pb — N OCKe .
requests
2. Bandwidth Blocking Ratio:
(k)
P(bW) _ Zk Sk Nblocked
b N &
Zk Sk generated

3. Per-Service Blocking Ratio:

(k)
P }(} k) — Nblocked

(k)

generated

4. Average Cost Metrics: The mean and distribution of Ciy, are calculated,

both overall and per service class.

The run() method collects results from all workers. Confidence intervals (e.g.,
95%) for blocking probabilities are calculated using the standard error approximation
for proportions (P, = 1.96 - /P, (1 — Pp)/N). For cost metrics, which often follow
non-normal distributions, bootstrapping methods are provided for robust interval
estimation.



66 CHAPTER 3. ELASTIC OPTICAL NETWORK SIMULATOR

Optimizations: The engine incorporates several key optimizations to ensure com-
putational efficiency, especially given the large number of required simulations.

* Precomputation: The ControlPlane precomputes all shortest-path routes be-
tween edge nodes at initialization using Dijkstra’s algorithm on a sparse matrix
representation of the topology, avoiding expensive path calculations during
the simulation loop.

* JIT-Complied Candidate Extraction: The critical function
extract_available blocks_from_matrix_jit() is decorated with @njit from the
Numba library. This compiles the function to optimized machine code, pro-
viding near-native performance for the intensive task of scanning the spectrum
matrix for contiguous free blocks. This optimization benefits all allocation
policies.

 Efficient State Representation: Spectrum status is stored as NumPy arrays
of integers, allowing for fast, vectorized logical operations (e.g., the logical
AND for finding common spectrum across a path).

* Bounded Backtracking: The stubborn policies do not use pure, unbounded
recursion. They implement a cap on the total number of candidate attempts
(MAX_ATTEMPTS) across the entire search tree. This prevents pathological
cases from crippling performance while still allowing the policy to explore
more options than a greedy approach.

This implementation is rigorously designed for clarity, reproducibility, and per-
formance. The configuration is explicit, each worker operates on an isolated and
deterministic trace, and consistent metrics are gathered across all load points and
policies, enabling a fair and robust comparative analysis.

3.4 Data Management and Simulator Structure

The simulator reads configuration from layered YAML files.
A default_parameters.yaml file sets the baseline values, and scenario files
override specific fields. At startup, these files merge into one configuration that fully
determines the run, including topology, traffic mix, cost parameters, and RNG seed.
This setup ensures that each experiment is reproducible.

Each simulation produces two types of output: numerical results and figures.
Numerical results save as CSV files and include, for each load point, traffic load
(Erlangs), network blocking, bandwidth-weighted blocking, per-service blocking,
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mean cost per connection, and cost breakdowns for each service. The plotting
module creates publication-ready figures, such as blocking vs. load, per-service
blocking, cost decomposition, and cost vs. blocking. These figures are saved in
standard image formats for post-processing.

3.4.1 Plotting and visualization

Plotting is handled by a dedicated Plot class. This separation keeps plotting code
independent from the control-plane logic. The simulator collects results into a
structured DataFrame, and the Plot class turns that data into figures.

The Plot class performs three main tasks. First, it accepts the simulation output
(a list of per-load dictionaries or a consolidated DataFrame) together with a run
identifier and plotting options, and it standardizes the data internally. Second,
it produces four standard visualizations used throughout this work: (i) network
blocking vs. load, (ii) per-service blocking, (iii) cost decomposition, and (iv) cost
vs. blocking. Third, it saves figures using a deterministic filename pattern and can
optionally open them for interactive inspection.

Main public methods include:

e _init_(result_list, run_id): Initializes the plotter with the given re-

sults and an identifier.

* plot network blocking ratios(policy, can_break, conversion): Cre-

ates the network blocking ratio plot.

e plot_service_blocking(policy, can_break, conversion): Creates

per-service blocking plots.

e plot_cost_analysis(...) and plot_cost_vs_blocking(...): Gener-

ate cost breakdown plots and cost-vs-blocking plots.

* _open_plot(path): Helper method that opens a saved image in the default

viewer (used only in interactive runs).

The plotting module is designed to run in headless environments (HPC or CI),
automatically selecting a non-interactive Matplotlib backend when no display is
available, so the produced images are consistent across machines.

Filenames use the pattern <plot_type>_{ file number} where file number
is an integer run ID (e.g., network blocking 1). This makes it easy to compare
outputs from different runs.

3.4.2 Project Organization and Workflow

The simulator is designed with a clear separation between its static structure (the
code and file organization) and its dynamic behavior (the runtime workflow). This
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Table 3.2: Standard plots and filename patterns

Plot type Filename pattern

Network blocking vs. load network blocking {file number}
Per-service blocking service blocking {file number}
Cost decomposition cost_analysis_{ file number}
Cost vs. blocking cost_vs_blocking {file number}

design ensures the system is both easy to understand and highly reproducible.

Project Organization

The project follows a standard Python package layout, separating source code,
configuration, input data, and output results. This organization, depicted in Figure
[3.21] simplifies maintenance and experimentation.

Key Directories and Files:

1. src/components/: Contains the core Python classes that form the simulation
engine (e.g., Simulation, ControlPlane, Node, Link).

2. sr¢/main.py: The main entry point for executing a single simulation scenario.

3. src¢/campaign.py: A script to manage and execute batches of multiple scenar-
i0s.

4. config/: Stores YAML files defining network topologies (e.g., nsfnet.yaml),
including nodes, links, and positions.

5. input/: Stores YAML files defining simulation parameters and scenarios
(e.g., scenario_ff.yaml for First-Fit experiments). These override the de-
fault_parameters.yaml.

6. output/: The root directory for all results. Subdirectory plot/ contains gener-
ated figures, and CSV files contain aggregated numerical results.
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WCaaS/simulator/

|-- campaign.py % campaign manager script

|-- main.py % Main simulation entry point

| -- components/ % Core Python module (includes all classes
|-- config/ % Network topology files (e.g., SNDlib)

[ | -- topology_1.yaml
| | -- topology_2.yaml
| -- input/ % Simulation parameter files
| | -- default_parameters.yaml
| | -- scenario_1.yaml
| -- output/ % Results directory
|-- plot/ % Generated figures
|-- simulation_1.csv

Figure 3.21: Project directory structure for the WCaaS simulator. The core source
code resides in components/. Configuration topologies and input scenarios are
stored in config/ and input/ respectively. All outputs from simulation runs are
written to the output/ directory.

3.4.3 Simulation Workflow

The execution of a simulation campaign follows a precise, automated workflow
designed for parallelization and reproducibility. The high-level flow of a single
campaign is depicted in Figure [3.22]

Initialization and Configuration The process begins by loading and merging
the configuration files. The default_parameters.yaml provides base values, which
are then overridden and extended by the scenario-specific YAML file (e.g., sce-
nario_l.yaml). This merged configuration dictionary fully defines all experiment
parameters: topology selection, traffic mix, spectrum allocation policy, cost coeffi-
cients, and random number generator (RNG) seeds.

Preparation and Parallel Execution The main simulator process uses this con-
figuration to precompute derived parameters (e.g., Ngots, A) and then generates a list
of tasks. Each task corresponds to simulating a specific load point (e.g., 50 Erlangs).
This list is packaged into a pandas DataFrame.

This DataFrame is passed to Python’s multiprocessing.Pool. The pool spawns
multiple independent worker processes, distributing the tasks (load points) among
them. This architecture is “embarrassingly parallel” as each load point simulation
is completely independent. Crucially, each worker initializes its own ControlPlane
(with routing tables) and a pristine Node array. Each worker’s RNG is seeded
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deterministically based on a global base seed and its unique task ID, guaranteeing
that every simulation is both reproducible and independent of execution order.

Core Simulation Loop Within each worker, the simulation worker ()function
executes the discrete-event loop for its assigned load point. It maintains a priority
queue (min-heap) to manage future events (connection arrivals and departures). The
loop processes events in chronological order:

1. Next Event: The event with the smallest timestamp is popped from the queue.

2. Connection Arrival: If the event is an arrival, a service type is randomly
selected based on the configured probabilities. The shortest path for a random
edge-node pair is retrieved from the precomputed routes. The configured
spectrum assignment policy (e.g., first_fit_best_effort) is invoked to attempt
allocation on this path.

3. Success: If successful, the spectrum slots are marked as occupied, any re-
quired wavelength converters are reserved, the connection’s departure time is
calculated and pushed onto the event queue, and its cost is recorded.

4. Failure: If allocation fails, the connection is counted as blocked.

5. Connection Departure: If the event is a departure, the allocated spectrum
slots are released and any wavelength converters used by that connection are
freed.

This loop continues until a predetermined number of connection
requests (num_events) have been processed.

Result Aggregation and Post-Processing After all workers finish, the main pro-
cess collects the results from each completed task. Metrics like blocking probability
and average cost are aggregated across all load points into a consolidated DataFrame.
This DataFrame is saved as a CSV file in the output/ directory.

Finally, the generate plots() method is called. It reads the results CSV,
instantiates the Plot class, and generates the standard set of publication-ready figures
(e.g., blocking vs. load, cost analysis), saving them to output/plot/.

This modular workflow—configuration, parallel execution, aggregation, and
visualization—ensures that complex simulation campaigns are run consistently, ef-
ficiently, and produce analyzable, reproducible results.
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campaign.py
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Simulation.run()

Single process

Multiprocess —> spawn workers —> each runs:
ignition(load, seed)

e
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Initialize simulation with load parameters and random seed
Set up ControlPlane (central coordinator)

Traffic Generator: creates network events/packets

Event Scheduler: manages timing and ordering of events
ControlPlane: processes events and makes decisions
Physical Layer: simulates low-level network behavior

Data Collection: gathers metrics throughout the process
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Figure 3.22: Workflow demonstrating how Simulation.run() either executes igni-
tion() directly or spawns multiple workers that each run the complete simulation
pipeline (Traffic Generator — Event Scheduler — ControlPlane — Physical Layer)
with results aggregated for final output
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Chapter 4

Simulator Test

The efficient management of spectrum resources is a fundamental challenge in Elas-
tic Optical Networks (EONs). The choice of spectrum allocation policy directly
influences critical performance metrics such as blocking probability, resource uti-
lization, and operational cost. This chapter presents a systematic and comprehensive
evaluation of three dominant spectrum allocation policies—First-Fit, Random-Fit,
and Longest-Fit—under a variety of network operating conditions.

The primary objective of this research is to quantify the trade-offs between per-
formance, cost, and complexity inherent in these policies. Through a controlled
simulation study on a realistic network topology, we investigate the impact of two
key architectural features: wavelength conversion and spectrum fragmentation
tolerance (modeled by the can_break parameter). By analyzing 16 distinct con-
figurations, this chapter provides network designers and operators with empirically-
grounded insights to guide policy selection based on specific operational priorities,
whether they are minimizing blocking, maximizing resource efficiency, or minimiz-
ing capital expenditure.

4.1 Simulation Setup
4.1.1 YAML configuration

All simulation runs share a common baseline configuration: the same event budget,
traffic classes, grid parameters, topology file, RNG seed and number of load points
are used across experiments to ensure comparability. Runs differ only in a small
set of explicitly controlled factors (the experimental factors), which are changed via
scenario override files in input/. This design isolates the effect of each factor on

73
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blocking, fragmentation and cost metrics while keeping the rest of the environment
identical.

Default YAML configuration (baseline)

The exact default YAML used by every run (unless overridden by a scenario file)
is shown below. This block should be placed in default parameters.yaml

(Fig. F1).

simulator > input > ! default_parameters.yaml > ...
1 simulation:
2 num_events: 200000 # Number of generated events (connections)
3 traffic_probabilities_flag: False # Flag to calculate traffic probability
4 user_traffic_probability: [] # User-defined traffic probabilities (if applicable)
5 bandwidth: # Service bandwidths in Hz
6 - 100000000000.0 # 100 GHz
7 - 400000000000.0 # 400 GHz
8 average_holding_time: 10.0 # Average holding time in seconds

9 slot_bandwidth: 12500000000.0 # Grid spacing in Hz (12.5 GHz)

10 available_bandwidth: 4000000000000.0 # Available bandwidth in Hz (4.0 THz)

11 maximum_network_load_flag: False # Flag to calculate full load

12 user_maximum_network_load: 1000 # User-defined load in Erlangs

13 seed : 635 # Seed for the random number generator (used to initialize the simulation)
14 points: 20 # Number of simulated points (one for each load)

15 topology_file: "topology_luiz.yaml"

16 conversion: False

17 policy: "first_fit_base" # Connection placement policy

18 can_break: True # Flag to allow breaking connections

Figure 4.1: Default YAML configuration

Invariant (common) parameters. The following keys are identical across all
experiments unless explicitly overridden in a scenario file:

* simulation.num events = 200000

* simulation.seed = 635

e simulation.points =20

* simulation.bandWidth = {100 GHz, 400 GHz}

* simulation.slot _bandwidth = 12.5 GHz

* simulation.available bandwidth =4.0 THz

* topology_file = "topology_luiz.yaml"

* Other bookkeeping, logging and plotting parameters (inherited from defaults)

Experimental (variable) factors. This experimental setup employs the principle
of minimal override, a best practice in configuration management that enhances
maintainability and reduces redundancy. Instead of maintaining numerous mono-
lithic configuration files with extensive duplication, the system operates on a hi-
erarchical model. A comprehensive base configuration file establishes all default
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parameters. Individual scenario files then function as targeted delta files, specifying
only the subset of parameters that deviate from these defaults for a particular exper-
imental run. This methodology ensures that each scenario is defined with maximal
clarity and minimal repetition, thereby simplifying the creation of new experimental
conditions, minimizing the potential for human error, and explicitly highlighting the
precise variables under investigation.

The experimental factors varied in this study are defined by the following keys.
Each scenario file overrides one combination of these keys while inheriting all other
defaults:

* Allocation policy (simulation.policy): first fit base, random fit,

longest_fit (abbreviated FF, RF, LF).

* Wavelength conversion (simulation.conversion): False / True.

* Break capability (simulation.can break): False/ True.

Example: minimal scenario override The following example illustrates a mini-
mal scenario file. It defines a specific experimental condition by enabling wavelength
conversion, applying the first-fit base allocation policy, and disabling break events.
It inherits all other parameters (e.g., simulation bandwidth, seed, etc.) from the base
configuration.

# input/sim_6.yaml
simulation:
conversion: True
policy: first_fit_base
can_break: False

Figure 4.2: sim_6.yaml file overriding three experimental factors.

Enumerated experiment list The experimental setup follows a full factorial de-
sign over the three controlled factors described above. Combining the three allo-
cation families with the two conversion settings and the two break options yields
the complete set of configurations. Each configuration is then instantiated under
the appropriate policy variant (Base, Best-Effort, or Stubborn), resulting in the 16
scenarios reported in Table which maps each identifier to its corresponding
factor levels.

Interpretation and benefits of this design By holding the baseline constant and
varying only the three experimental factors, we can:
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Table 4.1: Consolidated experiment matrix: mapping of scenario identifiers to
allocation family, policy variant and flags.

Scenario Family Policy variant Conversion Can_break

sim_1 First-Fit Base no no
sim_2 First-Fit Base yes no
sim_3 First-Fit Best-Effort yes yes
sim_4 First-Fit Best-Effort yes no
sim_5 First-Fit Stubborn yes yes
sim_6 First-Fit Stubborn yes no
sim_7 Random-Fit Base no no
sim_8 Random-Fit Base yes no
sim_9 Random-Fit Best-Effort yes yes
sim_10 Random-Fit Best-Effort yes no
sim_11 Random-Fit Stubborn yes yes
sim_12 Random-Fit Stubborn yes no
sim_13 Longest-Fit  Best-Effort yes yes
sim_14 Longest-Fit  Best-Effort yes no
sim_15 Longest-Fit  Stubborn yes yes
sim_16 Longest-Fit  Stubborn yes no

* attribute observed differences in blocking, fragmentation statistics and cost
directly to the factor(s) changed;

* perform pairwise comparisons (e.g., FF vs. RF) under identical traffic, topol-
ogy and RNG conditions; and

* keep scenario files compact and human-readable, since they need only contain
the small set of overrides.

4.1.2 Topology

The experiments were conducted on a 6-node mesh topology with 16 bidirectional
links (Fig.[4.3), specifically designed to provide a controlled yet sufficiently rich en-
vironment for testing optical routing and spectrum allocation policies. The structure
was deliberately kept simple, with uniform link costs, so that shortest-path routing
depends solely on hop count. This choice isolates the impact of spectrum-related
factors such as fragmentation, wavelength conversion, and load balancing, without
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interference from heterogeneous routing costs.

Node coordinates (for plotting only). The logical placement of nodes, used ex-
clusively for visualization, is given below:
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Links (bidirectional entries).
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The network contains 16 links, modeled as bidi-

Sy SRS ) SR S N S SN S SR SRR S SR T S ) B R )

Two pairs of nodes are deliberately co-located (N,/N3 and

N4/Ns), meaning that they occupy the same logical position in the layout while still
functioning as distinct routing points. This modeling choice achieves two objectives:
1. All links are assigned a unit cost, so shortest-path routing is determined purely
by hop count.
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2. The network provides multiple equal-cost paths without the complexity of a
large or irregular layout. For example, traffic from N to N4 can be routed either
through N, directly, or via the longer but equal-cost path N3 — N5 — Ng:

N2—)N4
Ny —
N3 — N5 — Ng — N4

All 16 links are therefore bidirectional and homogeneous in capacity. In a real
optical network, the colocated nodes would represent distinct devices deployed at
the same physical site, sharing infrastructure but maintaining independent switching
functionality.

nodel 1.0 node2 1.0 noded 1.0 node6

Figure 4.3: Logical topology representation. Co-located nodes are drawn apart for
clarity but act as the same routing point in practice.

4.2 First-Fit Allocation Policies Results

This section presents a comprehensive evaluation of six simulation scenarios de-
signed to investigate first-fit wavelength allocation policies under different converter
and fragmentation constraints. The objective is twofold: to assess the perfor-
mance—cost tradeoffs inherent in wavelength-convertible optical networks and to
validate the developed simulation framework against a trusted reference implemen-
tation.

4.2.1 Experimental Setup

The experiments were organized around three policy variants based on the First-Fit
heuristic, each tested under different converter and fragmentation constraints. The
tested configurations are summarized in Table [d.2]

The performance of these First-Fit policies at full network load (260.87 Erlang) is
quantified in Table[d.3] Key metrics include Bandwidth Blocking Probability (P),
Network Blocking Probability (P,), the average total cost per established event, and
the average cost attributable to converter placement and usage.
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Table 4.2: Simulation Parameters

Simulation Policy Conversion Can Break

sim_1 Base no no
sim_2 Base yes no
sim_3 Best-Effort yes yes
sim_4 Best-Effort yes no
sim_5 Stubborn yes yes
sim_6 Stubborn yes no

Table 4.3: First-Fit performance at full load (260.87 Erlang)

Config Py (%) P, (%) Avg Cost Converter Cost

sim-1  33.21% 17.74% 16.59 0.00
sim2  31.07% 16.15% 20.09 2.26
sim3  31.44% 16.19% 19.62 1.86
sim4  33.09% 18.72% 19.47 1.71
sim-5  31.44% 16.19% 19.62 1.86
sim 6  33.08% 16.18% 19.57 1.67

4.2.2 Blocking Probability Analysis

The blocking performance was evaluated using two key metrics: Bandwidth Block-
ing Probability (Pp) and Network Blocking Probability (P,). Pj represents the
proportion of total requested bandwidth that is blocked, while P, represents the
proportion of connection requests that are blocked, regardless of their bandwidth.
Figure @ shows P}, (red curve) and P,, (blue curve) versus offered load for all six
scenarios.

The relationship between these two curves provides useful insights. The vertical
gap between the red (Pj) and blue (P,) lines at a given point indicates the average
bandwidth penalty of a blocked request. A larger gap means that blocked requests
tend to require higher bandwidth (e.g., 400 GHz services). When the curves are
close, blocking affects all service classes more evenly.
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Figure 4.4: Bandwidth Blocking Probability (P, red) and Network Blocking Prob-
ability (P,, blue) vs. normalized offered load. The gap between curves indicates the
bias of blocking towards high-bandwidth services. The anomalous inversion and

convergence in sim_4 (d) are clearly visible.
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Impact of Wavelength Conversion: The presence of wavelength converters (sim-2)
consistently reduced P, and P, compared to the baseline configuration (sim_1).

At full load, blocking decreased from 33.21% to 31.07%, representing a relative

improvement of 1.93%. However, this improvement came at a cost increase of

approximately 21% due to converter placement and usage fees.

Advantage of Break Capability: When break capability is enabled (sim_3, sim_5),
the performance is better compared to the cases without it (sim_4, sim_6). This can
be seen in both lower Pj, and P,, values. Also, the smaller difference between P,
and P, shows that the can_break option helps especially with large requests, since
it can build a valid spectrum path by combining non-contiguous fragments across
links. This reduces the disadvantage that bigger services usually face. In numbers,
the break-enabled setups had 1.39% lower blocking probability and at the same time
reduced converter costs by about 8-9%. So, giving flexibility to use fragmented
spectrum not only improves performance but also cuts down on resource usage.

Policy Equivalence Under Fragmentation: A key finding is the functional equiv-
alence of the Best-Effort (sim_3) and Stubborn (sim_5) policies when break-enabled
operation is allowed. Both policies exhibit nearly identical performance in both
blocking probability (Pp) and non-full-blocking probability (P,). This result indi-
cates that the additional computational complexity of the Stubborn search—which
continues probing after an initial failure—provides no appreciable benefit once
spectrum fragmentation is permitted. The ability to break down requests effectively
negates the advantage of the more sophisticated Stubborn allocation strategy.

Pathological Behavior of Strict Adjacency (sim_4): The sim_4 configuration
(Best-Effort, can_break = false) exhibited severe pathological behavior, char-
acterized by anomalously high blocking at low load and a violation of expected
statistical trends. The root cause was identified as a fundamental flaw in the algo-
rithm’s allocation logic, which created a deadlock condition from which the system
could not recover under normal low-load operation.

This aberrant behavior originated from a strict adjacency constraint which
required that a new connection could only be allocated on a link if the corresponding
slots on the preceding link were already occupied. Consequently, this created a
critical bootstrap problem:

* In the initial state, the network is idle, and the spectrum matrix for every link

is entirely free.

* For the first multi-hop connection request, the algorithm checks the con-

straint on the second link: “Are the corresponding slots on the first link
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occupied?”

* The answer is invariably no, causing the allocation to fail. This condition
persists, preventing any multi-hop connections from being established and
trapping the network in its initial idle state.

As a result, the probability of finding a valid allocation under this constraint
at low load (~95% spectrum availability) is vanishingly small (e.g., P ~ (0.05)% =
3.9x 107! for an 8-slot request), leading to the observed artificial blocking of ~15%
at 13 Erlang.

Furthermore, the blocking probability decreased as load increased. This coun-
terintuitive trend occurred because higher traffic intensity increased the statistical
probability of rare events that could break the deadlock, primarily through the suc-
cessful placement of single-hop connections (which bypass the constraint) that then
“seeded” the network for subsequent multi-hop requests.

In addition, the converter placement cost was artificially inflated at low loads
because the few established connections were those that accidentally met the strict
constraint, often requiring conversion. Most significantly, the Mean Absolute
Error (MAE) for sim_4 was over 40 times higher than for any other configuration,
quantitatively confirming its pathological deviation from expected performance.

It is important to note that this pathology was unique to sim_4. Other config-
urations avoided it due to their fundamental design:

e sim_1, sim_2 (Base): Utilized a standard First-Fit search without the self-
referential adjacency constraint, allowing them to bootstrap seamlessly from
an idle state.

* sim_3, sim 5 (Break Enabled): The can break = true parameter cir-
cumvented the problematic constraint altogether by permitting non-aligned
allocations.

* sim_6 (Stubborn, No Break): While also having can_break = false, the
Stubborn policy’s different search logic did not include the same bootstrap
flaw.

The sim_4 algorithm is fundamentally non-viable for any practical deployment
due toits inability to initialize from an idle state. This finding underscores a critical
principle in RSA design: allocation constraints must be rigorously evaluated to
avoid introducing artificial, self-imposed deadlocks.

The code excerpt below illustrates the core of this problematic condition, where
the algorithm searches for slots on the previous link that are already occupied (==

1):



4.2. FIRST-FIT ALLOCATION POLICIES RESULTS 83

overlap = all(
spectrum_input[link_idx — 1, start_slot + slot] == 1 #
Requires occupied state on previous link
for slot in range(bandwidth)
)
if not overlap: # If the previous link’s slots are NOT occupied,
the candidate is rejected.
valid_keys .append ((link_idx , start_slot))

Listing 4.1: Code excerpt illustrating the pathological adjacency check.

4.2.3 Validation Against Reference Implementation

To ensure the correctness of our simulator and isolate the origin of the observed
anomaly, results were compared against those generated by OfNetSim, a established
Java-based reference simulator. The comparison was performed using Mean Abso-
lute Error (MAE) for both Network (P,) and Bandwidth (P;) Blocking probabilities.

Configuration | Policy Variant | P, MAE | P, MAE
sim_1 Base 0.0032 0.0028
sim_2 Base 0.0041 0.0035
sim_3 Best-Effort 0.0037 0.0031
sim_4 Best-Effort 0.1524 0.1479
sim_5 Stubborn 0.0036 0.0030
sim_6 Stubborn 0.0043 0.0039

Table 4.4: Validation metrics: Mean Absolute Error (MAE) against OfNetSim
reference.

The results show excellent agreement (low MAE) between the simulators for
configurations sim_1 through sim_3 and sim_5 through sim_6. This high level of
agreement validates the core implementation of our simulator. The significant
discrepancy observed only for sim_4 confirms that the pathological behavior is not
an implementation error in our code, but rather a inherent property of the specific
algorithm configuration (Best-Effort with can_break=false) as defined by the
common policy model implemented by both simulators.
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4.3 Random-Fit Allocation Policies Results

This section analyzes the performance of Random-Fit spectrum allocation policies
(sim_7 to sim_12), which select an available spectrum block randomly rather than
using a deterministic heuristic. The objective is to quantify the performance degra-
dation inherent in stochastic allocation strategies and compare their cost-benefit
trade-offs directly with the First-Fit baseline established in Section [4.2]

4.3.1 Experimental Setup

The experimental configuration—including topology, traffic profile, and load points—is
identical to the First-Fit study. The sole modification is the core allocation rule. The
tested Random-Fit configurations are summarized in Table[d.5]

Table 4.5: Simulation parameters for random-fit experiments

Simulation Policy Conversion Break Capability

sim_7 Base no no
sim_8 Base yes no
sim_9 Best-Effort yes yes
sim_10 Best-Effort yes no
sim_11 Stubborn yes yes
sim_12 Stubborn yes no

4.3.2 Performance Comparison with First-Fit

A direct comparison with First-Fit policies reveals the profound cost of non-
deterministic spectrum assignment. Random-Fit incurs a severe and consistent
performance penalty across all load levels.

Table 4.6: Performance comparison: Random-Fit vs. First-Fit at 50% and 100%
load.

50% Load 100% Load
Metric FF (Best) RF (Best) Diff. FF (Best) RF (Best) Diff.
Py (%) 10.36 22.56 +12.20 pp 31.44 42.26 +10.82 pp
P, (%) 5.50 16.09 +10.59 pp 16.19 28.15 +11.96 pp
Avg Cost 19.62 22.82 +16.3% 19.62 22.82 +16.3%

Converter Cost 1.86 1.48 -20.4%0 1.86 1.48 -20.4%0
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As shown in Table[.6] the best-performing Random-Fit configuration is consis-
tently outperformed by its First-Fit counterpart. At full load, the relative increase
in Bandwidth Blocking Probability (Pj) is 34.4%, underscoring the inefficiency of
random spectrum placement.

4.3.3 Blocking Probability and Fragmentation Analysis

The dynamics of Random-Fit allocation are best understood by examining the rela-
tionship between Bandwidth Blocking (Pj, red) and Network Blocking (P, blue)
probabilities, as shown in Figure .5

1. The Fragmentation Penalty: The core weakness of Random-Fit is its ten-
dency to accelerate spectrum fragmentation. Unlike First-Fit, which packs
connections onto one end of the spectrum, random allocation scatters connec-
tions throughout the spectral domain. This creates a large number of small,
non-contiguous gaps that are unusable for multi-slot services. This is vividly
illustrated by the large, sustained gap between P, and P, across all figures.
This gap signifies that blocking is heavily biased towards high-bandwidth re-
quests, which are more likely to be starved of the large contiguous spectral
blocks they require. The performance penalty is most acute at medium loads
(50-75%), where aggregate spectrum is theoretically sufficient but is rendered
unusable by extreme fragmentation.

2. Pathological Behavior in Non-Break Configurations: Mirroring the find-
ing in Section @, the non-break Random-Fit configurations (sim_8, sim_10,
sim_12 in Figs.[#.5b| 4.5d] i.51) exhibit the same pathological low-load block-
ing. This confirms that this anomaly is not policy-specific but is a inherent
flaw of the specific algorithm implementation that uses strict adjacency con-
straints. The analysis of the deadlock mechanism provided in Section 4.2.2
applies here as well.

3. Impact of Break Capability and Conversion: Enabling break capability
(can_break=true) provides a modest benefit by allowing the algorithm to
assemble a feasible path from non-aligned fragments, slightly reducing the
massive gap between P, and P, (cf. sim 9 vs. sim_10). Wavelength con-
version also helps, but its benefit is muted because the highly fragmented
spectrum often lacks the contiguous blocks needed to make converter use
viable or effective.
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Figure 4.5: Random-Fit: Bandwidth Blocking (Pj, red) and Network Blocking
(P, blue) probability vs. normalized offered load. The large gap between curves
indicates severe fragmentation, and pathological low-load behavior is evident in (b),

(d), and (f).
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4.3.4 Cost-Benefit and Practical Implications

The economic and operational implications of Random-Fit allocation are unequiv-
ocally negative.

Inefficient Resource Utilization The 20% lower converter utilization is not a sign
of efficiency but a symptom of failure. The random and fragmented spectrum state
prevents the formation of the contiguous blocks that are necessary to justify the use
of a converter. This leads to a worst-of-both-worlds outcome: high blocking due to
fragmentation, coupled with an inability to use the hardware intended to mitigate it.

Policy Neutrality As with First-Fit, the Best-Effort and Stubborn policy variants
show negligible performance differences under Random-Fit. This indicates that
sophisticated tie-breaking logic is irrelevant when the initial allocation choice is
fundamentally random and sub-optimal.

4.3.5 Practical Implications

Based on the analysis, several practical recommendations emerge. Firstly, avoid
Standard Random-Fit in production networks due to its significant performance
penalty (larger than 34% higher blocking) and poor resource utilization, which
make deterministic policies like First-Fit or Longest-Fit superior in every practical
aspect. Secondly, if randomization is mandatory for specific non-performance
goals such as fairness or security, implement a constrained random strategy; this
could involve randomly selecting from the first N available blocks (e.g., Random-Fit
from the first 5) to balance randomness with semi-deterministic packing, and this
approach must be combined with aggressive defragmentation routines. Finally, a
critical lesson for RSA algorithm design is that constraints must be carefully crafted
to avoid deadlocks, particularly those that prevent network initialization from an idle
state, as evidenced by the recurrence of pathological behavior in both First-Fit and
Random-Fit non-break configurations.

In conclusion, while Random-Fit provides a useful analytical baseline, its perfor-
mance characteristics and inherent inefficiencies render it impractical for real-world
EON deployment compared to deterministic alternatives.

4.4 Longest-Fit Allocation Policies Results

This section analyzes the performance of Longest-Fit allocation policies (sim_13 to
sim_16), which prioritize the selection of the largest available contiguous spectrum
block to inherently minimize fragmentation. The objective is to evaluate its stability,
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resource efficiency, and practical trade-offs against the previously analyzed First-Fit
and Random-Fit strategies.

4.4.1 Experimental Configurations

The four Longest-Fit configurations tested are detailed below. All configurations
have wavelength conversion enabled, allowing for a clear analysis of the policy’s
core behavior without the additional variable of conversion being disabled.

* sim_13: longest_fit_best_effort, conversion = true, can_break = true
» sim_14: longest_fit_best_effort, conversion = true, can_break = false
* sim_15: longest_fit_stubborn, conversion = true, can_break = true
* sim_16: longest_fit_stubborn, conversion = true, can_break = false

4.4.2 Performance Analysis and Stability

The most striking feature of the Longest-Fit policy is its exceptional stability. As
summarized in Table the performance metrics across all four configurations are
nearly identical, with a maximum variation in Bandwidth Blocking Probability (Pp)
of only 0.11 percentage points at full load.

Table 4.7: Performance summary of Longest-Fit policy variants under different
configurations.

Configuration Py (%) P, (%) Avg Cost Converter Cost
sim_13 (Best, Break) 33.31 16.07 17.75 0.40
sim_14 (Best, No-Break) 33.35 16.07 17.77 0.40
sim_15 (Stubborn, Break) 33.27 16.03 17.74 0.40
sim_16 (Stubborn, No-Break)  33.38 16.10 17.79 0.41
Variation (Max-Min) 0.11 0.07 0.05 0.01

This remarkable consistency is further illustrated in Figure 4.6, which shows the
Bandwidth Blocking (P, red) and Network Blocking (P,, blue) probabilities. All
curves follow the expected monotonically increasing trend without any pathological
low-load behavior, demonstrating the algorithm’s inherent robustness.



. Network Blocking Ratios
10
Policy: longest-fit-best-effort
can_break: True
conversion: True
—k-A—
amAAH “
,r"* e
o W At
c 1071 A a4
= » »-
3 o
o V4 »
= ryg 7
g P4
g 2 I, !
31 « ¥
I
i1
/¥
[ 1
£
)
10-3 Lt
0.0 0.2 0.4 0.6 0.8

Nor.'malized Load

(a) Longest-fit — Best Effort (can_break

= True)

Network Blocking Ratios

100

Policy: longest-fit-stubborn
can_break: True
conversion: True
Y
*“""‘—
—A- Ad
2 0t . asbt
c 10- ¥t T
i~ g *}'
[} L A
2 A %
o0 v g
= ¥ 7
o ;¥
g 2 Favd
310 « ¥
4
!
/
f
*’ ’
! 1
1
103 Lt
0.0 0.2 0.4

Normalized Load

(c) Longest-fit — Stubborn (can_break

= True)

LONGEST-FIT ALLOCATION POLICIES RESULTS

Network Blocking Ratios

89

10° " "
Policy: longest-fit-best-effort
can_break: False
conversion: True
ae -k
At T
A i
o B o ~ AbA
£ 1! A st
3 A A+
o A7 A
o /A
= Vg 7
© ;Y
g 2 Favd
10~
3 ¥
v
i/
/¥
Iy = Netw
£, A Netw
i ~ = Band
i A Bandwidth
10-3 L
0.0 0.2 0.4 0.6 0.8 1.0

Normalized Load

(b) Longest-fit— Best Effort (can_break

= False)

Network Blocking Ratios

10° - -
Policy: longest-fit-stubborn
can_break: False
conversion: True
P
P
A ad
A
o a-4
£10 A st
g %
% / » ™ A
o s R
= ’
) i
= 7
[ ;¥
q>) 2 Favd
10~
3 LY
!
4
/¥
£/
b 1
!
103 )
0.0 0.2 0.4

Normalized Load

(d) Longest-fit — Stubborn (can_break

= False)

Figure 4.6: Longest-Fit: Bandwidth (P, red) and Network (P,, blue) Blocking
Probability vs. load. The curves’ consistency and the stable gap between Pj, and P,
highlight the policy’s stability and predictable behavior.

Interpretation The behavior of Longest-Fit can be interpreted through several key

characteristics:

Inherent Fragmentation Resistance The core principle of Longest-Fit—always
occupying the largest available block—naturally defragments the spectrum. By
leaving behind larger contiguous free blocks, it increases the probability that future
large-bandwidth requests can be accommodated. This is evidenced by the consistent
and moderate gap between Pj, and P, indicating a controlled and predictable bias
against high-bandwidth services, unlike the severe bias seen with Random-Fit.
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Break Capability and Policy Neutrality The minimal performance difference
caused by the can_break flag (;0.1%) is a direct result of point 1. Since the policy
already maximizes contiguity, the additional flexibility to use non-aligned blocks
across links offers negligible benefit. Similarly, the equivalence between Best-Effort
and Stubborn variants confirms that the “longest” heuristic is the dominant factor,
making further tie-breaking logic redundant.

Superior Resource Efficiency A critical finding is Longest-Fit’s dramatically
lower converter usage. Compared to the best First-Fit configuration (sim_3/5 with
a converter cost of 1.86), Longest-Fit achieves a 78.5% reduction in converter cost
(0.40 vs. 1.86). This is because its allocation strategy naturally creates aligned, con-
tiguous paths across multiple links, significantly reducing the need for wavelength
conversion.

4.4.3 Comparative Performance and Practical Recommendations

To position Longest-Fit within the policy spectrum, a direct comparison with the
best First-Fit configuration is essential.

Table 4.8: Performance and cost trade-off: Longest-Fit vs. First-Fit (Best).

Py (%) P, (%) Avg Cost Converter Cost

First-Fit (sim_3/5) 31.44 16.19 19.62 1.86
Longest-Fit (sim_13/15)  33.31 16.07 17.75 0.40
Difference +1.87pp -0.12pp -9.5% -78.5%

As shown in Table {.8] the choice between First-Fit and Longest-Fit presents a

clear trade-oft:

* First-Fit (Best) is the performance-oriented choice, achieving the absolute
lowest blocking probability (Pp) at the expense of higher resource costs,
particularly for converters.

* Longest-Fit is the efficiency-oriented choice. It accepts a marginally higher
Py, ( 6% relative increase) in exchange for significantly lower overall cost
and a drastic reduction in converter dependency. Its unmatched stability and
operational predictability are additional key advantages.

4.4.4 Practical recommendations

For capital-constrained or operationally stable environments, the Longest-Fit allo-
cation policy is recommended. Empirical results indicate that Longest-Fit attains
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superior resource efficiency, which reduces operational expenditures and lowers the
need for costly conversion hardware. In addition, Longest-Fit exhibits predictable
behavior that facilitates network planning and capacity management, thereby sim-
plifying provisioning, long-term forecasting and budgetary allocation.

When minimising blocking probability is the primary objective, First-Fit con-
figured with can_break = True provides higher acceptance at the expense of in-
creased converter deployment and operational use. This configuration is appropriate
when stakeholders prioritize end-to-end connectivity, even at the expense of higher
capital and operational costs.

From an implementation perspective, the can_break flag may be treated as
optional for Longest-Fit. Enabling the flag yields negligible improvement in ac-
ceptance performance while increasing implementation complexity and operational
overhead. Omitting the flag simplifies software design and operational procedures,
reduces the risk of misconfiguration, and accelerates deployment.

Operational monitoring and adaptive control are essential. Routine measurement
of fragmentation indicators and service-level metrics should be instituted to detect
changes in traffic composition. If the traffic profile shifts substantially, for example,
with the emergence of large, long-lived flows, an adaptive controller should be
capable of switching allocation policies or tuning parameters so that performance
targets remain satisfied. Such controls preserve the cost advantages of Longest-Fit
while protecting performance.

In conclusion, Longest-Fit is the strategically preferred policy for many realistic
operational scenarios where cost efficiency, predictability and stability are primary
concerns. First-Fit with can_break = True should be retained as a contingency
configuration for performance-critical situations, and monitoring-driven adaptation
should be used to maintain an appropriate balance between cost and performance.

4.5 Validation on a Realistic Network Topology

The previous analyses were conducted on a controlled 6-node mesh topology de-
signed to isolate specific algorithmic behaviors. To validate these findings and
demonstrate the simulator’s capability to model complex, real-world networks, an
additional campaign was executed on a realistic backbone topology.

4.5.1 Topology and Experimental Configuration

The chosen topology, illustrated in Figure[d.7] is a 12-node, 30-link representation of
a U.S.-wide backbone network, obtained from the SNDIib repository [[13]]. The nodes
correspond to Points of Presence (POPs) in major American cities (e.g., Atlanta,
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Chicago, Denver, New York, Seattle), providing a geographically meaningful and
representative environment for assessing spectrum allocation policies. This topology
has an average hop count of 2.52 and a maximum of 5 hops, presenting a more
challenging and realistic routing environment than the previous simplified mesh.
The simulation parameters for this campaign are summarized in Table[d.9] The
key difference from the previous setup is the increased network scale and complexity,
while the traffic model (a mix of 100 GHz and 400 GHz services) and total spectrum
(4.0 THz) remained consistent to enable direct comparison of policy performance.

HSTHng

Figure 4.7: U.S.-wide backbone topology (12 nodes, 30 links) used for validation.
Node identifiers correspond to major city POPs (e.g., ATL: Atlanta, CHI: Chicago,
DNV: Denver, NYC: New York).

Parameter Value

Topology 12 nodes, 30 links (Avg. hops: 2.52, max. hops: 5)
Total available spectrum 4.0 THz (320 slots of 12.5 GHz)

Service bandwidths (%) 100 GHz (8 slots, 80%), 400 GHz (32 slots, 20%)
Offered load 0 to 298 Erlangs (20 points)

Holding time Exponential distribution, mean 10 time units

Total events 200,000 per simulation run

Table 4.9: Simulation configuration parameters for the realistic topology tests.
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4.5.2 Key Findings and Correlation with Previous Results

The results from the realistic topology strongly corroborate the conclusions drawn
from the simpler mesh network, confirming that the observed performance hier-
archies are fundamental properties of the allocation policies and not artifacts of a
specific topology.

Confirmation of Policy Hierarchy

The performance hierarchy established in Sections 4.2 and .3 held unequivocally:

First-Fit Superiority: First-Fit base with conversion (18.50% blocking at 298
Erlang) significantly outperformed Random-Fit base with conversion (21.89%
blocking), a performance gap of over 3.39 percentage points. This confirms
that the deterministic packing strategy of First-Fit is inherently more efficient,
even in a complex network with longer paths.

Criticality of Break Capability: The catastrophic blocking observed in non-
break configurations (e.g., Best-Effort with can_break = False reaching
30.17% blocking) was replicated. This result on a realistic topology under-
scores that the ability to fragment spectrum blocks is not merely beneficial but
essential for feasible network operation, as rigid contiguity constraints lead to
prohibitively poor spectrum utilization.

Benefit of Wavelength Conversion: The reduction in blocking probability
achieved by enabling wavelength conversion was confirmed, with absolute
improvements of 2-3% across policies. This demonstrates that the value of
conversion is a general property that persists in larger networks.

Computational Complexity

The larger topology provided new insights into the practical computational cost of
each policy, a metric less apparent in smaller networks.

Base Policies remained computationally efficient (30-55 seconds runtime),
making them suitable for real-time operational decision-making.

Best-Effort Policies incurred a significant computational overhead (about
350-480 seconds), as they require enumerating all possible candidate blocks
before making a decision.

Stubborn Policies proved computationally prohibitive, with one configura-
tion (first_fit_stubborn with can break=false) requiring over 1.4 hours to
complete. This highlights a critical trade-off: while more advanced policies
can theoretically find better solutions, their high complexity renders them
impractical for online provisioning in large-scale networks.
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4.5.3 Conclusion

This comprehensive simulation study, validated on a realistic U.S. backbone topol-
ogy, demonstrates that spectrum allocation policy is a primary determinant of per-
formance and economic efficiency in Elastic Optical Networks (EONs). The work
achieves two core objectives: it robustly generalizes the performance hierarchy
of allocation strategies beyond simplified models, and it establishes the developed
simulation framework as a capable and scalable tool for practical RSA analysis in
large-scale network environments.
The results yield a clear and quantitative policy hierarchy:

* First-Fit is the performance-optimal choice, achieving up to 25% lower block-
ing probability than Random-Fit. It benefits meaningfully from break capa-
bility, gaining 1.4% in performance while reducing converter costs by 8-9%.

» Longest-Fit is the efficiency-optimal choice, accepting a minimal performance
penalty (5-7% higher blocking than First-Fit) in exchange for exceptional
stability and a dramatic 78.5% reduction in converter utilization costs.

* Random-Fit is fundamentally unsuitable for production, exhibiting pathologi-
cal low-load behavior and severe performance degradation due to accelerated
fragmentation.

The study further quantifies the universal trade-off between performance and
cost, showing that wavelength conversion provides a 2—6% reduction in blocking at
the expense of a 20% increase in total connection cost.

From an operational standpoint, the choice is not one-size-fits-all but should be
guided by primary objectives:

* For performance-critical applications, First-Fit (with conversion and break
capability enabled) is the recommended strategy.

* For cost-sensitive and stable operations, Longest-Fit offers superior resource
efficiency and predictability.

* Random-Fit should be categorically avoided.

Operational deployment should include continuous monitoring of fragmentation
metrics to enable potential adaptive control, allowing the network to dynamically
adjust policies in response to shifting traffic patterns.

This work opens several avenues for future research. Hybrid and adaptive allo-
cation frameworks, potentially leveraging machine learning, represent a promising
path to achieve near-First-Fit performance with Longest-Fit-like stability. Further
validation on heterogeneous topologies and traffic mixes will be crucial to refine
these operational guidelines and develop a more comprehensive theory of spectrum
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management in EONs. Ultimately, this research provides a solid empirical founda-
tion and a versatile tool for designing more efficient, cost-effective, and intelligent
optical networks.
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Chapter 5

Conclusion and future work

This thesis has systematically investigated the evolution of optical networking from
traditional Wavelength Division Multiplexing (WDM) systems to the more flexible
paradigm of Elastic Optical Networks (EONs). The transition from fixed-grid to
flexible-grid architectures represents a fundamental shift in how optical spectrum
is managed and allocated. Where conventional WDM systems were constrained
by rigid ITU-T channel spacing and fixed bandwidth allocation, EONs introduce a
more adaptive framework that can dynamically assign spectral resources based on
actual traffic demands. This evolution has transformed the nature of the routing
and spectrum assignment problem, creating new challenges and opportunities for
network optimization.

The research presented in this work has addressed these challenges through the
development and application of a comprehensive simulation framework specifically
designed for EON analysis. Our simulator implements a sophisticated discrete-event
model that captures the essential characteristics of dynamic network operation, in-
cluding Poisson arrival processes, heterogeneous service requirements, and complex
resource allocation constraints. The modular architecture of this simulation plat-
form enables rigorous comparison of different spectrum allocation policies under
consistent experimental conditions, providing valuable insights into their relative
performance characteristics.

Through extensive simulation experiments conducted on both simplified mesh
topologies and realistic network configurations, we have demonstrated that the choice
of spectrum allocation policy fundamentally determines network performance and
efficiency. Our results clearly show that deterministic allocation strategies signifi-
cantly outperform stochastic approaches across all evaluated metrics. The Random-
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Fit policy, while conceptually simple, consistently exhibited the worst performance
characteristics due to its tendency to accelerate spectral fragmentation and create
non-contiguous spectral gaps that cannot be utilized for larger service requests.

Among the deterministic strategies, our analysis reveals a nuanced trade-off
between performance optimization and resource efficiency. The First-Fit policy
emerges as the performance-optimal choice, achieving the lowest absolute blocking
probabilities across the evaluated load range. However, this performance advan-
tage comes at the cost of increased resource consumption, particularly in terms of
wavelength converter utilization. In contrast, the Longest-Fit policy demonstrates
superior resource efficiency, achieving dramatically reduced converter usage while
maintaining competitive blocking performance. This policy also exhibits exceptional
stability across different network configurations and parameter settings, making it
particularly suitable for operational environments where predictability is valued.

The investigation of architectural features yields equally important insights.
Wavelength conversion provides measurable performance benefits, particularly for
longer lightpaths and more constrained network scenarios. However, these benefits
come at significant cost, both in terms of hardware investment and operational
complexity. Our results quantify this trade-off, showing that conversion typically
reduces blocking probability by 2—6% while increasing connection costs by 18—-24%.

This finding suggests that conversion should be deployed strategically rather
than ubiquitously, focusing on critical network segments where its benefits are most
pronounced. The analysis of break capability reveals this feature as a particularly
valuable tool for network operators. Unlike wavelength conversion, which requires
additional hardware infrastructure, break capability represents a software-defined
feature that can be enabled or disabled through policy configuration. Our results
demonstrate that enabling break capability consistently improves performance while
simultaneously reducing converter requirements. This dual benefit makes break
capability an attractive option for operators seeking to improve network efficiency
without additional capital investment. The pathological behavior observed in no-
break configurations further underscores the importance of this feature, as rigid
allocation constraints can lead to severe performance degradation under certain
conditions.

The practical implications of these findings are substantial for network designers
and operators. Our results provide clear guidance for policy selection based on
specific operational requirements: First-Fit for performance-critical applications,
Longest-Fit for resource-constrained environments, and always with break capability
enabled. These recommendations are supported by comprehensive quantitative



101

evidence across multiple network scenarios and traffic conditions.

Looking forward, this work establishes a foundation for several important re-
search directions. The most immediate extension involves enhancing the physical
layer model to incorporate transmission impairments, including nonlinear effects,
amplifier noise, and filter narrowing. This extension would transition the analy-
sis from a purely logical layer perspective to a more comprehensive physico-aware
framework that can assess the actual feasibility of spectral allocations based on their
transmission characteristics.

Another promising direction involves the development of more sophisticated
economic models that incorporate the revenue implications of blocking events.
By assigning economic values to different service types and quantifying the cost of
blocked connections, future work could optimize allocation policies for total network
revenue rather than simply minimizing blocking probability. This approach would
provide a more holistic assessment of network performance that balances technical
and economic considerations.

The integration of machine learning techniques represents another compelling
research avenue. By implementing reinforcement learning or other adaptive algo-
rithms, future versions of the simulator could develop policies that dynamically
adjust their behavior based on current network conditions. This capability would
be particularly valuable for handling non-stationary traffic patterns and unexpected
network events.

Finally, the simulator architecture itself provides a platform for investigating
emerging technologies such as multi-band systems and advanced modulation for-
mats. These technologies are likely to play an important role in future optical
networks, and their integration with RSA algorithms presents numerous interesting
research questions.

In conclusion, this thesis has made several contributions to the understanding
and optimization of Elastic Optical Networks. We have developed a comprehensive
simulation framework for EON analysis, conducted rigorous performance evaluation
of spectrum allocation policies, and derived practical guidelines for network design
and operation. The insights gained from this work advance the state of the art in
optical network design and provide a solid foundation for future research in this
important area. The continued evolution of optical networking technologies ensures
that these contributions will remain relevant as networks continue to increase in
capacity, flexibility, and complexity.
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