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Abstract

Today’s opticél mesh networks are multi-layered networks, powered by bandwidth-
hungry applications that can encounter multiple concurrent failures due to a single fault.
Class of Service (CoS) is a level of availability required by the user and provided by the
network. It is defined as the end-to-end availability of a light path. Guaranteed or 100%
service is the highest type of service class ensuring that a light path will always be available.
To provide the required CoS-based protection, a routing algorithm which is efficient, robust
and able to assess all possible failure points is required. However, a protection mechanism in
one layer may not be sufficient to provide éuaranteed service.  To tackle this problem, we
employed the concept of Shared Risk Link groups (SRLG) as physical fiber links that share
the risk of failure at the same time. SRLG diversity and link diversity together provide
survivability in both the logical and physical layers. Despite extensive research in the field
of network survivability, there has been little work done to achieve optimality with SRLG
diversity. In this research, we strive to combine SRLG diversity with its failure analysis and

look to achieve optimality through bandwidth efficiency.

In this research we tackle three major problems: (1) network survivability (2)
optimization of spare bandwidth resources, and (3) offering differentiated classes of service.
We present two classes of service: Guaranteed Protection and Partial Protection based on the
level of SRLG diversity, failure probability and bandwidth availability. We also develop two
novel heuristic algorithms called: ‘One-Step Guaranteed Protection Algorithm’ and ‘Two-

Step Partial Protection Risk Algorithm’. With both algorithms, the working path cost
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function is based on the number of SRLGs and their failure rates. The backup cost function
is based on complete SRLG diversity for ‘One-Step Guaranteed Protection Algorithm’.
However the backup cost function in the ‘Two-Step Partial Protection Risk Algorithm’
provides partial SRLG diversity for ‘high-risk’ common SRLGs that fail the user-specified
availability criteria. These heuristic algorithms are fast and efficient for large networks,
however are sub-optimal in terms of computing the backup path based on an acceptable
failure rate for the working path and backup path together. To overcome this problem, we

use another method called an Integer Linear Program (ILP).

The ILP is formulated with an objective function to minimize the failure cost and backup
bandwidth capacity. It proceeds to find all possible route pairs simultaneously under given
constraints. The constraints inclkude: Flow, link diversity, SRLG diversity for guaranteed
service and SRLG failure probability for partial service. The heuristic algorithms were

implemented in ct (.NET), while the ILP was computed using ILOGO OPL 6.1.1™,

The‘ heuristic algorithms were compared with a link-only protection algorithm
(without SRLG consideration).  Analysis of the results indicates that fewer demands are
dropped in an SRLG-protected network compared to link-only protection. ILP and heuristic
algorithms were compared and it was found that the ILP algorithm always found the optimal

path in the network.
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Chapter 1

Introduction

1.1 Background — Survivability in Optical Mesh Networks

Optical Networks

In the early 1980°s a new era in telecommunication networks began with the emergence of the
fiber optic cable. The increased network quality and cost effectiveness has lead to leaps and bounds in
the technologies to improve optical networks , which in turn led to the creation of optical standards
namely Synchronous Optical NETwork/ Synchronous Digital Hierarchy (SONET/SDH). SONET/SDH
provided a guaranteed level of performance and reliability for voice data using a pre-defined bit rate
and frame structure. However due to the rapid rise'of Internet traffic, the type of traffic in optical
networks has drastically changed from voice to data. In order to meet the growing demand of services
and different traffic types, Internet service providers looked to carry larger amounts of traffic in a cost-
efficient manner. This led to the emergence of Wavelength Division Multiplexing (WDM) which
created additional bandwidth capacity on the existing SONET/SDH. In this structure the light paths in
the optical network were further split up into various wavelengths each carrying different data. There

have been two main topology configurations in optical networks; ring networks and mesh networks.

Ring network topology consists of a closed path where data is transmitted from one node to
another in the form of a ring. This topology has been widely used because of its low complexity. It is
the easiest way to connect every node in the network. Protection schemes have been developed for this
topology using a dual-fiber bidirectional ring or a four-fiber bidirectional ring, where one fiber acts as
the working path and the other as protection path. However, ring networks are difficult to expand and
are susceptible to failure. In order to add new nodes to the network, additional transmission links need
to be added between the new node and its adjacent nodes. Further, the failure of a single link in a ring

network causes network-wide re-routing.
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Due to the drawbacks of ring topologies, optical networks have migrated towards mesh
networks, where each node is connected to other nodes by at least two links. Mesh networks are more
flexible while trying to add or drop nodes to the network. The techniques developed to ensure failure
recovery have made mesh networks more robust to failures and thus widely used in backbone

transmission networks.

Survivability in Optical Mesh Networks

The exponential growth in Internet traffic in the recent years has seen an increase in the total
bandwidth requirement from a few hundred megabits per second to almost 100 terabits per second. In
such a setting, service providers look to optical networks to provide a high-capacity, cost-effective and
reliable system to transport data. Optical networks are multi-layered networks with high-bandwidth
capabilities reaching up to 1.6 Tbps (160 channels at 10 Gbps each) [6]. This enormous bandwidth has
been realized by partitioning each fiber optic cable info many wavelength channels called lightpaths
using WDM (wave division multiplexing). Each connection request in the optical network is satisfied
by the establishment of a light path from the source to destination node. A lightpath is an end-to-end

connection at a particular wavelength of light, established between a source and destination node.

The high bandwidth and multiplexing capabilities of optical networks have brought about the
emergence of different applications. These include bandwidth-hungry voice over IP and video on
demand, applications requiring different service level agreements like real-time flight or banking
systems as well as those with flexible bandwidth requirements. In such a heavily loaded system a
single failure event would cause a catastrophic service disruption with a substantial loss of data. In
order to avoid this scenario various schemes have been developed to avoid or overcome failures in the

network.



1 - Introduction

Network survivability is the ability of a network to withstand failure events. It demonstrates
the resilience of the network against failure events and is measured in terms of the reliability,
restorability and end-to-end availability of the lightpath. [1]. Failure events in a network could be of
two types: logical failures or physical failures. Logical failures are failures in the logical layer or the
unsuccessful set up of a lightpath or LSP. Physical failures are usually attributed to fiber cuts due to
earthquakes or diggings or node failures. However, node failures occur due to equipment failure and

occur much less frequently as compared to fiber link failures.

Network survivability against these physical and logical failures is carried out by redundancy or
backup methods called protection schemes. During normal operation, a connection request is set up in
the form of a light path called the working lightpath or the primary path. To ensure the connection will
be available, another alternate path called the ‘backup path or protection path’ with the same source and
destination is also available to the connection. The working path and the backup path must be failure

diverse / disjoint from each other. [2}{3][5]

Diversity or Disjointness of the Lightpath

Two lightpaths are said to be diverse or disjoint if they have no single point of failure. In case
of failure in the working path, the path is immediately switched to an alternate or backup path
completely different from the original working path. [2]{10]. To ensure adequate protection against
network failures and guaranteed availability of a lightpath, the working and backup paths must have no

common links that can cause both to fail simultaneously.

The diverse routing problem is to find two paths between a pair of nodes; namely the source
and destination, so that no single failure causes both paths to fail at the same time. In order to

overcome this issue, two main survivability schemes have been developed in WDM mesh networks
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which have been proven to increase connection availability and reduce data loss. These schemes are
called Protection and Restoration. [2][5][6] A diagrammatic representation of the network survivability

schemes is shown in Figure 1.1 [5][6] [23].

1.1.1 Protection and Restoration in Mesh networks

Protection is a proactive procedure where a backup route, its wavelengths and bandwidth are pre-

configured while setting up the working path. The protection path is set up before the onset of a failure.

(21[41(6]

Restoration schemes can be of two types; semi-proactive or totally reactive. In semi-proactive,
the backup paths are computed before the failure occurs, but the backup path capacities are allocated
only after the occurrence of a failure. In totally reactive restoration the backup path, as well as backup
capacities are allocated only after the failure occurs. In totally reactive procedures, the backup path is
found dynamically from the available spare capacity. The wavelength and bandwidth of the backup

lightpath is allotted only when the failure of the working path actually occurs.

P —

Protection/
Restoration

schemes
WU
| Protection ! Restoration |
3 i {Totally Reactive |
X i i
{Preconfigured i orSemi-pro- |
L Backup route) i active) i
PP B | . |
! b o
i Link protection i Path protection | i Link restoration ! | Pathrestoration |
3 i i { i {
i Lo !
memwmx«’ TR e E '

Figure 1.1: Network Survivability Schemes
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Protection can be typically inefficient since the demands cannot share backup bandwidth due to
the proactive nature of the scheme. Reactive restoration may not find a guaranteed backup path for a
failed connection and thus cannot always prevent failure. This is because the network may not be able
to find an alternate disjoint protection path at the time of failure due to unavailable capacity, whereas
the proactive scheme would allot capacity before the onset of the failure, thus ensuring enough
bandwidth for protection. Hence semi-proactive restoration is the main focus of this research. These
are further divided into Link Protection / Link Restoration and Path Protection/Path Restoration. Path
and link restorations schemes are dynamic schemes where the backup path is computed at the time of
failure. Path and link protection schemes are pre-compute a backup path at the time of the working path

set up.

Link Protection: As shown in Figure 1.2 (i) , in case of a break or failure of a link in the
working path (link 1-2) , all connections passing through that link are routed around that link (through
links 1-4-5-2). The failure information is made known to only the end nodes of the failed link. These

alternate protection links are precomputed for every link in the network when the working path is set

up.

0 s e v W B} ]
N ~ . o
Somee ™. /”  Destinslion
N | 7
. N 3 7 PN
(oA R OSEHOY
B e RN Y w— — g Protection iy Fotking nmn wuse 5B Protaction
Figure 1.2: (i) Link Protection (ii) Path Protection

Link Restoration: Similar to link protection such that, in case of a break in a link, all

connections passing through that link are routed around that link, however the main difference is that
5
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the new route is dynamically computed as the failure occurs. In link restoration available backup
capacity needs to be calculated for every link for each incoming demand. Here the end nodes of the

failed link dynamically discover a new route around that link.[3][5][6][23]

Path Protection: In the event of a failure of a link in the working path, an entirely new path,
whose links are completely different from working path is found from the source to the destination
node. This path is precomputed at the time of the working path set up. In [Figure 1.2 (ii)], a failure
occurs in link 1-2, of the working path (0-1-2-3). The failure information is reported back to the source
and destination nodes which compute a new link- diverse backup path (0-6-7-3). In this scheme, the

backup path is created for every demand at the time of setup. [2][3]

- Path restoration: Like path protection, in the event of a failure of a link in the working path,
failure information is relayed back to the source and destination node, which find an alternate disjoint
backup path. The main difference in this scheme is that the backup path is allocated dynamically at the

time of failure [3][5][6][23] .

Dedicated Path Protection and Shared Path Restoration

Path and link protection/ restoration can also be divided based on the allotment of bandwidth

into Dedicated protection and Shared restoration.[2][3][6][9][10][23]

Dedicated link protection: In this scheme backup bandwidth is allotted exclusively for each
link. In the event of a failure of a link, the end nodes of the failed link would re-route traffic along a
different link. The bandwidth on that backup link cannot be used by any other link. This scheme is

costly in terms of bandwidth usage and is not widely employed.

Shared link restoration: In this scheme backup bandwidth is not allotted exclusively to each
link; instead it is shared among various links in the network. In the event of a failure of a link, the end
nodes of the failed link would re-route traffic along a different link. The bandwidth on that backup link

6
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can be used by other links that encounter a failure. In the event of a simultaneous failure, demand is

allotted on a first-come-first-serve basis and one demand will ultimately be blocked.

Dedicated path protection: Bandwidth is allocated on the backup path at the time of the
connection request, and cannot be used to protect any other working path. The backup path is allocated
exclusively to its working path and the bandwidth resources are entirely dedicated to that backup path.
This is represented in Figure 1.3(a), where two demands, with working paths along links ACE and
ADF, each require 1Mbps per link. The link disjoint backup paths traverse along links ABE and ABEF
respectively. Links AB and BE are common to both backup paths. In dedicated protection, 2Mbps of
bandwidth is reserved on links AB and BE so that each backup path will have 1Mbps reserved

exclusively for its own use, in case of the failure of its working path.

Working path

Figure 1.3: (a) Dedicated Protection (b) Shared Protection

In 1+1 dedicated path protection, there is a backup path for every working path and at the time
of the connection, information is passed on the backup and working paths simultaneously. Thus in this
scheme twice the amount of requested bandwidth needs to be allocated to the connection in order for

the working path and backup path to be operating simultaneously. In 1:] dedicated path protection,
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there is a backup path for every working path, but information is re-routed to the backup path only if a

failure occurs on the working path.

Shared path Restoration (semi-proactive): At the time of the connection set up a primary
path and a link- disjoint backup path are found. However the backup path resources are not exclusively
reserved and can be shared by other backup paths in the event of a failure. The backup resources are
shared amongst many working paths under certain constraints. As in other schemes, for each connection
request, a pair of paths —a working path and a backup path is found, but unlike dedicated protection, the
backup capacity is not exclusively allocated. If a connection is operating under normal conditions,
another failed working path can use this backup path capacity for its own use. In this way unused

backup bandwidth is used efficiently by allocating and de-allocating bandwidth where necessary.

More than one backup path can share this capacity provided their working paths are failure-
disjoint, i.e. two working paths cannot have their backup path share the same spare capacity because in
the event of a failure, there will be a rush to use this shared bandwidth. Thus, one path will fail or will
be blocked, while the other is restored. Shared path protection is also called 1: N protection, wherein
for one backup path, protection bandwidth is shared by N working paths. Figure (1.3b) is a
representation of shared protection. As mentioned earlier, there are two demands, with working paths
along links ACE and ADF, each requiring 1Mbps per link. The backup paths traverse along links
ABEF and ABE respectively. In this case, the backup paths ~ABEF and ABE are link disjoint from
their respective working paths ADF and ACE respectively. Also, the two working paths are also link-

disjoint from each other, hence allowing shared protection.

Links AB and BE, which are common to both backup paths, have only 1Mbps of bandwidth
reserved to them. Thus these links share the bandwidth in the event of the failure of either ACE or
ADF. In the event of a simultaneous failure of both working paths, the reserved bandwidth is provided

to the first working path, while the other demand is blocked.
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Survivability Routing Problem

Thus the problem of survivable routing using shared path protection has been to find two paths

from source to destination node such that:

1. The working path and backup path are failure-disjoint
2. Backup paths cannot share the same spare capacity unless their working paths are failure-
disjoint.

There has been considerable study to find the optimal routing scheme. Path protection schemes
provide guaranteed survivability by providing more than one connection between a single source and
destination. In [36], the authors prove that path restoration provides up to a 19% improvement in spare
capacity utilization of the network as compared to link restoration. It has been shown that shared path
restoration, although more difficult to implement is the most capacity efficient survivability scheme and

will be the main scheme used in this research [5].

1.1.2 Muiti-layered Architecture
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Figure 1.4: Multilayered Network Architecture
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Optical networks are multi-layered structures, made up of a number of components arranged in a
hierarchical manner.{6] [11][12]. Figure 1.4 shows the several logical layers beginning with the IP layer
multiplexed into label switched paths (LSP) in the MPLS layer. The capacity of each LSP is further
improved by time division multiplexing. These TDM links are then multiplexed into wavelength or A-
links, which are bundled into a single physical fiber link. Numerous fiber links are bundled into fiber
cables, which traverse one or more fiber conduits. This shows a typical hierarchical structure of a
network, but by a broader definition, a multi-layered network is made up of a logical layer (WDM and
up) nested inside a physical fiber layer. There has been in-depth research regarding the IP restoration

over WDM protection.

Two important characteristics of multilayered networks are brought forth in {11] namely: (1).
bandwidth propagation and (2) failure propagation due to multiple failures using SRLG trees. .SRLG
trees are the depiction of the multiple layers in an optical network by way of a spanning tree. Each tree
contains a ‘leaf’ af each layer specifying the layer it belongs to (T) and the identity of the SRLG (J).
Figure 1.5 depicts the concept of bandwidth and failure propagation throﬁgh hierarchical SRLG trees.
In an SRLG tree, each SRLG is defined by the client layer T and its identity I, (7, [). In this
hierarchical structure, we call an SRLG at layer T, a parent of the SRLG at the lower layer T,, which is
in turn a parent of the SRLGs at T; and so forth. In these SRLG trees, bandwidth is propagated from
top to bottom, i.e., bandwidth is requested in the uppermost logical layer and is allocated until the final
fiber layer. Assuming unlimited bandwidth resources at the physical layer, working and spare capacity
allotments are carried out at the logical layer. If 10Mbps is required by one of the lightpaths and
15Mbps is required by another, then the fiber links need to ensure 25Mbps is guaranteed on them to
support both these connections for dedicated protection, or 15Mbps in the case of shared protection.
This concept is depicted in Figure 1.5 (a) where I, is the SRLG id, and T, is the corresponding network

layer. The SRLG resource (T1, I1) at some higher layer T1 requires a unit of bandwidth. The tree
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shows that T1 is a parent of (or is contained in) T2, T3 and T4, thus a unit of bandwidth has to be

reserved on T1 as well as T2, T3 and T4 i.e. all layers lower than the current (T1) layer.
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Figure 1.5: (a) Bandwidth propagation in SRLG trees (b)Failure propagation in SRLG trees

conduit

~7

Figure 1.6: Simultaneous Failure propagation in a fiber cable

Failure propagation is propagated in the bottom up direction, i.e. failure of a single fiber in the
lower physical layer will cause the failures of all the logical links traversing through that fiber. Thus
single failures in the physical layer cause multiple simultaneous failures in the higher logical layers.
This concept is shown in Figure 1.5 (b), where a failure occurs in SRLG resource (T3, 12) in layer T3;
this layer T3 in turn contains layers T2 and T1. This failure is propagated up the tree to T2 and T1, thus

affects I1 in addition to 12. The right child of T1 i.e (T2, 12) does not encounter a failure if T1 fails.

11
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Simultaneous failure propagation is also depicted in a single fiber conduit in Figure 1.6. The
figure shows a logical lightpath traversing through multiple fiber layers. A cut in the cable conduit
results in the failure of all the lightpaths within it. Thus a protection mechanism in one layer is not

sufficient to provide guaranteed survivability of the network.

1.1.3 Shared Risk Link Groups - Concept and Design
Multi-layered architecture introduced the concept of Shared Risk Link Groups (SRLG) as a

method to correlate the faults in the logical and physical layers. Shared Risk Link Groups (SRLG) are
a set of links with a common cause of failure, or a group of links that share a common physical resource
such as a cable , fiber or conduit.[15]. SRLGs refer to a set of links with the probability of
simultaneously failing. This simply means that in a hierarchical architecture, logical links in the same
fiber conduit will encounter the same risk of failing at the same time, i.e., they belong to the same risk

group or SRLG.

A

ﬁi

D

Cm

(a) Links AB and CD (b) Physical routing of AB and CD

Figure 1.7: Logical and Physical routing of links

Figurel.7 (a) a logical link connects node A and node B, and another logical link connects node C and
node D. However, their actual physical fouting is shown in Figure 1.7(b), where link AX passes through
a conduit SRLG 1, then X_Y passes through another conduit- SRLG 2 and then YB passes through
conduit SRLG 3. Similarly, logical link CD passes through SRLGs 4, 2 and 5. Hence even though links
AB and CD are link-disjoint, they actually pass through a common cable between X and Y. This
common cable would become the common cause of failure of both links CD and AB. From the
diagram, we can also see that a single SRLG can contain multiple logical links (SRLG 2 contains links
AB and CD) and a single logical link can be a part of numerous SRL.Gs (link AB belongs to SRLG 1, 2
& 3).
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The SRLG information of each logical link can be found from the routing information on the
fiber links and is distributed by the network managers.
represented by a 32-bit number within an IGP domain to relay all required information [15][17]. The
location identifier indicates where the SRLG are physically located on the network map. The SRLG

payload or TLV (type, length, value) for each link is an unordered list of SRL.Gs to which the link could

belong.
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Figure 1.8: SRLG Location (32-bit field)
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Figure 1.9: SRLG Identifier List (n x 32-bit field)

The SRLG Location field, shown in Figure 1.8, identifies the logical structure into which the
common resource(s) defining the SRLG are included. For simplicity, we say that the SRLG Location

field identifies the location of the SRLG. The Location field includes the Region ID (8-bit) which
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identifies a Region in the network and the Zone ID (8-bit) identifying a Zone belonging to this Region

in the network.

Figure 1.9 shows the SRLG Identifier which contains a Type field and an Identifier field. The
SRLG Identifier, the Type field indicates the resource or link type namely a fiber segment or fiber sub-

segment or optical channel while the Identifier is a 24-bit integer value identifying each SRLG itself.

An SRLG could belong to one or more links and conversely each link may contain one or more
SRLG. Since a given resource (for instance a link) can belong to more than one SRLG, the SRLG
Identifier structure is defined in the most general case as a list of SRLG Identifiers (n x 32-bit).

AT&T have indicated that a single logical link may belong to 100 SRLGs. [10]

Network Survivability and SRLG Diversity

With the concept of SRLG clear, it is evident that in order to provide network survivability in
both the physical and logical layer, SRLG diversity must be considered in addition to link diversity.
With this in mind, during the setup of the backup path, it must be ensured that the backup path SRLGs
are physically disjoint from the working path SRLGs in the physical layer. This will also ensure that the
logical links of the backup path are disjoint from the working path links in the logical layer. Further we
also note that SRLG diversity would automatically imply link-diversity, however we explicitly state the
two conditions here because we develop two algorithms which consider SRLG diversity as well as only

link-diversity.

Thus the routing problem is now modified in order to find two lightpaths such that;

1. Working path and backup path are link-diverse

2. Working path and backup path are SRLG-diverse

14
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3. Backup paths cannot share the same spare capacity unless their corresponding working paths

are SRLG-diverse so that both paths can be restored simultaneously.

1.1.4 Differentiated Classes of Service

Restorability and Availability Analysis in Optical Networks

Network survivability is measured in terms of restorability, reliability and availability [1] [7].
Restorability is the ratio of the number of restored connections to the total connections in the network
(sum of the working and failed connections in the network at a given time). It is the total number of
connections that are, or that can be restored by the network. Ideally this number should high (closer to
one) to ensure that more connections are restored to the working condition than those that have failed or
are blocked [1][7]. Reliability is defined as the likelihood of a system operating for a certain time

period (from its start to the end of its working term) without encountering a failure. [1]{7]

Availability (4) is the probability of finding the system in an operating state at any random time within
its service period. In optical network, it is measured in terms of failure probability of the lightpath and

is one of the key parameters of network survivability. 1] [7] {8]
Differentiated Classes of Services

With the onset of data-centric traffic in the recent years, customers availing of network services
require different service levels based on the availability of their connection {4][11]. For example, dial-
tone services need 99.999 % or 5 9’s availability, while email services need 99.98% availability and
internet services usually request 3 nines or 99.9% availability. [4][13]{28] These service levels are
called Classes of Service (CoS) based on the quality of protection available to them. If we consider

each connection ‘C’, associated with a quality of protection Q, where,
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Quality of Protection Q. Service Classes
Q. =1 Guaranteed Gold
0< Q. <1 Best effort Silver
Q=0 Unprotected Bronze
1<Q.< 0 Preemptible Lead

Class of Service (CoS) is the level of availability required by the user and provided by the
network. It is the network’s capability to differentiate traffic into classes and then provide differing
service levels or level of protection to them. The concept of service classes came about in order to
provide traffic of a high priority with a guaranteed service (for a certain cost) while blocking or

providing limited service to lower priority traffic.
Quality of protection depends on three main parameters:

1. Protection path switching time,
2. Connection availability and

3. Required bandwidth resources.

Path protection switching time is the amount of time that the network requires to switch from
the working path to the backup path in the event of a failure. There has been considerable research
done to improve the protection path switching time. It has been found that link restoration is faster than
path restoration because only the head and tail nodes of the failed link need to learn of the failure. In
end-to-end path protection however, the failure notification must reach the source and destination nodes
before any re-routing can be established, thus increase the time required to switch from the failed
working path to the backup path. Link restoration can be completed in 50ms but is too complex in terms

of capacity utilization. [6] .
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Connection availability is defined as the probability that the lightpath will be found in the
operating state at any random time. It reflects the equilibrium between the failure and the repair process
in the network at a random point in time. The availability of a connection is specified by the user and
provided as a variable to the network at the time of connection setup. The network tries to satisfy this
availability by ensuring that a lightpath (either the working path or the backup path) is in the operating
state at any time within the duration of the connection. The availability depends on the failure rate of
the physical SRLG and is the main focus for differentiated classes in our research.

Bandwidth resource requirement is the capacity needed to provide protection. In dedicated
protection, a backup path is ensured by reserving equal amounts of bandwidth on both the working and
backup paths. This bandwidth is exclusively reserved and cannot be used by any other working path.
Although, this scheme provides 100% restorability, bandwidth is wasted in case no failure occurs. By
using capacity sharing, bandwidth resources are better allocated. In shared path protection schemes,
bandwidth is shared by greater than one backup path. The amount of bandwidth provided to a
connection may also determine the quality of protection and classes of services can be allotted based on
the amount bandwidth used by the backup path. For example, higher-priority traffic may need increased
bandwidth in case they are the subject of repeated blocking attempts. [13]. We assume that the
bandwidth requirement is fixed for each connection i.e. once a connection requests a certain amount of
bandwidth it cannot be reduced. If a change in the connection is required, we consider it a different

connection.
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1.1.5 Simple Pool Sharing Algorithm (Test Algorithm)

We test our newly developed algorithm against a widely employed and highly effective backup
bandwidth sharing scheme called the Simple Pool Sharing algorithm. This algorithm is used for single
layered network to find two- link diverse paths while using the backup capacity efficiently. It provides
link-only protection and ensures that the total backup bandwidth reserved on a link will be not be less
than the amount of backup bandwidth needed on a link to restore a single failure on that link. The pool
sharing process records and updates the backup bandwidth reserved on the links in the spare capacity

matrix as described in the previous algorithms.

1.1.5.1 Working cost function
If 4;is the total available bandwidth on the link j, Z; is the length of link j and  CJ, (J) is the cost of the
link 7 which would be on the working path of demand » which requested bandwidth b, is given by,
o0 b, > 4

Co() = 4 e, (3.15)

L; elseif b, < 4

The pool sharing algorithm computes the least cost path by running Dijkstra’s algorithm and satisfies
the capacity requirement of this demand. The cost of the link j is set to « if the requested capacity of
that traffic demand b, is more than the capacity available for use. In case there is enough bandwidth
available, the cost of the links is set to the length of link j. At the end of this stage we aggregate the

links found using equation (3.15) into the working path set R,.(%).

1.1.5.2 Backup path cost function

The pool sharing algorithm uses the same spare capacity matrix mentioned in the Guaranteed protection

and the risk algorithm. Again, @ is the backup bandwidth square matrix where each element §; is the
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amount of backup bandwidth required on link j if link i fails. (1<, j <J) where Jis the set of links in

the network. @ = [6;] nx.

61=0 612 63 Oy Oy 1
621 0 623 624 O2n
631 63, 0 634 O3n
d = 641 G4 043 0 Oan oo, 3.3)
911 QJN
On1 Ova  Onvs Ona..  Oyn=o!

Thus, in order to ensure enough spare capacity, the total amount bandwidth needed on link ; is

the maximum of all the elements in each column of the matrix.
Bi = maxyigy| O] oo (3.4

The backup bandwidth for demand » for all links in the working path i.e i € R,(¥) is saved in the
spare capacity matrix. The matrix is updated for every new traffic demand » requiring bandwidth 5,. If
T; (v) is the maximum amount of backup bandwidth required on link j if a link in the working path R, ()

fails, then
T (1) = b, + maxyier, ()] Oif] o vroveeiiieiie (3.5)

Using these values, the backup path cost function €} (j) for the Simple Pool sharing algorithm for each

link j is defined as follows,

(@ if j €R, ()
£ elseif T;(r) < B;
G =< (3.16)
T (r)— B elseif T;(r)— B; <4
o otherwise

19



1 - Introduction

The backup path cost function is similar to equation (3.6); the cost of link j is set to infinity if
the link ; is along the working path, thus ensuring link disjointness. The cost is set to a small number &
if T;(r) < B;. This indicates that demand r can be restored without any additional bandwidth on this
link. The cost is set to T; () — B; if there is not enough capacity on link ; and this is the amount of
bandwidth needed to restore demand » on link j. The cost is set to infinity if there not enough available
capacity, 4;, to accommodate the additional bandwidth request. Once the backup path is computed the
total reserved shared backup bandwidth on the links along the backup path must be updated. For all

working path links i and backup path links 7, bandwidth b, will be added to each element 6;; of the

matrix ©.
Vi ERW(T'),VjE Rb<r)l 0,_} «~ br + 91}

We use equation (3.16) to aggregate the backup path links into the backup path set Rj, (r) which
is link disjoint from the working path. This procedure is repeated for every demand until all the
demands are entered or the capacity of the network is exhausted. We use this algorithm as a

benchmark to test and compare our SRLG-constraint algorithms.
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1.2 Review of Previous Related Work

Protection and Restoration Schemes

There has been a vast amount of research done in the field of network survivability — protection
and restoration schemes in ring networks were introduced in [1][6][9] and then in mesh-based WDM

networks in [2}{5][23]. A clear review and comparison of these schemes is provided in [3][6][9][10].

(9] outlined the migration of optical networks from ring to mesh topology as well as the various
protection schemes developed for survivability. It also introduced the concepts of p-cycles and meta-
meshes, which is a compromise between link and path protection, by providing sub-group or segment

protection for a set of links in the working path.

Investigating design and optimization techniques for optical networks has also been an ongoing
problem. The proposed solutions can be classified into two groups: heuristic methods and exact
methods. Heuristic methods provide sub-optimal results, but are acceptable because of their quick
computational time. Exact methods such as Integer Linear Programming methods have the advantage
of providing optimal results. However they have the disadvantage of being computationally intensive
with long processing times, especially for large scale networks. The other drawback of linear program
is the requirement of the network’s entire demand set, thus preventing ILP use in a dynamic network

environment.

Linear programming refers to a broad class of mathematical programming techniques
characterized by a large number of variables which interact within boundaries imposed by some
constraints [33} . This technique is used to provide optimal solutions to different kinds of network

allocation problems.

Reference [32] illustrates various routing and wavelength assignment algorithms for static and

dynamic traffic. It also provides an ILP formulation for a sub-segment protection scheme called Short
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Leap Shared Protection with spare capacity allocation which minimizes the spare capacity under the
constraints of sub-path disjointness, and wavelength continuity. This work also provides an ILP
formulation for survivable routing for dynamic traffic. [34] is the documentation for ILOG OPL 6.1.1,

which is a tool for solving linear optimization problems.

Reference [2] introduces the concept of path protection in WDM network and uses a multi-
commodity flow ILP problem to formulate the optimal solution for capacity allocation in WDM
networks. In this paper, the authors used pre-calculated traffic path sets for all demands and found the
optimal way to allocate shared backup bandwidth to these demands. The research done by the authors
is used as the reference for capacity efficiency in mesh networks in subsequent literature. [25] also
developed an ILP formulation called source formulation which aimed at reducing the number of

constraints and variables, thus trying to reduce computational time and memory.

In 5], a comparison of protection and restoration schemes in the IP and WDM layers is carried
out to find the most efficient way to ensure network resilience. The article introduces a heuristic
algorithm as well as an ILP formulation. The heuristic and ILP are developed to combat single fiber
failure while trying to maximize the traffic in the network that can be protected against a single fiber
failure event. They compare the maximum network capacity and recovery times for IP restoration and
WDM protection and, similar to the findings in {2], found that WDM shared path protection performed

better, having shorter recovery times and better capacity usage.

Routing Algorithms

The problem of finding diversely routed paths in optical networks was first studied in [27] .
Various methods and diverse routing algorithms for the construction of physically disjoint paths are
presented. These include shortest path algorithms such as Dijkstra’s Algorithm and K-shortest path
algorithms, which are. widely used in network simulation including in this research. A comparative

study of different routing algorithms that can be used for path computation was also catried out in [24].
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Spare capacity

To overcome the ILP problem of long simulation periods, the authors in [16] found a novel
heuristic algorithm to allot spare capacity using a successive survivable routing algorithm and aggregate
backup capacity into a Spare Capacity Matrix. Spare capacity sharing using the backup bandwidth
matrix was also studied in [4] and [11]. In {13], the authors further improved the bandwidth sharing
method by allowing different classes of service. The classes were based on allotting different capacities
to different traffic thereby allowing links with a higher failure rate to access more bandwidth for

protection.

It was proven in [2] that shared path protection with bandwidth sharing had the highest capacity
efficiency over other protection and restoration schemes. Spare capacity optimization was also widely
employed in reference [32] and a routing technique called Short Leap shared path with spare capacity

allocation algorithms was developed by the authors.
Multiple failures and Multilayered Architecture

As optical networks have become denser, the probability of encountering only a single
simultaneous failure seems absurd. Thus analysis of multiple failures was carried out by
(41[7][11][12][13](17]. In [7], the authors provide an analysis on the unavailability of light-paths in a
dual-failure scenario. The paper describes an adaptive restorative procedure which allows for dual-
failure recovery and provides better availability than dedicated services. Multiple failure scenarios are
considered in {13], where the “Enhanced Pool sharing” algorithm allocates extra backup capacity to

‘troublesome’ links, likely to face numerous blocking attempts in the face of multiple failures.

Multiple failures are a result of the hierarchical structure in network architecture. An in-depth

analysis of survivability in multi-layered networks was first studied in [5](6][31], as a two-layered
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structure , specifically as an IP (MPLS) over WDM optical network and later as a multiple layered

structure in {11][12].

Multi-layered architecture with the assignment of shared risk link groups and bandwidth
sharing was studied in {11]. This architecture introduced a novel way to control bandwidth at different
layers by aggregating information along SRLG trees. The research suggested a hierarchical
organization of SRLG trees as well as failure and bandwidth propagation along the trees. It also

provided differentiated protection classes based on the layer of service.

Multi-layer survivability in [12] aimed at developing or improving current network topology
architecture in order to provide a specific QoS under any failure condition by improving network
congestion after a failure event. It focused on restoration algorithms for multiple priority traffic and
survivability in multi-cast services. Reference [12] also provided an overview on the management of
multi-layered architecture, its optimal design, its management, and the restoration techniques that could

be used to ensure survivability.

Shared Risk Link Groups

The concept of SRLG and its terminology were first proposed by the Optical Internet working
Forum (OIF) standard bodies [15]. In this document, a hierarchical model defining the physical
topology and the logical topology was introduced. It went on to explain the concept of Shared Risk
Link Groups, its definition and properties. The authors also discussed SRLG encoding which allows
for the aggregation of SRLG information throughout the network. Their detailed encoding included a
32-bit SRLG location field, and a 32-bit identifier field. In this work, they suggested the importance of
risk assessment or the association between the availability of a path and the SRLG failure probability.

The internet draft outlined the importance of SRLG diversity in optical networks.
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Diverse routing with SRLG constraints was studied further by Hu in [17]). The diverse routing
problem was changed from ensuring only link diversity for protection to SRLG diversity. This paper
tackled three main problems; complete SRLG diversity, least coupled SRLG path, and minimum cost
with SRLG diversity. Complete SRLG diversity ensured that the backup path was entirely SRLG-
disjoint from the working path. The second concept of least-coupled SRLG paths found two paths such
that common elements in the path were minimized. The minimum cost problem strived to find two

diverse paths having minimal edge cost.

An ILP formulation for the minimum cost routing problem was provided and found to be
feasible for networks with a few hundred nodes. In {18] the diverse routing problem in SRLG network

was studied using graph transformations.

Differentiated Classes of service

Survivability focuses on the network’s ability to recover from failures while differentiated
service is the network’s ability to differentiate traffic and provide service levels to the traffic. Classes of
service have been provided in terms of: (1). Different Protection schemes, where different traffic types
have differing protection types. For example, a higher class of service may have dedicated protection
while a lower class of traffic will have no protection. Another type of traffic might use shared path
restoration for its services (2). The end-to-end path availability is based on the failure probability of the

link.

Quality of service (QoS)-based protection has been well studied in [4]. In this paper, a scheme
was designed to quantify QoS into different service classes based on protection switching time and end-
to-end availability of the light-path for shared path protection. Reference [4] also found the correlation
between two working paths that share backup paths. It calculated the working path usage probability
and then studied the impact of availability of the working path due to sharing of their backup paths.

Their scheme used a QoS constraint to avoid backup links that fail the availability criteria. The
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research in [31] provides multiple degrees of reliability as well as backup path sharing using a two-step

algorithm for single faults.

In [28] , the authors developed classes of services based on the quality of protection provided
by the network in terms of spare capacity and compared their service classes based on the amount of
spare capacity allotted to them. In [13] quality of protection is also studied based on the availability of
spare capacity. In this research, additional bandwidth is allocated to ‘troublesome’ links which might

be the point of multiple failures.

Availability of the connection based on the probability of failure of links has been explained in
[11[7] . In [31] a maximum acceptable failure probability is assigned to each demand and these
demands are placed in a particular class depending on the accepted failure. The optimum working path
and backup path is found, while minimizing the cost and satisfying the user-accepted failure. In
[14][30], the authors explain the network transition using the Markov model. They define the working/
normal states of the system and the rate of failures of the light paths Which move the system into the
failed / down state. The state probabilities and state transition rates of the network are calculated and

their variations with two bandwidth sharing schemes (Pool and Class Sharing) are explained.

Further to that, QoS in SRLG-based networks was researched by [29], where a heuristic
algorithm was developed to find an SRLG diverse path. The differentiated service was based on the
SLA parameters and the backup path length. In [19][20][22] , differentiated reliability is provided by
using the conditional probability of the SRLGs. In [19], the failure probability of the SRLG is
calculated based on the number of SRLGs, while in [21] the SRLG diversity constraint is relaxed. The
authors take into account the large number of SRLGs in the network and the high cost to provide
complete SRLG diversity. Thus, partial SRLG disjointness is provided for SRLGs that may have a

greater probability for failure.
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Article [22] researches a different hybrid protection method, which employs shared path
protection and link protection if an SRLG-disjoint path is not entirely available. In papers [21][22],
another class of service is developed for SRLG-diverse networks. In these two papers partial protection
is provided where complete SRLG diversity is not needed. In [37] ILP formulations and a search
heuristic for the static lightpath establishment problem under hybrid path protection constraints,
including multiple classes of shared risk link group (SRLG)-diverse constraints and path length
constraints is studied. To overcome the optimization problems due to large data structures faced by ILP
programs, [38] introduces an evolutionary algorithm that optimizes the control parameters of the
construction heuristic algorithm. The algorithm varies/ optimizes three parameters to search for an

optimal path.

Thus it is clear that SRL.G-imposed networks have been studied in depth. Researchers have
strived to optimize SRLG-imposed routing algorithms. There has also been some work done in the area
of trying to provide different protection services in SRLG networks. However there are still some gaps

in the research which we address in the subsequent chapters.
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1.3 Research Problem and Main Contribution

Extensive work has been carried out in the field of Protection and Restoration as well as in solving the
diverse routing problem in the logical IP layer and section 1.2 outlining the previous research, clearly
indicates this progress. Besides new and optimum path computation schemes, protection techniques
were further enhanced using capacity optimization and bandwidth sharing schemes. The continuous
evolution of optical networks from ring to mesh and then to multi-layered mesh network has required
protection schemes in multiple layers. To that effect, considerable study has been done in the area of

protection in the physical layer using Shared Link Risk group (SRLG) diversity conditions.

It is natural that in a customer oriented business, different priority classes would emerge.
Classes of service based on availability analysis aﬁd protection classes have been examined for the
industry. Failure probability and availability analysis SRLGs have become important criteria in the
provision of network survivability. Differentiated service provision has been studied in SRLG
networks on more than one occasion by providing cbmplete, partial or even hybrid SRLG protection.
Thus the parameters of link diversity, SRLG diversity, capacity optimization and failure analysis have
been explored on many separate occasions. However there have been gaps in the research in trying to

combine these parameters for optimality.

In this research, we strive to find a balance between the three parameters i.e. diversity, capacity
and availability in SRLG constrained networks. These three parameters have been widely studied in
single- layered networks; however this has not been the case in multi-layered networks. We try to fit
the gaps in the previous work done in the field of protection using SRLG constraints. We work to solve
the diverse routing problem ensuring there is no single point of failure in the physical layer, but also
ensuring efficient backup capacity sharing using the spare capacity matrix. Further we offer

differentiated classes based on failure analysis of SRLG fiber links.
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The main contribution of this research is to provide path protection by combing 3 parameters
for maximum optimization. In this research we present two algorithms where we offer SRLG diversity
for protection, bandwidth sharing for capacity efficiency and classes of services based on failure

analysis of the SRLGs.

1.4 Research Definition (Aim) and Methodology

We try to find a solution to the diverse routing problem with SRLG constraints, ensuring that backup
capacity is shared efficiently. We provide two classes of service based on the failure analysis of the
SRLG and offering complete and partial protection from SRLG failures. We provide 2 definitions

below for two classes of service.
Definition 1:

Guaranteed protection with SRLG disjointness
Find two SRLG-diverse and link-diverse paths for each demand, using failure probability of the
SRLG as a cost function and ensuring that each connection uses bandwidth resources optimally by
sharing capacity.
We find two paths for each connection, a working path and a backup path such that they are
link disjoint and SRLG disjoint. We ensure that the backup path capacity is shared efficiently using the
spare capacity matrix method. The working path employs the failure probability of its SRLGs as a cost

function further ensuring low risk of failure.
Definition 2

Partial protection with conditional SRLG disjointness
Find two link diverse paths for each demand, imposing SRLG constraints on ‘high-risk’ physical

links, using the failure probability and length of the SRLG as a cost function and ensuring
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bandwidth sharing. Risk analysis decides ‘high-risk® SRLGs as those with probability of failure
greater than the acceptable user defined failure.

We find two paths for each connection, a working path and backup path such that they are link

disjoint. We employ shared path protection, thus we ensure that each connection efﬁcigmly shares

backup capacity. We also calculate the failure probability for SRLGs in the backup path and discard

those with failure probability greater than our threshold value.

In order to realize the above aims, we develop an SRLG-diverse path routing algorithm with
complete SRLG disjointness and a link-diverse path routing algorithm with partial SRLG disjointness.
The two algorithms provide two separate classes of services based on the availability of the connection.
For Class 1 having ‘Guaranteed p_rotection with complete SRLG disjointness’, we develop an algorithm
called the ‘One-Step Guaranteed Protection Algorithm’. The cost function for the working path is then
calculated based on the number of SRLGs in the links as well as each of their failure rates. The cost
function of the backup path is calculated ensuring link diversity, complete SRLG diversity and

bandwidth allotment using the spare capacity matrix.

For Class II having ‘Partial protection with conditional SRLG disjointness’, we develop the
‘Two-Step Partial Protection Risk Algorithm’. The cost function for the working path is once again
calculated as before. The cost function for the backup path is found under link-diversity constraints and
bandwidth allotment using the spare capacity matrix, but it does not include the condition for SRLG-
diversity. Instead we do a risk analysis on the candidate links in the backup path and find the high-risk
SRLGs that are common to the working and backup path. If these high-risk SRLGs have a probability
of failure greater than the user acceptable failure threshold; they are discarded and a new path (with

new SRLGs) is found.

Both these algorithms are simulated using an in house C# program and their performance is

evaluated by comparing their blocking probability, resource utilization and service disruption ratio with
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each other. The algorithms are also compared with a non-SRLG-disjoint algorithm called Simple Pool
Sharing algorithm which is based on finding two link-disjoint paths while optimizing the shared backup

capacity.

We then formulate an Integer Linear program for both the ‘Guaranteed protection with
complete SRLG disjointness’ method as well as the ‘Partial protection with conditional SRLG
disjointness’ method. The ILP formulation finds all possible optimum paths simultaneously under the

given constraints and is compared to the heuristic methods mentioned earlier.

1.5 Organization of the Thesis

The remaining of the thesis is organized as follows. Chapter 2 discusses the network model
used in this research, including a diagrammatic representation of the network topology and its
parameters. This chapter also discusses the availability and failure analysis as it applies to the SRLG of

the network.

We then introduce our two heuristic algorithms in Chapter 3 including their working path cost
functions, the spare capacity matrix used in the backup path cost functions. In chapter 4 we discuss the
simulations carried out using these two algorithms and discuss their results in the performance

evaluation section.

In Chapter 5, we use an alternative method to formulate the algorithms i.e., Integer Linear
programming approximation. Section 1 of this chapter shows the formulation, the objective function
and the constraints while section 2 discusses the simulation and the results using this method. Section 3
then compares the ILP simulation results with the heuristic results found in Chapter 4. Finally, Chapter

6 presents the conclusion and future direction of this research.



Chapter 2
Network Model

2.1 Topology Diagram

In this research we consider a multi-layered network consisting of a physical fiber layer under
a logical IP layer. A hierarchical view is shown in the Figure 2.1 where the logical layer is made up of
links connected via dashed lines and the physical fiber layer is made up of SRLGs connected via dark
solid lines and each physical fiber link is considered a single SRLG. The logical layer is composed of
a set of nodes (vertices) V.= { V;:i=0, 1, 2,.. v} and a set of links or edges J ={j: i=1, 2, ...N }in
the logical (higher) layer. Each link j; in the higher logical layer is connected via physical fibers
represented Hy a set of SRLGs S= {§;: i =1, 2, .. S}, shown by the solid lines in the physical layer.
We consider nodes in the logical layer as V= {a, b, ¢, d, e,} and the corresponding nodes in the
physical layer as {A, B, C, D, E, F} and assume a seamless connection between the two layers, where
node ‘@’ (in the logical layer) and node ‘A’ (in the physical layer) are same node. In reality a would
represent a logical node such as a router, while 4 would represent a node in the physical layer such as

an optical cross connect.

In Figure 2.1, link ‘a-b’ (link ;) in the logical layer actually passes through physical fiber A-B
(SRLG S§)) in the physical layer. Similarly link ‘b-¢’ (link ;) in reality passes through physical fibers
B-A-E-C (SRLG S, S5 S.,). Thus each link ; will consist of numerous SRLGs and each SRLG may
be made up of more than a single link. The equivalent logical network is shown in Figure 2.2, where
S; indicates the SRLGs contained in that particular logical link. In this model, we use a convention
for the relation between the SRLG and their corresponding links. We say that a set of links ‘are

contained in’ an SRLG s. Conversely, an SRLG s may ‘belong to’ to one or more logical links.
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The multilayered network shown in Figure 2.1 is converted to a single logical network graph,
shown in Figure 2.2 containing nodes, links and SRLGs present in each link. Consider G= (V, J, S) in
Figure 2.2 be an undirected graph representing a multilayered WDM mesh network consisting of
logical components; a set of nodes ¥; = {i=1, 2,.. v} and a set of links j, = {i=1, 2, ...Jy }, and also

physical layer components i.e. SRLG S; = {1, 2, .. S}, are also contained in this graph for each link.

{ogical Layer

Figure 2.2: Combined multilayered SRLG Network G(V, J, S)
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We illustrate an example of diverse routing using the above network model. Consider a
demand request ‘» =1’, requiring shared protection, with source and destination nodes (a,d). A
working path could be set up along logical links (a-b-c-d). This working path contains SRLGs {S,S;
S'; S4}. Now a backup path could be set up along (a-d), which is physical (AFD), containing SRLGs
(So, S'5). These two paths are link and SRLG disjoint. Now consider another connection request
‘r=2’, with source and destination nodes (a-d). A working path could be set up along logical links (a-
e-d), which is routed along physical path (AED). This working path contains SRLGs {S,S ;}. In
shared path protection, backup paths can be shared under certain conditions. Here a backup path
could be set up along (a-d), through physical SRLGs (AFD) containing SRLGs (Sy, S5). These two
paths are link and SRLG disjoint. However in this SRLG imposed network, the backup path (a-d)
cannot be shared. This is because the working path links of r=1 and »=2 have some SRLGs {S; S;}
in common and in case of a failure of SRLG S; or SRLG S';, both working paths of demands r, and 7,
would rush to acquire the capacity of the shared backup path (a-d). Thus in this network model we

assume a single SRLG fault model.

2.2 Network Parameters

2.2.1 Link Parameters

Ji Link identity in the logical layer and belongs to set of links in the network

] Set of all the links in the network , J={/;:i=1,2,...N}

N Total number of links in the network.

Vi Identity of a node and belongs to set of nodes in the network , V={ V;:i=0, 1, 2,.. v}
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Ry

1;(v)

L ()

and v= a denotes the source node
v = ® denotes the destination node.

SRLG identity in the physical layer belongs to set of SRLGs in the network S={ 5;:/=0, 1, 2, ..S}.

Length of physical SRLGs in miles.
Set of nodes incident on a link j
Example: /;=1(v)={a, b} indicates that nodes a and b are incident on link j=I.
The node degree i.e. the number of links incident on the node
Example: 7,=13, indicates that three links are incident on node a.
Set of links incident on a particular node, 1< j< g

Iy=a(f) = {0,1,4} i.e. For node v=a, links j=0,1,4 are incident on this node.

2.2.2 SRLG Parameters

Ss()

Ji(s)

&

Set of links which are contained in SRLG ‘s’

Le for S=2, S=2(j) ={2,4} and

Number of links which are contained in SRLG 5;
Example: s =2, S2(j) = {2, 4}, then n,, =2
ng, = | Ss(I
Set of SRLGs that belongs to link J;
e.g, Forj=2, J,(s)={1,24}
Number of SRLG groups that belong to the link ;.
Example: Forj =2, [;(s)={1,2,4},then gz= 3

gj= il
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2.2.3 Path Parameters

Consider an incoming demand ‘' requiring bandwidth capacity ‘b, with source & destination nodes

(a, ) and with required user availability ‘4’.

r

Ry(7)

Ry (1)

Ry, (7)

Ry (")

Sw ()

Sw ()

5p(r)

Sp, (1)

Se(m)

Current demand request: r (a, w, b,, A)

Set of links along the working path of demand ‘r’.

R,(r)={rr €]}

Set of links along the backup path of demand 7.

Ry (r) = {r:7 €]}

k™ backup paths where k =1, 2, 3. For each demand r, we find & backup paths.

Thus Ry, () is the first backup path for demand r.

Prior backup path set. Set of all links along the backup path of all previous demands 7 =1to‘ r-1.
This set is update after the calculation of the current demand’s backup path.

Set of SRLGs that belong to the working path R, (¥). Since the working path is made up of a set
of links S, () is a set of all the SRLG that belong to these working path links.

S () = {S:5 €J; (), V) € Ry (1)

Prior SRLG set. Set of all SRLGs along the working paths of all previous demands » =1to r-1.

This set is update after the calculation of the current demand’s backup path.

Binary function which checks for common SRLGs between the current and previous demands.

o = {o if S,(r')YN S,(r) + @
" 1 otherwise

Set of SRLGs that belong to the backup path linksRy, (7).
Sp(r) ={S:s €J;,V) €Ry(r)}
Set of SRLGs that belong to the ™ backup path linksRy, (1).

Set of SRLGs common to both the working and backup paths. S, (r) = S, (r) N Sp(r)
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S.(r) = @ for complete SRLG- diversity in the One-step Guaranteed protection algorithm.

2.2.4 Capacity Parameters

o Total capacity of the link j

W, Total working capacity allotted to the working paths passing through link ;.
B The total amount of shared backup bandwidth needed on link ;.

4; Auvailable capacity =C;— W, - B;

1 Backup bandwidth square matrix where each element 6 is the amount of backup bandwidth
required on link j if link i fails. (1<i,j <J). Initially ®=[0] i.e no bandwidth is reserved on the

links in the network before the arrival of a demand.

611 =0 b1z 013 O1a.... Oiv
021 0 023 024 O2n
631 632 0 O34 O3y
@ = | Oy bi2  Os3 0 Oan
03 Oin
L On1 Ovz  Onz  Ona- Bwn=o!
B, The total amount of shared backup bandwidth needed on link j. It is the maximum of all the

elements in each column of the matrix
B = Maxyi<y [ 6y]

T, () Maximum amount of backup bandwidth required on link j if a link in working path (R.(7)) of

demand r- needing capacity b, —fails.
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Ty =b ot max (0]

2.2.5 Failure and Availability Analysis

Availability is specified for each connection by the customer and in turn provided by the
network. For example voice services require a connection availability of 99.999 % or 5 9’s which
means the connection must be up 99.999% of the time. The network is bound to provide this
connection at this availability using either the working path or backup path or both [1}[7]. We first
examine some terms and formulae in failure analysis theory before applying these to our network

model. The availability of the system is given by;

MTBF .
A= WMTBEAMITR ot  trerrer et (2 1)

Where, MTBF, is the mean time between failures and indicates the amount of time the system
is in the working condition between two consecutive failures occur. MTTR is the mean time to repair
and indicates the time required to repair the system and return it to operating state. There are usually
represented as their inverse rates, where pu = 1/ MTTR is the repair rate, and A = 1/ MTBF is the

failure rate.

At any given time, the network will be in 2 states; the operating (also called on or available)
state or the failure (off or unavailable) state. The system will move from the Probability of being
available (P (available)) to the Probability of being unavailable (P (unavailable)) with a failure rate of

A It will go from states P (unavailable) to P (available) with the repair rate of u_ [Figure 2.3]

Figure 2.3: System State diagram
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From this we see,
POn) 4 POFF) = L, 2.2)

A PLON) = L PO ) i e 2.3)

From equations (2.1) and (2.2) we get,

Plon) = A= —E (2.4)

The probabilistic complement of availability is ‘unavailability’, and widely used in communication
network because of the simplicity of adding unavailabilities instead of multiplying availabilities for

series elements.
POff) = U =1 — A 2.5

From (2.4) and (2.5), we get,

MITR A

U= isrmtie = iin

However practically for optical networks, MTBF > MTTR (mean time between failures is
approximately 19,000 hours, while repair services last a few hours (14 hours)), thus equation (2.6)

can be modified as,

Thus the unavailability can be approximated as the product of the repair time and the frequency of

failure or the failure rate in inverse time units [1].
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FITS refers to the failures in time (10° hours of service) and is a widely used industrial standard used
to measure failure rates. Since most electronic communication components are highly reliable, a

convention of using a period of 10° hours as a time unit has arisen.
Thus 1 FIT = a failure rate of 1 failure in 10° hours,

Given the FITS of a system, we can calculate the MTBF in hours by the following equation;

Further, given the mean time to repair and the failure rate (in FITS), the unavailability is;

MTTR FITs
U=——r2
109

Some examples of constants used in network analysis are as follows:

1 year = 8760 hours, if we consider a single failure in a year, then using equation (2.8) , we get

FITS = 22— 114155
T 8760 ! i

This implies that a one failure in a 8760 hours (year) corresponds to 114,155 failures in 10° hours
1 failure/ year = 114,155 FITS

Five 9’s availability, A =99.999% or 0.99999, U = 10 which equates to 5.26 minutes per year of
downtime. Thus the network is permitted to block this connection for only 5.26minutes in a year.

Three 9’s availability, A = 0.999, U = 10 ** or 8.76 hours /year d1-owntime.

2.3 Failure Rate Parameters

So far we have discussed the availability and corresponding unavailabilities of the optical

network as a whole system. Since each connection is composed of a lightpaths made up of a series of
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links, it is important of transform the availability of the connection to the availabilities of its

composite links. In the case of an optical network, the availability of the connection depends on the

individual links of the lightpath connected in series. We first define the following terms for each

connection request ‘r’;

A

U

Path failure parameters:
User availability for the connection. It is specified for the % of time the connection ‘#’ is
available. This means either the working or backup path is able to provide service for this period
of time. For example, 5 9’s availability, 4,=0.99999
User acceptable unavailability for connection ‘»’ specified for the % of downtime of the
connection. From equation (2.5), we get

Ur =1 = Ap (2.10)

From [7], we see that the availability of the lightpath or connection is approximated to;

Apaer = 1= Yicyw Ul-phys"““ e, (2.11)

Where U; link s the unavailability of the ith physical link in the path.

In our model; Apqen = A, , then from equation (2.10) and (2.11), we can say that the
probability of connection being unavailable is approximately equal to the sum of the

unavailability of individual physical fibers that make up the connection’s lightpath, which in this
network model corresponds to each SRLG i.e. U;PR¥siea! link g each SRLG is denoted by U, ,

then we get the following equation;

Where Uy is the probability that the SRLG has failed or is unavailable.
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Optical cables have the highest failure rate of all the components in an optical network. Fiber
cables are measured in terms of FITS / mile i.e. the failure in 10° hours per mile. The typical failure
rate of a cable due to cutting of the cable = 4.39/year/ 1000 sheath miles which is equal to 5000
FITS/mile, which is commonly used industrial and academic standard. The typical time to repair a

fiber is 14.4 hours [7].

Availability is a parameter of the entire connection, not each link. In order to provide this
user defined availability either the working path or the backup path must be in the ‘available’ state for
the specified period of time. However since our path computations are carried out one link at a time,
we try to map the availability requirement for the connection r into each link. We use the probability
of failure for each link that would make up tﬁe working path and backup path for demand r.

Link failure parameters:

£y Let us consider £ as the FITS per mile for fiber cables.

Failure rates are represented in units of FITS i.e. number of failures in 10° hours of service per mile.

Fs Failure rate (1) of each SRLG (physical fiber link) with length- 5 . It is the product of the length of
the fiber and fiber FITS.
Fo= Fg .l
U Repair rate of the physical SRLGs.
Us Probability that the SRLG has failed or is unavailable. From equation (2.9) and (3.13), we find the

value of Us as mention in equation (2.11) as;

Mg Fg

s 10°

We use the failure probability of the SRLG in the Two-step Partial protection risk algorithm in

Chapter 3 in equation (2.12) to find the failure probability of the connection U. The parameter Usis
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N

used to analyze the risk of an SRLG encountering a failure event.
Failure rate (%) for a logical link ‘;° composed of a linear SRLG set S= {S: s€ J(s)}, thus the failure

rate of the logical link is the sum of the failure rate of its composing SRLGs.

From equation (2.9) and (2.10), we get

F] = Fo ZVSE]](S)'IS ........................................................... (216)

As mentioned in section (2.3) outlining the path parameters, S, (7) is the set of SRLGs common to
both the working and backup paths, where S.(r) = S, (r) N S ()
Set of failure probabilities of common SRLGs between the working and backup paths for a demand r.

Ul ={Us:s €5.(m)}

Consider an incoming demand 7 requiring bandwidth capacity &, with source and destination

nodes, (a, w) and with required user availability 4,. Then, the connection request is given as:  (a, w,

by, 4,).

Figure 2.4: Demand r - Working R, (r) and backup paths R,(r)
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Then demands will be set up as follows;

Demand 7, , needing bandwidth 5, with availability 4,, sets up a working path R,(») from
a=ato w=d along links J= {J; J; J; } which contain working SRLGs S,(*) = {S;, S5 S, S,} and a
disjoint backup path- R(r) along links J ={J; } containing backup SRLGs S,(») = {S,, S;5}. Figure
2.4 shows the working path in a dark line along (a-b-c-d) and a backup path in a dotted line along (a-

d).

Thus a demand r between source and destination (¢ , w) needing bandwidth b, and

availability 4, sets up a working light path consisting of set of links R,,(*) = { J;, J,.. .Jy } and a set of
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Chapter 3
Heuristic Algorithms
In order to solve the diverse routing problem as specified in our problem definition, we

develop two path computation algorithms called ‘One- Step Guaranteed Protection Algorithm’ and

“Two-Step Partial Protection Risk Algorithm’.

3.1 One- Step Guaranteed Protection Algorithm

This algorithm, which we will refer to as the Guaranteed algorithm, provides guaranteed protection
with complete SRLG disjointness, and is the first class of service that we provide in this research. Tt
allows the connection to have a working path and a backup path that are completely link disjoint as
well as completely SRLG-disjoint. We first develop a cost function for the working path based on the
number of SRLGs in the links and their failure rate. The cost function of the backup path is then
calculated ensuring link diversity, SRLG diversity and bandwidth allotment for sharing capacity using

the spare capacity matrix. In this algorithm, we protect the connection against a single SRLG failure.

3.1.1 Working path Cost Function;

Working path will carry the bulk of the traffic demand (as opposed to the backup path) for the
greater part of the connection time. In addition to the bandwidth requirements of the connection, we
impose constraints based on the failure rate of the SRLGs in the path. By taking this precaution we

ensure that the working path will be less prone to failure and thus provide better service.

Working path cost for each logical link 7, will depend on the following parameters:

- Auvailable capacity of the link, (4))

- The number of SRLGs that belong to the link j (g))
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- the failure rate of link j , (¥)) , which also indicates the failure rate of the SRLGs that
belong to link ;.
Let,

Cy (): Cost of the link j which would be on the working path of demand 7.

Co() = 3.1
F X g; elseif b, < 4;

When trying to compute the working path for connection demand » with bandwidth
requirement b, , the cost of every link in the network is found. The cost of the link j is set to oo if the
requested capacity of that traffic demand b, is more than the capacity available for use. In case there
is enoﬁgh bandwidth available, the cost of the links is set to the product of the failure rate (#}) and the
number of all the SRL.Gs in link j (g). By including both these parameters, the cost increases if
either the failure rate of the fiber increases or if the number of SRLG fibers is high. Even though the
failure rate (F;) is the summation of all the SRLGs in the link, we still incorporate the number of
SRLGs into the cost function. In this way we provide a higher cost to those SRLG that may have
shorter lengths but a large number of SRLG, primarily because the larger the number of SRLGs in a
link the higher the probability of failure of this link. Thus our model may favor longer link lengths

over links with fewer number of SRLGs.

In order to minimize the cost, both the failure rate of the link (more specifically the failure
rates of the SRLGs that belong to link /) as well as the total SRLGs in the link must be minimized. By
ensuring that the failure probability of the working path is low, we reduce the probability of a failure
and thus reducing the requirement for the backup path. This allows greater efficiency in the sharing
of backup path resources. At the end of the working path calculation we have the following sets

which are to be used for backup path calculations;
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R,, (r): The set of all the links j in the working path;
Sw (r): The set of the SRLGs in the working path;

Sy (r"): Prior SRLG set of all SRLGs along the working paths of all previous demands » =1to r-1.
We also find the value of ¢, such that,

_ {0 if Sy(rHYN S, () # B
o, = {1 S (3.2)

3.1.2 Backup Path Calculations

Multiple failures occur due to a single SRLG failure and each SRLG contains number of
links. In this network model each SRLG cut means that more than one link will be down. If SRLG s
encounters a cut, then all links in the set S¢(7), will encounter a failure as well. In order to find the
backup path the following considerations must be noted; there are two SRLG constraints and the
shared capacity constraint:
1. Backup path must be SRLG-disjoint from the working path, this also ensures link
disjointness.
2. Two wo.rking paths in the same SRLG cannot occupy the same spare channel for protection.
3. For maximum optimization, a backup bandwidth matrix must be calculated for sharing of

backup capacity.

Due to the multiple link failures in the case of an SRLG failure, the paths crossing these links will
also fail. Thus, if shared protection using the spare capacity matrix is to be used, the shared backup
capacity reserved on a backup link must be greater than or equal to the maximum of bandwidth from
all the links on the working path. We create a criterion in the backup cost function to ensure that two

backup paths do not share the same working SRLGs. This condition makes sure that in case of a
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simultaneous logical link breakage due to a single SRLG breakage, both paths do not rush to acquire
the same backup path. This condition also allows that in the spare capacity matrix we reserve a
particular amount of bandwidth on link j if link i fails. However in the case of another failure of a
logical link &, the required amount of bandwidth is reserved on link / if link & fails. Hence even
though link 7 and & will fail simultaneously, their backup links ;j and / are disjoint and have the
required amount of capacity to restore the demand. This condition allows us to keep the spare
capacity matrix in the logical layer. Thus the spare capacity matrix reserves a required amount of
bandwidth on logical link j if its corresponding logical link i fails. This matrix is explained in the

next section.

Spare Capacity Matrix

Consider, @: Backup bandwidth square matrix where each element 8; is the amount of backup
bandwidth required on link j if link 7 fails, (1= i, j < Jy) where J is the set of links in the network.

[13]{35]. Thus ® = [8;] nxv and the initial value of the matrix is set to zero, i.e 8, =[0] for all ;, ;.

611=0 012 013 O14.... O1n
621 0 03 On O2n
031 B32 0 O34 O3n
&= 6, 6 O O T (33)
0y Oin
On1 Ovz  Ons Ona-. Onn=o !

Thus, in order to ensure enough spare capacity, the total amount bandwidth needed on link j

is the maximum of all the elements in each column of the matrix.
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By = maxyan| O] oo (3.4)

In this network model, we assume a single SRLG failure, and by ensuring that two backup paths do
not share the same working SRLGs. So every link on the working path is backed up in the spare
capacity matrix, but there will be no case where two working paths fail simultaneously due to a single
SRLG failing due to the aforementioned criteria. For example, if 63; (the amount of backup

bandwidth required on link j=1 if link /=3 fails) = 2units, 8,1= 5 units, and 841 = 1 unit, then
By = gnig([Z,S,l]

B = 5units
Thus the total amount of bandwidth required to be saved on link j = 1 is 5 units. In the event
of a failure of any of link i = 2, or 3 or 4, there is enough of capacity (5 units) on link /=1 to ensure
adequate protection. The matrix is updated for every new traffic demand » requiring bandwidth b,.
The SRLG constraint is not exercised here in the matrix since we consider that spare capacity

provision is done in the logical layer.

We consider 7} (r) as the maximum amount of backup bandwidth required on link j if a link in the

working path R, (¥) fails, where;

’I}" (T') = br + maXVieRw(r)[ GU] .......................................... (35)

It is the total of the requested bandwidth and the maximum bandwidth reserved on that link.

3.1.21 Backup Path Cost Function

We use the above backup bandwidth matrix in our backup path cost function. For 100%
guaranteed protection against a single SRLG failure, the cost function decides that the backup will be

completely SRLG disjoint.

Then the cost function C;” (j) for each link j for the backup path will be;
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0 jeRy ()
G U) = © elseif S,(MIN Ji(s)+ @ ... (3.6)
X otherwise
Where,
o ' if {j €Ry,(r)and g, = 0}
& elseif T,(r) < B;
Xj =
T, (r)— B elseif T(r)— B; <4
\ o otherwise

Analysis of the cost function

The cost function is co if the link belongs to working path R,(r), thus ensurés link
disjointness. If this is satisfied, then the cost function checks for complete SRLG diversity. The cost
function is oo if there are any common SRLGs in these sets S,,(7) and Ji(s), i.e. common between the
set of SRLGs in the working path and SRLGs that belong to link /. The cost function is X; if this
previous condition is satisfied. The cost function now checks for the SRLG spare capacity constraint;

two working paths in the same SRLG cannot occupy the same spare channel for protection.

If link j is on the backup path of any previous demand R, (r") and there are common elements
between the current demand’s working SRLG set- S, (), and all the previous working SRLG
sets, S, (r’), then the cost function is set to infinity. This statement follows the rule that two or more

working SRLGs (S,, (r) and S,, (r)) cannot share the same a common link for backup.

The cost function finally checks for bandwidth availability if this condition is satisfied.
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{1 If 7; (maximum amount of backup bandwidth required on link j € R, (¥) fails) is less or
equal to B; (bandwidth needed on link j), the cost is set to a small number & Here the

demand r on link j can be restored without reserving addition backup bandwidth on link ;.

(ii) Or else it is set to T;(r) — B; , if this is less than the available spare capacityd;. To

restore demand r, (T; (r) — B; ) is the amount of extra bandwidth required on link ;.

(i)  The cost is set to oo, if, available capacity on link j (4;) is not sufficient to accommodate

this demand.

Once the backup path is computed the total reserved shared backup bandwidth on the links
along the backup path must be updated. For all working path links (i) and backup path links ()),

bandwidth 5, will be added to each element 6;; of the matrix @.

Vi ERW(T),Vj S Rb(T)Z 9‘] &~ br + 01}

At the end of the backup path calculation we have the following sets;
Ry (r): The set of all the links ; in the backup path;
Sp(r) , the set of the SRLGs in the backup path;

And we update the following sets;

S = S USL () o 3.7
Ry = Ry (") URL(r) et 3.8

3.1.3 Step-wise Path Computation Method

We use the above mentioned cost functions in the diverse-path routing algorithm called ‘One-

Step Guaranteed protection Algorithm’.  Given a network with a set of nodes, links and SRLGs, our
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aim is to find a working path and backup path based on the cost functions defined in equations (3. 1)
and (3.6). We first initialize the prior backup path set (R, (r")) and prior SRLG set (S, (")) to null.

We evaluate the values of Fjand g; for all links j in the network.

Then for each demand request 7, we use Dijkstra’s algorithm to find the shortest working path
using the working path cost function derived in equation (3.1). The links of the working path are
aggregated into the set R, (7). The SRLGs in the working path are aggregated into the set S, (7). The

algorithm then checks the o, value for that demand .

The backup bandwidth matrix is made ready based on the requested bandwidth b, , and the
terms B; and T are found. Dijkstra’s algorithm is run again to find the shortest backup path using the
cost function specified in equation (3.6). The backup links are found and aggregated into the backup
path set R,(r) and the corresponding backup SRLGs are stored in set Sy(7). As a final step the prior

sets S, (r') and R, (r") are recalculated for the arrival of the next demand »+1.
The step by step method of One- Step Guaranteed Protection Algorithm is explained below:

1. [Initialization): S,,(r') = @and R, (r') = @.

2. [Compute the working path]: Run Dijkstra’s algorithm to compute a working path R,(r) by
using the working path cost function - equation (3.1) for every link j. If the working path is
not found, the demand is blocked, otherwise the backup path is computed using step 3.

3. [Compute working SRLG set]: Check SRLGs (/;(s)) contained in each link j in Rw(?) and
compute set working SRLG set S, (#). Check o, ie. S, (r') N S,(r) = @

4. [Compute the backup path]: Run Dijkstra’s algorithm again to compute a link and SRLG
diverse shared backup path Rs(7) by using the backup path cost function — equation (3.6) for

every link j.

52



3- Heuristic Algorithms

5. [Compute backup SRLG set]: Check SRLGs (/i(s)) contained in each link j in Rs(¥) and
compute set backup SRLG set Sy(7).

6. Update S, (r') and R,(r") from equation (3.7) and (3.8).

Require: A network: G(V, J, S);
Initialize: S, (r') = @and R,(r') =0
For (each connection request ‘) do,

For (each working path- calculate working path links) do,
For (each link ;), do
Find j(5), g , F)
Cw (j) < Cost function for link 7
Run shortest path algorithm- Dijkstra’s algorithm;
end for
Find working path Rw (r)

Find working SRLG set S,(7),
Check S, (r)n S,(r) # @
end for

For (each backup path — calculate backup path links) do,
For (for each link j), do
Find Tj s BJ', AJ'
Cy () < Cost function for backup link /
Run shortest path algorithm- Dijkstra’s algorithm;
end for

Find backup path Ry(T)
Find backup SRLG set Sy (7);
Update S, (r') and R,(r")
end for
end for

Figure 3.1: Pseudo- Code for- Step Guaranteed protection Algorithm
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3.1.4 Guaranteed protection algorithm Example

We now illustrate the algorithm with the help of a small example. Let us consider a small
network shown in Figure 3.2. We consider the set of nodes in the network as V= {a, b, c, d, e} and
the set of links as J = {jy, ji. j2 J3 juJs5}- Thus the total number of links is N =5. The SRLG set is

given by S = {So, S1, 82, 83, S4, S5 }. We consider C;= 10 units for all j, F, = 5000 FITS/mile

and the repair rate of the cable is y; = 10 hours.

Figure 3.2: Network example of Guaranteed protection algorithm

We find the length, failure rate and probability of failure for each SRLG. For all the links in
the network we find the SRLGs that belong to that link, the number of SRLGs, the effective length

and the failure rate for each link j. We also find the product of the F; X g; which is used in the cost

calculations. Let us consider an incoming demand with source node = a and destination =d, and

requiring b, = 2 units and availability 4, = 0.8795 or 87.95% availability.
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SRLG Parameters

Logical links j Parameters

S Length | F, = Fy.l; | J Ji(s) g = 1wl Lvseje ls | F/1000 | F xg
So I, =12 60,000 | jy | Ju(9)={0,5}| go=2 13 90 180
Si |l = 20,000 | j; |i@={1} gi=1

4 20 20
S [l =5 | 25000 | j; [ /()= (124} | g=3 4 70 | 210
83 |, =2 10,000 J3 | (s)=1{3,4} &=2 7 35 70
S |15, =5 25000 | g | E(={2} gi= S ’s o
S |, =6 | 30,000 | js | Js(s)={3} gs=1 2 10 10

Figure 3.3: Network Calculations for Guaranteed protection algorithm

Working Path Calculations

We first compute the working path using the cost function using equation (3.1),

() =

(e 0]

EXQJ

by > 4

elseif b, < A

Forallj, b, > A; i.e. 2 units> 10 units, thus the cost of the links is given below in Figure 3.4;

eAe))

Jo

Ji

J2

J3

j./, jJ'

F; x g

180

20

210

70

25 10

Figure 3.4: Guaranteed protection algorithm Working cost funection

Using Dijkstra’s algorithm we find the least cost path as J={j, j; } and compute the following sets:

Rw(r) = {j-/:j)' } ’ Sw(r) = { SZ, S3} aSw(rl) = ¢ and Oy = 1.

Backup path calculations:

We first find @, the backup bandwidth square matrix where each element 6; is the amount of backup

bandwidth required on link j if link 7 fails as given by;
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r 0 6or b0z bo3  bos  Ogs
10 0 012 013 614 015
620  On 0 023 G4 O
& =
830 831 032 0 034 B35
6a0  Os1 Oy O43 0 b4s
050 051 Os2 O53 Oy 0 |
For our example we update the matrix to;
0 0 0
0 0 0
0 0 0

We then find the corresponding backup capacity values given in the table below according to the

following equations (3.4) and (3.5)

B = max| 0]
Ty =by +  max [0y]
J Bjy Bj; Bj, Bj; B, Bjs
B, 2 2 2 2 2 2
T |2 2 2 2 4 4

We now find the cost for each of the links in the network using the cost function;

Figure 3.5: Backup path calculations for Guaranteed protection algorithm
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00 JeR, ()
L) = o0 elseif S,(r)n Ji(s)# 0
X otherwise
o0 if {j €R,(rNand g, = 03
£ else if T;(r) < B,
X}. =
T (r)— B elseif T(rX)— B <4
oS otherwise
920)]
Condition Jo Ji J2 Js J4 Js
jeR, () - - - - 00 o
S,On e | - - % = = 0
j ER,(rand s, =0 - - o0 o oo o0
L)< B I3 £ o0 00 o0 o0

Figure 3.6: Backup path cost function for Guaranteed protection algorithm
By running Dijkstra’s algorithm for the least cost path from source to destination, we get J = {j,}
Thus we get the following sets at the end of this iteration:
Ry(m)={Jjo}, Sp(r) = {S0, S5}, S () = S, (™IUS, (1) ={S,, S;} and
Ry(r) =Ry (r) URy(r) = {Jo}
Vi €{s,Js}V) € {Jo}: 6 « b, + 6y, thus the spare capacity matrix is updated as given below:
0 0 0 0 0 07

0 0 0 0 0 0

4 2 2 2 0 2

L4 2 2 2 2 0

The procedure is repeated for every new demand ».
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3.2 Two- Step Partial Protection ‘Risk’ Algorithm

The Two-Step Partial Protection Risk algorithm, (also referred to as the Risk Algorithm), is
another heuristic developed in this research. This algorithm allows partial protection of the working
path by providing complete link diversity but ‘partial’ SRLG diversity. Partial SRLG protection is an
important condition to consider due to large number of SRLGs in the network. AT&T indicates that
each link may be a part of 100 SRLGs at a time [10]. In such a scenario, backup path routing while
providing complete SRLG diversity becomes difficult to compute and costly for the customer. Thus
we strive to provide adequate protection by providing link disjointness for all links and SRLG
protection for ‘high-risk’ links. We calculate the threshold value for these high risk links in the Risk
Analysis section of this chapter. In the first phase, we find the working path and backup path. In the
second phase we check the risk condition, explained later, which decides if allow the found backup
path or need SRLG protection. Again we model the network such that only a single SRLG failure

occurs at a time.

3.2.1 Phase 1: Cost Functions
3.2.1.1 Working path Cost Function for Two- Step Partial Protection

In the first step of the algorithm we compute the working path for demand ‘7’ similar to the
algorithm developed in section (3.1). 4, represents the availability, g; the number of SRLGs that the

link j belongs to, and F;is the failure rate of the SRLGs that that belong to link ;.
Let, Cy, (j): Cost of the link j which would be on the working path of demand 7,

o b, > A
HOEI P O A —
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The cost of the link ; is set to F;g; if the link has enough available capacity for demand 7.
Otherwise the cost is set to infinity. The above cost function is used by Dijkstra’s algorithm to find a

working path with the least failure and least number of SRLGs for demand 7.

3.2.1.2 Backup path cost function for Partial Protection

In the next step of the first phase the Risk algorithm computes a link disjoint shared backup
path for the working path with SRLG protection for only certain ‘high-risk’ linké. The demand »
shares the backup bandwidth on links along its backup path with other demands. The bandwidth
sharing process is carried out by recording the backup bandwidth reserved on the links in the spare
capacity matrix explained in equation (3.3). Again ® is the backup bandwidth square matrix where
each element 6; is the amount of backup bandwidth required on link j if link i fails. (1< 7 <)
where J is the set of links in the network. i.e. @ = [6,] yxn. Thus, in order to ensure enough spare
capacity, Vthe total amount bandwidth needed on link ; is the maximum of all the elements in each

column of the matrix.

The backup bandwidth for demand » for all links in the working path i.e i € R,(¥) is saved in
the spare capacity matrix. The SRLG constraint is not exercised here in the matrix since we consider
that spare capacity provision is done in the logical layer. The matrix is updated for every new traffic
demand r requiring bandwidth b,. If T} () is the maximum amount of backup bandwidth required on

link j if a link in the working path R,,(¥) fails, it follows that,

T (") = by + maxyier, (| O] voveoeeeieie (3.5)

Using these values, the backup path cost function for each link j is defined as follows,
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Let Cj (j) be the cost function for each link j for the backup path will be;

oo J€R,(r)
CL() = { (3.10)
X otherwise
Where,
00 if {j €R,(r)and o, = 0}
£ elseif T;(r) < B;
Xj =

T (r) — B elseif T(r)— B; <4
00 otherwise

The backup path cost function is similar to equation (3.6); however we do not impose the
SRLG diversity constraint while considering partial protection. Here too the cost of link ; is set to
infinity if the link ; is along the working path. It is also set to infinity if link j is part of the backup
path of any previous demand (R, (r')) and there are common elements between the current demand’s
working SRLG set, S, () and all the previous working SRLG sets- S,, (r'). This statement follows
the rule that two or-more working SRLGs (S,, (r) and S,, (') cannot share the same common link for
backup. The cost is set to a small number € if T;(r) < B;. This indicates that demand r can be
restored without any additional bandwidth on this link. The cost is set to T; (r) — B; if there is not
enough capacity on link j and this is the amount of bandwidth needed to restore demand » on link ;.
The cost is set to infinity if there not enough available capacity, 4;, to accommodate the additional
bandwidth request. Once the backup path is computed the total reserved shared backup bandwidth on
the links along the backup path must be updated. For all working path links i and backup path links j,

bandwidth b, will be added to each element Hl-j of the matrix .

Vi ERW(T'),Vj € Rb(r): HU « br + 611
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3.2.2 Phase 2: Risk Analysis for Partial Protection

In the second phase of the algorithm we introduce the SRLG risk concept. As mentioned in
Section 1, multiple failures occur due to a single SRLG failure. Since a single SRLG contains
multiple logical links, a single SRLG cut means that all of its constituent links will be down. Thus all
the paths which use those links will also fail. To ensure that the connection is available either the
working path or the backup path must be available. However, if there is a common SRLG between
the working path and backup path, a break in this common SRLG will cause the failure of both paths.
In the Guaranteed protection algorithm, we ensure that working path and the backup path are
completely SRLG-diverse to avoid simultaneous failure of both paths. However, in this scheme, we
present a second class with partial SRLG protection while still providing the user with the required
availability requirements. In this risk algorithm, after the backup path has been found, we check the
SRLG common with the working path. We then check if the probability of failures of these common
SRLGs is less than the user acceptable failure. We call this criterion the ‘Risk condition’. If this
criterion is not fulfilled, we provide SRLG disjointness to SRLG with significant failure probabilities

and re-check the risk condition.

From chapter 2, we review some terms used in this section;
S.(r) =8, (r) NSy (r): is the set of SRLGs common to both the working and backup paths;
Apr: User availability for the connection;
Uy User acceptable unavailability for connection 7;
Us: Probability of failure of the SRLG;
UI : Set of failure probabilities of common SRLGs between the working and backup paths for a
demand r, where, U] = {Us:s € S.(r)}
We first convert the user required availability to the acceptable unavailability from equation
(2.9) we get,
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U=1-A4
In order to for the connection to be available at the value specified by the user, the probability that
both the working and backup path failing simultaneously should be less than the user accepted failure
probability. This is given by;

[Both working and backup
paths are unavailable

But we know that a simultaneous failure of both the working and backup paths will occur if
and only if their common SRLGs fail. The set of common SRLGs between the working and backup
paths is given by S.(r), . It follows that SRLGs common to both the paths i.e. non-disjoint SRLGs
(8:(m)), would be the cause for both paths failing simultaneously. Further we also note that it is

enough for a single common SRLG failure to cause the connection to be unavailable.

Figure 3.7: Network showing S.(r)

From Figure 3.7 we consider an example; Demand »; from a=a to w=d, needing bandwidth b, with
availability 4;, with the following sets,

Working path R,(» )= {J; J, J; }

Working SRLGs S,,(7) = {S;, S5, S5, S;}

Link- disjoint backup path Ry(¥) ={J,, J5}
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Backup SRLGs Sy(7) = {S,, S;}.
Common SRLG to working and backup path S.(r) = {S;, S3},

Then the failure of either S; or S3 will cause the failure of both the working path and backup paths

simultaneously.
p[Unavatlabiicy of | _ p Fallure of asingle] . G12)
If the probability of failure of a single SRLG is Us , then,
[B Optz t‘;{;’g’; i”fnﬁiszgll‘:p ] D Y /A (.13)
From equation (3.11) and (3.13), we get,
2ses.yUs S Up o (3.14)

Equation (3.14) is the Risk Condition for our Two-step partial protection risk algorithm.

3.2.3 Stepwise Method of Two- Step Partial Protection Risk Algorithm

The step by step method of the Two- Step Partial Protection Risk Algorithm is explained below:

1. [Initialization]: S,,(r') = @ and R, (r') = 9.

[Phase I]

2. [Compute the working path]: Run Dijkstra’s algorithm to compute a working path R,, (7)
by using the working path cost function - equation (3.9) for every link j. If the working path
is not found, the demand is blocked, otherwise the backup path is computed using step 3.

3. [Compute working SRLG set]: Check SRLGs (/j(s)) belonging to each link j in Rw(7) and

compute working SRLG set S,,(7). Find o, to checkif S, @Hn S, = 0.
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4. Backup Path Computation- Rj, (1)

a.

[Phase II]

g.

[Compute the first (k=1) backup path]: Run Dijkstra’s algorithm to compute a link

disjoint shared backup path R, (r) by using the backup path cost function — equation

(3.10) for very link ;.

b.

[Compute backup SRLG set]: Check SRLGs (Jj(s)) contained in each link j in

Ry, (r) and compute backup SRLG set S, _, ()

[Compute common SRLG set]: Check for common SRLGs in the working path and
backup path Find sets S (r) and U where S (r) = Sp,_ () n S, () and U5 =
{Us:s € S.(m)}

[Check Risk Condition]: Check this condition from equation (3.14).

ses. ) Us < Uy

If this condition is satisfied we retain this as the backup path.

If not, we update R,, (r) suchthat R, (r) = R, (r) U Rp (r) so that the working
path set now includes the links of the first backup path ie &; backup path. This allows
us to find a backup path that is not only link disjoint from the working path but also

from the first backup path.

[Compute the second (A=2) backup path]: Run Dijkstra’s algorithm to compute a

shared backup path Ry, (r) which is link disjoint from the working path R, (r) and

from the first backup path Ry, (r) by using the backup path cost function — equation

(3.10) for very link j.

[Compute backup SRLG set]: Check SRLGs (/i(s)) belonging to each link j in

Rp,(r) and compute backup SRLG set Sp, _, (1)
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[Phase 1]

i.

[Compute common SRLG set]: Check for common SRLGs in the working path and
backup path Find sets S, (r) and U] where S, (r) = S, _,(r) N Sy, (r) and Ug =
{(Us:s € S5.(r)}

[Check Risk Condition]: Find the summation of the failure probability of all
common SRLGs and check if this is less than the user acceptable failure probability
from equation 3.14).  Xses,(nUs < Ur

If this condition is satisfied we retain this as the backup path.

If not, we update R, (r) suchthat R, () =R, (1)U Rp,(r) so that the working
path set now includes the links of the first and second backup path ie 4; and k, backup

path

m. Do, steps g to j for third (,4=3) backup path Ry (1) :

n.

Compute the third (k=3) backup path Ry, (r), Backup SRLG set S5, _, , Common
SRLG set S, (r), U] where S, (r) = Sp,_,(r) N0 S, (r) and U7 ={Us:s €
S.(r)}. Check the risk condition for this path Yses, ¢y Us < Ur

If satisfied retain this path, else goto step 5.

We aim to find k=3 backup paths

5. Ifthe backup path is still not found after k=3, discard demand.

6. Update S, (r') and R, (") from equation (3.7) and (3.8).
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Require: A network: G(V,J, S);
Initialize: S, (r') = @and R,(r') = @
For (each connection request ) do,
For (each working path- calculate working path links) do,
For (each link ), do
Find i(s), g, . F;
C 1, (j) « Cost function for link f
Run shortest path algorithm- Dijkstra’s algorithm;
end for
Find working path R,, ()
Find working SRLG set S,,(7);
Check S, (r)n S, (r) # @
end for
For (k =0, k< 2, )do,
(Calculate the backup path links R, (r))
For (for each link j), do
Find 7} , B, 4;
C 3 (j) +« Costfunction for backup link /
Run shortest path algorithm- Dijkstra’s algorithm;
end for

Find backup path R, ();
Find backup SRLG set Sy, (7);
Sc(r) = Sy, () N S, (r)and U = {Us:s € S.(M};
If Yses. oy Us < Uy, retain path;
Else,
Update set R,, (1) = R, (r) U Ry, () ;
k++;
If k=2, discard demand ;
end.
end for
Update S,,(r') and R,(");
end for

Figure 3.8: Pseudo Code for Two Step Partial Protection Risk Algorithm
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3.2.4 Justification of finding k=3 backup paths

It is seen in the previous section that we proceed to find three disjoint backup paths which
satisfy the Risk condition. There are two main reasons why we choose £#=3; the primary reason being
the nature of the networks used in our model, which are also representative of real/ existing networks.
Most networks have an average node degree of 2.5 to 3.5, i.e. the average number of links that are
incident on a node in the network vary between 2 to 3 links. In Chapter 4, we will see that our
networks have a maximum node degree of 3.47. In the Risk algorithm, we aim to find 3 .disjoint
paths from a given source node. Since the node degree is never greater than three it is not possible to
find more than 3 disjoint paths from that particular source node. Hence we choose #=3. In addition
to this, finding more than 3 paths whose links are disjoint from one another becomes increasingly
difficult as the number of demands in the network increases. However as part of the future work, we

may aim to find £>3 paths which are not entirely disjoint from each other.

3.2.5 Partial Protection Risk Algorithm Example

We demonstrate the risk algorithm with the help of a small example. We again consider the same
small network shown in Figure 3.9 with node set V'={a, b, ¢, d, e} and links set J= {j, j. 2 Jj3 Jjau
Js} having N =5 nodes. The set of SRLGs is S = {S, S, S,, S3, Ss, S5 }. We allot a total capacity C;
= 10 units for all links j. We assume that each fiber has a FITS value of F, = 5000 FITS/mile and a
repair rate (s = 10 hours. We find the length, failure rate and probability of failure for each SRLG.
For all the links in the network we find the SRLGs that belong to that link, the number of SRLGs, the

effective length and the failure rate for each link ;.
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Figure 3.9: Network for risk protection algorithm

SRLG Parameters Logical links j Parameters
S |Length |F = Fy.l, | U, J | s g; =15l Z 1, /1000 | F. g
: Vs eljs)

So | Isy = 12| 60,000 0.0006 | Jo | /fe()={0,5} | go=2 18 90 180
Si | s, =4 20,000 0.0002 | jr |i(®={1} |&=1 4 20 20
S2 11, =5 25,000 0.00025 | j2 | f2(s)={1,2,4} | g2=3 14 70 210
S; | s, =2 | 10,000 0.0001 | j3 |/3(s)={34} | g=2 7 35 70
Sills, =5 | 25,000 0.00025 | J# | AHH={2} |g=1 5 25 25
S5 | I, =6 | 30,000 00003 | Js | s(9)={3} |g=1 2 10 10

Figure 3.10: Risk algorithm pre calculations

Let is consider an incoming demand with source node = a and destination =d, and requiring b, = 2

units and availability 4, = 0.8795 or 87.95% availability
Working path calculations

For the working path we use the cost function,

oo b, > A
() =
E X g; elseif b, < A;

Forallj, b, > 4; 1.2 units > 10 units, thus the cost of the links is given below;
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Figure 3.11: Risk algorithm working cost function

Thus using the least cost Dijkstra’s algorithm, the shortest path is J = { j; js } , thus we get

the following sets.

R,M={js, Js}, Su@={S,, S3},S5,0") = @ and o, = 1.

Backup path calculations:
We first find @, the backup bandwidth square matrix where each element 6; is the amount of backup
bandwidth required on link; if link 7 fails. For our example we update the matrix to;

0 0 0 0 0 07

0 0 0 0 0 0

2 2 2 2 0 2

L2 2 2 2 2 0
We then find the corresponding backup capacity values given in the table below according to the
following equations (3.4) and (3.5).

B = max| ;]

VigsN
L) =b +  max [6;]

J By Bj, Bj, Bj; Bj, Bjs
B 2 2 2 2 2 2
Tm |2 2 2 2 4 4

We now find the cost for each of the links in the network using the cost function;
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e J€Ry(r)
GO =
X otherwise
oo if{j e Rb(r')and g, = 0}
£ elseif Ti(r) < B;
K = 9
T () — B elseif T,(r)— B; <A
o0 otherwise
940
Condition Jo Ji 2 7 I 7
j€eR, () - - - - 00 o0
Sw(mn Ji(s)# 0 - - - - o0 o
j €ER,(r)ando, =0 |- - - _ o o
T(r) < B £ . £ < < p” =

Compute the k™ backup path : By running Dijkstra’s algorithrh for the k=1 backup path least cost
path from source to destination, we get Ry, () = {j, /2 js }
Compute the SRLG set for the backup path: Sy, __ () = {S}, S3, 53, 54 }
Compute the commons set: S, (r) ={S;, S, }and U= {0.0001, 0.00025}
Check the risk condition: Xses, (- Us < Uy |

Zses,(r) Us < 0.1205

0.00035 < 0.1205

Thus we get the following sets at the end of this iteration
Ry (r)={jij2Js}
Sp(r)={S5 S84}
Sp(@) = S, (US, () ={S;, S5}
Ry(r) = Ry(r) URy(r) = {j1j2Js}

Vi €{js,jsh Vi€ {jo} 65 « b, + 6, thus the spare capacity matrix is updated as given below:
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3.3 Two- Step Method versus Single Step Methods

In previous research it has been found that the SRLG diverse routing problem, the SRLG
minimum cost routing problem and even the problem of ' minimizing the common SRLGs in a
network are NP- cofnplete problems. In reference [17], this is proved by transforming the optical
layer graph into a physical layer graph. [17] [27] indicated that the nature of SRLG is the reason whyv
a polynomial algorithm like the one-step approach is not feasible. It has been explained that as the
graph transformation from the logical to the physical layer occurs, and as the number of physical
layers increase, the problem of finding a route that is diverse in the logical layer as well as in the

underlying physical layers becomes increasingly complicated.

Let us consider the method used in the Two Step Partial protection risk algorithm. We are
required to find the working path and all the SRLGs in that working path. We are then required to
find a backup path such that the links are disjoint, but their SRLGs are restricted by a certain risk
condition which is bound by the acceptable failure probability of the path. This risk condition can
only be evaluated at the end of the backup path being computed. In this analysis, we can say that that
the connection will have failure probability less than the user acceptable failure, if the sum of all the
common SRLGs are less U,. However routing path computation algorithms compute each path on a

per link basis. There is no way to ensure the Risk condition until after the backup path is entirely
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found and its entire link set is aggregated. Thus we try to find 2 number of backup paths and see
which of these paths might fit the criteria. We choose k=3 to avoid further complexity and
computational time of the algorithm. This multiple step problem can be tackled using linear
programming formulations which are discussed in Chapter 5, where we find working path and backup
path simultaneously and try to enforce the Risk condition as a constraint in the linear problem

formulation.
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Chapter 4

Simulation and Performance Evaluation of Heuristic Algorithms

4.1 Simulation and Test Networks

In order to test the performance of the algorithms developed in Chapter 3, we use a
simulation technique using an in house C* program. The simulation of the network environment is
based on three existing network maps and is carried out to measure performance metrics such as the
blocking probability, service disruption ratio and the average reserved capacity per demand. In this
research we used a previously developed network simulation environment written in C# [35]. The
three networks employed in the simulation are Hydro One which is based on Southern Ontario’s main
fiber network, NSFNET (North America’s National Science Foundation network) and the Global
Crossing -North American backbone network. Their characteristics are shown in Figure 4.1 and their

network topologies are shown in Figure 4.2, Figure 4.4 and Figure 4.5 respectively.

The performaﬁce metrics used are: Blocking probability which is equal to the total blocked or
rejected demands divided by the total arrived demands in the network. The average reserved capacity
per demand is used to evaluate the capacity performance on the different network topologies. We
compute the average reserved capacity per demand as the sum of the working and backup capacities
divided by the number of accepted demands in the network. We also find the service disruption ratio
which is the ratio of the total number of disrupted or failed connections to the total number of
successful (working) connections. The service disruption ratio measures the survivability of the

network with each algorithm. It tries to find which algorithm provides the least failed connections.
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In the following simulation, we generate a random demand matrix for each topology. Each
demand requests a random amount bandwidth (between 50 — 100Mbps) for each connection and a
random value of availability (upto 3 9’s i.e. 0.999 availability or upto 0.0001 acceptable failure). The
source and destination nodes are generated randomly for each demand matrix. The matrix of
connection requests is not known ahead of time and once allocated the connection requests in the
network cannot be reconfigured. If the connection request fails to be established, the network
abandons it immediately (there are no waiting queues). The FITS (Fy) of each of fiber cable is taken
to be 5000 FITS/mile, while the repair rate is taken as 10hours. From these values the failure rate of

each SRLG (F;) is calculated and provided to the network.

In the simulations, we allotted an equal capacity of 1Gbps (1000Mbps) to all of the links in
the network. We assume that the number of SRI.Gs per links is greater than 1. The SRLGs in the
Hydro One network are the presently deployed physical fibers in Southern Ontario. Figure 4.2 shows
the logical Hydro One network with the major node cities; however the actual fiber placement is
shown in Figure 4.3. In this physical SRLG map, in addition to the main logical links, there are
numerous other fiber links (SRLGs) as well as intermediate node cities. The SRLGs belonging to
logical links are shown in Figure 4.2. The SRLGs for NSFNET and the Global Crossing network are
randomly placed and the SRLG lengths for NSFNET and Global Crossing network are estimated

based on triangles formed by the connecting nodes.

Network No. of | No.of | No of Avg.Node | /inkSRLG | Fiber Length (Miles)
Nodes | Links | SRLGs | Degree Ratio Min Avg | Max
NSFNET | 16 25 32 3.13 0.78 372 733 | 1860
HydroOne |8 15 19 3.47 0.74 23 82 | 170
GlCrossing | 27 38 59 2.81 0.64 52 440 | 1000

Figure 4.1: Network Characteristics
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Figure 4.2: Hydro One Network — Logical
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Figure 4.3: Hydro One physical SRLG topology
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Figure 4.6: Physical SRLG links between three nodes.

{ SCo

For example for the nodes consisting of the SLC, SCO and LA in the global crossing network
map, there are three SRLG S; S, Ss, which are shown in Figure 4.6. The remaining SRLG in the GC1
network are calculated similarly.  In reality, the physical fibers are deployed as in the <;ase of the
Hydro One network. Since the actual fiber network is unknown in the NSFNET and Global Crossing
network, we use the triangle method as a tentative fiber placement method. Logical links may
contain a single SRLG or more than one. Each logical link is therefore made up of at least ohe SRLG.
SRLGs which belong to only one link will be termed ‘sel/-SRLGs’ while SRLGs which belong to

many links (i.e SRLGs that are shared by many links) will be called ‘shared SRLGs’.

Figure 4.1 gives an overall view of the number of nodes, links and SRLG in the three
simulation networks. 1t also specifies the network degree or the nodal degree, which is the average
number of links incident on a single node. The minimum, maximum and average values of the

lengths of the fibers are specified.

The NSFNET topology has 25 links/ 32 SRLGs, Hydro One has 15 links/ 19 SRLGs and

Global crossing network has 38 links/59 SRLGs. We shall call this the /ink-SRLG ratio for simplicity
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of explanation. The NSFNET network has a higher /ink-SRLG ratio compared to the Global crossing
network and Hydro-One network. NSFNET and Global crossing networks have greater SRLG
lengths compared to that of the Hydro One network. However it should be noted that the Hydro One
network has 15 SRLG shared amongst the logical links and 4 self linked SRLG (i.e the link contains
only its own SRLG), the NSFNET has 12 shared SRLGs and 25 self linked SRLGs, while the Global
crossing network has 21 shared SRLGs as well as 38 self linked SRLGs.

The parameter for evaluation is tested on each of the networks for both of the algorithm
developed in this research. They are compared with the Simple Pool Sharing algorithm for shared
path restoration using the shared capacity matrix for efficient bandwidth usage. [13]{30][35]. We
compare this algorithm, which computes link-only disjoint backup path as opposed to any SRLG

considerations, with our link and SRLG disjoint algorithms.

4.2 Blocking Probability

The related blocking probability performance of the One-Step Guaranteed Protection
Algorithm and the Two- Step Partial Protection Risk Algorithm in each of the three networks is

shown in Figure 4.7, Figure 4.8 and Figure 4.9.

Figure 4.7 shows the blocking probability in the Hydro One network. Three schemes are
compared here; the Guaranteed algorithm, the Risk algorithm and Simple Pool sharing algorithm. It
is seen that the Guaranteed protection algorithm has a higher blocking probability as compared to the
other schemes, and risk algorithm has Jower blocking probability than the Guaranteed protection
algorithm but higher than the shared path protection scheme. A similar trend is seen in Figure 4.8
which shows the performance of the algorithms in the NSFNET topology and in Figure 4.9 which is

the Global crossing network.
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The Guaranteed protection algorithm has a higher blocking probability than the other
schemes because in addition to finding a link disjoint path, the algorithm also aims to find an SRLG
disjoint path. Thus at any given network load, the guaranteed protection scheme rejects connections
that do not satisfy both the link and SRLG diversity constraints. The risk algorithm provides a second
class of service, and thus relaxes the stringent SRLG constraint and thus allows more requests. In this
scheme, the network will find a backup path even without an entirely disjoint SRLG path, hence
accepts more demands compared to the guaranteed protection algorithm. The risk algorithm will
allow more number of demands compared to the guaranteed protection algorithm, thus it has a lower
blocking probability compared to the Guaranteed protection scheme. However, risk algorithm has
higher blocking probability compared to Simple Pool Sharing algorithm because it imposes an
additional constraint of the risk condition while finding a backup pafh, thus allows less demands

compared the shared path protection scheme, which only checks for bandwidth availability.

Figure 4.10 shows the trend between the [inkSRLG ratio and the blocking probability. It is
seen that the overall blocking probability for the Guaranteed protection algorithm and the Risk
algorithm has the lowest value in the Global crossing network compared to HydroOne and NSFNET.
This trend occurs due to the low link-SRLG ratio in the Global crossing network (figure 4.7)
compared to the other networks. Since there are greater number of SRLGs and links in the Global
crossing, finding a link-disjoint path and then finding an SRLG-disjoint path is less restrictive as

compared to the NSFNET (figure 4.6) where the /ink-SRLG ratio is higher.
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Figure 4.8: NSFNET Blocking probability

Note: GPA : Guaranteed protection algorithm ,
PPRA — Partial protection risk algorithm

SPSA: Simple Pool sharing algorithm.
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Figure 4.10: Trend between Blocking probability and linkSRLG ratio

Another trend we see is that the Hydro One network has the highest blocking probability. We
note that although the Hydro One linkSRLG ratio is lower than that of the NSFNET network, the

blocking probability is higher. This could be attributed to the higher number of shared SRLGs in the
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Hydro One network compared to the NSFNET. There are 15 shared SRLG out of 19 links in the
Hydro One network while there are only 12 shared SRLGs in the NSENET graph. Hence finding an
SRLG-disjoint path becomes more difficult and thus a greater number of demands are restricted due
to the unavailability of a diverse-SRLG path. The NSFNET topology has slightly lower values of
blocking probability than the Hydro One network due to the lower number of shared SRLGs as well

as a greater number of links in the network thus allowing more flexibility in path finding.

4.3 Average Reserved Capacity

The average reserved capacity per demand for the 3 networks is shown in Figure 4.11, Figure
4.12, and Figure 4.13. We have studied Fhe guaranteed protection scheme and the risk protection
scheme in the NSFNET, Global crossing network and HydroOne networks. The results have been
compared with Simple Pool sharing without SRLG constraints. It is seen in all three results that the
average reserved capacity of the guaranteed protection algorithm and Partial protection risk algorithm

is more than that of the shared path protection scheme.

We also observe that the Guaranteed protection algorithm has the highest values for the
reserved capacity, followed by the Partial protection risk algorithm. However, as the number of
demands increases the average reserved capacity for the two schemes become almost similar. The
shared path protection scheme always performs better .in terms of capacity. The Guaranteed
protection scheme attempts to minimize the capacity usage, but does so in addition to other SRLG
diversity constraints. Further the Partial protection risk algorithm also tries to minimize the backup
capacity but also takes into account other conditions such as failure probabilities and link diversity.
Thus it is intuitive that the shared path protection scheme, having the sole intention of minimizing

capacity, will outperform the guaranteed protection scheme.
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Figure 4.11: Hydro One Average Reserved Capacity
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Figure 4.12:NSFNET Average Reserved Capacity

Note: GPA : Guaranteed protection algorithm ,
PPRA - Partial protection risk algorithm
SPSA: Simple Pool sharing algorithm.
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The graphs show that the average reserved capacity per demand is the lowest for the Hydro
One network (Figure 4.11) and NSFNET topology (Figure 4.12) while the Global crossing network
has the highest value of average reserved capacity per demand. This trend occurs due to the higher
number of links in the Global crossing network as compared to the other two networks. The amount
of backup bandwidth needed to be saved while computing a backup path becomes larger as the
number of links in each working path increases. Due to this reason, the Hydro One network, having

the least number of links has the least reserved capacity.

In Figure 4.11, Figure 4.12 and Figure 4.13 we also observe a decreasing trend in the average
reserved capacity per demand with the increase in the number of accepted demands. The reason for
this is that as the number of incoming connection increases, requests requiring less bandwidth i.e.
demands » with lower 4 values, are more likely to be accepted as compared connections needing
higher bandwidth. This is because the earlier connections face fewer capacity constraints than the
later connections due to the availability of capacity at earlier times in the network. Thus the network
favors connections with lower bandwidth requirements at higher network loads, thus this leads to a

decrease in the average reserved capacity per demand in the network.

4.4 Service Disruption Ratio

The service disruption ratio which is the ratio of the total failed connections to the
total working connections is shown in Figure 4.14, Figure 4.15 and Figure 4.16 for the Hydro One,
NSFNET and Global crossing networks respectively. This parameter indicates the survivability of
the network using the two algorithms. It is seen that the Guaranteed protection algorithm is zero all
three networks. The service disruption ratio is the number of demands that face a failure due to
SRLG breakage. It indicates a féilure that is encountered after a demand has been accepted into the

network. In the Guaranteed protection scheme, every demand that has entered the network will be
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protected against an SRLG failure. A demand is blocked from entering a system, if no SRLG-
protected path can be found, or if no capacity is availability, hence protection is guaranteed when a
single SRLG failure occurs. Due to this reason, the trend shows that there is no service disruption for

the Guaranteed protection algorithm and the service disruption ratio is zero.

The Partial protection risk algorithm had a higher service disruption compared to the
Guaranteed protection algorithm however they were still lower than that of the simple pool sharing
algorithm. This is because with the risk algorithm like the simple pool sharing algorithm guarantees
link protection with additional advantages. Although we try to choose common SRLGs that have a
low failure probability, we may not always be successful. This implies that if an SRLG in the
commons set does encounter a failure, the connection will fail. Thus the service disruption for the
Risk algorithm is greater than the Guaranteed protection algorithm. However, unlike the pool sharing
algorithm, we try to ensure more protection than simple link disjointness. We also see that the service
disruption in the Hydro One network is higher than that of the other networks. This is due to the fact
that due to the larger number of shared SRLGs, there are more number of SRLGs in the common set,

hence increasing the probability of failure.
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Figure 4.14: Hydro One Service Disruption Ratio

Note: GPA : Guaranteed protection algorithm ,
PPRA — Partial protection risk algorithm

SPSA: Simple Pool sharing algorithm.
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4.5 Computational Complexity

Computational complexity depends on Dijkstra’s algorithm for both the schemes presented in
this research. The complexity of Dijkstra’s algorithm is of the order of O(N - logffN]) . Since the
One-Step Guaranteed Protection Algorithm executes Dijkstra’s algorithm twice, the complexity is
still in the order of O(+ N - log/lIN]). We run the algorithm once when we find the working path and
again in order to find the backup path. In the case of the 2-Step Partial Protection Risk algorithm, the
complexity is higher. In the first step, Dijkstra’s algorithm is run once to find the working path. In
the next step, we run Dijkstra’s algorithm again to find the backup path, however this time, it is run 3
consecutive times to find k- backup paths to fit the risk condition, but the complexity of the 2-Step
Partial Protection Risk algorithm remain in the order of Dijkstra’s algorithm i.e. O(- N - logifV]).
The runtime complexity of the 2-Step Partial Protection Risk algorithm is higher than Dijkstra’s
algorithm due to the additional conditions of find the probability of failures of the working and

backup path, however it is still in the same order as the Dijkstra’s algorithm.
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Chapter 5

Linear Programming Formulation

Investigating design and optimization techniques for optical networks has been an ongoing
task for researchers in the field. The proposed solutions can be classified into 2 groups: heuristic
methods and exact methods. Heuristic methods provide sub-optimal results due to their iterative
computation, but are acceptable because of their quick computational time. Heuristic methods find an
path for an incoming demand based on the information available to the network at the time of the
arrival of the connection. When the next connection arrives, the network is not allowed to change
prior demands and has to compute a path based on the resources available at the moment. Even if this .

means that there is some inefficient use of the resources due to order of arrival of the connections.

Exact methods such as Linear Programming methods have the advantage of providing
optimal results by obtaining the entire matrix of connections and routing all the connections
simultaneously. In this way the resource usage of the first connection does not lead to the inefficient
resource usage of the second connection. Linear programming is a strong tool for networks with less
than a few hundred nodes. However they have the disadvantage of being computationally intensive
with long processing times, especially for large scale networks. The other drawback of linear program
is the requirement of the network’s entire demand set, thus preventing ILP use in a dynamic network

environment.

The aim of this formulation is to minimize the spare capacity usage under the constraints of
link diversity, SRLG diversity as well as SRLG risk analysis. In this section we first define the

parameters used in the formulation, followed by the objective function and the constraints.
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5.1 LP Parameters

We first introduce the necessary parameters and definitions for the linear program formulation

~<i

Set of all the links ( 7, /) in the network.

Traffic set of all existing traffic in the network.

Set of demands r that uses link (J, j ) as a working path.

Set of demands r that uses link (7, /) as their backup path.

Flow on the working path. It contains all the links belonging to the working path of a demand
r.

Decision variable to determine if the link (7, /) on the working path,
v = {1 if link (i,)is on X
Y 0 otherwise

This parameter indicates that x;; will be 1 if the link (3, /) is on the working path X. Itwill be 0

if the link does not belong to the working path.
Flow on the backup path i.e. all the links on the backup path of demand 7.
Decision variable to determine if a link (7, ) is on the backup path, i.e.

1 if link (i, /) ison ¥

Vi = { 0 otherwise

This parameter indicates that y;; will be 1 if the link (4, /) is on the backup path ¥. It will be 0 if

the link does not belong to the backup path.

Set of SRLGs ‘s’ that are contained in link (i7) . se.Sj;
Decision variable checking if SRLG s is in link (i,j).
U= {1 if seSij

§ 0 otherwise
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b

uv

uv
st

uv
o}

The value is set to 1 if the SRLG s is a part of link (i), if not the value is set to 0.
Bandwidth of existing demands r

Total working bandwidth reserved on link (7, j )

Wy= Zrepy by

Total backup bandwidth reserved on link (7, j )

By = Yreqy br

Total capacity of link (;, /)

Auvailable bandwidth on link ( §, f)

Ay=T; - Wy- By

Set of demands that use (7, /) as their working link and (»,v) as backup link

Pyn Quy

Total backup bandwidth reserved by the working link (i, /) on the backup link (, v).

51'1]” =Xre e b,

For new demand with bandwidth demand requirement ‘5’

Cost of using link (%,v) on the backup path if link (i, /) is on the working path

€ if 8" + b < By, and (i,) # (u,v)
05" =16% + b~ B,, if 8 + b> By, and Ay, 28+ b—By,, (i,/) # uv
oo otherwise

The cost 8" is set to a small value € if the total of the requested bandwidth for link (i, 7)
and backup bandwidth reserved by the working link (i, j) on the backup link (%, v) is less or
equal to the total backup bandwidth reserved on that link (8" + b < By, ). If the sum of the
requested bandwidth and the reserved bandwidth is greater than the available bandwidth, then

the cost is set to the difference in that amount, provided there is enough available or residual
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O

4
Zg xij

ij
Zs Vi

capacity Ay, on that link (xv). This represents the amount of bandwidth required to be
reserved on the link. If there is not enough available capacity on the link (x,v) to accommodate
the new demand, then the cost is set to infinity.

Maximum bandwidth cost required on backup link (% v) if link (7, j ) fails, for all links (3, j ) in
the network .

Oy = Max [ 6] v(i,j)

Decision variable checking if an SRLG ‘s’ belongs to working path

1 if link (i, ))ison X and s € \Yy
0 otherwise

Zg xij = {
This decision variable Zsij X is a combination of two decision variable namely; Zsij which
checks if an SRLG s is a part of the link (i,/) and x;; which checks if link (i) belongs to the
working path. The combination of the two variables determines whether the SRLG belongs to
link and also if the link belongs to the working path, thus in doing so, the variable determines if

the SRLG belongs to the working path. The decision variable zsij X is set to 1 if the link (4, )
belongs to the working path as well as the SRLG set of link (i,j). This means that the value is
set to 1 if the SRLG is part of the working path or is 0 if the SRLG does not belong to the
working path.

Decision variable checking if an SRLG ‘s’ belongs to backup path

gy {1 if link (i, )isonY and s € S
Zs Yij = ;
0 otherwise
Similar to the previous section, Zéj yij is equal to 1 if the SRLG belongs to the link (7, j) and (i)

belongs to the backup path of connection. Otherwise Zsij yij is equal to 0.

A binary column (N x 1) matrix containing a set of SRLG belonging to both the working path
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and the backup path. Each element of S, is defined as
Set of SRLGs belonging to both working and backup path.
Se={s| Z;jxij : Zsij}’ij =1}

Thus,

§ = {1 if SRLGsisonX and Yand s € Sy
‘ 0 otherwise

A (1xN) matrix containing the failure probabilities of the SRLGs in the network.
Total of the failure probabilities of the SRLGs belonging to both working and backup path.

Ug = US,

5.2 Guaranteed Protection ILP formulation

Objective

Constraints

Minimize b Z xij + Z (@lj) ..................................... (51)
Vije] vije]

Flow constraints for working path :

v Xy — vy % =0 [ #s,d
ZV)’ Xsj — ZV] Xjis = L (5.2)
Ly Xaj = Ly;%Ga = ~1

Flow constraints for the backup path:

2viYy — ZvjYi =0 i #s,d

2viYsi — Zvi¥is =1 (5.3)
Ly Yaj = Ly Y = 1

Constraint for SRLG disjointness:
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i i
Zg Xy N Zs Yy

. _<1 Vr €ER,S €S i, (5.4)
vi,eX V({j)EY
Integer constraints:
20, xy, Vi TH0 LY e, (5.5)
s = 0 (5.6)

The problem of finding two SRLG diverse paths from source to destination with minimum
spare capacity usage can be formulated as the above mentioned ILP problem. We aim to minimize
the spare capacity in the network in equation (5.1). Eduation (5.2) and (5.3) ensures that the flow is
from the source to destination node for the working path and backup path respectively and represents

the flow constraints. The diversity constraint is represented by the equation (5.4) ensures SRLG

disjointness of the working path and backup path. In this condition, zsij x; = 1 only if the SRLG

belongs to the working path and zg Yi = lonly if the SRLG is on the backup path. Thus the
constraint forces this term to be less than 1, which will occur only when both the terms are not equal
to one. This condition also ensures link disjointness. Since Equation (5.4) contains the constraints
for both the SRLG and link diversity, we do not add it to our formulation. This reduces the number
of variable required by the program. However to understand the concept we show the constraint for
link disjointness is given below which is to be used in the next section;
Xij Yij
—_ - <
v(i, ) ex+ v(ij)ey — 1
It can be seen from equation (5.4) that this condition is still mathematically present in the SRLG

disjointness condition. - Equations (5.5) and (5.6) are the integer constraints which indicate

94



5-Linear Programming Formulation

ZSU ., Xy, Yy takevaluesOor 1and @, — the maximum bandwidth cost required on backup link

(w,v) if link (4, j) fails should be greater or equal to 0.

5.3 Partial Protection Risk LP Formulation

One of the main advantages of linear programming is that this method attempts to find all
possible solutions simultaneously and we use this characteristic to find a solution to the two- step risk
algorithm in a single step. In the first step of the heuristic algorithm, we found a working path, while
in the second step searcﬁ for two or more backup paths that fit the risk condition. Instead, we now
formulate a linear program (LP) for the Partial Protection Risk scheme such that the working path
and the backup path could be found in a single iteration. The LP formulation is a type of ILP where
all of the variables are not required to be integers. In the LP formulation, we again set the objective
function such that we minimize the spare capacity under link diversity and flow constraints. However
we replace the SRLG diversity constraints with the risk condition constraint so that we now find two
link diverse paths, under the constraint that thé failure probabilities of both paths is less than the user
acceptable failure probability for the connection. The formulation is as shown below.

Objective  Minimize b Y, X+ X (0y) e, (5.7)
Yije] Vije]

Constraints Flow constraints for working path :

X ox— Y x3 = 0 sti #s,d
vj vj

T X = % e = 1 e (5.8)
vj vj

X Xg— X %= —1
A vj

Flow constraints for the backup path:

X Yy— X Yi =0 st i #s,d
vj vJ
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2oV T X Vs =1 (5.9
vj vj

X Yy~ X Ya= -1
vj vj

Constraint for Link disjointness:

xij + yl} S | (5 10)
vipeX vipeV
SRLG sharing constraint for the backup path with risk analysis:

u. < U, VT ER, e (5.11)

Integer constraints:

20, %, Yy o =01} e, et (5.12)
Ouy = 0 oo (5.13)
0 CUS <L oo, (5.14)

The Partial Protection Risk formulation also aims to minimize the spare capacity in the network in
equation (5.7). Equation (5.8) and (5.9) ensures that the flow is from the source to destination node
for the working path and backup path respectively and represents the flow constraints. Path diversity
is represented by the equation (5.10), which ensures link disjointness of the working path and backup
path. Equation (5.11) is the risk condition of the ILP formulation, where U, , the total failure
probabilities of the SRLGs in the working path and backup path less than or equal to the user

acceptable failure probability. Equation (5.12) is the integer constraints on parameters ZSU s X, Vi

. Equation (5.13) ensures that parameter ©,,, — the maximum bandwidth cost required on backup
link (v) if link (i, /) fails should be greater or equal to 0. Equation (5.14) forces the failure

probability of the common SRLGs to take a value between zero and one.
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5.4 Comparison of the ILP and Heuristic paths

§7

00 S4

Figure 5.1: Small ILP network

Nodes | Links | SRLGs | No of Accepted | Rejected
Scheme Demands | paths paths
Guaranteed 6 10 4 84 32 52
protection- Heuristic
ILP (Min 6 10 4 84 51 33
Bandwidth)

Figure 5.2 : ILP and heuristic comparison

The above formulation is used to simulate a small network consisting of six nodes, ten links
and four SRL.Gs. The small network is shown in Figure (5.1). We ran the formulation using ILOG
OPL, an integrated development environment used to solve integer linear programs. It was found that
any larger network or with greater number of demands was infeasible for the software and provided
no results. The runtime for this network was 300-450 seconds (5-8 minutes approximately). The
table above shows the paths found by the heuristic algorithm and the ILP program. From this we see
that the number of demands blocked by the heuristic algorithm is greater than that of the ILP

algorithm, even though the ILP calculates both the working and backup paths simultaneously.
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Integer linear problems are optimal, however if used for large scale network, the processing
time is very long upto 5 hours for a flow model (which is used in this research), even so, without a
guaranteed feasible solution. [25] In fact, as the number of variables increases (wavelengths in [25])
the maximum computation time reaches upto 37 hours. Instead small networks are solved efficiently

using ILP, while larger network use heuristics to run routing and assignment problems.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this research, we have introduced two novel shared mesh restoration schemes with SRLG—
constraints called One-Step Guaranteed Protection algorithm and Two-Step Partial Protection Risk
Algorithm. Both schemes aim at minimizing the failure of the SRLGs contained in connection. We
introduced two classes of service with the two algorithms. The One-Step Guaranteed Protection
algorithm provides the first class by providing complete protection using complete SRLG diversity
between the working path and the backup path. The Two-Step Partial Protection Risk Algorithm
provides the second class of protection by providing partial SRLG protection between the working

path and the backup path.

We first developed the working path cost function for both the algorithms based on
incorporating a high cost for links with larger number of SRLGs as well as links with SRLGs with a
high failure rate in the working path. This allows the working path to be more robust to failures,
thereby reducing the requirements for the backup path. The One-Step Guaranteed Protection
algorithm computes a pair of link-disjoint and SRLG-disjoint paths between any given source and
destination nodes. The Two-Step Partial Protection Risk Algorithm computes a pair of link disjoint
paths, but ensures that the common SRLGs between the two paths will not fail simultaneously. The
risk condition for this algorithm evaluates the failure probability of the SRLGs common to both the
working and backup paths and ensures that the chosen paths have failure probability less that the user
acceptable failure probability. The two algorithms were formulated as a heuristic as well as an

integer linear program formulation.
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For the One-Step Guaranteed Protection algorithm, the ILP program aimed to minimize the
capacity under the constraints of flows between the source and destination nodes as well as the
constraint of SRLG disjointness. The linear program for the Partial Protection Risk Algorithm was
formulated such that it minimized the spare capacity in the network under flow and link diversity
constraints. This Risk ILP formulation had an additional constraint ensuring that the failure
probabilities of the working and the backup path were less than the user acceptable failure
probability. The ILP model can offer optimal solutions. However, like any other ILP model, the
solution can be intractable in large scale networks where the number of network links and SRLGs are
very high. However, these ILP models provide an accurate method for investigating the influence of
SRLGs on the diverse routing problem for small networks. Since the program used to for the ILP
formulation was an academic version, we were limited in the size and runtime of our program. Thus
our formulation was tested on a small network for 10 links and 6 SRLGs and it found a set of least
capacity and minimum cost paths in a few minutes. A complete version of the program used in this
simulation would allow greater number of nodes and links, and thus increased number of variables.
The run time for larger problems is usually in order of a few hours depending on the size of the
problems and the number of variables. The ILP found a greater number of optimal paths while

minimizing the spare capacity used.

The heuristic schemes on the other hand are sub-optimal but faster and more efficient for
larger network. Hence these algorithms were evaluated using the larger NSF, Global crossing network
and Hydro One networks and their performance was measured by their blocking probability and spare

capacity utilization.

We first compared the blocking probability of the One-Step Guaranteed Protection algorithm

with that of the Partial protection risk algorithm and the simple pool sharing algorithm. It was found
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that the Guaranteed protection scheme had a relatively high blocking probability compared to the
two-step partial protection risk algorithm and the shared path protection algorithm. The two-step
partial protection risk algorithm also had a higher blocking probability than the shared path protection
algorithm. This trend occurred due to the fact that the guaranteed protection scheme is required to
find a link and SRLG disjoint backup path to ensure complete protection. Paths that cannot be
accommodated under these constraints will face a breakage simultaneously and are thus not
adequately protected. Thus the high blocking probability indicates that the demands accepted will be
ensure complete survivability from logical link as well as physical fiber failures. Accordingly the
SRLG constraint is relaxed in the risk protection scheme, and thus more demands are allowed into the
network. However owing to the additional failure probability constraints, the risk algorithm still

blocks a larger number of demands compared to the shared path protection schemes.

We have also shown that the blocking probability is dependent on the number of SRLGs in
the network with respect to the number of links. The NSFNET and Hydro One network with a high
Iink—SRLG ratio had the highest blocking probability of all three networks, while the Global crossing
network has the lowest /ink-SRLG ratio and thus the lowest blocking probability. It is also noted that
the Hydro One network had the blocking probability slightly higher than that of the NSFNET
network even though the /ink-SRLG ratio is less than the /ink-SRLG ratio of the NSFNET. This
occurs because there are a greater number of both the self (non-shared) SRLGs and links in the
NSFNET network, finding a link-disjoint path and then finding an SRLG-disjoint path is less
restrictive as compared to the Hydro One network. In the Hydro One and NSFNET topology, the
number of SRLGs is increased compared to the number of links, hence finding an SRLG-disjoint path

becomes more difficult. We thus see that as the number of SRLGs increase in the network and as the
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number of shared SRLGs increase the blocking probability will increase due to a greater number of

demands are restricted due to the unavailability of a diverse-SRLG path.

We also evaluated the reserved capacity per demand of the guaranteed protection scheme for
the three networks and compared it with a shared protection scheme. It was found that the guaranteed
protection algorithm had a higher trend compared to the shared protection scheme for all three
networks. The Simple pool sharing scheme fares much better in terms of efficient capacity usage as
compared to the guaranteed protection algorithm and the risk algorithm schemes. However this is
because the Guaranteed protection algorithm and the risk algorithm aim at minimizing the failure rate
and the number of SRLGs in the network in addition to backup capacity sharing. The main aim of the

Pool sharing scheme is to reduce the reserved capacity of the network.

The service disruption ratio of the algorithms was also studied in the three test networks. It
was found that guaranteed protection algorithm had the lowest trend of failed connections to working
connections, indicating that the no connections failed using this algorithm due to link and SRLG
- protection.  The Partial protection risk algorithm had a greater service disruption ratio than zero
however was lower than than that of the simple pool sharing algorithm. However, it was also seen
that that the service disruption ratio for the partial protection algorithm in the Hydro One network was
almost as high as the simple pool sharing algorithm. This could be attributed to the fact that although
the /inkSRLG ratio in the Hydro One network is intermediate to the NSENET and Global crossing
network, there are greater number of shared SRLGs which increase the number of SRLG in the

common set and thus increase the failure probability of the path.
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Thus our proposed algorithms have been described and tested. The results suggest a better
performance in viewpoint of survivability; however it is clear that in SRLG-constrained networks

there is a serious tradeoff between the service disruption ratio and the blocking probability.

6.2 Future Work

In this research, we focused on three main parameters; diversity conditions, spare capacity
and failure probabilities of the SRLG. We strived to find the best balance between the three
parameters, there could be further work done in these areas. Currently we have incorporated the
spare capacity matrix in the logical layer for efficient bandwidth usage, however by incorporating a
pool sharing scheme by allotting extra bandwidth towards links protection high failure SRLG another

partial protection class could be set up.

In this research, we kept in mind that the working path carries a bulk of the traffic, thus we
set up the working cost function to be more robust to failure. In the future, we could aim to find the
impact of the use of the backup path when the failure probability of the working path is low by noting
if this value impacts and preferably betters the backup path availability. We would strive to find if
the service provision of the One-Step Guaranteed Protection algorithm and the Two-Step Partial
Protection Risk Algorithm could be almost similar since the working path hardly fails in this scenario.
Further additional research could be done in trying to improve the service disruption ratio of the
Partial protection risk algorithm. An additional condition could be added to the algorithm such that
instead of discarding a demand after trying to find three backup path to fit the risk condition, we
could revert back to the Guaranteed protection algorithm and find a completely SRLG disjoint path.
We could also improve the chances of finding a path that satisfies the Risk condition by increasing

the number of backup path i.e. k>3 paths could be found that are not entirely disjoint from each other.
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