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Abstract—We propose an efficient heuristic algorithm that sets
up and releases lightpaths for connection requests dynamically.
We partition the routing and wavelength assignment (commonly
known as RWA) problem into two subproblems and solves both
of them using a well-known shortest path routing algorithm. For
solving the routing subproblem, an auxiliary graph is created
whereby the nodes and links in the original network are trans-
formed to the edges and vertices, respectively, and the availabil-
ity of each wavelength on the input and output links of a node as
well as the number of available wavelength converters are taken
into account in determining the weights of edges. Furthermore,
for solving the wavelength assignment subproblem, an auxiliary
graph is also utilized and the cost for wavelength conversion is
taken into consideration in the edge weight function. A distin-
guished feature of our algorithm is that it employs more accurate
network information on the availability of both the wavelengths
and the wavelength converters than the existing algorithms in
deciding the routing and the wavelength assignment. Simula-
tion results show that our algorithm performs much better than
previously proposed algorithms with comparable computation
time, especially when the number of wavelengths is large while
the number of converters at each node is limited.

I. INTRODUCTION

Wavelength-division multiplexing (WDM) is emerging as
the dominant technology for the next generation optical net-
works [1]. Using WDM, multiple signals, distinguished by
their wavelengths, can be transmitted on a single fiber and
each wavelength operates at its peak speed. In all-optical net-
works, all nodes or a limited number of nodes may have wave-
length conversion function that can convert one input wave-
length into another different output wavelength in order to in-
crease the wavelength utilization. The device that performs
the wavelength-conversion is called the wavelength converter,
and is usually expensive due to the economic and spatial fac-
tors [2].

A route (a set of links) traversed by data between a source-
destination (s-d) pair forms an all-optical path with a wave-
length assigned on each link and it is called a lightpath. In
this paper, we consider that a lightpath is assigned to a con-
nection corresponding to each user connection request for its
entire duration. Given a set of connection requests, how to set

up lightpaths for them is called the routing and wavelength
assignment (RWA) problem [3]. The objective of an RWA
algorithm is to set up lightpaths and assign wavelengths in a
manner which minimizes the amount of the request blocking.

In this paper, we propose a new heuristic algorithm,
called wavelength- and converter-aware (WCA) algorithm,
that solves the dynamic RWA problem efficiently. The WCA
algorithm first solves the routing subproblem and then the
wavelength assignment subproblem. Both subproblems are
formulated as routing problems and solved using a well-
known shortest path routing algorithm. The key part of the
heuristic algorithm is how to determine the weight function
for the edges of the auxiliary graphs for the two subproblems.
The advantage of our algorithm is that in routing decisions the
availability of both the wavelengths and the wavelength con-
verters and in wavelength assignment the cost of wavelength
converters are taken into account. The algorithm yields sig-
nificant improvements in terms of the request blocking proba-
bility over traditional techniques, especially when the number
of wavelengths is large while the number of wavelength con-
verters is limited.

II. SYSTEM MODEL

A WDM-routed network can be modeled by a directed
graph ���
	����� , where 	 and  denote the sets of nodes and
communication links, respectively. For simplicity, 	 and 
are also used to denote the numbers of nodes and links, respec-
tively. The bandwidth of each optical fiber link is divided into
a set of � wavelengths as communication channels. A con-
nection request of an s-d pair is served by setting up a light-
path that is a series of channels belonging to the immediate
nodes along the path from the source � to the destination � .
The connection occupies the channels until it terminates. It is
assumed that connection requests arrive at each node indepen-
dently and follow the Poisson process. The occupation time
of a lightpath by a connection is assumed to be exponentially
distributed.

Besides transmitting and receiving signals, each node pro-
vides the optical switching functions such as switching a
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wavelength of a connection from an input end to an output
end and converting an input wavelength to a different output
wavelength. In this paper, it is assumed that each node have
a limited number of converters that are shared in the node,
and the wavelength conversion is full range of the waveband;
i.e., a converter can convert one input wavelength to any other
output wavelength.

It is assumed that the routing and the wavelength assign-
ment (RWA) algorithm is decentralized; i.e., the routing and
the wavelength assignment decisions are made at each node
autonomously. Each node dynamically broadcasts its state on
both the wavelength and the converter availability to all other
nodes in the network and receives the state information from
other nodes. It then determines independently the best route
for each arriving connection request. It is assumed that there is
one or more dedicated wavelengths for information exchange
among the nodes. A routing or wavelength assignment deci-
sion for a new connection request is not allowed to affect the
existing connections. The objective of our algorithm is there-
fore to find the best route from the source to the destination
and to assign the best wavelength on each link along the best
route for each connection request so that the blocking proba-
bility of connection requests is minimized.

III. PROPOSED SOLUTION

The WCA algorithm proposed in this paper consists of two
components: the routing algorithm and the wavelength assign-
ment algorithm. The overall approach includes the following
four steps.

1) Graph transformation for routing: Transform the origi-
nal network to its corresponding auxiliary graph.

2) Determination of the best route: Solve the routing al-
gorithm using Dijkstra’s algorithm to find the best route
between the s-d pair. If no route with finite length is
found, reject the connection request; otherwise, go to
Step 3.

3) Graph transformation for wavelength assignment:
Transform the route in the original network determined
in Step 2 to its corresponding auxiliary graph.

4) Wavelength Assignment: Solve the wavelength assign-
ment problem using Dijkstra’s algorithm to find the best
wavelength on each link in order to set up a lightpath. If
no lightpath can be set up, reject the connection request;
otherwise, accept the connection request.

A. Source-Destination Routing Algorithm

An auxiliary graph of the original network is created by
considering the specific characteristics of optical networks in
order to determine the best route for an s-d pair. Before con-
structing the auxiliary graph, two pseudo-nodes are added to
the s-d pair in the original network. The pseudo-nodes ��� and
��� , called the pseudo traffic input and output points, are con-
nected to the source � and the destination � with zero cost

pseudo-links, respectively, as shown in Figure 1(a). The nodes
and links in the original network are respectively transformed
to the edges and vertices in the auxiliary graph as shown in
Figure 1(b). A possible path through an edge with or without
wavelength conversion is called an edge-path of the edge.
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Fig. 1. Illustration of graph transformation.

1) Graph transformation: For a given network ���
	�����
and an s-d pair, an auxiliary graph ��� � ��� � is created, where�

and � denote the sets of vertices and edges, respectively.
The procedures of the graph transformation can be listed as
follows.

1) For an s-d pair, add the pseudo-nodes, � � and � � , as the
pseudo traffic input and output points and connect them
respectively to the source and destination nodes with
zero cost pseudo-links as shown in Figure 1(a).

2) Create nodes in the auxiliary graph to denote the links
in the original network. Note that the pseudo-nodes are
treated as links in the original network.

3) Create edges in the auxiliary graph that denote nodes
connecting two links in the original network.

2) Determination of the edge weight: In a wavelength-
routed network, a lightpath may not be able to pass through a
node for lack of wavelength conversion capacity, even though
there are free wavelengths both on the input and output links
of the node. It is therefore necessary to consider the states
of both the input and output links of a node, i.e., the states
of edge-paths of each edge in the auxiliary graph, in routing
decisions. In this paper, the states of available wavelengths
on the input and output links at each node, the conversion ca-
pacity, and the number of available converters are taken into
consideration. In order to introduce the edge weight function,
the following notation is used.�

total number of converters at a node
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� total number of wavelengths a link or a node handles� number of converters available at a node��� � number of wavelengths available at the input ends of
a node�����
	 number of wavelengths available at the output ends
of a node� number of available edge-paths of an edge on the
route of an s-d pair that a lightpath can pass the edge
without wavelength conversion� � number of available edge-paths of an edge on the
route of an s-d pair that a lightpath can pass the edge
with wavelength conversion, i.e., � ���� � ��� ��� ���� � �����
	���� � ��� .

The weight of each edge of the auxiliary graph is deter-
mined based on the probability of the available edge-paths of
an edge. By supposing that the probability of a free edge-path
on an edge neither from the source nor to the destination at

some time in future is
����� �
� , the probability that an edge-

path will be occupied is given by � � ����� �
� . Therefore,

the probability that all the edge-paths will be used is given by� � � ����� �
�

�! �"# �$
. Then, the probability that at least one

edge-path will be free on an edge % in future is given by

&'� � � � � � � ����� �
�

�! �"# $)(

The weights of edges originated from the source and targeted
to the destination are determined differently from others. By
assuming that the probability of a free edge-path on an edge
originated from the source in future is �*���
	,+ � , then the prob-
ability that at least one edge-path will be available is given by

&'� � � � � � � �����
	
�

�  .-0/21 (

On the other hand, since data can always arrive at the desti-
nation if its input link is free, the probability that at least one
edge-path on an edge to the destination will be available in
future is always 1; i.e., &.� � � . For the above three types, the
weight of an edge % , 3 � , in the auxiliary graph is defined by the
following function as in [4],

3 � � �54 687#&'� (
The above equation implies that an edge with a higher proba-
bility of free edge-paths has a lower value of the edge weight
and that the edge weight becomes infinity if there is no free
edge-path. Note that 3 � is determined by the current status of
both a node and a link, and is constantly changing.

3) Routing algorithm: Given an auxiliary graph ��� � ��� �
and a connection request between the pseudo traffic input and
output points, � � - ��� pair, Dijkstra’s algorithm is used to search
for the min-cost path corresponding to the route in the origi-
nal network. In the auxiliary graph, however, a route may pass

through consecutively the same node twice while it is impos-
sible in the original network. In order not to let this situation
to occur, the following constraint is introduced to the routing
algorithm.
Constraint: It is prohibited in the routing algorithm that the
chosen route goes through two edges belonging to the same
node successively in the original network. For example, a
route is not allowed to pass from vertex 1 to 3 and then from
vertex 3 to 4 in Figure 1(b).

B. Wavelength Assignment Algorithm

In this paper, three wavelength assignment schemes are
newly proposed.

1) First Fit Wavelength First (FFW): The FFW algorithm
is an extension of the first-fit (FF) algorithm that is commonly
used for performance comparison in the literature [5]. The
source node attempts to find and assign a free wavelength that
is found first along the route determined by the routing algo-
rithm. This algorithm searches for a free wavelength on a link
in a predefined order and attempts to use a wavelength con-
verter whenever a wavelength conversion is needed. The con-
nection request will be forwarded to the next node along the
route when the trial for finding a free wavelength succeeds.
If the request fails, the source node gets the feedback and a
different wavelength will be chosen. This process is repeated
until there is one free wavelength available or the lightpath
cannot be set up.

2) LEast Converter First (LEC): Since the number of
wavelength converters at a node may be much less than the
number of wavelengths on a link, it is natural to take this fac-
tor into account in assigning wavelengths. The LEC algorithm
treats the wavelength assignment problem as a routing prob-
lem and employs Dijkstra’s algorithm to find the solution. An
auxiliary graph is created by using an approach similar to that
in [6], but in LEC only the best route determined by the rout-
ing algorithm needs to be considered.

The weight of a channel edge is determined similarly to that
in [6]. That is, an idle channel edge has weight 9 where 9 is a
positive constant while an occupied channel edge has weight
of infinity. The weight of a converter edge is : and is larger
than the sum of any free path without wavelength conversion,
i.e., :<;>=?9 where = is the path length from the source to the
destination. Furthermore the weight of an edge corresponding
to a switching operation without wavelength conversion at a
node is set to zero. The LEC algorithm therefore attempts to
set up a lightpath for a connection request with the lowest cost,
i.e., with the least number of converters. If no lightpath can be
set up, then the connection request will be rejected.

3) Least Conversion Cost First (LCC): This algorithm is
implemented similarly to LEC. However, the weight function
of LCC is different from that of LEC in the sense that LCC
employs a nonlinear cost function for using converters. It
is assumed that using a free converter at a node where the
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TABLE I
AUXILIARY GRAPH COMPLEXITY OF THE ALGORITHMS �

Complexity of the algorithms
Algorithm � � � � � ��� � �����

# vertices # edges # vertices # edges # vertices # edges
HW (14, 37) (21, 101) (14,72) (21, 435) (14, 142) (21,1337)
TAW (14, 51) (21, 172) (14,98) (21,592) (14, 188) (21,2103)
NEW (21, 49) (49–53,161) (21,92) (49–53,538) (21,175) (49–53,1893)

TRWA 364 3720 700 13200 1372 49440

converter utilization is higher should pay higher cost (higher
penalty). The cost function, �!� �	� � � , for using a converter at
node % is defined as follows.

� � �	� � � � �� � � � �
where � � denotes the number of wavelength converters in use
at node % . The weight, 3 � �	� � � , of an edge % corresponding to a
switching operation with wavelength conversion at a node is
defined to be the differential function of the above cost func-
tion; i.e.,

3 � �	� � � � � � � �	� � �
�
� � � �

� � � � � ��� �

IV. PERFORMANCE EVALUATION

Simulation experiments are used to evaluate our heuristic
algorithm, WCA, and compare it with other algorithms, Hop-
based (HW) and Total wavelengths and Available Wavelength
(TAW) in [4] and Total Routing and Wavelength Assignment
(TRWA) in [6]. The routing algorithm in HW attempts to set
up a lightpath from the source � to the destination � using the
smallest number of hops. On the other hand, the routing algo-
rithm in TAW attempts to set up a lightpath with the smallest
edge weight that are determined by the available wavelengths
and the total wavelengths on each link. TRWA combines
the routing and the wavelength assignment algorithms and at-
tempts to set up a lightpath for each request in one operation.
The network model used in the simulation is the NSFNET
model (shown in Figure 2), i.e., there are 14 nodes and 21
duplex links. It is assumed that each link has the same num-
ber of wavelengths � and each node has the same number of
wavelength converters

�
. The performance metrics used for

comparison are (i) the blocking probability of the connection
requests, and (ii) the computational complexity.

It is assumed that connection requests from a node to each
of the others nodes are generated with the equal probability
and the request arrivals follow the Poisson process with rate

� The two-tuples  ������� in HW, TAW, and NEW denote the number of ver-
tices or edges in the first and the second subproblems, respectively. The num-
bers of vertices and edges of the second subproblem in HW, TAW, or NEW
are calculated using �� .
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Fig. 2. A wavelength-routed network.

�
. The connection duration time is assumed to be exponen-

tially distributed with mean of 1 time unit. The number of
wavelengths � is varies as 8, 16, and 32. The results for 8
and 16 wavelengths are not shown in the figures due to the
space limitation. The wavelength conversion factor, denoted
by 9 , is defined to be the ratio of the number of converters
at a node to the number of wavelengths; i.e., 9 � � + � ,
and is changed as 0, 10%, 20%, 50%, and 100%, where 0
means there are no converters whereas 100% means there are
full converters. Simulation experiments are run on an 8-CPU
Sparc workstation. In each experiment, 200,000 connection
requests are generated and the performance metrics are shown
as an average in the figures.

TABLE II
COMPUTATION TIME BOUNDS OF THE ALGORITHMS.

Algorithm Computation time
HW � �
	 � ���	 � 4 687 � �	 � � ���	 � � �
TAW � �
	 � ���	 � 4 687 � �	 � � ���	 � � �
NEW � �
	�� ���	 � 4 687 � �	 � � ���	 � � �
TRWA � �
	�� � � �

Table I shows the numbers of vertices and edges in the aux-
iliary graphs that the algorithms have to handle. Since the
computation time of a routing algorithm depends on its graph
complexity, i.e., the numbers of vertices and edges, the com-
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putation time of an algorithm can be estimated using its com-
putational complexity. Given a network ���
	����� , the com-
putation time of Dijkstra’s algorithm depends on how to de-
termine the next node of the minimum shortest-path weight
from the source and is � �
	 � � by using a simple scheme while
� �
	 4 687 	 � �� by using a Fibonacci heap [7]. In this paper,
the latter approach is used.

It can be easily shown that the computation times of HW
and TAW are bound by � �
	 � � while the computation time
of WCA is bound by � �
	 � � . Note that the complexity of
the auxiliary graph in WCA depends on the sparsity of the
original network, and therefore the number of edges in WCA
is much smaller than � �
	 � � when the network is sparse.
Note also that the computation time of WCA can be reduced
much more in practice because of the constraint described
in Section 3. Since the auxiliary graph for wavelength as-
signment in HW, TAW, or WCA is created using the same
method and forms a chain of nodes from the source to the
destination, the numbers of vertices and edges of their aux-
iliary graphs become � � �	 � � and � � �	 � � � , respectively,
where �	 denotes the average length (number of hops) of the
best route from the source to the destination. In most cases,
�	 � 	 while �	 � � �
	 � in the worst case. Therefore,

the computation time for wavelength assignment is bound
by � � �	 � 4 687 � �	 � � � �	 � � � . On the other hand, since
the numbers of vertices and edges in TRWA are � �
	 � � �
and � �
	�� � � � , respectively, its computation time is there-
fore bound by � �
	�� � � � [6]. The worst case computation
times of the algorithms are summarized in Table II.

Figure 3 shows the probability versus traffic load with 32
wavelengths when the conversion factor, 9 , is 20%. As ex-
pected, the TRWA algorithm performs the best among the al-
gorithms, but its computational complexity is exhaustive as
shown in Table I. It shows that TRWA may not be practical
for a real system, especially in a large network with a large
number of wavelengths. On the other hand, WCA yields a
blocking probability close to that of TRWA while the compu-
tation time is close to that of the other algorithms. It can be
observed that WCA outperforms significantly both the HW
and TAW algorithms over a wide range of traffic load and
that the improvement gain becomes obvious as the number of
wavelengths increases (e.g., over 40% when 9 = 20%). Note
that HW may behave better than TAW when the traffic load
is high. This is because when the traffic load becomes satu-
rated, a route with the least hops yields less waste of system
resources and therefore provides better performance.

In addition to Figure 3, it can be observed from Figure 4
that LCC can improve the performance further over FFW even
though the performance gain depends on the routing algo-
rithms. An efficient routing algorithm provides performance
improvement large enough and therefore leaves little room to
a wavelength assignment algorithm to acquire further perfor-
mance improvement. Another observation is that a larger per-
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Fig. 3. Blocking probability vs. traffic load with 32 wavelengths and 20%
converters.

formance gain can be obtained for a longer route from the
source to the destination. In the NSFNET model under con-
sideration, the average lengths of a route of HW, TAW, and
WCA are 2.2, 2.9, and 2.7, respectively, and TAW provides
the largest performance gain.

Figure 5 shows the comparison of WCA and TAW with 32
wavelengths and various degrees of the conversion factor, 9 .
It can be observed that the performance (blocking probabil-
ity) is sensitive to 9 when it is small (e.g., 9 � ��� or � ��� );
but if 9 becomes larger (e.g., 9 ��� ��� ) there is little room
for any further improvement over the performance. This trend
can be observed clearly when the number of wavelengths be-
comes large. This coincides with the fact stemmed from the
effectiveness of WCA; i.e., only a small number of converters
is enough to provide good performance close to the case with
the full number of converters. On the other hand, the TAW
algorithm is much more sensitive to the number of converters
as shown in Figure 5(b), and its performance becomes com-
parable to WCA only when the number of converters is close
to the number of wavelengths.
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Fig. 4. Comparison of various wavelength assignment algorithms with 32
wavelengths and 20% conversion ratio.

V. CONCLUSIONS

In this paper, a new efficient heuristic algorithm, called
WCA, for WDM-routed optical networks is proposed. The
algorithm is implemented by partitioning the routing and the
wavelength assignment into two subproblems so that the com-
putation time is reduced largely. In determining the best route
for an s-d pair, the states of the available wavelengths on the
input and output links of a node along with the number of
converters are taken into account in the edge weight function.
Furthermore, in determining the best wavelengths to set up a
lightpath along the best route the cost for using converters is
introduced in the weight function of the auxiliary graph so that
the selected wavelengths yields the least conversion cost.

The simulation results show that WCA outperforms signifi-
cantly other algorithms with comparable computation time in
an NSFNET model. Furthermore, the results also show that
WCA is specially effective when the number of wavelengths
is large while the number of wavelength converters is limited.
For example, using WCA the performance can be improved
over 30% on TAW or HW when the number of wavelengths is
equal to or larger than 16 and the conversion factor is 20%.
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Fig. 5. Comparison of WCA and TAW with 32 wavelengths and various
conversion factors.
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