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Abstract—Routing and Wavelength Assignment (RWA) prob-
lem in Wavelength Division Multiplexed (WDM) optical networks
assumes assigning the routes and wavelengths to be used to
create the lightpaths on behalf of the connection requests. The
RWA problem belongs to the class of combinatorial optimization
problems. The optimal solution to the RWA problem is found
to be NP-hard and thus suited to heuristic approaches. We
formulate an Integer Linear Programming (ILP) problem to
model the RWA problem as an optimization problem and solve
the formulated ILP using Genetic Algorithm (GA) heuristic to
obtain a near optimal solution in polynomial time. Our primary
optimization objective is the establishment of connection requests
with minimum congestion among the individuals. The secondary
targets are to minimize the hop count, route length, the number
of fiber links utilized to honor all the lightpath requests. The GA
based heuristic approach is simulated on ARPANET (Advanced
Research Project Agency NETwork) and the results obtained for
the multi objective GA are compared with the single objective
GA. The results show that multi objective GA performs better
than single objective GA while optimizing different network
parameters.

I. INTRODUCTION

The bandwidth demand of Internet users has been increasing
rapidly due to the growth of the population of Internet users
and the popularization of online applications and services that
require high bandwidth, such as voice chat, video streaming,
P2P file sharing, grid computing, HDTV programming and
optical storage area networks[1], [2]. Wavelength Division
Multiplexing (WDM) is a promising technology to serve as
the backbone for future Wide Area Networks (WAN) because
of its capability to exploit the huge bandwidth of optical fibers
[31, [4], [5], [6], [7], [8], [9], [10]. WDM technique increases
the transmission capacity by using multiple non interfering
channels at different carrier wavelengths. In general networks
to route, add and terminate wavelengths we need Wavelength
Cross-connects (WXCs) [11], [12] (also known as Optical
Cross-connects or OXCs) whose block diagram is depicted in
Fig. 1. WDM optical networks use lightpaths [3], [4], [13],
[14], [15] to exchange information between node pairs. A
lightpath is an all-optical logical connection that does not
require processing or buffering at intermediate nodes. In Fig. 2,
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we have considered a small optical network with five routing
nodes and eight fiber links and analyzed the establishment of
five lightpath requests using two carrier wavelengths.
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Fig. 2: Switching strategy in WDM networks

Given a set of lightpaths that need to be established, the
routing problem in WDM networks consists of two subprob-
lems that may be solved concurrently or sequentially. The
first subproblem is to determine the physical links that will
define each lightpath. The second subproblem is to assign
a wavelength to each lightpath under wavelength continuity
constraint if the network does not have wavelength conversion
capability. This is referred to as the routing and wavelength



assignment (RWA) problem [15], [16]. The RWA problem is
typically divided into two types: static and dynamic RWA
problems.In the static case, the entire set of connections is
given in advance, the problem is to define lightpaths for these
connection requests in an optimal way so as to minimize the
network resource or to minimize the total blocking probability.
Alternatively, a static RWA algorithm may attempt to set up
as many of connection requests as possible given a fixed
number of wavelengths per fiber link. In the dynamic case,
a lightpath is setup only by the time a connection request
arrives and it will be released after some duration. The general
objective of dynamic RWA algorithms is to minimize the
total number of connections that are blocked [7], [15]. The
static RWA problem can be formulated as an integer linear
programming problem which is found to be NP-hard [15],
[17], [18], [19]. For large networks, randomized rounding
heuristics are used to restrict the variables of the ILP to
keep integral values only, thereby solving the routing sub-
problem of the RWA problem. Once a route is defined to each
lightpath, we assign wavelength colors to these established
lightpaths under wavelength continuity constraint such that
two lightpaths sharing a common fiber link must posses
different wavelength colors. This is called wavelength distinct
constraint. Assigning wavelength colors to lightpaths reduces
to the graph coloring problem in polynomial time[15], [17].
The dynamic RWA problem is more difficult to solve therefore,
heuristics methods are generally employed. Heuristics exist for
both the routing subproblem and the wavelength assignment
subproblem [3], [14], [15], [17].

The RWA problem with its variations is summarized as
follows:

TABLE I: RWA Classification

RWA
Static,Dynamic
Max-RWA,Min-RWA
Link-based, Path-based
Full,Sparse,None
Single,Multiple
Single,Multiple

Classification
Traffic Type
Objective function
ILP formulation
Wavelength conversion
Fiber multiplicity
Request multiplicity

II. RELATED WORK

Various strategies have been proposed in current literature
that address a range of heuristic and meta heuristic approaches
to solve the RWA problem in all optical networks. A detailed
review displays a published letter [20], where the Max-RWA
model has been modified by introducing limited-range wave-
length converters at the intermediate nodes. The optimization
objective is to maximize the establishment of connection
requests with least use of wavelength converters. The Max-
RWA problem is formulated as an integer linear program
and then solved using genetic algorithm.In [21], [22], M. C.
Sinclair has given a minimum cost wavelength-path routing
and wavelength allocation scheme using a Genetic algorithm
/ Heuristic based hybrid algorithm. A cost model has been

adopted which incorporates dependency on link and wave-
length requirements. The hybrid algorithm uses object-oriented
representation of networks and incorporates four functions:
path-mutation, single-point crossover, re-route and shift-out.
In addition, an operator probability adaptation mechanism is
employed to improve operator productivity. In [23], Zhong
Pan solved the routing sub-problem of the RWA problem
using genetic algorithm. The objective was to define route
for each lightpath such that the number of wavelengths used
are minimized while establishing all the static lightpaths. The
secondary targets were to minimize the total cost in setting all
the lightpaths and the maximum number of intermediate hops
traversed by a lightpath. In [24], D. Bisbal et al. proposed
a novel genetic algorithm to perform dynamic routing and
wavelength assignment in wavelength routed optical networks
under wavelength continuity constraint. Through simulation,
they obtained a low average blocking probability associated
with a connection request and a very short computation
time. By controlling the evolution parameters of the genetic
algorithm, a high degree of fairness among the connection
requests was achieved. They also developed an extension to the
proposed algorithm with the aim at providing protection to the
lightpaths in the optical layer. In previous linear formulations
[25] for the RWA problem the paths that the source-destination
pair is allowed to take had to be specified beforehand. This
is called as the path formulation ILP. As the number of paths
between a node pair is exponential to the number of nodes
of the graph; the path formulation will have to restrict itself
to a few paths per node pair. When only a limited number
of paths are considered, the path formulation ILP approach
may yield a sub-optimal solution. In [26], Krishnaswami
and Sivarajan proposed link based ILP formulations, i.e., the
constraints are defined on the links (edges or arcs) of the
network. The advantage of this formulation is that we do
not specify the paths beforehand, but allow the ILP solver
to choose any possible path and any possible wavelength for
a source-destination pair and also the number of constraints
in this formulation are polynomial on the number of nodes.

III. WORK PROPOSED

Based on the literature review, we formulate a link based
ILP to model the RWA problem as an optimization problem.
Introducing additional constraints to the objective function of
the formulated ILP, we establish lightpaths which are immune
to signal distortion and crosstalk. A constraint on the number
of intermediate hops traversed by a lightpath ensures less
crosstalk accumulated by it, while in the absence of wave-
length continuity constraint, a restriction on the number of
wavelength converters used by a lightpath ensures less signal
distortion. With reference to [26], we add further constraints to
the formulated ILP such that the lightpaths to be established
will avoid creating loops while traversing between node pairs.
These constraints help in avoiding unnecessary consumption
of network resources in terms of wavelengths and fiber links,
thereby helping us to reduce the average blocking probability
associated with future arrivals. The formulated ILP is tailored



with Genetic Algorithm heuristic technique and implemented
on ARPANET to establish different sets of lightpath requests.
The results obtained for the single objective GA are compared
with their multi objective counterpart and the comparison
analysis is based on the ability to optimize various network
parameters while establishing these distinct sets of lightpath
requests.

IV. ILP FORMULATION

The optical network is modeled as an undirected graph G =
(V,E); where V is the set of routing nodes and F is the
set of bidirectional fiber links. Each fiber link supports the
same number of wavelengths W. The symbols with their usual
notations are defined as follows:

o U =the set of nodes in the network.

o E =the set of bidirectional fiber links in the network

o W =the set of non-interfering wavelength channels sup-

ported by every fiber link in the network

e (4,j) =the source-destination node pairs; {i,j} € V

e D =the demand matrix of connection requests, where

D;; refers to a positive integral value stating the maxi-
mum demand between the node pair (¢, j) and D;; = Dj;

e w™ (v) = the set of fiber links used by a lightpath to enter

the node v
o wT(v) = the set of fiber links used by a lightpath to leave
the node v

The formulated ILP handles the lightpath requests individ-
ually. An individual request is identified by its source node sy,
and destination node dj.

The variables required for the ILP formulation are defined
as follows:

1;if the lightpath k is established with
=< wavelength w
0; otherwise

1;4f the lightpath k is established with
wavelength w on link e
0; otherwise

w,e
b, =

The primary optimization objective is to minimize the con-
gestion of the most congested link in the network thereby
reducing the network load. The secondary objectives are to
minimize the connection set up time, the number of interme-
diate hops traversed and the number of fibers used to honor
all the lightpath requests in the demand matrix. The network
design formulations to optimize different objective functions
are enumerated as follows:
o Minimizing the congestion of the most congested link
in the network:
Minimize max by ° 1
ecE k%;(u;/v' k ( )
o Minimizing the maximum number of intermediate
hops traversed:
Minimize max by¢ 2)
kEK ;E w;[/ k

o Minimizing the number of fiber links used to honor
all the lightpaths:

Minimize |{e € E| Z Z by >0} 3)

keK weW

o Minimizing the maximum route length:

Minimi w,e
inimize I&%{Z (de] Z b,© > 0) 4)
ecE weWwW

where d. = delay associated with link e
o Minimizing the total route length:

Minimize > Y (de| Y bi*>0)  (5)

k€K ecE weW
where d. = delay associated with link e

The above objective functions subject to the following con-
straints:

o Wavelength continuity constraint:

Yo <Lvke K (6)
weWw

The wavelength continuity constraint enforces a lightpath
to use the same wavelength among all the traversed links.
« Wavelength distinct constraint:

> b < 1L;Vw € Wandve € E (7
keK

A distinct wavelength of a particular fiber link can be at
best allocated to a single lightpath.
e Demand constraint:

XX bt X Y k=1

{k € K|
eCw™ (i) WEW ecwt (i) weW

DRI D DD M ]

ecwt(j) weWw eCw (j) weW
< Dy
(®)
The number of established lightpaths between a node pair
(i,7) can not exceed its maximum demand.
o Integer constraint:

kb€ {0,1} )

The required variables of the ILP should keep integral
values only.
« Consistency constraint:
by > by ° (10)
A blocked lightpath can not claim network resources in
terms of fiber links and free wavelengths.
« Wavelength reservation constraint:
b~
ecw (viveV —{sk,dr})
by =0;Vk € Kandvyw € W
ecwt (viveV —{sk,dr})
(1D



The number of lightpaths between a node pair (s, dx)
entering an intermediate node v with wavelength w must
be equal to the number of lightpaths between (s, dy)
leaving node v with wavelength w.

No looping constraint around source node:

oo Y b =0VkeK

ecw™ (sg):spEV wEW

12)

The set w™ (sx) denotes the set of fiber links used by a
lightpath between node pair (si,dy) to enter the source
sk. Nullifying the set w™(sg) for all such lightpaths
between (s, di) ensures prevention of loops around the
source node.

No looping constraint around destination node:

> > bt =0k e K

ecwt(dy):deV weW

13)

The set w™(dy) denotes the set of fiber links used
by a lightpath between node pair (sg,dy) to leave the
destination dj. Nullifying the set w™(dj) for all such
lightpaths between (s, d);) ensures prevention of loops
around the destination node.

No looping constraint around intermediate nodes:

> SNt <Lvke K (14)
ecw™ (v)WEV —{sp,dy} WEW
> Db <LVEe K (15)
ecwt (v)weV —{sy,dp} WEW
E b'w,e_
k
ecwt (v)weV —{sy,d} weW (16)

> > b =0;Vke K
ecw (v):weV —{sp,dy} wEW
A lightpath may enter and leave an intermediate node at
most one time to avoid creation of loops around it.
Hop-Count Constraint:

Z Z by < Hwhere H = d(G) + «

ecEweW

A7)

This constraint defines the upper bound on the number
of intermediate hops that can be used by a lightpath to
ensure less crosstalk accumulated by it. The upper bound
H can be calculated from the diameter of the graph G .
The diameter d(G) of the graph G can be calculated as
follows:

d(G) = max

= d d
(sk,dk)EVxV{ (5w, i)}

(18)

where, d(sg,dy) is the distance between the node pair
(sk, dy) and calculated as the minimum number of edges
in a path from node s; to node d.

The value be chosen for H can not be less than d(G)

and hence stated as:
H=d(G)+a (19)

The value for v depends on the routing heuristic used to
solve the routing part of the RWA problem.

Lemma:

Under wavelength continuity constraint, the congestion of
the most congested link in the network defines the lower bound
on the number of wavelengths required to establish all the
lightpaths in the demand matrix.

In the following exemplary network, the establishment of
three lightpath requests requires three distinct wavelength
colors while keeping the congestion level at two, among all the
links in the network. It reveals that the congestion level of the
most congested link in the network defines the lower bound
on the actual number of wavelengths required to establish all
the lightpath requests in the traffic matrix.

(3

{2

®
Fig. 3: An exemplary network

The lemma may be stated by the following formulation:

max >, D b ), Db

keK weW keK weW

(20)

The above formulated ILP can be modified to make it suit-
able for wavelength convertible networks. In such networks,
the wavelength continuity constraint is relaxed and restated as
follows:

Y b <aVkeK
weW

2y

where § defines the upper bound on the number of wavelength
converters that can be used by a lightpath request.

The following enumeration explains the technique of
switching the wavelength channels along the lightpaths in
different types of wavelength convertible networks.

« Networks with sparse wavelength conversion capability:

— At nodes without wavelength converters:

bw,(el|el€w_ (v|veV —{sp,dr})) _
" =

poo(e2le2ewt (lveV —{sx,di}) (22)
k
— At nodes with wavelength converters:
E b:},(el\eleu_('L)|v€V*{sk,dk})) _
weW 23)
), (e2]e2€w™ (v|veEV —{s1,di})) (
> by
weW F

o Networks with all nodes equipped with limited-range
wavelength converters:
If all the routing nodes of the WDM network are equipped
with limited range wavelength converters with degree of



conversion A, then Eq.23 may split into the following
two equations.

E bz)’,(ellelew*(v|vEV—{sk,dk})) _

wew pullerest Glvey —(sndi)  24)
where w — A <w <w+ A
b;u,(el|el€w_(v\vEV*{Skydk})) -
3 bq]:’,(eQ\eQEuﬁ'('u|v€V7{Sk,dk})) (25)

w'eW
where w — A <uw <w+ A
V. GENETIC ALGORITHM APPROACH TO SOLVE RWA
PROBLEM

Genetic Algorithms [27], [28], [29], [30] are probabilistic
searching algorithms based on the mechanism of biological
evolution. The working of the algorithm to solve the RWA
problem is described as follows.

A. The Chromosome Structure

The chromosome is a group of vectors coded as
b1

where each vector p; is a lightpath represented as
PIK|
740 Nin@) )3 Mios Ny € V and h(i) defines the

number of hops traversed by the lightpath p;.

B. Initial Population

For every static lightpath (s;,d;),employ Dijkstra’s algo-
rithm to find the minimum cost path p;. All the p;’s form
the first chromosome of the first generation. For each fiber
link(n;,n;(;+1)) in every p;, disable one link at a time and
find minimum cost paths to form a new chromosome. Repeat
the process until the population size is reached.

C. Fitness function

The fitness function is the target function to be maximized
and is used to reduce the congestion of the most congested
link in the network. The fitness function for implementing a
single objective genetic algorithm is stated as follows:

con
K|
The above fitness function is modified by considering the

secondary objectives to implement a multi objective genetic
algorithm and is stated as:

yl=1- (26)

y4 =1—0.90cn _ 0.O7tot_r_length —0.01 max_r_length

K] d‘K‘(l‘/lI;z:lL) h_count d(l‘/lir‘l()n‘ fib
(27)

where,
e con= Congestion of the most congested link in the
network and defines the network load.
e max _h_count= Maximum number of hops traversed by
a lightpath in a chromosome.
e max_r_length= Maximum delay of a lightpath in a
chromosome.

o tot_r_length= Total delay in establishing all the static
lightpaths.

o tot_fib= Total number of fibers used to honor all the
lightpaths in a chromosome.

e d=Maximum delay of a link in the network.

D. Selection of chromosomes for the next generation

The chromosomes of the next generation are selected from
the current population by a spinning roulette wheel method.

The fitness values of the chromosomes in the current
population can be normalized as follows.

_ flg) —min(f(9))
1) = a7 (@) — min(f(9))

(28)

where

f(g) = fitness of the chromosome g

min(f(g)) =The chromosome with least fitness in the
current population

maz(f(g)) =The chromosome with highest fitness in the
current population

The probability that a chromosome ¢ is selected from the
current population is given as Pr, = %

The cumulative probability of the chromosome g is calcu-
g
lated as PR, = )" Pr,

Then spin theur?)tlette wheel and for each spin, a random
number v is generated such that v € {0, 1}.

If PR,_1 < v < PRy; then select the chromosome g for
the next population.

E. Crossover

In the selected generation, with a certain crossover rate
a chromosome is asked for mating with another chromo-
some.According to a crossover ratio, calculate the number
of lightpaths that will be modified. Pick these lightpaths
randomly and exchange the picked lightpaths between the two
chromosomes.

F. Mutation

In the selected generation, with a certain mutation rate
a chromosome is mutated.According to a mutation ratio,
calculate the number of lightpaths that will be modified.For
each such lightpath p; = [ni,ni1,...., Nin,],randomly pick
two adjacent nodes n;; and m;;41). Disable the fiber link
between the two nodes and remove all the nodes n;; such that
l < jandl > j+ 1. Then calculate the minimum cost path
between n;; and n;(;41) and replace the corresponding portion
in p; using the new path.

VI. SIMULATION RESULT

For the simulation work, we deal with the following as-
sumptions:
e The network is static and circuit-switched.

o The network maintains wavelength continuity constraint.
o The fiber links are bidirectional.



o There is no limit on the number of wavelengths a fiber
can carry.

The parameters of interest to implement the genetic algo-
rithm are outlined as follows:

« Population size: The number of chromosomes in a given
generation. It is kept at 50.

o Maximum number of generations: The number of gener-
ations to run. In this simulation work it is restricted to
100.

o crossover probability: The probability with which a se-
lected chromosome undergoes crossover. In the simula-
tion work it is kept at 0.5.

e Mutation probability: The probability with which a se-
lected chromosome undergoes mutation. In the simulation
work it is kept at 0.1

o Crossover ratio: The percentage of lightpaths in a selected
chromosome will be affected during crossover operation.
In this paper, it is limited to 0.2.

« Mutation ratio: The percentage of lightpaths in a selected
chromosome will be affected during mutation operation.
In this paper, it is limited to 0.2.

The standard network considered for simulation is
ARPANET that has 20 nodes and 32 links as depicted in Fig. 4.
Both the single objective and multi objective GA are simulated
and implemented for this network to satisfy a demand set of
10 lightpath requests as detailed in Table II. Each lightpath
is available with its minimum cost path calculated by Dijk-
stra’s algorithm to form the first chromosome of the initial
population.

Fig. 4: Advanced Research Project Agency Network

In Table III, we have shown the establishment of the 10
lightpath requests given in the demand set by using single ob-
jective GA while in Table IV we have shown the establishment
of same set of 10 lightpath requests by using multi objective
GA. The performance comparison between single objective
and multi objective genetic algorithm is based on the ability
to optimize various network parameters and compared in Table
V.

TABLE II: Demand set of static lightpath requests

Lightpath Minimum cost path
nl0-n13 n10-n19-n20-n17-n13
nl5-n7 n15-n14-n20-n19-n10-n7
n7-n5 n7-n3-n1-n2-n5
nl0-nl nl10-n7-n3-nl
nl5-nl4 nl5-n14
nl10-n8 nl10-n8
n8-nl5 n8-n12-n14-n15
n2-n10 n2-n1-n3-n7-n10
n3-n9 n3-n8-n9
n9-n20 n9-n10-n19-n20

TABLE III: Establishment of lightpaths using single objective
GA

Lightpath Allocated route
nl0-n13 n10-n19-n20-n17-n13
nl5-n7 n15-n14-n12-n8-n10-n7

n7-n5 n7-n3-n1-n2-n5
nl10-nl n10-n7-n3-nl
nl5-n14 nl15-n13-n17-n20-n14
nl10-n8 nl10-n8
n8-nl5 n8-n12-n14-n15
n2-n10 n2-n4-n11-n9-n10

n3-n9 n3-n8-n9
n9-n20 n9-n10-n19-n20

TABLE IV: Establishment of lightpaths using multi objective
GA

Lightpath Allocated route
nl0-n13 n10-n9-n11-n13
nl5-n7 n15-n14-n20-n19-n10-n7
n7-n5 n7-n3-n1-n2-n5
nl10-nl n10-n7-n6-n1
nl5-n14 nl5-n14
n10-n8 n10-n8
n8-nl5 n8-n9-nl1-n13-n15
n2-n10 n2-n1-n3-n8-n10
n3-n9 n3-n8-n9
n9-n20 n9-n10-n19-n20

TABLE V: Performance comparison between single objective
and multi objective GA

Type of GA comparison
The maximum fitness of a chromosome after required number of generations is: 0.800
The network load for establishing 10 lightpaths is: 02
The total delay in establishing all the lightpaths is: 473
The maximum hops traversed by a lightpath: 06
The number of fibers used to honor all the lightpaths: 21
The maximum delay of a lightpath: 100
The maximum fitness of a chromosome after required number of generations is: 0.805
The network load for establishing 10 lightpaths is: 02
The total delay in establishing all the lightpaths is: 421

Single objective

Multi objective The maximum hops traversed by a lightpath: 06

The number of fibers used to honor all the lightpaths: 18
The maximum delay of a lightpath: 83

We further extended the simulation work to accommodate
different sets of source-destination pairs and to establish
lightpaths for these node pairs using both single objective
and multi objective GA. The ability of both types of GAs are
compared as they optimize various network parameters while
establishing lightpaths for different sets of source-destination
pairs and depicted in Fig. 5, Fig. 6, Fig. 7, Fig. 8 and Fig. 9 .



VII. CONCLUSION

We conclude that the overall performance of multi objec-
tive genetic algorithm is better than single objective genetic
algorithm in optimizing different network parameters such as
total set up time of all lightpaths, the maximum set up time
of a lightpath in a given demand set, the maximum number of
hops traversed by a lightpath in a given demand set and the
number of fibers used to establish all the connection requests.
However, an alteration is shown in their performances while
optimizing the total connection set up time for distinct sets of
30 and 40 lightpath requests. In Fig. 10, we have compared the
execution time between single objective and multi objective
GA to take the routing decision for all the lightpath requests
and the analysis reveals that multi objective GA obtains better
results with almost the same execution time as that of single
objective GA.

VIII. FUTURE WORK

In the current work, our primary optimization objective
to implement a multi objective GA was based on reducing
the congestion of the most congested link. We can modify
this design formulation by considering other RWA objectives
and test run the multi objective GA under different fitness
functions. The primary design objectives considered for stating
other fitness functions are enumerated as follows:

o Reducing the difference between most and least con-
gested link in the network:

yd=1—0.90 con‘—lé_‘con —0.07 ZT;;-‘/'(_‘l‘e/'r‘Liti}; —0.01 rna;(_‘('/_‘li'r{g);th -
0.01 nlax‘ h_count _ () o] tot-fib

Vi-1 B
(29)

« Reducing the difference between most congested link and
average congestion of all links in the network:

yd =1 0.90n acon 007 ZT;;T(_‘L‘E/TT;;; o001 rxla;(T';}_‘li7{§]t}L _

max _h_count __ tot_fib
0.01 maxhoco 0.01%¢/5]
(30)
The symbols have their usual meanings as defined earlier

except the newly introduced ones which are defined below:

o 1_con= Congestion level of the least congested link in the
network
e a_con= Average congestion of all links in the network

Furthermore, the fitness function modeled in this work can
be modified to apply it in wavelength convertible networks.
Fairness among connection requests is another issue that
deserves more investigation in future.
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