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Abstract

Survivability Design in Elastic Optical Networks

The rapid evolution of telecommunications, driven by the arrival of 5G technology,
cloud computing, and the growth of data centers, has highlighted the need for high-
capacity and flexible backbone optical networks. Elastic Optical Networks (EONs)
have emerged as a critical innovation in this area, offering dynamic bandwidth alloca-
tion, improved spectral efficiency, and flexibility to support diverse and high-capacity
traffic demands. As data usage continues to increase, particularly with the integra-
tion of 5G networks and the expansion of cloud services, EONs provide a promising
solution to meet these challenges.

As the dependence on digital services increases, ensuring the survivability of EONs
becomes increasingly crucial. Survivability refers to the network’s ability to maintain
service continuity in the event of failures or disruptions, such as fiber cuts, hardware
issues, or natural disasters. With the substantial demands placed on networks by 5G,
cloud networks, and data centers, any downtime can result in significant data loss
and service interruptions. Consequently, designing robust EONs with advanced fault
management, quick recovery scheme, and effective resource allocation is essential.
By enhancing the survivability of EONs, we can guarantee reliable and continuous
service.

To address these challenges, this dissertation explores various survivability de-
signs in EONs. We first explore the p-cycle protection design in EONs. Due to the
fast restoration and high protection efficiency, p-cycles have been extensively stud-
ied for conventional fixed-grid Wavelength-Division Multiplexing (WDM) networks.
However, the p-cycle protection design for EONs was largely unexplored. We pro-
pose methods for evaluating and selecting p-cycles for both link protection (LP) and
failure-independent path protection (FIPP) to survive single-link failures in translu-
cent EONs with 3R regenerators. The proposed algorithms have better performance

in terms of spectrum usage and blocking ratio.
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In addition to protection approaches, we also explore disaster recovery in EONs.
Conventional protection techniques are typically designed for small-scale failures such
as a small set of nodes and/or links. It is typically cost-prohibitive to directly deploy
the existing protection mechanisms for disaster scenarios because of the huge amount
of redundant resources that would be needed. To this end, we propose a series of
disaster recovery algorithms with mitigation awareness (DRAMA). The concept of
mitigation zone identifies a region surrounding the disaster zone wherein lightpaths
may be reconfigured with degraded service in order to improve overall performance.
We also consider machine learning-enabled disaster management, where the degraded
service is selected by a deep reinforcement learning agent. The proposed designs
outperform conventional recovery algorithms.

Furthermore, we investigate disaster recovery in data center EONs (DC-EONS).
With the network function virtualization paradigm, critical network functionalities
can be instantiated as software-based virtual network functions (VNFs) deployed
within the network’s data centers. An end-to-end service can then be composed as an
ordered set of VNFs called as service function chain (SFC). However, the potential
data center failure makes the problem very challenging. We develop effective strate-
gies for recovering SFCs after a disaster with the mitigation zone. SFCs within the
mitigation zone are recovered with a relaxed latency threshold to address the con-
gestion problem caused by a large-scale network failure. The proposed SFC recovery
algorithm performs better than a baseline algorithm in several scenarios.

Overall, this dissertation advances the survivability in elastic optical networks, by
addressing both p-cycle protection and disaster management. These contributions
are crucial for maintaining reliable service in elastic optical networks, meeting the

increasing demands of applications in 5G, cloud computing, and data centers.
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Chapter 1 Introduction

This chapter presents some background on elastic optical networks and surviv-
ability. We then outline the proposed survivability work, including p-cycle designs
and disaster management algorithms. In specific, Section 1.1 presents the concept
and application of elastic optical networks, Section 1.2 presents the background of
survivability in EONs. In Section 1.3, we propose p-cycle designs, disaster recovery
algorithms with mitigation awareness in EONs, and disaster management in data

center EONs. Section 1.4 reviews the literature.

1.1 Elastic Optical Networks

With the dramatic growth of network traffic, EONs have arisen as an efficient
solution due to the flexibility in resource allocation and spectrum assignment [1].
Compared with wavelength-division multiplexing (WDM) networks, the major ad-
vantage of EONs is variable granularity. Since each wavelength channel of a WDM
optical network has a higher rate, each wavelength in the WDM optical network can
provide a larger bandwidth granularity. However, the available bandwidth of a wave-
length is often much larger than the requested bandwidth of the service in the actual
application. If we need to provide a high-speed dedicated wavelength for each low-
speed service, the resource utilization is obviously low and costly. Considering the
number of optical transceivers in the network node and the number of wavelengths in
the fiber, for each service connection request it is not practical to establish an end-
to-end independent optical path. The elastic optical network can provide variable
granularity bandwidth for each service request. Through the Orthogonal Frequency-
Division Multiplexing (OFDM) technology, the optical network node can modulate
the service information onto a contiguous set of OFDM carriers according to the
size of the service request. Thereby a variable granularity bandwidth transmission is
achieved.

In fixed-grid WDM, the channel frequencies are fixed (typically spaced 25 or 50



GHz apart) and the bandwidth of each channel is often much larger than the requested
bandwidth of a service, leading to poor spectrum utilization [2]. EONs employ a
flexible grid with center frequencies spaced a much finer 6.25 GHz apart, and OFDM
to reduce the bandwidth allocation level to Frequency Slot (FS), which is 12.5 GHz
wide [3]. At the same time, the development of transceivers supporting multiple
modulation formats has made it possible for multiple contiguous FSs with the most
spectrally-efficient modulation format to be allocated to a service as needed, and
thus the valuable fiber spectrum can be much more efficiently utilized. The resource
allocation issue has evolved from the routing and wavelength assignment problem
in conventional WDM networks into the routing and spectrum assignment (RSA)

problem with spectrum continuity and spectrum contiguity in EONs [4-7].

1.2 Survivability

Survivability is a crucial aspect of optical networks; typical survivability tech-
niques can be divided into protection and restoration or recovery [8]. In protection
strategy, backup resources are reserved before a network failure happens [9, 10]. In
the recovery strategy, backup lightpaths are generated after a network failure hap-
pens. The “recovery” here refers to the recovery of traffic as opposed to network

components.

1.2.1 P-cycle Design

P-cycle is an attractive protection strategy due to fast and efficient recovery [11,
12]. In this strategy, a set of pre-connected cycles is established, and a lightpath will
be re-routed and switched to the p-cycle if the original lightpath is disconnected due
to network failure.

Unlike traditional rings that only protect adjacent links, p-cycles can protect both
on-cycle links and straddling links (links that cross the cycle but are not part of it),
allowing for more efficient use of spare capacity. In on-cycle link protection, when a

failure occurs on one of the links that are part of the p-cycle (known as an on-cycle



link), the traffic that was routed through the failed link is automatically rerouted
around the rest of the cycle. For example, if a link between two nodes in the cycle
fails, the network instantly redirects the data along the remaining links of the cycle,
ensuring no interruption in service. In straddling link protection, straddling links are
links that are not part of the p-cycle but are protected by it. If a straddling link fails,
the p-cycle provides two alternative paths for rerouting the traffic. The traffic can be
sent in either direction around the cycle to reach its destination, effectively doubling
the protection capacity without additional resources.

The combination of protecting both on-cycle and straddling links gives p-cycles a
significant advantage in terms of resource efficiency. For instance, a single p-cycle can
protect multiple links simultaneously, which reduces the amount of spare capacity
needed compared to traditional ring protection schemes. This makes p-cycles partic-

ularly valuable in optical networks.

Figure 1.1: Example Of P-Cycle Protection In Optical Network

Fig. 1.1 shows an example of the p-cycle design. The p-cycle is formed by the
blue solid edges connecting nodes 1, 2, 3, 4, 5, and 6. This cycle provides protection
for any failure that occurs on these edges. Additionally, there are straddling links
shown as red dashed lines between nodes 2 and 6, and nodes 3 and 5. If a failure
occurs on any of the on-cycle links (e.g., between nodes 1 and 2), the network can
quickly reroute the traffic through the remaining cycle without service disruption. If
a failure occurs on a straddling link (e.g., between nodes 2 and 6), the traffic can be

rerouted through the cycle via two alternative paths (e.g.,2 - 1 - 6or2 - 3 - 4



- 5 - 6), effectively utilizing the existing cycle to provide protection.

The detailed p-cycle protection design can be found in Chapter 2.
1.2.2 Disaster Recovery

A special case of recovery is disaster recovery. Disaster recovery in optical networks
refers to the strategies and technologies used to ensure network resilience and rapid
recovery in the face of large-scale disruptions such as natural disasters, power outages,
or targeted attacks. In this case, the protection strategy is not appropriate because of
the excessive amount of redundant resources required to protect against an unlikely

large-scale network failure. Therefore, a recovery-based policy is the best solution in
this case [13, 14].

Pre-Disaster Traffic Routing Post-Disaster Traffic Routing

2
\

Figure 1.2: Example of Disaster Recovery and Tra c Routing

Now we show an example of disaster recovery in Fig. 1.2. On the left side, we show
the pre-disaster traffic routing. The network is fully operational, with a lightpath from
node 1 to node 7 being routed through the path (1 - 5 - 4 - 7). This pre-disaster
lightpath is highlighted in green, showing a direct route through multiple nodes. A
disaster occurs, causing the failure of node 4 and node 5. The recovery mechanisms
reroute the lightpath through an alternative path (1 - 2 - 6 — 7), which bypasses
the failed node 4 and node 5. This recovery lightpath is highlighted in red in the

right figure, showing how the network adapts to maintain connectivity and service

continuity despite the disruption.



1.3 Proposed Survivability Design in EONs

We propose and solve multiple problems related to survivability in elastic optical

networks.

1.3.1 P-cycle Design in EONs

P-cycles have been well studied for conventional fixed-grid WDM networks; how-
ever, p-cycle design and selection for EONs has received much less attention. The
p-cycle protection in translucent EONs is still unexplored. In this work, based on
the designs in [11] and [12], we propose two novel link-based p-cycle evaluation meth-
ods: individual p-cycle selection and p-cycle set selection for both transparent EONs
and translucent EONs. Based on these methods, we proposed Traffic Independent
P-cycle Selection (TIPS) and Traffic-Oriented P-cycle Selection (TOPS) for trans-
parent EONs. For translucent EONs, Traffic Independent P-cycle Selection with 3R
Regenerator (TIPS-3R) and Traffic-Oriented P-cycle Selection with 3R Regenerator
(TOPS-3R) are proposed. We also proposed Failure-Independent Path Protection
(FIPP) p-cycle selection for both transparent EONs and transparent EONs. Fur-
ther, we proposed the LP and FIPP p-cycle generation algorithms and Routing and
Spectrum Assignment (RSA) algorithms as well. We evaluate our algorithms using
both static and dynamic traffic models. Simulation results indicate that the proposed

algorithms have better performance than commonly used baseline algorithms [15].

1.3.2 Disaster Recovery with Mitigation Awareness in EONs

First, in [16] we propose the concept of a mitigation zone, which is an area sur-
rounding the disaster zone. In our approach, only the traffic within the mitigation
zone is affected by re-assignment of resources to disaster-impacted traffic, and traffic
outside the mitigation zone is not affected. We propose an optimization problem
to minimize the penalty due to service degradation after a disaster. We present a
heuristic algorithm named Disaster Management Algorithm with Mitigation Aware-

ness (DRAMA) that can be used for realistic problem instances. Simulation results



show that DRAMA has better performance than a recovery algorithm that does not
consider a mitigation zone.

Later, in [17], we propose a new approach to disaster recovery using a mitiga-
tion zone and machine learning. All the traffic inside the mitigation zone is re-
accommodated with potentially degraded service (i.e., decreased bit rate) to solve
the bottleneck problem caused by a large-scale disaster. This new approach is also
based on the intuition that services that are far away from the disaster zone should
not be affected during the recovery process. The benefit of mitigation zone has
been demonstrated in [16], where we proposed a heuristic recovery algorithm called
DRAMA. This work expands upon the use of mitigation zone by using a DQL agent
to select a degradation factor for rerouted lightpaths affected by a disaster. A new
recovery algorithm called DeepDRAMA is proposed and a DQL agent is designed to
select the degradation for each traffic inside the mitigation zone.

Moreover, in [18] we extend and improve upon our earlier work [16] in several ways.
We make the recovery process more flexible by allowing all lightpaths to be recovered
with degraded service, but those outside the mitigation zone would suffer a larger
penalty than those inside the zone. Then, we consider translucent EONs in this work,
thus generalizing the recovery algorithm in [16] that was restricted to transparent
networks. Meanwhile, an Integer Linear Program (ILP) is formulated to minimize
the penalty for small problem instances, and an enhanced heuristic algorithm, named
Disaster Recovery Algorithm with Mitigation Awareness (DRAMA+), is designed for
more realistic problem instances. In addition, multiple penalty functions are proposed
to fairly measure the cost of recovery with degradation and fully test the heuristic
algorithm. Finally, we present extensive simulation results to show that our proposed
approach has better performance than conventional recovery methods.

Finally, we consider multi-class traffic consisting of a mix of unprotected lightpaths
and protected lightpaths. By utilizing the mitigation zone strategy proposed in our
previous work, we present a disaster recovery algorithm with mitigation awareness

for protected EONs called DRAMA-PRO.



1.3.3 Disaster Recovery in Data Center EONs

In [19], we consider the disaster recovery in data center EONs. We propose a new
disaster recovery algorithm for data center EONs called DRAMA-DC. An auxiliary
graph framework is developed to recover the affected service function chains (SFCs)
and minimize the blocking ratio. In this work, SFCs within the mitigation zone are
recovered with a relaxed latency threshold to address the congestion problem caused
by a large-scale network failure. In these previous works, the mitigation zone brings
flexibility in the spectrum domain. In contrast to those works, we consider disaster
management in data center EONs and explore the benefit of mitigation in the latency

domain in this works.

1.4 Related Works

In this section, we present some existing work related to the topic.

1.4.1 P-cycle Design in EONs

There are many methods for protection, with p-cycle protection being a particu-
larly attractive one due to its high restoration speed and protection efficiency [20-23].
In [24], p-cycles are evaluated with a metric called A Priori Efficiency (AE). In [25],
a heuristic p-cycle protection algorithm is designed with spectrum sharing and de-
fragmentation. In [26], a distance-adaptive p-cycle algorithm is proposed. In [27],
p-cycles for FIPP are designed with modulation consideration. In our previous work
[11], two LP p-cycle selection algorithms for transparent EONs are proposed. All of
these p-cycle methods are designed for transparent EONs. Regenerators in translu-
cent networks allow higher level (i.e., more spectrally efficient) modulation formats
and longer p-cycles, which improve spectrum efficiency. LP p-cycle design methods

in translucent networks are proposed in [12].



1.4.2 Disaster Recovery with Mitigation Awareness in EONs

Because of the drastic impact of failures, survivability in general and disaster
recovery in particular have been studied extensively. Here, we briefly review the
related work on disaster recovery in optical networks.

In [28], a joint progressive recovery algorithm for a WDM network with datacenters
is proposed to recover the network nodes and datacenters after large-scale disasters.
In [29], disaster management is formulated as a repairman scheduling problem. This
work focuses on how to physically repair the damaged network infrastructure. A
mixed integer linear program (MILP) and three heuristic algorithms are proposed
to find the repair schedules and restoration order of failed components. These two
papers investigate the disaster management problem in terms of network repair as
opposed to the recovery of lightpaths.

In [30], the disaster survivability problem is addressed through an architecture of
a bandwidth-variable wavelength cross-connect. In [31], the authors propose a node
architecture with optical packet/circuit hybrid switching to mitigate congestion after
disaster. A multi-vendor interconnection and a hierarchical addressing technique are
presented for quick recovery. That paper focuses on the hardware design for disaster
management.

The following papers focus directly on the recovery of the network after a disaster.
In [32], a network component recovery algorithm is proposed to maximize the routed
traffic demand after disaster. An MILP and a heuristic algorithm are designed. In
[33], a heuristic traffic recovery algorithm is proposed with genetic operator for EONs,
where the genetic operator is used to optimize the serving order for failed services.
The feasible ordering configurations are generated iteratively and solutions that in-
crease the network recovery capability are retained. In [34], a capacity-constrained
maximally spatial disjoint lightpath algorithm is proposed for EONs. This algorithm
computes alternate least loaded lightpaths for disrupted primary lightpaths using
capacity-constrained shortest lightpaths. In [35], the rerouting and traffic flooding

problems after disaster in a WDM network are investigated. In [36], an efficient al-



gorithm based on dynamic programming is proposed to add new links and recover
from the failure. However, this work is for general networks and does not consider
specific characteristics of EONs. In [37], a probabilistic risk model to analyze the
loss/penalty is presented first. Later, a proactive solution for disaster protection is
proposed, while a reactive solution is also designed, where disrupted connections and
connections under the risk of correlated cascading failures are reprovisioned. How-
ever, that work is designed for WDM networks without consideration of EONs. In
[38], a network protection approach against disasters is designed for WDM optical
networks with datacenters. That work allows for recovery with degraded service, but

the degradation level is fixed.

1.4.3 Disaster Recovery in Data Center EONs

Virtual network functions are an efficient and cost-effective tool for network oper-
ators [39]. Virtual network functions (VNFs) are software-based instances that repli-
cate the functionalities traditionally performed by dedicated hardware devices, such
as firewalls, flow controllers, and intrusion detection systems [40]. These VNFs are
placed in the data centers of the network [41]. By virtualizing these functions, VNFs
offer network operators unparalleled flexibility and resource optimization. Based on
the design of VNFs, service function chains play a pivotal role in the context of net-
work services [42]. Each SFC has a set of VNF requirements. The establishment of
an end-to-end service between the source node and the destination node requires a
specified set of VNF's to be executed in a predetermined sequence [41, 43]. Therefore,
during the assignment of the SFC request, network operators need to find appropriate
DCs to execute the VNFs. A lightpath is then established from the source node to
the destination node of the SFC, through the selected DCs.

However, disaster recovery of data center EONSs is still under-explored.



Chapter 2 P-cycle Design in Elastic Optical Networks

In this chapter, we propose p-cycle design in EONs. This work integrates the work
in [11] and [12], which focus on Link Protection (LP) p-cycle design, and extends it
to include Failure Independent Path Protection (FIPP) p-cycle design. In addition,
we present more extensive simulation results in this work. Our goal in this work is to
design spectrum-efficient p-cycles to protect against single-link failures in translucent
EONSs for both LP and FIPP. In our work, we assume that protection bandwidth of p-
cycles can be shared among multiple working paths as long as they are disjoint. Two
evaluation metrics are proposed for both LP and FIPP p-cycles: individual p-cycle
cost and p-cycle set cost. These methods consider the regenerator placement and a
variety of other factors that affect p-cycle performance. Based on our metrics, two
selection methods are proposed: Traffic-Independent P-cycle Selection (TIPS) and
Traffic-Oriented P-cycle Selection (TOPS). We present simulation results showing
the performance improvement of our methods over common baseline algorithms. Our

contributions are:
e We propose evaluation metrics for a single p-cycle and a set of p-cycles.

e We propose p-cycle design methods for both LP p-cycles and FIPP p-cycles,

with and without traffic information.

We show the effectiveness of our metrics and algorithms for both static and

dynamic traffic through simulation results.
e We compare and analyze the performance of LP p-cycles and FIPP p-cycles.

The p-cycle works are organized as follows. A brief background on link-protection
p-cycle and FIPP in EONs is given in Section 2.1 and 2.2. The motivation and
problem statement is formulated in Section 2.3. Metrics for LP and FIPP p-cycles are
presented in Sections 2.4 and 2.5. This is followed by our p-cycle generation algorithm

based on these metrics in Section 2.6. A simple RSA algorithm for working paths in
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(a) Link-protection p-cycle. (b) Protection path for an on-cycle link.

Figure 2.1: Examples of LP p-cycle in EONSs.

EONSs is presented in Section 2.7 and extensive simulation results are presented in

Section 2.8.

2.1 Link-Protection P-cycle

In LP p-cycle protection, all links on the p-cycle as well as straddling links can
be protected by a backup path on the p-cycle. Examples of LP p-cycle are shown
in Fig. 2.1. Fig. 2.1a, shows a p-cycle A-B-F-E-C-A (bold line). The on-cycle link
A-B is protected by the path A-C-E-F-B as shown. Fig. 2.1b shows that straddling
link A-E can be protected by two paths on the p-cycle, namely A-C-E and A-B-F-E.
One of these paths must be pre-selected for protecting link A-E. For achieving 100%
protection against single-link failures, a set of p-cycles must be established such that
each link is protected by a cycle in the set. We note that it is possible to have multiple
candidate cycles may be present in the set for protecting a given link, but one cycle

must be pre-selected for the link in order to pre-configure the switches.

2.2 Failure-Independent Path Protection P-cycle

In FIPP p-cycle protection, the protection path is established along the p-cycle
between the source and destination nodes of the traffic. The traffic is switched to the
protection path at the source node of an affected working path when a failure occurs.

A working path can be protected by an FIPP-p-cycle if both of its end nodes are on
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(a) Protection path for a working path (b) Protection path for a working path
which is disjoint with the p-cycle. which is joint with the p-cycle.

Figure 2.2: Examples on FIPP p-cycle in EONs.

the p-cycle. Thus, each node pair is assigned an FIPP p-cycle to realize protection.
Fig. 2.2 shows examples of FIPP p-cycle. In Fig. 2.2a, suppose that the FIPP p-
cycle is A-B-D-H-G-C-A (bold line). The working path is G-E-F-B and two protection
paths can be provided by the FIPP p-cycle since the working path and p-cycle are
disjoint. Fig. 2.2b shows the protection if there is a single common link between
the working path and the p-cycle. Suppose the working path is G-H-F-B (marked
with solid green line); the protection path can only be established on one side of the
p-cycle (G-C-A-B, marked with dotted blue line). If the number of common links is
more than one, two protection paths are necessary under single failure assumption.
For instance, in Fig. 2.2b, the working path is C-A-E-F-H-D (marked with solid blue
line), and the two protection paths are C-A-B-D and C-G-H-D (marked with dotted

blue lines), and only one of these may be used depending on the failure.!

2.3 DMotivation and Problem Statement

2.3.1 Motivation

In p-cycle protecction, the performance of p-cycle is determined by the set of p-
cycles that are used to protect the network. The following factors are able to influence

the performance of p-cycle:

INote that by FIPP here, we mean that the same p-cycle is used regardless of which working
path link fails; the actual backup path on the p-cycle may depend on which link fails. This usage
of FIPP is consistent with other papers in the literature.
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The physical length of p-cycle is directly related with optical signal modulation
format. The modulation format is determined by the transparent physical transmis-
sion distance. Low level modulations have long distance limitation with less spectrum
efficiency, while high level modulations have short distance limitation with high spec-
trum efficiency. So a p-cycle with a longer physical length corresponds to a lower
level modulation format since the lower level modulation format has a higher trans-
mission distance limitation. The protection path length of a link is determined by
the length of p-cycle. Therefore, small p-cycles have higher probability to be assigned
with higher level modulation format while large p-cycles are usually assigned with
lower level modulation format. Current p-cycle works lack consideration of multiple
modulations.

Length of p-cycle in hops is also able to influence the performance of p-cycle
protection. Assume that there is a link that needs to be protected and there are two
p-cycles can be used to protect the link, namely cycle 1 and cycle 2. This link is an
on-cycle link for both cycles. If the length in hops of cycle 1 is 5 while the length in
hops of cycle 2 is 9, the length of protection paths in hops is 4 and 8 respectively.
Suppose both paths correspond to the same modulation format. All the links that
are used for protection are assigned with F'S according to the data rate of lightpath
and modulation. The number of F'S for cycle 1 protection path is two times that for
cycle 2 protection path due to the larger number of hops.

The number of protected links of an individual p-cycle is determined by the num-
ber of straddling links and the number of on-cycle links. The number of protected
links of a cycle is related to the protection ability that can be provided by this cycle.
This factor can be used to measure the protection capacity of an individual cycle.

If a p-cycle is able to protect many links, this p-cycle has a high possibility to
suffer the load balance issue. Assume that all the links on the p-cycle can share the
protection capacity. If the working capacity on a link is higher than the working
capacity on other links, the protection capacity of the extra working capacity cannot
be shared with the other protection capacity.

According to all of these factors, two extreme scenarios are needed to be considered
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in tradeoff. One is using a set of long p-cycles to achieve the protection of all the links
in mesh network. The other is using a set of short p-cycles. If the size of cycle is small,
the length of cycle is able to satisfy the distance limitation of high level modulation.
Thus the spectrum resource can be saved by this high spectrum efficient modulation
format. Therefore less spectrum resource is needed for each p-cycle. However, because
of the p-cycles’ short size, we need more p-cycles to cover the entire network, so the
total spectrum resources used for protection may be increased by the large number
of cycles. For large cycles, one p-cycle is able to protect more links, thus fewer
cycles are needed to cover the network. If spectrum conversion is taken into account,
the protection cycle for these links can share the spectrum resource with each other,
which means large cycles maybe much more efficient than short cycles. However, large
cycles have to be assigned with low level modulation. Therefore each cycle needs more
spectrum resource than small cycle to achieve the same protection ability. Therefore,
based on this qualitative analysis, we need to improve the number of links that the
p-cycle can protect. We also need to try to use high level modulation in order to
minimize the network resources used for protection.

As mentioned earlier, our goal in this work is to design spectrally-efficient p-cycles
for LP protection and FIPP protection to achieve 100% protection against single-
link failures. Many authors formulate the p-cycle design problem as an ILP, which
is not scalable beyond very small network topologies because of the large number
of cycles that exist even in small topologies. Accordingly, we propose to develop
efficient heuristic algorithms for p-cycle design and evaluate their performance against
common baseline algorithms. The performance of p-cycles depends upon many factors
such as the length of the cycle, number of links on the cycle, and the number of
regenerators on the cycle.

A regenerator is able to relax the transmission distance limitation of a lightpath by
cutting a long lightpath into short segments, over which higher levels of modulation
can be used. The length of the longest segment on a backup path (and hence the
modulation format to be used for the lightpath) depends on the relative positions

among links, cycles, and regenerators, as shown in Fig. 2.3. The performance of a
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Figure 2.3: Examples of regenerator location a ecting segment length.

set of p-cycles is thus determined by the regenerator locations. Given the locations
of regenerators, a p-cycle set can be generated and customized for that placement.
On the other hand, the placement of regenerators is not the only factor that
determines the p-cycle set performance. For instance, since the modulation format is
determined by the transparent transmission distance of lightpath, cycles with longer
physical distance have to be assigned a lower level modulation format for protection
while small cycles can be assigned higher level modulation to achieve better spectrum
efficiency. A large p-cycle also implies that more FSs are needed to protect against a
single link failure. However, in a large p-cycle, the protection capacity can be shared
among many links. A small p-cycle requires fewer FSs for each link failure protection,
but small p-cycles imply a lower probability of having straddling links, leading to a
lower protection capacity to working capacity efficiency. Besides these conventional
trade-offs, distance-dependent modulation in EONs requires that the physical length

of p-cycles also be considered in the evaluation and selection of a p-cycle.

2.3.2 Problem Statement

We formally define the problem as follows. For transparent EONs, we are given
a network G(N; E), where N represents the node set and E represents the link set.

On each link e, a pair of fibers (with opposite directions) is used for working paths,
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and a pair of fibers is used for the p-cycle protection paths. A set of unidirectional
lightpath requests R is given, where each lightpath is represented as r(s;d;w), s and
d denotes the source and destination nodes, and w denotes the lightpath data rate.
Assume there are several modulation formats with different spectrum efficiencies and
distance limitations. The objective is to select a set of p-cycles that is able to provide
full link-protection with the minimum possible protection bandwidth. This problem
includes two parts. Ome is the RSA problem for each request r, the other is the
assignment of a protection path with a set of p-cycles for each link along the working
path of request r. We assume that spectrum conversion is not allowed.

In translucent EONs, we formally define the problem as follows. Consider a
translucent network G(N; E) with a given placement of regenerators, where N denotes
the node set and E denotes the link set. On each link, a pair of fibers (with oppo-
site directions) is used for working paths, and a pair of fibers is used for the p-cycle
protection paths. A set of unidirectional lightpath requests R is given, where each
lightpath is denoted as r(s;d; w), where S and d represent the source and destination
nodes, and W denotes the lightpath data rate. Assume there are several modulation
formats with different spectrum efficiencies and distance limitations. Given the place-
ment of regenerators, we assume that the regenerators at a node are available for all
lightpaths passing through that node. Spectrum continuity and spectrum contiguity
need to be satisfied [1]. While a regenerator can potentially perform spectrum con-
version and/or modulation conversion, in this work, we assume that they are used
only to extend the lightpath transmission distance and/or increase the modulation
level.? The objective is to select a set of LP p-cycles (or a set of FIPP p-cycles) that
can provide full protection with the minimum possible protection bandwidth in static
traffic and minimum blocking ratio in dynamic traffic. This problem includes two
parts. One is the Routing and Spectrum Assignment (RSA) problem for the working

path of each request r, and the other is the assignment of a protection path with a

2This assumption is partly due to the fact that changing modulation or spectrum along the
path may require the source and destination to recon gure their transmission and reception pa-
rameters respectively. Our current assumption does not require them to be recon gured when
switching to the protection path.
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set of p-cycles for each request r.

2.4 LP P-cycle Evaluations

We present two approaches to evaluate LP p-cycles in a translucent network, called
Traffic-Independent P-Cycle Selection (TIPS) and Traffic-Oriented P-Cycle Selection
(TOPS), for the cases when respectively. For this purpose, we propose an individual
cycle protection cost evaluation (IC) and a set-cycle protection cost (SC). In TIPS,
both IC and SC are purely based on network topology and regenerator placement,

whereas in TOPS, traffic information is also considered in IC and SC.

2.4.1 Traffic-Independent LP P-cycle Selection

We now propose evaluation metrics for LP p-cycles that are suitable when the

traffic is not known ahead of time, for example, when requests arrive dynamically.

2.4.1.1 Individual Cycle Protection Cost

In order to evaluate the efficiency and cost of cycles with different modulation for-
mats and regenerator placements, the novel metric Individual Cost for TIPS (I1Ctps Lp)

is proposed as follows:

P
L eoc AMe  PDe.

I -
CTIPS LP NP NP y

(2.1)

where L is the number of links on the p-cycle, and NP is the number of links that
can be protected by this p-cycle. The ratio L=NP is a measure of the protection
bandwidth needed per protected link of the p-cycle since every on-cycle link is allo-
cated protection bandwidth but straddling links are not. The second ratio is used to
evaluate the average protection cost of all the links. Assume that all the links that
can be protected by this p-cycle are assigned to be protected by this cycle.® ¢ is the
set of links that can be protected by the cycle, and P De is the protection distance (in

3Note that a link may be able to be protected by more than one cycle, but only one of these
cycles is assigned for protecting the link.
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hops). P D is calculated by finding the number of hops on the p-cycle for potential
failed link e. PDg is designed to account for the risk of unshareable protection due
to load imbalance. If the working capacity on a link is higher than on other links,
the “extra” backup capacity cannot be shared by the other cycle links which have a
lower working capacity. The risk of unshareability increases with the cycle length;
thus, a p-cycle with larger P Dg corresponds to a higher unshareable backup resource
cost for individual link failure.

AM, is the average modulation factor of link e. The modulation factor of a link
that can be protected by a p-cycle is calculated as follows: we find all the poten-
tial* working paths that cross this link. Potential working paths are generated using
our Cost Routing (CR) algorithm, which will be introduced in Section 2.7. By fail-
ing a link e, we can calculate different potential protection paths corresponding to
different potential working paths respectively. Due to the existence of regenerators,
these potential protection paths are cut into several transparent segments. Then the
modulation format of a protection path is determined by the physical distance of the
longest segment. The modulation factor of a link is determined by the average mod-
ulation factor of all the potential protection paths. (For BPSK, QPSK, and 8QAM,
the corresponding spectrum efficiencies are 1, 2, and 3 bps/Hz; therefore we choose
the corresponding modulation factor as 1, 0.5, and 0.34, respectively. The modulation
factor represents the required spectrum resource normalized by that for the lowest
modulation level, to support the same transmission bandwidth as its corresponding
protection cycle.)

Fig. 2.4 shows an example to calculate the average modulation index of link A-D
in p-cycle A-B-C-D-A. Assume that link A-D has 2 potential working paths (Path
1is Src 1 to Des 1 in blue and Path 2 is Src 2 to Dec 2 in red). There are four
regenerators placed at E, B, D, and F. The potential protection path for path 1 (Src
1-E-A-B-C-D-Des1)is cut into 4 segments (sl, s2 + A-B, B-C-D, and
s6) by regenerators at E, B, and D, while potential protection path 2 (Src 2 - F -
D-C-B-A- Des 2)is cut into 4 segments (s5, s4, D-C-B, and B-A + s3) by

4These are called \potential" because the tra c is not known.
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regenerators at F, D, and B. Assume that the longest segment of potential protection
path 1 is sl and the longest segment of potential protection path 2 is B-A + s3. If the
physical distance of s1 corresponds to QPSK with modulation factor 0.5, and B-A +
s3 corresponds to BPSK with modulation factor 1, the average modulation factor of

link A-D is calculated as (1 + 0:5)=2 = 0:75.

Figure 2.4: Example for average modulation index calculation.

2.4.1.2 Set of Cycles Protection Cost

Note that p-cycles may overlap with each other, but a link is only protected by one
pre-determined p-cycle. Therefore, the summation of each cycle’s IC is not necessarily
an effective cost metric for a set of p-cycles. Here, we present the evaluation of a set
of p-cycles based on p-cycle Set protection Cost (SC). If there are overlapping cycles,
we assume that every link is protected by the lowest IC p-cycle that can provide
protection to this link. (If a link can be protected by more than one p-cycle with the
same lowest IC, which is unlikely to happen, the link will be assigned to one of them
at random.) The SC is calculated as follows:

P
X 2 AMe  PD, XX
SCrips Lp = NP =
NP,

c2P

AM; PDe; (2.2)
c2P e2c

where P is the set of candidate cycles that provides full protection for the network,
¢ is an individual p-cycle in the set, and e is a link that is protected by ¢ (we use
C to denote the set of links protected by cycle ¢). NP is the number of links that
are protected by ¢. We need to emphasize that not all the links on the cycle may be

assigned to be protected by the cycle. NP¢ is used to evaluate the risk of unshareable

19



P

: . : AMe PD
protection and cost load imbalance. The ratio, —2¢—="——=

N , is used to evaluate
Cc

the average link protection cost. AMe is the average modulation factor for link e
protected by ¢, as calculated above. P Dg is the protection distance in hops of e. As
we mentioned above, smaller AMg and P D, indicate that fewer protection FSs are
required. NP; is a measurement of the possibility of unshareable protection and load
imbalance. A p-cycle set with a lower SC is expected to a better set of cycles and is

encouraged to be used for protection.

2.4.2 Traffic-Oriented LP P-cycle Selection

In TOPS, we assume that the set of lightpath requests and their data rates is
known. Given a set of lightpath requests with data rate in Gbps, we first find a
route for all the lightpath requests without any spectrum assignment by using the
CR algorithm (Section 7), and record the data rate information on all links. We use
the total data rate on each link when evaluating the p-cycles. The IC and SC for
TOPS are calculated as follows:

2.4.2.1 Individual Cycle Protection Cost

P
Dmax L e2c AMe P De_
DAVG S ’

ICrops Lp = (2.3)

where Dmax is the maximum data rate over all the links that can be protected by this
cycle, Davg is the average data rate of all the links that can be protected by this
cycle, L is the length of the cycle in hops, and S is the number of links that can be
protected by this p-cycle. Dmax and Dayg are used to evaluate the load imbalance
condition. As we mentioned above, the “extra” backup capacity cannot be shared by
the other cycle links which have a lower working capacity. L is used to account for
the extra cost of this imbalance. AMe is the modulation factor of the link e. P Dy is
the protection distance of the cycle in hops. The ratio is used to evaluate the average

protection cost of all the links.
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2.4.2.2 Set of Cycles Protection Cost

In TOPS, the cycle set evaluation is based on data rate as well. The SC is
calculated as follows:
> °
SCTOPS LP — NPC L Dmax =
c2P

AM. PD,
: 24
NP, (2.4)

where P is a set of cycles that provides full protection. NP is the number of links
that are protected by c. NP, L Dmax is used to evaluate the load imbalance and
unshareable protection. AMg is the average modulation index for the link e protected

by ¢, as calculated above. P Dg is the protection distance in hops of e.

2.5 FIPP P-cycle Evaluations

In this work, we assume that all working paths between a given pair of nodes
use the same backup path (i.e., are protected by the same FIPP p-cycle), and can
therefore be switched together regardless of what spectrum these working paths are
assigned. This is different from [27], in which different working paths for a given node
pair may use different p-cycles and therefore different backup paths. We note that
doing so would require a more complex frequency-aware switch as the backup path
depends on the slots assigned to the working path. As in LP p-cycle evaluation, we
propose two approaches, TIPS and TOPS, based on the cost for individual cycle (IC)
and a set of cycles (SC).

2.5.1 Traffic-Independent FIPP P-cycle Selection

We propose the following two cost metrics for IC and SC.

2.5.1.1 Individual Cycle Protection Cost

In FIPP p-cycle IC evaluation, we first assume that all the node pairs that can be
protected by a p-cycle are assigned to be protected by this p-cycle. The IC of FIPP
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Figure 2.5: An example on unshareable factor calculation.

p-cycle is calculated as follows:

P
ICrips ripp =(S+1) nzc

AM, PD,

oF (2.5)

AM|, represents the modulation factor of node pair n. It is determined by the shortest
longest segment path of the potential working path and protection path of n. PD,
represents the protection distance in hops for node pair n. NP is the number of links

that can be protected by the p-cycle. AM, times P D, divided by NP is used to
P

nzcAMn PDn .

evaluate the average protection cost for each node pair. The ratio NI

used to evaluate the protection cost of the cycle. S is the Unshareable Factor of the
FIPP p-cycle, and is calculated as follows:

Given a FIPP p-cycle, we first generate all the potential working paths for every
on-cycle node pair based on k-shortest paths and shortest longest segment path al-
gorithm (as in the AM calculation). Thus if the number of hops in the cycle is n,
the number of potential working path isn (n 1)=2. S is the number of working
path pairs that have a common link. An example of Unshareable Factor calculation
is shown in Fig. 2.5. In Fig. 2.5, suppose the FIPP p-cycle is A-B-D-H-G-C-A (bold
line) and there are 4 potential working paths: Sag (A-B), Sac (A-C), San (A-E-F-H)
and Sgg (G-E-F-B). Of these working paths, only Sgg and Say have a common link,
so the value of S is set to 1. Since the number of working path pairs with common

links maybe 0, we use S + 1 in (2.5).
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2.5.1.2 Set of Cycles Protection Cost

As in LP, FIPP p-cycles may overlap with each other, but a node pair is only
protected by one pre-determined p-cycle. We again assume that each node pair is
protected by the lowest IC p-cycle that can provide protection to this node pair. The

SC is then calculated as follows:

X X
SCrips Fipp = (Sc+1) AM, PDy; (2.6)

c2P n2c
where P is the set of candidate cycles that provides full protection for the network, ¢
is an individual p-cycle in the set and n is an individual node pair that is protected by
c. S¢ is the Unshareable Factor of cycle ¢ based on the node pairs that are protected
by ¢. AMj represents the modulation factor of node pair n. AMy is determined by
the longest shortest segment path of the potential working path and protection path
of n. PDy represents the protection distance in hops for node pair n. AM, times

P Dy, is used to evaluate the total protection cost of all the node pairs.

2.5.2 Traffic-Oriented FIPP P-cycle Selection

In TOPS, the working paths are first routed without spectrum assignment by
using the CR algorithm (Section 2.7) and the data rate information on links are

recorded. Then the IC and SC for TOPS are calculated as follows.

2.5.2.1 Individual Cycle Protection Cost

In IC evaluation, we assume that all the node pairs on the p-cycle are assigned to
be protected by the p-cycle. The IC of FIPP in TOPS is calculated as follows:

P

AM PD
ICrops Fipp = (S +1) nze’ T .

DT otal

; (2.7)

where AMy, represents the modulation factor, and P Dy, represents the protection
distance in hops for node pair n. S is the Unshareable Factor for the cycle, as in

TIPS. Here Drotq is the total data rate for all node pairs that can be protected by
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this p-cycle.

2.5.2.2 Set of Cycles Protection Cost

The SC of FIPP in TOPS is designed as follows:

P
=< 2cAM, PD,
SCrips Fipp = (Sc+1) ;

2.8
DTotaI;c ( )
Given a set of cycles, each node pair is only protected by one p-cycle, even though a
node pair can be protected by more than one p-cycle. Here, we only calculate AM,
and P Dy for the node pairs n that are protected by p-cycle €. Drotarc is the total
data rate for all node pairs that are protected by cycle ¢. Also, the calculation of S¢

and Drtarc are only based on node pairs that are protected by c.

2.6 P-cycle Generations

Having presented the cost metrics for evaluating a single cycle and a set of cycles,
we now describe our algorithm for p-cycle design based on IC and SC. The algorithm,
whose pseudocode is shown in Algorithm 1, generates a set of LP/FIPP p-cycles that
can protect the entire network against single-link failures. We emphasize that the
same Algorithm 1 is used to generate both the LP p-cycle set and the FIPP p-cycle
set, but FIPP and LP have different initialization steps, as given in Algorithms 2 and
3.

We start by initializing a p-cycle p. For LP p-cycle, we first randomly find an
uncovered link | in the network. Then we find a shortest path sp (in hops) between
the two ends of this link. Let the selected link | and the path Sp be combined to form
an initial LP p-cycle p. The pseudocode is shown in Algorithm 2.

To initialize an FIPP p-cycle, an uncovered node pair (@;b) is randomly selected in
the network. Then we find a shortest path sp; (in hops) between a and b. Remove the
links on path sp; and the links that are incident on the intermediate nodes (excluding
nodes a and b) on sp; from the network. Use Dijkstra’s algorithm on this topology to

find a shortest path sp, between a and b. Initialize an FIPP p-cycle p by combining
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Algorithm 1 P-cycle Design

1: while The network is not fully protected do

2:  Initialize p-cycle p

3 Calculate I1C for p as pjc and initialize 1 Cnin as pic

4:  while EXPAND_P-CYCLE(p) & NULL do

5: p' = EXPAND_P-CYCLE(p)

6 Calculate the 1C of p’ as pc

7 if pO,C < ICpin then

8 Update the candidate p-cycle to p’

9: Update 1Cnin to p‘:c

10: end if

11: p=p

12:  end while

13:  Add the candidate p-cycle to p-Cycle set P

14:  Mark links (for LP) or nodes pairs (for FIPP) that can be protected by can-
didate cycle as protected

15: end while

Algorithm 2 LP P-cycle Initialization

1: Randomly select an unprotected link |

2: Use Dijkstra’s algorithm to find a shortest path sp between the two ends of the
link

3: Merge | and sp as a p-cycle p

sp; and the path sp,. This ensures that the resulting cycle is a simple cycle. The

pseudocode is shown in Algorithm 3.

Algorithm 3 FIPP P-cycle Initialization

Randomly select an unprotected node pair a and b

Use Dijkstra’s algorithm to find a shortest path sp; between the two ends.
Remove the link on path sp; from the topology.

Remove link that connect with nodes on sp; from the network

Use Dijkstra’s algorithm to find a shortest path sp, between the two ends.
Merge sp; and sp, as a p-cycle p

After the basic p-cycle is initialized, calculate the IC for this p-cycle and mark
this p-cycle as a candidate p-cycle. Then, keep expanding the p-cycle until the p-
cycle cannot be expanded further. The pseudocode for expanding p-cycle is shown
in Algorithm 4. For each expansion step, assume that the p-cycle after expansion is

p'. Calculate the 1C of p’. If the IC of p’ is lower than |Cpin, replace the candidate
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p-cycle with p’ and update 1Cmin to pic. After the expansion phase is over, put
the candidate p-cycle into the p-cycle set. Then, for LP p-cycle, we mark the links
that can be protected by this p-cycle as protected. For FIPP p-cycle, we mark the
node pairs that can be protected by this p-cycle as protected. If the network is not
fully protected, randomly select a link (for LP) or a node pair (for FIPP) that is not
protected, and add another candidate p-cycle into the cycle set. After all the links
(for LP) or node pairs (for FIPP) in the network are marked as protected, we have a

set of p-cycles that can be used to protect the network.

Algorithm 4 P-cycle Expansion

1: Randomly select an unchecked on-cycle link | on cycle p

2: Mark the two ends of | as a, b

3: Remove all the links on p from the network

4: Remove links that are incident to the nodes on p (excluding a and b) from the
network

5. Use Dijkstra’s algorithm to find the shortest path R in hops between a and b

6: if R does not exist then

7 Mark link | as checked;

8: if All the on-cycle links are marked as checked then

9: End procedure and return NULL

10:  else

11: Goto line 2

12:  end if

13: end if

14: Merge R and p and make this the new cycle p

The above algorithm produces a “good” p-cycle set since we used IC to expand
the p-cycles, but the p-cycle set is also somewhat random because the starting link (or
node pair) and expansion phase for each p-cycle are based on randomly selected links
(or node pairs). We generate a large number of such p-cycle sets (by using different
initial p-cycles). Then, we choose the p-cycle set among these as the set with the
lowest SC. Later, we will compare the performance of such a p-cycle set with some

baseline algorithms for selecting p-cycle sets.
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2.7 Routing and Spectrum Assignment

We now present a simple routing and spectrum assignment (RSA) algorithm for
the working paths and p-cycle protection. This RSA algorithm is used for both TIPS
and TOPS LP p-cycles and FIPP p-cycles. For the working path, we propose a routing
algorithm called Cost-Routing (CR) for the route. In CR, we first use k-shortest paths
(based on number of hops; we use kK = 5 in the evaluation) are computed for each

pair of network nodes. For each path, we calculate the cost of the path as follows:

CostofPath=M L; (2.9)

where L is the number of hops, and M is the modulation factor of the path, which is
determined by the physical distance of the longest segment of the path. Recall that
by our definition, modulation factor is lower for higher-level modulation. For each
node pair, the path with lowest cost will be selected as the working path.

For spectrum assignment, we first use the CR algorithm to find a route for the
working path. Then we fail the links on this working path one by one. In LP p-cycle,
for each failed link, we select the LP p-cycle with minimum IC to protect this link.
The total physical distance of the protection path can be calculated by adding up the
length of the working path (excluding the failed link) and the length of the protection
path on the protection cycle for the failed link. Note that we use the shorter of the
two cycle paths for protecting straddling links. For each protection path, the highest
modulation level is determined by the longest transparent segment and the physical
length of the working path (note that the protection path segments may be shorter
than the working path). The minimum of these modulation levels (over all failed
links) is then chosen as the modulation level for this lightpath and the corresponding
modulation format is selected. The lowest modulation level ensures that the distance
constraint is satisfied no matter which link fails. In FIPP p-cycle, for each node
pair, we select the FIPP p-cycle with minimum IC to protect this node pair. The
modulation format is determined by the longest segment on the working path and

protection path.
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After the modulation format is selected, the spectrum assignment is completed by
using the first fit method if slots are available. In this work, due to single link failure
assumption, we assume that different traffic requests cannot share working capacity,
but the protection capacity can be shared. The pseudocode of the RSA algorithm is

shown in Algorithm 5.

Algorithm 5 Routing and Spectrum Assignment

1: for Each request r(s;d;w) 2 R do

Calculate working lightpath LP by CR algorithm

for Each link or node pair do
Calculate the longest segment of protection path
Calculate the modulation factor M with distance

end for

Select the modulation format that with the highest
modulation factor

8:  Determine the number of FSs F

9: Set Slstart =1

10:  while Slgart Slhax F +1do

e agreebd

11: for every link | 2 LP do

12: if FSs with index Slgtart to Slstart + F 1 are available then

13: Assign Slggart to Slstart + F 1 as working and protection FSs of LP.
14: BREAK

15: else

16: Slstart = Slstart +1

17: end if

18: end for

19: end while

20: end for

2.8 Simulation Results

In this section, simulation results are presented to demonstrate the effectiveness
of our proposed p-cycle design methods under both static and dynamic traffic in
transparent EONs. The network topologies used for simulations are the COST239
network and the pan-European network. The COST239 network consists of 11 nodes
and 26 links (shown in Fig. 2.6a), while the pan-European network consists of 28
nodes and 44 links (shown in Fig. 2.6b). The physical distance in km is shown

adjacent to the links. On each link in the network, a pair of working fibers in opposite
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(a) 11-node COST239 network. (b) 28-node pan-European network.

Figure 2.6: COST239 and pan-European topologies

directions are used for working path, and a pair of protection fibers in opposite
directions are used for protection.

In static traffic model, a set of unidirectional traffic requests is to be assigned a
working path and protection path in the network. The source and destination nodes
for each connection request are uniformly randomly selected from the nodes of the
network. We assume three different types of demands with rate 40/100/400 Gbps.
The data rate is generated from the following distribution: 40 Gbps, 100 Gbps, and
400 Gbps with probability 0.2, 0.5, and 0.3, respectively. The number of required FSs
for a lightpath is determined by its data rate and modulation format. Table I shows
the number of FSs corresponding to different data rates under different modulation
formats [10]. The performances are evaluated in terms of spectrum usage per link
(the total number of used FSs for both working and protection on all links divided by
number of links in the network). Moreover, in order to evaluate the spectrum usage
without blocking, we assume that there are an unlimited number of F'Ss on each fiber.

In dynamic traffic model, 10° lightpath requests arrive to the network according
to a Poisson process with different arrival rates. Each request has a mean duration
time of 1 (arbitrary time unit) with exponential distribution. Different from the static
traffic model, the highest F'S available on each fiber is assumed to be 352. If there is

not enough available FSs, an arriving request will be blocked. The blocking ratio is
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Table 2.1: Number of required FSs for various data rates and modulations
[10].

Data Rate
Modulation 40 100 400
16QAM 2 3 9
SQAM 3 4 12
QPSK 4 5 17
BPSK 5 9 33

calculated as the number of blocked requests divided by the total number of requests.

Table 2.2: Physical distance limitation for di erent modulation formats [10].

Modulation Transparent Reach

16QAM 500km
8QAM 1000km
QPSK 2000km
BPSK > 2000 km

In order to show the effectiveness of our algorithm, we compare the TIPS and
TOPS LP p-cycle sets and FIPP p-cycle sets with the following baseline algorithms:
top individual p-cycle set (TopIC), Top A Priori Efficiency p-cycle set (TopAE) [24],
Random cycle set and Hamiltonian cycle [44]. Hamiltonian cycle can be used as LP
p-cycle and FIPP p-cycle.® For Random cycle set, we first generate all the cycles
through an offline depth-first-search algorithm. The cycle set is formed by selecting
p-cycles one by one at random from the pool of all cycles until the network is fully
protected. In TopAE, cycles are evaluated by A Priori Efficiency (AE) [24]: AE =
PiZE ij= PkZE ki Ck , where jj refers to the number of paths can be protected
by cycle j if link 1 fails; the possible values are 0, 1 for on-cycle link and 2 for
straddling link; j is a binary parameter that equals 1 if link i is on cycle J and
0 otherwise; Cy is the cost of link k and is assumed 1 in this work. In TopIC and
TopAE, all the cycles in network are sorted based on IC or AE in non-decreasing
order, respectively. Then the cycles are selected one by one in this order until the

network is 100% protected. In both cases and Random cycle set, only cycles that
protect at least one as-yet unprotected link will be added to the p-cycle set. All the

5Both the topologies in this work have a Hamiltonian cycle.
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baseline algorithms are tested as both LP p-cycle and FIPP p-cycle except TopAE
since TopAE is only designed for LP p-cycles.

For both TIPS and TOPS, our p-cycle design algorithm forms p-cycle sets in
advance by generating a large number ( 500) of p-cycle sets and selecting the one
with the lowest SC. While the p-cycle sets in TIPS are based only on topology, the
sets are also based on the traffic and data rate in TOPS, as explained earlier. We
assume that there are 3 regenerators in the COST239 network and 6 regenerators
in the pan-European network for the translucent case. The regenerators are placed
randomly, and all presented results are averages over 10 random placements with
20 traffic request sets for each placement in static traffic scenario and 10 random
placements with 10° lightpath requests in dynamic traffic scenario. We also present

results for transparent networks with no regenerators.

2.8.1 Static Traffic

In the static traffic scenario, the algorithms are evaluated in terms of spectrum
usage (i.e., number of FSs used per link) and protection to working ratio (the number
of FSs used for protection to the number of FSs used on working paths). Fig. 2.7
and Fig. 2.8 show the performance results in translucent and transparent COST239
network. In general, the spectrum usages of all the algorithms in translucent network
are lower than in transparent network due to the deployment of regenerators. As
we can see, the cycle sets generated by our algorithms have lower spectrum usage.
TIPS and TOPS are slightly better than TopIC p-cycle sets suggesting that p-cycle
set selection using our SC cost metric is better than simply selecting a set of cycles
with the highest values of IC. Moreover, the traffic information helps TOPS-LP and
TOPS-FIPP to do better than the corresponding TIPS p-cycle sets.

In TIPS, we do consider the load imbalance cost and unsharable risk, thus the
improvement between TIPS and TOPS is not large. For LP p-cycle sets, Hamiltonian
cycle has a low protection to working ratio. The reason is that a larger cycle has a
higher probability of sharing protection capacity. Also, FIPP p-cycle sets have lower
ratio than LP p-cycle sets. In FIPP the protection path is established between the
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Figure 2.7: Performance results for translucent COST239 network.

|TOPS-LP
mTIPS-LP
CTOPS-ToplC-LP
OTIPS-TopiC-LP

DTopAE

@ Hamiltonian-LP
ERandom-LP

Spectrum Usage (Number of FSs Per Link)

100 200 300 a0 500 60
Number of lightpath requests

(a) Spectrum usage of LP
p-cycle sets.

—o Hamitonian-Lp

+ TophE.

e

I ——tandom 2
» o TesTopicLy
=

£ s 4 Tor-Topicp
H s ip

2 —rorsip

<

g

B

2

2

&

100

W we w0 s oo
Number of lightpath requests

(d) Protection to working
ratio of LP p-cycle sets.

WTOPS-FIPP
WTIPS-FIPP
200 | EITOPS-ToplC-FIPP
200 | OTIPS-TopIC-FIPP
BHamiltonian-FIPP
BRandom-FIPP

Spectrum Usage (Number of FSs Per Link)

100 200 300 a0 500 &0
Number of lightpath requests

(b) Spectrum usage of FIPP
p-cycle sets.

—e~Hamitonlan-FIPP

——Tips-FipP

—Tops.IPP.

TIPS TopicHPE

- TOPS Topic-FIPP

Protection to Working Ratio

I
Number of lightpath requests

(e) Protection to working
ratio of FIPP p-cycle sets.

H

WTOPS-LP
ETIPS-LP 'l
COITOPS-FIPP
OTIPS-FIPP

g

H

-

Spectrum Usage (Number of FSs Per Link)
H H

100 2w 500 40 50 w0
Number of lightpath requests

(c) Comparion in spectrum
usage between LP and FIPP
p-cycle sets.

o Tesap
o Tops1p.

——Ties-eipe

—ToPS.FIPP.

Protection to Working Ratio
©

100

w e s o
Number of lightpath requests

(f) Comparion in protection
to working between LP and
FIPP p-cycle sets.

Figure 2.8: Performance results for transparent COST239 network.
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source node and destination node, which leads to a higher sharing probability among
different protection paths. In LP, the traffic is only routed around the failure link,
thus the protection capacity of different links is hard to share. However, due to a
shorter protection distance, LP p-cycle sets perform well in spectrum usage by using
higher-level modulation formats. In FIPP, large p-cycles are necessary to protect a
pair of nodes that are each edge of the network. For instance, in COST239 network,
in order to protect node pair 1 and 11, a large FIPP p-cycle is required. A higher
spectrum usage with a lower protection to working ratio shows that FIPP p-cycles
have to be assigned with lower-level modulation.

We can also observe that, with regenerators, the performance gap between the
proposed algorithms and Hamiltonian cycle is lower. This is because even though the
Hamiltonian cycle may be long, regenerators help reduce the maximum transparent
distance of lightpaths which enables higher-level modulations.

Fig. 2.9 and Fig. 2.10 show the performance results in translucent and trans-
parent pan-European network. The performance results in pan-European network
are different from those in the COST239 network. In pan-European network, the
gap between the proposed LP algorithms and LP Hamiltonian cycle is larger than
COST239 network. Here is our explanation. There are two drawbacks of larger cycle:
the load imbalance cost, caused by a higher number of hops; and lower level modula-
tion has to be used for a longer lightpath. Due to the larger size of this network, the
LP Hamiltonian cycle is too long in pan-European network, which means these two
drawbacks dominate the final performance of spectrum usage.

If we compare LP p-cycle set and FIPP p-cycle set, we can see that LP p-cycle
has better performance in terms of spectrum usage but lower performance in terms
of protection to working ratio. This is because the lightpaths are shorter but the
sharing of protection capacity is harder in LP. FIPP p-cycles have better performance
for protection to working ratio but have a higher spectrum usage because lightpaths
are longer (thus requiring more working bandwidth) but enable higher sharing of

protection bandwidth as well.

33



(@) Spectrum usage of LP  (b) Spectrum usage of FIPP (c) Comparion in spectrum
p-cycle sets. p-cycle sets. usage between LP and FIPP
p-cycle sets.

(d) Protection to working (e) Protection to working (f) Comparion in protection
ratio of LP p-cycle sets. ratio of FIPP p-cycle sets. to working between LP and
FIPP p-cycle sets.

Figure 2.9: Performance results for translucent pan-European network.
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Figure 2.10: Performance results for transparent pan-European network.
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(a) Demand blocking ratio in (b) Demand blocking ratio in pan-
COST239. European.

Figure 2.11: Demand blocking ratio

2.8.2 Dynamic Trac

In dynamic tra c, we present the comparison between the two TIPS algorithms
(LP and FIPPP) and baseline algorithms: Hamiltonian cycle and random p-cycle set.
(Recall that TOPS is not applicable for dynamic tra ¢ as the tra ¢ is not known
ahead of time.) Since Hamiltonian cycle goes through all the nodes in the network,
Hamiltonian cycle can be used as both LP p-cycle and FIPP p-cycle.

Fig. 2.11a and Fig. 2.11b show the demand blocking ratio performance in
COST239 network and pan-European network respectively. In this work, the pro-
tection capacity can be shared by di erent requests if their working paths are dis-
joint. Thus, blocking is only caused by insu cient working capacity. Given a tra c,

a higher level of modulation leads to a lower working capacity requirement, so, the
p-cycle set which can take advantage of higher level modulation has a lower blocking
ratio. The modulation format is determined by the transparent transmission distance
of the protection path. As mentioned earlier, large p-cycles are necessary in FIPP,
whereas LP p-cycles tend to be smaller. Thus, as we can see from the results, the
demand blocking ratio of TIPS-LP is much better than that of TIPS-FIPP. We would

like to mention that the size of a cycle may not necessarily mean a lower level modu-
lation if there are straddling links or paths. The protection lightpath of a straddling

link or path maybe much shorter than the length of cycle. For instance, even though
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the Hamiltonian cycle is the largest cycle in the network, there are many straddle
links and paths in such a cycle. This is the reason why the blocking ratio of Hamil-

tonian is lower than Random cycle set, as can be seen from the gures.
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Chapter 3 Disaster Recovery with Mitigation Awareness for Elastic
Optical Networks

In this chapter, we explore disaster management with mitigation awareness (DRAMA)
for EONs. The DRAMA algorithm is designed for transparent EONs. In Deep-
DRAMA, we solve the same problem as DRAMA but use Deep Reinforcement Learn-
ing (DRL) to nd the appropriate recovery scheme. DRAMA+ is designed for translu-
cent EONs. Finally, DRAMA-PRO is designed, where we consider disaster manage-

ment in protected transparent EONSs.

3.1 Motivation

In disaster recovery problem, when the disaster happens, a part of network compo-
nents is disabled, and some tra cs inside the network are a ected and disconnected.
These a ected tracs need to be re-accommodated to the network after disaster,
where the transmission capacity is lower than the network before disaster due to dis-
abled components. Once the re-accommodation is provided, it is hard to avoid the
resource con ict between recovered tra ¢ and una ected tra c. This con ict may
lead a higher blocking ratio of recovery. On the other hand, network users far from
the disaster do not want to be a ected by the disaster, while users close to the disaster
may su er more out-of-service since recovery are likely provided around the disaster.

Once the disaster happens, initiative adjustment of una ected tra cs is necessary.
Rather than keep the original route and required data rate, it is a better solution to
provide a re-routed path and a degraded service with the data rate lower than original
requirement to save network capacity for the recovery in a disaster situation. For the
a ected tra cs, compared with directly drop the a ected tra cs due to insu cient
spectrum, o ering degraded service is able to accommodate more tra cs. Keeping
more services continue to be provided during the disaster is the most desirable demand
of network users, even though these services may be degraded.

Therefore, DRAMA is proposed with the mitigation zone and degraded service.
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The mitigation zone is designed as a \Help zone" toward the disaster. The mitiga-
tion zone is a cycle that has a same center with disaster but larger than the disaster
zone. Tra cs outside the mitigation zone are regarded as \Services given to users
far from disaster" and must be serviced with non-degradation. Tra cs inside the
mitigation zone can be provided with degraded service. In our work, DRAMA, Deep-
DRAMA, DRAMA+, and DRAMA-PRO can select the degradation based on the
network situation. In DRAMA+, how to utilize the availability of 3R-regenerators

for better recovery after a disaster happens in translucent EONs is also a challenge.
In DRAMA-PRO, we aims to retain the protection for protected lightpaths in the

damaged network, while also recovering the unprotected lightpaths.

3.2 Problem Statements

3.2.1 Problem Statements of transparent and translucent EONs

We rst present the problem statement for the transparent and translucent EONSs,

which is used in work DRAMA, DeepDRAMA and DRAMA+.

3.2.1.1 Network and Tra ¢ Model

Consider a networkG(N; E ) with 3R-regenerators, whereN denotes the node set
and E denotes the link set. On each linke, there is a pair of oppositely-directed
bers. We assume that, before the disaster happens, a set of LRsexists in the
network. Each LP is denoted ad(s;d;w), where s represents the source node]
represents the destination node! and w represents the lightpath (LP) data rate.
Assume there are several modulation formats with di erent spectrum e ciencies and
distance limitations. If the network is a translucent EON, we assume that the lo-
cations of 3R-regenerators is given and the 3R-regenerators at a node are available
for all LPs passing through that node. A 3R-regenerator can be used to perform
spectrum conversion, as well as extend the LP transmission distance and/or increase

the modulation level.

1We assume that any OXC node can be a source or destination of lightpaths.
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Consider a circulardisaster zoneD (Cy4; Rq), where Cy4 represents the center and
Ry represents the radius. We assume that any node that lies in the disaster zone
and any link with either end node in the disaster zone is failed due to the disaster. If
either source node or destination node is failed after the disaster, the LP is considered
asunrecoverable Further, if there is no possible path from an LP's source node to its
destination node, then the LP is unrecoverable as well.

The mitigation zoneM (C,; Rp) is formed as the annulus bounded by the circular
region with the same center as disastet,, = Cy4 and radiusR4 + Ry,. The network
excluding the disaster and the mitigation zones is denoted &k

The network is thus covered by three disjoint zonesD, M, and U. Every LP
| 2 L is considered be in one of the three zones, determined by where their source/des-
tination nodes lie. If either the source node or the destination node lies M, then
the LP is regarded ad 2 D and is unrecoverable. For all recoverable LPs, if either
source or destination node lies withirM , then we sayl 2 M ; else,|l 2 U.

We explain these ideas with an example in Fig. 3.1. Here, the center of the
disaster and mitigation zones is node 7. The disaster zone is shown as the red circle,
while the mitigation zone is shown as the green circle. Node 7, links 1-8, 4-11, 5-7
and 7-8 are disabled by the disaster, while nodes 5 and 8 are inside the mitigation
zone. Based on the a ected/una ected situation and the three di erent zones, all the

LPs can be divided into 4 types and managed in di erent ways:

A

If the LP is unrecoverable, the LP will be dropped without a recovery attempt.

This case is shown ak,.

~

If the LP (in M or U) is a ected by the disaster, the LP is recovered with a
new path and FSs with possibly degraded data rate. This case is shownlas
and Is. Sincels 2 M whereasls is not, I3 would cause a higher penalty tharis

for the same level of degradation.

A

If | 2 M is not a ected by the disaster, the LP may be recovered with degraded

service with a new path and spectruml, is an example of such an LP.
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A

If | 2 U is not aected by the disaster, it may be recovered with degradation

and re-assigned spectrum on the same path. An example of such an LP;is

Figure 3.1: Examples of LPs inside and outside the disaster and mitigation zones in
translucent EONSs.

3.2.1.2 Penalty Functions

Now we show the penalty functions that used in the series of DRAMA works.
When the data rate of an LP is degraded, there is a penalty that is accrued due
to violation of the SLA. In this chapter, we assume that each LP brings revenue to
the network and revenue is equal to the data rate of the LP. There are two di erent
non-decreasing penalty functions - one for LPs within the mitigation zone and one for
outside the mitigation zone.P;(d) is used as the penalty function for the LPs inside
the mitigation zone. Here, the degradation factod is the percentage of the data rate
degraded (the percentage of reduction in the LP's data rate). For the LPs outside
the mitigation zone, we consider four di erent penalty functionsP,(d), Ps(d), P4(d)
and Ps(d), to explore the performance of our algorithm with respect to a variety of
functions. P,(d), Ps(d) and P4(d) are used to represent sub-linear, linear and super-
linear functions respectively, wherea®s(d) represents the case when a LP loses all
its revenue when its service is degraded lany amount. These penalty functions are

given by equations (3.1) to (3.5) and shown in Fig. 3.2.

_log(2d 09 d)

Pa(d) = log(1 09 1) (31)
_log(1 08 d)

Pa(d) = log(1 0:8 1) (3.2)
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Ps(d) = d (3.3)

_ log(10 d+1)
Pa(d) = log(10 1+1) (3.4)
Ps(d)=1; O<d L (3.5)

Figure 3.2: Penalty functions.

The penalty functions indicate the relationship between the degradation factor
and the percentage of the revenue lost. The absolute value of the penalty is the value
of the penalty function times the total revenue of the LP. For example, suppose the
original data rate of an a ected LP that is inside the mitigation zone is 100 Gbps but
the LP is recovered with 75 Gbps. In this case, equation (3.1) is used and the value of
the penalty function corresponding to 25% data rate degradation is 0.11. Therefore,
the absolute penalty is @11 100 = 11. For the no degradation case, the value of the
penalty function is 0, so there is no penalty at all. The value of the penalty function
is 1 in the full degradation case (i.e., the LP is dropped). If an LP is blocked/dropped
during the recovery or re-assignment, all the revenue is considered to be lost and the
absolute penalty is equal to the revenue.

As shown in Fig. 3.2,P,(d) < P;(d);i = 2;3;4;5; for a given degradation factor

d. This setting is based on the intuition that users of services that are far away from
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the disaster zone (i.e.] 2 U.) do not want to be a ected during the recovery process,

and therefore there is a higher penalty when their service is degraded. The mitigation
zone is designed as the \help zone" to solve the capacity bottleneck problem in the
damaged network, so the LPs inside the mitigation zone are charged a lower penalty.

The objective of the disaster management problem is to recover the a ected LPs
and re-accommodate the una ected LPs, while minimizing the total penaltyThe
re-accommodation of the una ected LPs involves the adjustment of the pre-disaster
assignment of LPs in the damaged network. The purpose of re-accommodation is to
provide exibility in recovery, without which a large penalty would be incurred. By
utilizing this exibility appropriately, LPs can be recovered or re-assigned with a low
total penalty.

This problem is extremely challenging as it involves nding a recovery path and
spectrum for LPs and selecting the appropriate degradation factor for each LP. It is
well known that even the spectrum assignment problem is NP-hard in mesh networks.
In this work, we present an ILP and a heuristic algorithm to do the routing and

spectrum assignment, and nd the appropriate degradation factors.

3.2.2 Network and Tra ¢ Model for Protected EONs

We then present the network and tra ¢ model for the protected EONs, which is

used in work DRAMA-PRO.

3.2.2.1 Network and tra ¢ model

The disaster recovery problem is de ned within a networkG(N;E), where N
represents the nodes an& represents the set of links. Each link consists of a pair
of bers in opposite directions. At the time of the disaster, there is a set of active
lightpaths denoted asT. A lightpath request is represented as$(s;d;w; ), wheres
and d are the source and destination nodes respectively, and indicates the data
rate. is the class of the request. We assume that there are two types of lightpath
requests: rst-class and normal-class A rst-class request requires a working path

and a protection path, while a normal-class request only needs a working path and is

42



not required to be protected. We assume that rst-class requests are protected using
dedicated path protection and the working path and protection path do not share
any common link or node. All working and protection paths are routed and assigned
with spectrum continuity and contiguity requirements. Multiple modulation formats
are available, each having di erent distance limitations and o ering di erent levels of
spectrum e ciency. All the lightpaths are assigned the highest feasible modulation
format based on their physical distance.

During the recovery after a disaster, for a rst-class lightpath request, the protec-
tion path of the request should also be recovered or re-accommodated. If the working
path is a ected but the protection path is not a ected, the protection path will be di-
rectly used as the working path after the disaster without any data rate degradation.
This protection deployment is done right after the disaster and before the recovery
starts.

The disaster zoneD (Cgq; Ry) is de ned as the circular area centered aCy with
a radius of Rg. Any node and any link with at least one endpoint within this area
is failed by the disaster. If there is no viable path between a request's source and
destination node, or if either the source or destination node fails, the lightpath is
regarded asunrecoverable The mitigation zone M (Cq4; Ry ) is de ned as the annulus
between the outer edge of the disaster zone and an additional circle centered at the
disaster center. These zones are depicted in Fig. 3.3. The area outside both the
mitigation and disaster zones is designated as.

Each lightpath requestt from the setT is classi ed according to the zones of its
source and destination nodes. If either source or destination node is witHin then
t belongs toD and is unrecoverable. If both nodes are outside but one or both are
within M, then t is placed inM . Otherwise,t belongs toU.

Based on the motivation of the mitigation zone, we assume that the una ected
lightpath request inside the mitigation zone could be re-accommodated with a de-
graded data rate to alleviate the bottleneck problem caused by the disaster. Service
degradation is allowed for all lightpath requests during recovery, but re-routing is only

allowed for a lightpath that is directly a ected the disaster or inside the mitigation
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zone. Service degradation leads to a penalty, and according to the motivation for the
mitigation zone concept, the penalty inside the mitigation zone is kept lower than the
penalty outside the mitigation zone. The next subsection presents more details.
Examples of lightpaths are shown in Fig 3.3t; is an example of a rst-class request
and t} and t} are the working path and protection path, respectively, before the
disaster. Sincet; 2 U and its working path is a ected by the disaster, the lightpath
request will directly use the una ected protection patht} as the working path after
the disaster. During the recovery, we will look for a new protection path to keep the
request protected. The normal-class request is an example of a lightpath outside
the mitigation zone but not a ected by the disaster. In this caset is a candidate for
degraded service with the same path as before the disaster. If the lightpath request
is inside the mitigation zone, for both rst-class request and normal-class request, no
matter whether it is a ected or not, it will be recovered or re-accommodated (e.g.,

t3). If the lightpath request is unrecoverable, the lightpath is dropped (e.gtys).

Figure 3.3: Examples of mitigation zone and request types.

3.2.2.2 Penalty Functions

To evaluate recovery e ciency with data rate degradation on lightpaths, we use
penalty functions to quantify the service level degradation. We assume that each
lightpath contributes revenue to the network, which is assumed for simplicity to be
equivalent to the data rate of the lightpath. For a rst-class lightpath request, the
working path and the protection path have the same revenue that equals the data rate
of the lightpath request, while the revenue of a normal-class lightpath only comes from

its working path. If the data rate of a lightpath is degraded after disaster recovery,
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there is an incurred penalty. The de nition of the mitigation zone implies that the
penalty for the same level of degradation should be higher outside the mitigation
zone than inside the mitigation zone. While our algorithm can work with any penalty
function, in this work, we use the two penalty functions shown in Fig. 3.4 and de ned

in (3.6) and (3.7).

Figure 3.4: Penalty functions.

log(1 09 d)

Pod = {og@ 00 1) (3.6)
_log(2 06 d).
Pd) = @ 06 1) (3.7)

whered is the degradation factor, de ned as the percentage of the data rate degraded
(the reduction percentage of the data rate). There are two di erent penalty functions:
P1(d) is for a lightpath inside the mitigation zone, andP,(d) is for a lightpath out-
side the mitigation zone. The penalty functions describe how the degradation factor
correlates with the percentage of revenue lost. The absolute value of the penalty is
the value of the penalty function times the total revenue of the lightpath.
In addition, we set up two balance factors: and to measure the penalty more

reasonably. is used to quantify the relative penalty for the protection path of the
rst-class request (relative to the working path of a rst-class request), while is used

to quantify the relative penalty for the normal-class request. The actual penalty for
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these two types of lightpath equals the actual penalty given by the penalty function
times the corresponding factor. In this work, both and are setto 0.7.

The goal of the disaster recovery problem with protection is to recover the two
di erent classes of aected tra c requests and re-accommodate the una ected re-
guests with appropriate routing, degradation and protection, while minimizing the

total penalty.

3.3 DRAMA

In this section, we describe the DRAMA heuristic algorithm, which is designed
for transparent EONs. DRAMA rst determines the order in which the tra c will
be recovered, and then proceeds to determine the degradation factor and does RSA

for the recovered lightpath.

3.3.1 Order of Recovery in DRAMA

First, all the recoverable a ected tra ¢ and tra c inside the mitigation zone are
sorted in terms of Revenue E ciency (RE) in non-increasing order. The RE is de ned

as follows:

RE = Revenue of trac .
Minimum spectrum cost

(3.8)
Here, the revenue is the revenue of the lightpath, and the minimum spectrum cost is
de ned asNumber of slots Number of hops on shortest path The number of slots

is determined by the data rate of the tra ¢ and highest modulation format possible
for the shortest path. Lightpaths are considered for recovery in descending order of
RE because these lightpaths have the highest revenue per unit spectrum cost. Note
that the actual spectrum cost would depend on the actual path selected for recovery
(which is not known yet), which may not necessarily be the shortest path. However,
we use the quantity RE as a measure of the priority for recovering lightpaths after

the disaster.
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3.3.2 DRAMA Recovery Algorithm

We now describe the recovery algorithm that includes the determination of degra-
dation factors and RSA for tra c inside the mitigation zone. The pseudocode of
DRAMA is shown in Algorithm 6.

In lines 1-8, we release the spectrum of unrecoverable LPs and LPs that can be
recovered but re-assigned. The LPs that can be recovered and re-assigned are added
to set T® In line 9, all the LPs in T%are sorted in decreasing order of RE, and each
tra c is recovered one by one in this order.

The recovery and re-assignment are executed in lines 10-21. For the tra c outside
the mitigation zone and a ected by the disaster, the service inot degradedi.e., its
data rate is not reduced. The recovery is done using a shortest path (SP) on the
surviving network and the First Fit (FF) algorithm is used for spectrum assignment.

If spectrum is not available to recover the tra c fully, it is dropped, and the penalty
is set equal to the tra c's revenue. This recovery procedure is shown in lines 11-12.

Lines 13-19 show the re-assignment procedure for the tra c inside the mitigation
zone. Re-assignment is done no matter if the trac is a ected by the disaster or
not. For each trac, rst we determine the number of slots needed without service
degradation for the highest level modulation on the shortest path of the surviving
network. Then, for each candidate degradation option, we calculate the Potential
Penalty (PP), which is de ned as the sum of the Current Penalty (CP) and Future
Penalty (FP). (The calculation of PP is explained below.) The candidate with the
lowest PP is then selected for the tra c. For instance, suppose there is a 400 Gbps
tra ¢ which is assigned 16-QAM; the number of slots needed without degradation
is 8. Then, there are 9 candidate degradation options (0 to 8 slots for the recovered
trac). The option which gives the lowest PP is selected as the recovered trac's
data rate. Recall that the degradation factor is the ratio of decrease in a recovered
tra c's data rate to its original data rate. After selecting the degradation factor, the
tra c is assigned that amount of spectrum using SP-FF.

When an LP is considered for degradation, a lower penalty is incurred if it is
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Algorithm 6 DRAMA Algorithm

Require: G(N;E), T, D(Cq4; Rg), M(Ch; Rin)
Ensure: Degradation factor and RSA for recovered tra c
1: Initialize an empty trac set T°
2: for eacht 2 T do
3. if t2 D (i.e., t is unrecoverable}hen
4 Release the spectrum df
5. elseif t2 M or t's path is disrupted by disasterthen
6: Release the spectrum of, addt to T
.
8
9

end if
. end for
: Sort all t 2 T%in decreasing order of RE
10: for eacht 2 T%do
11: if t2 M (i.e., t is a ected by disaster, butt 2 U) then
12: Assignt with SP-FF RSA without degradation; blockt if FSs not available
13: else

14: Determine the modulation format and number of FSs with SP

15: for each possible degradation optiodo

16: Calculate PP = CP + FP

17: end for

18: Select the degradation option that has the lowest PP

19: Assignt with SP and FF with selected degradation; block if FSs not
available

20: end if

21: end for

recovered with a lower degradation factor. However, this causes less bandwidth to
be available for the remaining LPs yet to be recovered. CP and FP are designed to
balance this tradeo . CP is calculated based on the current degradation option using
the penalty function. For instance, if the same tra ¢ (400Gbps, 16-QAM) is assigned
2 fewer slots, then CP is 44 (as shown in the example above Eq. (3.25)).

The FP of a candidate degradation option is calculated according to Algorithm
7. It is based on the network status if we assign the LP with this degradation option.
We emphasize that this degradation option is not the nal selection; it is only used
to calculate the FP for this option.

In line 1, the recovery pathp is assigned to the LPt with the given degradation
option. Now, the assignment of spectrum to this LP will a ect the spectrum avail-

ability (and hence the degradation) of future LPs (i.e., the LPs that are waiting to
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Algorithm 7  Calculation of Future Penalty
Require: G(N;E), t, SP p, a degradation option
Ensure: Value of Future Penalty (FP)
1. Assign the tra c with p, FF, and the given degradation option; initializeFP =
0
2: for each SPp° of an s-d pair that shares a link withp do

3: Initialize ADR po and RDR o

4: if ADRp RDR then

5: Calculate the basic penalty and add td_F P p°

6: else

7 Calculate the basic penalty and add td_F P p°

8 Initialize the PE of all the LPs waiting to be recovered or re-assigned qi?
and sort them in descending order of PE

o: while ADR p < RDR  or the number of degradation slots in this LFP
calculation is  the number of slots saved in current penaltglo

10: Select the LPt° with highest PE

11: if t2 M and t a ected by disasterthen

12: Calculate the penalty of full degradation and add ta_F P

13: elseif t 2 M then

14: Calculate penalty of 1-slot degradation and add td.F P y

15: end if

16: Update RDR = RDR» data rate corresponding to degradation in

line 12 or 14

17: Update PEs of LPs

18: end while

19:  end if

200 FP =FP + LFPp°

21: end for

be recovered). We calculate the future penalty as the sum of the Lightpath Future
Penalty (LFP) of all the shared LPs (i.e., the LPs that share a link op).

The Request Data Rate (RDR)of a shared pathp® is de ned as the sum of data
rates of LP requests that are waiting to be recovered or re-assigned ph The
Available Data Rate (ADR) of a shared pathp®is de ned as the total data rate that
is available onp®, calculated using the number of available slots op’ times the data
rate per slot, based on the highest modulation format available opf. If the RDR is
lower than the ADR, we rst calculate the basic penalty of each waiting LP and add
them to the LFP. If the LPs on p° are outside the mitigation zone and the waiting

LP cannot be assigned in the current network state, the basic penalty is calculated
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as the blocking penalty (i.e., full degradation), otherwise, the basic penalty is 0. If
the LP is inside the mitigation zone, the basic penalty is calculated by the best e ort
degradation case. For example, if a 400G LP requires 8 slots but the largest contiguous
block of spectrum available is 6 slots, the basic penalty B((8 6)=8) 400 44.

If the ADR is lower than the RDR, then we need to calculate the penalty of
degrading various LPs. In line 7, the basic penalty of each waiting LP is calculated
and added to the LFP. Then, in line 8, we sort all the LPs waiting to be recovered
or re-assigned om® with the Penalty E ciency (PE) in non-decreasing order (shown

in line 8). The Penalty E ciency is de ned as follows:

_ Number of slots saved
absolute value of penalty

(3.9)

If the LP is outside the mitigation zone, PE is initialized with all slots saved
because it has to be either not degraded at all or blocked. If the LP is inside the
mitigation zone, PE is initialized with 1 slot saved. For example, if an LP requires
8 slots and the largest contiguous block is 6 slots, the PE is initialized with 1 slot
degradation, i.e., from 6 to 5 slots.

We keep doing the gradual degradation of the LP with highest PE until the RDR
becomes less than the ADR, or the number of degradation slots in this step is not
lower than the number of slots saved in current penalty (line 9). If the waiting LP
with highest PE is outside the mitigation zone, the penalty of full degradation is
added to the LFP (line 12). If the LP with the highest PE is inside the mitigation
zone, it is degraded by 1 slot and the penalty of this 1-slot degradation is added
to the LFP (line 14). The RDR is updated by taking this degraded data rate into
account (line 16), and the PEs are recalculated for all the LPs (line 17). For the same
example, if the LP that has the degradation from 6 to 5 slots has the highest PE, then
the PE is updated as degradation from 5 to 4 slots, and the while loop continues.

An example of FP calculation is shown in Fig. 3.5, in which there are 4 LRg, t,

t, and t3 with data rates 400 Gbps, 100 Gbps, 150 Gbps, and 200 Gbps, respectively.

We assume that all the LPs are inside the mitigation zone and are between node 1
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(@) Step 1 (b) Step 2 (c) Step 3 (d) Step 4

Figure 3.5: Examples of Future Penalty calculation on one lightpath

and node 2. The modulation format is 16-QAM (50 Gbps/slot), and therefore the
required number of slots are for the four LPs are 8, 2, 3, and 4, respectively. Suppose
we are selecting the degradation factor df, and calculating the future penalty of

LP to in 6-slot degradation casets;t,;t; are waiting to be assigned. Slots #1-2 are
assigned toty and slots #2-7 are idle. The ADR is then 6 50 = 300 Gbps.

The initialized PEs are shown in Fig. 3.5a. Fot,, the value of PE is calculated
with penalty of 1-slot degradation, i.e., from 2 to 1 slot. So, the degradation factor
is 05 and using the penalty function (Eq. (3.25)), we geP (0:5) = 0:2596, and the
absolute penalty as 596 100 = 2596). In Fig. 3.5a,t3 has the highest PE and is
degraded with 1 slot rst. In Fig. 3.5b, the PE oft; is updated with the penalty of
1 more slot degradation (the absolute penalty of 1-slot degradation the absolute
penalty of 2-slot degradation). In Fig. 3.5c, the RDR is 350 Gbps but the ADR is 300
Gbps and since RDR> ADR, we continue with degradation. In Fig. 3.5d, the SDR
(300 Gbps) is not higher than the ADR (300 Gbps). Therefore, the future penalty of
for to on path 1 2 in 6-slot degradation case is 71.32.

The worst-case complexity of DRAMA isO(jNj3 + jTjlogjTj jNj2 F ), where
N is the set of nodes]T is set of LPs before disaster, ané& is the number of FSs
per ber. The rst term is the complexity to determine the shortest paths for all
s-d pairs, the second term captures the sorting of LPs according to PE, ands the

maximum number of slots needed per LP.
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3.4 DeepDRAMA

In this work, we propose a new approach to disaster recovery using a mitiga-
tion zone and machine learning. All the tra c inside the mitigation zone is re-
accommodated with potentially degraded service (i.e., decreased bit rate) to solve
the bottleneck problem caused by a large-scale disaster. This new approach is also
based on the intuition that services that are far away from the disaster zone should
not be aected during the recovery process. The benet of mitigation zone has
been demonstrated in [16], where we proposed a heuristic recovery algorithm called
DRAMA. This work expands upon the use of mitigation zone by using a DQL agent
to select a degradation factor for rerouted lightpaths a ected by a disaster. A new
recovery algorithm called DeepDRAMA is proposed and a DQL agent is designed to
select the degradation for each tra c inside the mitigation zone. To the best of our
knowledge, this is the rst work that leverages machine learning for disaster man-
agement in optical networks. The contributions of our work can be summarized as

follows:
A DQL agent is designed for disaster management.

A novel deep neural network (DNN) is designed and trained to select the ap-

propriate degradation for each lightpath in di erent mitigation cases.

The DeepDRAMA algorithm is proposed for the recovery of a ected tra ¢ and

re-assignment of tra c inside the mitigation zone with proposed DQL agent.

Simulation results show the e ectiveness of DeepDRAMA.

3.4.1 Deep Q Learning Design

Reinforcement learning is widely used in scenarios that need to interact with the
environment. The general process of reinforcement learning is: given the state of an
environment, the agent selects a corresponding action according to some policy. The

state will be updated to a new state after executing this action. The agent will get
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a reward after executing the action and will adjust its policy according to the value

of the reward. The objective is to maximize the sum of the rewards when the state
reaches the terminal state. Q-learning is a type of reinforcement learning in which
the agent stores the reward value of state-action pairs in a table (Q-table). However,
conventional Q-learning is limited by the space of states and actions. When the

number of state-action pairs becomes very large, using a Q-table becomes impractical.

Figure 3.6: The structure of DQL agent.

Deep Q Learning (DQL), which is a typical case of deep reinforcement learning
and a combination of deep learning and Q learning, replaces the Q-table with a deep
neural network (Q-network), and acts as the policy for action selection. Fig. 3.6 shows
the structure of DQL. The environment is presented as the state, and the Q-network is
used to determine the action. Once the action is selected, the environment is changed
according to the action execution. Meanwhile, a reward is generated and fed back
to the Q-network for training. A target Q-network is used to stabilize learning and
establish an optimal policy. The purpose of the target neural network is to calculate
the target Q values, which are used as the training label of the main Q-network. The
target Q-network is updated with the parameters of the main Q-network periodically.

DQL is well-suited to the disaster recovery problem because it does not require a
labeled training data set, and attempts to obtain training samples through continuous

interaction between the agent and the environment.
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Figure 3.7: The structure of Q-network in DQL agent.

3.4.1.1 Q-network Design

We now describe the structure of the Q-network inside the DQL agent, including
the presentation of the environment and the DNN design.

The observation spacestate includes three sub-states: network stats, lightpath
state t and mitigation zone statemz. The network sub-states is represented by a
2-D array, where the information of the FS usage is carried. The row represents the
FS index and the column represents the ber index. For example, if FS 3 on ber 1is
assigned and occupied by a lightpath, then the value of row 1 and column 3 is set to
1. The value is set to O if the corresponding FS is not occupied. The lightpath sub-
statet is represented as a 1-D array of 4-tuples, where the source n&jelestination
node D, data rate R and modulation factor M are included. The modulation factor
M is the normalized spectrum e ciency of the highest modulation format available
(de ned as data rate per FS (in Gbps) / 12.5, e.g., the value d#1 for 8QAM is 3) to
be used for the shortest path in the surviving network. The mitigation zone sub-state
mz is represented as a 1-D array. The value is set to 1 if the corresponding node is
inside the mitigation zone, otherwise it is set to 0. For example, the value of index 2
is set to 1 if node 2 is inside the mitigation zone.

Layer 1 of the DNN is generated by convolution of and each unit ins as follows:
5 =fw [¥;tsitostritu]” + b) (3.10)

wherel} is the value of rowi and columnj in layer 2 and |} is the value of the
position in layer 1. ts, tp, tg, ty are the lightpath's source node, destination node,

data rate and modulation factor, respectively.w and b are the weight of the kernel
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and bias. Functionf is the activation function.

After convolution betweens and t, Layer 2 is generated by standard convolution
with ng kernels and biases. The kernel size is 33 in this step. Then, layer 3 is
generated by doing max pooling to layer 2 with strides size 22. Layer 4 is generated
with one more convolution and max pooling calculation, same as layers 1 through 3.
Layer 5 is generated by the convolution of each column in layer 4 withy kernels.
Then, the dense layer D1 is generated by the convolution of all the elements on each
channel and atten reshaping.

Dense layer D1 and D2 are full-connected while D2 and the upper part of D3 are
full-connected. The mitigation zone sub-statanz is atten reshaped and concate-
nated to layer D3 as the bottom part. Then, dense layer D4, D5 and action layer are
full-connected.

In this work, the size of the action space is 211, corresponding to 21 degradation
options (0 % to 100 % in 5% steps). Action value 1 represents 0% degradation and
action 21 is 100% degradation (i.e., drop the lightpath). The action with the highest
value is selected as the degradation. For example, if the original data rate of a
lightpath is 400 Gbps and action value 15 has the highest value in the action space,

then the value the lightpath is recovered with is 400 (1 70%) = 120 Gbps.

3.4.1.2 Training Design

The training of the DNN aims to adjust the parameters to minimize the gap
between Q-value of the action generated by the state and the training label. The
Q-value is de ned as follows:

h [

Q(state;A)=r+ E nla(}xQO(statea, A9 (3.11)

wherestate is the current state, including the network sub-state, lightpath sub-state
and mitigation zone sub-state. The action selected by the DNN is denoted &s
andr is the immediate reward of the action. The reward is de ned as the remaining

revenue of each lightpath, which is the total revenue of the lightpath minus the
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absolute penalty due to the degradation. is the discount factor, which is 0.95 in
this work. QO represents the target Q network. state® is the updated state after
the recovery operation according to actiorA. A°is the future action selected based
on future states. In this work, we randomly select 5 of the lightpaths waiting to
be recovered or assigned as the future lightpaths. The average Q-value of these 5
lightpaths is used.

The mean squared error is used as the loss function and the Adam optimizer is
used [45].ReLU is used as the activation function. The memory replay mechanism
is implemented. Instead of training the Q-network immediately after the recovery
or re-assignment, the training data is restored in the memory pool as a group of
state, action, reward, state®, where state® represents the next state after theaction
is applied onstate. Then the training data is periodically randomly selected from the
memory pool and used for training. The reason for adding experience replay is because
the states are obtained from consecutive environments in the recovery procedure [46].
Compared with conventional reinforcement learning problem, the samples are much
more relevant. If there is no experience replay, the training basically does the gradient
descent in the same direction for a continuous period of time, so the direct calculation
of the gradient may not converge under the same training times. The design of the

memory replay is presented in Section 3.7.1.

3.4.2 DeepDRAMA Algorithm

We now describe the DeepDRAMA algorithm. The pseudocode of DeepDRAMA
is shown in Algorithm 8.

In lines 1-8, we release the spectrum that was assigned to unrecoverable LPs as
well as LPs that are waiting to be recovered or re-assigned. The LPs that can be
recovered and re-assigned are added to et

In lines 9 -12, all the LPs inT®and U are recovered rst. These LPs are sorted
in decreasing order of data rate, and each LP is recovered one by one in this order.
The shortest path (SP) and rst t (FF) slot assignment is used to accommodate the

lightpath.
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In lines 13-16, we recover and reassign the lightpaths inside the mitigation zone.

The Agent is used to select the degraded data rate of the lightpath.

Algorithm 8 DeepDRAMA Algorithm

Require: G(N;E), T, D(Cq4; Rg), M(Ci;Rn), U, Agent
Ensure: Degradation factor and RMSA for recovered LPs
1: Initialize an empty LP set T°
2: for eacht 2 T do
if t2 D (i.e., t is unrecoverable)then
4 Release the spectrum aof
5 elseif t2 M or t's path is disrupted by disasterthen
6: Release the spectrum of, addt to T
.
8
9

end if
. end for
: Sort all t 2 T%in decreasing order of data rate
10: for eacht 2 T%do
11: if t2 M then
12: Assignt with SP-FF RSA without degradation; blockt if FSs not available
13: else

14: Determine the modulation format with SP

15: Select the degradation option with theAgent

16: Assignt with SP and FF with selected degradation; block if FSs not
available

17:  end if

18: end for

3.5 DRAMA+

This work extends and improves upon our earlier work DRAMA and DeepDRAMA
in several ways. First, we make the recovery process more exible by allowing all light-
paths to be recovered with degraded service, but those outside the mitigation zone
would su er a larger penalty than those inside the zone. Second, we consider translu-
cent EONSs in this work, thus generalizing the recovery algorithm in DRAMA that
was restricted to transparent networks. Third, an Integer Linear Program (ILP) is
formulated to minimize the penalty for small problem instances, and an enhanced
heuristic algorithm, named Disaster Recovery Algorithm with Mitigation Aware-
ness (DRAMA+), is designed for more realistic problem instances. Fourth, multiple

penalty functions are proposed to fairly measure the cost of recovery with degrada-
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tion and fully test the heuristic algorithm. Finally, we present extensive simulation
results to show that our proposed approach has better performance than conventional
recovery methods.

The work is organized as follows. The ILP is formulated in Section 3.5.1. This is
followed by our heuristic algorithm DRAMA+ in Section 3.5.2. Extensive simulation

results are presented and analyzed in Section 3.7.3.

3.5.1 An ILP Formulation

In this section, we formulate an ILP model to solve the problem. Here, we assume
that the possible degradation factors are 0% to 100% with a step size of 10%. The

parameters are presented as follows:

A

L% the set ofrecoverablelightpaths

L : the set of una ected lightpaths that lie outside the mitigation zone
J;: the path index of LP | before the disaster happens

" F: Set of FSs on a ber

K: number of candidate paths for a lightpath

D,: the original date rate of LP|

~ % number of required FSs for LPI when it is assigned with the candidate

path k and degradation factor 10 d%. The highest possible modulation format

is used. These values are generated o ine.
The variables are as follows:

" . Boolean variable that equals 1 if FS indes is used in the recovered or

re-assigned LPl, and O otherwise

"~ JK. Boolean variable that equals 1 if LPI is recovered or re-assigned with

candidate pathk, and O otherwise

" A;: Boolean variable that equals 1 if LPI is recovered or re-assigned, and O

otherwise
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4. Boolean variable that equals 1 if LR is recovered or re-assigned with 10d%

degradation factor, and O otherwise

. Boolean variable that equals 1 if LPI is recovered or re-assigned with

candidate pathk and degradation factor 10 d%, and O otherwise
fl: the start FS index of LP | after recovery

fi: the end FS index of LPI after recovery

Objective: Minimize

0 1
X X
Db RP@ d=10 ‘A+(1 A) D (3.12)

[2L0 d2[0;9]
whereP;(:) is penalty function i.

The objective of the ILP is to minimize the total absolute value of the penalty
after recovery. The absolute value of the penalty is the value of the penalty function
times the total revenue of the LP (in this work the revenue of LP equals to LP's date
rate).

The constraints are as follows:

X

Jf=A;82LC (3.13)
k2[1K ]

Eg. (3.13) ensures that exactly one candidate path is selected for recovery if the
LP is not selected to be dropped. The candidate paths are generated o ine with a

k-shortest-paths algorithm.

X
4= A8 2L° (3.14)
d2[0;9]

Eq. (3.14) ensures that one degradation option is selected if the LP is not selected

to be dropped.
pp X
P=f

s2F

Loflel2 LY (3.15)
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X X

¢ =l flgl2 Lt (3.16)

d2[0;9] k2[1;K ]
(Fj s) ¢ 1 fliss2F;812L" (3.17)
s ° fl;8s2F;82L" (3.18)

Egs. (3.15) to (3.18) ensure that each LP is assigned enough FSs with spectrum
contiguity. In Eq. (3.17), jF] is the number of slots on each ber and represents an

arbitrary xed frequency slot.

k Jf=3J;82L : (3.19)

Eq. (3.19) ensures the paths of una ected LPs that lie outside the mitigation zone
are the same as before the disaster.

X
P 1,8e2E;s2F: (3.20)

12L0

Eq. (3.20) ensures that LPs do not share FSs on a link.
J+ 9+ A 3 1[%8s2F;812L%k=1;2:::;K: (3.21)

J+ 9+ A 19+3;852F;812L%k=1;2:::;K: (3.22)

Eg. (3.21) and (3.22) ensure that I";d equals 1 whenJf, @ and A, are equal to 1.
While the ILP is useful for benchmarking on small problem instances, it is time-
prohibitive for realistic problem sizes. Accordingly, we develop and present our heuris-

tic algorithm for disaster recovery next.

3.5.2 The DRAMA+ Algorithm

In this section, the DRAMA+ algorithm is presented. DRAMA+ rst determines
the recovery order of LPs, and then proceeds to perform routing and spectrum as-

signment (RSA) with degradation factor selection for each LP.
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3.5.2.1 Order of Recovery

First, all the LPs except unrecoverable ones are sorted in terms of Initial Penalty
(IP) in non-increasing order. The IP is de ned as the penalty of a one-FS degra-
dation if the LP is routed on the potential path. If the LP is inside the mitigation
zone or a ected by the disaster, the potential path is the shortest-longest-segment-
path among theK shortest paths. The shortest-longest-segment-path is obtained by
looking at the longest segment (subpath between 3R-regenerators) on each path and
selecting the path with the shortest of these longest segments. The reason why we
use shortest-longest-segment-path here is that, the modulation of a LP is determined
by the longest transparent transmission segment. The path with the shortest-longest
segment has the highest modulation format.

If the LP is outside the mitigation zone and not a ected by the disaster, the
potential path is the same as the original path before the disaster, since the route
cannot be changed in this case based on our assumption. We emphasize that the
potential path is only used to calculate the value of IP and it may not be the nal
routing of the LP.

An example for calculating the IP is shown in Fig. 3.8. Suppose there are 5 nodes
in the network with two 3R-regenerators at nodes C and E. Suppose there is a LP
from A to D and the original path is A-D, which is failed due to the disaster. There
are three possible recovery paths here: A-B-C-D, A-B-D and A-E-D. Path A-B-C-D
is cut into two segments (A-B-C and C-D) by the 3R-regenerator at node C. Thus the
physical length of the longest segment of this path is 300 (A-B-C, 200 + 100 = 300).
For path A-B-D, there is no 3R-regenerator, so the longest segment is the entire
path and the physical length is 500. For the path A-E-D, the physical length of the
longest segment is 350. Therefore, path A-B-C-D will be selected as the recovery
path because it has the shortest-longest segment.

After the path is selected, the modulation format is determined by the physical
length of the longest segment on this path. In this example, suppose the original data
rate of the LP is 400 Gbps and 16QAM (each FS supports 50 Gbps for 16QAM) is
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Figure 3.8: An example to illustrate the potential path for IP calculation.

selected as the modulation, then the number of FSs in the no-degradation case is 8.
Therefore, the penalty of a one-slot degradation is the absolute penalty when the LP
is recovered with 7 FSs. If this LP is inside the mitigation zone, then the degradation
factor is 0.125 andP,(0:125) = 0:052. The IP of this LP is 400 0:052 = 2038. If

the LP is outside the mitigation zone and a ected by the disaster, then the IP is
calculated with one of the penalty functiond?,(:) to Ps(:). The reason behind sorting
LPs in non-increasing order of IP is that LPs with large IPs will incur a higher penalty

if they are not recovered, which is more likely to happen for LPs recovered down the

order because resources have been already assigned to LPs up the order.

3.5.2.2 Recovery Algorithm

We now describe the recovery algorithm. The pseudocode of DRAMA+ is shown
in Algorithm 9.

In lines 1-8, the spectrum that was assigned to unrecoverable LPs is released, and
the recoverable LPs are added to sét® In line 9, LPs in L° are sorted in terms of
IP in non-increasing order.

From lines 10 to 22, for each LP in.% we do RSA with the selection of degradation.
The route of the LP is determined from lines 11 to 15. If the LP is a ected by the
disaster and outside the mitigation zone, the original path before the disaster is used
without re-routing. In line 12, for a LP that is a ected or inside the mitigation
zone, we use an updated version of the Cost-Routing algorithm (CR) proposed in
our previous work [15] for the route. The current CR algorithm is proposed with

dynamic spectrum consideration, whereas the algorithm in [15] is a static algorithm
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Algorithm 9 DRAMA+ algorithm

Require: G(N;E), L, D(Cq4;Rg), M(Cii; Rm)
Ensure: Recovery of network

1: Initialize an empty LP set L°

2: for eachl 2 L do

3: if 2D (i.e., | is unrecoverable)Xhen

4 Release the spectrum df

5 else

6: add| to L°

7. endif

8: end for

9: Sort all | 2 L%in terms of IP in non-increasing order

10: for Each LP I(s;d;w) 2 L°do
11: if 1 2 M or | is a ected by disasterthen

12: Calculate a new path forl by CR algorithm
13: else

14: Maintain the original path

15 end if

16:  Determine the modulation format and number of FSs

17:  for Each possible degradation optiomlo

18: Calculate PP = CP + FP

19:  end for

20:  Select the degradation option that has the lowest PP

21:  Assignl with selected path (segments) and spectrum with First Fit with se-
lected degradation; blocK if FSs not available

22: end for

and cannot make routing decision based on di erent spectrum assignments. In the
CR algorithm, we use theK shortest paths as the candidate paths and select the

path with the lowest cost, where the cost of a path is de ned as follows:

Cost=H M 2 (3.23)

Is

where H denotes the number of hops an®! denotes the modulation factor of the
path. The modulation factor is determined by the longest segment of the path and
the highest possible modulation format is selected. For BPSK, QPSK, 8QAM and
16QAM, the corresponding spectrum e ciencies are 1, 2, 3 and 4 12.5Gbps/Hz;
Therefore we choose the corresponding modulation factor as 1, 0.5, 0.34 and 0.25,

respectively. 4 denotes the number of FSs needed without degradation, which is
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determined by the data rate and modulation format. s denotes the longest-spectrum
segment of the path in terms of FSs. An example of the calculation of is shown
in Fig. 3.9.

Figure 3.9: An example of longest-spectrum segment.

Consider the path A-B-C-D in the example in Fig. 3.8. The spectrum usage is
shown in Fig. 3.9. Based on spectrum continuity and spectrum contiguity, there
are 3 available spectrum segments on ber A-B and B-C (marked in red). On link
C-D, there are two spectrum segments (marked in blue). Since the 3R-regenerator
is able to realize spectrum conversion, the longest-spectrum segment of this path is
4 slots. The longest-spectrum segment indicates the number of slots in the largest
contiguous set of FSs that can be carried on this path. The variablgs is used in the
CR algorithm for the purpose of load balance. The value ofs is lower if more FSs
on this path are used, which causes the cost to be higher. |[f = 0, then we set the
cost of the path to1 . If the cost of all the paths is1 , the LP is blocked.

From lines 16 to 20, the appropriate degradation factor is selected. After the path
is selected, the modulation format is determined by the physical length of the longest
segment, and the number of FSs needed without service degradation is calculated. For
each candidate degradation option, we calculate the Potential Penalty (PP), which is
de ned as the sum of the Current Penalty (CP) and Future Penalty (FP), as explained
below. The candidate option with the lowest PP is selected for the LP. For instance,
suppose there is a 100 Gbps LP assigned with QPSK; the number of slots needed
without degradation is 4. Then, we calculate the PP for 5 degradation options (0 to
4 slots, respectively) and select the lowest case. It is possible that the the number of
slots needed without degradation is 4 but the longest-spectrum segment on this path

is 2. In this scenario, the degradation is selected from 3 options (0 to 2 slots).
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When an LP is considered for degradation, spectrum can be saved with a high
degradation factor; however, the current LP will be charged with a larger penalty.
Therefore, balancing the tradeo between current penalty and future spectrum saving
or future penalty is necessary. CP and FP are de ned as follows.

CP is calculated based on the current degradation option with the penalty func-
tion. For instance, if a lightpath (400Gbps, 16QAM, 8 slots without degradation,
same as the example in Fig. 3.8), inside the mitigation zone is assigned with 7 slots,
then the CP is 20.8.

FP is calculated based on the consequence if the LP is assigned with a degradation
option:

0

FP=— (3.24)

Is
where Cis the number of slots needed for the degradation option, ang; is the
longest-spectrum segment (as in Eq. (3.23)). represents the remaining data rate on
the path of the current LP, which is equal to the number of available slots times the
data rate per FS of the highest possible modulation format on the path. is used to
evaluate the loss of spectrum of the current assignment and degradation, which can
be used by future LPs. %  is used to evaluate the cost of fragmentation.
Finally, in line 21, the LP is assigned with selected path and degradation with rst
t (FF) spectrum assignment. The time complexity of routing partis O(K jNj jFj),
as the number of hops in a path i$O(jNj). For the degradation selection part, the
time complexity is O(jNj jFj). Therefore, for the recovery or reassignment of each
LP, the time complexity of DRAMA+ is O(K jNj jFj).

3.6 DRAMA-PRO

In this section, we present the DRAMA-PRO algorithm. Lightpaths are recovered
one by one in a sequence in DRAMA-PRO. First, the recovery order of the recoverable
lightpath requests is determined. Then we perform the recovery or re-accommodation

with degradation factor selection for each working and protection path of the lightpath
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requests. The pseudocode of the recovery algorithm is presented in Algorithm 10.

In lines 1 to 2, we initialize an empty request se®V and release all the spectrum
in the damaged network’ From line 3 to line 9, if the working path is a ected but the
protection path is not a ected, we directly use the protection path as the new working
path after the disaster. From lines 11 to 14, we add all the recoverable requests to
W.

3.6.1 Order of recovery

In lines 15 to 16, we calculate the order of recovery. All the recoverable lightpath
requests are sorted in terms of their Potential Revenue E ciency (PRE) in non-
increasing order. The PRE is de ned as the ratio of the actual revenue of the lightpath
to the number of FSs needed if the lightpath is routed with the shortest path. The
PRE of a rst-class lightpath request is the sum of the actual revenue of the working
path and protection path to the sum of the number of FSs needed. The actual revenue
is designed as the revenue factor of the lightpath request times the original revenue
(equal to the data rate). The actual revenue of the lightpath shows how much revenue
we can maintain. The number of FSs shows the general cost of this recovery or re-
accommodation. Even though we may not use the shortest path to re-assign the

lightpath eventually, the shortest path is an estimation of the spectrum cost.

3.6.2 Routing

Once we have the order, we start to recover the requests one by one. In lines 17
to 25 we calculate the working path. For each lightpath request inside the mitigation
zone or a ected by the disaster, we calculate the working path by using the Cost-
Routing algorithm (CR) as follows. In the CR algorithm, we calculate the cost of
each path in theK shortest path pool and select the path with the lowest cost. The

cost of a path is dened asCost=H M + g=a+ =, whereH is the

2This does not mean that all ongoing lightpaths are immediately disrupted; this is only for re-
covery path and data rate computation. After the recovery algorithm completes, some lightpaths
may be recovered with a reduced data rate and/or new paths in the damaged network, and that is
when the actual rerouting and data rate selection is implemented.
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Algorithm 10 DRAMA-PRO Algorithm

Require: G(N;E), T, D(Cq;Rqg), M (Cq; Rm)
Ensure: Lightpath requests recovery

1:

NNNNNNNNNRPRPRRPRERRERPRPRE
NOUTAEWNREOO®NDDTORE®®NROQ

W W wWwwWwwN
PR oo

w
@

37:
38:

©eNDTORWDN

N

w

Initialize two empty request sets W
Release all the spectrum inG
for eacht 2 T do
if tis rst-class then
if tV is a ected and tP is not a ected then
Assignt with the tP as the working path
end if
end if
end for
for eacht 2 T do
if t2D (i.e., t is recoverable)then
Add t to W
end if

: end for

: Calculate the shortest path for eacht in W
: Sort all t 2 W in increasing order of PRE
: for eacht 2 W do

if tW is a ected and tP is not a ected then
Working path is the protection path before the disaster
else
if t2 M ortisaected then
Calculate the working path with the CR algorithm
else
Select the same working path as before the disaster
end if
Calculate the degradation option for the working path
Assign the working path with the selected path and degradation option
end if
if tis rst-class then
if t2 M ortisaected then
Calculate the protection path with the CR algorithm
else
Select the same protection path as before the disaster
end if
Calculate the degradation option for the protection path
Assign the protection path with the selected path and degradation option
end if
end for
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number of hops andM is the modulation factor of the path.

The modulation factor for each lightpath is determined based on the physical
distance of the path, with the highest feasible modulation format being selected. For
modulation formats BPSK, QPSK, 8QAM, and 16QAM, the spectrum e ciencies
are 1, 2, 3, and 4 12.5 Gbps/Hz, respectively. Consequently, the corresponding
modulation factors are set at 1, 0.5, 0.34, and 0.25. is a large constant number
used to makeH M dominate the value of cost. ¢ is the number of FSs needed
without degradation and 4 is the number of available FSs on the path with spectrum
continuity constraint, while | is the size of the largest spectrum fragment on the path.
In case the value of , is 0, the path is dropped from the pool. The value di M s
used to measure the spectrum cost of the path, which dominates the routing selection
to save spectrum as much as possible. For two paths with the same spectrum cost,

r=a and = are used to evaluate the load balance of the paths. The path that
has more available FSs has a lower cost and is encouraged to be selected. If there is

no working path available, we directly block the request.

3.6.3 Degradation selection

In line 26, once the working path is found, we select the degradation option for
the working path. The modulation format is determined by the physical length of the
lightpath, and we calculate the number of FSs required to maintain service without
degradation. For each potential degradation option, we compute the Potential Penalty
(PP), which is the sum of the Current Penalty (CP) and Future Penalty (FP). The
degradation option with the lowest PP is then chosen for the lightpath.

CP is the actual penalty of the current degradation option, calculated with the
penalty function. FP is calculated based on the consequence if the LP is assigned
with a degradation option: FP = =, p=p where y and 2 are the
amount of maintained data rate and FSs of the given degradation option, is the
number of available FSs as used in the CR algorithm, angP and p are the number
of requests that have already been recovered and the number of total recoverable

requests.  is the amount of data rate that the algorithm gives to this request.
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2=, is designed as the factor to measure the spectrum utilization, a larger value
means the more FSs are used and the higher FP we will hay#=pis used to account
for the progress in the recovery procedure. As the algorithm proceeds towards the
end of the recovery process, we may have a limited number of available FSs, and these
must be judiciously spread over the remaining lightpaths yet to be recovered. The
FP is accordingly scaled up so that it becomes more dominant than the CP.

In line 27, once the degradation of the working path is selected, we assign the
working path rst. From lines 29 to 37, if the request is a rst-class request, we then
nd the dedicated protection path and its degradation. We rst remove the path
that has a joint node or link with the working path from the K shortest path pool,
and then we keep using the CR algorithm to nd the dedicated protection path. The
degradation of the protection path is also selected with PP, CP, and FP, similar to
the working path. Note that during the degradation selection of the protection path,
the recovered protection bandwidth should not be larger than the recovered working

bandwidth, but it could end up being smaller.

3.7 Simulation Results

3.7.1 DRAMA

We now present simulation results to demonstrate the e ectiveness of the proposed
DRAMA algorithm. The network topologies used are the COST239 network (11 nodes
and 26 links, shown in Fig. 3.10 ) and the NSF network (14 nodes and 21 links shown

in Fig.3.11). We assume 352 slots on each ber.

Figure 3.10: 11-node COST239 network.

Before the disaster, a set of unidirectional tra ¢ requests is generated with uni-

formly distributed source and destination nodes. There are three di erent types of
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requests with rate 40/106%8 &%%)s (\}vﬁ_ﬁ%ngNa%ﬁi&eMQ%.S, and 0.3, respectively).

The number of required FSs is determined by its data rate and modulation format.
The following modulations are used: 16-QAM, 8-QAM, QPSK and BPSK. Table 3.1
shows the number of FSs corresponding to di erent data rates and di erent modula-
tion formats, with di erent physical distance limitations.® The required numbers of
FSs for a given modulation format is calculated as follows:

w

F= ModE.. X (3.25)

whereF is the number of required FSsw is the data rate of the trac, ModE, is
the spectrum e ciency of modulation format m (de ned as data rate per FS) used
for the tra c. For instance, the spectrum e ciency of BPSK is 12.5 Gbps.

2000 tra c requests are generated and assigned with minimum-spectrum-cost path
among k-shortest paths K = 5) and FF assignment; if none of the k-shortest path
have available slots, the tra c will be blocked. Three di erent disasters are tested, as
shown in Table 3.2. 50 trials are conducted for each experiment, and 95% con dence

intervals are plotted.

Table 3.1. Required FSs and distance limitations [10].

Data Rate
Modulation 40 100 400
16QAM (500 km, 50 Gbps) 1 2 8
8QAM (1000 km, 37.5 Ghps) 2 3 11
QPSK (2000 km, 25 Gbps) 2 4 16
BPSK (>2000 km, 12.5 Gbps) 4 8 32

Figs. 3.12 and 3.13 show the total penalty incurred by DRAMA (green bars) as

a function of the di erence in radii between the outer circle and the disaster zone

3We assume that there is no physical distance limitation for BPSK in order to guarantee that
all the requests can be assigned to the network.
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Table 3.2: Disaster scenarios for experiments.

Center A ected links

Node 7 in NSF | 1-8, 5-7, 7-8, 4-11

Node 2 in NSF | 1-2, 1-3, 2-3, 2-4

Node 6 in COST| 0-3, 3-6, 5-6, 8-6, 9-6 ,3-9

Figure 3.12: Total penalty when disaster happens at node 7 in NSF network.
circle that de ne the mitigation zone. For comparison, the penalty when there is no

mitigation zone is shown as a dashed line. We make the following observations. First,
the penalty decreases signi cantly as the size of the mitigation zone increases (12.2%
for 2200 km radius di erence in Fig. 3.12, and 24.9% for 3000 km radius di erence
in Fig. 3.13). This shows the e ect of providing exibility to the recovery algorithm
{ the more that tra c far away from the disaster is willing to be degraded, the lower
the penalty. Thus, there is a tradeo between how widespread the disruption is (size
of mitigation zone) and the recovery performance (penalty). We also see that the
absolute penalty is much lower in Fig. 3.13 compared to Fig. 3.12. This is because
node 7 is at the \center" of the NSF network and many LPs pass through it, and
hence it is harder to recover tra c in this case. For the same reason, the decrease in
penalty is not large as in Fig. 3.13 as the mitigation zone expands

We also show the performance of a naive re-assignment algorithm (blue bars) in
which LPs eligible for re-assignment are selected for recovery in random order and
assigned spectrum without degradation (or blocked if spectrum is unavailable). The
gure shows that it performs very badly and cannot take advantage of the additional

exibility due to the mitigation zone; indeed, the performance becomes worse as the
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Figure 3.13: Total penalty when disaster happens at node 2 in NSF network.
mitigation zone expands.

Figure 3.14: Total penalty when disaster happens at node 6 in COST239 network.

In Fig. 3.14, the total penalty when disaster is centered at node 6 in COST239
network is shown. The total penalty is lower than in NSFnet because of the smaller
size of COST239, which result in higher level modulations and fewer FSs being used
for the tra c. Therefore, it is easier to recover tra c in this network.

We show the distribution of average degradation factors (ADFs) for the three
di erent types of tra c in Table 3.3 for di erent values of di erence inradii R (in km).
The average ADFs are calculated among the LPs that are eligible for degradation.

In this table, the average number LPs before the disaster is about 926. There is
no value forR = 200; 400 600 because no node is located inside the mitigation zone
and no tra c is inside the mitigation zone. As the mitigation zone expands, larger
data rate LPs are provided with lower degradation factors because the large LPs incur

more (absolute) penalty for the same degradation factor.
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Table 3.3: The distribution of ADFs when disaster happens at node 7 in NSFnet.

R 40G 100G | 400G

200 { {
400 { { {
600 { { {

800 | 0.339 | 0.383| 0.438
1000 0.298 | 0.311| 0.335
1200 0.279 | 0.245| 0.264
1400 0.280 | 0.204| 0.210
1600 0.280 | 0.204| 0.210
1800 0.287 | 0.197| 0.186
2000 0.305 | 0.194| 0.175
2200 0.300 | 0.191| 0.171

Figure 3.15: Blocking ratios when disaster happens at node 7 in NSF network.
Finally, we examine the performance of DRAMA in terms of bandwidth blocking

ratio (BBR) in Figs. 3.15 and 3.16. In Fig. 3.15, BR-No mitigation and BR-DRAMA
are de ned as the sum of data rate of blocked LPs (i.e., LPs that could not be
recovered due to lack of spectrum) to the sum of data rate of recoverable LPs (i.e.,
LPs in the setT?of Algorithm 1). As we can see, the mitigation zone leads to a much
lower BBR. Some LPs may be inside the mitigation zone but not directly a ected
by the disaster. These LPs are also candidates for re-assignment by DRAMA. The
BBR of such LPs is also plotted in Fig. 3.15 as BR-DRAMA-TU. We note that such
blocking is very low and DRAMA is e ectively able to recover most of the trac

within the mitigation zone.
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Figure 3.16: Blocking ratios when disaster happens at node 7 in NSF network.
In Fig. 3.16, the BBR of LPs outside the mitigation zone (BR-TOMZ) is shown.

BR-TOMZ-DRAMA is de ned as the BBR of LPs that are outside the mitigation
zone and a ected by the disaster. BR-TOMZ-No Mitigation is de ned as the BBR of
the same LPs in BR-TOMZ-DRAMA since there is no mitigation zone in this case.
The BR-TOMZ-DRAMA is lower than BR-TOMZ-No Mitigation and the di erence
increases with mitigation zone size. This result shows that the mitigation zone can
also improve the recovery of tra c far away from the disaster. A lower BBR satis es

the motivation for DRAMA, i.e., tra c far away from the disaster is less a ected.

3.7.2 DeepDRAMA

The basic settings of DeepDRAMA are same as DRAMA, such as topologies,
modulation formats, etc. The di erent settings are presented in 3.7.2.1 and 3.7.2.1.

For the training, in each episode, 200 lightpaths are generated and assigned a
path and FSs (if available) with shortest path-rst t (SP FF). The DeepDRAMA
algorithm is operated with the currentAgent for di erent mitigation zone cases once
(from the smallest mitigation zone case to the case of the mitigation zone being the
entire network).

For each lightpath, the group ofstate, action, reward, state® is stored in the
memory pool. We randomly select 10 batches with batch size 16 and do the batch
training of DNN in the Agent [47]. The target Q network is updated after the batch
training at the end of each episode. We train theAgent with 1000 episodes. The

total number of lightpaths used for training is approximately 160k.
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During the training, the -greedy strategy is used. The action with highest Q
value is selected with probability 1 ; else the agent selects a random action for
exploration. The value of is set to 1 at the beginning of the training and updated
with = decay after each batch training until < . The value of gecay and
min are set to 0.99 and 0.001, respectively.

In the testing phase, as in training, the number of lightpaths before the disaster
is set to 200. DeepDRAMA with trained agent is used to recover and re-assign

lightpaths. Average results over 30 trials are shown with 95% con dence interval.

3.7.2.1 Training Results

Before the training process starts, 20 tra ¢ sets of 200 lightpaths each are gener-
ated; these sets are not used in the training process. As the training progresses, we
apply (the partially trained) DeepDRAMA to recover these lightpaths and observe
the penalty. The evolution of the average penalty (over these 20 tra c sets) as the
training progresses (i.e., number of episodes increases) is shown in Fig. 3.17 for di er-
ent mitigation zone cases. As we can see, the penalty rapidly decreases and becomes
stable after about 100 episodes of training. (We only show the rst 400 episodes here
since since the penalty has already stabilized. The actual training is done for 1000

episodes. It takes about 30 hours to nish all the training.)

Figure 3.17: Total penalty when disaster happens at node 7 in NSF network.

75



3.7.2.2 Testing Results

The testing results for NSFnet are shown in Fig. 3.18 and 3.19. The penalty
when there is no mitigation zone is shown as a dashed line. In this case, only af-
fected lightpaths are recovered by SPFF without degradation. In the no degradation
case, lightpaths inside the mitigation zone are reassigned but no degradation is ap-
plied. Compared with baseline cases, DeepDRAMA provides the lowest penalty. The
penalty decreases as the mitigation zone expands, which shows that DeepDRAMA is

able to exploit the exibility o ered by the mitigation zone.

Figure 3.18: Total penalty when disaster happens at node 7 in NSF network.

Figure 3.19: Total penalty when disaster happens at node 2 in NSF network.

The testing results for COS239 network are shown in Fig. 3.20. As we can
see, DeepDRAMA is better than baseline cases but the performance improvement
is lower than in NSF network. The reason is that COS239 is a smaller network

and all the lightpaths select a higher level modulation, which means the average
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number of slots required is lower. In this case, it is hard to gain advantage from
lightpath re-accommodation due to spectrum segmentation. Interestingly, the total
penalty for the no degradation case is larger than that for the no mitigation case when
the mitigation zone is small. This provides evidence that appropriate degradation

selection is necessary even the mitigation zone is implemented.

Figure 3.20: Total penalty when disaster happens at node 6 in COS239 network.

3.7.3 DRAMA+

We now present performance results for both ILP and DRAMA+. A small network
(SN) with 7 nodes and 13 links, shown in Fig. 3.21, is used for ILP testing. The link
lengths in kilometers are shown next to the links. The number of FSs available on

each ber is assumed to be 100.

Figure 3.21. 7-node small network.

The network topologies used for evaluating DRAMA+ are the NSF network (14
nodes and 22 links, shown in Fig. 3.11) and the COST239 network (11 nodes and 26
links, shown in Fig. 3.10). The number of FSs available on each ber is assumed to
be 352.
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Figure 3.22: 14-node NSF network.D1 and D, are two disaster zones, and green circles
are 3R-regenerator locations.

Figure 3.23: 11-node COST239 network.D3 is a disaster zone, and green circles are

3R-regenerator locations. ) _ )
Four di erent given disasters are tested, besides random disaster scenarios. The

given disasters are shown as red circles in Figs. 3.21, 3.22, and 3.23. These given
disasters are representative of disasters at the center of the netwoiky(and D,), and
near the edge of the network, and D3), and our aim is to evaluate the performance

for these special cases which cause di erent levels of bottlenecks. We assume that all
the nodes and links inside the disaster zone are disabled by the disaster. For instance,
for disaster zoneD 4, node 7 and links 1-8, 5-7, 7-8, and 4-11 are disabled. A set of
unidirectional LPs is generated before the disaster happens. The source node and des-
tination node are uniformly randomly selected. The required data rate of the trac

is generated from the following distribution: 40 Gbps, 100 Gbps, and 400 Gbps with
probability 0.2, 0.5, and 0.3, respectively. We assume that four modulation formats
are used: 16-QAM, 8-QAM, QPSK, and BPSK. The transparent physical distance
limitations are shown in parentheses in Table 3.1 for each modulation form&tThe
number of required FSs without degradation is determined by its data rate and se-
lected modulation format. The number of FSs corresponding to di erent data rates
and di erent modulation formats are also shown in Table 3.1.

The required numbers of FSs of a lightpath for a given modulation format is

“We assume that there is no physical distance limitation for BPSK.
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calculated as follows:

F= — (3.26)

wherew is the data rate of the lightpath, ., is the spectrum e ciency of modulation
format m (de ned as data rate per FS, shown in Table 3.1 after each modulation
format) used for the lightpath. In DRAMA+ simulation, 1000 LPs are generated
before the disaster happens, whereas 200 LPs are generated for the ILP. These LPs
are assigned the shortest-longest-segment path amadrgshortest paths K = 5) and
spectrum using FF assignment. An LP is not established if the selected path does
not have available slots.

We assume that the locations of 3R-regenerators are given in the translucent
network. In the 7-node SN, we assume that a 3R-regenerator is placed at node 2. For
the two large networks, all the nodes in the network are sorted using the betweenness

Centrality (BC), which is de ned as follows:

2 X sd(i)

BCi:
n D 2) .,

(3.27)

whereBC; is the betweenness centrality of nodg n is the total number of nodes in
the network, s4(i) is the number of the shortest paths (in number of hops) frorato d
that cross nodel, 4 is the number of shortest paths frons to d (shortest paths have
the same number of hops). In NSF network and COST network, we assume that there
are three 3R-regenerators placed on the nodes that have the highB& (BC-based
placement). BC represents the degree of interaction between a node and other nodes
so we use BC to place the 3R-regenerators. This test setting is designed to show the
performance of the proposed algorithm when the 3R-regenerators are placed at good
locations, though we have to emphasize that optimizing 3R-regenerator locations is
not a goal of this work. 3R-regenerator node locations are shown in green in Fig. 3.21,
Fig. 3.11, and Fig. 3.10. We also test the performance for random 3R-regenerator
placement (RP), where three 3R-regenerators are uniformly randomly placed. In the
ILP testing, we assume that there is one 3R-regenerator placed at node 2 in SN.

In the simulation, for the BC-based 3R-regenerator placement, 50 di erent LP sets
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are generated for each experiment, and 95% con dence intervals are plotted. For RP,
10 di erent placements are randomly generated, and for each placement, 10 di erent
LP sets are generated. The average over these 100 di erent placement-LP set pairs is
plotted with 95% con dence interval. In ILP, 10 di erent LP sets are used for testing.

We compare the ILP and DRAMA+ with the following baseline cases:

" DRAMA+ algorithm with no degradation (DRAMA+ND). During the recovery,
the lightpaths are routed using the path selection part in DRAMA+, while the
degradation is set as no degradation without the calculations of current penalty
and future penalty. This baseline algorithm is designed to show the e ectiveness

of the degradation selection in DRAMA+.

" DRAMA+ with shortest-longest-segment path (DRAMA+SLS). During the re-
covery, the lightpaths are routed by the shortest-longest-segment path among
the K shortest paths in the damaged network, while the degradation is deter-
mined by the degradation selection part in DRAMA+ algorithm. This base-
line algorithm is designed to show the e ectiveness of CR path selection in

DRAMA+.

Shortest path and rst t (SPFF).The lightpath is recovered by using the short-

est path (in number of hops) and FF spectrum assignment without degradation.

The performance of ILP and heuristic algorithms are evaluated in terms of total
penalty and blocking ratio. The total penalty is the sum of penalties charged to all
the recoverable LPs due to degradation or blocking. In the total penalty evaluation
of the heuristic algorithms, we also show the penalty before any recovery is initiated
to help understand the bene ts of recovery by the various algorithms in terms of
reducing the penalty. The penalty before recovery is shown as a dashed line named
BeforeRecovery. The blocking ratio is de ned as the number of blocked recoverable

LPs to the total number of recoverable LPs.
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3.7.3.1 ILP

Here we compare the results of ILP and DRAMA+ for SN for di erent mitigation
zones. The penalty functionP; is used for LPs inside the mitigation zone and the

penalty function P, is used for LPs outside the mitigation zone.

Figure 3.24: Total penalty of recovery in SN.

Figure 3.25: Blocking performance of recovery in SN.

As Figs. 3.24 and 3.25 show, the ILP produces the lowest penalty, but the per-
formance of DRAMA+ is signi cantly better than the baseline algorithms. Both the
total penalty of recovery and blocking ratio decrease as the mitigation zone increases,
indicating that the exibility of allowing degraded service recovery is helpful in im-

proving the performance. The penalty of DRAMA+ is reduced by up to 50% over
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Total penalty of recovery with penalty function pair: (a) P1-P2, (b) P1-P3, (c) P1-Pg4, (d)
P1-Ps.

() () (9 (h)

Blocking ratio of recovery with penalty function pair: (e) P1-P», (f) P1-P3, (9) P1-P4, (h)
P1-Ps.

Figure 3.26: Performance results for NSF network with BC -based 3R-regenerator place-
ment for disaster zoneD;.

SPFF, while the penalty of ILP is up to 45% lower compared to that of DRAMA+.

We can see that DRAMA-ND and SPFF have higher blocking ratios, because routing
plays a more important role when the network is small. The modulation formats can
be easily changed if the LP can be routed across 3R-regenerators since the physical
length of the longest segment can be vastly decreased when the number of hops is

small.

3.7.3.2 DRAMA+ Heuristic Algorithm

In the simulations, four di erent penalty function pairs are used. For the LPs
inside the mitigation zone, the penalty functionP; is always used, while penalty
functions P,, P3, P, and Ps are separately used for the LPs outside the mitigation
zone. The performance of DRAMA+ for BC-based 3R-regenerator placement are
shown in Figs. 3.26 to 3.29 for disaster zon&,;, D,, and Ds.

As we can see from Fig. 3.26a to 3.26d, DRAMA+ is better than all the base-
line algorithms in terms of total penalty. Further, the total penalty for DRAMA+

decreases as the mitigation zone expands, which shows that DRAMA+ can take ad-
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vantage of the additional exibility due to a larger mitigation zone. For example,
when the size of the mitigation zone (characterized by the di erence in radius be-
tween the disaster and mitigation zone circles) is 2000 km, we see that the penalty
of DRAMA+ is reduced by 59%, 63%, 62% and 59% over SPFF for the four dif-
ferent penalty functions outside the mitigation zone, respectively. We also observe
that DRAMA+ND and DRAMA+SLS are better than SPFF. When the size of the
mitigation zone is 2000 km and penalty function®; and P, are used, the penalties
of DRAMA+ND and DRAMA+SLS are reduced by 43% and 14% respectively. This
observation shows that DRAMA+ can provide a better recovery than SPFF even
when only one of path selection or degradation selection is used. In this case (2000
km mitigation zone with P; and P,), we also see that DRAMA+, DRAMA+ND and
DRAMA+SLS reduce the penalty from BeforeRecovery by 65%, 52%, and 27%, re-
spectively.

The blocking ratio for disaster zoneéD; in the NSF network is shown in Fig. 3.26e
to 3.26h. Even though the objective of DRAMA+ is to minimize the total penalty,
we see that it performs the best in terms of blocking ratio as well. We also note that
the blocking ratio generally decreases with the increase of the mitigation zone size for
DRAMA+, which means the exibility gained from mitigation zone is fully utilized
during recovery. Interestingly, the penalties of baseline algorithmacreaseas the size
of the mitigation zone increases. This suggests that even though the larger mitigation
zone provides a higher exibility during recovery, the risk and cost of inappropriate LP
re-assignment is also higher. During the re-assignment, if the degree of degradation
is relatively high, even if we are saving spectrum, the penalty could be higher because
of this high degradation. Meanwhile, if the degree of degradation is low, the penalty
could also be high because of high blocking ratio of other connections. Therefore,
using a judicious strategy to take advantage of this exibility is necessary.

In Fig. 3.27, we show the blocking ratios of DRAMA+ in detail for disaster zone
D, with the four penalty function pairs. DRAMA+iIM and DRAMA+oM are the
blocking ratios of the recoverable LPs inside and outside the mitigation zone, respec-

tively. DRAMA+0oMU is the blocking ratio of LPs outside the mitigation zone that
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Figure 3.27. Breakdown of blocking ratios for LPs in NSF network for disaster zoneD 1
with various penalty function pairs: (a) P1-P2, (b) P1-P3, (c) P1-Pg4, (d) P1-Ps.
are not a ected by the disaster. We can see that when the size of mitigation zone is

large, the blocking ratios of LPs outside the mitigation zone are lower then the block-
ing ratios of LPs inside the mitigation zone, and the blocking ratios of una ected LPs
outside the mitigation zone are much lower and even drop to 0. This result satis es
the motivation for DRAMA+, i.e., tra ¢ far away from the disaster is less a ected.

In NSF network, for disaster zoneD, with BC-based 3R-regenerator placement,
the performance of DRAMA+ is again better than baseline algorithms (shown in
Fig. 3.28). As we can see, DRAMA+ is able to provide a better recovery for every
penalty function pair case. For example, when the size of mitigation zone is 3400 km,
the penalty of DRAMA+ is reduced by 37%, 30%, 25% and 39% over SPFF, and
44%, 50%, 48% and 53% over BeforeRecovery for the four pairs of penalty functions,
respectively.

We also note that DRAMA+ND is better than DRAMA+SLS for disaster zone
D,, whereas the penalty of DRAMA+SLS is lower than DRAMA+ND in disaster
zone D, case. The reason is that for disaster zone,, the damaged part of the
network creates a bottleneck around node 7, which leads to fewer options for path
selection during recovery, especially for many LPs routed from one side of the network
to the other before the disaster happens (e.g,. from node 1 to 13 or from node 12
to 3). If the bottleneck problem created by the disaster is not so severe (such as for
disaster zoneD,, DRAMA+SLS is better than DRAMA+ND, as shown in Fig. 3.28.

In both cases, DRAMA+ is better then all the baseline algorithms.

In COST239 network, for disaster zon® ; with BC-based 3R-regenerator place-
ment, the total penalty of DRAMA+ is much lower than baseline algorithms (shown
in Fig. 3.29). When the size of mitigation zone is 850 km, the penalty of DRAMA+ is
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Total penalty of recovery with penalty function pair: (a) P1-P2, (b) P1-P3, (c) P1-Pg4, (d)
P1-Ps.
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Blocking ratio of recovery with penalty function pair: (e) P1-P», (f) P1-P3, (9) P1-P4, (h)
P1-Ps.

Figure 3.28: Performance results for NSF network with BC -based 3R-regenerator place-
ment for disaster zoneD .

reduced by 56%, 58%, 50% and 50% over SPFF for the four di erent pairs of penalty
functions, respectively. The blocking ratios of DRAMA+ are also much lower than
those of baseline algorithms. Especially in large mitigation zone cases, the blocking
ratios of DRAMA+ are very close to 0. Moreover, because of the smaller physical size
of COST239, it is easier to recover tra c in this network, which means higher level
modulations and fewer FSs are used for the LPs. Therefore, more LPs can be assigned
to the COST239 before disaster happens and more LPs are a ected after disaster.
Therefore the penalty without recovery (BeforeRecovery) is very high. This is the
reason why the gap between DRAMA+ and BeforeRecovery is much larger compared
to cases in the NSF network. We can see that when the size of the mitigation zone is
850 km, the total penalty of DRAMA+ is reduced by 89%, 88%, 91%, and 88% over
BeforeRecovery with the four penalty functions pairs.

We see from Fig. 3.30 that DRAMA+ also outperforms baseline algorithms when
the 3R-regenerators are placed randomly in the NSF network. These results show
that DRAMA+ is able to e ectively recover the LPs by considering the locations of

the 3R-regenerators. Comparing the performance for the two di erent 3R-regenerator
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Total penalty of recovery with penalty function pair: (a) P1-P2, (b) P1-P3, (c) P1-Pg4, (d)
P1-Ps.
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Blocking ratio of recovery with penalty function pair: (e) P1-P», (f) P1-P3, (9) P1-P4, (h)
P1-Ps.

Figure 3.29: Performance results for translucent COST239 network withBC -based 3R-
regenerator placement for disaster zon® 3.

placement schemes, when the size of the mitigation zone is 2000 km, the penalty of
DRAMA+ with BC-based 3R-regenerator placement (shown in Fig. 3.26) is reduced
by 40%, 43%, 43%, and 42% over DRAMA+ with random 3R-regenerator placement
for the four di erent pairs of penalty functions, respectively. Also, the penalty of
DRAMA+ is reduced by 44%, 42%, 44%, and 45% over BeforeRecovery for the four
di erent pairs of penalty functions.

While the previous results showed the recovery performance of DRAMA+ in spe-
ci ¢ disaster scenarios, we now present results for random disasters in Fig. 3.31. Here,
the centers of disasters are uniformly randomly selected from all the nodes, while the
sizes of the disasters are uniformly distributed in the range [100, 400] km. 10 di erent
disasters are generated and 10 di erent LP sets (1000 LPs in each set) are used for
each disaster. We can see that DRAMA+ has a better performance in both total
penalty and blocking ratio. For example, when the size of mitigation zone is 3400
km, the penalty of DRAMA+ is reduced by 47%, 44%, 32%, and 44% over SFPP, and
64%, 60%, 63%, and 68% over BeforeRecovery for the four penalty function pairs,

respectively.
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