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[P-over-WDM Networks Optimization
under Traffic Uncertainty using
Multiple-objective Approaches

Chutima Prommak, Ekkaluk Eksook
Schog! of Telecommunication Engineeting
Suranaree University of Technology
Nakonratchasima, 30000 Thailand

Abstract- Due to the exponential growth of the Internet usage
and high speed optical networks, network design problems on the
Internet traffic so-called IP-based design employing the high
speed optical networks known as wavelength division
multiplexing or IP-over-WDM become mare important. This

aper aims to propose a novel multiple objective optimization
odel for designing IP-over-WDM networks. The model is
developed to simultaneously maximize the bandwidth
requirements and minimize the cost of network., Both the
uncertain traffic demand caused by the dynamic nature of the
IP-based traffic and uncertainty guarantee are captured and
formulated. The results show that the proposed mode] yields the
[P-over-WDM network topologies with optimal bandwidth and
cost of network installation and satisfies the network limitations
and IP-traffic requirements.

I.  INTRODUCTION

The Internet and mobile internet are now progressing so
rapidly that it could revolutionize the whole framework of the
telzcommunication industry. The mobile internet is not merely
an extension of the [nternet into the mobile users to access 1o
the Internet while they are on the move. [t is about the
integrating the Internet and telecommunication technologies
into a high speed network that fully covers all communication
needs of all users. As a result, this will be significantly
influent to traffic design because the novel network planning

sign problem could be based on the Internet traffic so-called

-based traffic design which is far differemt from the
traditional circuit-switched design. From the traditional design,
the virtual trunk reserved for connection setup for a demand
consumes a long period of time while the future 1P-based
traffic design consumes a short period of time. Moreover, The
IP-based traffic is unidirectional and asymmetric in nature but
most networks are still designed far bidirectional and
symmetrical services. Techniques for assessing or predicting
the future traffic in the networks must therefore be
significantly changed according to the new circumstances of
IP traffic.

Several real-time application services such as video
conferencing, scientific visualization, real-time medical
imaging and high speed computing which are based on the
transmission control protocol (TCPYIP traffic has emerged.
The emergence of huge services require the capability of the
network for high bandwidth demands. Aggregated network

demands measured by grooming traffic at demand points in
the networks could reach 100 Th/s by which the magnitude
increases over today’s network [1]. More specifically, the
future core networks will require significant improvements in
network capacity. With the extensive progress achieved during
the last decade, the extremely high capacity transmission
equipment by employing the technology like wavelength
division multiplex or WDM become a practical reality.
Therefore, the high bandwidth optical network can effectively
utilize through the development in the WDM technology
which supports the propagation of multiple user laser beam by
using distinct optical wavelength. Thus, WDM network
introduces a new environment with new characteristics
different from the traditional optical networks. By using
WDM equipment, the network can accommeodate several high
speed services in the optical network without having to
overhaul the core networks. Each a single wavelength can
have a bit rate of 2.5 or 10 Gbps. The capacity of a given link
can be simply expanded by upgrading the WDM multiplexers
and demultiplexers at each end. One of the important benefit
of such WDM development is the ability to implement the [P-
based traffic directly over the WDM networks so-called [P-
over-WDM network. Therefore, the problem on the 1P-gver-
WDM network design can be considered a two-layer network
problem [2]. The first layer or upper layer is the IP logical
layer which consists of 1P nodes and logical links used to
connect each IP node. The uncertain traffic s groomed into
the network by in the logical layer. The second layer or lower
layer is the physical layer which consists of the WDM nodes
and optical links. A typical proposed method of implementing
IP-over-WDM is to embed an IP logical link into a physical
WDM network by a lightpath which is an all optical path
established by the allocation of a wavelength between source
and destination [3].

Generally traffic demand in the networks can be classified
into two types [2]. In the first type, traffic characteristic rarely
change within an estimated bound. This traffic type is
assumed to be the majority or stable traffic. The second type is
referred as the dynamic type. This traffic characteristic
represents the uncertainty and it is a crucial factor that
influences to the network design.



Therefore, the planning task to overcome and support the
dynamic change in the IP-over-WDM networks becomes more
important. A good approximation of dynamic change so-called
traffic demand uncertainty yields the accuracy of IP traffic
demand forecast for IP-over-WDM network design problems.
Statistical information of random traffic demand is considered
in order to characterize the uncertainty issue. One of the most
significant model used to define the traffic demand uncertainty
is the probabilistic model named Gaussian or Nermal
distribution that consists of mean and variance [4,5]. The
Chance-Constrained Programming (CCP) introduced in [2]

can be useful to incorporate the uncertainty into a network

design with guarantee levels,

In addition, assigning IP-over-WDM network to
successfully groom and select an optimal set of lightpaths has
been active for several years. Such problem is well known as a
routing and wavelength assignment problem or a lightpath-
provisioning problem [6]. To obtain a good network design
both physical and logical layer, lightpath-provisioning
!Ob]em needs to be considered in the [P-over-WDM network

esign. Moreover, cost of network installation which is mainly

arised by the bandwidth resources and the number of
lightpaths used in the WDM network is also an inevitable
factor to maintain profitability. In order to achieve the optimal
neiwork design, network designers have presented and
formulated the optimization models to solve the [P-over-
WDM network design problems. Single objective and multiple
objective optimization models with different kinds of
objective functions have been proposed to find the cptimal
solutions.

Currently, only a few research papers focus on problems
concerning optimal cost, number of lightpaths and capacity
expansion given the characteristic of uncertain traffic demand.
Most of network designs do not consider uncerain
characteristic of traffic demands which are in [P-based nature.
In order to obtaining effective design strategies to cope with
the uncertain traffic demands, nctwork designers need a 100l
or model to help accommodate and characterize the traffic
demand in the networks. Reference [5,7,8,9] shows that

certain traffic demand can be seen as a predicted value and
some description of its inherent uncertainty and the
implementations can be categorized into three models: the A-
priory adjusted value, the A-posteriori adjusted value and the
probabilistic approximation. The paper shows that the
probabilistic  approximation model is  conceptually
complicated and has a higher computational complexity but
will always give a good approximation. Moreover, the
prebabilistic  approximation model leads to the lowest
investment for the network operator while fulfilling the
requirements against traffic uncertainty. Reference [10]
presents a framework to help network designers to dimension
optical metropolitan area networks (MAN) incorporating
uncertainties in traffic demands. The traffic demand
uncertainties in the paper are expressed by the probabilistic

distributions with independently adjustable mean and variance.

Two models are proposed in the paper. The first model is to

minimize the weighted sum of network installation costand the
second one is to minimize the network installation cost subject
to certain service level requirements. Therefore probabilistic
information of traffic demand are properly used as a model for
uncertain traffic demands. However, uncertain traffic model
has not obviously applied to the WDM networks.

Cost optimization has been emerged to network design
problems. Reference [11] addresses Dual Homing to support
survivable [P-over-WDM networks and shows that Dual
Homing leads to reductions in cost. Reference [12] proposed a
model simultaneously maximizes bandwidth and minimizes
the number of wavelengths in WDM networks. Reference [13]
proposed a model of IP-optical network and improved the
network interface cost by using router bypass approach. The
static traffic model is generally used in the cost optimization
models, In fact, the IP-based traffic is uncertain in nature, The
improper traffic approximation model may directly affect the
network throughput and decrease the network performance.
Reference [6,11,14,15] proposed the optimization models to
find the optimal solution of the problem. Reference [6]
proposed the optimization model by maximizing traffic
request. Reference [14,15] proposed the optimization model
by minimizing the number of lightpaths and grooming port of
network equipment. Mostly, the single objective optimization
models are uwsed in the literature. On the other hand, the
practical problems have not only one crucial factor to be
considered. Practically, network performance and cost of
network installation are crucial factors that need to be
simultanecusly optimized. Hence, the single objective
optimization model is not appropriate for the practical aspect,
Reference [12,16,171 proposed the multiple objective
optimization models which are used to simultaneously
optimize several objective functions. Reference [12] proposed
the multiple objective function to maximize bandwidth and
minimize the number Reference  [16]
proposed the multiple objective function 10 maximize
throughput, minimize resource consumption and mnlinimize
link utilization. Reference [17] proposed the multiple
objective functions to maximize throughput and minimize
delay. Specifically, only static traffic model which is not
appropriate for IP-based traffic is used in the multiple
optimization models. In fact, the proposed models stated only
one-layer network in the related work and the two-layer
network design is not obviously stated whereas [P-over-WDM
need to be considered both logical and physical layers.

In this paper, we focus on the IP-over-WDM network
design for twao layers, [P logical and WDM physical layer. We
propose a novel multiple objective optimization mode] that
aims to optimize bandwidth requirements and cost of network
installation. The proposed model simultaneously maximized
the bandwidth requirements at the grooming nodes and
minimizes cost of network installations. A scalarizing function
is applied to convert a multiple objective function into a single
objective function. We also consider the uncertainty of IP
traffic modeled by Gaussian distribution in the 1P-over-WDM

of wavclengths,



network and use as a traffic base to select the type of the
ba:ndwidth at each node to be able to properly accommodate
the traffic in the IP-over-WDM network with the specified
quality guarantee. In addition, cost of netwerk installation
dépends on the type of bandwidth equipment and the number
of lightpaths used in the network design. The model is also
designed to setup the optimal lightpaths in order to achieve the
minimized cost of network installation.

The rest of the paper is organized as follows. Section II
defines the proposed model of traffic uncertainty. In section
III‘, we present the network design model as a multiple
objective function model. Section TV shows numerical results
an:d provides discussion on the efficiency of the proposed
design model. Finally, section V provides conclusion and
describes on-going work.

II. TRAFFIC UNCERTAINTY MODEL

An approximated bound for uncertain traftic demand can be
lerived from the Chance-Constraints of the CCP model [2,4].
This approach could be suited to the problem since IP-based
traffic is statistical in nature. The concept on CCP is explained
as follows.
A Chance-Constraint  ensuring that the bandwidth
requirement X on a link can support the uncertain traffic
demand & with the guarantee level @ can be written as

Pxz2&)z2a (n
where 0 < <1
The distribution of huge [P-based traffic demand can be
approximated by a Gaussian distribution [4]. We assume that
the traffic demand is normally distributed with mean ;1 and
smndard deviation o . The uncertain traffic demand, £, has
cumulative distribution function @ () with inverse ®©~ ()
Thus, the Chance-Constraint (1) can be converted into the
deterministic equivalent [2,4] as the following;

x2u+® '(a)o. (2)

This means that to cope with the uncertain traffic demand
the bandwidth requirenient, x, should be allccated at least

with the mean, g , and the uncertain factor @~ (@)o by

specifying the guarantee level at & . Such uncertain traffic
demand calculation is used in the optimization model as the
IP-based traffic approximation at each node. This paper will
focus on the practical problem of equipment type of
baridwidth selection which properly support the uncertain
traffic in the specified guarantee level on the deterministic

equwalent (2) of the Chance-Constraint,

ITI. NETWORK DEISGN MODEL

The IP-over-WDM under uncertain traffic demand is
formulated as a multiple objective optimization model which
combines two important parameters of network design which
are bandwidth requirement at each node and the total amount
of cost of network which is the number of wavelengths used in
the network. The model aims to find an optimal equipment
type of bandwidth installed at each P node and the amount of
wavelength used in the WDM network. The parameters
considered in the model are as the following;

Input Parameters:

14 denotes a set of WDM nodes

N=|¥] denotes the number of WDM nodes

E denotes a set of optical links

=|E| denotes the number of optical links

w denotes a set of wavelength on an optical link
Aew

|W| denotes the number of wavelength on an
optical link

C denotes a set of bandwidth module

[ denotes the number of bandwidth modules

Ck denotes a bandwidth module type &k (STM-
1/4/16/64)

P denotes a set of possible paths on optical
network

IPj denotes the number of candidate paths

D denotes a set of uncertain demand which is
specified with mean 4, and standard

. deviation o, deD

|D} denotes the number of uncertain demands

@, denotes the level of guarantee of uncertain
demand

w, denotes the number of wavelengths on the
optical link /

Binary parameters.
5{.0.4 it is equal to 1 if path p for uncertain demand o
uses link /, and 0 otherwise.
f-u‘ It is equal to 1 if path p for uncertain demand o
uses wavelength A , and 0 otherwise.

Decision variables:

xf, It is equal to 1 if uncertain demand 4 selects
‘ bandwidth model type &, and 0 otherwise,
J’f,’ It is equal to 1 if uncertain demand d selects

optical path p, and 0 otherwise.



Objective functions

1) Maximize traffic accommaodation

2. 2.Cxi
Maximize fl= 24 Y 3)

&

2) Minimize the number of wavelengths

£]
Z Wi

Maximize f2 =12 4
|W |

Constraints

The network requirements are incorporated into the
mathematical model through the following constraints.

7]

yq =1.Vd (5)
p=1
[Fl w
D) BryE=1,vd (6)
p=1 A=

1A w14

-ZiZ&”“’ﬁf“’yﬁ >0,v! %)

p=l =l d=I

Dox,=1vd (8)

<1

DIC, —(uy + 07 (@, )0 )x, =1,Vd (%)
k=1

Constraint (5) specifies that each uncertain demand can
associate to at most one path. Constraint (6) specifies that a
path can occupy ouly one wavelength along a lightpath.
Constraint (7) specifies that the number of wavelength on an
optical link must more than or equal to the number wavelength
used for every lightpath. Constraint(8) specifies that each
uncertain demand can associate to at most one bandwidth
module type. Constraint (9) specifies that each bandwidth
module type selected must more than the uncertain demand
with the guarantee level.

(1]

(2]

[3]
[4]
(5]

(6]

(7

(8

(91

1o)

[

[12]

[13]

[14]

(15

[16

(7
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