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Optical Networks, using Optical fibers as transmission medium, form the backbone of
the World’s communication infrastructure. The advantages of low attenuation, availability
of colossal bandwidth and low cost-per-bit make it an ideal medium for communication
networks. The Optical Fiber Networks (terrestrial and undersea) carry over 99% of In-
ternet traffic and have always been known as a “Just Sufficient Capacity Network”. A
country’s economy depends heavily on digital infrastructure, which in turn is dependent
on the state of its optical network infrastructure. Consequently, the communication traffic
in the core optical networks is increasing by 30-60% yearly. To match this exponential
growth, efficient utilization of the available resources in the optical networks is critical.
The other solution is to upgrade the network capacity by adding spatial dimensions. The
upgrade of the network could be performed over a period of time to manage the costs with-
out compromising the Quality of Service. Two possible technologies have been studied
extensively over the last decade to push the capacity bounds of core optical fiber networks:
Elastic Optical Networks and Space Division Multiplexed-Elastic Optical Networks.

The flexible spectrum grid, adaptive modulation formats, and Bandwidth Variable Transpon-
ders and switches enable ‘Elastic Optical Networks’. The highlight of this technology is
that the assigned optical channels are tailored according to the bandwidth requirement,
leading to efficient usage of the available capacity. While providing spectral resources (sub-
channels) to the connection requests, Routing and Spectrum Assignment (RSA) must be

performed with minimal resources. A few constraints on RSA are spectrum continuity
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over path and contiguity over links. But stringent compliance of these constraints and
the dynamic nature of the connection requests’ arrival and departure leaves the avail-
able resources in a fragmented state. Sometimes, the resources are available, yet some
of the incoming connection requests cannot use them due to non-compliance of the RSA
constraints. This brings inefficiencies and unfair spectrum utilization even with the suffi-
ciently available capacity. Effective fragmentation management techniques are to be used
to mitigate the problem.

In the first work of the thesis, in Chapter 2, we propose a Vectored Fragmentation Metric
(VFM), a network-wide measure, to find the fragmentation state of the spectrum accu-
rately. The proposed metric utilizes both RSA constraints as independent contributing
parameters. We study this metric for changing network traffic dynamics and present our
findings using simulations. The fragmentation in the network spectrum is directly affected
by the arrival rates of the connection requests, service times, heterogeneity in bandwidth
demands and spectral resource utilization. The proposed VFM metric can also recognize
the no fragmentation and relative fragmentation values appropriately. By using these pa-
rameters as variables, we establish the usefulness of the proposed metric as an appropriate
fragmentation indicator.

In Chapter 3, we compare the proposed metric, VFM, with the existing fragmentation
metrics in a fragmentation management scenario. We use a threshold-based defragmenta-
tion strategy to mitigate the severe long-term effects of fragmentation. The defragmenta-
tion is triggered using a pro-reactive approach, i.e., when the metrics cross the threshold
values, or a connection is blocked. When a connection is blocked, the threshold levels
are also updated before the defragmentation. This approach ensures that the spectrum
with minimum fragmentation is maintained throughout the simulation. One observation
is that the Adapted-VFM with proposed defragmentation scheduling uses a considerable
fraction of the total simulation time. If the Fragmentation-Aware technique can control
the blocking of the connections at lower traffic load, then it should be used to have a less
complex system.

In Chapter 4, to avoid the time-consuming defragmentation process, we propose a

penalty-based Fragmentation-aware RSA, where a penalty is imposed on the links if they
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cannot provide resources due to fragmentation. When a connection request arrives in the
network, it searches for the least cost route and the required number of resources in a
first-fit manner. Sometimes, the arriving connection request cannot find the needed spec-
tral resources. The penalty proportional to the difference between Required Spectrum
Slices and Available Spectrum Slices is levied on the links of the least-cost route. Future
connection requests are expected to avoid these links with increased costs. We do not
try to mitigate fragmentation but prevent it altogether, leading to a simpler operation.
The proposed techniques have better connection request admissions and network resource
utilization.

The EONs with 12.5 GHz sub-channels can contribute a 30% increase in the usable ca-
pacity after the deployment of relevant technology supporting equipment at the network
nodes. But to further push the capacity bounds, using spatial dimension parameters is
inevitable. In the second half of the thesis, we study the resource provisioning flexibilities
in the spectrum extended to the spatial domain in Space-Division Multiplexed- Elastic
Optical Networks (SDM-EON). SDM-EON can be enabled by either Multiple-fiber, Mul-
ticore Fiber (MCF), or Multi-mode Fiber. MCF technology is most promising because
the transmission bandwidth can be multiple of the number of cores within a single fiber
cladding diameter, fitting into the existing systems’ spatial footprint. The MCF may have
crosstalk impairments subject to the inter-core spacing and coupling between the cores.
The resource provisioning problem becomes the Routing, Core and Spectrum Assignment
(RCSA) issue for these networks.

In Chapter 5, we provide adaptive accommodation to connection requests considering all
the impairments and route selection parameters: Link length, Fragmentation, Crosstalk
and Spectral Resource Utilization in the links of the SDM-EON. The links’ costs depend
on the combination of all the parameters and their weights. The RCSA adaptively be-
comes a particular parameter-oriented as per the spectrum state. It ensures that whatever
impairment might affect future performance should be dealt with first by increasing the
weights of the relevant parameter. The blocking performance and network resource uti-
lization are far better than the particular impairment-aware resource provisioning. But

the network utilization is still limited to 60 — 65% due to crosstalk considerations, leading
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to unusable capacity. At least one core’s equivalent spectral resources become unusable.
In Chapter 6, we leverage the capacity loss due to crosstalk-aware methods in SDM-
EON by marking them as redundant/spare resources to be used in case of any network
link failure. The proposed work provides resilient resource provisioning with crosstalk con-
siderations. We divide the available spatial resources (Cores) into Protected, Unprotected,
and Dedicated Spare Core groups. The Dedicated Spare Core groups are connected to
form protection cycles to provide the backup path. The proposed link protection method
performs better than the robust Link-Disjoint Path Protection. Introducing resilience in
the provisioning makes it a more reliable and efficient network system. Extensive sim-
ulations and substantial performance evaluation metrics support the findings for all the
proposed works.

Finally, we summarize the thesis in the last chapter with emphasis on all the findings and

their impacts. We also discuss the problems for further investigation.
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Chapter 1

Introduction

As the area of light expands, so does
the perimeter of darkness - Albert

Finstein

Human beings’ ability to communicate in verbal, non-verbal, visual and written modes
sets them apart from all other genera on our planet. Isn’t it marvellous to see two people
sitting at opposite ends of the world and communicating within a fraction of a second?
We have come a long way from Stone Age to the Age of Information. The “art of sending
messages” or simply “communication” comprises of passing some information between the
sender and receiver. The sender and receiver could be separated by distance, time, or
even generations. The journey from the stone inscriptions, cave paintings, fire signals,
drum beatings, and paper letters to telephone calls, electronic mails, instant messages,
and cloud-based services has resulted from sheer human persistence to communicate ef-
fectively and efficiently.

The Renaissance contributed much to the ideas that were more inclined toward what
humans could do for themselves. The Industrial Revolution and the Age of Information
resulted from deep scientific insights during the Renaissance. The optical telegraph in
1794 by the Chappe Brothers, the electric telegraph in 1837 by the inventors Sir William
Fothergill Cooke and Sir Charles Wheatstone, and the wireless telegraphy in 1894 by

Marconi are some important inventions that came out of all the revolutionary ideas. The
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telegraph was initially used to control railroad traffic and broadcast news and messages.
New variants and devices, like the telephone, kept appearing in different parts of the world,
leading to the telegraph’s continuous evolution and the Age of Information.

Age of Information (Aol) started in the 1950s with the primary objective of using Infor-
mation Technology (IT) in economic developments. The developments of transistors led
to the onset of Aol and formed the backbone to support computing and communications
technologies. Other than electronics and devices, in the initial years of Aol, using electro-
magnetic waves of high frequencies as the carrier waves for the information was researched
extensively. The most famous communication technologies at that time were Microwave
and optical communication systems having carrier frequencies in the 1 — 100 GHz and
10* — 10° GHz regions of the electromagnetic spectrum, respectively. Of the two, optical
communication systems mostly carry the signal over a guided optical fiber medium. They
have evolved tremendously and currently carry more than 99% of the world’s Internet
traffic on land terrains and undersea. In the next section, we present a brief overview of
the evolution of optical communication networks, followed by design issues in managing

and using such large-scale networks.

1.1 Evolution of Optical Fiber Communication Networks

Over five decades of the evolution of telecommunication networks, the transportation ca-
pacity of the transmission medium has grown from a few Mbps to a humongous Pbps per
fiber-km. There are three known generations of legacy telecommunication networks. First-
generation network links were copper-based and used microwave technology. The trans-
mission and switching of the information signal were in the electronic domain. Second-
generation networks used optical fibers in place of copper and microwave links. The data
transmission was in the optical domain, but the switching required optical-electronic-
optical conversions. At that time, using optical fibers in communication networks required
the mitigation of fiber-associated losses. The repeaters were placed every 10 km to miti-
gate the fiber losses and maintain the signal. In 1970, three Corning scientists achieved the

feat of reducing fiber losses below 20 dB/km in 630 nm wavelength transmission region,
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Figure 1.1: Some of the Key Milestones in the evolution of Optical Network Technologies, [1]-[13]
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[4]. In 1979, a Japanese group further reduced the losses to 0.2 dB/km in the 1550 nm
wavelength transmission region, [5]. Current optical network technologies are the scion of
the third-generation legacy networks. The transmission and switching are in the optical
domain with 1550 nm systems, making it an All-Optical Network (AON). The repeater
spacing was further pushed to 50 km, which then made the Optic Fiber Communication
systems economically viable.

The fourth-generation networks used concepts like Wavelength Division Multiplexing (WDM),
Erbium Doped Fiber Amplifiers (EDFA), and Reconfigurable Optical Add/Drop Multi-
plexers (ROADM) for further more efficient use of available resources and reduction in
cost per bit. WDM technology ensured that existing fiber could have more capacity with
viable network applications and could be used more efficiently without laying more fibers.
Statistical multiplexing, where the resources are used as per need, was used to achieve the
objective, as mentioned before. The 1980s was the decade of extensive research in WDM
technologies, starting with a simple two-wavelength WDM system, [6]. In WDM, the data
is transmitted over multiple wavelengths (lightpaths ') in an optical fiber medium. WDM
facilitated joining multiple wavelengths before transmission using Multiplexers (Mux) and
then separating them at receiving end using Demultiplexers (DeMux). During the 1990s,
the WDM technology was researched together with periodic amplification and periodic
dispersion compensation to boost the usable capacity and increase the regenerator spac-
ing.

In the 1990s decade, WDM technology was a boon for the telecom industry, and the de-
mand and supply for related systems resonated. The popularity of the Internet and the
world wide web further fuelled the bandwidth requirement, hence more demand for WDM
technology systems, creating a telecom bubble. The two market crashes and the subse-
quent “Telecom Bubble Burst” in the 2000-2009 decade were not good for the telecom-
munications industry. The supply was more than the demand, and the research and
development of such systems were slow and not very promising.

During market plunges in the 2000s, economic considerations required repeater placements

to be further reduced without compromising on the quality of transmission. Coherent de-

Nightpaths, routes, paths terms are used synonymously
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tection of amplitude and phase at receiving end constituted the primary research goals in
the fifth generation of optical networks. Further, the availability of coherent designs led
to the investigation of adaptive modulation formats in which the messages are encoded
in amplitude and phase of the signal. Coherent detection, adaptive modulation formats,
and digital signal processing techniques helped achieve distortionless operations and more
spectral efficiency, that is, more information in a given capacity. Spectral efficiency can be
formally defined as the amount of information transmitted per second in 1-Hz bandwidth.
Optical networks have significantly evolved from spectral efficiency of 0.05 bit/s/Hz to 10
bit/s/Hz. Currently, a maximum spectral efficiency of 16 bit/s/Hz can be achieved using
Polarization-Division Multiplexing (PDM). The available bandwidth, which is actually
usable in a silica optical fiber is 100nm in the 1550nm region. It adds up to an available
capacity of 12.5 THz. Together with PDM, the maximum optical channel rate is 199.4
Thbps. This capacity was considered sufficient not long ago, but the recent paradigm shift

in Internet-driven applications tells a different story.

1.2 Towards Sufficient Capacity using Next Generation Op-

tical Networks

So far, the Core Optical networks have been considered a “Just Enough Capacity Net-
works”. Ever since 2010, the crippling dependence of the World economy and communica-
tion on the Internet has led to more capacity demand. To further push the capacity, one
option is to keep improving the spectral efficiency, and the other is to deploy more fibers in
the network. These two possibilities have been researched extensively in the last decade.
They are called Next Generation Optical Networks, as most of their enabling technologies
are in experimental or lab setup stages. The first technology needs the upgradation of
network nodes to support a flexible-grid optical network. It allows the tailoring of opti-
cal channels as per the connection request’s requirements, which results in considerably
decreased wastage of spectral resources. The second technology needs the upgradation of

optical fiber links, which can linearly increase the available capacity. However, there are
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some associated non-linearities which limit the functional capacity. These two technolo-
gies are briefly explained in Figure 1.2. A detailed explanation is covered in the following

sections.

Figure 1.2: Spectrum Usage over an optical link in (a) Traditional Fixed-Grid with 50 GHz width of a
grid, (b) Flexible-Grid having sub-carriers of 12.5 GHz/ 6.25 GHz width, and (c¢) Flexible-Grid extended
to Spatial dimension, with a theoretical capacity of M x Total capacity of EON.

1.2.1 Elastic Optical Networks

The increasing demand of bandwidth is now fast outstripping service providers’ best efforts
to supply it. When service providers aimed to go beyond 100 Gbps and up to 400 Gbps
transmission rates, it became challenging to fit such spectrally broad requirements in a
50 GHz ITU-T grid using standard modulation formats. The higher modulation formats
can support limited distance transmission. Also, traditional WDM- optical networks have
large spacing between adjacent channels (50 GHz or 100 GHz) specified by International
Telecommunication Union (ITU-T) standards. If there is a low-traffic demand, after re-
source allocation, most of the channel space lies vacant. There is considerable wastage of
spectral resources. The removal of this particular limitation can lead to improvements in
efficiency, bit rate, and energy saving. Then came the Flexible-Grid concept, in which the
spectrum needs are met by concatenating multiple closely spaced sub-channels. It pro-
vides the advantages of efficient spectrum utilization and minimum regenerations (multiple
modulation formats). ITU-T G.694.1 recommendation provides a spectral grid for DWDM
applications [11]. The second and third editions of the same recommendation include def-

initions for a flexible DWDM grid. The ongoing advancements in device technologies



Introduction 7

present optical networks as a large pool of shareable resources. The Bandwidth Variable
Transponders (BVT) and Bandwidth Variable Optical Cross-connect Switch (BV-OXC)
enable flexibility in bandwidth allocation by which it is possible to accommodate variable
bandwidth connection requests. The fine granularity of such sub-channels can provide high
spectral efficiency. The feature that truly makes it an Elastic Optical Network (EON) is
the flexibility to adjust the allocated bandwidth in real time. This thesis uses the terms

Elastic Optical Networks and Flexible Optical Networks synonymously.

The main characteristics of EONs are Bandwidth Segmentation, Bandwidth Aggrega-
tion, and Mixed and Reach-based accommodation. Using Segmentation characteristics,
EON provides a fractional bandwidth connection to an optical path between a node pair.
If only partial bandwidth is required, EON can provide enough bandwidth using a sub-
channel without excessive wastage. To meet the increasing traffic demands beyond a
specific limit, EON enables the aggregation of multiple sub-channels, which are multi-
plexed to provide a super-wavelength channel. Additionally, overlapping sub-channels
using the Optical-Orthogonal Frequency Division Multiplexed (O-OFDM) system could
improve spectral efficiency. The optical signal could deteriorate over long distances, so
using higher modulation formats for spectral efficiency may not be necessary. The appro-
priate sub-channels and modulation formats can be allocated to ensure the most optimum
utilization of resources in EON.

Resource provisioning is a crucial research domain in EON, as it should judiciously use
the available spectral resources. The EON is generally represented by a Graph having
a few nodes, and the optical fiber links connecting the nodes. When a connection re-
quest arrives in the network at a node, a communication path to another node need to
be setup using the available network link resources. The resources in the EON links are
the spectrum slices/slots (SS) or sub-channels allocated to incoming connection requests.
Before resource assignment, the required bandwidth (BW,) is calculated in terms of re-
quired number of spectrum slices (.S;) using the modulation level (M) and the sub-channel

bandwidth (CW),
BW,

5= EWoe

(1.1)
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Figure 1.3: Some main characteristics of Elastic Optical Networks (a)Bandwidth Segmentation
(b)Bandwidth Aggregation (c) Accommodation of Mixed Line Rate.

Routing and Spectrum Assignment (RSA) techniques are used to find a suitable path over
network links for a connection request between two endpoints (nodes). Appropriate mod-
ulation level is selected as per the total length of the selected path. Then, the RSA finds
the available S, in a contiguous (the spectrum slices share boundaries) and continuous
manner (same spectrum index range) throughout the end-to-end path. Consider the sce-
nario as shown in Figure 1.4 (a)-(c). If the spectrum slices satisfying the constraints are
available, the connection request is provisioned and set up as in Figure 1.4(b). However,
in Figure 1.4(c), a connection request for two slices from node N1 to node N4 cannot be
set up. More than two slices are available in each of the individual links, i.e., A, B, and
C, and still, due to spectrum assignment constraints, the request cannot be satisfied.

When the connection requests arrive and depart in a highly dynamic manner, and there is
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Figure 1.4: (a) A connection request between N1 and N4 with two SS requirement. (b) Spectrum scenario
at time T1, and the slot on the path complying with the continuity constraint, (c) Non- availability of
slices for the same connection request at another time T2 due to Fragmentation.

a strict imposition of spectrum assignment constraints, there arises an inefficiency called

Spectrum Fragmentation. Fragmentation is due to the non-availability of the available

spectrum slices as per the routing constraints in the links of candidate paths. The Frag-
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Figure 1.5: (a) Connection requests occupying spectrum resources at a time ¢1, then (b) two connection
requests depart at to, two spectrum slices become available. (c) A new connection request with two
spectrum slice requirements arrives at ¢3 but cannot be accommodated as available resources are not
contiguous.

mentation degrades the network performance resulting in an increased blocking probability
of connection requests. It also leads to unfairness towards the connection requests with
higher SS requirements, as the connections with fewer SS requirements are more likely to
find resources. In Figure 1.5(c), we can see that a connection request with two spectral re-
source requirements could not be fulfilled in the fragmented spectrum scenario. However,
if a single spectral resource is required, two connections could be accommodated simulta-
neously. The time to find spectral resources also increases in a fragmented scenario, and

there is no surety of whether connection requests will be provisioned.

To better understand the problem and find the remedial approaches for Fragmenta-
tion, studying the factors causing or affecting Fragmentation in the network spectrum is
imperative. A brief literature survey of Spectrum Fragmentation and its management in

RSA is given in table 1.

EON'’s characteristics make it a capacity-rich and robust system for future optical net-
works, and gradual deployment of EON requires the upgradation of WDM nodes (source,
sink or transit). A projected traffic forecast is used to decide on the migrating nodes
cost-efficiently. A multi-step network upgrade approach should be structured and inter-
operable with existing node technology. The upgradation steps would lead to Mixed-Grid
Optical Network (MGON), where a few nodes are flexible-grid, and others are fixed-grid

compliant. The nodes for the upgradation are selected to increase network efficiency while
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Table 1.1: Literature Survey of Design Issues in EON

Issues/Aspects

Design Parameter

Techniques and Findings

Ref

Routing and
Spectral
Assignment

Route
Selection

Accommodate the connection

requests as per the
fragmentation status of the links
in the selected path

[33],34],[35] and [36]

Spectral
Resource
Assignment

Spectral resources selection as
per constraints. Computation
complexity increases with the
dedicated techniques (Exact Fit,
First-Last-Exact Fit)

[46], [47], [48]

Analytical
Modeling of
Spectrum
Fragmenta-
tion

Unfairness
in resource
provisioning

Single channel and
super-channel provisioning to
evaluate the Fragmentation in

the single-link spectrum.
Superchannel requests’ blocking
is more in both analytical and
simulation model

27, 28

External [42], Shannon
entropy [42], Access Blocking
probability [42], Utilization
Entropy [43], High-slot mark
[43] and Spectrum
Compactness [44]

These metrics tend to ignore
small fragments and cannot
differentiate between various
spectrum scenarios in individual
links.

Link-Level

Uses Wasted-Unused-Free Ratio

of the spectrum slices to inform

about the loss of the effective [49]

number of spectrum slices due
to fragmentation

Fragmentation

Metrics Path-Level

Link consecutiveness aspect in
all the links consolidated to
decide on a network’s
fragmentation level.

Network

50
Level 150}

Fragmentation-
Aware
Approaches

Employed before the onset of Spectrum partitioning [29],
the Fragmentation. Operational Multipath [30], Multigraph
and computation cost is low. [42]

Reorganization of active or
selective connections in a
fragmented state.
Rearrangement is of the current
path or occupied spectral
resources. Computationally
complex.

Proactive and Reactive
defragmentation|[39], [40],
([41])[26], [42], [37], [44],

Fragmentation

Management Defragmentation:
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maintaining the Quality of Service (QoS) until the next migration step.

Another way to increase the capacity is to activate already deployed dark optical fibers.
However, it may increase the overall cost linearly because of the added costs of amplifiers,
transceivers and power consumption. Migrating to EON first, then enabling the Spatial
dimension should be recommended as it will take less time to upgrade a node than digging

and replacing the fibers buried deep into the ground or subsea.

1.2.2 Space Division Multiplexed- Elastic Optical Networks

SDM-EON can lead to a significant capacity increase using suitable spatial channels, i.e.,
core-based, mode-based or both. The spatial dimension can be exploited in resource
provisioning to increase the upper bounds of the capacity of the optical networks. SDM-
EON can simultaneously set up several connection requests in the same fiber and spectral
range by using different cores or modes. The SDM-enabling fibers have multiple cores
or support multiple modes. EONs, having a flexible grid, can itself provide up to 30%
additional capacity itself, [67]. The flexibility in spectral and spatial domains can increase
the optical fiber cable capacity manifolds. An optical network with bundles of single-core
fibers or multiple fibers (MF), Multi-Core fibers (MCF), and Multi-Mode fibers (MMF)
enables the usage of spatial dimension [17]. The cross-section of the multiple and multi-
core fibers is shown in Figure 1.6. The spatial parameter to choose for a particular
application is limited by fiber length, transmission reach and other impairment factors.

The subsea optical network cables currently use up to thirty-six fiber pairs, which
makes it MF-SDM. The owners use a fraction of these fiber pairs, and the rest are leased to
generate revenue from the infrastructure. The usage of MF-SDM leads to a linear increase
in the number of optical components, and from an energy consideration perspective, it
might not be an efficient technique. Multi-mode Fibers with a single core (MMF) have
been researched since the early 1980s, however, they have a short transmission reach
because the spatial parameters become coupled and lead to signal degradation over longer
distances. Additional signal processing techniques at the receiver end need to be employed
to remove the signal degradations in MMF-SDM. It is still a cheaper and more energy-
efficient SDM technology option than MF-SDM.
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Figure 1.6: Various Optical Fiber Types

Multi-core Fibers (MCF) have several distinct cores sharing a common cladding, and the
cores are coupled variably. The MCF can have Coupled Cores, Uncoupled Cores or Weakly
Coupled Cores, depending on the power-coupling coefficients, core positioning and pitch,
and the cladding dimension. In weakly coupled and uncoupled MCF, the cores are placed
sufficiently apart to minimise inter-core interactions, and the available capacity is almost
proportional to the number of cores in the MCF. The coupled MCF has a smaller core
pitch, leading to a strong interaction between the signals in the adjacent cores. These
interactions are called Inter-Core Crosstalk (IXT), which gets accumulated over distance
and gives a deteriorated signal at the receiver side. The IXT is the ratio of the optical
power leaked from the adjacent core towards the core under observation and the actual
optical power levels in the core under observation. The formula of the /X7 in a core is

as follows.

~ n—mn.exp(—(n+1).2.h.L)
1+ n.exp(—(n+1).2.h.L)
_ 2.k2.10

- B.wir

IXT
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Here, L is the length of the link [, h is the power-coupling coefficient,  is the coupling
coefficient, rg is the bend radius, [ is the propagation constant and wy, is the core pitch,

and n is the number of cores adjacent to the core under consideration [17].

Figure 1.7: Basic Schematics of the MCF-based SDM optical network system

Most of the recent research and developments in MCF designs have been directed
towards putting more cores within the given cladding dimension to increase the capac-
ity of a single MCF while minimizing the crosstalk values. The basic schematics of a
MCF-based system is shown in Figure 1.7. To achieve the objective, heterogenous cores,
trench-assisted cores, increasing the dimension of cladding, and circular design of core
arrangements to increase the core pitch have been proposed. Each of the proposed tech-
niques has some pros and cons. It is observed that increasing the cladding diameter may
lead to an increase in the probability of fiber link failure and a decrease in fiber splicing
accuracy [18]. Also, the heterogeneous core can face inconsistencies and flaws in the fab-
rication process. Most of the studies and experiments on the remedies mentioned above,
have been limited to simulations and lab testbeds.

To summarise the above discussion, weakly coupled or uncoupled MCFs can be a better
approach for small-scale deployment and testing of the MCF-enabled backbone optical
networks. In 2019, a 6.29 km long Multi-core fiber testbed was deployed in L’Aquila,
Italy, under the INCIPICT project. The MCF's used in the testbed were Randomly Cou-
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pled 4-Core Fiber, an Uncoupled 4-Core Fiber and an Uncoupled 8-Core Fiber [19]. The
installation was successful without significant attenuation and Crosstalks in the deployed
fibers.

In coupled SDM-EON, weakly or strongly-coupled, Crosstalk-aware resource provisioning
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Figure 1.8: Network Design Approaches in EON and SDM-EON

with appropriate modulation formats is needed. The adaptive modulation formats facili-
tate coherent long-distance transmission by avoiding signal degradation and obtain better
spectral efficiency. The resources in SDM-EON are the spatial parameters (cores) and
the spectral parameters (spectrum slices/slots). The resources allocated to the connection
requests arriving in the MCF-based SDM-EON are the spectrum slices in one of the cores
of the MCF link in the network. Hence, the resource provisioning is three-dimensional in
SDM-EON; i.e., route, core and spectral slots. A suitable route, core, and modulation for-
mat are selected to find the appropriate spectrum slices, making it a Routing, Modulation,
Core and Spectrum Assignment (RMCSA) problem. Just like in EON, some constraints
are associated with the RMCSA problem: Spectrum Contiguity in the links, Spectrum
continuity in the links of the paths, and Space/ Core continuity in the cores of the links
of the selected path. Crosstalk constraint could also be added if the used MCF has cou-

pling among the cores (weak or strong). The awareness about crosstalk could be used at
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any sub-problem stage of the RMCSA. For example, after finding the shortest path and
modulation format, the core with the least crosstalk value is selected. Then the first-fit
spectrum allocation is performed in the selected core. The other way is to make first-fit
core selection and then crosstalk-aware best-fit spectrum allocation. The computational
complexity associated with them vary and both of them have been investigated extensively
in literature.

In SDM-EON, the crosstalk-aware (XA) provisioning could lead to severe spectral Frag-
mentation. The XA techniques, require the spectrum slices to be occupied in such a
way, that the same spectrum slices in the adjacent cores are not occupied. This leads to
spectral fragmentation in the adjacent cores. The crosstalk awareness reduces the avail-
able capacity by a significant amount. A solution to this problem is to employ crosstalk
threshold-based provisioning. Such techniques allow crosstalk in the cores up to some
tolerable levels. Then, Fragmentation in the adjacent cores can be significantly reduced.
Several research works have also supported the usage of wasted capacity due to crosstalk
in providing resilience to connection requests. In that sense, they are not wasted but
are redundantly kept aside and used if any failure occurs. Designing resilience schemes
is another one of the most critical research areas in core optical networks. Especially in
SDM-EON; the resilience schemes are much needed as it carries humongous capacity in
every MCF link.

The core optical transport networks carry a huge amount of bandwidth. Any component
failure, even for a few milliseconds, could be detrimental to the Services’ quality, impacting
the Service Provider’s revenue gain. Two main categories of resilience schemes are protec-
tion and restoration, employed to avert losses due to failure. In protection techniques, the
resources are pre-planned and reserved in advance, which reduces the backup resources
search time, and provides timely reconfiguration of failed connections. In restoration
techniques, the backup resources are calculated on the fly, and reconfiguring the failed
connections can take longer. Sometimes, it is not possible at all to find the backup re-
sources. Thus, protection techniques are more reliable than restoration techniques but at
the cost of redundant resources. The redundant resources used in protection techniques

could be dedicated to a particular route/lightpath or shared among multiple routes. Shar-
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Table 1.2: Literature Survey of Design Issues in SDM-EON

Techniques and Findings Ref

Design Parameter

Issues/Aspects
7-cores and trench-assisted

Reducing
Crosstalks crosstalk-controlled 19-cores
and in hexagonal layout, 37-cores [17),[18]
increasing in circular layout crosstalk ’
the number reduced by an increase in the
of cores core pitch

Fiber
Design

Independent Switching for
where each Spectral slice and
cores are individual switching
entity. In Joint Switching, all
Spectral spatial dimensions are a

b . single entity to be switched
Node and Spatial . .
. o together. In fractional Joint [69]
Design Switching o . . o
Granularity Switching, the spatial entities
: are divided into groups, and
the groups are switched
together. The space
complexity of Independent
switching is highest.

Crosstalk removal by using
DSP techniques at th receiver
side, Core prioritization while
allocating resources, dynamic
path selection by using
crosstalk information,
Crosstalk . .
Resource and Frag- threejdlmensu.)nal
Provision. mentation fragmentation metrics to find | [70],[71], [72], [73], [74],
. : the crosstalk severity in the [75], [76], [77]
ng Considera-
tions selected paths,
Crosstalk-aware
defragmentation,
Fragmentation aware routing
and then Crosstalk-aware
Core and Spectrum
Allocation.

Dedicated path protection,

. shared path protection and
Resilience Ll;ktind link-protecting pre-configured (81], [82], [83],
& cycles are used together with [84],[85]

Techniques .
Protection .
crosstalk and energy-efficient

considerations

is the condition of sharing

ing resources allows some respite from redundancy, but there

among link disjoint routes for reliable restoration.
The major challenges in the Next Generation Optical Networks are to provision the re-
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sources in most efficient manner, both spectrally and spatially, and to maintain the QoS.
The growing traffic rate requires the network algorithms to be computationally less com-
plex and provide the most optimum solutions in the minimum possible time. Our proposed

works in this thesis have been centered around these objective.

1.3 Motivation and Objectives

Optical Networks are the key elements of the Global Information and communication in-
frastructure. It is required to strengthen the core optical networks by deploying the Next
Generation technologies to keep up with the increasing bandwidth demand trends. The
most economical way is to use the existing bandwidth resources efficiently and selectively
upgradation of the network elements as per the need. Two technologies, EONs and Spa-
tial dimension enabled-EONSs, have been discussed extensively over the last decade. These
networks use the flexibility of the spectrum grid to provide almost the exact bandwidth
required by the connection requests, hence not leading to any wastage. The adaptive
modulation formats also contribute to the spectral efficiency of this.

When introduced at the network component level, all these features cause several con-
straints to be followed during the assignment of the resources to dynamically arriving and
departing connection requests. Spectral Fragmentation is one such outcome of the strin-
gent constraints. The addition of spatial dimension increases the capacity in multiples of
the added space dimensions. The number of space dimensions, fibers, cores or modes de-
pends on the impairment characteristics and the physical dimension of the fiber cladding.
So, this tradeoff between the number of spatial dimensions and their related impairments
adds more constraints to the resource allocation schemes. The motivation of this thesis
lies in improving the existing resource provisioning techniques by introducing new metrics
and the independent sub-resources (route, space and spectrum) assignments. The thesis’s
objective is to provide resources to any connection request arriving in the network using
computationally efficient and simple techniques if resources are available by utilizing the

real-time link spectrum status information and mitigating the performance degradation
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parameters. To fulfil the thesis aim, we carried out the following investigations with the

objectives:

e To find a network-level fragmentation metric that combines the Fragmentation caused

by the RSA constraints.

e To use the network-level fragmentation metric to trigger the reliable fragmentation

management approaches in a cost-efficient way, the cost being the time complexities.

e The fragmentation management can still be costly above some traffic load values.
Finding fragmentation-aware methods that can support maximum traffic admissi-

bility before defragmentation is unavoidable.

e To study how much additional capacity can be gained by enabling the spatial di-
mension in EON, i.e., SDM-EON, and using the resource provisioning techniques to

tackle the associated issues.

e To investigate the usefulness of the dynamic path finding using adaptive costs of the
network links, where the costs are dependent on the Crosstalk, Fragmentation, fair

resource distribution and suitable modulation formats.

e To utilize the wasted capacity due to impairment mitigation in resilient dynamic

resource provisioning in SDM-EON.

1.4 Thesis Organization

The thesis is organized as follows: In Chapter 2, we study and analyse a network-level
Vectored Fragmentation Metric using different traffic scenarios and related parameters as
evaluation criteria. We discuss the basic requirements of the metric and its ability to
identify the Fragmentation in the network.

In Chapter 3, we use the proposed Vectored Fragmentation Metric to perform fragmen-
tation management using a Pro-Reactive defragmentation approach. A defragmentation
approach is a computation-wise costly process, but it is one of the most effective techniques

to mitigate the effects of Fragmentation. We use a green-field approach in the proposed
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work, where all the active connections are rearranged during defragmentation to create a
tightly-packed spectrum scenario.

In Chapter 4, we propose a fragmentation-aware, penalty-based resource provisioning tech-
nique. In this work, Fragmentation is not controlled or managed. The cost of the frag-
mented links is increased or penalized in proportion to the fragmentation level. It ensures
that incoming connection requests use the least-cost or least fragmented paths. It further
improves the admissibility of connection requests for a particular traffic load range.

In Chapter 5, we move to resource provisioning in Multicore Fiber based Space Division
Multiplexed-Elastic Optical Networks, which have spectral and spatial fragmentation is-
sues. In our study, the objective of spectral and spatial Fragmentation are orthogonal
to each other. There is a requirement for high spatial Fragmentation to mitigate the
deterioration due to inter-core crosstalks and low spectral Fragmentation to mitigate the
unavailability of spectral resources as per routing constraints. In our proposed work, we
use dynamically changing costs of the link to find the least cost path for any connection
request. The link parameters affecting the cost of the links are assigned some weights,
and the weights vary adaptively over time as per the link spectrum state. Our proposed
technique uses a Teaching-Learning based optimization method to converge on the appro-
priate weights of the parameters.

In Chapter 6, we have added an extra layer of resiliency to the resource provisioning
technique of SDM-EON. The crosstalk effects limit the excess capacity gain obtained in
MCF-enabled SDM-EON. Our proposed technique uses the crosstalk-affected cores as
the Dedicated Spare Core groups, which protect a few Working Core groups. The core-
granularity-based protected working core envelopes are used to accommodate connection
requests, which are inherently protected by pre-configured structures. The pre-configured
structures provide faster and capacity-efficient link protection against single failures.
Finally, we conclude the thesis with critical insights into the work and future scope of the

work, which are worth investigating.



Chapter 2

Study and Analysis of Vectored

Fragmentation Metric

The recipe of research is easy- Ask
questions, then some more questions.

Research is all about asking questions!

A piece of conversation with Prof.

Yatindra Nath Singh

In this chapter!, we propose and investigate a two-dimensional Vectored Fragmenta-
tion Metric (VFM) for EON. The Path-based fragmentation metrics are computationally
time consuming, and the Link-based fragmentation metrics do not consider the continu-
ity constraint related fragmentation. Using VFM, we want to consider the fragmentation
associated with both contiguity and continuity constraint. This chapter presents a quali-
tative and quantitative assessment of the VFM. In the quantitative assessment, different
dynamic traffic parameters are considered to study the behaviour of the VEM. The dy-
namicity of the traffic is characterized by the average arrival rate (\), average holding

time (u), and maximum bandwidth demand by the connection requests.

!This chapter is based on the previously published work: Anjali Sharma, Varsha Lohani, and Yatin-
dra Nath Singh, “A Vectored Fragmentation Metric for Elastic Optical Networks,” Photonic Network
Comunications, 2022
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Figure 2.1: Types of fragmentation cases.

2.1 Proposed Vectored Fragmentation Metric (VFM)

The blocking of a connection request can happen due to the unavailability of contiguous
bandwidth slices in one or more links forming the path over which connection is to be set
up. It will happen due to improperly managed RSA, leading to fragmentation in the link
and network spectrum. While considering a metric to quantify fragmentation level in the
spectrum, we would like to have a single metric that can represent the fragmentation level
considering both contiguity and continuity aspects.

Based on earlier studies, we enumerate as follows a few cases which a useful fragmen-

tation metric should be able to identify (Figure 2.1), [38].
a. All slices are free (no fragmentation)
b. All slices are busy (no fragmentation)
c. Free slices are contiguous (no fragmentation)
d. All free slices are unusable (absolute fragmentation)

e. Same number of free slices can exist with varying number and sizes of fragments
in the different spectrum scenarios but may have different level of fragmentation
(relative fragmentation). For example in Figure 2.1(e), both link spectrum scenarios
has five free slices but obviously the first one is more fragmented than the second

one.

We formulate a vectored fragmentation metric that provides a single absolute value for

the fragmentation level while taking care of all the above scenarios. The proposed metric
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considers the fragmentation in individual links (a-component) and also the fragmentation
over some paths (S-component). For the a-component, we find maximum contiguous
Spectrum Slices (SS) over individual links. For the S-component, we find the maximum
number of continuously available links for each spectrum slice. Operationally, we can
assume a centralized network controller that interacts with all the nodes to gather all the
links’ status and set up the paths for the arriving connection demands. As it has the
entire links’ status, it is expected to make better decisions [51]. The central controller
can determine the VFM using the individual links’ status and continuity of available slices
across the specified paths.

We can define a- and S-components as follows:

e a-component is covering the fragmentation due to non-contiguity of total available

SS in individual links across the whole network, and

e (J-component is the fragmentation on spectrum indices due to non-continuity of

available SS on the links of the representative paths in the network.

2.1.1 Formulation of metric

VFM is the fragmentation indicator that is denoted using v. It is the resultant of a- and
(- components. For the a- component, the maximum contiguous SS in a link are taken
up against the total available SS in the link. Ideally, if all the available SS form a single
contiguous slot collection, there is no fragmentation. Multiple SS scattered in the link
spectrum in a dis-contiguous manner are the main cause of fragmentation. An important
assumption considered in using the metric is that at least one spectrum slice is available
in the network spectrum/ links of the network. Also, the - component checks continuity
of all SS individually on the links of the path, i.e., the component decides on the non-
continuity aspect of fragmentation from individual slice indices’ point of view. Multiple
selective paths are used to check the continuity of each slice index over all the links in
each path. Minimum number of paths are chosen so that minimum link repetition is there
and the status of almost all the path flows are covered. Then, the continuity of links for

all the spectrum slice indices (available in at least one of the links on the path) is used.
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The maximum number of continuous hops where SS (of a particular index) are available
is taken against the total available (unused) hops/links for that spectrum slice over the
whole path. The individual components (a and ) and the fragmentation indicator (v) is

defined as follows (equations 4.1 - 4.2).

EL
1 CG;
5 A
1 1 <~ ONj
B_!PI';EZ-;AS; (2.2)

VFM =v=+/a?+ 32 (2.3)

Here L is the set of links in the network, and EL is the set of links with at least one
empty (available) spectrum slice. The SS; is the total number of available SS in the it"
link, and CG; is the maximum number of contiguous SS available on the it" link. P is the
set of multiple paths covering all the links in the network, specified for the path continuity
aspect, and H,, is the number of hops on p" path in set P. E; is the total number of
spectrum slice indices in the network spectrum with at least one empty spectrum slice
anywhere on the i** path. Next, AS;- is the number of hops where slices on j** index are
free in the " path, and CN ]" is the maximum number of continuous hops with available
4% SS in " multi-hop path. T'SS is the total number of SS in the network (includes both
available and occupied).

This formulation calculates the fragmentation level in the network spectrum using the
available SS. If there are no available SS, then no fragmentation exists. We emphasize
choosing selective paths out of all possible path combinations for f—component as it
ensures that we get a network-wide B-component with less computational overhead. The
[B—component is not specific to any particular connection request, but the selected paths
represent continuity information of many paths.

A few paths out of candidate paths CP 2 are given priority for inclusion in P used
in S-component calculation following a Path Preference Policy (PPP). The PPP selects

the paths from C'P that are most prone to fragmentation (longest) while covering all the

2Paths between all source-destination pairs
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Figure 2.2: Flowchart of Path Preference Policy for candidate paths in S-component’s calculation

links. PPP uses a path similarity index to check the repetition of the candidate path from

CP with the already selected P paths to reduce the calculation overhead.

o PPP starts the path selection with the longest paths, more vulnerable to degradation

due to fragmentation.

e Repetition of the link indicates the common links in path ‘p” when compared with
the links in paths already in P. PPP should choose the path with a minimum or no

repetition of the path flow.

As per our understanding, instead of using all the possible path combinations, C'P, we

try to use a few longest paths, which are essentially the most actively used routes, and
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are most prone to fragmentation and contribute maximum to 8-component at an abstract
level. The PPP’s flowchart is shown in Figure 2.2.

The maximum and minimum values of the a and 8 components can be found using the
worst and best case scenarios. If T'SS is the total number of SS and H), is the number of
hops in the selected paths, the range of a-component is [TLSS, 1]. The range of S-component

is [H%,’ 1], if Hp is even, and [%, 1], if Hy is odd.

Figure 2.3: Worst case fragmentation scenario in a network with 7'S'S, the total number of SS in each link.

The lower limit of the range is calculated by considering a worst-case scenario as shown
in Figure 2.3. In the worst-case scenario, each link in the network exhibits Figure 2.1 case
(d)’s spectrum status, with slices available alternatively in a link as well as in a path. As
shown in the Figure 2.3, a single available slice is the maximum contiguous slot size in each
of the links and also in the path(s). This scenario has only half of the available resources.
We also get a highly fragmented scenario over a path if the maximum continuous slice
over a single path is 1 for a spectrum index “%’, even if half of the resources on that path
are available. If such a case exists for all the spectrum slice indices, we get a worst-case
scenario for the o and the 8. The best-case scenario is when all the available SS resources

are available continuously and contiguously.

2.1.2 Example of fragmentation level calculation

In Figure 2.4, we have a 4-nodes 5-links network, with its network spectrum status. All
the white blocks represent empty or available SS. In this spectrum scenario, the occupancy
level is 50%.

In the example, for the calculation of a-component, the average ratio of maximum

contiguous slot size to total available SS over all the links is considered. The CP contains



Study and Analysis of Vectored Fragmentation Metric 27

A—-B (1), A»B—»D—C (1-4-5), A»B—D (1-4), B»D—C—A (4-5-3), B>D—C (4-5),
B—D (4), C—A (3), C—»B (3-1), C=B—D (2-4), D—-C—A (5-3), D-C—B (5-2), D—C
(5). Let us assume that the PPP selects A-B—D—C (1-4-5), and B-D—C—A (4-5-3)
to be used in B-component calculation covering all of the source-destination pairs’ path
flows, hence |P| = 2. For the example, we calculate the fragmentation level using VFM

and a Link-based External Fragmentation Metric (L-EFM) only.

Spectrum Slices

S8 1 2 3 4 5 6 7 8

Link 3
1 3

Link 1

o Link 4

Link 5

o Link 2

. Unavailable / Used Spectrum Slices

Available / Unused Spectrum Slices

Figure 2.4: An example for calculation of vectored- fragmentation metric with 50 % occupancy.

The L-EFM considers the largest contiguous slot’s size (CG;) and total available SS
(SS;) in links, i € L, to decide the fragmentation level [42]. Tt is the most basic metric with
less complexity. It also tends to ignore fragmentation due to smaller fragments present in

the spectrum. The L-EFM formulation is given in equation 4.5.

1 N CG;

L-EFM=1-
L~ S8

(2.4)

The a-component, S-component, v, and other normalized version of VFM are calculated

next:

1 .2
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B—1(1(1+1+1+2+1+1+1+2)+1(
282 21 2 2 1 1 277

2 1 1 1.1 1 1
StitztgtytyTy)=0.7991 (26)

v =1/ + 52 = /0.5 + 0.79912 = 0.9426346 (2.7)

VFMumin = Umin = \/ @2y, + B2in = 0.79056 (2.8)

V—Vnin _ 0.9426 — 0.79056

NVFM = vporm = Vimaz — Vmin ©1.414 — 0.79056

= 0.243928 (2.9)
AVFM =1 = Upoyy = 0.756 (2.10)

In this example, the network spectrum occupancy is 50%, which means that half of
the total SS is used. L-EFM for this network is 0.5. The a and 8 components to compute
VEFM are 0.5 and 0.7991 respectively. The v or the VFM value is 0.9426346 . Normalized
Vectored Fragmentation Metric (NVFM), vpopm is 0.243928. If the vyorm is closer to 1,
then fragmentation in the network spectrum is not significant. In this example, a moderate
fragmentation is present in the spectrum. While comparing the VFM with other link-based
fragmentation metrics, we use the Adapted form of VEM (AVFM), i.e., (1 —porm). Using
AVFM ensures that the same meaning as L-EFM is conveyed effectively; a low metric value
means a lower level of fragmentation and vice versa. The AVFM value, in this network,
is 0.756 (1- NVEFM).

The network spectrum utilization and its relationship with fragmentation level in the
system could be an interesting finding. However, a direct relationship between the two
is improbable because the occupied spectrum’s arrangement also plays a part. The frag-
mentation level can vary for the same network spectrum utilization values when observed
in steady-state conditions in the real-time traffic scenario.

We compare theoretical aspects of the VFM and the other metrics reported in the
literature. The comparison allows us to put vectored fragmentation metric in perspective.
The comparison is based on some of the essential characteristics as well as the complexity
of the metrics. Table 2.1 compares link-based metric, path-based metric, and the vectored
metric using some key features such as the ability to identify fragmentation scenarios
and the time complexity. The VFM can outperform link-based metrics for fragmentation

estimation at the network level with an additional computation cost but still less than the
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Table 2.1: Comparison of fragmentation metrics

‘ Characteristics ‘

Link- based

Path- based

Vectored

Identifies fully
fragmented
scenario (Figure

2.1(d))

No

No

Yes

Identifies zero
fragmentation
scenario (Figure
2.1a,b,c))

Yes

Yes

Yes

Differentiates
between
fragmentation
scenarios Figure
2.1(e))

Some of them

Yes

Yes

Time Complexity

Lowest among others
O(S.L) [38]

High
O(S.L)-O(S.L.G) [38]

Moderate
O(2.5.L)

General
Observations

1. Ignores small
fragments

2. Can be relative or
absolute

3. Covers only
contiguity aspect

4. Defines
fragmentation aspect
in terms of spectrum
compactness as well
5. External,
Entropy-based,
Compaction-based,
Highest-slot mark,
Access-blocking
probability

1. Specific to a path of
the connection request
2. Can be relative or
absolute

3. Covers contiguity
and continuity aspect
specific to connection
request

4. Calculates
fragmentation in all
path combinations for
better accuracy but
increasing
computational
complexity

5.
Wasted-Unusable-Free
Ratio metric

1. Covers all available
spectrum slices

2. Absolute

3. Can covers both
contiguity and
continuity aspect
independently.

4. Calculates
fragmentation in
selective path
combinations for
better accuracy and
reduced computational
complexity.

S is the total number of spectrum slices, L is the total number of Links, and G is the total number of
permissible granularity of connection requests.

cost of the path-based fragmentation metric.

We conducted simulation study of adapted form of the vectored fragmentation metric

(AVFM).
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Figure 2.5: (a) Net-A, (b) NSFNET, (c) German network and (d) Ring network topologies.

2.2 Simulation and Analysis

2.2.1 Simulation Setup

To study our proposed metric, we consider four networks: Net-A with 7-nodes 12-bidirectional

links, NSF network with 14-nodes 21-bidirectional links, German network with 17-nodes
26-bidirectional links, and Ring network with 12-nodes 12-bidirectional links as shown in
Figure 4.2. Each network link has 320 SS (with 12.5 GHz spectrum slice width), providing
4 THz of bandwidth in the C-band. We generate connection requests (or demands) on
every node using the Poisson distribution with arrival rate A and each connection has a
holding time with exponential distribution with mean %.The normalized traffic load range
is estimated using % We consider a uniformly distributed SS requirement by con-

nection requests, ranging between 1 and 16. We assume no waveband conversion scheme

at any intermediate node. We use the Shortest Path-First Fit technique to provide the
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first contiguously available SS to the connection requests. The PPP selects 12, 20, 22
and 8 paths for f— component calculation in Net-A, NSF, German and Ring network,
respectively. The single points on the plots are an average of 500000 connection requests
over 20 iterations. We obtained all the results with a 95% confidence interval as indicated
in the plots.

First, we study the general characteristics of the proposed metric using different net-
work traffic dynamics. We use the AVFM, A-Alpha (1-a), and A-Beta (1-3) to study the
fragmentation level. After that, we compare the network performance using several link-
based and path-based metrics with AVFM when the metric is used to trigger fragmentation

management in a dynamic traffic scenario.

2.2.2 Analysis of adapted vectored fragmentation metric as a fragmen-

tation indicator

The objective of the AVFM analysis in different traffic scenarios is to establish its utility.
The AVFM should be able to reflect the network spectrum state in the form of fragmen-
tation level. Fragmentation level depends on the network spectrum status, which depends
on the network traffic dynamics. The traffic dynamics can vary with the average arrival
rate, average holding time, or heterogeneity in the SS requirement of the incoming con-
nection requests 3. The observations are taken in the network’s steady-state, i.e., in the
period after the six times the average holding time from the start of the simulation. The
network is observed to reach steady-state roughly in this period.

In Figure 2.6, we first evaluate how fragmentation levels vary with the connection
holding time for the given arrival rate. We considered four arrival rates (lambda- 5 per
time units (t.u.) , lambda- 10 per t.u, lambda- 25 per t.u, and lambda- 50 per t.u), and the
holding time varies from one to ten t.u. We observed that overall AVFM increases with
the increase in the load, i.e., increasing holding time and arrival rate. Net-A’s steady-state
fragmentation level is around 0.75 for a higher arrival rate (lambda-50), which is 7.5 times
more severe than the fragmentation at a lower arrival rate (lambda-5) while having the

same holding time (1 t.u.). NSFNET, German network and Ring network (Figure 2.6(b)-

3using the maximum SS requirement labeled MaxDemand in related plots
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(d)) also exhibit similar behavior; however, the networks converge to maximum AVFM
level (0.6) much faster in these three networks. When the holding times and arrival rates
are both less, the network shows a lower fragmentation level because the utilization of the

spectrum slices is also less ( only 20-30% of the available spectrum slices are busy).

(c) (d)

Figure 2.6: AVFM vs holding time in steady-state for (a) Net-A, (b) NSFNET, (c) German network, and
(d) Ring network for different arrival rates (lambda)

Next, we observed the AVEM level for different arrival rates for holding times (HT).
We considered three holding times (HT-0.1 t.u, HT-1 t.u, and HT-10 t.u) and average
arrival rates between 5 and 50 connections per unit time (t.u.). In Figure 2.7(a), (b), (c),
and (d), we observe that the fragmentation level increases with the arrival rate when the
holding time is 0.1 t.u and 1 t.u. When the holding time is short, the release of connection
requests is speedy, and AVFM is comparatively low. Whereas, when the holding time for
connection requests is longer (10 t.u.), the AVFM level saturates to its highest value.

In Figure 2.8(a)-(d), we considered four different arrival rates (lambda-5, lambda-10,
lambda-25, and lambda-50), each one with increasing holding times to create varying
load conditions. We observed that AVFM value increases with the traffic load. Net-A’s

maximum steady-state fragmentation level is around 0.6, i.e., 60 percent fragmentation,



Study and Analysis of Vectored Fragmentation Metric 33

(©) (d)

Figure 2.7: AVFM vs arrival rates (lambda) in steady-state for (a) Net-A, (b) NSFNET, (c) German
network, and (d) Ring network for different holding times

for the normalized load of up to 1. In NSFNET and German network (Figure 2.8(b)-(c)),
the steady-state AVFM value varies from 0.55 to 0.6 from 0.4 to 1 normalized traffic load.
The Ring network has maximum fragmentation level of 0.55 for most of the normalized
traffic load range (Figure 2.8(d)). We observe that the steady-state AVFM value does not
change for a fixed load. So, varying the arrival rate and holding time for a fixed load will
result in the same fragmentation level.

We also observe that the maximum permissible slot size or granularity range of the
incoming connection requests (MaxDemand) affects the fragmentation level (Figure 2.9(a)-
(d)). We consider three MaxDemand values, 4, 8, and 16. The higher granularity range
(MaxDemand 8 and 16) indicates more fragmentation (AVFM) compared to the scenario
of the MaxDemand 4, as the arriving connection requests are more diverse and leave the
spectrum more disorganized. We observed this behavior in all four network topologies.
However, at a very high traffic load, the increase in AVFM may restrict to a maximum value
due to the unavailability of network slices. It might be because of more connection requests

of smaller granularities being accommodated (Figure 2.9(b)-(d)). The high heterogeneity
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(©) (d)

Figure 2.8: AVFM vs normalized traffic load in steady-state for (a) Net-A, (b) NSFNET, (c) German
network, and (d) Ring network for different arrival rates

of the demands combined with higher arrival rates indicates a more fragmented network
spectrum.

Next, in Figure 2.10(a)-(d), we observed how the influence of A-alpha and the A-beta
as fragmentation level indicators vary for different network topologies. In Net-A and Ring
network, Figure 2.10(a) and Figure 2.10(d) at low load traffic, A-beta is dominant than
the A-alpha (A-alpha/A-beta < 1) for normalized traffic load of up to 0.5. The A-beta
influences the Net-A more at lower traffic load, when there is lower spectrum occupancy.
The crossover point is when A-alpha becomes more than A-beta. For Net-A, the crossover
point occurs at around 0.52. For NSF and German network, it can be seen in Figure
2.10(b)-(c) that A-alpha is the dominant component for a wide range of the normalized
traffic loads. One of the reasons could be the number of paths considered in PPP, and
the uniform type of connection arrivals. At high traffic load, more SS are occupied, and
hence the fragmentation of available SS is less. It implies that link fragmentation is more
prominent than the path fragmentation when majority of the spectrum slices in the links

are occupied. In this case, the blocking of the connection requests for multi-hop paths
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(c) (d)

Figure 2.9: AVFM vs normalized traffic load in steady-state for (a) Net-A, (b) NSFNET, (c) German
network, and (d) Ring network for different maximum permissible SS requirement

would be due to the unavailability of spectrum resources rather than fragmentation. The
chances of single-hop connection paths being accommodated are more in such cases.

In Figure 2.11(a)-(d), AVFM, A-alpha and A-beta are plotted against the Network
Spectrum Slices Utilization (NSSU) for four networks. One can observe that AVFM, A-
alpha, and A-beta are all smaller for smaller and higher NSSU values. They all achieve
their maximum value somewhere between the NSSU value of 0.4 to 0.9.

AVFM is a composite function of A-alpha and A-beta; it always has a higher value than
A-alpha and A-beta. A-alpha achieves its peak at a higher value of NSSU as compared
to A-beta. It indicates that contiguity fragmentation is significant at higher NSSU while
continuity fragmentation is significant at lower NSSU. One can also observe that at higher
NSSU there are less number of available SS, and thus continuity fragmentation is low.

Contiguity fragmentation is dominant for all networks, especially at higher utilization.
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(©) (d)

Figure 2.10: Ratio of A-alpha and A-beta vs normalized traffic load in steady-state for (a) Net-A, (b)
NSFNET, (c¢) German network, and (d) Ring network

2.3 Concluding Comments

To the best of our knowledge, there has not been any other proposal for a vectored metric
using the resultant of both continuity and contiguity aspects for network-level fragmen-
tation in elastic optical network spectrum. In this chapter, we have proposed a vectored
fragmentation metric to estimate the degree of fragmentation in a network. This chap-
ter assessed a vectored fragmentation metric’'s (AVFM) ability to capture fragmentation
levels using continuity (8) and contiguity («) in real-time network scenarios using simula-
tions. We observed that the fragmentation level evolves with time and network spectrum
status. In the AVFM, continuity () and contiguity («)) contribute significantly to the
overall fragmentation level. We also observed that continuity fragmentation (A-beta) is
more than contiguity (A-alpha) in networks at a low traffic load. The A-alpha surpasses
it at some cross-over point as load increases. The other network characteristics like arrival
rates, holding times, and the connection requests’ granularity range may also significantly

affect the fragmentation levels. We have also found that both « and S-component can



Study and Analysis of Vectored Fragmentation Metric 37

(©) (d)

Figure 2.11: Fragmentation level vs NSSU for (a) Net-A, (b) NSFNET, (¢) German network, and (d) Ring
Network

be accepted as a measure of fragmentation individually. In this work, connectivity of
multiple contiguous slices over a path in S-component is not considered. Thus, it is a
15t level metric, as it takes into account only a single slice index for the evaluation of
continuity constraint fragmentation. The representation of the fragmentation for single
slice connection requests also represents a worst-case scenario for applications with large
bandwidth requirements. In the next chapter, we present the resource provisioning tech-
niques in fragmented spectrum scenario using link-state awareness and threshold-based

defragmentation using fragmentation metrics.






Chapter 3

Fragmentation Management:

Defragmentation Approach

We occupied canteen seats for twelve people, but only five
were present. See fragmentation is useful sometimes! We
used fragmentation to our benefit. Tell this to network

operator!

A passing comment during Lab’s tea time break

In the previous chapter, a two-dimensional fragmentation metric, AVFM, was pro-
posed. We studied the impact of traffic characteristics on the behaviour of the fragmenta-
tion indicator. However, the important question is how this fragmentation indicator could
be used to mitigate fragmentation’s deteriorating effects on spectrum utilization efficiency.
In this chapter, we use the AVFM fragmentation indicator to trigger defragmentation. The

defragmentation process rearranges the network links’ spectrum to a compact version.

3.1 Background

The EON’s performance depends on the consideration of physical layer impairments and
how the connection requests are provisioned in it. When the connection requests with
heterogeneous bandwidth requirements arrive dynamically in a network, their random

setup as well as dismantling, makes the available network spectrum state scattered. The



40 Fragmentation Management- Defragmentation Approach

required spectrum resources (Spectrum Slices, SS) are available but cannot be allocated
to arriving connection requests. This condition is called Spectrum Fragmentation. The
available spectrum resources’ usage is infeasible, as they can not fulfill the RSA constraints.
Figure 3.1 shows an example of fragmentation and its effects on future connection requests.
We can see that more than 50% of the total SSs are available, yet a connection request
demanding two SSs is rejected. The fragmentation leads to more blocking of the connection
requests and inefficient use of available spectrum resources. There is unfairness in terms of
network inclusivity for the connection requests. When in a fragmented state, the network
can only accommodate low bandwidth requests and rejects high bandwidth requests. The
probability of finding lesser number of SS confining within RSA constraints is higher than
the probability of finding more number of SS. Thus, there is need to operate network
in such a state, so that Spectrum Fragmentation is minimized or mitigated. Hence, the

Fragmentation management approaches come into play.

Figure 3.1: An example of Spectrum Fragmentation

Spectrum Fragmentation Management (SFM) in EON is another extensively researched
topic that aims to maximize the bandwidth requests intake in the network. There is a
need to address the SFM using RSA context and spectrum rearrangements within feasi-
bility. Three approaches could be used to steer the effects of fragmentation: Spectrum
Management (SM), Defragmentation, and Non-Defragmentation techniques. We discuss

more about them in the following sections.
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3.1.1 Spectrum management

When the connection requests arrive in the network sequentially, the SS resources are
provided to them using some Spectrum Allocation (SA) techniques. Any usable technique
is expected to have low computational complexity and no or limited retention of global
information. The selection and release of the SSs in appropriate portions of the spectrum
can considerably affect the network’s spectrum fragmentation. The works in [45], [46] and
[47] used link-based slot contiguity ratios (same as in eqn 3.4) as fragmentation metrics
and the blocking ratio of the connection requests in a dynamic traffic scenario to evaluate
the different spectrum allocation policies. Different SA techniques as reported in literature

are shown in Figure 3.2.

1 2 345 67 8910 11 12 1 2 3 45 67 8 910 11 12
Link 1 Link 1
Link 2 Link 2
(@) Link 3 Link 3 (O
Link 4 Link 4
First Fit Least Used
Always attempts to choose the lowest indexed slot Slots that have been used by fewer links,

otherwise first fit

12 3 45 6 7 8 910 11 12 1 2 345 678 910 11 12

Link 1 Link 1
Link 2 i
(b : Link 2
Link 3 Link 3 (e)
Random Fit

Most Used
Slots that have been used by most links,
otherwise first fit

Randomly selects slots from the available slots

12 345 678910 1112 1 2 3 45 678910 1112
Link 1 Link 1
Link 2 Link 2
c
© Link 3 Link 3 ®
Link 4 Link 4
First-Last Fit Exact Fit
First Fit in odd numbered partition and last fit in Searches for exact available block,
even numbered partition otherwise first fit

Figure 3.2: Spectrum allocation of two connection requests that want to use Link 3 and Link 4, CR1
(Orange colored) and CR2 (Green colored), following (a) First Fit (FF) technique, (b) Random Fit (RF)
technique, (c) First-Last Fit (FLF) technique, (d) Least Used (LU) technique,(e) Most Used (MU) tech-
nique and (f) Exact Fit (ExF)technique.

Least Used (LU) and Most Used (MU) techniques have the highest time complexity
compared to the other SA techniques, as one need to retain the global information about

the spectrum index being least or most used. According to studies in [45], [46], and [47],

the First-Last Fit (FLF) technique has the highest link slot contiguity ratio, and the
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Random Fit (RF) technique has the least. When using the FLF technique, the connection
requests can be grouped based on whether the paths share any links in the path, the
granularities of the bandwidth demand, and the path length. Each group is then assigned
SSs either from lower-indexed FF or higher-indexed LF.

In [48], a Sliding Fit and Parcel Fit spectrum assignment techniques has been proposed,
where a particular set of available SS are selected and then the corresponding connection
request which can use it is searched. It promises to perform better than FF but the test
scenario is for static traffic, i.e., the set connection requests are already available and they
are not changing over time. Appropriate spectrum allocation technique together with
routing can lead to fragmentation-less or minimum-fragmentation operation. Authors
in [33],[34], [35] and [36] discussed the fragmentation-aware RSAs to accommodate the

connection requests only if they do not lead to fragmentation in the future.

3.1.2 Non-Defragmentation Approaches

In the non-defragmentation approach, the objective is to operate the network to keep
the fragmentation at a minimum level at every observation point. The active connection
requests are not affected in this scheme. However, a 100% fragmentation-less operation
is not guaranteed. If a network gets into a fragmented state, the appropriate algorithms
must ensure that it comes out of it on its own at the earliest. The main techniques in this
approach are spectrum partitioning [29], multipath [30], and multigraph [42].

The spectrum partitioning strategy divides the spectrum into smaller blocks, and dif-
ferent spectrum assignment policies are employed to achieve the desired performance. The
connection requests are grouped, and each partition is dedicated to a single group. The
partitioning can be of two types depending on the spectrum division boundary: Pseudo
Partitioning (PP) and Dedicated Partitioning (DP). When the FLF technique is imple-
mented with no connection groupings, it falls in the PP category. In DP, there are fixed
partitions for all groups, which could be greater than two. Spectrum partitioning, with
FLF and connection groupings, yields a better fragmentation and blocking ratio perfor-
mance [31].

In [30], authors have used Multipath Routing with pre-assignment, post-assignment, and
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fragmentation level assessments to control the fragmentation and lower the blocking ratio
for incoming requests. The multigraph technique in [32] uses spectrum availability to make
edges of virtual networks for deciding route between source-destination pairs. It then uses
a cost function in the virtual network to decide on the final route. It promises to lower
the blocking of the connections while maintaining the fairness among different connection
requests.

Next we discuss how defragmentation techniques are used for Fragmentation Manage-

ment in EONs.

3.1.3 Defragmentation Approaches

The defragmentation management technique is primarily reconfiguring the active connec-
tion requests to reduce fragmentation. When the network enters into a fragmented state
and has started to affect the network performance, the defragmentation process may act
on active connection requests’ arrangements. The reconfiguration can be in the form of
a new spectrum assignment on the same route or a new spectrum assignment on a new
alternate path. The reconfiguration allows the availability of more contiguous spectrum
slices and makes room to accommodate new connection requests in the network. An ex-
ample of a defragmentation process by rearranging the allocated spectrum slices following
the FF technique is shown in Figure 3.3. It is a Green-field approach where the controller
assumes that all the connections are dismantled for defragmentation and need to be set up
again. The sequence of connection requests for rearrangements depends on the remaining

connection holding time as in the given example.

In literature, the defragmentation process could be categorized as proactive or reactive
depending on its triggering mechanism. If the defragmentation process is triggered period-
ically, we call it a proactive strategy. The parameters deciding periodic defragmentation
frequency could be the arrival of some number of connection requests, a specified time pe-
riod, or fixed threshold-based fragmentation metrics. In reactive strategy, if the controller
sees blocking of the arriving connection request, then to avert that, it will reconfigure

some minimum number of existing connection requests, and then try to accommodate
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Figure 3.3: An example of Spectrum Defragmentation using remaining Holding Time of the Connection
Requests

the blocked connection request. Authors in [62] have studied the conditions in which the
two, reactive and proactive, approaches can outperform each other. The number of re-
arranged connections adds to the defragmentation cost and should be minimized in both
approaches. The defragmentation approaches may or may not interrupt the existing con-
nections when rearrangement occurs, [39], [40]. Some of the defragmentation techniques,
in both proactive and reactive categories, are re-optimization, make-before-break, push-
pull [41], and hop-tuning, [26], [42]. In [56], a path shift based defragmentation strategy
is studied where the original route is not changed, but the retuning of transmitter is done
to shift the spectrum assignment. The other existing connections are not affected, and
this strategy is studied for both Proactive and Reactive defragmentation.

The defragmentation techniques are more reliable in alleviating fragmentation but are com-
putationally complex and complicated. However, the non-defragmentation approach can-
not guarantee the 100% fragmentation-less operation of the network. The non-defragmentation
approaches, like multipath routing, underestimate the severity of the fragmentation. The
use of longer path lengths could adversely affect the availability of the spectral resources as
per constraints. Therefore, defragmentation methods could be more reliable in pacifying
the fragmentation. Identifying a suitable instant to initiate defragmentation is challeng-

ing, and using an appropriate strategy to find these instants is crucial.

Many of the defragmentation strategies uses periodic time interval as triggering mech-
anism [37], while some use fragmentation indicating metrics. Some of the link-based

fragmentation metrics which exploit the spectrum status in links have been discussed in
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[42], [43] and [44]; these are External Fragmentation metric [42], Shannon entropy-based
metric [42], Access Blocking probability-based metric [42], Utilization entropy [43], High-
slot mark [43] and Spectrum Compactness metric [44]. The metrics discussed in the cited
works give an abstract treatment to the fragmentation measure. They tend to ignore some
crucial aspects of spectrum status, e.g., small fragments. A few of these metrics cannot

differentiate between different spectrum scenarios as listed in Chapter 3.

Other than link-based metric, there are path-based metrics as well. Pederzolli et al.
[49] have proposed one such metric. The authors use the Wasted-Unused-Free ratio as
the metric in the RSA to find path-slots combination for a connection request. It should
result in a lower overall fragmentation level and accommodation of more future connection
requests. So, inappropriate path selection is a precursor to fragmentation, if any. While
this metric captures fragmentation due to continuity and contiguity, it is path/connection
request specific. In [50], Bonani et al. presented the network-level metrics, using the link
consecutiveness aspect in all the links at specific observation periods (time-weighted) to
decide on a network’s fragmentation level. They also gave the idea of unfairness, i.e., high
bandwidth requests are more likely to get blocked due to fragmentation at higher loads.

Using defragmentation technique is advantageous, as it is triggered only when abso-
lutely necessary. The cost of defragmentation events is dependent on number of such

events and number of rearrangements in each event.

3.2 A Pro-Reactive Defragmentation Approach using Frag-

mentation Metrics

Defragmentation is a complex and expensive process, and it is necessary to implement it
efficiently. The essential considerations for a well-planned defragmentation process are:
when and how to defragment the network links’ spectrum. The defragmentation cost,
i.e., the number of active connection requests affected by this process, is another factor
to scrutinize. Firstly, in our study, we assume that the incoming traffic has a uniform

connection arrival; that is, the arrival rate does not vary over the considered period.
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The fragmentation levels are checked after a unit time interval. If within an interval
there is a considerable increase in blocking of the connection requests, in comparison with
the previous interval, then the fragmentation level at that instant is set as the Threshold
Fragmentation (F My,) level for defragmentation. Then, the defragmentation is performed
using the re-optimization approach. The connection requests are arranged according to
their remaining holding time and re-assigned SSs using the FF technique. The proactive
of the defragmentation management is using threshold-fragmentation level. The reactive
part is updating threshold-fragmentation level using blocking performance after every
unit interval, and performing defragmentation if required. By combining the proactive
and reactive approaches, we intend to use the defragmentation judiciously and only when
necessary. The process of fragmentation management using the Pro-Reactive approach is

shown as flowchart in Figure 3.4.

Figure 3.4: A Pro-Reactive Defragmentation Approach

We can use different fragmentation metrics to record and trigger the defragmentation
process, after which the available SS are more contiguous and continuous for future con-
nection requests. The link-based metrics used in triggering the defragmentation process
are link-external fragmentation metric (L-EFM) [42] as given in eq. 3.4, the compaction-

based fragmentation metric (Com-FM) [44] as given in eq. 4.1, and the entropy-based
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fragmentation metric (Ent-FM) [42] as given in eq. 4.2. We have also used a path-based

fragmentation metric (Path-FM) [49] as given in eq.4.3.

o M Maximum index of used SSI - Minimum index of used SSI + 1 (3.1)
m- = )
© Total used SS * Available Blocks

where SST is the Spectrum Slice Index. A higher value of Com-FM indicates the occupied
spectrum is in compacted form, i.e., a low level of fragmentation, and a lower Com-FM

value indicates a more fragmented spectrum.

(Used SS/Unused SS), (Used SS/Unused SS)

Ent-FM = = Total SS %9 Total SS

(3.2)

The higher Ent-FM value indicates a higher fragmentation level and vice versa in the

network spectrum.

Wasted SS + Unused SS
Path-FM = Total SS on the path (3:3)

Wasted SS indicates a sufficient number of spectrum slices per requirement but is unavail-
able per RSA constraints on the links. Unused SS cannot be used for a few connection
requests as it is an insufficient number of available SS following RSA constraints.

In the next section, we study the role of the above fragmentation metrics in accurately
identifying the fragmentation state of the network to trigger defragmentation and compare
the performance with the Adapted Vectored Fragmentation Metric (AVFM) discussed in

the last chapter.

3.3 Simulation and Analysis

3.3.1 Simulation Setup

We consider the same four networks which were discussed in the last chapter: Net-A
with 7-nodes 12-bidirectional links, NSF network with 14-nodes 21-bidirectional links,

German network with 17-nodes 26-bidirectional links, and Ring network with 12-nodes
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12-bidirectional links (Figure 4.2). The network links have 320 spectrum slices (12.5 GHz
spectrum slice width), worth 4 THz of bandwidth in the C-band. We use similar traffic
dynamics, where arrival rate A is Poisson distributed, and holding time is exponentially
distributed with mean i The normalized traffic load range is estimated using %
We consider a uniformly distributed bandwidth requirement by connection requests, rang-
ing between 12.5 Gbps to 200 Gbps. We assume no waveband conversion scheme at any
intermediate node. We studied in the last chapter that the fragmentation level is consider-
ably high in the network where the heterogeneity in the required SS is high. In simulation,
we update the network fragmentation metric after one unit time. After blocking of ten
connections within one time interval, the fragmentation level after tenth connection is set
as threshold value for future defragmentation triggering. The threshold fragmentation is
updated in the similar manner next time. Our current study uses only the BPSK modu-
lation scheme with the Shortest Path-First Fit technique to provide the first contiguously
available SS to the connection requests. In pursuit of the most efficient technique, the
network tends to use multiple modulation formats to their advantage. However, using
only BPSK means the network operates in the worst-case scenario. We want to obtain the
best-performing metric in the worst-case scenario. We evaluate the performance of the
metrics by considering the Average Blocking Ratio of the arriving connection requests.
The single points on the plots are an average of 500000 connection requests over 20 it-
erations. As indicated in the plots, we obtained all the results with a 95% confidence

interval.

3.3.2 Performance Evaluation

We compare the network performance of different fragmentation level indicators using the
blocking ratio as a primary parameter. The Blocking ratio (BR) is the ratio of blocked
requests to total arrived requests during the simulation time. A connection request is
generally blocked if continuous and contiguous resources are unavailable on the selected
path. We also observe the percentage of the defragmentation time to total observation time
when using the different metrics (Table. 3.1). The triggering of the defragmentation is a

threshold-based event. Considering the worst fragmentation case in all the network links,
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i.e., Figure 2.1, we normalized the fragmentation levels and decided on a threshold value
of the rate of the blocking of the connection requests and average fragmentation level
in the time intervals for initiating the defragmentation. The different defragmentation
processes using different fragmentation metrics are AVFM-DF, L-EFM-DF, Com-FM-DF,
Ent-FM-DF, and Path-FM-DF. We also considered the no defragmentation (No-DF) case
to compare it with the defragmentation performance of fragmentation metrics.

We take two dynamic traffic scenarios:
e Case-I - the probability of arrival of all connection requests is uniform, and

e Case-II - the likelihood of the arrival of connection requests with longer hop paths
is more than the shorter hop paths (considering only the shortest path between the

source-destination pair).

(c) (d)

Figure 3.5: BR vs normalized traffic load in Case-I traffic for (a) Net-A, (b) NSF network, (c) German
network, and (d) Ring network using threshold-based defragmentation

Figure 3.5(a)-(d) shows the BR as a function of normalized traffic load for the four
networks with case-1 traffic type. We observe that our proposed metric performs better

than the other metrics significantly. The blocking ratio increases with the increase in the
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(c) (d)

Figure 3.6: BR vs normalized traffic load in Case-II traffic for (a) Net-A, (b) NSF network, and (c) German
network using threshold-based defragmentation
network traffic load. We can observe in Figure 3.5(a)-(d) that for all networks, AVFM-
DF has less than 1% blocked requests for the considered traffic load range. In Net-A, the
L-EFM-DF, Com-FM-DF, and Ent-FM-DF have a maximum of 10%, 2%, and 3% blocked
requests, respectively (Figure 3.5(a)). However, in Figure 3.5(b-d), we can observe similar
behavior of these three metircs. In Figure 3.5(a-d), Path-FM-DF has a maximum of 5%
blocked requests in the considered traffic load range. In Figure 3.5(b)-(d), AVFM-DF
has a maximum of 1%, 0.9%, 0.1% and 0.001% of blocked requests in Net-A, NSFNET,
German, and Ring networks, respectively for the considered traffic load range. There
is more blocking of the connection requests in the no-DF scenario because the network
spectrum has fewer contiguously and continuously aligned SS. We conclude that AVFM
can better manage the fragmentation than other metrics in the Case-I traffic type for the
considered load range.

In Figure 3.6(a)-(d), we plot the BR for the Case-1I traffic type as a function of traffic
load. In the Case-II traffic type, there are more connection requests with longer path

lengths (70%) than connection requests with shorter path lengths (30%). By longer path
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Table 3.1: T, Percentage of total time used for defragmentation for various fragmentation

metric use
Networks Case-1
AVFM-DF | Com-FM-DF | L-EFM-DF | Ent-FM-DF | Path-FM-DF
Net-A Low-Load 0.18 0.08 0.08 0.05 0.04
High-Load 17.16 6.71 2.21 2.47 19.46
NSFNET | Low-Load 4.94 7.43 5.91 11.16 8.72
High-Load 11.17 16.25 13.19 23.30 18.77
German | Low-Load 0.26 0.47 0.08 0.15 0.34
High-Load 17.26 27.91 14.30 15.46 18.17
Ring Low-Load 1.8 4.8 2.5 3.13 3.18
High-Load 7.82 15.6 9.1 9.454 6.26
Case-11
AVFM-DF | Com-FM-DF | L-EFM-DF | Ent-FM-DF | Path-FM-DF

Net-A Low-Load 0.09 0.06 0.01 0.01 0.35
High-Load 2.31 2.92 0.11 0.09 9.75
NSFNET | Low-Load 5.44 6.09 3.60 1.60 6.86
High-Load 12.21 13.56 8.29 3.78 15.11
German | Low-Load 0.62 0.58 0.27 0.15 1.04
High-Load 13.12 10.10 12.69 6.50 34.58
Ring Low-Load 6.17 5.14 4.8 3.35 6.5
High-Load 9.17 7.7 8.3 6.26 10.61

length, we mean greater than half of the network diameter and the rest are of shorter path
lengths. In Figure 3.6(a) for Net-A, AVFM-DF, and Path-FM-DF, a maximum of 12%
connection requests are blocked. The connections with longer paths are more vulnerable
to blocking and prone to fragmentation. Therefore, we see overall increased blocking in
the case-II traffic type compared to the case-I traffic type. The L-EFM-DF, Com-FM-DF,
and Ent-FM-DF may not be able to identify the severity of the continuity fragmentation
in the longer paths. Hence, they have more blocked requests than the path-based metrics
even after defragmentation. In Figure 3.6(a)-(d), we can see the advantage of using
multi-dimensional metrics over link-based metrics. The AVFM-DF keeps the maximum
number of blocked connections under 1% in NSF and Ring and under 10% in the Net-A
and German network for higher load values. The no defragmentation in the system has
worst performance, as the connection requests cannot even find resources on their shortest
path because of contiguity and continuity fragmentation. Overall, we can conclude that
AVFM has a better performance gain than the link-based metrics and the Path-FM-DF

when considering the Case-1I traffic type.
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Table 3.1 shows the percentage of the total time dedicated for defragmentation op-
eration (Ty = % x 100). The defragmentation time considers the total processing
time taken by all the individual defragmentation instances (¢). The defragmentation pro-
cessing time is the time taken to rearrange the active connections. The processing time
may depend on the traffic load (number of active connections) and the defragmentation
frequency. Defragmentation frequency (N) is the number of times the defragmentation
is triggered per observation time Tpp. The most sensitive fragmentation metric would
trigger the defragmentation more frequently. We have considered the low traffic load
(normalized traffic load < 0.5) and high traffic load (normalized traffic load > 0.5) for
Case-I and Case-1II traffic types in Table 3.1 for different defragmentation cases.

We observed that both the AVFM-DF and the Path-FM-DF take a significant time for
the defragmentation processes in Case -1 and Case-I1 traffic conditions in all four networks.
However, the BR of the Path-FM-DF is greater than the AVFM-DF. In most cases, the
L-EFM-DF, Com-FM-DF, and ENT-FM-DF take the least defragmentation time, and
their BR performance is also not good. It could be due to the inability of the link-based
metrics to identify the severity of the continuity fragmentation. In these cases, the metric
identifies the fragmentation in the spectrum much later. In some ENT-FM-DF cases, the
Ty is the highest in high-load conditions. There is significant defragmentation time, owing
to frequent defragmentation and yet higher BR than the AVFM-DF and the Path-FM-DF.
We can conclude that the AVFM-DF, which uses the AVFM as a fragmentation indicator,
gives better BR performance, but at the cost of time, which is still less than the other
path-based metric.

The results show that our metric AVFM improves the network’s performance in both
traffic types (Case-I and Case-II). The AVFM metric captures the fragmentation level

accurately with changing traffic dynamics. Also, it performs better than other considered

metrics when used for fragmentation management.
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3.4 Concluding Comments

In this chapter, we studied fragmentation management using link-based and path-based
fragmentation metrics in a Pro-Reactive defragmentation environment. In real networks,
there is significant fragmentation with dynamic arrival and departure of connections. This
brings unfairness and inefficiencies in the resource provisioning process. Thus, deploying
fragmentation management techniques provides an advantage in network operation. De-
fragmentation is a costly process but operates more efficiently than other fragmentation
management techniques.

In the previous chapter, we studied AVFM as a fragmentation indicator. The effective-
ness of the AVFM in actual defragmentation initiating scenarios has been studied in this
chapter. We found that threshold-based defragmentation using AVFM as a fragmentation
indicator takes more defragmentation time than other link-based metrics; the frequency
of the defragmentation operation when using AVFM is low, but the number of rearrange-
ments are more. Nevertheless, AVFM outperforms the other metrics when considering the

blocking ratio of the arriving connection requests.






Chapter 4

Fragmentation Management:

Non-Defragmentation Approach

We have, as human beings, a storytelling problem. We're
a bit too quick to come up with explanations for things we

don’t really have an explanation for.

Malcolm Gladwell, Blink

In the previous chapters, we studied a Pro-reactive fragmentation management ap-
proach. In real life, network service providers strive to have a minimal expenditure per
bit successfully transported across the network. The defragmentation process is an effec-
tive but still complex and costly process. The performance of any resource provisioning
algorithm is relative to the network state and traffic dynamics. So, the Pro-reactive de-
fragmentation approach might not be cost-efficient in all the traffic scenarios. Identifying
such traffic scenarios and employing simple resource provisioning techniques could be a
better approach considering cost and performance.

In this work, we propose two simple resource provisioning algorithms, RSA-With
Penalty (RSA-WP) and Routing and Best Effort Spectrum Assignment (RBESA). In RSA-
WP, the penalty is imposed on the links constituting the route if the required number of
spectrum slices are unavailable in the fragmented links’ spectrum. It ensures less usage of
the then-current route by future requests. The links are depenalized after the departure

of a few connection requests, i.e., the cost of links is reduced. The reduced weight depends
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on the availability of considerable-sized blocks of contiguous slices in the link spectrum.
In RBESA, a connection request is admitted but assigned a limited spectrum which is less
than the requirement. The primary resource assignment uses the most robust modulation
configuration, while the limited spectrum assignment means compromising the Quality of
Service (QoS) using different modulation configurations. The resource provisioning op-
erations in the fragmented spectrum are considered, but the fragmentation management
techniques are not employed, i.e., there is no defragmentation by rearrangement.

The chapter is organized as follows. Section 5.1 discusses the penalty mechanism and
RSA-WP. Section 5.2 discusses RBESA, its concept, and its relevancy. In Section 5.3, we
present and compare the performance of RSA-WP and RBESA with the shortest path,

k-shortest path, and a proactive defragmentation provisioning technique.

4.1 Routing and Spectrum Assignment with Penalty

Before explaining the proposed resource provisioning technique, we represent EON as a
graph topology G(V, L,SS), where V is the set of nodes, and L is the set of fiber links.
Each link has a set of spectrum slices, SS. When a new connection request arrives at a
node, it may require .S, spectrum slices to transmit data to the destination node. The first
step in a general provisioning technique is to find the least cost or shortest path. Then, the
spectrum slices on all the links of the selected path are searched in the set SS of individual
links. At that time, the network can be in a fragmented state. Assignment of S, slices
may not be possible on the shortest path due to unavailable contiguous and continuous
spectrum slices. A further practical step would be to look for an alternate path and check
for the resources complying with constraints. If the alternate path also fails, the connection
request can still be accommodated using constraint relaxation techniques. It may require
additional components like waveband converters leading to conversion overhead '. The
connection request is blocked if an eligible path is still not feasible.

Our proposed RSA-WP technique is very similar to the general provisioning technique.
We select the least cost path, but if the spectrum slices are unavailable on the least cost

path, we do not use an alternate path. We block the current connection request but update

We do not consider the waveband conversion approach in the present work
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the weight /cost of the links on the path. It ensures that future requests could choose a

less-fragmented path and, thus, increase traffic admissibility.

Figure 4.1: An example of RBESA

In algorithm 1, we present the pseudocode of the RSA-WP. The RSA-WP algorithm’s
overall objective is to find the most suitable paths for the connection requests even in a
fragmented network state. Initially the cost of the link is proportional with the distance
covered by individual links, Wito. The cost is updated as per arrival and departures of the
requests. A connection request CR(o, d, S,) arrives at a source node o. Let the destination
node be d. The number of spectrum slices required by the connection request CR is S,
calculated using available modulation formats and the distance of the routes. p is the
binary variable which indicates whether penalty will be imposed on the links or not. A
least-cost path P(o, d) is selected based on the link-weights. Then, the S,,ax is checked on
the selected path. If the S, is available, i.e., S, < Spqz, then it returns the path. As the
desired number of spectrum slices are available, no penalty is imposed on the links of the
path. It also returns the starting slot index (SSI(o,d)) and the last slot index (LSI(o,d))
of the range of selected spectrum slices. However, if the S, can not be accommodated on
the least-cost path, then a penalty is imposed on all the links of the path P(o,d). The
penalty on the links is dependent on two factors as shown in equation (4.1); first, the

difference between the requested slices and maximum contiguously available slices on the
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path, and second, the total available slices in the i** link of the path. The updated weight
of the link, W}, is given by

Sr — Shax

Y= W+ — 4.1

where, W; is the current weight of i*" link, S%4. is the maximum available continuous and
contiguous slices on the path P(o,d), and T'A; is the total available slices on the link 3.
The penalty is only applied when Sh,q. is less than the required S, slices.

The links, where T'A; < S,., are heavily penalized as there are fewer available spectrum
slices. The imposed penalty does not severely impact the links that cannot accommodate
current requests but have a considerable T'A; value. Future connection requests can use
the less fragmented links as per their requirement. The penalty is reduced on the links
periodically as explained further. When a certain number of connection requests (NDR)
release the occupied resources, the it link is again checked for the maximum contiguous

spectrum slices (CG?

b ar) and compared with the total available spectrum slices (T'A;).

The corresponding fraction is deducted from the link weight as per equation (4.2). That
is how the links are depenalized. The updated weights of the links, W}, after removing

the penalty is given by

CG: ,
v = maz(W; — ——mae jyto 1.2
Wi = ma(W; - =7 W) (42)

Where W; is the current weight of the i link.
Next, we discuss a modified version of the RSA-WP, which provides the best-effort
spectrum assignment based on the availability of spectral resources. It also uses a similar

penalizing and depenalizing mechanism.

4.2 Routing and Best Effort Spectrum Assignment for Non-

Defragmentation

The current Sliceable Bandwidth Variable Transponders (SBVTs) facilitate modulation
level adaptability and give the maximum allowable bandwidth to connection requests. A

bit-rate squeezing technique has been discussed in the literature to provide restoration in
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Algorithm 1 RSA-WP- To find at least one path and required spectrum slots/slices for
a connection request in the network, using link costs with penalties.

1: procedure RSA-WP
Input: G(V,L,SS), CR(o, d, S,)
Output: P, 4, SS1, 4, LSI, 4

2: Find a least cost path P, 4 between o and d using G(V,L,SS) status
3: Find Syaz on path P, 4

4: if S, < S, then

5: S, spectrum slices are available on path P, 4

6: set no penalty and Syj0e =S5

T LSI,q = S51,q + Saitoc — 1

8: Return: P, 4, SS1, 4, LS1, 4

9: else

10: set penalty on links of the path

11: Update the link weight with penalty on path P, 4.
12: Return: the CR connection blocked.

13: end if
14: end procedure

the fiber-link failure scenario using a similar concept [58]. A similar bit-rate squeezing
feature could be used, with variable modulation formats, advantageously in provisioning
the connection requests and providing a best-effort spectrum assignment. When using
higher modulation formats, the required number of SS reduces, but at the cost of com-
promised QoS, i.e., the signal is affected by noise during transmission for long paths. The
best-effort spectrum assignment leverages admission assurance to connection requests with
compromised QoS.

In algorithm 2, we discuss a best-effort spectrum assignment on the least cost path.
The RBESA is similar to RSA-WP discussed in algorithm 1, with an additional Si,qz
assignment step. The main idea is to provide at least half of the required spectrum slices
to the new connection request on the least cost path, with some trade-off in Quality
of Service, using higher modulation formats irrespective of minimum adaptive distance.
This scheme takes advantage of the advanced, versatile capabilities offered by Sliceable
Bandwidth Variable Transponders (SBVTs). Such SBVTs enable the adaptation of link
parameters according to the number of slices, slot size, data rate, and available spectrum
resources.

An example of RBESA is shown in Figure 4.1. Sgji0c is the number of spectrum slices

that can be assigned considering the best available options. If the S, is available, then
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Algorithm 2 RBESA- Finds at least one path and maximum allowable spectrum slices
for a connection request in the network.

1: procedure RBESA
Input: G(V,L,SS), CR(o, d, S;)
Output: P, 4, SSI, 4, LS1, 4

2: Find the least cost path between o and d using G(V, L, SS) current status.
3: Find Sjnaq on the path P, 4

4: if S, < S then

5: set no penalty and Sgj0c =Sr

6: LSImd = SSond + Suitoe — 1

T Return: Po,da SSIQd, LSIo,d

8: else if % < Siaz < Sy then

9: Set penalty on links of the path and Syjj0c =Smaz
10: Update the link weight with penalty on P, 4.

11: LSI, 3= S51,4 + Saiioc — 1

12: Return: P, 4, SS1,4, LS1, 4

13: else

14: Update the link weight with penalty on P, 4.

15: Return: CR connection blocked.

16: end if

17: end procedure

Salloc = Sy, with no penalties on the link. However, if the initial requirement S, could
not be accommodated, and some Sy,qz > %) is available, then RBESA should assign it to
maximize the admissible traffic. If a compromise in the assigned spectrum slices occurs,
the penalty is the same as in Algorithm 1. If Sye, < %), the connection is blocked after
applying penalties. In our RBESA study, the incoming traffic with a short holding time is
considered, so the possibility of the connection switching to the originally requested slice
is not considered for simplicity.

The RBESA is expected to have more traffic admissibility and better network utiliza-
tion. The possible effect of fragmentation is considerably reduced, as the objective is not
to manage fragmentation but to reduce its effect on network performance.

If we talk about the time complexity for simple routing and spectrum assignment
technique using a single shortest path, it is O(V? + V.8S). The time complexity of
the routing and spectrum assignment technique, using a k-shortest path, is O(k.V.V? +
k.V.S8S). The time complexity of RSA-WP is O(V?2 +2.V.5S + V), using a single shortest

path and applying penalties on links of the path. The RBESA has a time complexity of
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Figure 4.2: (a) Net-A, (b) German network, (¢) Indian Network, and (d) US Backbone network topologies.

O(V2+4+2.V.SS+V). The complexity computation assumes that the centralized controller
does all the computations. Here, V is the number of nodes in the network, and SS is the
number of spectrum slices in a link between two nodes. Next, we study the simulation
performance of the RSA-WP and RBESA to find out their suitability in the fragmented

network scenario.

4.3 Simulation and Analysis

4.3.1 Simulation Setup

We simulated the algorithms on four network topologies: 1. 7-nodes 12-bidirectional
links Net-A, 2. 17-nodes 26-bidirectional links German network, 3. 19-nodes and 28-

bidirectional links Indian network, and 4. 24-nodes and 42 bidirectional links US Back-
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bone Network (UBN). Each fiber link has a capacity of 320 spectrum slices, and each
spectrum slice has a spectral width of 12.5 GHz. The arrival of the connection requests
at a node is Poisson-distributed with an average arrival rate A. The holding time of the
connection requests is exponentially distributed with an average value of 1/u. We consider
a randomly distributed bandwidth requirement (in terms of spectrum slices) ranging from
10 Gbps to 200 Gbps, for connection requests with one slot guard band between adja-
cent spectrum assignment. We compare RSA-WP, RBESA, simple RSA, K-shortest paths
RSA (k-RSA), and periodic defragmentation RSA (PDF-RSA) in the network topologies.
The shortest/least cost path selection and first-fit spectrum assignment are considered
in the techniques. Three shortest paths are considered in k-RSA. The PDF-RSA uses
only spectrum reallocations during the defragmentation step, after every 500 connection
requests. The first four techniques are operated in a fragmented network state, while
PDF-RSA uses a fragmentation management technique. The waveband conversions are
not used. We take Spectrum Slots Blocking Ratio (SBR), Network Spectrum Utilization
(NSU), and Link Contiguity Fragmentation (LCF) as the performance parameters in Fig-
ure 4.3, Figure 4.4 and Figure 4.5. The LCF is actually an external link fragmentation
metric, as mentioned in previous chapters and [63], and covers the spectral fragmentation
in links. We obtained all the results in the steady-state scenario. The values in the plots

are averaged over multiple simulation results with 95% confidence levels (also shown in

plots).
SBR — Number of blocked spectrum slices’.(lots) (4.3)
Number of requested spectrum slices
Total time for which spectrum slices are used
NSU = 4.4
Total Simulation Observation Time (44)
IOF —1— Largest contiguous free spectrum slices (4.5)

Total number of free spectrum slices

The LCF in equation (4.5) is used under the condition that there is at least one
available spectrum slice in the links. Generally, based on the objective type, one desires

lower SBR values, higher NSU values, and lower LCF values.
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(c) (d)

Figure 4.3: Performance of SBR vs normalized traffic load on a node for (a) Net-A, (b) German network,
(c) Indian network and (d) UBN network considering five provisioning techniques

4.3.2 Performance Evaluation

The results in the plots are considered for normalized traffic load per node. The connection
requests are arriving dynamically in the network. The penalty is applied to the links
which cannot accommodate any new incoming connection requests. After checking the
link contiguity, the penalty is removed using the (4.2) after every unit time.

First, the SBR performance of the RBESA and RSA-WP is compared with the other
three techniques in Figure 4.3. We observe that the RBESA has the lowest SBR than the
other four routing techniques, as shown in Figure 4.3(a)-(d). In the N7L24 network, Figure
4.3(a), the RSA-WP also performs better than RSA and k-RSA-3. PDF-RSA performs

better SBR than RSA-WP but has added computational and hardware complexity. The
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(c) (d)

Figure 4.4: Performance of NSU vs normalized traffic load on a node for (a) Net-A, (b) German network,
(c) Indian network and (d) UBN network considering five provisioning techniques
RSA-WP could perform equivalent to a periodically defragmented network for low-load
traffic conditions, but at higher traffic loads, defragmentation is imperatively necessary.
The computational resources could be saved using efficient provisioning techniques such
as RBESA and RSA-WP. RSA-WP and RBESAs’ SBR advantage over RSA, k-RSA, and
PDF-RSA is also seen in the German as well as other network topologies, Figure 4.3(b)-(d).
All these plots show that for low-load traffic conditions, RSA-WP and RBESA could be
better than PDF-RSA. This advantage of the proposed techniques over PDF-RSA could
be due to frequent reconfigurations of active connections on longer paths and since we are
using fixed modulation configurations, thus occupying more spectral resources.

Also, the NSU performances of considered networks corroborate with the SBR. per-
formance for all the considered techniques. RSA-WP, RBESA, and PDF-RSA have more

overall network utilization for all network topologies as these techniques can accommodate
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(c) (d)

Figure 4.5: Performance of LCF vs normalized traffic load on a node for (a) Net-A, (b) German network,
(c) Indian network and (d) UBN network considering five provisioning techniques

more connection requests (Figure 4.4(a)-(d)). In RBESA and RSA-WP, the utilization
of the spectrum on the least cost paths after applying penalties on fragmented links in-
creases the overall network utilization. In all the network topologies, for RBESA, the NSU
level is more than RSA-WP as it accommodates more bandwidth at compromised QoS,
i.e., using higher modulation configurations even for connection requests with the longest
pathlengths. The PDF-RSA and k-RSA-3 have higher NSU levels than others, as they
must have used longer paths and more spectral resources.

The initial idea was to accommodate more connection requests and provide maximum
requested spectrum slices in the network, even in the fragmented environment. Hence,
the proposed algorithms, RBESA and RSA-WP, fulfill that criteria but they are not con-
tributing in lowering the fragmentation level. In Figure 4.5(a)-(d), RSA-WP and RBESA
have a higher LCF value when compared with RSA, k-RSA-3, and PDF-RSA. It can be
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attributed to the higher network utilization factor of RBESA and RSA-WP. The higher
network utilization can leave small-sized spectrum islands on the links, leading to a signif-
icant fragmentation in the overall network. RSA and k-RSA-3 have lower fragmentation
levels than the proposed techniques, as there are not enough occupied spectral resources
that allow the link to recover from the fragmentation. In N7L24, Figure 4.5(a), PDF-RSA
has the lowest fragmentation level, LCF, as it employs fragmentation management. In
German, Indian and UBN networks, PDF-RSA has more fragmentation than RSA and
k-RSA-3, as they have relatively more connection requests and, thus, heterogeneity in
spectrum occupancy. Overall, RBESA and RSA-WP provide better SBR and NSU at the
cost of higher LCF. Overall, we can observe that the higher value of LCF for RBESA and
RSA-WP can be seen as a cause-effect cycle of spectrum utilization and fragmentation.
We conclude the above section and state that RBESA and RSA-WP can provide
the desired performance of lower blocking and better spectral utilization but without

additional fragmentation management complexities for low-load traffic conditions.

4.4 Conclusion

In this work, we have proposed a penalty-based routing and spectrum assignment strategy
(RSA-WP), where the penalty is imposed on the links of the path that could not admit
a request due to the fragmented state. The adaptive link weights based on rejected con-
nection requests’ pave the opportunity for future connection requests to select a better
path. It gives better traffic admissibility and network spectrum utilization than the fixed-
and k-shortest path RSA in a fragmented network state. We also present a best-effort
RSA (RBESA), which could use SBVTS’ bit-rate variation to its advantage. It admits the
connection requests that would have been blocked but with limited spectrum slices. It
assigns the maximum available spectrum for that particular request on the selected path.
It further improves traffic admissibility and network utilization as compared to RSA-WP.
RSA-WP may perform better than the Periodically defragmented resource provisioning
(PDF-RSA) for particular network load conditions. Hence, RBESA and RSA-WP could

be conveniently used as a replacement to the fragmentation-managed resource provisioning
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under suitable conditions.






Chapter 5

Adaptive Weights-based Dynamic

Resource Provisioning in

SDM-EON

Unlearning is a crucial step in a learning process. You can
always unlearn things and start again. Unlearn, Learn,

Check, and Repeat, if required.

In conversation with Prof. Yatindra Nath Singh

In the previous chapters, we studied different metrics and resource provisioning tech-
niques to manage and mitigate the effects of Fragmentation in Elastic Optical Networks.
Space Division Multiplexed systems have been presented as a prospective technology to
meet the ever-increasing capacity demand. One of the core research issues in Space Divi-
sion Multiplexed-Elastic Optical Networks (SDM-EON) is the Routing, Space, and Spec-
trum assignment (RSSA) to support the maximum possible incoming traffic. Due to the
addition of spatial dimension, additional constraints and design issues crop up for the
resource provisioning in SDM-EON. There could be severe Fragmentation in the network
spectrum along with the crosstalk impairment among cores leading to the unavailability of
the resources following RSSA constraints. It limits the efficient utilization of the available
capacity in SDM-EON.

This chapter proposes an Adaptive Weights-based Dynamic Resource Assignment (AW-
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DRA) technique using SDM-EON’s link cost parameters and their respective weights .
Each network link periodically adapts the parameter weights, conforming with the link

spectral state, using the Teaching-Learning Based Optimization (TLBO) approach.

5.1 Introduction

In Chapter 1, we described the spatial forms (Multiple fibers, MultiCore, and MultiMode
fibers) that could enable the spatial dimension in SDM-EON. While selecting the best
possible spatial domain scenario, the overall cost plays an important role. MCFs have
approximately the same attenuation profile as that of single-core fibers. Thus, using MCF
can be efficient from the network design perspective.
In MCF-enabled SDM-EON, there is a Routing, Core, and Spectrum Assignment (RCSA)
problem in providing resources to the new service requests. A suitable modulation for-
mat can also be used to make the spectrum usage more efficient, making it an RMCSA
(Routing, Modulation Level, Core, and Spectrum Assignment ) problem. RCSA/RMCSA
can be divided into three sub-problems- (1) route selection, (2) core selection, and (3)
spectrum assignment. The joint RCSA operation is time-consuming, where the route and
the spectrum resources are searched simultaneously, but it promises to provide an optimal
result. However, when each sub-problem is implemented independently (decomposed as
R+C+SA, RC+SA) or R+CSA), it is a much simpler process as the search space is re-
duced and is restricted to selective routes only. The objective of any RCSA problem is to
find a suitable route and an appropriate set of spectrum slots in a core while complying
with the constraints: spectrum contiguity on each link, spectrum continuity on the links
of the route, and core continuity (if core switching is not enabled) ( See Figure 5.1). The
RCSA constraints are followed as per the nodes’ switching capabilities [69].

Since each node follows the principle of allocating flexible optical channels to the con-
nection requests in the core, the Fragmentation issue remains in the link spectrum. More-

over, if the cores in MCF are coupled, Inter-core Crosstalk (IXT) is an issue, especially

1This chapter is based on the previously published work, refer ’A. Sharma, B. S. Heera, V. Lohani and
Y. N. Singh, ” Adaptive Weights-based Dynamic Resource Provisioning in Space Division Multiplexed-
Elastic Optical Networks (SDM-EONSs),” 2022 International Conference on Software, Telecommunications
and Computer Networks (SoftCOM), 2022, pp. 1-6, doi: 10.23919/SoftCOM55329.2022.9911494.
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Figure 5.1: Routing, Core and Spectrum Assignment Constraints.

in Strongly Coupled MCF. The IXT impairments limit the excess capacity provided by
SDM-EON. The IXT is estimated using an analytical model discussed in chapter 1. If the
impairment caused by IXT is significant, it may degrade the quality of transmission (QoT)
and limit the reach. Crosstalk-aware (XTA) resource provisioning can help accommodate
maximum connection requests while minimizing the possible IX'T that may occur, keeping
the QoT unaffected.

While managing IXT, assigning the same spectral band to two adjacent cores is pro-
hibited and thus results in Spatial Fragmentation (SpF). However, SpF may bring more
Spectral Fragmentation (SF) and, hence inefficiencies in the spectral resource utilization.
Spectral and spatial constraints, dynamic allocation, and release of connections, together
with crosstalk management, may further intensify the SF. In the SF state of the link,
the available spectrum resources become scattered and cannot be used as per constraints,
leading to blocked connection requests.

To efficiently use the capacity advantage of SDM-EON, both SF and SpF have been
considered at different RCSA steps in the previous works. Rubén Rumipamba-Zambrano
et al. [70] have optimized using multiple-input multiple-output digital signal processing
in optical channels together with resource provisioning to curb the Crosstalk in MCF.

Tode and Hirota [71] proposed an RCSA solving technique by using core prioritization to
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reduce the crosstalk levels, where the core and spectrum slices/slots are selected based on
certain unavailable and crosstalk-prohibited states on each route link. Yu Lei et al. [72]
have proposed a crosstalk-aware dynamic RCSA, where the knowledge of crosstalk levels of
adjacent cores and occupied spectrum slots is taken into account while provisioning. Zhang
et al. [73] have formulated a three-dimensional (spectrum, time, and space) fragmentation
metric and used it to allocate resources to minimize future Fragmentation. Lechowicz et
al. [74] have introduced several Fragmentation metrics to be used in SDM-EONs. They
proposed a bordering super-channels concept (a set of spectrum slots adjacent to a busy set
of spectrum slots). They used this concept with fragmentation metrics in a fragmentation-
aware resource provisioning scheme. Zhao et al. [75] proposed a crosstalk-aware spectrum
defragmentation technique that uses the spectrum compactness index and crosstalk levels
to reassign active connections’ spectrum slots. It is a reactive process in response to chosen
threshold values of the considered metrics. Trindade and Fonseca [76] used Fragmentation
aware route selection and then core and spectrum assignment with core prioritization. It is
stated that low crosstalk values maintain lower Fragmentation. We believe this statement
holds for low traffic load conditions, but at higher traffic load, both the Crosstalk and the
Spectrum Fragmentation could be a menace. Maintaining low Spectrum Fragmentation
may lead to more crosstalk and vice versa.

Inspired by the works mentioned above, we presented a simple Fragmentation Aware-
resource provisioning in [77] to tackle Fragmentation effects while keeping the crosstalk
impairments within threshold values. One question we encountered was, which of the
provisioning techniques, i.e., Crosstalk-aware, Fragmentation-aware, link-load based, or
distance-based, would be suitable in which conditions? Also, what if, based on traffic
and link occupancy status, route selection could be adaptively Fragmentation-aware or
Crosstalk-aware?

Also, in the previous works, the core and spectrum selection based on SF and SpF have
been performed on fixed shortest or K-shortest routes. To the best of our knowledge, a
dynamic route selection and provisioning strategy using multiple link attributes in SDM-
EON have not been investigated in the literature. The following section presents our

proposed work and studies this aspect in RCSA in a centrally controlled Optical Network
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scenario.

5.2 Proposed Dynamic Resource Provisioning based on Adap-

tive Weights

We propose an Adaptive Weights-based Dynamic Resource Assignment (AW-DRA) tech-
nique in SDM-EON. Resource assignment involves Route, Core, Modulation format, and
spectrum slots selection. The basic idea of this technique is that, between a source-
destination pair, the shortest path will not be the same but will keep on changing accord-
ing to the costs of the links. The cost of the network links will adapt as per changing link
spectrum dynamics and the weights of the cost-associated parameters.

The SDM-EON network can be presented as a graph with N nodes (vertices) and L MCF
links (edges) to perform the AW-DRA technique by simulations. The nodes primarily act
as traffic origin, transit and sink points. Each MCF link has K number of coupled fiber
cores, and each core has S number of spectrum slices. The links are the transmission
medium, and the route selection depends on a links’ characteristics. A link’s cost depends
on four parameters: one of them is a static, i.e., link length, and the other three are dy-
namic, i.e., Fragmentation, Crosstalk, and Resource utilization. The cost C; of the link "I’

is calculated using weighted parameters, given by:

C:wh*Dlerf*FRlerxt*XTl+wu*RUl (5.1)
: R '

where C is the cost of the link, wp, wy, wy, w, are the weights of the link length
parameter, Fragmentation parameter, Crosstalk parameter, and link resource utilization
parameter, respectively; Dj is the normalized length of the link [, F'R; is the fragmentation
parameter of the link I, X7} is the crosstalk parameter of the link [, and RUj is the resource
utilization of the link .

The above link cost parameters are further detailed as follows:

e Crosstalk in spatial dimension: Occupying the same spectrum bands in the

adjacent cores of a fiber link can deteriorate the transmission quality due to the
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Figure 5.2: An example of the link’s spectrum occupancy and core arrangement in the fiber link using
3-cores MCF.

inter-core Crosstalk. IX lelkj [75] is the crosstalk level between adjacent cores k;
and k; in a link /, calculated using the length of the link, the power-coupling coeffi-

cient, bending radius, propagation constant and core pitch.

XTj in a link is calculated by taking the ratio of Crosstalk based on current spectrum
occupancy status and the Crosstalk if all the neighbouring spectrum bands were

occupied.

e Fragmentation in link spectrum of the core: In this work, we use the ratio of
the total number of fragments in a core to the total number of available spectrum
slots to indicate the fragmentation level. For example, in Figure 5.2, in core 1,

there are four fragments and seven available spectrum slots. The value of FR; =

4

5 %), thereby considering all the cores. The range of this parameter is

mean(2,

[1/]S], 1] where FR; = 1 indicates severe Fragmentation in the link.

e Link-length: This is a static parameter where the distance (in kilometers) between
two nodes is considered. The normalized link lengths (D;) are considered to scale
down the value in the (0,1] range by dividing the link lengths by the longest link

length.
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e Resource utilization: A dynamic parameter, denoted by the ratio of total busy
spectrum slots to the total number of spectrum slots. For example, in Figure 5.2,
11

the RU; = mean(1g, 1%, g). The range of this parameter is [0,1], where 1 indicates

all the spectrum slots are busy.

Figure 5.3: Flowchart of the AW-DRA technique when a new connection request (CR) arrives in the
network.

When a ‘r*"’ connection request ‘CR’ arrives at node S,, the AW-DRA technique checks
the requirements, i.e., Destination (D, ), Bandwidth (BW,.) and the required service time

(also known as the call holding time). AW-DRA first selects a least-cost route between
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S, and D,., then select a core, k, using the first-fit strategy. The modulation level, M,,
is selected based on the physical distance of the selected route. The S, is calculated
using the formulation, S.S, = [%], where C'W is the sub-channel width. Then,
in the selected core k, it finds the SS,, again using the first-fit strategy. The selected
spectrum band should maintain the crosstalk level below the predicted threshold. The CR
is accommodated if such a spectrum band is available. If not, the next core is searched
for the SS,.. If the SS, is unavailable in any of the cores, then the CR is blocked. The
flowchart of the AW-DRA technique is shown in Figure A.2.

5.2.1 Need for the adaptive weights

Figure 5.4: An example of fixed weights vs adaptive weights

The parameters mentioned above have been considered independently in many works.
However, one thing is clear: all of them affect the choices of least-cost route selection. One
interesting question is why one should consider adaptive weights. Why not assign equal

weightage to all the parameters?
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To answer the questions, let us take an example? . We consider two links in Figure
5.4: Link 1 and Link 2. We assumed that both the links have 60% link occupancy state
and the highest crosstalk levels, i.e., 1. Next, we assign the fixed weights, 0.25, to all four
parameters. The costs of these links using (5.1) make Link 2 a better choice. However,
a connection request requiring 3 or 4 spectrum slices could not be accepted. The second
best path has to be searched to find resources for such a connection request. However,
if we use adaptive weights and the Fragmentation parameter is weighed more, Link 1 is
selected with the least overall cost after the weight update calculation. Here, it makes
sense to use adaptive weights, as the preference for a particular provisioning technique,
i.e., Fragmentation-aware, Crosstalk-aware, or dependent on all of the parameters, will be
given as per the network state requirement. The important question is how to find these
weights and on what factors they depend. Next, we discuss how the weights are updated

using an optimization technique.

Figure 5.5: Flowchart of Parameter Weights’ update process

2Tt is a single core’s spectrum status in respective links, but we have used the term link in this example
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5.2.2 Teaching-Learning Based Optimization (TLBO)

Resource provisioning issue is a Non-deterministic Polynomial- hard (NP-hard) problem,
which means that large instances of such problems can not be solved in a reasonable period.
Optimization techniques like heuristics and meta-heuristics find the local and global opti-
mal results in a minimum amount of time and effort by tuning the algorithm’s parameters.
Meta-heuristics are disassociated from a specific set of problems, thus making it generic,
and also, it can avoid getting stuck at local optima. Several meta-heuristic techniques are
reported in the literature; for example, Genetic Algorithm, Simulated Annealing, Tabu
search Etc. TLBO is another meta-heuristic technique miming the classroom environ-
ment where the solution sets learn from the best solution, i.e., the teacher, and then learn
amongst themselves to give the best performance. In previous resource allocation studies,
TLBO presented a potential for faster convergence and a larger set of global searches than
other meta-heuristic techniques [79]. The motivation behind using TLBO in our proposed
work is that it can search for many variables (parameter weights) quickly without get-
ting stuck at local optima, with or without using algorithm-specific parameters. Next, we

discuss TLBO specific to our problem and explain its functioning.

5.2.3 Calculation of adaptive weights using TLBO

The cost of the links of the network is updated periodically based on the parameters’
current values and their adaptive weights, Figure 5.5. We have used TLBO [78] to find
the most optimum parameter weights (W), where W), = wy,, w, wa¢, w, ) that capture the
network dynamics between the last and current weight updates. The TLBO is shown in
Figure 5.6. A random population set of variables, i.e., weights, is obtained first. A fitness
function evaluates the optimality of any random solution set W;. We have used weighted
mean square error between the current and previous parameter values as the fitness func-
tion. The objective is to minimize the cost of the fitness function, N — Zf\; 1 Wi * %,
where N is the number of link cost parameters, (") is the previous parameter value,

and (ff4"e"") is the current parameter value. The best solution has a minimum fitness

value. Based on the fitness values of the individual variables, the variables are modified
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Figure 5.6: Teaching Learning Based Optimization (TLBO)

after learning from the best solution first (teaching phase) and then any random variable
(learning phase). We have not included the modification steps specific to the TLBO; how-
ever, relevant information can be found in [78] and [79]. The variable ( parameter weight
set) giving the “learned” solution at the termination condition is considered the optimal
result. The parameter weights in the optimization process reciprocate the shift between
fP and frurrent o give the best fitness value. In this work, a hundred iterations of the

teaching-learning process are the termination condition.

We have used a simple RCSA technique with K-shortest paths (K-RCSA) and a Frag-
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mentation Aware-RCSA [77] (FA-RCSA) techniques to compare our proposed technique in
the next section. We used AW-DRA and Fixed Weights-based Dynamic Resource Alloca-
tion (FW-DRA) to test our technique. In our technique, we have a single least-cost route
(both in AW-DRA and FW-DRA), and then we find suitable core and spectrum slices.
The computational complexity is calculated considering V' number of nodes, F' number of
fiber cores, and S number of spectrum slices in each core of the link. K-RCSA technique
considers K number of shortest paths. There is an additional space domain, so the compu-
tation complexity becomes O(V?2+F+V.S). The computation complexity of K-RCSA and
FA-RCSA is O(K.V.V2? + K.F + V.S). In the next section, we compare the performance

of the four techniques using simulations.

5.3 Simulation and Analysis

5.3.1 Simulation Setup

We simulated the proposed and benchmark techniques on the DT-12, UBN-24, and the
Indian network (IND-19). The DT-12 comprises 12-nodes and 20-bidirectional MCF links,
as shown in Figure 5.7(a). UBN-24 has 24-nodes and 42-bidirectional MCF links, as
shown in Figure 5.7(b). MCF links have seven cores, and each core has 320 spectral slots.
Spectral slot granularity is 12.5 GHz. The connection arrival is Poisson-distributed, and
the connection service time is exponentially distributed. The bandwidth demand ranges
from 50 Gbps to 250 Gbps, and the required spectrum slices are calculated accordingly.
The simulations are run over 20 iterations for 100000 connection requests in a steady-state
scenario. K=3 is used for the K-shortest path route selection for the benchmark techniques.
Appropriate modulation levels are considered, ranging from BPSK up to 64-QAM. The
weights are updated after departure of 5000 connection requests. All the parameters have a
fixed weight of 0.25 in FW-DRA. Request Blocking Ratio (RBR) and Resource Utilization

Efficiency (RUE) are primary performance indicators in dynamic simulations. These two
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Figure 5.7: Network topologies (a) DT-12, (b) UBN-24, and (c) Indian network.
are defined as follows:
RBR — Number of blocke.d connection. requests ’ (5.2)
Total number of arrived connection requests
IZ| !
AHT* SS
RUE = used 5.3
Z Total Observation Time * SS!’ (5:3)

=1
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where AHT is the average holding time of the accepted connection requests, S Sqi seq 1S the
number of the used spectrum slices by the active connection requests, and S.5; is the total

number of the spectrum slices in the link.

5.3.2 Performance Evaluation

The primary results are shown in Figure 5.8 and Figure 5.10. The average weights of
the link parameter values are shown in Figure 5.9. The values in the plot are recorded
with a 95% confidence interval.

The RBR performance of the AW-DRA technique is better than the FA-RCSA, K-RCSA,
and FW-DRA for all the three networks (Figure 5.8). It could be attributed to the
consideration of dynamic parameters depending on the link state while deciding on the
resources. It selects the route links where the chances of acceptance of the incoming
connection requests are higher than the shortest-distance routes. The route selection
in FW-DRA also performs better than techniques with multiple available paths, but it
could not identify the exact parameter, which may cause performance deterioration. The
adaptive weights make it better for AW-DRA to select the most optimum least cost path,
which makes it better than the FW-DRA. The FA-RCSA is a special case of AW-DRA
and FW-DRA, where w; is one, and all other weights are zero. With Fragmentation
awareness, FA-RCSA performs better than K-RCSA. The reason could be that K-RCSA
depends on distance and core availability only and ignores the links’ state.

In Figure 5.9(a,b, and c), we can see how the Average Weight of the Parameters varies
with different traffic loading conditions. The Fragmentation weight, wy, increases with the
traffic load, which means that the Fragmentation in the link gets severe at the higher traffic
load and should be given due consideration. The Resource Utilization in the links does not
vary much in a steady state scenario; thus, it has less weight, w,,, than other parameters.
Since we are considering crosstalk awareness at the spectrum allocation step, thus crosstalk
parameter w,; has less weight at the route selection step. The Fragmentation and Distance
related weights parameter, wy and wy,, are predominantly greater than the w, and w,; for
the given network traffic conditions, which confirms our assertion that uniform weights

may not be an optimal solution when considering adaptive route selection in dynamic
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Figure 5.8: Request Blocking Ratio vs Normalized Traffic Load in (a) DT-12, (b) UBN-24 and (c¢) IND-19.

traffic scenarios.

Also, the AW-DRA has better RUE than other techniques, Figure 5.10(a,b, and c),
which indicates that network resources are being used more efficiently by the active con-
nection requests. The higher RUE means more spectrum slices are used over an extended
period. This could be due to more active connection requests, the selection of longer
routes, or both reasons. We can see in Figure 5.10(a) that the RUE of K-RCSA is more
than FA-RCSA at lower load values in the DT-12 network. It could be due to longer path
selections in K-RCSA and thus more busy resources, as the RBR is more in K-RCSA at
these load values ( Figure 5.8(a)). Other techniques like AW-DRA and FW-DRA tend to
accept more connection requests, and hence they have adaptive path lengths, they have
higher RUE values. It is observed that a maximum RUE goes to 60%, when maximum

permissible RBR achieved in AW-DRA. It should be possible to achieve higher RUE, and
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(c)

Figure 5.9: Average Parameter Weights of AW-DRA vs Normalized Traffic Load in (a) DT-12, (b) UBN-24
and (c) IND-19.

this is open to further investigation.

The average hop count of the accepted connection requests for the four techniques are
shown in Table 6.1. It shows that, on average, the K-RCSA has longer hop lengths than
other techniques, so it should utilize more spectrum slices. It, in turn, leads to more

blocking of connection requests as the links spectrum state is not considered.

Table 5.1: Comparison of average hop counts of CRs in DT-12, UBN-24 and IND-19
network.

DT-12 | UBN-24 | IND-19
AW-DRA | 3.148 3.164 2.8
FW-DRA | 3.148 3.164 2.89
FAR-CSA 3.2 3.36 2.869
K-RCSA 4.53 0.216 3.37
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(©)

Figure 5.10: Resource Utilization Efficiency vs Normalized Traffic Load in (a) DT-12, (b) UBN-24 and (c)
IND-19.

5.4 Conclusion

In this chapter, we proposed an adaptive weights-based resource provisioning technique,
AW-DRA. It uses weighted link parameters’ cost while selecting the route. The route
can become Fragmentation-Aware, Crosstalk-Aware, or Congestion-Aware based on link
spectrum state and weights of paraameters contributing to links’ cost. We used Teaching
Learning Based Optimization (TLBO) to update the weights of the link parameters con-
forming with link-state dynamics. We performed simulations on three networks, namely
DT-12, UBN-24 and IND-19. Compared to benchmark techniques, the simulation results
show that AW-DRA leads to an overall lower blocking ratio (RBR) and better spectral
utilization (RUE). Better RBR means the network can accommodate more connection

requests, and better RUE signifies that the spectral resources are being used efficiently on
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least-cost routes by most connection requests. We also presented the variation of adaptive
weights for different traffic load conditions and, thus, how considering variable weights

could make the overall resource provisioning more efficient and robust.



Chapter 6

Resilient Resource Provisioning in

MCF-enabled SDM-EONs

Things we lose have a way of coming back to us in the

end, if not always in the way we expect.

Luna Lovegood, in Harry Potter and the Order of the

Phoeniz.

Space Division Multiplexed- Elastic Optical Networks using Multicore Fibers are a
promising and viable solution to meet the increasing heterogeneous bandwidth demands.
The extra capacity gained due to spatial parameters in SDM-EONs could encounter detri-
mental losses if any link failure occurs and timely restoration is not provided. This pa-
per proposes a Protected and Unprotected Working Core Groups assignment (PWCG/
UPWCG) scheme for differentiated connection requests in multicore fiber-enabled SDM-
EONs. A PWCG is inherently protected by resources in a Dedicated Spare Core Group
(DSCG). First, we divide the cores into three groups using traffic and crosstalk consider-
ations. In the second step, we use the obtained core groups for resource provisioning in
dynamic network scenarios. The effectiveness of our proposed technique is compared with
a Link Disjoint Path Protection (LDPP) technique, and the simulation study verifies our

assertions and the findings.
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6.1 Introduction

Recently, Multicore Fibers (MCF) have been the centre of research as they have the same
attenuation profile as a single-mode fiber [17]. The need to transmit more information
in a single fiber led to significant research in multicore fibers. The transmission capacity
can be increased linearly within the existing fibre dimension by increasing the number of
spatial parameters or cores resulting in MCF. However, the number of cores or spatial
parameters in a single fiber is limited by the core pitch (distance between adjacent cores).
The smaller core pitch value leads to more crosstalk impairment, where the power of the
signal in one core is leaked into the adjacent cores and deteriorates the performance of
the adjacent core’s transmission. There is an inherent trade-off between the number of
usable spectrum slices in the adjacent cores and the loss of signal quality due to crosstalk
accumulation. Crosstalk-aware and crosstalk-avoidance techniques are used when provid-
ing resources to connection requests to mitigate the severe effects of crosstalk in Multicore
Fibers-based SDM-EONs (MCF-SDM-EON).

When performing the Crosstalk-Avoidance or Crosstalk-Aware Resource provisioning in
Route, Core, Modulation and Spectrum Assignment (RCMSA), almost a couple of cores’
equivalent bandwidth becomes unusable. The maximum spectral utilization is limited
to 60-70% because of intercore-crosstalk considerations in RCMSA. The excess capacity
gain of the SDM-EONs can be truly realized by utilizing the crosstalk-affected capacity
efficiently. One of the possible techniques is to design such fibers, which only have the
usable capacity and are unaffected by the crosstalk impairments. Another technique is
to use the available capacity judiciously and effectively. One such efficient and reliable
technique is to use the affected capacity to provide resilience to the operating set of con-
nection requests. In that way, the previously unused capacity can be useful, even if for a
short duration during the failure time but at the cost of compromised signal quality. The
previously proposed protection techniques have also used similar techniques, but we have
tried to formulate a much simpler protection technique based on the core utilization and
traffic characteristics.

Resilience techniques are employed with provisioning to avoid data losses in the event of
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failure of the network components. The amount of data that a single MCF fiber can carry is
much more than a single-core fiber, and a proportional loss of bandwidth is expected due to
the failure. The protection techniques are employed to provide resilience, where the spare
capacities are reserved for the backup. The active connections are switched over to spare
capacity resources in case of failure [80]. The protection technique could be dedicated-type
or shared-type. In shared-type protection, multiple primary routes share the same spare
capacity for backup and primary routes need to be link-disjoint. The backup routes are
calculated using the spare capacity, and 100% re-establishment of affected connections is
possible (in single link failure scenarios). The objective of the resilience techniques is to
provide 100% protection with minimum spare capacity and restoration time. The reserved
spare capacity creates redundancy and may reduce the effective usable capacity.

Several works have considered crosstalk-aware resource provisioning together with pro-
tection techniques. Authors in [81] have used Failure-Independent Path Protecting pre-
configured cycles to provide resilience using a PERFECTA algorithm. Using pre-configured
cycles give the advantage of shorter restoration time and higher spare capacity efficiency.
Authors in [82] and [83] have used Shared Backup Path Protection (SBPP) to provide
100% protection together with minimal crosstalk effects and blocking of the connections.
In [84], authors have proposed a Link-disjoint Path Protection (LDPP) technique with
crosstalk, blocking and spectrum utilization considerations. Authors in [85] and [86] have
used the multipath strategy in combating the losses due to single link failure. Many pro-
posed works have yet to discuss spare capacity redundancy and its associated leverage with
crosstalk awareness. In this work, we propose to use the crosstalk-affected core capacities

as the reserved spare capacity for protecting connection requests.

6.2 Proposed Resilient Resource Provisioning

In this work, we leverage the unusable capacity due to the crosstalk considerations as the
spare capacity needed to protect the prioritized services in SDM-EONs. The concept of
the Protected Working Cores (PWC) group has been derived from the Protected Work-

ing Capacity Envelope-based protection in WDM to provide link protection. In place
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of wavelength-level protection switching, we are using Core-level protection as it results
in simplified and cost-efficient switching operations and timely restoration, [87]. This
resilience model contains three types of resources in the network links: Unprotected, Pro-
tected Envelope and Spare Resources. We adopt a similar approach, and the MCF’s cores
are divided into three groups: Dedicated Spare Cores (DSCG), Protected Working Cores
(PWCG), and Unprotected Working Cores (UPWCG) groups. The connection requests
in the PWCGs are inherently protected by the protection structures using the DSCGs.
When any failure occurs, the connections in the PWCGs are switched to the backup routes
in DSCGs. The backup routes are in the form of protection cycles, which can provide bet-
ter spare capacity efficiency. The protection cycles can protect an on-cycle failed link by
providing one backup route and a failed straddling link by providing two backup routes,
Figure 6.1. The full waveband and full core switching are assumed here. The connection
requests provisioned in the UPWCG require re-routing of the connections using the left-
over capacities after PWCG connections are protected in the event of failure. There is no
guarantee of restoration, and the time to find backup resources may also keep increasing,
leading to the deterioration of the quality of service.

We have used three Service Class Types (SCT) to assign the resources in the mentioned
core groups. Table 6.1 shows the type of protection required by each SCT and the core
group to which they belong. Considering the cost, the SCT-I are the service type requiring
the best and uninterrupted service quality and could be priced more than the other SCTs.

Table 6.1: Service Class Types

Service Class Quality of Provisioning
Type (SCT) Protection Core Group
SCT-1 100% Protection PWC
SCT-II Best Effort UPWC
Restoration
SCT-IIT No Protection | UPWC and DSC based on
effective protection

When SCTSs’ connection requests arrive and depart dynamically in the network, we
must find the most relevant resources and accommodate the maximum number of such

requests. The whole process of providing resilient resource provisioning requires grouping
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Figure 6.1: (a) Protection Cycle A-B-C-D-E-F-A, (b) when A-B fails (undirected), the services are pro-
tected by providing capacity on a single backup route, B-C-D-E-F-A, created by surviving links of the
protection cycle, and (c) when B-E fails (undirected), the services are protected by providing capacity on
two backup routes, B-A-F-E and B-C-D-E, created by surviving links of the protection cycle.

the cores first. Then the connection requests are assigned to their relevant core groups.
We divide the process into three parts: Resource Planning, Resource Provisioning and

Reprovisioning after a failure event.

6.2.1 Resource Planning Model

Resource Planning requires prior information on types of arriving connection requests, i.e.,
the fraction of total arriving connection requests constituting SCT-I, SCT-II and SCT-III
individually. The total capacity available in each MCF-link is equivalent to the number of
cores as we have considered core-level granularity for the protection structures. We have
used an Integer Linear Programming formulation to find the most optimum core group
arrangement to provide resilient resource provisioning in the next step.

We model the SDM-EON as a mathematical model using the Integer Linear Programming
formulation. The network is modelled as a directed graph with V number of nodes and

L number of directional links. In this model, capacity of the links is represented by the



92 Resilient Resource Provisioning in MCF-enabled SDM-EONSs

Figure 6.2: Schematic of the resource provisioning with PWC groups

number of cores K. To provide the backup routes/paths, we have used the P number of pro-

tection cycles. Table 6.2 lists the sets, parameters and variables needed for the ILP model.

Minimize = XTCj %6} (6.1)
ieL,keK
Subject to:

Si=Y wlxmny,VieL (6.2)

peP
Pi=Y XPxm,Viel (6.3)

peEP
UP,=K—P,—S;,VielL (6.4)
Wnaz = max(P;),Vi € L (6.5)
Wnin = min(P;),Vi € L (6.6)
> SLY=8;,VieL (6.7)

keK

Y PL}=P,ViclL (6.8)

keK
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Table 6.2: List of Parameters and Variables in the ILP model.

Sets
v Set of Nodes
L Set of Links
P Set of Protection Cycles
K Set of Cores on each link
Parameters
Cp Cost of Protected Working Groups
Cu Cost of Unprotected Working Groups
CS Cost of Dedicated Spare Working Groups
XTCY Cost of k" core due to Crosstalk-considerations
Winaz Maximum protected core groups required
Winin Minimum protected core groups required
Trf 1, if p** protection cycle crosses link i, otherwise 0
x? 1, if pt* protection cycle provides on-cycle protection to " link, 2 for straddling
protection, 0 otherwise
Variables
S Total spare capacity on ¢/ link
P Total protected capacity on it" link
UPF; Total unprotected capacity on i** link
Ny Number of copies of pt* protection cycle
SLE 1 if k™" core on i link is assigned DSCG, 0 otherwise
PL} 1 if k™" core on i" link is assigned PWCG, 0 otherwise
UPLk 1 if k' core on " link is assigned UPWCG, 0 otherwise
sk the cost for k" core in " link
> UPL;=UP,Vic L (6.9)
keK
PLE +UPLF + SLF =1,Vie L,Vk € K (6.10)
oF =(CS % SL¥) + (CU « UPLE) + (CP x PLY) Vi€ L,Vk € K (6.11)

A connection request requiring 100% protection should be ready to pay extra in terms of
cost-per-bit for reliable service. The under-utilized cores are costly to maintain from the
service provider’s point of view. So, the overall objective is to divide the cores among the
three categories to minimize the overall cost, eq 6.1. The constraint in eq. 6.2 assigns
the spare capacities (cores) and eq. 6.3 gives the protected capacities on each link of
the network. Eq. 6.4 gives the total capacity combination on each link. Eq. 6.5 and

Eq. 6.6 gives the variation of the protected working capacity on each link. Eq. 6.7, Eq.
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6.8 and Eq. 6.9 gives the assignment of each core on the links for spare, protected and
unprotected capacities, respectively. Constraint in Eq. 6.10 ensures that each core is
assigned to exactly one core group during the group assignments. Finally, Eq. 6.11 gives

the core cost status after grouping them on each link.

6.2.2 Resource Provisioning
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Figure 6.3: Resilient resource provisioning with PWC groups

In the resource provisioning step, the connection requests arrive and depart dynami-
cally. The shortest route is selected using the distance as the cost. On the selected route,
the resources are provided in the relevant core groups using first-fit spectrum slices and
crosstalk considerations, if available; if not, the connection requests are blocked. If the
arrived connection request is of type SCT-I, then the resources are searched in PWCG. If
the arrived connection request is of type SCT-II, then the resources are searched in UP-
WCG. If the resources are available in the PWCG and UPWCG for SCT-I and SCT-II,
respectively, then the connection is provisioned and if not, then blocked. For connection
requests of type SCT-III, when the connection request arrives, the resources are searched
for in UPWCG. If available, a connection request is provisioned. If not, the Effective
Protection Values (EPV) of the cores in the DSCG are calculated. EPV is the ratio of

the spectrum slices used to provide resilience and the total number of slices in the core.
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If the EPV is less than 25% of A-priori protection value (spare capacity reserved for pro-
tected capacities), we provision the SCT-III in the DSCG. If not, the connection request

is blocked. The flowchart of the resource provisioning is shown in Figure 6.3.

If a single link failure occurs, the active connections on the failed links are reconfig-
ured according to their protection type. At first, all the SCT-III occupying DSCG gets
released and relinquishes the resources. The SCT-III are not protected; hence, all the
affected requests of this type are blocked. The connection requests of SCT-I are switched
to the same spectrum slices in the DSC protection structure, which will be configured at
that time to make the backup path. The connection requests of type SCT-II are provided
backup resources on the fly, i.e., the backup resources are calculated using the UPWCGs

of the surviving links to provide link protection.
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Figure 6.4: Resilient resource provisioning using groups after failure

The computational complexity of the proposed technique involves only the routing
and spectrum assignment steps, O(V2 + K + V.S), where V is the number of nodes in
the network, K is the number of cores, and S is the number of spectrum slices on each
core of the link. The ILP is performed only once in the offline scenario, which is why the

computation time of ILP is neglected.
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6.3 Simulation and Analysis

6.3.1 Simulation Setup

Figure 6.5: Test Network

We simulated the proposed and benchmark techniques on a Finland-12 network. The
network comprises 12 nodes and 19 bidirectional MCF links, as shown in Figure 6.5(a).
Each MCF link has seven cores, and each core has 320 spectral slots. Here also, the
spectral slice granularity is 12.5 GHz. The connection arrival is Poisson-distributed, and
the connection service time is exponentially distributed. The bandwidth demand ranges
from 50 Gbps to 250 Gbps, and the required spectrum slices are calculated accordingly.
Appropriate modulation levels are considered, ranging from BPSK up to 64-QAM. The
probability of the arrival of SCT-I, SCT-II and SCT-III are equal. The simulations are
run over 20 iterations for 100000 connection requests in a steady-state scenario. A single
link failure event is considered, and the time of failure is estimated using the individual
link’s Mean Time to Failure (MTTF) values.

We have compared the proposed resilient resource provisioning technique with a Link-
Disjoint Path Protection (LDPP). In the LDPP, a connection request is provisioned with
two routes, primary and backup routes, using the shortest paths and spectral resources

available on it.
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Connection Blocking Ratio (CBR), Bandwidth Blocking Ratio (BBR), Affected Connec-

Table 6.3: ILP model Parameter Values

CP | CU | CS Wmax Wmm
3 2 1 2 1

tion Requests (ACR), Affected Bandwidth (ABW), Protection Level and Redundancy are
the performance indicators for the proposed technique (PWCG) and the benchmark tech-
nique. BBR is the ratio of the amount of blocked bandwidth to total arrived bandwidth
requests in the network during simulation. ACR is the average number of connection
requests being affected after the occurrence of failure and requiring reprovisioning. ABW
gives the total affected bandwidth in (in spectrum slices) active connection requests due
to a single link failure. The Protection Level is the percentage of active connection re-
quests protected after the single link failure and given the reconfigured backup routes.
Redundancy is the ratio of the reserved spare capacity to the working capacities during

the simulation.

6.3.2 Performance Evaluation

Figure 6.6 shows the network performance in different measures. Figure 6.6a and Figure
6.6b record the traffic admissibility of the two techniques using CBR and BBR, and the
proposed group-based protection performs better than the LDPP technique. The LDPP
technique occupies resources on two routes, the shortest route and the second shortest
route, with spectrum slices calculated using appropriate modulation levels. Thus, more
blocking is witnessed in the LDPP technique due to the unavailability of spectral resources
due to higher redundancy. The blocked services (requests and bandwidth) are within 5%
of the total arrived connections in the proposed technique. Figure 6.6c and Figure 6.6d
record the protection level and the redundancy required by two protection techniques.
LDPP has almost 50% more redundancy than PWCG, which means backup routes use
more resources than the primary working route in LDPP. At higher traffic load values,

many connection requests are provisioned without protection due to higher redundancy
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Figure 6.6: Performance Parameters

caused by protected services in LDPP (Figure 6.6¢). Due to proper resource grouping,
the protection level is more in the PWCG technique.
Figure 6.6e and Figure 6.6f record the impact of single link failures. After the single

link failure, the protected connection requests are restored by signalling and switching to
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backup routes. The unprotected connections of SCT-II, find the backup resources on the
fly using complex signalling steps and surviving spectral resources. But, the unprotected
connections of SCT-III lose the resources throughout the working route. ACR and ABW
values of the LDPP technique are more than the PWCG technique, as most of the active

connections are left unprotected due to redundancy.

6.4 Conclusion

In this work, we have considered under-utilized resources due to crosstalk considerations
in the MCF of SDM-EONs to provide resilient resource provisioning. The centre-most
cores in the circular core arrangement of MCF are the worst affected. We divide the
cores into three groups depending on their survivability characteristics using ILP model:
Protected, Unprotected and Spare Core Groups. These groups can provide provisioning
to three classes of services.

We compared the performance of our Protection Cycles-based PWCG with a Link-disjoint
dedicated path protection. The simulation results support our assertions that the pro-
posed technique provides better protection levels and survivability in the event of a single
link failure. It also achieves lower blocking of the arriving connection requests than the

benchmark technique, making it a resilient provisioning technique.






Chapter 7

Conclusion and Future Scope

7.1 Summary of Research

The optical network capacity is nearly approaching its theoretical limits, despite various
efforts to delay it. Capacity-efficient measures are imperative to meet the demands of fu-
ture bandwidth applications. Over the last two decades, extensive research has been done
to improve the spectral and spatial efficiency of the available optical network spectrum.
Elastic Optical Networks and Space Division Multiplexed-Elastic Optical Networks are
the scions of the existing fixed grid WDM core networks. While these next-generation
optical networks scale up the capacity manifolds, they also suffer from a few constraints,
which limit their performance to some degree. One such issue is fragmentation in EONs
and SDM-EONs. Appropriate management approaches are required to mitigate the effects
of fragmentation. It is vital to have information about the level of fragmentation and the
network spectrum state to trigger the fragmentation management schemes. Chapter 2
investigates a Vectored Fragmentation Metric based on two routing constraints in EON.
The a-component captures the contiguity of the available spectrum slices in the links,
and the beta-component captures the continuity of the path segments for a spectrum
index. The two-dimensional metric cover the orthogonal aspect of the routing constraints.
The proposed metric varies with the network traffic load. It can capture the changes in
fragmentation level due to variations in traffic dynamics, like holding time, arrival rate,

and bandwidth requirement granularities. Also, the a-component dominates in high traf-
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fic load conditions, and the S-component dominates in low traffic conditions. A detailed
analysis of all the traffic parameters is presented in this chapter.

Defragmentation is one of the most reliable techniques in curbing performance deteriora-
tion due to fragmentation. It is efficient because it is triggered only when required, using
Proactive (threshold-based) or Reactive approaches (blocking event-based ). Nevertheless,
finding the conditions that fulfil the "required ” benchmark is crucial. In Chapter 3, we
proposed a Pro-reactive defragmentation approach. Defragmentation is triggered either
when the threshold is crossed or when a connection blocking occurs. The fragmentation
level is calculated using the fragmentation-indicating metrics, and the threshold is updated
whenever a connection blocking occurs. We evaluated the performance of the proposed
defragmentation technique with existing link-based (External Fragmentation, Compact-
ness and Entropy-based) and path-based (Wasted-Unusable-Free Spectrum Ratio) met-
rics together with our proposed Vectored Fragmentation Metric (AVFM). The proposed
defragmentation technique with AVFM as a fragmentation indicator also identifies the
fragmentation due to continuity constraints. It helps better fragmentation management
in traffic conditions where the probability of arrival of connection requests with longer
hop lengths is more than the shorter hop length. We observed that the proposed defrag-
mentation technique using AVEM takes more defragmentation time than other link-based
metrics. The frequency of the defragmentation operation when using AVFM is low, but
the number of rearrangements is more. Nevertheless, AVFM outperforms the other met-

rics when considering the blocking ratio of the arriving connection requests.

Since defragmentation is costly, in Chapter 4, we proposed penalty-based resource
provisioning in EON. Our proposed Routing and Spectrum Assignment with Penalty
(RSA-WP) and another Routing and Best Effort Spectrum Assignment (RBESA) tech-
nique work well for low-load traffic conditions and improve spectrum utilization. If the
appropriate resources are unavailable as per the constraints, the link weights are increased
proportionally to the difference between required and available spectrum slices. The main
idea is to avoid the links which do not have available spectrum slices for future connection

requests. The RBESA admits the connection requests with limited spectral resources,
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which would have been blocked otherwise. It assigns the maximum available spectrum for
that particular request on the selected route and imposes a proportional penalty on the
links of the route. The simulation results show that resource provisioning with penalty
may perform better than Periodically defragmented resource provisioning (PDF-RSA) for
particular network load conditions. Hence, RBESA and RSA-WP could be conveniently
used to replace fragmentation-managed resource provisioning under suitable conditions.
Even after using all the fragmentation management techniques and using the available
resources most efficiently, the EON can only provide 30% additional capacity in the net-
work link. The rate at which the bandwidth requirement is increasing even this much
capacity will seem insufficient. To meet the further capacity demands, the next phase of
network upgradation requires enabling the spatial dimension. In this thesis, we discussed
Multicore Fibers as the mode of spatial dimension. When the spatial dimension, i.e.,
Multicore, is introduced in the EON, the usable capacity is scaled up but with the addi-
tional constraint of Inter-core Crosstalk. The resource provisioning in SDM-EON requires
managing spectral and spatial fragmentation to efficiently utilize the available scaled-up
capacity. Next, in Chapter 5, we proposed an Adaptive Weights-based resource provi-
sioning technique (AW-DRA), which could become fragmentation aware, crosstalk aware
or link congestion aware, according to the link spectrum state. Four critical parameters
are identified, Distance, Fragmentation, Crosstalk and Spectral Utilization efficiency, and
their corresponding weightage contribute in finding the most appropriate route. A single
least-cost route is selected, and the suitable modulation level, core and spectral resources
are searched in steps to follow. The parameter weights are updated using the Teaching
Learning-based Optimization method to capture the state of the network optimally. The
proposed AW-DRA technique is better than the exhaustive K-RCSA and the other spe-
cific impairment-aware resource provisioning techniques regarding traffic admissibility and
spectral utilization.

The crosstalk avoidance or awareness leads to a considerable wastage of the usable capac-
ity in the SDM-EON. Survivability being an essential contributor to Quality of Service,
we have tried to leverage the unusable capacity with the spare capacity needed for protec-

tion. In the Chapter 6, we have used the equivalent of this crosstalk-affected capacity as
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Dedicated Spare Cores to protect a fraction of the remaining cores. The cores are grouped
as Unprotected, Protected and Dedicated Spare using an ILP model. The objective of
the ILP is to assign the cores to relevant groups cost-efficiently. The resource provisioning
in the dynamic traffic scenario provides resources in these groups to three Service Class
types. The proposed technique (PWCG-based) provides link protection with more ad-
mission of connection requests, spare capacity efficiency and better protection levels than

robust link-disjoint path protection.

7.2 Scope of Future Work

e Currently, the a -component of VFM uses the ratio of contiguous spectrum slices to
total available spectrum slices. There are many link fragmentation indicators, like
the number of fragments. The variations of VFM using these indicators could be

used to check the efficacy of the link vs path approach.

e Fragmentation Management on Demand (FMoD) could be a possible investigation
area. In the current thesis work, we showed how the Penalty-Based approach works
better at low-load traffic, and Pro-reactive defragmentation works better at high-load

traffic.

e The network management system and the changes required in the signalling protocols

to test the suitability of the proposed techniques need investigation.

e A feasible switch architecture for EON and SDM-EON could be a viable research

area.

e The optimization models for the proposed resource provisioning and fragmentation

management techniques should be investigated for optimal results.
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Appendix A

Flowcharts for the proposed
algorithms (Chapter 4)

A.1 Flowchart I: Routing and Spectrum Assignment with

Penalty in Elastic Optical Networks

Figure A.1: Flowchart of the RSA-WP technique when a new connection request (CR) arrives in the
network.

Description: The flowchart of Algorithm I- RSA-WP, shown in Figure A.1, presents
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the resource provisioning with penalty technique in Elastic Optical Networks. The RSA-
WP algorithm aims to find a path for a connection request even in a fragmented network
state. The RSA-WP starts with the arrival of a connection request C'R(o,d, S,), where
o0 is the source node, d is the destination node, and S, is the number of spectrum slices
required by the connection request, calculated using available modulation formats and the
length of the paths.

A least-cost path P(o,d) is selected based on the weights of the link. Then, the S,,ax is
checked on the selected path. It returns the path if the S, is available (S, < Spuaz). As the
desired number of spectrum slices are available, no penalty is imposed on the links of the
path. It also returns the starting slot index (SSI(o,d)) and the last slot index (LS1(o,d))
of the range of selected spectrum slices. However, if the S, can not be accommodated
on the least-cost path, then a penalty is imposed on all the links of the path P(o,d). p
is the binary variable indicating whether a penalty will be imposed on the links. After
applying the penalties, the C'R is blocked. This technique ensures that future connection
requests can use the less fragmented links as required. The penalty is reduced on the links
periodically when a certain number of connection requests (NDR) depart and release the

occupied resources.

A.2 Flowchart II: Routing and Best Effort Spectrum As-

signment in Elastic Optical Networks

Description: The flowchart of Algorithm II- RBESA, shown in Figure A.1, presents the
Routing and Best-Effort Spectrum Assignment with penalties in Elastic Optical Networks.
The RBESA algorithm aims to find a path with minimum acceptable spectrum resources
available for a connection request, even in a fragmented network state. The RSA-WP
starts with the arrival of a connection request C'R(o,d, S, ), where o is the source node, d
is the destination node, and S, is the number of spectrum slices required by the connection
request, calculated using relevant modulation formats and the path lengths.

A least-cost path P(o,d) is selected based on the weights of the link. Then, the S,az is

checked on the selected path. It returns the path if the S, is available (S, < Spaz). As
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Figure A.2: Flowchart of the RBESA technique when a new connection request (CR) arrives in the network.

the desired number of spectrum slices are available, no penalty is imposed on the links
of the path. It also returns the starting slot index (SSI(o,d)) and the last slot index
(LSI(o,d)) of the range of selected spectrum slices. However, if S, > Sp,aq, but some
Smaz > % is available, then RBESA should assign it to maximize the admissible traffic.
If a compromise in the assigned spectrum slices occurs, the penalty is still applied. In
our RBESA study, the incoming traffic with a short holding time is considered, so the
possibility of the connection switching to the originally requested slice is not considered

for simplicity. If Sy < %, CR is blocked after applying penalties.
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