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The thesis studies two problems in optical WDM networks design that supports
multicast traffic. Firstly, the multicast routing and wavelength assignment (MC-RWA)
problem that are studied . Whereas, the second problem studies the problem of
provisioning protection systems to enable WDM network to survive a single node
failure. The study was based on previously proposed algorithm; Reconfiguration of
entire network. In this thesis two reconfiguration methods are proposed; namely;
Reconfiguration of traffic traversing through failure node and Reconfiguration of
traffic adjacent to failure node. Both proposed methods consider node disjoint
protection.

As started, work in this thesis is concerned with the design WDM network to
support multicast traffic in normal or single node failure of conditions. Not only this
thesis considers the number of fiber requirement but also the influence of the
maximum wavelengths multiplexed per fiber and wavelength conversion on fiber
requirement. Integer linear programming (ILP) technique are used to obtain the fiber

requirement of each reconfigurate method.
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1) Reconfiguration of entire network

2) Reconfiguration of traffic traversing through failure node

3) Reconfiguration of traffic adjacent to failure node
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243  Reconfiguration of traffic adjacent to failure node
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< A a A a4
31N .1 Yszansmmves lasnaie Tuad 1 Lave(%)

Uszansnmvoalnsaviois Tuai 1 @eve(%)

M VLT LT
ET TT AD ET TT AD
1 | 8856 79.61 69.52 88.56 84.72 73.27
2 | 9266 76.08 68.33 90.14 78.59 67.43
3| 9162 80.62 68.97 83.33 74.38 60.20
4 | 8542 79.84 70.69 75.00 63.38 57.69
5 1 9592 79.04 71.07 77.39 63.55 59.67
6 89.86 79.49 68.32 66.91 56.81 51.61
7 87.32 79.38 66.53 69.42 51.72 48.85
8 88.93 77.82 64.85 72.09 51.70 50.26
16 84.54 71.39 62.99 44.61 37.44 35.84
a15197 7.2 UszAnFnmue Taseaheiie Tuadi 2 ideve(s)
sz ansamaesTassinodio Tuai 2 1Bev16(%)
M VLT LT
ET TT AD ET TT AD

1 | 93.48 83.13 67.22 93.48 85.76 70.42
2 | 91.98 83.00 65.38 90.14 81.92 67.43
3 93.71 81.59 68.05 82.19 73.31 61.86
4 92.48 80.39 66.13 73.77 68.88 56.02
5 93.20 80.32 69.58 82.62 70.66 57.74
6 90.84 80.26 67.76 72.27 69.49 51.32
7 91.92 81.23 69.17 67.07 65.95 48.84
8 91.54 78.79 66.94 67.98 63.16 50.62
16 89.24 73.01 65.56 42.79 39.19 34.95
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< A a A J
319N .3 Yszansmmveslasunaie Tuan 3 Lave(%)

Uszansnmvoalnsavieiis Tuai 3 @eve(%)

M VLT LT
ET TT AD ET TT AD
1 | 90.54 83.85 66.30 90.54 82.16 64.04
2 | 86.19 83.84 62.72 90.46 83.28 60.46
3 | 89.62 82.00 63.08 86.96 77.59 56.07
4 | 89.13 81.46 60.29 79.41 70.68 51.53
5 | 90.64 83.72 92.93 83.26 71.13 53.97
6 91.85 77499 61.69 74.66 60.22 51.33
7 90.72 79.38 60.75 68.82 58.62 47.97
8 92.91 79.00 59.86 67.98 55.33 47.90
16 91.78 71.39 61.78 42.36 39.94 32.26
a15197 7.4 UszAnF e Taseaheiie Tuadi 4 idevne(s)
sz ansamaesTassinodio Tuai 4 188v16(%)
M VLT LT
ET TT AD ET TT AD

1 | 88.57 72,51 67.40 88.57 72.19 71.45
2 | 86.80 71.45 67.90 87.02 73.32 69.48
3 87.70 72.08 70.99 80.36 66.91 63.38
4 84.25 71.93 67.21 76.27 59.73 57.45
5 87.43 70.07 69.58 74.07 58.05 54.24
6 87.01 72.51 70.06 64.52 56.11 4991
7 90.72 72.77 69.17 65.95 50.41 49.16
8 87.68 71.55 69.94 66.70 53.26 4991
16 89.24 69.84 68.35 46.60 37.44 33.55
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< A a A A _
M3 .5 Yszansmmved lnseunaie Tuan 5 Lave(%)

Uszansnmvealnsavieiis Tuai 5 @eve(%)

M VLT LT
ET TT AD ET TT AD
1| 90.04 77.34 65.86 90.04 77.09 64.29
2 | 89.97 76.08 65.21 86.72 71.15 63.03
3 | 88.65 74.55 66.00 84.11 66.18 56.43
4 | 86.01 74.55 66.13 72:58 63.98 53.15
5 | 89.00 77.19 64.58 73.06 66.71 50.19
6 90.84 78.73 64.58 68.96 60.63 48.57
7 88.43 66.44 61.82 62.32 56.53 46.59
8 86.46 75.00 64.84 66.09 57.56 45.46
16 86.82 69.84 64.25 44.61 40.72 34.10
a15197 A6 UszAnFnmue Tasaaheiie Tuadi 6 idevne(s)
sz ansamaesTassinodio Tuai 6 1@ev16(%)
M VLT LT
ET TT AD ET TT AD

1| 79.48 65.59 62.25 79.48 64.38 60.77
2 | 8162 66.80 63.21 80.87 62.25 62.25
3 81.59 65.08 62.84 73.77 59.60 60.81
4 79.35 63.40 60.59 66.18 55.56 54.88
5 79.04 64.58 60.24 71.13 55.65 53.17
6 80.26 66.67 61.69 61.87 48.57 4991
7 77.62 62.93 58.70 63.82 46.55 45.22
8 79.81 61.03 57.64 64.30 47.27 45.46
16 84.54 62.99 60.61 43.23 32.01 30.39
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131N A7 Yszanimmvedlasevieio Tuan 7 Le18(%)

Uszansnmvoalnsavieiis Tuai 7 deve(%)

M VLT LT
ET TT AD ET TT AD
1| 9156 83.71 76.25 91.56 86.68 79.87
2 | 9232 90.96 76.32 91.12 84.97 69.48
3| 94.80 87.23 71.30 85.36 86.36 65.34
4 | 96.09 88.49 74.10 77:14 73.77 60.18
5 | 9593 90.64 79.68 81.36 77.83 62.44
6 98.41 86.11 76.54 69.49 66.42 55.08
7 92.14 81.23 74.32 68.82 64.34 53.84
8 92.91 83.00 73.24 67.33 64.87 54.90
16 89.24 71.39 66.93 49.93 44.61 34.95
a15197 7.8 UszAnFamuns Taseaheile Tuadi 8 idevia()
sz ansamaesTassinodio Tuai 8 1Bev16(%)
M VLT LT
ET TT AD ET TT AD

1 | 84.14 66.40 63.38 84.14 71.45 67.50
2 | 84.71 67.17 64.53 82.46 65.84 61.49
3 83.67 67.21 64.82 81.08 68.44 60.81
4 85.42 70.29 66.13 67.50 52.94 50.94
5 | 85.17 70.57 69.58 76.17 57.74 54.52
6 87.01 67.49 65.87 64.99 51.91 50.19
7 82.19 65.29 62.93 60.49 48.85 45.48
8 83.00 67.66 64.18 65.48 50.98 44 33
16 82.37 62.99 60.61 43.23 31.77 32.76
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= A a A A
13190 7.9 Yszanimnuodlasevieio Tuan 9 Le18(%)

Uszansnmvoalnsavieiis Tuai 9 deve(%)

M VLT LT

ET TT AD ET TT AD
1 | 87.46 74.73 69.32 87.46 75.54 70.21
2 | 8835 74.92 67.90 88.87 74.19 67.07
3 | 89.62 73.87 69.79 81.45 74.69 62.50
4 | 89.78 71.93 67.21 73.77 62.21 55.10
5 | 89.82 75.42 71.08 73.56 62.81 53.70
6 89.86 74.47 70.66 64.99 56.46 52.21
7 89.56 74.32 71.28 68.82 51.73 46.83
8 91.54 75.91 75.00 66.70 54.48 49.22
16 89.24 69.84 65.56 47.12 34.10 33.28

a15197 710 UszanSammvasInsavieio Tuad 10 1deme(%)
Uszantammueslnseviedio Tuad 10 @ene()

M VLT LT

ET TT AD ET TT AD
1 | 8385 71.35 61.07 83.85 67.87 62.48
2 | 82.99 67.17 61.63 83.83 62.41 60.17
3 81.59 65.86 61.19 81.82 62.94 57.69
4 82.00 68.33 61.80 72.98 56.72 50.75
5 84.44 66.30 61.75 68.40 55.65 53.17
6 79.49 66.13 61.69 60.63 49.36 46.80
7 80.30 63.51 60.75 64.87 48.55 45.22
8 80.84 64.84 62.25 93.73 44 .89 43.26
16 82.37 62.99 60.61 45.09 33.02 28.53
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= A a A d' =
3NN A.11 Yszaninmveslaseieie Tuan 11 Len8(%)

UszansnmuedInsavioiid Tuai 11 @ee(%)

M VLT LT

ET TT AD ET TT AD
1| 9295 90.37 65.68 92.95 83.56 62.87
2 | 98.60 89.96 64.36 97.10 89.50 63.19
3 | 9534 89.62 63.18 90.91 85.31 60.61
4 | 9248 87.23 61.50 76:27 72.97 55.10
5 1 9320 83.73 60.61 77.83 74.07 54.52
6 97.25 84.35 61.23 72.85 65.46 50.47
7 93.14 83.16 60.22 68.82 59.51 47.96
8 87.68 80.84 58.73 67.98 59.98 44.05
16 86.82 71.39 59.49 47.12 41.52 30.39

a15197 A.12 UszanammvasInsavieio Tuad 12 1deme(%)
Uszantamueslnsevedio Tuad 12 @eno)

M VLT LT

ET TT AD ET TT AD
1| 9121 86.99 64.98 91.21 87.61 67.31
2 | 94.80 91.64 66.44 90.46 81.39 61.95
3 94.25 88.17 67.77 84.91 75.00 61.02
4 95.34 87.23 64.74 79.41 64.29 55.79
5 91.48 85.17 66.76 79.56 65.49 53.70
6 92.88 83.50 65.61 68.96 61.04 51.62
7 91.92 83.16 62.93 73.28 56.53 47.39
8 95.77 79.80 67.66 67.98 57.56 46.04
16 91.54 70.74 62.25 51.14 36.79 32.01
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= A a A d' =
31N .13 Yszandnmveslaseiewe Tuan 13 Len8(%)

UszansnmuodInsavieiid Tuai 13 idene(%)

M VLT LT
ET TT AD ET TT AD
1| 97.02 92.60 67.40 97.02 91.38 67.40
2 | 9554 87.41 64.53 91.79 87.94 62.41
3| 92.66 74.10 63.08 85.71 82.57 59.41
4 | 9248 84.83 65.08 74.18 63.68 50.37
5 | 90.64 85.91 64.16 82.62 70.20 54.52
6 98.41 83.50 61.70 12T 63.17 49.09
7 91.92 83.16 61.28 64.87 59.51 45.22
8 90.21 78.80 62.25 67.98 61.00 48.22
16 89.24 69.84 60.61 49.93 39.94 32.01
a15197 a.14 UszanimmvasInsavioio Tuad 14 1deme(%)
Uszantmmuealnseviedio Tuad 14 @enio)
M VLT LT
ET TT AD ET TT AD

1 | 8841 82.43 61.62 88.41 82.57 64.30
2 | 91.98 86.49 65.56 91.12 78.84 64.32
3 93.18 83.25 68.05 86.96 71.15 60.81
4 90.44 81.46 64.06 77.14 61.64 54.88
5 93.20 79.36 65.26 78.39 66.30 55.65
6 89.86 75.84 62.62 67.41 60.22 48.83
7 89.56 75.11 62.93 71.95 55.73 46.28
8 88.93 75.00 64.18 72.10 55.33 46.34
16 84.54 69.84 60.61 47.12 37.11 33.82
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Multicast Traffic Reconfiguration in WDM Network
for Single Node Failure Design

Kunanan Luekijna and Chaiyachet Saivichit
Department of Electrical Engineering, Faculty of Engineering
Chulalongkorn University, Bangkok, Thailand 10330
E-mail:chaiyachet.S@chula.ac.th

Abstract — Until recently, the problem of how to design
survivable optical networks under single link failure has been
studied quite extensively. However, the study on the design of
optical networks for single node failure has been rarely
discussed. This paper proposes 3 methods to reconfigure
multicast traffic in WDM network for single node failure based
on Integer Linear Programming (ILP) technique by
reconfiguration of entire network, reconfiguration of traffic
traversing through failure node and reconfiguration of traffic
adjacent to failure node.

The last two methods, we used node-disjoint share
protection path between primary path and backup path to
reconfigure multicast traffic. We used multicast routing and
wavelength assignment (MC-RWA) namely, Light-Tree(LT) and
Virtual Light-tree(VLT) to design multicast traffic in WDM
network for a single node failure. The objective of this paper is to
design WDM network which supports multicast traffic for a
single node failure in order to minimize fiber for survival
network, given a static multicast traffic set, the number of
wavelength per fiber can support and the network design
approach (LT and VLT).

Keywords — Multicasting, WDM network, Routing and
wavelength assignment, ILP, Node failure

1. Introduction

In the last few year, Optical fiber technology has
become  the dominant  transport  medium in
telecommunication system, because of its advantage in
capacity, reliability, cost and scalability. Such technology is
expected to serve as a broadband transport network that
support various emerging multimedia service over the
internet such as interactive distance learning, e-business,
teleconference, video conference, live auction,, video ‘on
demand and game online. An attractive feature of optical
fiber is its potential to offer extremely large transmission
capacity in the order of Th/s. In order to utilize fiber capacity
effectively, Wavelength ' Division. Multiplexing (WDM)
technique [1,2] was introduced as a technology of expanding
the bandwidth capacity of existing of optical fiber. WDM
technology enables network to transmit several information,
each at different wavelength, simultaneously on a single
optical fiber.

Multicasting [3] is defined as point-to-multipoint
communication from a source node to the set of destination
nodes. According to the physical layer of a network, the
essential equipment needed to successfully construct
light-tree on the network is an optical power splitter which is

established within an optical cross connects (OXC) of the
network.

Network survivability is a major concern of network
operators. Resiliency is generally achieved by means of
protection or restoration. Protection is a technique that uses
pre-assigned capacity to ensure survivability while
restoration reroutes the affected traffic after a network
element fail.

In literature, there are numerous research paper [4-8]
in the area of single link failure. However, the study on the
design of optical networks for single node failure has been
rarely discussed. The probability of a node failure is
generally much smaller than a link failure due to the build-in
redundancy of many network equipments but node failure is
still possible and will cause severe service disruption. In a
typical protection scheme against node failure, the primary
and the backup paths need to be node-disjoint along their
routes. This requirement guarantees that no single node
failure except the source or destination node can affect the
primary and backup path simultaneously. Here, we assume
that the source or destination node failure is not restorable.
The node-disjoint requirement for intermediate node ensures
that the primary and backup paths do not pass through the
same link, in other word, they can also protect against a link
failure.

In this paper, we propose MC-RWA [9] problem
formulations in multi-fiber network environment with the
objective of minimize the total number of fiber needed to
support multicast traffic. Two wavelength assignment
strategies namely Light-tree (LT) and Virtual Light-tree
(VLT) are examined for protection network design three
methods.-Firstly, the whole network is entirely reconfigured
for-all light-Tree.~Secondly, only light-Tree that traverses
through a failure node are reconfigured. The last method , not
only light-Tree traversing through a failure node but also
light-Tree traversing through-adjacent nodes connected to
failure node are reconfigured with node-disjoint protection.

The rest of this paper is organized as follows. In
section Il, the strategies of MC-RWA in two method of
WDM network are introduced. Multicast formulation for
working and protection based on ILP for single node failure
is presented in section Ill. Simulation results and discussions
are presented in section IV. Finally, the conclusion is given in
section V.



2. Multicast routing and wavelength assignment
(MC-RWA)

In this paper, a concept of light-tree[10] is applied to
serve multicast session is defined as a combination of optical
branch. An optical branch is defined as a lightpath provided to
connected between two nodes (source and destination or
destination and destination) which are the members of the
same multicast session. Therefore, in order to reach all
member of the multicast session, the optical branches needed
to form the light-tree must cover all members of the multicast
session and the root node of a light-tree is the source node,
while the end nodes of each optical branch are the destination
nodes of the light-tree.

A. Wavelength assignment strategy[4]

From the wavelength assignment perspective, there
are several distinct assignment policies that can be employed.
In this paper, two different wavelength allocation method are
discussed according to the wavelength conversion capability
of each node.

1). Light-Tree (LT) strategy:

This strategy does not utilize wavelength converter in
WDM network. When setting up a light-tree on an optical
network only one wavelength is used for each multicast
session.

2). Virtual Light-Tree (VLT) strategy:

On the other hand, this strategy does utilize
wavelength converter in WDM network in every node.
Therefore, the optical branches in a light-tree can use different
values of wavelengths.

Figure 1A
Wavelength assignment strategy ( LT(1A) and VLT(1B))

Figure 1B

As illustrated, Figure 1 shows wavelength
assignment strategy of which LT is.shown in.1A‘and VLT is
shown in 1B. This multicast session has node 1 as the source
node and node 3, 6 and 8 as the destination nodes. Therefore,
one possible light-tree composes of three optical branches;
1-6,6—>3 and 6 —8. We assume the node of light-tree
which are replicating and splitting the data information must
be the member of multicasting session. In this example, optical
power splitter must be used at node 6.
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3. Problem description and multicast formulation

A. Network model

The WDM network is modeled by unidirected
graph g =(N,L) , where N denotes a set of optical nodes,
i={12,3,.N} , with|n| = N, Meanwhile, the physical link are
represented by a set of unidirected links,L < NxN , where a
physical link mn is in the set L if there exists a link from node
m to n. In the model, we assume that each physical link is
bi-directional and may consist of more than one optical fiber to

serve the traffic demand of the network. Each optical fiber is
limited to multiplexing the number of wavelength up to M.

Notations:

N Total number of node in network;

L Total number of physical link in network;

i Index of session;

itf Index of session traverse through failure node;
iaf Index of session adjacent to failure node;

S, Set of multicast session i {s,d, d,,...d };

t Traffic demand of multicast session i,

A The fanout of optical splitter;

M A maximum number of wavelength per fiber;
5 take the value of one if route p of node pair sd

passes through link mn, and zero, otherwise;
P, A set of candidate routes of node pair sd;

X™ A boolean variable, an optical branch between node
m and n to form a light-tree for carrying multicast
demand t;

A candidate physical route p of node pair sd for
multicast demand t (For VLT system),
A candidate physical route p of node pair sd

occupying wavelength 4 for multicast demand t
(For LT system);
| An arbitrarily high constant integer;

channel

(For LT

A Boolean variable, a wavelength

Zoccupied: by multicast: demand t
system);
B A set of candidate backup route of node pair sd upon
the failure of node f;
Take the value of one if backup route r of node pair

sd passes through limk mn upon the failure of node
f, and zero, otherwise;

fp,,  Total number of primary fiber on physical link mn;

sd, f

mn,r

fb Total number of backup fiber on physical link mn;



ft Total number of backup fiber that primary traverse
through failure node;
fa Total number of backup fiber that primary adjacent

mn

to failure node;

xb™ A boolean variable, a backup optical branch

between node m and n to from a backup light-tree
for carrying multicast demand t upon the failure of
node f;

B. Light-Tree creation formulation

To determine an optimal light-tree T, for supporting
multicast request S ={s.d,,d,,..,d } , we construct an
bidirected graph

G, =(N,A) corresponding  to

S, ={s,,d,,d,,...d} . The set of node N, has elements

21

consisting of S and the set of destinations ‘dj| , hamely
N, ={meN, |m =s vm=d } . Meanwhile, the set of

arcs A is defined as

logical
A ={mneA|mneN am=n} . Based on the graph,
G =(N,A) , we develop the light-tree formulation by
employing a concept of transforming the graph G, to the

optimal light-tree T . Since the light-tree should have |n | -1
optical branches, the first two constraints of the formulation

are
X™=INJ|-1 .
mé\ =[N Yi,vmnelL (1)
X™ {0, vm,ne A, Vi

)

Moreover, based on the definition of a tree, the
light-tree T, should not contain a cycle and should be
connected. Given a subset S of N,, we can express the tree
definition in term of the constraint

> oXMm=1

mnea(s) Vi,vScN,S#3d,N ©)

For optical network, dueto .the limitationof the
performance of the optical splitter which is characterized by

the fanout A . Therefore, the light-tree solution should satisfy
this limit by using the constraint.

D XM<aA
n:mneA

ymeN Vi (4)

C. Working network design formulation

For the MC-RWA problem definition of the working
network design, we can describe the corresponding

formulation based on an optical network G=(N,L) and the
light-tree constraint introduced above as follow.
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1). VLT wavelength assignment strategy

The objective is to minimize the total number of
primary fiber requirements:

Min: > fp,, (®)

mnel

Subject to the constraint (1)-(4) and:

D P =txX vsd € A, Vi (6)
per,
sd osd
Mxfp, —> > > P72 >0vmnel @)
i sd peP,
P ez’ VpeP,,vsd e A, Vi  (8)
fpeZ’ vmnelL 9

As formulated for the VLT wavelength allocation
strategy, the objective function (5) is the minimization of the
total number of optical primary fiber needed to support the

multicast demand t, . Constraint set (1)-(4) as introduced in

the previous subsection are contained in the formulation to
find the optimal light-trees. Constraint (6) ensures that exactly
physical routes are selected for optical branches of the
light-trees. Constraint (7) states that the wavelength capacity
of each physical link should be sufficient to meet the multicast
traffic load crossing to it. Finally, constraint (8) and (9) limit
the network variables of the physical routes and optical fiber to
be in the nonnegative integer.

2). LT wavelength assignment strategy

The objective is to minimize the total number of
primary fiber requirements:

Min: Y fp,, (10)
Subject to the constraint (1)-(4) and:

M

DD A vsde A,Vi  (11)
A=1 peP,

sd sd
fpmn —zz Pivpx/{é‘m"xp = 0
i sd  pePy

vA={,2,.,M},Vmnel (12)
dw =1 Vi (13)

7sd

Pi,p,/1 = IaWi,/{

vA={12,.,M},VpeP,,Vsd € A,Vi (14)
W, ez vi=4{,2,.,M},Vi (15)
PI‘SSV;L c Z+

vpeP,,VA={12,.,M},Vsd € A,Vi (16)
fpeZ’ vmne L a7



As formulated for the LT wavelength allocation
strategy, the objective function (10) is the minimization of the
total number of optical primary fiber needed to support the

multicast demand t;. Constraint set (1)-(4) as introduced in

the previous subsections are contained in the formulation to
find the optimal light-trees. Constraint (11) ensures that
exactly primary physical routes are selected and wavelength
must be assign to them. Constraint (12) ensures that for any
primary physical link, the channel capacity of each
wavelength can accommodate the traffic route on it. .
Constraint (13) states that only a single wavelength must be
selected to support each multicast session. Constraint (14)
enforce that no physical path from constraint (11) is permitted
to route on wavelength A, unless the multicast session selects

wavelength 4 . Finally, constraints (15)-(17) limit the
network variables of the wavelength variables, the physical
routes and optical fiber to be in the nonnegative integer.

D. Protection network design formulation.

As network survivability is now a serious concern for
high-speed optical WDM network. This section presents three
multicast protection strategies to protect multicast session
against single node failure in WDM network. Firstly, the
whole network is entirely reconfigured for all light-Tree.
Secondly, only light-Trees that traverse through a failure node
are reconfigured. The last method , not only light-Tree
traversing through a failure node but also light-Tree traversing
through adjacent nodes connect to failure node are
reconfigured with node-disjoint protection. In this section we
will describe only VLT wavelength assignment strategy
because LT wavelength assignment strategy is different from
VLT on specify wavelength in optical fiber.

1). Reconfiguration of entire network

As described, under normal operation, an optical network
employs light-tree to support multicast traffic. For the
reconfiguration of entire network, in the event of single node
failure all outgoing light-tree are released and reconfigured to
avoid a failure node. Although there is a number of light-tree
not directly interrupted by the failure, a network using this
protection is capable of rearranging them in the restoration
process. Accordingly, this protection strategy is, in principle,
considered very flexible to handle any interruption, resulting
in the minimal requirement of capacity to resource.

1.1) VLT wavelength assignment strategy

Min: Y b (18)
mnel
D Xo™ =N -1 vi,vmnelL,vf eN  (19)
mneA
D Xb 21 Vi, vScN,S=Q,N,¥feN  (20)
mned(S)
Xb™ <A vme N, Vi, vf eN (21)

nmneA
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ij: {0,1} vmne A, Vi,vf eN  (22)
D B, =txXb" vsd e A,Vi,vf eN  (23)
reE!:ﬂ
i sd res?

vreB vieN,Vvmnel (24)

fo>1fp vmnel (25)
BY, ez’ VreB,vsd e A,Vf eN,Vi  (26)

fb ez’ vmnelL 27)

The objective function (18) is to minimize the total
number of spare fiber of a network with the reconfiguration of
entire network. Constraints (19)-(22) are provided to ensure
that , in an event of node failure, all light-tree of the network
are able to reconfigure to avoid the failure. Constraints (23)
ensure that, upon the node failure the exactly backup physical
routes are selected for optical branches of the light-trees.
Constraints (24) ensure that upon the node failure, the number
of fiber assigned to the link mn is high enough accommodate
the restoration routes of all reconfigurate light-trees.
Constraints (25) ensure that after node f is failure, number of
spare fiber can be support traffic for working and protection
method. Finally, constraint (26) and (27) express that the
variable of restoration routes of light-trees and the number of
fibers of each network link must be nonnegative integers.

2).Reconfiguration of traffic traversing through affected node

For this protection strategy, some part of this
protection mechanism is identical to the first strategy.
Employing this strategy, the protection permits only light-tree
traversing a failure node to reconfigurate with node-disjoint
protection.

Node-disjoint protection is only require the
arrangement of the physical route that are pass through a
failure node. However, in this protection strategy, the
intermediate nade in primary route and backup route must be
chosen from different nodes. This mean that the network must
chosen a-backup route that do not pass intermediate node in
primary route.

2.1) VLT wavelength assignment strategy
Min: Y (fp,, + ft.)

mnel

Subject to the constraint (1)-(4),(6)-(9),(19)-(22) and
Pi:p,fé‘:f - Z Bis,(:a,f =0

racNDJ (R’ )
VpeP,,Vvsd e A,Vitf,vf e N
> By, =txXbY, VsdeA,vitf,vf N

sd
rasNDJ (R )

Mxft, - > > >

it sd racNDI(R;, )

(28)

(29)
(30)

Bsd ﬂsd,f > 0

itf ,ra, f “'mn,ra T



vrae NDJ(P, ), Vf eN,vmnelL (31)

Bsd €Z+

itf ,ra, f

vra e NDJ (P

itf ,p, f

),vsd € A, Vitf, vf e N (32)

ft ez’ vmne L (33)

The objective function (28) is the minimization of the
number of working and spare fibers. Constraints (1)-(4) and

(6)-(9) are used to obtain the working light-tree structure of
multicast traffic. Before explaining constraint (29)-(31), a new

terminology is introduced. For each primary path Psf ,
NDJ(PifS‘f) is denoted as a set of candidate node disjoint

backup path with respect to path Psf which traverses through

failure node. Constraint (29) ensures that upon a failure node,
the network selects node-disjoint backup path for protection.
Constraint (30) ensures that exactly physical backup are
selected for optical branches of the light-tree. Constraint (31)
is formulated to determine the spare capacity enough to
support backup path. Finally, Constraint (32) and (33) are
provided to limit the network variables to be only nonnegative
integer.

3). Reconfiguration of traffic adjacent to affected node.

For this protection strategy, some part of this
protection mechanism is identical to the second strategy.
Employing the protection permits the light-tree: not only
traverses a failure node but also has intermediate nodes
connected to failed node. This strategy is reconfigured with
node-disjoint protection scheme.

3.1) VLT wavelength assignment strategy
Min: Y (fp,, + ft, + fa )

mnel

Subject to the constraint (1)-(4), (6)-(9),(19)-(22),(29)-(33)

and
sd sd sd
Piaf,p,afé‘p,af - Z Bi,rb,af - O

tbeNDJ (R )
VpeP,, Vsd € A,Viaf,vf e N
> B, =bXb

iaf ,rb,af iaf , f
rbeNDI (R )

vsd € A, Viaf ,vf e N

MXfamn - Z Z Z Bi: ,rb,af lu;i?; 2 0

iaf s rbeNDI(RY )

vrb e NDJ(PY ), vaf e N,¥mnel

iaf , p,af

Bsd €Z+

iaf ,rb,af

vrb e NDJ(P; ), Vsd e A, Viaf ,Vaf e N (38)

(34)

(35)

(36)

@37)

fa ez’ vmnelL (39)
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The objective function (34) is the minimization of
number of working and spare fibers. Constraints
(1)-(4),(6)-(9) and (29)-(33) are used to obtain working
light-tree structure and reconfiguration of multicast traffic
only session traversing through a failure node. Before
explaining constraint (35)-(37), a new terminology is

introduced. For each primary path P* ~, NDJ(P" ) is
denoted as a set of candidate node-disjoint backup paths with
respect to path Pifs‘af which has intermediate nodes connected

to the failed node. Such intermediate node shall be called
Adjacent node. Constraint (35) ensure that to adjacent node,
the network selects node-disjoint backup path to distribute
traffic away from the failed node. Constraint (36) ensures that
exactly physical backup paths are selected for optical branches
of light-tree. Constraint (37) is formulated to determine the
spare capacity enough to support backup path. Finally,
constraint (38) and (39) are provided to limit the network
variables to be only nonnegative integer.

4. Simulation result

In this section, we present the simulation result
obtained from the ILP formulations by using realistic network
structure of 14 nodes and 21 links, referred to as a National
Science Foundation Network (NSFNet) as shown in Figure 2.
We simulate 56 sessions multicast traffic that each node is
determined to be the source node of 4 sessions. Each session
has 4 destination nodes. We used fanout parameter (A) of 3
and traffic for each sessions is one. All the ILP models
implemented for discussion are solved by the CPLEX
optimization package [11] with CPU 2.8 GHz, 512 MB of
RAM.
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Figure 2. NSFNet

We investigated the result for three protection design
approaches. Figure 3 show the total number of fiber required
and the number of wavelength per fiber (M). It is shown that
the graph characteristic for three protection design approaches
exhibits similar trend. Fiber requirement tends to decrease
when the value of wavelength per fiber (M) is increased. This
is expected because when M increases the channel capacity per
fiber is increased and thus more multicast session can be
simultaneously supported in the same fiber, exemplifying the
key advantage of WDM technology. For example, if network
employs fiber with M=2 and M=16, the total number of fibers
can be reduced to approximately half of M=1 and M=8.
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Figure 3. Result for NSFNET

5. Conclusion

In this paper, we have presented ILP formulation for
three protection designs in WDM network for single node
failure with the objective of minimization total number of fiber
required to support multicast traffic. Three protection design
approaches namely reconfiguration of entire network (ET),
reconfiguration of traffic traversing through failure node (GT)
and reconfiguration of traffic adjacent to failure node (AD).
We simulated on the proposed work network structure of 14
nodes and 21 links (NSFNet). The results indicate that, for
multicast WDM network after node failure occurred, all
multicast sessions are released and reestablishment used
number of fiber less than the method that considers-only the
session traversing through the failed node and the method that
considers the session traversing through the failed node and
adjacent nodes. In AD method, it distributes traffic away from
failure node , implying that it reconfigures more sessions than
GT method. That is the reason that why AD required more
fiber than GT method.
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