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Abstract

The explosive growth of Internet and bandwidth-intensive networking applications, such
as video-on-demand, multimedia conferencing, interactive distance learning, online-games
etc. requires extensive new research in high bandwidth transport networks, of which optical
networks employing WDM technology is a promising candidate. This thesis aims to solve

some problems related to network planning and management for WDM networks.

First, WDM networks with wavelength converters were studied. The problems of wave-
length converter placement and wavelength assignment for networks with sparse limited-

range wavelength converters were addressed.

Afterwards, the problem of designing logical topologies in multi-layer WDM networks
was discussed in detail. Because the traffic is subject to change over time, the logical
topology needs to be reconfigured to adapt to new traffic. This thesis proposed an algorithm
to deal with this problem. The algorithm can be implemented in centralized as well as in

distributed manner. The distributed approach can lend itself to a protocol implementation.

Finally, a protection mechanism to provide survivability for IP/MPLS over WDM net-
works under a single-link failure was introduced. Simulation for two network instances was

carried out to evaluate the performance of the proposed mechanism.
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Chapter 1
Introduction

The old model of a single computer carrying out all computational needs of an organi-
zation has been replaced by a network of many separated but interconnected computers.
From the time the ARPANET ! was considered to be the current-day high-speed net-
work, networking technologies have developed a long way and have tremendous influence
on technology development in all fields. Providing good communication medium, sharing
available resources, improving reliability of services and cost-effectiveness are main advan-

tages of networking that a single computer cannot provide.

The rapid development of computer networks, especially Internet in the last 20 years
has raised new challenges for research in this field. The explosive growth of Internet and
bandwidth-intensive networking applications, such as video-on-demand, multimedia confer-
encing, interactive distance learning, online-games etc. requires high bandwidth transport
networks of which capacities are much beyond those of the current high speed networks
such as ATM (Asynchronous Transfer Mode) or SONET /SDH (Synchronous Optical Net-
work /Synchronous Digital Hierarchy). Thus a demand for reliable networks of high ca-
pacities at low cost is continuously rising. This can be achieved with the help of optical
networks, in which optical fibers with theoretical capacities up to 50 Tetrabits per second
(Th/s) are used as transportation media. Apart from the huge bandwidth, optical fibers
have low cost, low bit error rate, low signal attenuation, low signal distortion and low power
requirement. In addition, optical fibers are more secured compared to copper cables from

tapping and are also immune to interference and crosstalk [MGO02].

'The first american network
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Wavelength Division Multiplexing (WDM), a favourite multiplexing technology in op-
tical communication networks, which combines multiple signals, each at different carrier
wavelength to increase capacity, has become popular in the 90s. It supports a cost-effective
method to provide multiple transmissions in wavelength domain. With WDM technology;,
one can expand the transport capacity without laying more fibers. The first WDM system,
realized for the first time in the laboratory in 1978, could only combine two signals. But
modern WDM systems can handle up to 160 signals and thus can expand a basic 10Gbps
fiber to a theoretical total capacity of 1.6Tbps [Gof03]|. Because of the huge bandwidth
that other technologies cannot offer, optical networks employing WDM technology are

considered to be the potential candidate for future wide area backbone networks.

To employ WDM networks efficiently, the concept of lightpath was introduced. A light-
path is a wavelength channel connecting source and destination node without requiring
any electronic-optical conversion at the intermediate nodes. Traffic is transmitted from
source to destination using lightpaths. This is knowns as wavelength routing. Multiple
lightpaths can be established at the same time to form a logical topology, which is imple-
mented on top of the WDM physical layer. This forms a two-layer network architecture.
This architecture has many advantages, such as enhanced node processing capability and
protocol transparency. With the rapid growth of data traffic and the Internet Protocol
(IP) playing a dominant role in networking technology, IP over WDM becomes the right
choice for future internet networks. In IP over WDM networks, IP packets are groomed and
transported via lightpaths, which are routed in the WDM layer. This avoids the middle
ATM or SONET/SDH layer, resulting in significant overhead savings [MG02]. However,
the drawback of traditional IP networks is slow packet forwarding due to the long packet
processing time. Therefore, Multiprotocol Label Switching (MPLS) was proposed to speed
up IP packet forwarding. This leads to the proposal of IP/MPLS over WDM as a Next

Generation Internet core network.

The steady change of technology as well as the non-stopping increase of network appli-
cation requires continuous research to revise and refine existing concepts. This dissertation
addresses planning, operation, and management issues in two-layer WDM networks. Spe-
cific focuses are planning and reconfiguration of logical topologies, which are implemented
on top of WDM physical layer to carry IP traffic, survivability of multi-layer architecture
networks as well as sparse wavelength converter placement and wavelength assignment in
WDM networks. In this thesis, the main method to address these problems is to formulate

them as optimization problems and then apply appropriate algorithms to solve them.
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1.1 Problem definition

For the convenience of discussion in the following part of the thesis, we address the problem

by posing the following questions:

— How to formulate the network planning as an optimization problem and solve the

problem for large networks?

— How to place the wavelength converters in WDM networks to reduce the blocking

probability?

— How to assign wavelength to an optical path in WDM networks with sparse limited-

range wavelength converters?
— How to design an efficient logical topology for two-layer WDM networks?

— How to reconfigure the logical topology of two-layer WDM networks under dynamic

traffic changes?

— How to guarantee a survivable two-layer WDM network under single link failure?

These questions do not cover all problems in two-layer WDM networks but within the

scope of this thesis, they are studied and answered thoroughly.

1.2 Contribution

The first contribution of this thesis is a novel meta-heuristic algorithm, a so-called iterative
optimization algorithm, to solve large optimization problems, the optimal results of which
cannot be obtained within a reasonable time. Since optimization softwares can easily get
the optimal solution for small problems within a short time, we exploit this advantage to
develop our algorithm. The algorithm first divides the large problem into small ones which
can be solved exactly by optimization tools. These subproblems are solved sequentially
to get their optimal results. The results are then integrated to get the final solution for
the original problem. In this thesis, this algorithm is employed to solve network planning
problems for WDM networks.
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A further contribution is the solution for wavelength converter placement problem and a
distributed wavelength assignment algorithm for WDM networks with sparse limited-range
wavelength converters. Networks with wavelength converters have lower blocking proba-
bility than that without wavelength converters, since the wavelength continuity constraint
is relaxed at wavelength converting nodes. The fact that one cannot install a wavelength
converter at every node due to its high cost has raised the question which nodes in the
network should be equipped with wavelength converters. In this thesis, we introduce for the
first time an exact mathematical formulation for wavelength converters placement. This
work is reported in [TK08a|. Additionally, wavelength assignment problem was intensively
studied but mainly for networks without wavelength converters. Very few studies deal
with the sparse presence of wavelength converters in the network, especially limited-range
converters. Hence, in this thesis, a novel wavelength assignment algorithm is developed,
which ensures to find the wavelength path with the lowest number of converters if it exists
and more important, it can be implemented in a distributed manner without additional

communication overheads.

The main contribution of this thesis lies on the planning, management and survivability
for multi-layer (or more specific, two layers in this work) optical networks. First, a new
approach to design logical topologies for WDM networks is introduced. This approach was
developed based on the fact that several logical topologies can be implemented on the
same physical topology at a time. Hence a logical topology must be designed in such a way
that network resources are saved for future use whereas the traffic is efficiently carried.
This approach is particularly useful when network infrastructures are fixed and not easy
to be expanded. This work was reported in [TKO08b]. Another contribution is the solution
for the logical topology reconfiguration problem under dynamic traffic changes. Logical
topologies are designed to carry traffic optimally. However, traffic is subject to change
over time. Thus, logical topologies need to be changed accordingly. The significance of
this work is that creating a new logical topology and migrating from an old topology to a
new one are solved at the same time and multiple-lightpath change is allowed. Although
this problem has been intensively studied, this is the first time a distributed algorithm
for reconfiguring the logical topology is presented. This distributed algorithm can lend
itself to a protocol implementation. This work was published in [TK08¢, TK09]. The last
contribution in this category is a novel protection mechanism for two-layer WDM networks.
In optical networks, a single link failure may cause a huge data loss due to the high capacity

of an optical link. Hence a good protection and restoration machanism is required. The
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challenge of multilayer protection lies on the fact that link-disjoint paths in the upper layer
may not be link-disjoint in the lower layer. This work overcame this challenge by exploiting
the p-cycle concept to create a protection topology in the logical layer, which can reduce

complexity and increase resource efficieny of the protection mechanism.

1.3 Outline

This thesis is structured as follows.

Chapter 2 gives an introduction of optical networks employing WDM technology. It
presents the basic concepts on which this work is based. These are WDM technology,
wavelength routed networks and issues in wavelength routed networks including routing
wavelength assignment problem, wavelength converting network, logical topology design

and reconfiguration, and survivability in two-layer WDM networks.

Chapter 3 discusses network optimization in detail and its application to WDM net-
work planning. A novel meta-heuristic algorithm, a so-called iterative optimization, is in-
troduced. An example of WDM network planning using the proposed iterative optimization

is then discussed.

Chapter 4 studies the wavelength converter placement and wavelength assignment in
a network equipped with sparse limited-range wavelength converters. A mathematical for-
mulation is presented to solve the wavelength converter placement problem for a static
traffic pattern. By applying this formulation to many different random traffic patterns,
one can find the nodes at which wavelength converters should be placed. Furthermore,
a distributed wavelength assignment algorithm for a network with sparse limited-range
wavelengh converters is proposed. The performance of this algorithm is then compared to

the best existing ones.

Chapter 5 studies the logical topology design problem for two-layer WDM networks.
The problem is formulated as a linear optimization problem and solved for small network
examples. The iterative optimization algorithm described in Chapter 3 is used to solve the

problem for real-sized networks.

Chapter 6 discusses the reconfiguration of the logical topology under dynamic traffic

changes. The problem is first solved exactly in a centralized manner, using optimization
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formulation. Then an approximation approach is introduced to reduce the complexity of
the exact approach. Afterwards, Lagrangian relaxation method is applied to decompose the
optimization formulation into subproblems, which can be solved in a distributed manner.
The distributed algorithm uses link-state protocol to exchange messages among nodes. The

performance of these three approaches is investigated and compared.

Chapter 7 studies the protection and restoration problem in multilayer WDM networks.
In this chapter, a frame work based on p-cycle to protect IP/MPLS over WDM networks
under a single link failure is presented. The performance of the proposed mechanism is

then compared with existing protection approaches.

Chapter 8 summarises these works and gives some outlooks for further development.



Chapter 2

State of the Art

This chapter gives an introduction to all related concepts of WDM networks, on which
this thesis is based. We first present the general concepts of WDM optical networks in-
cluding WDM technology and wavelength-routed network architecture. Afterwards, issues
in wavelength-routed networks related to this thesis are discussed. This includes routing
and wavelength assignment problem, wavelength converting networks and its wavelength
converter placement problem, logical topology design and reconfiguration problems in two-
layer WDM networks, and protection and restoration for multilayer networks. These issues
do not cover all problems in WDM networks but within the scope of this thesis, they are

discussed in detail.

2.1 WDM optical networks

2.1.1 Wavelength Division Multiplexing technology

In optical networks, data is transfered to light pulses and transmitted over optical fibers.
Optical fibers consist of a very fine cylinder of glass, which is the core of the fiber, and a
concentric layer of glass, the so-called cladding, which is protected by a thin plastic jacket.
The core has a lower refractive index than the cladding, so that total internal reflection
can occur. When a ray of light from the core approaches the cladding surface with an angle

larger than the critical angle % the ray is completely reflected, which makes light travel

2The critical angle is the angle of incidence above which total internal reflection occurs.
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internally along the core (see Fig. 2.1).

NM

Cladding (glass)
Jacket (plastic)

Figure 2.1: Reflection in an optical fiber

Theoretically, the optical fiber can have an extremely high bandwidth, i.e about 25THz,
which is 1000 times the total bandwidth of radio on the Earth [CP99]. However, the rate
at which an end user can access networks is limited by electronic speed, which is just a
few gigabits per second. Hence, it is difficult to exploit all the huge bandwidth of a single
optical fiber. Wavelength Division Multiplexing technology has come as a breakthrough,
which allows to send many light beams of different wavelengths simultaneously in the core

of an optical fiber.

In WDM technology, multiple information signals, each of which corresponds to an end
user operating at electronic speed, modulate optical signals at different wavelengths and
the resulting signals are then combined and transmitted simultaneously over an optical
fiber. This is conceptually similar to Frequency Division Multiplexing (FDM). However,
a carrier wave of WDM channel is million times higher than that of an FDM channel
infrequency (THz versus MHz). Furthermore, unlike FDM systems, which usually include
active devices, WDM systems using diffration grating® is completely passive and thus is

higly reliable. Illustration of an optical fiber using WDM technology is shown in Fig. 2.2.

o 5

L 5

(1

(1T

Figure 2.2: Optical fiber using WDM technology

3A diffraction grating is an optical component with a regular pattern, which splits and diffracts light
into several beams travelling in different directions.
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The attraction of WDM is that a huge increase in bandwidth can be obtained with-
out necessary investment to deploy additional fibers. WDM has been used to upgrade the
capacity of installed transmission systems, by adding several additional wavelengths. Cur-
rently, WDM systems using 16 wavelengths at 2.5Gbps and 32 wavelengths at 10Gbps to
provide aggregate capacity up to 40Gbps and 320Gbps, respectively, are available. Poten-
tial increase in bandwidth per optical fiber thanks to WDM technology is shown in Fig.

2.3. So a transmission system with bandwidth of Tbps is just arround the corner.

DM 4
406b/s 640Gb/s  1600Gb/s 255@
2.56b/s 4 j 100Gb/'s 1505@
| 1 | | | &

14 4.4 164 404 4.4

Figure 2.3: Increase in bandwidth per optical fiber

Beside the above-mentioned advantages, WDM systems may face several non-linear
effects that limit the performance. These are stimulated Raman scattering (SRS)?, stim-
ulated Brillouin scattering (SBS)?, self-phase modulation (SPM), cross-phase modulation
(XPM) 6 and four-wave mixing (FWM)7. These nonlinearities can be controlled by choosing

carefully channel power and channel spacing.

2.1.2 Wavelength routed networks

There are two typical WDM optical network architectures: broadcast-and-select networks
and wavelength-routed networks [Muk00]. A broadcast-and select network consists of a
passive star coupler connecting nodes in the network, forming a star network. Different

nodes transmit data on different wavelengths. The star coupler combines these data and

4SRS leads to transfer of power from lower-wavelength channels to higher-wavelength channels.
5SBS makes the power from the optical signal be scattered back to the transmitter.

SSPM and XPM cause phase shifts, which get transformed to signal distortion.

"FWM produces new optical frequencies called sidebands causing interference with the data signal.
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broadcasts the combined data to all the nodes. A node selects a designed wavelength to
receive the desired data. Every node only uses the data that is destined to it and discards
the rest. In such networks, the data transmitted by a node is received by all other nodes.
Such network architecture has the advantage of simplicity and multicasting capability but
in parallel, it has severe limitations. There is no wavelength reuse in these networks and
hence a large amount of wavelengths is required. Thus the networks are not scalable be-
yond the number of supported wavelengths. Furthermore, the transmitted power is splitted
among various nodes, so each node just receives a small fraction of the transmitted power.
The received signal becomes smaller when the number of nodes increases. Therefore, this
network architecture cannot span long distance. The main application for it is high speed
local area networks (LAN) and metropolitan area networks (MAN). Wavelength routed
networks, different from broadcast-and-select networks, consist of routing nodes intercon-
nected by point-to-point fiber links in an arbitrary topology. They have potential to avoid
the problems of broadcast-and-select networks. In this thesis, we only focus on wavelength

routed networks. This section will present wavelength routed network architecture in detail.

A wavelength routed network consists of optical cross-connects (OXCs) inter-connected
by point-to-point optical fibers in a meshed topology. OXCs are used to switch high-speed
optical signals from one fiber to another. These OXCs can be either transparent to signal
formats and bit rates, i.e. signals are switched all-optically or be opaque, i.e. signals are
first converted from optical to electronic domain and switched electronically. Each node is
equipped with a set of transmitters and receivers for sending data into the network and

receiving data from the network, respectively.

In a wavelength routed network, data is sent from one node to another node using a
wavelength channel, called a lightpath, which is a connection in the optical layer similar to
the one in a circuit-switched network. A lightpath does not require any optical-electronic-
optical conversion or buffering at any intermediate nodes. The intermediate nodes use
their OXCs to route the lightpath in the optical domain. The end nodes of the lightpath
access the lightpath using transmitters and receivers that are tuned to the wavelength
at which the lightpath operates. Hence, a lightpath is an all-optical communication path,
which can be be realized by determining a path in the network between the two nodes and
allocating a free wavelength to all links along the path. Generally, there exist two different
kinds of optical paths: Wavelength Path (WP) and Virtual Wavelength Path (VWP).
In a wavelength path, only one wavelength is used on all links along the path. This is

known as wavelength continuous constraint. In virtual wavelength path, when wavelength
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continuity is not required, different wavelengths can be used on different links with the

help of wavelength converters.

Two lightpaths cannot use the same wavelength on a fiber. But they can use the same
wavelength if they are link-disjoint. This allows simultaneous transmission of messages on
the same wavelength over fiber-link-disjoint lightpaths. This property is known as wave-
length reuse. Obviously, wavelength reuse makes wavelength routed networks more scalable
than broadcast-and-select networks. Another important characteristic of wavelength routed
networks is that the transmitted power of a lightpath is not splitted to irrelevant destina-
tions. This enables wavelength routed networks to span long distances from hundreds to

thousands of km.

Nowadays, each lightpath has a transmission rate of over Gbps (e.g., OC-48 [2.5Gbps]| or
OC-192 [10Gbps|). However, the capacity required by traffic streams in IP networks can be
significantly lower. In order to achieve the most efficient utilization of network resources as
well as to maximize revenue from existing capacity, low speed streams need to be packed
onto a high capacity wavelength channel. This is known as traffic grooming. Low speed
streams that are groomed onto a lightpath may be from different sources and destinations.
Thus, a data stream needs to traverse several lightpaths to reach its destination. So a set of
lightpaths is needed at the same time to efficiently carry data traffic. This set of lightpaths
is known as logical topology because two neighouring nodes in this topology may not be
directly connected in the physical layer. This forms a two-layer network architecture. In
fact, multiple logical topologies can co-exist in the same physical network. An example of

a two-layer network architecture is illustrated in Fig. 2.4.

One of the wellknown two-layer networks for next-generation carrier networks is 1P
over WDM. Since IP traffic has exploded in recent years, bandwidth requirements for 1P
data have reached the limits. So the entire network architecture needs to be reconstructed
to cope with exponential growth. In an IP over ATM over SONET over WDM network,
22% bandwidth is used for protocol overhead. Moreover, each layer in this architecture
runs at its own speed. So low speed devices cannot fill the whole wavelength bandwidth.
Additionaly, many layers do the same function like routing and protection. Therefore a new
efficient network architecture is required, which leads to the proposal of IP directly over
WDM networks. These networks consist of WDM-aware nodes interconnected by optical
fibers. WDM-aware nodes include OXCs as core nodes for routing an optical signal from

one fiber to another without performing opto-electronic conversion and edge nodes which
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Figure 2.4: Two-layer network architecture

in addition are equipped with transmitters and receivers operating as electronic switches

to multiplex and demultiplex IP data packets.

In traditional IP networks, an IP packet is processed by an IP router before being for-
warded to the next router. The processing includes examining the IP addresses in the IP
packet and determining its next hop by looking up the local routing table. This layer-3 for-
warding scheme is rather slow due to the long packet processing time. Hence, the Internet
Engineering Task Force (IETF) introduced Multiprotocol Label Switching (MPLS) to en-
able layer-2 forwarding and thus speed up IP packet forwarding [RVCO01]. Employing MPLS
scheme, IP packets are encapsulated into labeled packets that are forwarded in an MPLS
domain along a virtual connection so-called a Label Switched Path (LSP). A LSP can be
forced to follow a route that is calculated in advance using an explicit routing function.
Therefore, MPLS requires processing of short label only, which results in fast forwarding.
Furthermore, an LSP can be set up, torn down and rerouted if needed. Bandwidth of an
LSP can be modified dynamically according to a specific request. So MPLS can be used in
traffic engineering application to optimize resource usage. Currently IP/MPLS over WDM

is a potential candidate for Next Generation Internet core networks.
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2.2 Issues in Wavelength Routed Networks

2.2.1 Routing and Wavelength Assignment

One of the most important issues in WDM networks is the Routing and Wavelength As-
signment (RWA) problem. This is a problem of selecting a route and a wavelength to
allocate lightpath requests. Whereas routing is a concern in all networks, wavelength as-
signment is a unique feature of wavelength-routed networks that differentiate them from
conventional networks. Many problems in wavelength routed networks have RWA as a sub-
problem (e.g. logical topology design, logical topology reconfiguration, and etc). Therefore,
it is mandatory to develop a good RWA algorithm to establish lightpaths in an efficient

manner.

Typically, lightpath requests can be of two types: static or dynamic. With static traffic,
all lightpath requests are known in advance. The aim of static RWA is to allocate as
many requests as possible for a given fixed number of wavelengths. Alternatively, one may
attempt to allocate lightpath requests so that the network resources such as the number
of wavelengths or the number of fibers are minimized. The RWA for static traffic demands
is usually performed off-line since connection requests are known beforehand. It can be
formulated as an ILP problem [RS95], which is NP-complete® [CGK92]. Therefore, it is
tractable only for small networks. For larger networks, one usually partitions the problem
into two sub-problems: (1) routing and (2) wavelength assignment and each problem can
be solved separatedly [BM96].

For the case of dynamic traffic, lightpath requests arrive and depart one by one ran-
domly. The connection is set up for a lightpath when it arrives and after a finite ammount
of time, it may be released. The objective of dynamic RWA is usually to minimize the
blocking probability or in other words, to maximize the number of connections that are
established in the network at any time. Unlike the static RWA problem, which can be
solved off-line, any solution to dynamic RWA problem must be computationally simple, as
lightpath requests need to be processed online. The RWA for dynamic traffics are generally

solved by heuristic algorithms.

Since solving routing and wavelength assignment together is hard, many researchers

8The time required to solve NP-complete problems using any currently known algorithm increases
exponentially as the size of the problem grows.
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decouple the problem into two separate subproblems, so-called routing problem and wave-
length assignment problem, and solve them sequentially. Usually the routing subproblem

is solved first and then wavelength assignment is carried out for the selected route.

Routing problem

In the static case, routing problem can be formulated as an optimization problem and
solved by optimization tools. If the problem is large, which cannot be solved optimally
by optimization tools within a reasonable time, a heuristic algorithm will be employed.
In most of heuristic algorithms, traffic requests are routed sequentially like the case of

dynamic traffic using different routing strategies.

In the dynamic case, there are three strategies to solve the routing problem: fixed-
routing, fixed-alternative routing and adaptive-routing [CY94, HMMO97, LS99, RM98|. In
fixed-routing approach, a path (usually the shortest path) for every node pair is calculated
offline, using some standard shortest-path algorithms, such as Dijkstra or Bellman-Ford
algorithm. Any connection between two nodes is established using this pre-determined
route. This approach is very simple but its disadvantage is high blocking probability in

dynamic case and large number of wavelengths in static case.

Fixed-alternate routing considers multiple pre-determined routes instead of only one
route in fixed-routing. In this approach, every node in the network maintains a table that
contains an ordered list of a number of fixed-routes to each destination node. When a
lightpath request arrives, the source attemps to establish the connection on each of the
routes in the routing table in sequence until a route with a valid wavelength allocation
is found. Fixed-alternate routing provides a simple control mechanism of setting up or
tearing down lightpaths and offers a significant reduction in blocking probability compared

to fixed routing approach [Ram98].

Another routing strategy is adaptive routing. In adaptive routing, a route between two
nodes is chosen dynamically based on the network state. Network state is determined by
the set of lightpaths currently existing in the network. A common form of adaptive routing
is adaptive shortest-cost-path routing. The cost here is calculated based on the network
state. There is no common formulation to calculate the cost but depending on prefered
criteria of a specific network, a cost function is proposed. Another form of adaptive routing

is least-congested-path routing [CY94]. Similar to fixed-alternate routing, in this scheme,
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a set of routes is pre-selected. Upon the arrival of connection requests, the least-congested-
path among the pre-determined routes is chosen. Adaptive routing requires an extensive
support from the control and management protocol to continuously update the network
state at every node. Hence, its complexity is rather high. The advantage of adaptive routing
is that it results in lower blocking probability compared to two beforementioned routing
schemes. In summary, fixed-routing is the simplest approach while adaptive routing is the
most complex but yealds the best performance. Fixed-alternate routing offers a trade-off
between complexity and performance. If the number of alternative routes is sufficiently
large, fixed-alternate routing can achieve almost as good performance as adaptive routing.

Therefore, fixed-alternative routing is usually prefered.

Wavelength assignment problem

The purpose of the wavelength assignment problem is to assign a wavelength to a lightpath
so that it does not share the same wavelength on a given fiber link with another existing
lightpath. Wavelength assignment is a unique problem that distinguishes WDM networks
from conventional networks. However, this problem exists only if wavelength continuity is
required, meaning that no node or just few nodes in the WDM network have the capability
of converting a wavelength to another wavelength. This refers to wavelength conversion,
which will be discussed in the next section. In the static case, wavelength assignment
minimizes the number of wavelengths used under wavelength continuity constraints. This
can be formulated as a graph-colouring problem [Muk97]. In the dynamic case, heuristic
methods are used to minimize the blocking probability of the network under a given number

of wavelengths.

Many heuristic algorithms have been proposed in the literature, such as Random, First-
Fit, Least-Used, Most-Used, Least-Loaded, Min-Product, Max-Sum, Relative Capacity
Loss, and etc [CGK89,BS97,BK95,JA96, KA98,SB97,7Q98|. Comparing these wavelength
assignment algorithms, [ZJMO00] showed that the difference in performance among these
various heuristics is not significant. The difference in performance mainly lies in differ-
ent routing strategies. Among all wavelength assignment algorithms, First-Fit algorithm
is the most well-known. In this scheme, all wavelengths are numbered. While searching
for an available wavelength, a lower-numbered wavelength is considered before the higher-
numbered one. The first available one is then selected. First-Fit is usually prefered in

practice because of its small computational overhead and low complexity whereas offering
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good performance in terms of blocking probability and fairness.

The above-mentioned wavelength assignment algorithms did not take into account the
sparse presence of wavelength converters in the network. The use of wavelength converters
can reduce the blocking probability but due to their high cost, it is preferred to have just
few nodes equipped with wavelength converters. In this case, one has to assign wavelengths
so that the number of wavelength conversions on a given path is minimized to save wave-
length converters for future use. To solve this problem, [HL06] and [ZY07] proposed similar
algorithms called Longest-segment algorithm (LS) and First-longest-lambda-run algorithm
(FLR), respectively. However, these algorithms result in the optimal solution only in the
case of full range conversion (a wavelength can be converted to any existing wavelength).
If the conversion range is limited, the algorithm may either fail to find the lightpath even
though it exists or find a non-optimal one, which uses more wavelength converters than
needed. The algorithm in [KA96b| can find lightpaths with the least number of convert-
ers by constructing an auxiliary graph and apply Dijkstra algorithm to find the shortest
path. However, it is complex and requires global information about free wavelengths in the

network.

2.2.2 Wavelength Converting Networks

Wavelength continuity can cause the waste of wavelength resouces, resulting in low resource
utilization. One possible way to overcome this problem is to use wavelength converters at a
routing node. A wavelength converter is an optical device, which can shift a wavelength to
another wavelength optically. The capability of wavelength converters can be characterized
by the degree of conversion. A converter is called full range converter if it can convert a
wavelength to any of other wavelengths. A limited range converter is the one that can
convert a wavelength into some neighbour wavelengths. If it can shift a wavelength to
any of D other wavelengths, it is said to have conversion degree of D. A WDM network
with wavelength converters is called wavelength convertible network. The architecture of

an OXC equipped with a wavelength converter is shown in Fig.2.5.

Using wavelength converters, optical links of a lightpath can be assigned different wave-
lengths. [KA96a| studied the performance in terms of blocking probability of WDM net-
works with and without wavelength converters using approximate analytical models. The

study showed that the performance improvement achieved by convertible networks is mod-
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Figure 2.5: Wavelength convertible switch architecture

erate in ring networks but significant in mesh networks. Many other studies have also shown
that wavelength converters can improve the performance of large mesh networks, where a
path consists of many hops due to the increasing amount of wavelength reuse (10 to 40%,
according to Ramaswami et al [RS95]). Wavelength converters relax the wavelength con-
tinuity constraint at a node and hence, they help to reduce the bandwidth loss, resulting
in better bandwidth utilization. When a network is equipped with full range wavelength
converters at every node, it reaches the best achievable performance. However, this network
is economically not feasible because wavelength converters are still very expensive. More-
over, the blocking probability does not decrease linearly with the number of converters.
According to [SMS96], the rate of performance improvement decreases with the increasing
conversion density. Hence sparse wavelength converter placement can achieve almost as
good a performance as full wavelength converter placement. This has posed challenges to
network designers. It is obviously not neccessary to place converters at all nodes in the
network but only at some critical nodes. This raises several issues: Which nodes in the
network should be equipped with wavelength converters? How do factors such as traffic
demand, network topology, routing scheme affect the allocation of wavelength converters?

This is known as wavelength converter placement problem.

The problem of wavelength converter placement has been addressed in many studies.
There are two traffic scenarios considered: static [JDHT03,FL07,ZH03,SK04, FCLT05] and
dynamic [XL99, VSK99, CL03,GJ03, Xin07, JS05] traffic demands. In all these approaches,
researchers typically used heuristic algorithms to place wavelength converters, such as ab-
stracting technique in [ZHO03], tabu-search in [SK04], particle swarm optimization (PSO)
in [FCLTO05] or adaptive traffic-load based in [Xin07]. Some analytical models were also
introduced. [XL99,GJ03] and [JS05] use binary linear program to maximize the utilization

of wavelength converters, maximize the average of end-to-end success probability and min-
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imize network-wide blocking probability, respectively. However, in these analytical models,
they assume that routing is fixed by a single route, so that end-to-end blocking probability
can be easily estimated. [CL03] has shown that wavelength converter placement and RWA
are closely related and must be solved jointly. A well-designed converter placement mecha-
nism for a specific RWA scheme may not work well for other RWAs [CL03]. Hence, they also

proposed some heuristic algorithms to place converters under different RWA algorithms.

2.2.3 Logical topology design

Logical topology in a WDM network consists of a set of lightpaths established among a
subset of nodes in the network. The lightpaths are chosen based on the traffic demands
among nodes. If two nodes are connected by a lightpath, they are considred to be neigh-
bours in the logical topology and can communicate in one (light) hop. If two nodes are
not connected by a lightpath, the communication between them can be achieved by a se-
quence of lightpaths, resulting in multi-hop communication. Due to the limitations on the
number of wavelengths as well as the number of transceivers, it may not be possible to set
up a lightpath between all nodes. Therefore, one has to decide which lightpaths may be
established so that some specific requirements of the network are satisfied. This leads to

the logical topology design problem.

Logical topology design is the problem of selecting and creating (in terms of routing and
wavelength assignment) a set of lightpaths under given traffic demands so that these traffic
demands are carried efficiently. The objective to create a logical topology is to optimize
a certain performance metric, such as message delay, network congestion (maximum load
on any lightpath), network throughput and so on. Logical topology design is an important
and challenging problem. It requires a good solution to efficiently utilize network resources

such as wavelengths and transceivers so as to optimize network performance.
This problem can be divided into three subproblems as follows:
— Determining a logical topology (set of lightpaths) based on a specific objective.
— Doing RWA for the logical topology.

— Routing traffic demands in the logical topology.
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These subproblems are not independent and therefore it may lead to a sub-optimal solu-
tion if they are solved separatedly. The logical topology design problem has been addressed
earlier in several studies [MBRM96,RS96,KS01,BM00, DR00,ZVZ0O03,LST06,L.S05,L.P03,
KAGS05,JBA06]. Most of conventional research formulated the problem as a mixed-integer
linear programming (MILP), which can optimally determine a logical topology subject
to the number of transceivers and wavelength constraints, with one of the following ob-
jective functions: minimize link utilization [RS96, KS01,ZVZ003], minimize propagation
delay [MBRMO96], minimize average packet hop distance [BMO00] and maximize network
throughput [MBRM96,L.S05]. Since those optimization problems are NP-hard and thus are
not tractable for real-sized networks, some heuristic algorithms were also proposed in the
above-mentioned studies. These heuristic algorithms used some standard meta-heuristics
such as genetic algorithm, simulated anealling, greedy algorithm or even simply rounded
the solutions obtained by solving the relaxed ILP problem [KS01]. Different meta-heuristic
algorithms were investigated in [LST06]. The common denominator of those approaches is
that they tend to utilize all given resources to design a logical topology so that the network
performance is maximized. Recent studies, [LP03,KAGS05,JBA06], addressed the problem
while taking resource saving into account. [LP03] formulated the problem as non-linear
programming. [KAGSO05] proposed a heuristic algorithm, so-called iterative algorithm, to
reduce the number of lightpaths. [JBA06] presented an MILP formulation for a survivable
logical topology with the objective of minimizing the number of lightpaths or alternatively
the number of wavelength-links. The common goal of these approaches is to minimize the

cost (in terms of the number of lightpaths or wavelength-links) of the logical topology.

2.2.4 Logical topology reconfiguration

Logical topologies are designed based on the estimated average traffic demands in a specific
time frame. The length of this time frame depends on whether the planning is long-term
or short-term. The traffic demands among nodes are obviously not constant and subject
to change over time. The underlying logical topology, which is optimum for the traffic
pattern at the time being created, may not be optimum for current traffic demands. This
makes logical topologies outdated and they cannot carry the traffic efficiently. Therefore,
reconfiguring logical topologies to be in tune with the changes of traffic demand may help
maximizing network performance. Another situation that triggers the reconfiguration is

failure restoration. Networks are vulnerable to component failure, which can affect several
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lightpaths resulting in huge data loss. Therefore, reconfiguration can be used to recover
affected lightpahts. In this section, we only focus on the first situation, where reconfigu-
ration is triggered by traffic changes. Reconfiguration due to failure will be discussed in
the next section. The flexibility of OXCs to dynamically change the switching patterns
of wavelengths from incoming fibers to outgoing fibers aids the reconfiguration process.

Reconfigurability is obviously the most valued feature of the WDM networks.

Reconfiguration requires the removal of some lightpaths in the existing logical topology
and adding a few lightpaths to form a new logical topology. There are a number of issues
related to the logical topology reconfiguration. Migrating one topology to another topology
does not only incur control overhead but also service disruption, which is very expensive.
Therefore, it is desirable that the new topology is as close to the old one as possible to
reduce the lightpath changes. At the same time, the new topology must optimize a certain

performance metric to satisfy the network’s quality of service.

The reconfiguration of logical topology in two-layer WDM networks has been studied
intensively [GB04]. Most of the researchers divide this problem into two sub-problems and
solve them separately. The first problem is to find a new optimal logical topology consider-
ing several input information including the new traffic demands, current logical topology,
and the primary objectives of the design whereas the solution of the second problem finds
the best transition from the old topology to the new one with lowest cost. Those two prob-
lems attract a fair amount of researchers. There are also different approaches to solve these
problems. Some used optimization formulation [GM03, BM00, SL05, AM06, GSM05, BM05]
while others used pure heuristic algorithms [RA95, NTMO00, ZMTO05]. Previous studies
usually assumed that the new traffic pattern was known in advance or could be pre-
dicted [SMO5]. In this case, the algorithm often tries to minimize the traffic loss or minimize
the number of lightpaths changes. Some studies addressed the problem for two known log-
ical topologies. They try to move from one to another so that the number of steps is
minimzed [BEPT96]. When the future traffic can be predicted, the computation of the
new topology can be started well in advance, giving enough time to complete complex

computations. Such an approach is similar to off-line topology design.

In practice, the assumption that the future traffic is known, or predictable, is too opti-
mistic. When we are dealing with real data networks, the algorithms and design methods
need to be robust enough to deal with unpredictable changes in the traffic. Since the value

of the logical topology is highly related to the traffic it is carrying, the reconfiguration
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method should be flexible to spontaneously reacting to the new conditions. Recently, on-
line adaptation is also considered in [GM03, GSM05, BM05, ZMT05]. Gencata did a step
forward by doing reconfiguration without previous knowledge of upcoming traffic [GMO03].
The network measures incoming traffic regularly and reacts promptly to the traffic fluctu-
ation. However, this study allows only one lightpath change at a reconfiguration instance.
From our point of view, changing only one lightpath is not always efficient, especially for
large networks, and consequently, many reconfigurations would be triggered within a short
time. [GSMO5] allows to add more than one lightpath but is still limited to exactly two
or three lightpaths changed at a time.

2.2.5 Survivability in two-layer WDM networks

Because optical networks are prone to component failures while carrying a huge ammount
of data, maintaining a high level of service reliability is an important issue. It is manda-
tory that optical networks have fault tolerance capability. Fault tolerance refers to the
ability of the network to reconfigure and reestablish the communication upon failure. A
network with fault tolerance capability is known as a survivable network. It requires redun-
dant capacity or spare resources to re-allocate traffic once a failure occurs. Survivability
for single-layer mesh networks, both conventional and WDM networks, has been investi-
gated thoroughly. Among many protection and restoration mechanisms, p-cycle protec-
tion, introduced for the first time in [GS98], is known as the most efficient protection
mechanism in terms of resource usage and restoration time. The employment of p-cycle
concept for protection in wavelength-routed networks has been proposed in many litura-
tures [Mau03, Sch06, Sch05, SSG03, ZY 02, ZZB05, ZZMO04]. In contrast to single-layer net-
work protection and restoration, multilayer network survivability has been less studied. In
this thesis, we focus on survivable multilayer WDM networks, using IP/MPLS over WDM
as a network reference. Thus, we will discuss the multilayer protection and restoration in

detail in this section.

The survivability issues in multi-layer WDM networks (typically IP/MPLS over WDM
networks) have been studied intensively recently [FV00, YADAO1,ZMO03b, RMZ05, RZG06,
MCGT02,SRM02,ZD02]. Recovery can be done either in WDM layer or in IP/MPLS layer.
In WDM layer protection, all lightpaths are protected by link-disjoint back-up lightpaths.
The attractiveness of this scheme is its fast recovery and low signalling overhead. In fact,

in this mechanism, the failure is transparent to IP/MPLS layer. But the main drawback



22 State of the Art

is its poor resource usage and hence high blocking probability. In IP layer protection, each
LSPs is protected by a physically link-disjoint back-up LSP. Compared to WDM layer
protection, IP layer protection has finer granuality and hence results in better resource
usage and blocking performance. However, in IP/MPLS over WDM networks, a lightpath
carries many LSPs and an optical link carries many lightpaths, so a single failure can
cause a large number of LSPs to be recovered. Therefore, IP layer protection can cause
excessive signalling when failure occurs. In addition, restoration time in IP layer protection

is significantly higher than that of WDM layer protection.

Recently, hybrid protection schemes, which combines both WDM layer and IP layer
protections, have been proposed to find an approriate tradeoff between blocking perfor-
mance and signalling overhead in IP/MPLS over WDM networks. In [RMZ05], Dynamic
heavily loaded lightpath protection (DHLP) scheme was proposed. In this proposal, light-
paths carrying a high number of LSPs are protected in WDM layer while LPSs traversing
lightly loaded lightpaths are protected in IP layer. This scheme reduces signalling overhead
compared to the pure IP-layer protection scheme when failure occurs. However, the net-
work management becomes very complicated. LSP requests come and leave dynamically, so
the status of lightpaths also changes dynamically. The network therefore needs to monitor
all lightpaths in order to create or release back-up lightpaths for heavily loaded lightpaths
when applicable. This causes much signalling overhead to operate the network. In [ZMO03b]
and [RZG06], a multi-layer protection scheme based on differentiated QoS was proposed.
The idea of this approach is to categorize traffic into different classes with different prior-
ities. High priority traffic is protected in WDM-layer due to its short recovery time while
low priority traffic is protected in IP-layer. This scheme also causes as much signalling
overhead to operate the network as in DHLP scheme because a lightpath can be traversed

by many LSPs with different priorities.



Chapter 3
Network Planning and Optimization

Network planning and optimization covers all problems addressed in this thesis. This chap-
ter is therefore devoted to introduce some basic understanding related to network planning
and optimization. We first review some fundamental concepts, which are intensively used
throughout this dissertation. Afterwards, linear programming, a mathematical approach
for network planning and optimization is discussed. Finally, this chapter introduces a new
meta-heuristic algorithm to solve optimization problems. An illustrative example of the

application of this algorithm is also presented.

3.1 Network planning and management

Network Planning and Management (NPM) addresses all activities related to the network
development, operation and evolution. NPM activities can be classified by time-scales.
Long-term activities are to design or expand the network to meet requirements for a long
period of time, usually from months to years. These include for example: physical topology
design and capacity expansion. In this thesis, wavelength converter placement is a long-term
activity. Medium-term activities include actions that need to be done weekly or monthly, to
achieve the convergence towards the established long-term goal. An example of medium-
term activities is offline logical topology adjustment in multilayer networks. Short term
activities (real-time to hours) incorporate real-time operations such as restoration upon
failure or dynamic routing. In this thesis, dynamic reconfiguration of logical topology can

be considered as a short-term activity.
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Each NPM activity is carried out to obtain a certain objective while satisfying some
specific constraints. These objectives and constraints are usually expressed in the form
of network performance or network resources. Some problems may take network perfor-
mance as objective and network resources as constraints while other problems may consider

network resources as objective and network performance as constraints.

Some terminologies, which is often used while studying network planning, are defined

as follows.

— Network topology: a graph that consists of nodes connected by links.

— Traffic demand: bandwidth or number of connections requested between any two
nodes in the network. Traffic demands for the whole network can be described as
a traffic matrix, in which each element of the matrix specifies the traffic request

between any two nodes.

— Capacity: an attribute of a link, which indicates the maximum traffic that can go
through that link.

3.2 Optimization approach

3.2.1 Linear programming

A linear program is a mathematical model, in which the aim is to find a set of non-negative
values for variables, which maximize or minimize a linear objective function while satisfying
a system of linear constraints. A linear program, in which all variables are required to be
integers, is called Integer Linear Program (ILP). If just some of variables are integers,
the linear program is called Mixed-integer Linear Program (MILP). Linear programming
can be applied to various fields of study, including telecommunications. It has been useful
in modeling diverse types of problems in planning, routing, scheduling, assignment, and

design.

Linear programs are problems that can be expressed in canonical form:

max ¢’ x (3.1)
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where x represents the vector of variables, ¢ and b are vectors of (known) coefficients
and A is a (known) matrix of coefficients. ¢’z is called the objective function, which can
be minimized or maximized. The equation Ax = b is the constraint which determines a

convex polytope” over which the objective function is optimized.

Pure LP problems can be solved by the wellknown simplex algorithm. It has been
proved that the optimum value will always be achieved on (at least) one of the vertices of
the polytope. Based on this insight, the simplex algorithm goes along edges of the polytope
to vertices with higher objective function value. When a local optimum is reached, by
convexity it is also the global optimum and the algorithm terminates. It also ends when
an unbounded edge is visited, concluding that the problem has no solution. For most of

practical applications, the simplex algorithm has been proved to be very efficient.

ILP and MILP problems are solved by a standard algorithm, so-called Branch and
Bound (BB). It consists of a systematic enumeration of all candidate solutions, where large
subsets of fruitless candidates are discarded en masse, by using upper and lower estimated
bounds of objective function. The bounds can be found by a relaxation technique, which
relaxes the integrality property of the variables. The efficiency of BB algorithm depends
on the quality of the bounds. Therefore, it is advantageous to find a better bound than
the one resulting from the relaxation technique [PM04]. This is the basic idea behind an
enhancement of BB algorithm, a so-called Branch and Cut (BC).

To solve optimization problems proposed in this thesis including ILP and MILP, a
commercial LP solver called CPLEX [Ilo] is used. For MILP and ILP problems, it exploits
the BC algorithm.

3.2.2 Multi-commodity flow problem

Most of planning and management problems in communication networks can be described
as multi-commodity flow model and formulated as linear systems. The term multi-commodity

comes from the fact that there are multiple demands with different source and sink nodes

9In elementary geometry, a polytope is a geometric object with flat sides, which exists in any general
number of dimensions
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that need to be routed in the network simultaneously. The wellknown solution to this prob-
lem is based on linear programming [CLRS01]. The problem is NP-complete [EIS76] for

integer flows, even only for two commodities.

Given a flow network G(V, E), where edge (u,v) € E has capacity ¢(u,v). A source-
destination pair (s,d) € V? has a traffic demand D*?. The multi-commodity flow problem

can be formulated as follows.

There are two ways to formulate the flow conservation: link-path formulation and node-
link formulation. Using the link-path formulation, we first find a set of shortest routes

for every nodepair in the network. These routes are described by the parameter 57?’(du v

5?& » = Lif link (u,v) belongs to route r connecting the source-destination pair (s, d)

s,d
and (574’ (w0

demand between source and destination node (s, d) traversing route 7.

) = 0 otherwise. We define the decision variable 25 as the fraction of the traffic

> apt =D Y(s,d) (3.4)

D B @ Scluv) V() (3.5)
s,d

Equation 3.4 is the demand satisfaction constraint and Equation 3.5 is the capacity
constraint, which ensures that the traffic flowing through a link does not exceed the capacity
of the link.

s,d

u,v

In the node-link formulation, we define the decision variable as a flow from the

source-destination (s, d) passing through the link (u,v).

STl N "frd=0 Dl d=u (s, d) (3.6)
’ : 0 sF#u,d#u

> < clu,v) Y (u,v) (3.7)

s,d

Equation 3.6 is the flow conservation and Equation 3.7 is the capacity constraint.

Normally when the network topology is known in advance, a set of routes for every
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nodepair can be pre-determined, link-path formulation is prefered due to its lower com-

plexity compared to the node-link formulation.

3.2.3 Meta-heuristic

A meta-heuristic is a heuristic method to solve a general class of computational problems
in the hope of obtaining a more efficient or more robust procedure. There are many meta-
heuristic algorithms, among which greedy algorithm, genetic algorithm, tabu-search, and
simulated annealing are the most popular and widely applied to solve network optimization

problems.

To solve optimization problems for real-sized networks, one often has to use a heuristic
algorithm because the high complexity of the problem doesn’t allow to find the optimal
solution within a reasonable time. In this thesis, we develop a new meta-heuristic algorithm,
a so-called iterative optimization to solve network optimization problems. This algorithm
can be applied to solve an optimization problem in general but in the scope of this thesis,

we just investigate its application to network planning and optimization problem.

3.3 Iterative optimization

Network optimization problems are usually NP-complete or NP-hard, and rapidly become
intractable when the network size increases. Normally optimization softwares can solve
only small problems with a limited number of variables. Hence, we usually have to go for
a heuristic algorithm to solve realistic problems, which may not result in the optimal so-
lution but a good one within a reasonable time. Several well-known heuristics were used
intensively in network optimization like greedy algorithm, plain local search, genetic al-
gorithm, simulated annealing or the hybridization of two or more approaches like greedy
algorithm together with genetic or simulated annealling algorithm [Mul05]. The perfor-
mance of a heuristic algorithm depends much on the problem itself and the parameters

while designing the algorithm.

In this thesis, we introduce a new meta-heuristic algorithm, so-called iterative opti-

mization, to solve large problems, which is applied specially for network planning.
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3.3.1 Algorithm description

Optimization tools (LP solvers) cannot solve large problems within a reasonable time but
they are very powerful to solve small problems. So our idea is to divide a large problem into
many small ones and solve these sub-problems iteratively to get their optimal results, and
finally integrate these results to get the solution for the original problem. This algorithm
follows the idea of the greedy algorithm of making the locally optimal choice at each
stage [CLRSO01] with the hope of finding the global optimum. But the main difference of
the iterative optimization algorithm and the conventional greedy algorithm is the problem
solved at each stage. Let’s consider for example a network planning problem with the
objective of minimizing the installation cost while satisfying all traffic demands. In the
greedy algorithm, at each stage, only one demand is allocated in such a way that the
incremental cost is minimized whereas in the iterative optimization, a set of demands,
which is a subset of the traffic matrix, is optimally allocated. This may help to obtain a

better result than the conventional greedy algorithm.
The iterative optimization algorithm is described in Fig. 3.1.

Diffferent orders of the sub-problems will result in different solutions. To improve the
quality of the solution, one may try to solve the sub-problems in different orders and get
the best result from all obtained results. How to divide the original problem and how
to arrange the sub-problems depend on the problem itself. Like all other meta-heuristic

algorithms, one has to design a detailed algorithm for a specific problem.

3.3.2 Illustrative example

We consider the problem of minimizing the number of optical fibers in WDM networks.
Given a network topology, its traffic demands, and the number of wavelengths multiplexed
in an optical fiber, we have to design a network so that the number of needed fibers is

minimized and hence minimize the installation cost.

3.3.2.1 ILP formulation

We first formulate the problem as an ILP problem using the following notations:

— Z = {z}: denotes the traffic demand of a nodepair.
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Original problem

'

Divide origina problem
into sub-problems
Arrange sub-problems

inacertain order

{

Solve each sub-problem

following the order

!

Update parameters
with recently obtained results

All sub-problems
are solved?

Terminate?
\ Y

Solution

Figure 3.1: Iterative optimization algorithm

— R = {r}: denotes a set of routes connecting a nodepair.
— L = {l}: denotes a set of links in the network.

— A = {\}: denotes a set of wavelengths multiplexed in a fiber.

Parameters

— d?: traffic demand of nodepair 2

— o7, = 1 if link [ belongs to route r connecting nodepair z. So basically, for every

nodepair, a set of R routes is pre-determined in advance.
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Variables
— 7, = 1 if the wavelength A is assigned to route r connecting nodepair z. Otherwise,
(Ei’)\ — 0.

— ¢;: number of fibers installed at link 1.

Objective

min Z e (3.8)

The objective is to minimize the total number of optical links in the network.

Constraints

— Traflic demand constraint:

A R
Z Z zi,=d Vz (3.9)
y

r

— Wavelength capacity constraint:

Z R
SN 6 ai<e VLA (3.10)

Constraint 3.9 ensures that all connection requests are assigned a route and a free wave-
length channel. Constrant 3.10 guarantees that at each link, the number of times a wave-

length is assigned does not exceed the number of fibers at that link.

3.3.2.2 Heuristic algorithm

The basic idea of the heuristic is to divide the above-mentioned problem into many small
sub-problems and to solve these problems consecutively. Because the sub-problems are
small (in terms of number of variables), it’s possible to solve them within a short time
using the LP solver. The question here is how to divide the original problem into sub-

problems. There are many different ways to do it and it all depends on the problem itself.
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For this problem, we divide the problem based on the traffic demands. As can be seen
from the problem, our task is to accommodate a wavelength channel for each demand.
Once all the demands are accommodated, the network planning is done. Therefore, for

each sub-problem, a subset of demands is considered.

The heuristic algorithm is described in detail as follows.

1. Put all traffic demands in a list.

2. Choose a set of traffic demands in the list to create a sub-problem. This set contains
N traffic demands, where NV is a parameter of the algorithm. The variation of N may
affect the final solution. In this sub-problem, the parameter d* of the non-selected
demands is set to 0. According to Equation 3.9, the related variables z7 , will be all
0. This reduces the number of non-zero variables in the problem. Thus, it can be

solved easily by the optimization tool.

3. If the sub-problem is the first one to be solved, apply the ILP formulation described
above to find the solution for accommodating the set of chosen demands. Once the

subproblems are solved, their solutions are stored in the following variables:

— fi = f/ +e], where f; is the number of fibers at link [ currently, f;* is the number
of fibers at link [ after the previous iteration, and e; is the result obtained from

the current iteration.

— wyg = wy,; + Y., i, 67, where wy; is the number of times wavelength A is
assigned at link [ currently, w3 ; is the number of times wavelength A is assigned
at link [ after the previous iteration. x7 , is the result obtained from the current

iteration.

If the subproblem is not the first one to be solved, we have to slightly change the

constraint 3.10 in the ILP model as follows:
Z R
Z Op Ty y S e+ fi —wyy VI (3.11)

This is because every sub-problem is solved based on the existing network, which is
created by previous iterations. Therefore, the network status needs to be taken into
account. Here, f; — wy; represents the leftover wavelength resources in the current

network.
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4. Remove the traffic demands that are just accommodated from the list and return to

the step 2 until all demands are routed successfully in the network.

We can shuffie the order of the traffic demands in the list and redo the above steps

several times and get the best result out of this.

3.3.2.3 Performance evaluation

To evaluate the performance of the proposed heuristic algorithm, we use the European net-
work with 18 nodes, 39 links as shown in Fig. 3.2 as a network reference for this illustrative
example. We assume that there are eight wavelengths multiplexed in a fiber. Five shortest

routes are found for each node-pair. CPLEX is used to solve the optimization problem.

Stockholm (14)

~_/

Copenhagen (3)

0Odlo (11)

Dublin (7)

Athen (6)

Lissabon (12)
Figure 3.2: European optical network with 18 nodes

We first compare the iterative optimization algorithm with the greedy algorithm, in
which only one demand is optimally allocated at each stage. For this purpose, we take the
traffic matrix from [Bec01], in which the result of the greedy algorithm was reported, as
shown in Table 3.1. In [Bec01], the greedy algorithm tried 1000 different permutations of
traffic demands. The statistical results of the greedy algorithm are shown in Fig. 3.3a. We

solve the problem using the iterative optimization algorithm for 100 different permutations
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of traffic demands. The size of the subproblems is seven in this case, meaning that seven

traffic demands are considered at each iteration. The results are shown in Fig. 3.3b.

Table 3.1: Traffic matrix, taken from [Bec01]

[Node [1[2[3[4]5]6]7[8[9]10]11]12[13]14[15[16]17 |18 ]
1 [- ofr[s5[tJof2Jof1JoJoJ1]1]2]1]1]0
2 [[-]-Jo[3[3]oJof[1[1[2]o0oJo[1][1][2]2]0]0
3 [ -]-1-]t[2]o]oJoJo[ofo]o]Jo[ofo]o][O0]oO
4 [ -[-[-[-[e6][t]of3[1[3[1[1[2]1[3][5]0]0
5 [ -1-[-[-[-]1]ofs]1[4[1[1[2[3[6[4]1]]1
6 [[-]-1-]-[-]-]oJ1Jofofo]oJo[o[1]o][0]oO
7 [-1-1-1-]-1-]-]ofoJo]oJoJo[o]o]Oo]oO]oO
8 [ -1-1-1-[-[-]-]-Jo[1t]Jof1]2[1r[3]1]1]0
O [-1-1-1-[-[-/-1-][-[1]JoJoJoJo[1]1]o0]oO
10 [-[-[-[-[-1-]-[-][-]-JoJo[1]1]1]3]0]o0
[ -[-[--]-1-1-1-]1-]-1-]ofJoJ1]Jo]1]o0o]oO
2 [ -1-[-1-1-1-1-1-1-1T-1T-1T-JtJoJ1]1Jo]o
B3 [ ---1-1-1-1-1-1-1-1- -1 1]t ][o]o
- - -1 -1-T1f1Jofo
15 [ -1-[-1-1-1-1-1-1-1T-1T-1T-1T-1T-1T-T2Jo]1
6 [ -[-[-[-[-1-1-[-[-1T-1-1-[-1-1-1-1]ofJo
o - - -T -1 -To
B8 [ -1-1-1-1-1T-1-1-1-1T-1T-1T-1-1T-1T-1T-T-71-

From Fig. 3.3, one can see that using the greedy algorithm, the average number of
fibers is about 43 whereas the iterative optimization results in 38 fibers on average. More
important is that the iterative optimization can get the optimal solution (33 fibers - the
solution obtained by CPLEX). Using extended genetic algorithm (EGA) [Bec01], which
uses genetic algorithm to shuffle the traffic demands, the best result is 35 fibers, which
is still worse than the iterative optimization algorithm. Following the idea of the greedy
algorithm of making the locally optimal choice at each stage, the iterative optimization
makes use of optimization tools (CPLEX) to improve the greedy algorithm and hence

obtains much better results.

We employ the iterative optimization algorithm with different sub-problem sizes, i.e.,
7,9, and 11 demands per iteration. The statistical results are shown in Fig. 3.4. All three
approaches can get the optimal results but in average, the larger is the sub-problem size,

the better is the solution. The average results for the sub-problem sizes of 7, 9, and 11 are
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a — Greedy algorithm b — Iterative optimization
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Figure 3.3: Comparison of the iterative optimization and greedy algorithm

38.07, 37.35, and 37.05 fibers, respectively. So increasing the problem size gives a higher
chance to obtain a good solution.

For this problem, the time for these three approaches does not differ significantly be-
cause the problems are relatively small and hence can be solved within about 15 seconds,
including pre-processing time. However, if we increase the problem size further, the solving
time can increase sharply. This is because this optimization problem is NP-complete and

hence the solving time increases exponentially with the problem size.

The traffic matrix in Table 3.1 has a lot of zero-elements. Hence, the problem is tractable
for CPLEX. In this case, it does not make sense to use the iterative optimization. In order
to see the advantage of the iterative optimization compared to CPLEX, we solve the WDM
network planing problem for a uniform traffic matrix, in which all elements are one. We run
the iterative optimization 10 times with different random permutations of traffic demands.
The detailed results are reported in Table 3.2.

After one hour, CPLEX got the result of 49 fibers with the gap 13.72%. The total time

for the iterative optimization to run 10 times is only 191 seconds and the best result the
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50

iterative optimization can obtain is 44 fibers. The probability that the iterative optimization

has a better solution than CPLEX is 50%. Obviously, for large problems, the iterative
optimization algorithm is very efficient.

Table 3.2: Comparison of CPLEX and the iterative optimization algorithm

Iterative optimization (N = 11)
CPLEX 112131456 7,8|9]10
Number of fibers | 49 (gap = 13.72%) | 48 | 50 | 51 | 47 | 46 | 44 | 48 | 49 | 49 | 50
Time (sec) 3600 15113151214 | 13|58 17|11 ] 23

Total solving time = 191

3.4 Conclusion

This chapter discussed some basic issues related to network planning and optimization, in-

cluding linear programming, multi-commodity flow problem, and meta-heuristic algorithm.

In addition, this chapter introduced a new meta-heuristic algorithm, so-called iterative op-
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timization to solve problems for large networks. The algorithm first divided the original
problem into sub-problems, the optimal results of which can be obtained in a reasonable
time. These sub-problems were solved sequentially in a specific order. The results were then
integrated to get the final solution to the orginal problem. Repetition of the algorithm for
different order of sub-problems helps to improve the quality of the solution. An example of

WDM network planning employing the proposed algorithm was presented and discussed.



Chapter 4

WDM Networks with Wavelength

Converters

This chapter discusses issues in WDM networks deploying wavelength converters. Cur-
rently, wavelength converters still remain very expensive. Therefore, it is not cost-effective
to equip all nodes with wavelength converters. Moreover, the blocking probability does not
decrease linearly with the number of converters. According to [SMS96], the rate of perfor-
mance improvement decreases with increasing conversion density. Hence sparse wavelength
converter placement can achieve almost as good performance as full wavelength converter
placement. This is the motivation for studying the wavelength converter placement prob-

lem.

Once wavelength converters are placed in the network, how to use the converters is a
problem that needs to be solved. Since the number of converters is limited, it is wise to
minimize the number of conversions for a lightpath so that converters are saved for future
use. Thus, we propose a novel distributed wavelength assignment algorithm to exploit

wavelength converters most efficiently.

4.1 Wavelength converter placement

Wavelength converters play an important role in WDM networks because they can improve

network performance by relaxing the wavelength continuity constraint. Since only some
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nodes in the network can be equipped with wavelength converters for economical reasons,
choosing the right place for converters is an important issue. This poses a new challenge
for network designers. In this section, we introduce a new approach to solve the wavelength
converter placement problem. Different from all existing approaches, which use heuristic
algorithms, our approach uses ILP, which solves RWA and wavelength converter placement
problem at the same time for a static traffic demand. This ILP finds the positions where to
place converter so that the total number of necessary converters can be minimized. A large
number (e.g. hundreds) of trafffic patterns will be created randomly and the wavelength
converter placement problem for each traffic pattern is solved by this optimization model.
Based on statistical methods, we then identify the nodes which should be equipped with
wavelength converters. To our best knowledge, this is the first optimization model that
can solve RWA and wavelength converter placement at the same time. Since wavelength
converter placement strongly depends on the RWA scheme [CLO3], solving wavelength

converter placement together with RWA is necessary.

4.1.1 Problem formulation

We now formulate the problem of minimizing the number of wavelength converters and

their placement as an ILP, using the following notation:

— v denotes a physical node.

— [ denotes a physical link.

— (l3,13) denotes a pair of consecutive links, which have one common end node.
— 2z denotes a node-pair.

— A denotes a wavelength.

— r denotes a route connecting a node-pair.

4.1.1.1 Given parameters

— Physical topology: F' = {f;}, where f; indicates the number of optical fibers at link
l.
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— Lightpath demands: D = {d*}, where d* denotes the number of lightpath requests

for the node-pair z.

— P indicates the number of incoming/outgoing ports that a wavelength converter can
support. This is the number of incoming wavelengths that can be converted to other

wavelengths.

— 07, denotes the existence of the link I on the route r connecting the node-pair 2.

07, = 11if [ belongs to the route 7, and 07, = 0 otherwise.

— 07 1,1, denotes the existence of consecutive links (I1,13) on the route r connecting

the node-pair z. If (I1,15) is on the route r, 07 4,1, = 1. Otherwise, 67, ) = 0.

— 7/ =1 if node v is one of the two end nodes of link [. Otherwise, 7/ = 0.

4.1.1.2 Decision variables

— Routing for requested lightpaths: ¥ denotes the number of times route r is used for

requested lightpaths of the node-pair z.

— Wavelength assignment: x7; \ denotes the number of times wavelength A is assigned
to the link [, which belongs to the route r connecting the node-pair z. If there is only

a single fiber at the link [, 27, | becomes a binary variable.

— Wavelength conversion: XC? (I11»).x Tepresents the number of times wavelength A used
on the link /; is converted at the common end-node of two consecutive links (1, ls).

Similar to @7, ,, XC¥ (11 02) A becomes a binary variable if there is only a single fiber
at the link /.

— Wavelength converter: C, denotes the number of converters installed at node v.

4.1.1.3 Constraints

— Lightpath routing and wavelength assignment constraints:

Zyﬁ =d ,Vz (4.1)
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yr - rl—ZxT“ VL zr (4.2)
SO aias<h VLA (4.3)

Equation (4.1) represents the routing of requested lightpaths of the node-pair z. Equa-
tion (4.2) represents the wavelength assignment on a link. The left-hand side of the equation
is the number of lightpaths of the node pair z going through the link /. The right-hand
side is the number of wavelengths on the link [ used for lightpaths of the node-pair z going
through the link [. So the equation ensures that, to all lightpaths, free wavelengths are
assigned. Equation (4.3) ensures that the number of times a wavelength is used on a link
is lower than or equal to the number of fibers on that link so that a wavelength is used

only once in each fiber.

— Wavelength conversion constraints:

z y4
0; 11,12)( LN T Tia) i > an

0 otherwise

ZZ Z ZXC (L)) e < PGy Vo (4.5)

T (ll,l2 A

XCr )y = Nz (L), A (4.4)

Equation (4.4) represents the wavelength conversion between a pair of consecutive links
(li,la). (z7), \ > 27, ) means that wavelength X is used on the link /; but not on the link
l5. Hence, there must be a conversion of the wavelength A\ at the common end node of these
consecutive links. Constraint (4.5) ensures that the total number of conversions at a node

does not exceed the conversion capacity provided at that node.

4.1.1.4 Objective
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Obviously, our objective is to minimize the number of necessary converters in the net-
work. However, one converter can offer several conversions. So it is also desired to minimize

the number of conversions. We therefore come up with the following objective function.

manC’ —I—azz Z ZX ST (4.7)

r(li,la) A

where « is small enough so that the added term does not affect the main objective function
n (4.6).

4.1.1.5 Linearization of the non-linear constraint

As can be seen, the constraint (4.4) is not a linear function. However, this constraint can

be linearized as follows:
Xcz(ll 12 2 O ,\VIZ, r, (llv l2)7 >\ (48)

XCZ (I1,12),\ A2 95,(11,12)(xi,11,A - xfn,lQ,A) Vz,r, (I 1), A (4.9)

A following illustrative example will explain the linearization. Let us consider the equa-
tion (4.4). We assume that wavelength A\ on link /; needs to be converted to wavelength A,
on link /5 for the lightpath connecting the node-pair z, which is routed through the route

r. This results in:

z _ z _
Ll — 1 Lrli e = 0
and

Tripne = 1 Tripn =0
Based on the equation (4.4), we then have:

XCr
XCr

XC (lz,ll) Ao 1
XC (ll,lg) Ao — O

(I1,12),A

(I12,01),

Based on (4.8) and (4.9) in the linearized formulation, we have:

Xci(ll,lz))q >1
X

XCZ (I2,01), 2 > 1
; and )
Crtiimne =0 XC: iy =0

J(12,11),
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The problem here is that these four variables (XC’f(l1 ) /\I,XC'f(l1 I2) e XCf(l2 AR

XCF 4, 1.0,) can take many values, because by definition X Cl 1y 2)x 18 MOt necessary

and

binary if multi-fibers are used. However, in the objective function, we also minimize the

summation of all conversions. So once XC? (s

one will be chosen for the optimal solution, meaning that for the optimal solution, we have

ch,(lhlz))\l - XC:,(lz,ll),)\z =1 and Xci(h,lz),)\z - ch,(lmh),)\l

needed, they will take the value of zero.

), can take many different values, the lowest

= 0. In case no conversion is

Now we have a complete integer linear programming formulation for the problem of
wavelength converter placement. Obviously, the solution space of the linearized problem is
not exactly the same as the one of the original problem but these two problems have the

same optimal solution.

Note: both variables XC'f’(lhlz)’)\1 and XC’f’(lQ’ll),)\2 represent only one conversion. So in the
objective function, while summing up all XC, a conversion is actually counted twice. It is not
necessary to change the objective function due to the presence of the coefficient a. But when

calculating the number of conversions, the summation must be divided by 2.

4.1.2 Illustrative numerical examples

We carry out some experiments with three different network topologies: 9-node regular
network, NFSNET (14 nodes) and a German network (17 nodes) as shown in Fig. 4.1,
assuming that there are four wavelengths multiplexed in an optical fiber and three shortest-

paths for every node-pair.

4.1.2.1 Nodes with high probability of converter placement

For a given traffic pattern, by applying the optimization model introduced in Section
4.1.1, we can find exactly the minimum number of necessary wavelength converters, their
placements as well as RWA of all lightpaths on the network. The results show that, for
a given traffic pattern, we usually need only one, two or maximum three conversions.
This confirms that sparse wavelength converters can achieve the same performance as full

conversion.

However, the result will differ if traffic changes. So we prefer to know the nodes for

which being equipped with wavelength converters pays off. To see this, we will use a
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b) 0

Figure 4.1: Network topologies: a) 9-node network, b) NSFNET 14, ¢) Germany 17.

simulation-based approach to get statistical results.

We first generate traffic patterns with lightpaths uniformly distributed among all node-
pairs. The total number of lightpaths in each network ranges from 15 to 35 lightpaths.
Obviously, with four wavelengths multiplexed in an optical fiber, the network cannot carry
more lightpaths. We then use an LP-solver, in this case CPLEX 9.1, to solve the RWA
problem for these traffic patterns in both cases: full wavelength conversion and no wave-
length conversion. The mathematical models to solve these RWA problems can be found
in [RS95] . All the traffic patterns, which are infeasible for the case of no wavelength conver-
sion but feasible for the case of full wavelength conversion, will be used for our experiment.
Clearly, only in this case, we need to place wavelength converters. For 9-node, 14-node
and 17-node network, we found 148, 394 and 288 traffic patterns out of 500 randomly
generated traffic patterns, respectively. The wavelength converter placement problem for
these traffic patterns is solved by the optimization model introduced in Section 4.1.1 with
CPLEX. The number of in/out ports is set to 4, meaning that each converter can support
four conversions. The converters have full range conversion. Each node-pair has a set of

three alternative shortest routes. These routes are pre-computed.

For each traffic pattern, the converters’ positions are recorded. They are summed up

at the end to get the number of appearances of converters at each node for the whole
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simulation. The results are reported in Fig. 4.2, 4.3 and 4.4 for three networks 9-node,
14-node and 17-node, respectively. As can be seen from the results, some nodes have a

significant high number of appearances and dominate the others.

The 9-node network has a symmetric topology but the converter distribution is not
symmetric. Node 2 and node 4 are basically similar in the network but they have signifi-
cant difference of wavelength converter distribution. One may wonder the reason for this
behaviour. This is because of the routing table calculation. Only three shortest routes are
considered, and our routing calculation program tends to put the node with the lower
index into a route. For example, three routes connecting node-pair (1-9) are (1-2-3-6-9),
(1-2-5-8-9) and (1-2-5-6-9). Therefore, node 2 appears in more routes than node 4 and con-
sequently, it has a higher probability of being equipped with wavelength converters. This
again confirms that the routing has a significant impact on converter placement. With a

given routing strategy, there is a correspondent converter placement scheme.

Number of converter placements
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Figure 4.2: Wavelength converter distribution for 9-node network

4.1.2.2 Spreading or concentrating wavelength converters

Assuming that we have a certain number of wavelength converters, a question arises: should
we place them at the node with highest probability of being equipped with converters or
place them at several nodes with high probability?

To answer this question, we do an experiment for the 9-node network. We assume

to have 3 converters, each of which can do only one conversion (in/out port =1). These
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Figure 4.3: Wavelength converter distribution for NSFNET 14 network

converters can be distributed among three nodes 2, 4 and 5. 150 random traffic patterns
have been generated. For each placement scheme, we apply our optimization model to
calculate the percentage of traffic patterns that need additional converters. This refers to

infeasibility (blocking) situation. The results are shown in Table (4.1).

Table 4.1: Efficiency of different converter placement schemes

Converter positions | Infeasibility probability
2 48.6%
2—4 28.4%
2—5 36.5%
2—4-5 19.6%

From the results, we see that, the infeasible cases is significantly reduced, from 48,6%
to 19,6%, if we spread the converters to three nodes. We can conclude that, with the same
number of wavelength converters, it is better to distribute them among some nodes, which
have high probability of being equipped with converters, rather than to place all of them

at just one node.

4.1.2.3 Complexity and application

The problem of RWA was proved to be NP-complete. So this problem is also NP-complete

and hence it can be only applied for small networks or real-sized networks with low number
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Figure 4.4: Wavelength converter distribution for Germany 17 network

of wavelengths. Real transmission systems normally have a large number of wavelengths
multiplexed (8, 16, 40) and hence, applying the ILP formulation presented in Section 4.1.1
to the systems with a large number of wavelengths may not be pratical. However, to solve
the wavelength converter placement problem, it is not necessary to solve the optimization

problem for these real systems.

Clearly, we need the wavelength conversion only when the wavelength resource is sparse.
Therefore, if there are more wavelengths multiplexed in an optical fiber, more lightpaths can
be carried in the network, but the number of lightpaths that need wavelength conversions
likely remains the same. Hence, the number of wavelengths does not affect the wavelength
converter distribution. So for a real-network, we can assume there is only a small number
of wavelengths in the network, and do the experiment as described in Section 4.1.2 to find
nodes with high probability of being equipped with wavelength converters. This information
is helpful for network planning, when the traffic is just roughly estimated and can change

over time.

Moreover, our approach can work with different routing strategies. No fixed-routing is

assumed as in many previous studies.

Another advantage of this approach is that it can solve the problem for different traffic
demand distributions. In the experiment above, we assumed that the traffic demands are
uniformly distributed among all node-pairs. However, in reality this is usually not true.

Traffic is often concentrated in few nodes. In this case, we just need to generate traffic
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randomly corresponding to the real traffic distribution, do the statistical experiment and
get the results accordingly. This overcomes the weakness of many algorithms, in which the

assumption of uniform traffic distribution must hold.

4.2 Wavelength assignment in WDM networks with

sparse limited-range wavelength converters

Wavelength assignment is a sole feature of WDM networks that other conventional net-
works do not have. Due to the wavelength contunuity requirement, wavelength assignment
becomes non-trivial, and thus, a good algorithm is required in order to set up a lightpath
succesfully whereas utilizing wavelength resources efficiently. For static traffic, wavelength
assignment problem can be formulated as a graph-colouring problem [Muk97]. But for

dynamic traffic, a heuristic algorithm is needed to minimize the blocking probability.

The wavelength assignment problem for dynamic traffic has been intensively studied but
most of the studies do not take into account the sparse presence of wavelength converters
in the network, which moves the wavelength assignment problem to another context. Since
the number of wavelength converters is limited, a lightpath should use as few converters as
possible to save converters for upcoming lightpaths. [ZY07] and [HL06] proposed similar
algorithms called Longest-Segment (LS) and First-longest-lambda-run algorithm (FLR),
respectively to deal with this problem. The basic idea of this algorithm is as follows:
Starting from the source node, one looks for the longest sub-path that does not require
a wavelength converter. From the end node of the sub-path, the process repeats until
reaching the destination node. This algorithm is prooved to provide the optimal wavelength
assignment in case that wavelength converters have full range conversion capability. In fact,
wavelength converters may not be able to convert wavelength to any other wavelength. This
refers to limited-range conversion. With this characteristic of wavelength converters, the

well-known algorithm First-Fit and the beforementioned LS (FLR) become inefficient.

Let us consider an example depicted in Fig. 4.5. This is a given path with available
wavelengths on it. Our task is to find a wavelength channel for this path. We assume that
all converters on the path have the conversion range of 1, meaning that a wavelength can
be converted to its closest wavelength on both sides. If First-Fit algorithm is used, from

node 1 to node 9, wavelength 1 will be assigned. From node 9 onward, one cannot find
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an available wavelength because the converter at node 9 cannot convert wavelength w,
to ws due to the limited-range conversion, resulting in a blocking decision. Similarly, LS
algorithm also block the request because it cannot find available wavelengths for the given
path. In fact, a wavelength channel exists as follows: from node 1 to 6: wy, from node 6 to
9: wy, from node 9 to 13: w3 and from node 13 to 14: w,. Therefore, a better wavelength

assignment algorithm should be developed to overcome this problem.
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Figure 4.5: The state of a link-path with 14 nodes and 4 wavelengths. Wavelength convert-
ing nodes are shown as a rectangle

In this section, we introduce a distributed algorithm to assign wavelengths for a given
path in case of sparse limited-range wavelength converters. By constructing a so-called
Wavelength Tree, the algorithm minimizes the number of converters required for a light-
path.

4.2.1 Algorithm

We first introduce the algorithm from the centralized point of view. Its distributed imple-

mentation will be presented later.

4.2.1.1 Algorithm description

The algorithm starts with dividing the path into segments S = Sy, S1,...5;, ...Sk, with K
being the number of converters along the paths (excluding the converters placed at the
source and destination nodes). A segment is defined as a sub-path, which starts with either
the source node or a wavelength convertible node and ends with either the destination node

or the next wavelength convertible node. An example of segments is shown in Fig 4.5. For
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each segment, we find the list of all available wavelengths on the whole segment Wg, =

{wy, ws, ...}

We then construct the Wavelength Tree (WT) as follows. The source node is considered
as the root node of the tree. The tree is composed of K + 1 layers {Lg, L1, ...L;,...Lx},
where L; corresponds to segment S;. Nodes at each layer are available wavelengths on that
segment. These are called wavelength nodes. Each node has a label that represents the
number of converters used from the source node to the end node of the corresponding
segment. All nodes on the layer Ly are connected to the root node and labeled with 0.
Wavelength nodes on layer from L; to Lx will sequentially search for their parent nodes

and calculate their labels according to the following rules.

A wavelength node at layer L; has the parent node at layer L; ;. The wavelength
represented at the parent node and the child node must be in the conversion range

of each other.

— A node takes the same label as its parent node if it represents the same wavelength
as its parent. This means there is no wavelength conversion needed between these

two segments.

— A node has the label of its parent node plus 1 if it represents a different wavelength
from its parent. This means there is a wavelength conversion between these two

segments.
— A node has the label oo if it cannot find a parent node.

— A node chooses its parent node so that its label value is minimized. If there are mul-
tiple candidate parent nodes, which result in the same label value, the node with the
lowest wavelength index will be chosen. This is because the First-Fit wavelength as-
signment algorithm, which was described in Section 2.2.1, always gives lower blocking

probability than a random wavelength assignment algorithm [ZJMO0O].

Once the WT is constructed, we take the wavelength node with the lowest label value
at the layer L and traverse back to the root node. This path shows how wavelengths are

assigned on each segment.
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4.2.1.2 Illustrative example

We consider a given path as shown in Fig. 4.5. Only free wavelengths are shown in the
figure. There are five converters dividing the path into six segments. We assume that the
conversion range is 1, meaning that a wavelength can be converted to its adjacent ones on
both sides. The lists of all available wavelengths on each segment are as follows: Sp{w;, w4},
Si{wy, wa}, Sofwy, wa, wa}, Ss{ws, wy}, Sy{ws, ws, wy}, Ss{wy,ws}. The wavelength tree is
then constructed as in Fig (4.6). This results in the wavelength assignment in each segment

from the source to the destination as follows W = {wy, w1, we, w3, w3, wy}.

In this example, as discussed above, both First-Fit and LS (FLR) algorithms failed to
find available wavelengths for the requested lightpath.

Figure 4.6: Visualization of the construction of the Wavelength Tree (WT)

4.2.1.3 Distributed implementation

A significant advantage of this proposed algorithm is that it can be implemented in a dis-
tributed manner with low communication overhead. As can be seen, the WT is constructed
sequentially from layer Ly to layer Lg. Therefore no global information about available

wavelengths is needed and hence, we can implement the WT construction in a distributed



4.2. Wavelength assignment in WDM networks with sparse limited-range wavelength
converters 51

manner as follows. Firstly, the source node sends out a message along the path to collect
information regarding available wavelengths. Once this message reaches a convertible node,
this node will construct the tree based on the received message and then sends the message
containing the constructed tree to the next convertible node. With the information about
available wavelengths and the currently constructed tree, a convertible node can continue
to build up the tree and send it further. The destination node finishes the tree construc-
tion, analyses the WT and chooses the optimal path and sends the reservation message
back to the source node. Once the source node receives the feedback from the destination,
the wavelength channel is succesfully created and ready to transmit data. To set up a
lightpath, the source node always has to send a request message to the destination node
and the destination must send the confimation message back to the source. So basically,
the distributed implementation of our proposed algorithm does not inccur any additional

message exchanges.

4.2.1.4 Complexity

Let K be the number of wavelength converters, W be the number of wavelengths and R be
the conversion range of wavelength converters. At each wavelength converting node, one
has to scan through all wavelengths, and for each wavelength, wavelengths in its conversion
range are examined to construct the Wavelength Tree. So the complexity of the algorithm
is O(KWR). According to [ZYO07], the complexity of LS (FLR) is O(KW). When the
conversion range R decreases, the complexity of the proposed algorithm converges to the
one of LS (FLR) algorithm.

4.2.2 Performance evaluation

We carried out an experiment with single-fiber NSEFNET network shown in Fig 4.7. Each
fiber contains 16 wavelengths. Five nodes (marked with black colour) are equipped with
share-per-node wavelength converters. Each of these nodes has 16 availables converters,
which results in a total 80 of converters in the network. Arrivals and holding time of
requested lightpaths are assumed to follow a Poisson distribution and negative exponential

distribution, respectively. Lightpath requests are uniformly distributed among node-pairs.

We first compare the blocking probability of our algorithm with the best existing one,
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Figure 4.7: NSFNET network - 5 nodes equipped with wavelength converters

LS (or FLR) algorithm. We use the fixed-alternate routing scheme described in Section
2.1.1 with 5 alternative routes for each node pair and the routing strategy is shortest-path
first. Fig 4.8 shows the blocking probability as a function of conversion range for different
network loads. Our algorithm obviously results in a lower blocking probability compared to
LS (FLR) algorithm when the conversion range is low. When the conversion range comes
near to the full range conversion, both algorithms give more or less the same blocking
probability. This is because the LS algorithm does not give the optimal solution in case
of limited range conversion but also results in an optimal solution in case of full range

conversion.

So to summarize, when the conversion range is small compared to the number of wave-
length, it is recommended to use our algorithm because it offers a better blocking probablity
and comparable complexity. Especially in case the conversion range is 1, our algorithm has
the same complexity as LS (FLR) algorithm but results in an obviously better perfor-
mance. When the conversion range is large or even full, it is recommended to use LS
(FLR) algorithm.

We also examine the proposed algorithm for two different routing strategies:

— Shortest path first (SPF): among all sorted alternative routes, the first available

shortest route is chosen. This strategy saves wavelength resources.

— Least-converter first (LCF): among all sorted alternative routes, the route resulting

in lowest number of wavelength converters is chosen. This strategy saves converters.

We run a simulation for these two routing strategies in two cases: one with 32 con-
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Figure 4.8: Blocking probability vs. conversion range

verters at each convertible node, meaning abundant converter resources, one with only 8
converters at each node, which means scarcity of converters. The conversion range is 4 in

this simulation. Results are shown in Fig 4.9.

For both cases, LCF has slightly better performance in terms of blocking probability.
One may expect in the case of plentiful converters, the SPF routing strategy should have
better performance because it uses less wavelength resources. But this is not the case. The
reason is that if we use less converters for a lightpath, we somehow maintain the wavelength
continuity in the network. This is important for networks with limited-range converters
because converters may become useless if wavelengths on two links are not in conversion
range of each other. This again confirms the importance of minimizing the number of

wavelength conversion in WDM networks with limited-range wavelength converters.

4.3 Conclusion

In this chapter, we studied the problem of wavelength converter placement and wavelength

assignment in WDM networks with sparse limited-range wavelength converters.
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Figure 4.9: Blocking probability vs. load (Erlangs)

First, an exact ILP formulation was introduced to solve the wavelength converter place-
ment problem for static traffic patterns, which are infeasible if no wavelength converter is
installed but feasible in case of full wavelength converters. The advantage of this approach
is that the RWA problem and wavelength converter placement problem are considered at
the same time. With the exact ILP formulation, we can solve the RWA and wavelength
converter placement for small networks. Due to the complexity of the problem, it cannot be
applied for large networks with a huge number of wavelengths. However, with the statistical
method, we can in any case find the nodes offering the highest pay-back when equipped

with wavelength converters.

In addition, a distributed algorithm for wavelength assignment was introduced. The
algorithm is based on a W'T, which is constructed sequentially by wavelength converting
nodes along the path, to obtain the optimal wavelength assignment with the least number
of conversions. A significant advantage of this algorithm is that it can be implemented in a
distributed manner without additional message exchanges whereas offering a lower blocking
probabilty to the best existing one. Another finding is that in networks with limited range
converters, it is more important to save converters to maintain the wavelength continuity

than to save wavelength resources.



Chapter 5

Logical Topology Design for IP over
WDM Networks

This chapter discusses the logical topology design problem, using IP over WDM, a two-
layer network architecture, as a reference network. In wavelength-routed networks, many
lightpaths are created to carry traffic and to support different kinds of services at the higher
layer. The nodes together with the set of lightpaths form a logical topology, on which IP
traffic is transported. It may not be possible to set up lightpaths between any two nodes
due to insufficient number of wavelengths and limited number of transceivers. Therefore,
designing a logical topology is important and challenging. It requires a good solution to
efficiently utilize network resources whereas guaranteeing network performance such as
network congestion or propagation delay. The logical topology design problem consists of
several subproblems such as determining the topology, routing and wavelength assignment
of lightpaths on the physical layer and routing IP traffic on the logical layer. Solving these
problems jointly is challenging because of its high complexity, but solving them separately
may lead to a sub-optimal solution. Therefore, a method of logical topology design that
provides a good solution and at the same time is not so complex to be used for large

networks is needed to effectively exploit all valued features of WDM networks.

In this chapter, a new approach to design logical topologies is introduced. First, we
formulate the problem as an MILP problem with our proposed objective function. A nu-
merical example for small networks is presented to investigate the performance of the

proposed approach. Since the MILP is NP-hard and thus cannot not be applied to large
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networks, we then employ the iterative optimization algorithm proposed in Chapter 3
to solve logical topology design problem for real-sized networks. This work was reported
in [TK07a, TKO7b, TKO8b]

5.1 Problem statement

While designing logical topologies with the objective of optimizing network performance in
terms of lightpaths’ utilization, propagation delay or network throughput, like in [MBRM96,
RS96, KS01, BM00, DR00, ZVZO03, LST06, LS05], we observe that the resulting network
tends to use all resources to set up as many lightpaths as possible. For example, in case
of minimizing lightpaths’ load, many lightpaths are set up so that traffic can be spread
over these lightpaths to reduce lightpaths’ load and thus avoid network congestion. In case
of minimizing average hop distance, the network tends to set up a full-mesh topology if
possible to reduce multi-hop communication to single-hop communication in order to re-
duce propagation delay. Similar behavior happens while maximizing network throughput.
The consequence is that once the logical topology is set up, there will be no or very few
remaining resources for future lightpaths. These approaches are suitable only when only
one logical topology exists on the WDM network and the logical topology planning is

long-term.

In reality, there may be more than one logical topology implemented on top of a WDM
network. These topologies can belong to different Internet Service Providers (ISPs), dif-
ferent Virtual Private Networks (VPN) or different services. They have to share the same
network resources, i.e. wavelengths and transceivers. Therefore, while designing a logical
topology for a specific traffic pattern, one should save resources for future use. Moreover,
in real networks, traffic demands of a node-pair change considerably over time. Reconfig-
uration of logical topologies is therefore required to guarantee network performance. If all
resources are used for a current topology, moving to a new topology will definitely cause
disruption because no new lightpaths can be set up before deleting at least one existing
lightpath. This problem becomes much more critical in optical networks due to the large
bandwidth of a wavelength channel. A large amount of data will be disrupted when a light-
path is torn down and service disruption is very expensive. Consequently saving resources

for a reconfiguration process is also necessary.

We therefore want to design a logical topology so that the resources are used most
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efficiently. We observe that for a two-layer network architecture like IP-over-WDM, mini-
mizing the number of set-up lightpaths or used wavelength-links  like in [JBAOG6] is not
enough to ensure resource efficiency. A lightpath between two nodes can be set up if and
only if there is a pair of transceivers (transmitter and receiver) at these nodes and an avail-
able wavelength channel connecting them. Minimizing the number of lightpaths results in a
low number of used transceivers but maybe a large number of wavelength-links. Similarly,
minimizing the number of wavelength-links may lead to inefficient transceiver usage. Con-
sequently, it can happen that some nodes have free transceivers but no free wavelengths on
links connected to them. Likewise, there may be available wavelengths but no transceivers
in order to set up a lightpath, and thus, the useful free resource is reduced. This refers
to blocking situations. To overcome this problem, we propose a new approach to design
logical topologies. Our approach is to formulate the problem as an MILP problem with the
objective of maximizing the number of remaining lightpaths whereas taking the network
performance, such as lightpaths load or hop distance as a constraint. Our proposal results

in the best resource utilization.

5.2 MILP approach

The problem of designing logical topologies is formulated as a mixed-integer linear pro-

gramming (MILP), using the following notations:

— s and d denote source and destination nodes of an IP packet, respectively.
— 4 and j denote originating and terminating nodes of a lightpath, respectively.
— m and n denote endpoints of a physical link.

— W = {k}: set of wavelengths multiplexed in an optical fiber, where k denotes wave-

lengths.

— R = {r}: set of alternative routes, where r denotes route candidates for a lightpath

in physical layer.

10A wavelength-link indicates a wavelength on a link
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5.2.1 Given parameters

— Physical topology: P = { fiun}, where f,,,, indicates the number of fibers connecting

nodes m and n, and f,., = fum.

— 69 denotes the existence of link mn in route 7 connecting node-pair (4, j). If 6% = =

mn,r mmn,r

1, link mn belongs to route r between nodes (i,7) and 6% = 0 otherwise.

mn,r

— Traffic matrix H = {hgq}, where hyy denotes the traffic demand between the source

destination pair (s, d).
— T; and R; denote the number of transmitters and receivers, respectively, at node 1.

— Network congestion indicator: L,,,, denotes the allowed maximum load in a lightpath.

Lynaz should be lower than the capacity of a wavelength.

5.2.2 Variables

— Logical topology Y = {y;;}, where y;; is the number of lightpaths between node i
and j. A lightpath is not necessarily bidirectional. Hence, y;; # y;;.

— Traffic routing: tf;l denotes the traffic between source and destination nodes (s, d),

routed through logical link 7.

— Physical routing: p? , denotes the number of times the wavelength & is assigned to
route 7 connecting node-pair (i,7). In single-fiber networks (where f,,, < 1), pf]k

becomes a binary variable.

— x;; denotes the the number of remaining lightpaths connecting node-pair (i, 7).

5.2.3 Constraints

— Degree constraints:
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The above constraints guarantee that the number of lightpaths originating from and
terminating at a node is constrained by the number of transmitters and receivers at that

node, respectively.

— Traffic constraints at logical topology:

hsd S :Z
D =2 6= —ha d=i Vs, d (5.3)
' : 0 s4id+4i
th]d S Lmax *Yij 7Vi,j (54)
sd

Equation 5.3 is a multi-commodity flow equation representing the traffic routing on logical
links. Here, we assume that the traffic is bifurcated. Equation 5.4 ensures that the load on
each lightpath does not exceed a pre-determined maximum load L,,,., which represents
network congestion. Basically L,,.. can be equal to the wavelengths capacity. However, it
is not recommended to have a logical topology with some lightpaths having the utilization
of 100%. We therefore suggest that L,,,, be in the range from 50% to 70% of a wavelength
capacity, depending on network requirements. Other constraints related to network perfor-
mance can be added, such as delay bound or hop-count bound, if necessary. In the scope

of this work, we omit it.

— Constraints at physical layer:

DD =i Vi, (5.5)
r A
Z prnj/\ : 5,‘7]1',1# < fon Vm,n, A (5.6)
@ r

Constraint 5.5 ensures that all lightpaths of the logical topology can be routed in the

physical topology. In case of sparse resources, this constraint may not be satisfied, resulting
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in an infeasible solution for the logical topology design problem. Constraint 5.6 ensures that
the number of times a wavelength is used on a link is lower than or equal to the number of
fibers on that link, so that a wavelength is used only once in each fiber, avoiding wavelength

conflict.
— Calculating possible remaining lightpaths:

To calculate the number of remaining lightpaths, we introduce the variable zii\ repre-
senting the number of times the wavelength A is assigned to route r connecting node-pair
(,7). This variable is similar to the variable pff y» which represents the routing and wave-
length assignment of a lightpath between node ¢ and j. In single-fiber network, zif)\ becomes

a binary variable. This variable is similar to the variable pz,] A\

J J
sz‘j < R; — Z Yij V) (5.8)
Ty=) Y 2 Vi (5.9)

T A
Z Z Zg)\ ’ 51?;71,7’ S fmn - Z Zp:“J,A ’ 5:7]7:n,r ,Vm, n, )\ (510)
i T i T

Constraint 5.7 and 5.8 restrict the number of remaining lightpaths to the number of
remaining transmitters and receivers, respectively. Constraint 5.9, similar to constraint 5.5,
ensures that all remaining lightpaths can be realized at the physical layer. Constraint 5.10,

ensures that the number of times a wavelength used on a link for remaining lightpaths does

not exceed the remaining wavelength resources.

5.2.4 Objective

The objective of this formulation is to maximize the number of remaining lightpaths, which

can be set up simultaneously.

max » _ a;; (5.11)
ij
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Using this objective function, we observed that the optimization process tends to count
as many short free lightpaths as possible to increase the objective value. Its advantage is to
guarantee the good arrangement of free transceivers and wavelengths so that the number
of useless free transceivers and wavelengths is minimized. However, in reality, we also need
to create longer lightpaths. To do that, it is necessary to have some free wavelengths on the
whole network. This also helps to increase the possibilities to create different lightpaths.
Future created lightpaths are normally unknown beforehand, so increasing the possibilities
to set up a lightpath can reduce the blocking probability. The following illustrative example

will give a clearer explanation.

For a given logical topology in Fig. 5.1(a), there are two different solutions for wave-
length assignment in the physical topology as shown in Fig. 5.1(b)and (c). The numbers
on each link show the wavelengths used on that link. We assume that there are 4 wave-
lengths in each fiber and 4 transceivers at each node. In both solutions, we can set up
additionally 8 different lightpaths simultaneously (two lightpaths on each link). However,
the solution in Fig. 5.1(c) is preferred because in the absence of wavelength converters, it
offers possibilities to set up a lightpath between any node-pair while the one in Fig. 5.1(b)

does not.

a) b) C)

Figure 5.1: Routing and wavelength assignment example

To solve the problem above, we change the objective function slightly. We first assign an
increasing cost to each wavelength Cost(W) = «a,, where W is the number of wavelengths
multiplexed in each optical fiber, A is the wavelength index, and ay;1 > «). The problem

is then solved with a new objective function.

maXZa:ij—9~Za,\-22pi{/\~5ﬁm (5.12)
ij A ij v
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where @ is chosen small enough so that the added term does not affect the main objective
function in 5.11. This objective function ensures that wavelengths with lowest index will

be used first and hence saves some wavelengths in the whole network.

5.2.5 Additional constraints

The constraints presented in Section 5.2.3 are sufficient for the formulation of our problem.
However, in this section, we present some additional constraints that narrow the solution
space without excluding the optimal solution. They therefore may help to speed up the

optimization process. These constraints are as follows:

tf]d < Yij - hsd 7VSd7 Z] (513)

Z hsd S Lmaz : Z Ysj ,VS (514)
d

J
Z hsd < Lmam : Z Yid 7Vd (515)

Constraint 5.13 ensures that the traffic only flows through existing lightpaths. Con-
straints 5.14 and 5.15 give the lower bound for the number of lightpaths going out and

coming in an IP node.

5.3 Heuristic approach

The MILP problem introduced above is NP-hard. It therefore becomes intractable for
real-size networks. For 14-node networks, CPLEX failed to find a feasible solution after 20
hours of running-time, under Linux with processor of 3.2 GHz, 512 MB RAM. To cope with
this problem, we use a heuristic algorithm, the so-called iterative optimization proposed in
Chapter 3.

5.3.1 Outline of heuristic algorithm

Obviously the node-pair with high traffic demand should be given the priority to have a

direct lightpath connecting nodes. Lower traffic volumes can be groomed with other traffic
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and may pass through several lightpaths before reaching the destination. According to
this observation, the heuristic algorithm will accommodate traffic based on its rank. The

heuristic algorithm is presented in the flow-chart in Fig. 5.2.

The algorithm starts by sorting all traffic demands in deceasing order. At each step,
we choose N highest traffic demands that are not yet accommodated, relevant to a small
number of M nodes to form a sub-traffic matrix. All other entries of this sub-traffic matrix
are set to 0. M is determined beforehand, based on the capability of the MILP solver.
The reason to choose traffics relevant to a small number of nodes is to reduce the problem
from large networks to small networks. Therefore the problem can be solved within a
reasonable time. It is acceptable to do that because in real networks, traffic flows are

normally concentrated around some nodes, rather than evenly distributed among all nodes.

Start

Sort traffic demands in the decreasing order

All traffics are
accommodated?

Get partia traffics, which are not yet considered
according to the traffic rank

Y

Solve the optimization problem
for these partial traffics

Y

Rerouting all considered traffics
on the current logical topology

Y

Update parameters

I

Y

Finish

Figure 5.2: Heuristic algorithm diagram
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It may happen that the N highest traffics relate to more than M nodes. In this case,
we just choose the highest traffic relevant to M nodes, skip the other traffics and continue
with the highest traffics among the selected M nodes. In the next iteration, we go back to
the highest traffics that are not yet accommodated, and choose N highest ones relevant to
other M nodes. It also may happen that we can not always find exactly N traffics relevant
to M nodes in every iteration, because some traffics among those M nodes are already
accommodated in previous iterations. In this case, we just consider all available traffics
among M nodes. Once the partial traffic matrix is formed, the optimization model is applied
and solved for this matrix. After each optimization process, some new lightpaths can be
created to form an intermediate logical topology. Since there are some new lightpaths, it
might be better if some traffic demands considered in previous iterations pass through these
new lightpaths. Therefore, after the optimization process, all considered traffic is re-routed
on the new logical topology. The purpose of this step is to minimize the total traffic on the
logical network. After re-routing, network parameters, such as the number of transceivers,
wavelengths and so on are updated for the next iteration. The process is repeated until all
traffic demands are accommodated. Clearly, the number of traffic demands considered at

each iteration will affect the results, both in terms of quality as well as time-consumption.

5.3.2 Optimization formulation for each iteration

After each iteration, the numbers of set-up lightpaths, lightpaths load and resources (transceivers,
wavelengths) are changed. Hence, compared to the formulation introduced in the Section 2,
the optimization formulation for each step must be slightly changed. The exact optimiza-
tion formulation is shown as follows. Besides parameters and variables defined in Section

5.2.1 and Section 5.2.2, we introduce some new parameters:

— Existing set-up lightpaths e;;: the number of lightpaths between node 7 and j that

are already created.
— L;;: total traffic passing through lightpaths 4.

— @mn: the number of times that wavelength A is used on link mn. For single-fiber

network, g, becomes a binary parameter.

The new formulation will be as follows:
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2 2
J J

Zyij S Rj — Z@ij ,\V/] (517)

Constraints 5.16 and 5.17 ensure that new lightpaths can only be set up between nodes

7 and j if there are still free transceivers between them.

The multi-commodity flow Eq. 5.3 is kept the same.

Dot < Linaw - (g + i) = Liy  ,Visj (5.18)
sd

Constraint 5.18 ensures that traffic passing through a lightpath does not exceed the pre-
determined lightpaths load Lyae. Limaz - (Yij + €i;) — Lij represents the available capacity
in lightpaths between ¢ and j. Besides new lightpaths y;;, traffic can pass through existing
lightpaths e;; if they still have available bandwidth.

Z Zp:’],)\ ’ 537271,7’ S fmn — Gmn,\ ’vmn’ A (519)

ij
Constraint 5.19 ensures that there are free wavelengths for new lightpaths.

To calculate the number of remaining lightpaths, constraints 5.7, 5.8, 5.9 and 5.10 are

modified as follows.

Zl‘i]‘ S T‘z — Zyij — Z €ij ,\V/Z (520)
J J J
Z$ij < R;— Zyij — Z €ij Vg (5.21)

Constraint 5.9 is kept the same here.

SN 2 0 S fn = DD DG = Qs Ymn, A (5.22)
i T r

ij
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The additional constraints 5.13, 5.14, and 5.15 are replaced by:
t5 < (g +e) ha  Vsd,ij (5.23)

Z hsd S Lmax : Z (ysj + esj) 7V5 (524)
d

J

Z hsd S Lmax : Z (yzd + eid) 7Vd (525)

7

Obviously, the complexity of this formulation is the same as the one in Section 5.2.
However, since for each step, only a small number of non-zero traffic demands relevant to a
small number of nodes are considered, the number of non-zero integer variables is therefore
much reduced. Hence, the problem becomes a small problem and we can obtain the result

within a reasonable time.

5.4 Performance evaluation

In this section, the performance of the proposed logical topology design approach is eval-
uated. We first apply the MILP model to a small network to evaluate the performance of
the proposed approach against the existing ones. Later, the performance of the heuristic
algorithm is evaluated using a 14-node (NSFNET) network. Finally, we compare the MILP

solution with the solution obtained by the heuristic algorithm.

5.4.1 Numerical examples for a small network

To see the efficiency of our formulation compared to other logical topology design ap-
proaches, we use the single-fiber 6-node network in Fig. 5.3 as an illustrative numerical
example. We assume that there are 4 transceivers at each node and 4 wavelengths multi-

plexed in a fiber.

5.4.1.1 Comparision with other approaches

This section visualizes the difference between our approach with the one minimizing the

number of set-up lightpaths and the one minimizing the number of wavelength-links. For
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1 T 3
B ® 4

Figure 5.3: 6-node network topology

this purpose, a traffic matrix, of which entries are chosen randomly from a uniform dis-
tribution in (0, 1), was generated as shown in Table 5.1. The capacity of a wavelength is
assumed to be 2.5Gbps. L. is chosen to be 1.8Gbps, corresponding to 72% lightpath

utilization.

Table 5.1: Traffic matrix for 6-node network

0.000 | 0.537 | 0.524 | 0.710 | 0.803 | 0.974
0.391 | 0.000 | 0.203 | 0.234 | 0.141 | 0.831
0.060 | 0.453 | 0.000 | 0.645 | 0.204 | 0.106
0.508 | 0.660 | 0.494 | 0.000 | 0.426 | 0.682
0.480 | 0.174 | 0.522 | 0.879 | 0.000 | 0.241
0.950 | 0.406 | 0.175 | 0.656 | 0.193 | 0.000

To minimize the number of set-up lightpaths, constraints 5.7, 5.8, 5.9, and 5.10 are

waived and the objective function is replaced by:

minZyij +0- ZOQ\ : Z Zp?/\ O (5.26)
i A T

ij

Similar to our objective function in 5.12, the term 6~ ax->7,. >, pYy 6 is added

mmn,r

to save wavelengths and also to ensure fairness while comparing with our approach.

To minimize wavelength capacity, the objective function is replaced by:
A ig T ij

The term 6 - Zij y;; is added to ensure that among all possible optimal solutions,

we choose the one with lowest number of set-up lightpaths, which is of course the most
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1,234 ~ 1,234

(a) Logical topology (b) RWA in physical layer

Figure 5.4: Minimizing the number of setup lightpaths

(a) Logical topology (b) RWA in physical layer

Figure 5.5: Minimizing the number of wavelength-links

preferred solution. In any case, 6 is chosen small enough so that the additional term does

not affect the main objective of minimizing the number of wavelength-links.

The results of these three approaches are shown in the Fig. 5.4, Fig. 5.5, and Fig. 5.6.

The number on each link shows the wavelength used on that link.

Minimizing the number of lightpaths results in 13 lightpaths and 22 wavelength-links.
Minimizing the number of wavelength-links results in 18 wavelength-links but 15 lightpaths
in total. In the former case, some long lightpaths are created and hence more wavelength-
links are needed. Consequently, there are only 6 free lightpaths at maximum. Even worse,
there are 4 links with full wavelength utilization and therefore, some node-pairs have no
possibility to create a lightpath. The latter case is better with 9 remaining lightpaths.
However, the node at the bottom-left corner (Fig. 5.5a) has four outgoing lightpaths,
meaning all transmitters at this node are used and there is no possibility to create a
lightpath from this node. Our approach (Fig. 5.6) results in 14 lightpaths, 19 wavelength-
links and 10 remaining lightpaths. Moreover, there are some free transceivers at every
node. Hence, we have possibility to create a lightpath between any node-pair. Obviously,

our approach brings the best solution in terms of resource utilization while the network
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1,234~ 1,23

(a) Logical topology (b) RWA in physical layer

Figure 5.6: Maximizing the number of remaining lightpaths

performance is the same in all three approaches.

5.4.1.2 Some more results

Table 5.2: Results for traflic matrix 1 - 6-node network

Lipaz | mind W | min ) Lightpaths | max ) Remaining lightpaths
1.5 | 8-16-18 9-15-19 9-15-19
1.6 | 9-15-18 6-14 - 22 9-15-18
1.7 110-14- 18 9-14-19 10-14-18
1.8 | 9-15-18 6-13-24 10-14-19

Table 5.3: Results for traflic matrix 2 - 6-node network

Lipaz | mind W | min ) Lightpaths | max ) Remaining lightpaths
1.5 | 5-17-22 4-16-24 6- 18- 22
1.6 | 5-16- 22 4-15-24 6-18-22
1.7 | 7-16-20 6-15-22 8-16 - 20
1.8 | 7-15-19 6-14 - 22 9-15-19

We carried out some more experiments to see the performance of the proposed for-
mulation. We run the optimization for three different randomly generated matrices with
different values of L,,.,. The entries of traffic matrices are chosen randomly from [0, 1]
with uniform distribution. These traffics are assumed to have unit of Gbps. The results
are shown in the Table 5.2, Table 5.3, and Table 5.4. In each cell in the table, one sees
three numbers. The first represents the number of remaining lightpaths, which can be cre-

ated simultaneously. The second is the number of set-up lightpaths for the designed logical
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Table 5.4: Results for traflic matrix 3 - 6-node network

Lipaz | mind W | min ) Lightpaths | max ) Remaining lightpaths
1.5 |6-18-21 5-16 - 23 6-18-21
1.6 |6-17-20 7-16 - 21 7-17-20
1.7 | 7-16-20 7-15-21 8-16 - 20
1.8 | 7-16-19 7-15-19 8-16-19

topology. The last is the total number of wavelength-links, which are assigned to the set-up
lightpaths.

From the tables above, we see that minimizing the number of lightpaths results in
lowest number of set-up lightpaths but in most of the cases, to obtain it, long lightpaths
are created and hence more wavelength resources are needed. Minimizing the number of
wavelength-links results in lowest used wavelength resource but may need to create more
lightpaths. The common problem of those two approaches is that they do not guarantee
the best arrangement of free transceivers and wavelengths. Some free resources therefore
become useless. In many cases, one sees that the number of created lightpaths and the
number of wavelength-links is the same as in our approach but only maximizing remaining

lightpaths will offer the largest number of free lightpaths.

5.4.2 Numerical example for a real-sized network

A numerical example for the heuristic algorithm is generated based on NSFNET single-fiber
network, which contains 14 nodes and 21 links. We assume that there are 16 wavelengths
multiplexed in a fiber and 16 transceivers at each node. In the WDM layer, alternative

routing strategy is applied. Five shortest routes are pre-selected between every node-pair.

We run the experiments for three different traffic matrices, with different values of L,
and different number of traffics considered in one iteration. The number of relevant nodes
per iteration is 6. The first traffic matrix is taken from [MBRM96] shown in Table 5.5. It
corresponds to a measured traffic distribution of NSFNET backbone network. Two other
traffic matrices are randomly generated. The second is created by picking 5 node-pairs
at random and assigning an amount of traffic uniformly distributed in the range [0;200]

for both directions. Ten other node-pairs are allocated traffic from [0;20] and others are
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Figure 5.7: 14-node NSENET topology

allocated a random amount of traffic chosen from a uniform distribution in [0; 1]. The third

matrix is created similarly with 6 node-pairs having high traffics uniformly distributed in

[0;200], 12 node-pairs having medium traffics from [0;20]. These values are relative, so

their unit is not important.

Table 5.5: Measured traffic matrix of NSFNET backbone network, taken from [MBRM96]

[ Node 1 2 3 4 5 6 7 8 9 10 11 12 13 ] 14
1 0.00 [ 1.09 | 2.06 [0.14 [ 045 [ 0.04 | 043 | 1.45 [ 0.51 [ 0.10 | 0.07 [ 0.09 [ 0.00 | 0.33
2 11.71 | 0.00 | 856 | 0.62 | 11.12 | 7.77 | 3.62 | 1579 | 3.66 | 16.61 | 2.03 | 37.81 | 4.83 [ 13.19
3 0.00 [ 0.00 | 0.00 [0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00
4 031 [ 341 | 13.64 [0.00 [ 1.90 [ 0.60 | 0.70 | 2.88 [ 2.00 | 326 | 3.07 [ 6.69 [ 0.08 | 4.01
5 028 [ 6751 | 19.02 [ 3.43 [ 0.00 [ 4.03 | 10.77 | 6222 [ 24.02 | 17.92 | 045 [ 79.03 | 9.97 | 5.29
6 0.00 [ 581 | 342 [552 [ 34 [ 000 | 261 | 268 [ 087 | 387 | 0.04 [ 084 [ 0.06 | 2.48
7 1.75 [22.02 [ 102.31 | 447 [ 2203 | 7.9 | 0.00 | 114.10 | 19.82 | 21.95 | 0.78 | 71.40 | 0.33 | 32.84
8 2.39 [ 63.84 [ 210.30 | 8.52 | 28.21 [ 2.66 | 97.08 | 0.00 [ 43.95 [ 33.00 | 11.37 | 4863 | 5.53 | 13.85
9 6.45 [ 1893 [ 3735 | 6.0 | 24.99 [ 6.81 [ 25.06 | 61.02 | 0.00 [ 39.62 [ 14.52 | 127.50 | 23.34 | 0.76
10 0.05 [ 3529 | 10.26 [ 3.73 [ 22.34 | 9.48 | 4.98 | 57.08 [ 6.84 | 0.00 | 6.30 [ 17.64 | 591 | 0.76
11 0.10 [ 1.02 | 313 [1.69 [ 024 [ 0.06 | 081 | 1.45 [ 058 | 712 | 0.00 [ 0.84 [ 0.06 | 0.50
12 128 2615 | 1.00 [ 594 [ 2486 | 1.32 | 549 [ 40.57 | 29.53 | 22.37 [ 10.50 | 0.00 | 1.01 [ 0.54
13 0.00 [ 0.00 | 0.00 [0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00
14 0.73 [29.09 | 13.63 [ 9.89 [ 35.61 [ 12.07 | 644 | 2879 [ 4.67 | 0.00 | 3.99 [ 0.00 [ 10.75 | 0.00

The results for these three traffic matrice are shown in Table 5.6, Table 5.7, and Ta-

ble 5.8, respectively. Similar to the results shown in Table 5.2, each cell has three numbers

representing the number of remaining lightpaths, created lightpaths and wavelength-links,

respectively. LP-relaxation ' solutions are also reported for comparison purpose. In this

1T P-relaxation is the problem that arises by removing integer constraints of all variables. This relax-
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case, LP-relaxtion yealds the upper bound for the number of remaining lightpaths.

As can be seen from the results, the quality of the heuristic algorithm varies with the
number of considered traffic demands in one iteration. However its trend is not clear but
depends on the traffic patterns. For traffic matrix 1 and 3, 15 traffics per iteration gives the
best performance, while for traffic matrix 2, 6 traffics per iteration tends to be the best.
This is due to the restriction of relevant nodes in each iteration. When the traffic is highly
concentrated in several nodes, choosing a large number of traffics per iteration tends to give
better performance because it ensures that high traffic demands will be accommodated first.
But when the traffic is more widely spread, choosing high number of traffics per iteration
is not good because some small traffic demands might be accommodated before the high

ones, which then results in worse performance.

Table 5.6: Results for traffic matrix - NSFNET network

Lonas(Gbps) grafﬁc demair(l)ds / 1terat101n5 LP Relaxation
125 66 45 85 | 71 41 73 |69 43 81 83.0988
150 72 40 72|74 37 72|76 36 65 86.6067
175 75 36 58 | 76 36 65 | 77 34 62 89.2335

Table 5.7: Results for traffic matrix 2 - NSFNET network

Lonas (Gbps) graﬁc dema{réds/ 1terat101115 LP Relaxation
125 81 30 56 | 8130 58 | 84 28 57 93.1773
150 84 27 55| 8131 60 | 83 29 57 95.0611
175 86 26 48 | 80 32 60 | 84 28 56 96.3734

While the performance vs. the number of traffics per iteration is not the same in all
cases, the time to get the solution has a clear trend. Table 5.9 shows the average time to

get the solution vs. the number of traffics per iteration.

Even though a large number of traffics per iteration causes the lower number of iter-

ations, it is still clear that the higher the number of traffics considered in one iteration,

ation technique transforms an NP-hard optimization problem into a related problem that is solvable in
polynomial time. The solution to the relaxed problem can be used to gain information about the solution
to the original program.
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Table 5.8: Results for traffic matrix 3 - NSFNET network

Lo (Gbps) Traffic demands/iteration LP Relaxation
6 10 15
125 78 33 65| 79-33-56|79 33 64 91.7553
150 81 31 53| 83 29 60 | 82 30 64 93.8376
175 82 29 51| 84 28 49 |8 27 52 95.2614

Table 5.9: Time to get solution

Traffics/iterations | Average time (s)
6 471
10 886
15 3349

the longer the time to get the solution. This is because the time to solve the optimization
problem for a large number of traffics is much higher than in the case of a low number
of traffics per iteration. Therefore, even though there is less number of iterations, a large
number of traffics per iteration still takes longer time to get the final solution. According to
the results in Table 5.6, Table 5.7, and table 5.8, it is not necessary that a higher number
of traffics per iteration offers the better performance. So we can choose an appropriate
number of traffics for an iteration so that we can get a good solution within a reasonable

time.

5.4.3 Comparison of heuristic and MILP approaches

In this section, we evaluate the performance of the heuristic approach against the MILP
approach. We use the 6-node network in Fig. 5.3, with the same parameters as in the
numerical example in Section 5.4.1, to compare two approaches, because MILP can be
applied only to small networks. Numerous traffic matrices are randomly generated with
the value uniformly distributed in the range of [0;1]. For each traffic matrix, we solve
the problem using these two approaches with different values of L,,.. In the heuristic
approach, two cases, 6 traffic demands per iteration and 15 traffic demands per iteration, are
considered. The average number of remaining lightpaths in each approach corresponding

to each L., is calculated and shown in Fig. 5.8. The solving time is also recorded. The
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Figure 5.8: Average number of remaining lightpaths vs. L,z

average solving time is shown in Fig. 5.9.

Obviously, the results of heuristic approaches are worse than that of the MILP approach
but the time to solve the problem reduces dramatically. Therefore, for large networks, it is

necessary to use the heuristic algorithm.

5.5 Conclusion

In this chapter, the logical topology design problem for IP over WDM networks was stud-
ied. A new design approach was proposed to enhance the efficiency of the network resource
utilization. The problem was first formulated as an MILP problem. Different from all other
approaches, our objective function is to maximize the number of remaining lightpaths while
network performance (in this thesis, i.e network congestion represented by maximal light-
paths’ load) is guaranteed by constraints. This formulation avoids the blocking situation of
the other two approaches: minimizing the number of lightpaths and minimizing the num-

ber of wavelength-links. The numerical examples confirmed that the proposed formulation
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Figure 5.9: Time to solve the problem

results in the best resource efficiency.

The MILP problem is NP-hard and rapidly becomes intractable for large networks.
Hence, a heuristic algorithm based on the iterative optimization algorithm described in
Chapter 3 was proposed to solve the problem for large networks. The heuristic approach
was developed by dividing the problem into sub-problems. These sub-problems were solved
iteratively and their results are integrated to get the solution to the original problem. The
heuristic guarantees to get a good solution in a reasonable time. The quality of the heuristic
algorithm depends on the size of the sub-problems. However, there is no strong correlation
between these two variables. For different traffic patterns, the quality of the heuristic
algorithm may increase or decrease with the size of sub-problems. In any case, the time to

get the solution decreases when the size of sub-problems decreases.
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Chapter 6

Logical Topology Reconfiguration
under Dynamic Traffic

As studied in the previous chapter, a logical topology can be optimally designed regarding
some objective function for a specific traffic pattern. However, as traffic demands are subject
to change over time, logical topologies may be outdated and hence cannot carry the IP
traffic efficiently. In this case, the logical topology needs to be changed in response to
changing traffic. The process of changing a logical topology to meet traffic requirements
is called reconfiguration. The ability to reconfigure logical topologies is a key feature of
wavelength-routed networks. Reconfiguration of logical topology is a non-trivial task. It
does not only require a good selection of a new topology to efficiently carry IP traffic, but
also a smooth migration from the old topology to the new one to avoid service disruption,

which is very expensive.

In this chapter, we study the logical topology reconfiguration problem for two-layer
architecture networks, IP over WDM, under dynamic traffic. The problem is solved with
two approaches: centralized and distributed. In the centralized approach, it is formulated as
ILP problem and solved by optimization tools. This mathematical model is highly complex
and hence can be applied to small networks only. Therefore, we introduce an approximate
model, which simplifies the selection process of changing lightpaths, so that the model can
be applied to larger networks. Afterwards, the Lagrangian relaxation method 2 is employed

to decompose the approximate model into sub-problems which can be solved separately

12T agrangian relaxation is a relaxation technique which works by moving hard constraints into the
objective in order to execute a penalty on the objective if they are not satisfied.
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at each node. This forms a distributed algorithm, which is the significance of this work
compared to existing ones. The distributed algorithm provides a sub-optimal solution but
different from the centralized approaches of which the complexity increases exponentially
with problems’ size, its complexity only increases linearly with the problem’s size, and
hence, it can be scaled to large networks. In addition, the distributed algorithm can lend

itself to a protocol implementation. This work was reported in [TK08c, TKO09].

6.1 Problem definition

6.1.1 Network model

We consider a backbone network of N nodes connected by one or multiple optical fibers
forming a multi-fiber mesh optical network. Each fiber has W multiplexed wavelengths.
Each node 7 is equipped with T; transmitters and R; receivers. We assume there is no
wavelength converter in the network. Lightpaths are unidirectional. A lightpath can be
established between two nodes if there is a transmitter/receiver pair at these nodes and a

free wavelength channel connecting them.

Each node is capable of periodically measuring the load on all lightpaths originating
from it. The information about free wavelengths on each fiber is also available at the node
connected to it. All nodes in the network can exchange messages using link-state routing
protocol. We assume that the control plane works perfectly, meaning that there is no loss

of signalling messages during the reconfiguration process.

Backbone traffic is the aggregation of several end-systems and hence the short term
variations are filtered out. The traffic on the network is therefore observed to change
smoothly over time and to repeat in day periods. In this study, we used the traffic computed
in the GEANT network [UQBLO6] as the traffic model. The traffic pattern is available
every 15 minutes for a period of 4 months. We therefore assume that the measurement of
lightpaths’ load is done every 15 minutes. An implicit assumption here is that the time
for reconfiguration is much shorter than the measurement period. In addition, we presume
that all nodes have synchronized clocks so that they measure the lightpaths’ load at the

same time.



6.1. Problem definition 79

6.1.2 Design goals

In a reconfiguration process, the new logical topology must be optimized in terms of some
specific objectives. Moreover, it is necessary to guarantee no service disruption during
reconfiguration. Service disruption is very critical in optical networks due to the huge
capacity of wavelength channels. It is also necessary to use resources efficiently. This is
important because spare resources are necessary for the transition process from an old to
a new logical topology. In case there is no spare resource, no new lightpath can be added
before deleting one or several lightpaths, which then will cause network disruption. At last,
it is desirable that the lifetime of new topologies is as long as possible so that the number
of reconfigurations during a given period could be reduced. The goals of our algorithm can

be summarized as follows:

— Network performance must be guaranteed.
— No service disruption occurs during reconfiguration process.
— Resources are utilized efficiently.

— The number of reconfigurations for a long period is minimized.

6.1.3 Overview of the algorithm

We introduce three load parameters: upper bound Tj;gy,, lower bound 7}, and load balance
indicator L (Tjoy < L < Thign). A lightpath is considered to be overloaded if its load exceeds
Thign and underutilized if its load is lower than 7j,,. Each node periodically measures
the load of all lightpaths originating from it. Whenever an overloaded or under-utilized
lightpath is detected, the node will broadcast the reconfiguration-triggering message to all

other nodes. The reconfiguration process is then started.

The reconfiguration will result in a new logical topology with lowest number of light-
paths in such a way that the maximum lightpath load at the time of reconfiguration is
restricted to the value of the load balance indicator L. The idea of limiting lightpaths’
load at the value of L, with L < T};g, is to give some room for traffic variation so that
the lightpaths’ load will not violate Tj,g, right after the reconfiguration. Consequently,

the life-time of the new logical topology is extended. To ensure no service disruption, we
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always add all new lightpaths first, and re-route the traffic through the new logical topol-
ogy before deleting any lightpaths. [BEPT96] also added all new lightpaths first to avoid
network disruption but in their study, they assumed the new logical topology was known
beforehand and therefore they required sufficient resources for the union of old and new
topologies. Different from [BEP196], in our study, we search for the new topology based

on the old topology and free resources.

Our algorithm allows adding and deleting several lightpaths at the same time. Different
from all existing algorithms, our algorithm also decides if it is really necessary to add/delete
lightpaths or just do rerouting on the current logical topology. The lifetime of logical
topologies is investigated based on the load balance indicator L. In our study, two sub-
problems; selecting added /deleted lightpaths and migrating to the new topology, are carried

out at the same time as a joint optimization.

6.2 Centralized approach

In this approach, we introduce two mathematical models to solve the reconfiguration prob-
lem. The first model solves the problem in an exact manner. The second model is an
approximate model, which simplifies the exact model by removing some constraints to re-
duce the complexity. The second model will be the base to develop a distributed algorithm.

These models are formulated as an ILP problem, using the following notations:

— s and d denote the source and destination nodes of IP packets, respectively.

— ¢ and j denote the originating and terminating nodes of a lightpath, respectively.
— m and n denote endpoints of a physical link.

— W ={)\}, set of wavelengths.

— R = {r} : set of alternative routes, where r denotes route candidates for a lightpath

at physical layer.
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6.2.1 Exact mathematical model
6.2.1.1 Given parameters

— Physical topology: P = {fmun} , where f,,, indicates the number of fibers connecting

node m and n and f,., = frum.

— @mn,» denotes the number of times the wavelength has been used on link mn by the
current logical topology. In the case of single fiber networks, ¢, » becomes a binary

variable.

— 04 denotes the existence of link mn in route r connecting node-pair (4, j). If 6% =

mn,r mmn,r
1, link mn belongs to route r connecting node-pair (i, ) and §, . = 0 otherwise.
— Traffic matrix H = {hs} , where hyy denotes the traffic rate between source-

destination pair (s, d).

— Current logical topology: Y = {y;;} , where y;; is the number of lightpaths between
node 7 and j. A lightpath is not necessarily bidirectional. Hence y;; # v;;.

— Load balance indicator L: the maximum lightpath load of the new logical topology

at reconfiguration point must be smaller than or equal to L.

6.2.1.2 Decision variables

— Added lightpaths: a;; denotes the number of lightpaths added between node ¢ and

node j.

— Deleted lightpaths: b;; denotes the number of lightpaths deleted between node ¢ and

node j.

— Traffic routing: £;§ denotes the traffic between source destination pair (s, d), routed

through new logical link 7.

— Physical routing for added lightpaths: pjf , denotes the number of times the wave-
length A is assigned to route r connecting node-pair (7, j). In single-fiber networks,

pY\ is a binary variable.
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6.2.1.3 Constraints

— Transceiver constraints:

Y (i tay) <T Vi (6.1)

J

Z (yi5 + aij) < R; ,VJ (6.2)

7

The term (y;; + a;;) represents the union of current and new logical topology. Because
we always add all new lightpaths before deleting any lightpaths, the above constraints
guarantee that the number of existing and being added lightpaths originating from and
terminating at a node is constrained by the number of transmitters and receivers at that

node respectively.

— Traffic constraints on logical topology:

1 s=1
STt N wd=d 1 a=i Vs, d (6.3)
’ ’ 0 sid#i
Dt hea < L (yy + ai; — by) Vi, g (6.4)
’ bij < yij , Vi, g (6.5)

Equation (6.3) is a multi-commodity flow equation representing the traffic routing on
7
The number of lightpaths connecting nodes i and j is represented by (y;; +a;; —b;;). Hence,

logical links. We assume that traffic is non-bifurcated, and thus, ¢{¢ is a binary variable.

equation (6.4) guarantees that the maximum lightpath’s load in the new logical topology
is smaller than or equal to L. Equation (6.5) ensures that only existing lightpaths can be

deleted.

— Constraints in physical layer:
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DD ph=ay Vi, g (6.6)
T A

Z Zp:“J,A ’ 5gn,r S fmn — Qmn,\ ,an, A (67)

ij

Equation (6.6) represents the routing and wavelength assignment for all added light-
paths. The right-hand side of the constraint (6.6) represents the free wavelength resources.
All added lightpaths are set up using those free resources. Constraint (6.7) ensures that
the number of times a wavelength is used on a link is lower than or equal to the number

of fibers on that link so that a wavelength is used only once in each fiber.

6.2.1.4 Objective

min Z (aij - b”) + « - Z [ (68)
ij

]

The objective is to minimize the number of lightpaths used for the new logical topology,
which is represented by the first term, as well as the total number of lightpath changes,
which is represented by the second term. It is motivated by the following ideas. The first
is to save resources and energy to operate the IP network. The second is to reduce the
management cost while managing the logical topology. The third is that provided we
restrict the maximum lightpaths’ load to a value of L, minimizing the number of lightpaths
will increase the minimum lightpaths’ load and hence contribute to load balancing in the
network. The last is to reduce the cost of reconfiguration. Because we give higher priority to
the minimization of the number of lightpaths, a small co-efficient « is added to the second
term so that it does not affect the first term. Besides minimizing the number of lightpaths
in the new logical topology, 6.8 also tries to minimize the number of added lightpaths and

thus, the total number of lightpath changes is minimized.
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6.2.2 Approximate mathematical model

Solving the optimization problem described in the previous section for a real-size network
(tens of nodes) is impossible since it is NP-complete. Therefore it is necessary to reduce
the complexity to deal with larger networks. An approximate model is hence introduced
to deal with medium-sized networks. The approximate model is later the base to develop
the distributed algorithm.

The reconfiguration process starts with selecting some candidate lightpaths that are
likely to be added or deleted. Instead of searching for all possibilities to add and delete
lightpaths as in the optimization problem in Section 6.2.1, the approximate model just
chooses added and deleted lightpaths among the candidate ones. The procedure of selecting
candidate lightpaths is described at the end of this section.

6.2.2.1 Mathematical approximate model

Besides the parameters introduced in Section 6.2.1, we introduce two necessary parameters
for this approximate model, i.e cand_a;; and cand_b;;. Let cand_a;; and cand_b;; be the
number of added and deleted candidate lightpaths of the node pair (i, j), respectively. The

model introduced in Section 5.2 can be reduced as follows.

— Objective function:

min Z (aij - b”> + « - Z Q5 (69)
ij

]

or minz (1 + a)ai; — byj) (6.10)

v

— Constraints:
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1 5=1
th}i—zt;?: 1 d=i Vs, d (6.11)
! ’ 0 sid#i
>t hea < L+ (yi + aij — byj) Vi, j (6.12)
sd
a;; < cand_a;; Vi, g (6.13)
bij S ccmd,bij ,Vi,j (614)

From the formulation above, we see that the added and deleted lightpaths are just
chosen among some pre-determined candidate lightpaths. The constraints 6.6 and 6.7,
which represent the routing and wavelength assignment of added lightpaths in the physical
layer, are omitted. This is done explicitly while selecting candidate added lightpaths, using
fixed-alternate routing strategy and First-Fit wavelength assignment algorithm mentioned
in Section 2.2.1. The complexity of the optimization problem is therefore reduced and

consequently it can be applied to larger networks.

6.2.2.2 Selection of added/deleted candidate lightpaths

Since not all lightpaths are considered in the reconfiguration process, the selection of can-
didate lightpaths is important. Choosing good candidate lightpaths will result in a good

new logical topology and hence increases the performance of the algorithm.

The algorithm of selecting candidate lightpaths starts with sorting the new traffic de-
mands in decreasing order. The selection process will be based on this traffic rank. The

specific algorithm to select added and deleted lightpaths is presented as follows.

Let h7* and h?% be the traffic demands between node pair (s, d) at the time of current
and previous reconfiguration, respectively. cand_asq and cand_b,q are the number of added

and deleted candidate lightpaths between node pair (s,d).
Selection of added candidate lightpaths

Assuming that the number of added candidate lightpaths is restricted to A lightpaths,
the pseudo-code of the algorithm is shown in Algorithm 1.
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Algorithm 1 Pseudo-code for selecting candidate added lightpaths
go through all traffic demands in the decreasing order
int num_add = 0
int cand_azy = 0
while num_add < A and not all demands are considered do
if hsv — hod > 0 then
i 0 = [2 2l
while ¢ > 0 do
if find a lightpath from s to d then
cand_agq <— cand_agq + 1
num_add < num_add + 1
a+—a—1
else
a<—0
end if
end while
end if
end while

Selection of deleted candidate lightpaths

Assuming that the number of deleted lightpaths is restricted to B lightpaths, the
pseudo-code for selecting candidate lightpaths is shown in Algorithm 2:

Algorithm 2 Pseudo-code for selecting candidate deleted lightpaths
go through all traffic demands in the increasing order
int num_del =0
cand_bsy =0
while num_del < B and not all demands are considered do
if (h"sv — hoid < 0) and (ysq > 0) then
cand_bgg +— cand_bsg + 1
num_del «— num_del 4+ 1
end if
end while

6.3 Distributed approach

Even though the approximate model is less complex than the exact one, it is still an NP-

complete problem. Thus its solving time increases exponentially with the problem’s size.
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It is therefore not scalable to large networks. Hence, finding a sub-optimal solution within
a reasonable time is the only choice so that the algorithm can be implemented online.
The Lagrangian relaxation (LR) method has been successfully employed to solve complex
optimization problems by means of constraint relaxation and problem decomposition. In
this thesis, LR method is applied to solve the approximate ILP problem presented in
Section 6.2.2. By using Lagrange multipliers, some constraints of the original problem are
relaxed to form a dual problem. This dual problem is then decomposed into sub-problems,
which are in turn solved independently by each node. The optimal solution of the dual
problem is the lower bound for the original one. Because some constraints are relaxed
in the dual problem, the solution of the dual problem is often an infeasible solution to
the original problem. Therefore, we propose some heuristic adjustment to achieve a near-

optimal feasible solution.

6.3.1 Lagrangian relaxation

We apply Lagrange relaxation to eliminate the capacity constraint (6.12) in the approx-
imate ILP problem presented in Section 6.2.2. This constraint is moved to the objective

function to form the Lagrangian associated with the original problem as follows:

L(a,b,t,p) = Y (L4 @)ai; —byj) + > (Z t3 — L(yi; + ay; — bz‘j))
i

i sd

= fla,b) + > (Z t59 — L(y;j + ai; — bm)
1% sd

(6.15)

where Lagrangian multiplier 4 = {;;} is a vector of non-negative scalars and f(a, b) is the
objective function in (6.10). Each p;; (or congestion pricing variable) can be considered as

a penalty per unit violation of the capacity constraints. The Lagrangian dual function is:

q(p) = min L(a,b,t, ) (6.16)

a,bteF
subject to Constraints 6.11, 6.13, and 6.14

The key property of the Lagrangian relaxation is that the minimization of the La-

grangian over the set of remaining constraints (denote this set F': constraints 6.11, 6.13,
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and 6.14) yields a lower bound for the optimal cost of the original problem. This is because:

min L(a,b,t,pu) < min L(a,b,t,
a,bteF ( Iu) a,b,teF;Ztf]d—L(yij-l-aij—bij)SO ( ILL)
sd
< min {f(a,b)}

a,bte tfjd—L(yij'f‘aij_bij)SO
sd

The first inequality is because the minimization is taken over a subset of F', while the

second inequality is due to the non-negativity of ;.

Clearly, we are motivated to determine the tightest lower bound. This forms the dual

problem of the primary problem.

max {q(,u) — min L(a,b,t, M)} (6.17)

a,bteF

subject to f;; > 0

6.3.1.1 Solving Lagrangian dual function

To solve the dual problem, we first consider problem (6.16). The Lagrangian can be rewrit-

ten as follows:

L(CL, b, t, /L) = Z(l + oz)az»j — Z bij + Z Hij Z tfjd — L Z HijYij — L Z Hij Qg + L Z Nijbij
i i sd iJ i ij

ij

= (U +a—Lpgay + Y (Lpy = Dby = LY pugyis+ Y pg >t
1) )

i ij iJ iJ sd

-~ -~

Li(ab,p) Lo(t,p)

(6.18)

The problem of minimizing the Lagrangian can be divided into two independent sub-
problems. The first problem is:
min Ly (a, b, i) (6.19)

subject to: a;; < cand_a;; and b;; < cand_b;;
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This is a simple problem. The solution is as follows:

a;j = Vi, j
cand_a;; if 1+ a< Ly,
’ ’ (6.20)
0 if 1< Ly,
bij — B ,u] VZ,j

cand,bij if 1> L,U/Z]

While knowing 45, each node can calculate the added/deleted lightpaths originating

from itself separatedly.

The second problem is:

ij

sd sd ij

subject to:
1 s=1
th;i — Zt;?g =<{ 1 d=3i Vs, d (6.22)
! ’ 0 s#id#i

We can easily see that this is the shortest path problem for a non-capacitated network
with p;; being the link weight. Each node can apply Dijkstra algorithm to find the shortest
path from itself to the other nodes independently.

6.3.1.2 Solving dual problem

Since the dual problem (6.17) is non-continuous, it is solved by employing the sub-gradient

method.We define the subgradient of (1) at a given % > 0 is a vector g = {g;;} such that:

a(p) < q(u*) + (= p*) - g i (6.23)

where (p — p*)" is the transpose of the matrix (u — u*).

From the formula of Lagrangian function (6.15), we can see that g;; = >, t5,d— L(yi;+
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a;; — b;j) is the subgradient of g(x). This is because:

< flab)+ )y (Z tigd = Ly + a5 — bif’) (6.24)
ij sd .

Sf(CL?b)—l—,ul-g
< fla,b)+ (") g+ (n—p") g
<q(uh) + (n—p") - g

The Lagrangian multipliers are updated by the following formula:

Iuk+1 _ [uk + Skgkrr (6.25)

k

where s% is a positive scalar step-size.

The step-size is determined so that:

. (6.26)
||

where ¢(p*) is the optimal value of (6.16) with p* being the solution. However, ¢(u*) is
unknown and can be only estimated based on the result from the current iteration. To
simplify the calculation of step-size, in this paper, we choose the step-size s* = 0.5/k.

Based on our experience, it provides quite fast convergence.

Once all Lagrange multipliers are updated at each node, link-state routing protocol will
be employed to exchange 1;; among nodes in the network. Based on this new information,
each node again solves the problem (6.19) and (6.21) independently. The information about
traffic originating from a source node passing through each lightpath is calculated at that
node based on the shortest path routing found by Dijkstra. It is then sent to the source node
of the lightpath. This information is neccessary to calculate total traffic passing through a
lightpath and will be used to update the Lagrangian multipliers. The process is repeated

until the dual function converges.
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6.3.2 Heuristic adjustment

Due to integer variables, the dual problem does not provide strong duality to the primary
one. Therefore, in the dual solution, some of the constraints, which are relaxed by the
Lagrangian multipliers, might have been violated. So to construct a feasible solution, a

heuristic algorithm has to be employed.

After a number of iterations, when the dual problem starts to converge, we observe
that some lightpaths are always stably loaded and some have unstable load, which switches
from high to low every iteration. Similarly, some traffic demands have a fixed route while
others switch among several routes. This can be explained as follows. When the Lagrange
multiplier of a lightpath is low, the lightpath will attract more traffic and consequently, that
lightpath is overloaded. The Lagrange multiplier of that lightpath for the next iterration
will be increased to avoid traffic passing through it. Hence, in the next iteration, the
lightpath will be under-utilized, which in turn decreases the Lagrange multiplier for the
next step. This phenomenon happens to some lightpaths in the network. Based on this
observation, we propose some adjustments in the solution of the dual problem to generate

the solution for the original problem.

6.3.2.1 Candidate lightpath adjustment

While solving the dual problem, every node considers the load of all lightpaths leaving it.
If the load of a lightpath is stable for a long time and higher than the lower bound:

— If the lightpath is a candidate added lightpath, this lightpath is highly needed. We
move this lightpath to the current topology and delete it from the candidate list.

— If the lightpath is a candidate deleted lightpath, we remove it from the candidate list
and keep this lightpath as it is.

If a lightpath is always under-utilized:

— If the lightpath is a candidate added lightpath, remove it from the candidate list.

— Otherwise, remove it from the current topology v;;.

Note that while doing this adjustment, the calculation of the dual function is still

carried out. This adjustment will slowly fix all the neccessary lightpaths.
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6.3.2.2 Traffic routing adjustment

As mentioned above, some node-pairs have traffic routed in a fixed route, while others have
traffic switched among several routes. If a traffic demand switches among several routes,
its source node will choose the shortest route (in terms of lightpath-hops). This step is

done when the calculation of the dual function has been finished.

6.3.2.3 Final topology adjustment

After fixing the added/deleted lightpaths and traffic routing, each node simply considers all
lightpaths outgoing from it. If any lightpath is overloaded, the node will request to create
a new lightpath to the same destination node to share the traffic with the overloaded one.

This step will eliminate the constraint violation.

6.3.3 Summary of the distributed algorithm

Once a node detects a violated lightpath, it broadcasts the reconfiguration-triggering mes-
sage to all other nodes in the network. The link-state protocol is then used to exchange
the information about traffic demands between node-pairs. This information is necessary
to calculate candidate added/deleted lightpaths. Once all nodes have the complete current
traffic pattern, they independently calculate the candidate lightpaths using the algorithm
presented in Section 6.2.2. The routing and wavelength assignment for a candidate added
lightpath can be done by the distributed algorithm presented in [RS03].

When the calculation of candidate lightpaths finishes, solving of the dual problem
is started. Each node solves the problems (6.19) and (6.21), as well as does candidate
lightpath adjustment separatedly and exchanges information with other nodes using link-
state routing protocol. This process is repeated until the dual function converges. When the
loop is terminated, each node does traffic routing and final topology adjustment. Once the
new logical topology is successfully created, traffic will be routed onto it. Unused lightpaths

are finally deleted. The reconfiguration then finishes.

Obviously, there is no central manager to calculate the dual function. We therefore
do not know if the dual function converges and each node will not know when to stop

the calculation process. However, based on experience, we can estimate the number of
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iterations for the dual function to converge. So at each node, the number of iterations can

be set up in advance. This will be discussed more in the numerical example.

Reconfiguration trigger

Y * A

Node Node Node
Exchange traffic demands using link-state protocol
[ | L] [ ]
Calculate candidate added/del eted lightapths
v

Loop Minimize Minimize Minimize

f(a,b) f(ab) f(a,b)

Shortest path Shortest path Shortest path

Dijkstra Dijkstra Dijkstra

Exchange traffic routing information

Update Update Update
Lagrange Lagrange Lagrange
multiplier multiplier multiplier

Exchange Lagrange multiplier using li

nk-state protocol

Heuristic Heuristic Heuristic
adjustment adjustment adjustment
v
Heuristic Heuristic Heuristic
adjustment adjustment adjustment

Figure 6.1: Diagram of the distributed algorithm

The procedure of the reconfiguration can be presented by the diagram in Fig (6.1)

6.4 Performance evaluation

6.4.1 Traffic model

In this study, we use traffic patterns taken from the GEANT project [UQBLO06]. These data

are measured in bytes every 15 minutes. They are pretty low compared to the bandwidth
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capacity of a wavelength channel. We therefore multiply all traffic demands by the factor
of 15. This doesn’t change the behaviour of the traffic fluctuation. In Fig (6.2), we see
the variation of traffic of two node-pairs, as well as the total traffic in the whole network
within one week (from Monday to Sunday). As can be seen, the traffic of a node-pair
changes over time but does not have daily periodicity like the total traffic. That is why we
cannot create just one logical topology, which can work for all traffic patterns. Dynamic
reconfiguration of logical topologies is therefore neccessary for the IP over WDM network

to work efficiently.
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Figure 6.2: Traffic measurement from Geant network

6.4.2 Performance evaluation of the centralized approach

Since the ILP solution of the exact optimization problem is achievable only for small
networks, we use the single-fiber 6- node, 7-link network in Fig. 6.3 as a numerical example
for this logical topology reconfiguration problem. This topology is a subnet of GEANT

network’s topology (shown in Fig. 6.12). We assume that there are four transmitters and
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receivers at each node and six wavelengths multiplexed in a fiber. The wavelength capacity
is 2.5Gbps. The upper bound and lower bound are chosen to be 80% and 10%, respectively.
The load balance indicator L is set to 55%. It might happen that the optimization problem
has no feasible solution due to the lack of free resources when the traffic is very high. In
this case, L is increased 5% step by step until there is a feasible solution. While applying
the approximate model, we assume that there are five candidate added lightpaths and
five candidate deleted lightpaths for each reconfiguration. CPLEX is used to solve the

optimization problem.
9 ©

FR) (oE

@

Figure 6.3: Six-node network physical topology

6.4.2.1 Comparision with Gencata’s model
We first evaluate the performance of the centralized approaches by comparing it with
Gencata’s minimal lightpath change model.

The reconfiguration method proposed by Gencata et al in [GMO03] can be summarized
in Algorithm 3.

Algorithm 3 Gencata’s minimal lightpath change model
measure lightpaths’load every A minutes
if some lightpath is highly loaded then
add one lightpath so that the maximum lighpath load is minimized.
end if
if some lightpath is lightly loaded and no lightpath is highly loaded then
delete one lightpath so that the maximum lighpath load is minimized.
end if

The change of the logical topology as a function of time for Gencata’s and our ap-
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proaches (both exact and approximate models) is shown in Fig. 6.4, Fig. 6.5, and Fig. 6.6,
respectively. As can be seen, the number of lightpaths changes over time and also has daily
periodicity like the traffic pattern in Fig. 6.2. The maximum and minimum lightpaths’ load

over time is also plotted.
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Figure 6.4: Time variation of logical topology, using Gencata model for reconfiguration

Gencata algorithm allows only one change at a time while ours allows to add and
to delete multiple lightpaths. Moreover, in Gencatas algorithm, the decision of adding or
deleting a lightpath is based on the lightpaths load. In our algorithm, lightpaths load is
just a signal to trigger the reconfiguration process but the decision of adding or deleting
lightpaths is the output of the optimization problem. It can happen that the number of
deleted lightpaths is higher than that of added lightpaths even though some lightpath
is highly loaded and vice-versa. Another feature of our algorithm is that in some case,
we might not need to add or delete any lightpath but only do rerouting. This is, in our
opinion, reasonable because a high loaded lightpath might be caused by the increase in

traffic between only one node-pair but not by the total traffic in the network. Hence, it is
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Figure 6.5: Time variation of logical topology, using our exact model for reconfiguration

not always necessary to add or delete lightpaths when some lightpaths are highly loaded

or under utilized.

A statistical comparison between Gencata’s and our algorithm is shown in Table 6.1.
In the table, real reconfiguration refers to the reconfiguration in which some lighptpaths
are added or deleted. This is distinguished from general reconfiguration where rerouting is

also counted.

As can be seen, the number of reconfigurations in our both exact and approximate
approaches is significantly lower than that of Gencata’s even though we have to add/delete
more lightpaths. Moreover, in our algorithm, the lightpaths’s load is more balanced and
there is no lightpath violating the upper bound whereas there are some in Gencata’s ap-
proach. Violating the upper bound is very critical and should be avoided because it can
cause traffic loss. This proves that changing only one lightpath at a time is not enough

to guarantee network performance. For large networks with high number of lightpaths,
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Figure 6.6: Logical topology reconfiguration using approximate model

Table 6.1: Comparison of Gencata’s and our centralized approaches

Exact model | Approximate model | Gencata’s
The number of changed lightpaths 310 205 189
The number of reconfigurations 58 84 189
The number of real reconfigurations 57 83 189
Average reconfiguration period (min) 176 121 58
Violation of upper bound 0 0 0.31%
Violation of lower bound 0.21% 3.2% 2.9%

adding/deleting only one lightpath definitely cannot ensure a good performance.

Obviously, the exact model results in a better performance than the approximate model
in terms of reconfiguration frequency and load balancing. The exact model has a lower
number of reconfigurations as well as fewer lightpaths violating the balance region (0.21%

vs. 3.2%). However, the number of changed lightpaths in the approximate model is much
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lower than that of the exact model (205 vs. 310, respectively). This is clear because the
exact model searches for the new logical topology considering all lightpaths in the net-
work, whereas the approximate model just looks for the new topology within a set of

pre-determinded lightpaths, which is selected by a heuristic algorithm.

6.4.2.2 Effect of load balance indicator L

The load balance indicator L is an important parameter of the system. Different values
of L can result in a different number of times the reconfiguration is triggered. To see the
influence of L on the performance of the algorithm, we run the simulation using the exact
model applied to the 6-node network for a period of one month and calculate the average
number of reconfigurations in one day. The effect of L on the number of reconfigurations

is shown in Fig. 6.7.
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Figure 6.7: Influence of L on the number of reconfigurations

The figure above shows that a reasonable value of L is in the range from 53% to
62%, which results in around 11 reconfigurations per day, of which around 9 times include

adding or deleting lightpaths while 2 times rerouting alone is done. The choice of the
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rerouting option is the strength of our algorithm. On the other hand, the ratio 2:9 shows
that reconfiguration of the logical topology is a requirement for efficient usage of IP over
WDM networks.

It is clear that if we choose a high value of L, the reconfiguration will be triggered more
often because it is easy to violate the upper bound. In the other case, if L has a low value,
the reconfiguration is also triggered more often because of violating the lower bound. So for
a pair of (Thign, Tiow), there exists an optimal value (or range) of L such that the number
of reconfigurations for a long period is minimized. It is impossible to calculate the optimal
L analytically because it depends on the traffic fluctuation as well as traffic distribution
among node-pairs, which are unknown. However, with some assumption, we can estimate

it roughly as follows.

According to the algorithm, after the reconfiguration, the highest lightpath load is L.
Let L — A be the lowest lightpath load, with A being the difference between the highest
and the lowest lightpath load. The total traffic goes up and down with a period of one
day but the average traffic is stable for a period of months and we assume that the traffic
fluctuations of node-pairs are independent from each other. We therefore can reasonably
consider that at a given time, the probabilities of violating the upper bound and lower
bound are equal. With this assumption, the distance between the highest lightpaths load
and the upper bound should equal to the distance between the lowest lightpaths load and
the lower bound. That is:

Thigh — L = L — A —Tj4y (6.27)
and hence:

o Thigh + Eow + A
B 2

L

(6.28)

A > 0, so the lower bound of L is:

IL> Thigh + ﬂow

5 (6.29)

In our simulation, we observe that the difference between the maximal and minimal

lightpath load after reconfiguration is mostly around 10% to 25%. So with Then = 80%
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and T}y, = 10%, the best L will be from 50% to 58%, which conforms to the simulation
results shown in Fig. 6.7. An improvement of the algorithm can be obtained by adapting

L to changing trends of traffic.

Clearly, doing many reconfigurations in a short time is not desirable since it causes
traffic fluctuation in the network and raises management cost. In our algorithm, we restrict
the maximum lightpaths load to L at the time of reconfiguration and hence it is unlikely
that two reconfigurations are triggered at two consecutively observations due to violating
the upper bound. But similar events could happen with the violation of the low water
mark. However, violating of the lower bound is not critical to the network performance
and can be tolerated. We therefore can apply a so-called softbound approach to reduce the
reconfiguration frequency. In the softbound approach, a reconfiguration is done only after
three observations since the previous reconfiguration if in between there is no violation
of the upper bound. This may result in more under-utilized lightpaths than the original
approach, which can be referred to hardbound reconfiguration, but it significantly reduces
the number of reconfigurations, which can be very costly. This is the trade off between load

balancing and reconfiguration frequency.

6.4.3 Performance evaluation of distributed approach

6.4.3.1 Convergence of the dual problem

An important issue of the distributed algorithm is when the function converges so that the
algorithm can be terminated. We first carry out an experiement for the 6-node network.
Fig 6.8 and Fig 6.9 shows the variation of the Langrange multiplier of two specific links
and Lagrange dual function during the reconfiguration process, respectively. As can be
seen, the function converges after around 200 iterations. For a large network, we also
get the same behavior. So in these numerical examples, we terminate the loop after 200
iterations. This parameter should be agreed at all nodes in advance to avoid any loss
of synchronization. Experiments show that increasing the number of iterations doesn’t

increase the performance.
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Figure 6.8: Lagrange multiplier changes during the reconfiguration process
6.4.3.2 Comparision with centralized approaches

We first compare the performance of the distributed algorithm with the centralized ones,
using the 6-node network as shown in Fig. 6.3. The changing of the logical topology as a
function of time for the distributed approach is shown in Fig. 6.10. Fig. 6.11 shows the
lightpaths’ load distribution for three models.

The main weakness of the distributed model compared to the centralized ones is the
load balancing. From the lightpath load distribution, we can see that the number of light-
paths with high load (> 60%) in the three models is more or less the same because the
maximum load after the reconfiguration is limited to the same value of L. But the number
of lightpaths with low load in the distributed model is clearly higher. Hence, more recon-
figurations are triggered in the distributed model due to violation of the lower bound. To
reduce the number of reconfigurations, we can apply the softbound approach presented in
Section 6.4.2.2. Of course in this case, we have to accept a higher number of under-utilized
lightpaths. We did a simulation, in which the reconfiguration is triggered only when the

lower bound is violated three times continuously. As a result, only 88 reconfigurations are
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triggered. This is a good improvement while the number of lightpaths violating the lower

bound doesn’t increase much (5.6% in total).

A statistical comparison of three models is shown in Table 6.2.

Table 6.2: Comparison of centralized and distributed approaches

Exact model | App. model | Dist. model
The number of changed lightpaths 310 205 368
The number of reconfigurations 58 84 119
The number of real reconfigurations 57 83 109
Average reconfiguration period (min) 176 121 92
Violation of upper bound 0 0 0.01%
Violation of lower bound 0.21% 3.2% 4.6%
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Figure 6.10: Logical topology reconfiguration using distributed algorithm
6.4.3.3 Numerical example with a large network

To confirm the scalability of the distributed algorithm, we carry out the simulation for
18-node, 27-link European network taken from GEANT project [UQBLO6]. The network
topology is shown in 6.12. We assume that each link is a single fiber with 16 multiplexed

wavelengths and each node is equipped with 16 transceivers.

In this example, we discard the lower bound to eliminate the reconfiguration caused
by violating the lower bound. In this network, traffic distribution among node-pairs dif-
fers a lot. A few nodes have a very low incoming and outgoing traffic (compared to the
bandwidth of a lightpath, which is assumed to be 2.5Gbps), such as HR or SI. But we
still have to set up lightpaths originating and terminating at these nodes to guarantee the
network’s connectivity. These lightpaths are hence always under-utilized and consequently,

the reconfiguration is always triggered.

The simulation results of the distributed algorithm for 18-node network are shown in
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Fig. 6.13. Fig. 6.14 shows the lightpaths’ load distribution. Table 6.3 shows some statistical

figures of merit.

For this network, the exact model cannot be applied. The approximate model takes

several minutes to find the solution, which is quite long compared to the traffic measure-

ment period of 15 minutes. Hence the approximate model cannot be implemented online.

The distributed algorithm takes only few seconds to solve the problem. This is the main

advantage of the distributed algorithm.

Table 6.3: Results of the distributed algorithm for 18-node network

Number of changed lightpaths 958
Number of reconfigurations 91
Average reconfiguration period 110
Violation of upper bound 0

% lightpaths with utilization | 10% | 9.6%
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Figure 6.12: 18-node European network

6.4.3.4 Computation time of the distributed algorithm

The computation at each node is quite simple. However, the whole reconfiguration process
requires a lot of message exchanges. We are therefore interested in the computation time

of a reconfiguration.

Following the diagram in Fig 6.1, we see that the computation time includes the time
to exchange traffic demands, to calculate candidate lightpaths, to solve dual problems and
to do the heuristic adjustment. However, it is obvious that the time to solve dual problems
dominates the others because it requires hundreds of iterations. So we can consider the
computation time equal to the time to fulfil the loop. It can be calculated as follows (with

the assumption that ACKs are needed for every sent message):
T=1-2P+25)

where 7' is the computation time, I is the number of iterations, P is the propagation delay
for a message and S is the time to solve the problems (6.19) and (6.21) at each node. The
transmission delay is discarded because it is too small compared to the propagation delay.

We assume:
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Figure 6.13: Logical topology reconfiguration for 18-node network

— The average propagation delay on each physical link is 2.5 ms, corresponding to a
link length of 500km. Some nodes have a shortest path of 5 physical links. So the

message propagation delay is about 12.5ms.

— The time to solve the problems (6.19) and (6.21) for each node is roughly 5ms using
2GHz CPU (according to our experiments).

— The number of iterations is 200.

We have:
T =200(2-12.5+ 5)us = 6s

So roughly, the computation time for a reconfiguration is 6s. This is clearly much
smaller than the measurement period, which is 15 minutes. This is even smaller than the
computation time of the exact model for small networks, which is usually arround 30s. The

distributed algorithm hence can be implemented online.



108 Logical Topology Reconfiguration under Dynamic Traffic

45} B

35— -

Occurence [%]
N
0
T
I

0.5 -

40 60 80
Lightpath utilization [%]

Figure 6.14: Lightpath utilization distribution

6.5 Conclusion

In this chapter, we studied the problem of logical topology reconfiguration for IP over WDM
networks. Since the traffic changes over time, the logical topology needs to be adapted ac-
cordingly to efficiently carry the traffic. In this work, two approaches, i.e centralized and
distributed approaches were proposed to solve the problem. In the centralized approach,
two mathematical models using ILP formulation were developed. The first model solved
the problem in an exact manner. The approximate model simplifies the exact model by
removing the RWA constraints for new lightpaths to reduce the complexity. In this ap-
proach, the reconfiguration problem was solved by a central manager, who was assumed

to have the global information about network resources as well as traffic loads.

Based on the approximate model, a distributed algorithm was developed using the
Lagrangian relaxation method. The capacity constraint was first moved to the objective

function to form a dual problem. This dual problem could be divided into independant
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subproblems and hence could be solved in a distributed manner by all nodes in the net-
work. Link-state routing protocol was used to exchange messages among the nodes. Even
though the performance degrades in terms of reconfiguration frequency, the distributed
algorithm still satisfies the requirements of a reconfiguration. The main advantage of the
distributed algorithm compared to the centralized approaches is its scalability. In addition,

this distributed algorithm can lend itself to a protocol implementation.
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Chapter 7

Survivability in two-layer WDM

networks

This chapter discusses the survivability of two-layer WDM networks, using IP/MPLS over
WDM as a network reference. Like all networks, WDM networks are prone to failures of
components such as links and nodes. But different from other conventional copper networks,
survivability is a very critical problem in WDM networks. Since these networks carry high
volumes of traffic, just a single optical link failure may cause severe consequences. Therefore,
an efficient protection mechanism is required to guarantee the Quality of Service in WDM

networks.

For static traffic, protection and restoration define the survivable network design prob-
lem, which can be formulated as an ILP problem. The objective of this problem is often
to minimize the required sparse resources whereas ensuring that all traffic demands have
a backup path that cannot fail at the same time with the primary path. In this thesis, we
won’t consider the static traffic case but just the dynamic traffic case, where LSP (Label-
Switched Path) requests come and leave the network in a random manner. In a dynamic
traffic environment, the objective is to increase the acceptance ratio (or to decrease the
blocking probability equivalently). Protection for dynamic traffic can be handled only by

a heuristic algorithm.

Conventionally, the protection mechanism for dynamic traffic works as follows. When
a connection request arrives, two link-disjoint (or node-disjoint in case of node failure pro-

tection) paths are assigned to the connection. One acts as a primary path, which carries
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traffic in normal case and the other is the backup path used in case a failure occurs. These
two paths will be realeased when the connection terminates. The backup path can be either
a dedicated path, which protects only one primary path or a shared backup path, which
protects several primary paths that cannot fail at the same time. The dedicated protection
mechanism results in short restoration time whilst the shared protection mechanism results
in a better resource utilization. Different protection mechanisms have different strategies to
select the primary path and backup path. In multi-layer networks, the protection mecha-
nism also works as the before-mentioned mechanism. However, the challenge of multi-layer
protection lies in the fact that link-disjoint (or node-disjoint) paths in the upper layer may
not be link-disjoint (or node-disjoint) in the lower layer. Hence, searching for disjoint paths

becomes more difficult.

In this thesis, we propose a new protection mechanism for IP/MPLS over WDM net-
works. Different from all conventional approaches, which assign backup paths on demand
together with the arrival of new connection requests, our approach first creates a so-called
protection topology in the logical layer. This protection topology is designed offline in such
a way that all nodes remain connected when a single optical fiber fails. So basically, any
connection between two nodes can be protected by a path in this protection topology. An
approriate amount of bandwith will be reserved in this topology for protection purpose.
When a connection request comes, one has to assign only a primary path to it, which

significantly reduces the computation overheads.

In the scope of this work, we only consider the single link failure model. This model
presumes that at most one link has failed at any instant of time. Since 99% of failure hap-
pens at only one link at a time, this model covers almost all cases in link-failure protection

and restoration.

7.1 Protection mechanism

7.1.1 Network model

In this thesis, we use IP/MPLS over WDM as a network reference to study multilayer
survivability problem. MPLS classifies packets arriving at the edge routers into forwarding
equivalence classes and then forwards the packets with labels along label switched paths

(LSPs). This enhances the quality of service (QoS), which makes IP/MPLS over WDM be
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a potential candidate for Next Generation Internet core networks.

In IP/MPLS over WDM networks, OXCs are inter-connected by fiber links whilst Label
Switched Routers (LSRs) are connected to the OXCs through wavelength ports. An LSR
has opto-electronic conversion and sub-wavelength multiplexing capabilites to aggregate
multiple LSPs into lightpaths that can be dynamically provisioned. These lightpaths define
a logical topology for the IP/MPLS layer. The optical layer manages the the resources
including wavelengths and fibers on physical links whereas the IP/MPLS layer manages
bandwidth resources on lightpaths and routes traffic over the logical topology considering
a lightpath as a link. With the capabilities of MPLS such as QoS provisioning and traffic
engineering, such networks enable direct integration of IP and WDM without intermediate
layer ATM or SONET.

IP/MPLS over WDM networks may use either an overlay model or a peer model. In
the overlay model, the IP/MPLS layer and optical layer are controlled separately. Each
layer has its own control plane. In the peer model, the optical and IP/MPLS control
planes are unified to provide efficient management and usage of network resources. The
topology perceived by the network nodes is the one where physical links (optical fibers)
and logical links (lightpaths) co-exist [KLO1]. Different from the overlay model, the peer
model supports dynamic routing that can either use existing lightpaths or create a new

lightpath if neccessary.

7.1.2 Overview of the proposed protection mechanism

For a given IP/MPLS over WDM network, our protection scheme starts with creating a
protection topology in IP/MPLS layer. This topology is designed in such a way that it
connects all nodes in the network and maintains connectivity under any single-link failure.
So the backup path of a connection between any two nodes is determined in advance.
This topology should use as few wavelength resources as possible to increase the resource
efficiency. The design of this protection topology can be formulated as an ILP problem,
which will be discussed in the next section in detail. An amount of wavelength resources
will be reserved for this topology to protect LSP requests. When an LSP comes, one has
to assign only a primary path to it and reserve a sufficient bandwidth for its backup path
in the protection topology. LSPs that do not share the same physical link can share the

same backup bandwidth to increase the resource efficiency.
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Figure 7.1: Example of pre-created protection topology

An illustrative example of the protection mechanism is depicted in Fig. 7.1. The pro-
tection topology is the cycle composed by a set of lightpaths (b; — bg), which goes through
all nodes in the network. This topology always remains connected under any single-link
failure. A set of four lightpaths (LP1, LP2, LP3, LP4) forms a logical topology to carry
LSP requests. Let’s assume that there is an LSP request from node 1 to node 3. This LSP
will be routed through two lightpaths LP1 and LP3. The potential break of this LSP is
due to the failure of the physical links (1 —2), (2—5) or (5 —3). In any case, node 1 and 3
can be connected through the backup lightpaths (bg, bs, by, b3). So we just need to researve a
sufficient bandwidth along this path to protect the LSP. Assume that another LSP request
from node 3 to node 6 comes. This LSP will be routed through the lightpath LP4 and be
protected by the path (b5, by, b3). These two LSPs cannot fail at the same time because they
don’t traverse the same physical links. Thus, they can share the backup bandwidth in the
protection topology. This mechanism behaves similar to p-cycle protection in single-layer
networks. p-cycle is actually the inspiration for us to propose this protection mechanism

for multi-layer networks.



7.1. Protection mechanism 115

7.1.3 ILP formulation for Protection topology design

In this section, we introduce the ILP formulation for the design of the protection cycle. The
topology is designed in such a way that when a physical link fails, the IP network is still
connected and the necessary wavelength resources used for the topology are minimized.
The following notation is used in the formulation:

— L = {l} denotes the set of physical links.

— s and d denote the source and destination nodes of a LSP, respectively.

— 4 and j denote the originating and terminating nodes of a lightpath, respectively.

— R = {r} denotes the set of alternative routes for a lightpath at the physical layer.

Given parameters

— 5:;{[ denotes the existence of physical link [ on route r of lightpath (4, 7).

Decision variables

— wéj: a binary variable, which represents the existence of a lightpath between between

i and j in case link [ fails. | = & denotes no failure . z!; = 2f,.
o tsd,l

sd,l _ ,ds,l
i =1

: flow of node-pair (s, d) going through lightpath (i, j) when link I fails. #;; G

— p¥: denotes the r-th route used for lightpath connecting node i and j.

Constraints

1 5=1
St NTet =l d= Vs,d (7.1)
J ! 0 s#i,d#i

tyt < Vi, 4,1 (7.2)

)
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=) v Vi, j (7.3)
=y (1=07)-pf Vi, g1 (7.4)

T

Equation 7.1 is a multi-commodity flow equation representing the routing of a LSP
between (s,d) on lightpath (i,7). Constraint 7.2 ensures that LSP can only traverse an
existing lightpath. Constraint 7.1 and 7.2 actually guarantee the connectivity of the logical
topology in case of any failure. Constraint 7.3 represents the routing of a lightpath in WDM
layer. Constraint 7.4 shows that lightpath (7, j) will break when link [ fails in case link [
belongs to the chosen route r of lightpath (i, 7).

Objective

min Z Z Z 5:31 - pld (7.5)
oo 1

The objective is to minimize the number of optical links used for the protection topology.

Clearly, if resources are efficiently used, the blocking probability will decrease.

7.2 Performance evaluation

This section investigate the performance of the proposed multi-layer protection mechanism,
using two network references: COST239 [COS] 11-node and NSFNET 14-node network as
shown in Fig. 7.2. The protection topologies for these networks are depicted in bold lines.
The protection topology is in fact a cycle that visits each node exactly once. Obviously,
this is the connected topology with the lowest wavelength resource consumption possible.
We assume that there are 16 wavelengths multiplexed in an optical fiber and 8 wavelengths

are reserved for the protection topology.

Arrivals and holding time of LSP requests are assumed to follow a Poisson distribution
and negative exponential distribution, respectively. The source and destination of an LSP
is uniformly distributed in the network. We assume that a lightpath has a capacity of 10
and the request bandwidth of an LSP is uniformly distributed in the range from 1 to 10.
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a) COST239 b) NSFNET

Figure 7.2: Investigated networks with protection topology

In this work, we use the hop-based integrated routing algorithm (HIRA) [ZMO03a] to
create lightpaths and assign a route to LSP requests. In this integrated routing algorithm,
an LSP can traverse some existing lightpaths and some physical links with free wavelength
resources to open new lightpaths. The objective of HIRA is to minimize the total number
of physical hops used by the existing lightpaths and new lightpaths created for routing
LSP requests. By doing so, it attempts to minimize the used wavelength resources, which
will possibly lead to increased acceptance rate of future requests. In addition, it also likely

reduces the number of opto-electronic conversions of LSPs.

7.2.1 Blocking probability

We first compare our proposed protection mechanism with two approaches, i.e WDM
layer protection and IP layer protection. In general, IP layer protection results in a lower
blocking probability than WDM layer protection. The hybrid protection schemes intro-
duced in [RMZ05, ZM03b, RZG06] result in a blocking probability in between these two

approaches.

Fig. 7.3 and Fig. 7.4 show the performance of the proposed mechanism applied to
COST239 network and NSFNET network, respectively.

In both figures, we see that at high traffic load, the proposed protection mechanism
performs very well. In COST239 network, the blocking probability is even lower than

that in IP layer protection, which is the lower bound for all existing hybrid multi-layer



118 Survivability in two-layer WDM networks

Blocking probability

Y — % — [P layer protection
-4 . .
10 ¢ 7 —O— Proposed protection mechanism 3
X - —+— WDM layer protection ]

100 120 140 160 180 200 220 240 260 280 300
Load (Erlangs)

Figure 7.3: Blocking probability for COST239 network

protection mechanisms. However, at low traffic load, the proposed mechanism performs
worse and worse. To overcome this phenomenon, we examined the reasons for blocking. As
we observed in the experiements, blocking in our proposed mechanism occurs because of

the following reasons:

— There is not enough resource for a new LSP request.

— There is not enough resource in the protection topology to provide a backup path

for a new LSP request.

According to our statistics, when the traffic load is low, the blocking mostly occurs due
to the lack of resource in the protection topology while at high traffic load, the blocking
often happens because there is no resource for the primary path of a new LSP request.
Therefore, it makes sense to adapt the reserved resource for protection purpose to the
traffic load. We thus increase the number of wavelengths reserved for protection topology

from eight to ten wavelengths and re-run the simulation for the region where the proposed
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Figure 7.4: Blocking probability for NSFNET network

mechanism gets worse. The results are shown in Fig. 7.5 and Fig. 7.6 for COST239 and
NSFNET networks, respectively.

From both figures, we see that the performance is improved significantly. The blocking
probability of the proposed mechanism for both networks is close to that of the IP layer
protection mechanism. So to summarize, our approach results in a very good performance in
terms of blocking probability in comparison with both conventional protection approaches
(WDM layer protection and IP layer protection) if an appropriate ammount of wavelengths
are researved for the protection topology. By monitoring and measuring the traffic load in
the network, one can actively add or release reserved capacities for the protection topology

to get a better performance.

The reason that the protection mechanism performs slightly better in COST239 than
in NSFNET is because COST239 network has a higher degree of interconnection. The
protection topology in COST239 network can protect more LSPs than in NSEFNET.
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Figure 7.5: Blocking probability for COST239 network with varied researved bandwidth
for protection

7.2.2 Analysis of backup paths’ length

The obvious disadvantage of the proposed protection approach is the length (in terms of
hop counts in the logical layer) of back-up paths. To minimize the wavelength resources
used for the protection purpose, the protection topology tends to become a cycle that visits
all N nodes in the network exactly once using the shortest physical path. So in the worst
case, a backup path can have the length of N — 1 hops. As can be seen in Fig 7.2a, in the
worst case, a backup LSP may have to traverse up to 10 ligthpaths for the backup of a
connection between nodes 1 and 2 e.g in case the link (1 — 2) fails. To have a clearer view

of this issue, we consider statistics of the distribution of backup paths’s length.

Fig. 7.7 shows the comparison of the backup paths’ length (in terms of hop counts in
logical layer) in IP layer protection mechanism and our proposed one for COST239 network.
In IP layer protection, most of backup paths have the length of two and maximum three

logical links while in our protection mechanism, the paths’ length ranges from one to ten
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for protection

logical links.

However, this disadvantage can be overcome by restricting the length of backup paths.
A constraint, which limits the number of logical hops, can be added to the ILP formulation

presented in Section 7.1.2 to reduce the length of backup paths.
d ot <H Vsd, 1 (7.6)
]

where H is the number of maximum hops allowed for a backup path in the logical layer.

Fig. 7.8 shows the protection topologies for COST239 network with the length of
backup-paths restricted to 8 and 6 logical hops. Clearly, to reduce the hop-based length,
more lightpaths need to be created, and thus more wavelength resources are needed for
the protection topology. Compared to the case in Fig. 7.2a, limiting backup path length

to eight or six logical hops requires two or one more physical links, respectively. We hence
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Figure 7.7: Comparison in the protection path length

want to see if there is any increase in blocking probability while using these two protection

topologies.

Fig. 7.9 shows the blocking probability of COST239 network using three different pro-
tection topologies. In this simulation, from eight to ten wavelengths are researved for the
protection topologies depending on the traffic load in the network. It is surprising that
there is no significant difference among the three protection cases. This can be explained
as follows. From Fig. 7.7, we see that there are aboubt 20% of backup paths have the
length of 10 logical hops, which leads to much bandwidth needed to protect an LSP. When
the protection path length is restricted, the total bandwidth (sum of bandwidth in all
logical links) needed to protect an LSP is reduced, and hence the protection topology can
protect more LSPs. Consequently, the blocking probability remains more or less the same
in all three cases even though more wavelength resources are reserved for the protection

topology.
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Figure 7.8: COST239 network with different protection topologies

Fig. 7.10 shows the comparison in backup paths’ length of three protection schemes.
As expected, the average length of backup paths reduces when we decrease the maximum
protection path length allowed. The only trade-off while reducing the backup path length
is the restoration time. As an example in Fig. 7.8a, the backup path that crosses node 4
and 8 is not switched in advance at these nodes. This can increase the recovery time. The

shorter is the average protection path length, the longer is the average recovery time.

7.2.3 Significances of the proposed protection mechanism

After evaluating the performance of the proposed protection mechanism, we summarize its

significance compared to the existing approaches as follows.

— The blocking probability is low. It is close to or even lower than that of the IP layer
protection scheme if the network is highly meshed and an appropriate amount of

wavelength resources is reserved for the protection topology.

— Even though this is a shared path protection strategy, the restoration time is short
because all backup paths are created and switched in advance. In addition, it requires

much less signalling overhead compared to the IP layer protection.

— Setting up an LSP request is more simple and faster than all existing approaches
because one needs to find only a primary path for the LSP. In other approaches, one

needs to find two link-disjoint paths, which can be computationally complex.
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Figure 7.9: Blocking probability of COST239 network with different protection topologies

— Different from the existing hybrid multilayer protection schemes, the proposed mech-
anism doesn’t require to monitor traffic or network status to decide on the protection

strategy. This avoids additional signalling overhead to operate the network.

7.3 Conclusion

In this chapter, we proposed a new mechanism to protect IP/MPLS over WDM networks
from a single link failure. Different from all existing approaches, which assign a back-up
path for an LSP request on demand, our approach reserves the resource for protection
purpose all in advance by creating a protection topology. The protection topology was
designed in such a way that any single link failure in the physical layer does not disconnect

the protection topology. Thus a backup path for a connection between any two nodes can
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Figure 7.10: Comparison in protection paths’ length of three protection schemes

be pre-determined beforehand. This helps to reduce the setup time for an LSP request

because one does not have to find two link-disjoint paths for a request, which is not trivial.

If a proper amount of wavelength resources is reserved for the protection topology, the

performance of the proposed mechanism (in terms of blocking probability) can be very close

to or even better than that of the IP layer protection. Moreover, a much lower amount

of signalling overhead compared to the IP layer protection is needed when failure occurs.

Long protection paths can be avoided by limitting the maximum hop-count in the logical

layer of backup paths to a certain value. This does not degrade the performance in terms

of blocking probability much but leads to higher average restoration time.
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Chapter 8

Conclusions

8.1 Summary

The rapid growth of Internet as well as bandwidth-intensive networking applications such
as video-on-demand, multimedia conferencing, online game, etc. requires extensive new
research in high-bandwidth transport networks, of which optical networks employing WDM
technology is a promising candidate. In this thesis, we studied several issues related to
wavelength routed networks, the potential candidate for wide area backbone networks. It
included i) network planning and optimization for WDM networks, ii) wavelength converter
placement and wavelength assignment in wavelength converting networks, iii) design and
iv) reconfiguration of logical topologies for IP over WDM networks, and v) survivability

for multi-layer WDM networks.

Network planning and optimization for WDM networks was first discussed since this
was the base method we used to solve further problems in this thesis. The contribution
in this part is a new meta-heuristic algorithm, a so-called iterative optimization, to solve
a large optimization problem, the optimal results of which cannot be obtained within a
reasonable time. The algorithm divides the problem into small sub-problems, which can be
solved fast by standard optimization software. These sub-problems are solved sequentially
and their solutions are then integrated to form the final solution to the original problem.
This heuristic was later applied to solve the logical topology design problem for real-sized

networks.
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As one of the network planning and optimization problems, wavelength converter place-
ment in WDM networks was first studied. We introduced an exact ILP formulation to find
the nodes to place wavelength converters for a static traffic pattern. By doing experiments
with a large number of different traffic patterns and using statistical methods, we could
find nodes with higher probability to be equipped with wavelength converters. This gives
some hints for network planners while planning WDM networks. Since it is not necessary
to put wavelength converters at all nodes, one needs to find the nodes that give the highest

pay-off to place wavelength converters.

In WDM networks with wavelength converters, especially limited-range converters, one
has to take into account their presence while assigning wavelengths for a dynamic light-
path. This makes the wavelength assignment problem in networks with converters differ
from the one in networks without converters. Therefore, we introduced a distributed algo-
rithm to solve the wavelength assignment problem for WDM networks with sparse presence
of limited-range wavelength converters. The algorithm results in an optimal wavelength
path in terms of the number of converters used along the path. Consequently, it offers
lower blocking probability in comparision with other approaches. The advantage of this
algorithm is that it does not incur any signalling overhead while being implemented in a
distributed manner. Another important finding of this work is that it is more important to
save wavelength converters in the case of limited-range conversion than to save wavelength

resources.

In TP over WDM networks, designing a logical topology is one of the important issues.
Logical topologies must be designed to carry traffic efficiently while satisfying network re-
source constraints. In this thesis, we presented a new approach to design logical topologies.
The problem was formulated as an MILP problem with the objective of maximizing the
number of remaining lightpaths. This approach saves network resources (wavelength and
transceivers) for future use because multiple different logical topologies may need to be
implemented in the same WDM network. Since the MILP problem gets intractable rapidly
when the network size increases, we proposed a heuristic algorithm based on the iterative

optimization to solve the problem for real-sized networks.

IP traffic is subject to change over time. Hence, a logical topology, which is designed
only for a specific traffic pattern, can be outdated once the traffic changes and conse-
quently cannot carry efficiently the traffic. This requires a reconfiguration of the logical

topology to adapt to the traffic variation. In fact, the reconfigurability is a valued feature
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of TP-over-WDM networks. In this thesis, we proposed a reconfiguration algorithm using
two approaches: centralized and distributed. For the centralized approach, the problem
was formulated as an ILP problem and solved by a central manager. The performance of
the centralized approach was investigated and compared with the best existing one, Gen-
cata’s algorithm. The results shows that our algorithm triggers much less reconfigurations
than Gencata’s one. In addition, the fact that our algorithm allows multiple lightpath
changes results in a better load balancing in the network. Based on the mathematical
model presented in the centralized approach, we developed a distributed algorithm using
the Lagrangian relaxation method. The capcacity constraint was first moved to the objec-
tive function to form a dual problem. This problem is then solved by all involved nodes in
a distributed manner. The nodes used a link-state routing protocol to exchange messages
with each other. This is the first time, a distributed algorithm has been developed for
the logical topology reconfiguration problem. The algorithm can lend itself to a protocol

implementation.

Like all types of networks, optical networks are prone to failure, but a single failure
of optical networks can cause severe consequences due to the huge data loss. Therefore,
survivability is a big concern while operating an optical network. In this thesis, we studied
the multi-layer protection problem for IP/MPLS over WDM networks under a single link
failure. Several multi-layer protection schemes have been proposed in the literature. How-
ever, the main weakness of these approaches is the high complexity with a lot of signalling
overheads. In this thesis, we proposed a new protection mechanism, which is inspired by
the p-cycle protection. In this mechanism, a protection topology, which always remains
connected, is designed in advance in the IP layer. A proper number of wavelengths are
reserved in this topology for protection purpose. The performance of the new protection
mechanism was compared to two single layer protection approaches, i.e IP layer and WDM
layer protection. The results showed that the new mechanism had a blocking probabiliy
close to IP-layer protection (and much lower than WDM layer protection) and even lower
if the network is highly meshed. Inherited from p-cycle protection, this mechanism has
short restoration time since all back-up paths are switched in advance. Another important
advantage of this mechanism is the fast routing for a new LSP request since only the pri-
mary path needs to be found. Its protection path has been established in advance, which

significantly reduces the computation overhead.
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8.2 Outlook

Eventhough this thesis delt with several different issues in optical networks using WDM
technology, it didn’t cover all problems. Therefore, more studies are required to make WDM
networks become a real next generation network. For future works, beside revising and
refining the existing solutions to the above-studied problems, one can study many extended
problems in wavelength routed networks such as designing multiple logical topologies for
a WDM networks, designing a survivable multi-layer network, and survivability for multi-
layer WDM networks under Shared Risk Link Group (SRLG) failure or node failure.

In addition, in this thesis, we considered only unicast communication. However, more
and more applications nowadays make use of multicast communication, such as multime-
dia, teleconferencing, distributed computation and real-time workgroups. Thus, multicast

routing and wavelength assignment in WDM network will require more research.
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