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In this paper, we propose a systematic scheme of wavelength assignment for multi-
cast in WDM network with sparse wavelength conversion nodes. The proposed scheme
considers the generalized network environment when comparing to the literature [8],
which assumed that all network nodes have no wavelength conversion capability. By us-
ing the concept of segmentation and grouping, the proposed scheme can be generally ap-
plied for the wavelength assignment of multicast in WDM network. Based on the foun-
dation of the proposed scheme, three approaches, Minimum-Effect-First (MEF), First-fit,
and Random, are provided for the selection of wavelength. The efficiency of the ar-
rangement of wavelengths is measured by its influences on the available capacity of the
network. The performance of the proposed scheme is examined through exhaustive simu-
lations and compared with the upper bound. Our experimental results indicate that the
proposed scheme can effectively minimize the affected bandwidth and the MEF approach
is superior to the other two approaches.
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1. INTRODUCTION

In order to support the remarkable growth of network applications and services, the
demand of network bandwidth has increased accordingly. The Wavelength Division
Multiplexing (WDM) based network has been recognized as a convincible solution for
the provisioning of broadband Internet [1, 2]. By transmitting many different wave-
lengths (channels) in the single fiber simultaneously, WDM provides wider bandwidth
than does a traditional SDH network. In a WDM network, the Routing and Wavelength
Assignment (RWA) is responsible for route decision and wavelength assignment of
lightpath connections and is the most basic and important issue in resource management
[10]. For the route decision, RWA should seek a suitable and proper path from the
source node to the destination node. For the wavelength assignment, it should allocate an
available and appropriate wavelength for the selected route to maximize the utilization of
network resource. These two issues are very critical for the efficiency of network de-
ployment. However, the complexity of solving the issues of routing and wavelength as-
signment at the same time is quite complex and is an NP-hard issue as mentioned in ref-
erences [8]. And the issue of wavelength assignment is a more specific and significant
issue in WDM networks. Hence we focus on this issue so that the affected bandwidth
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can be minimized. The wavelength assignment scheme shall be applicable for any rout-
ing algorithm. And the design of the proposed scheme also follows this concept.

The advent of high-speed multimedia applications, such as video streaming, HDTV
programming and optical storage area networks, has made a dramatic increase in Inter-
net traffic. For example, in order to increase the scalability, the service architecture of
video on demand can be designed to separate the infrastructure into the WDM backbone
and the access networks. The video programs are distributed over the WDM backbone
through multicast, while the on-demand controls are managed by the access networks.
Those applications need multicast to deliver information for multiple destinations simul-
taneously, so the capability of multicast in optical networks is an essential requirement
toward broadband multimedia services. In [3], a wavelength routed optical network with
tree architecture, named light-tree, was introduced. The light-tree can implement multi-
cast transmission more effectively. Basically, a light-tree requires multicast-capable
switch(es), which can split an incoming signal into n (n > 2) outgoing signals (split-and-
deliver) and tap a fraction of the signal (tap-and-continue), for the achievement of multi-
cast. In this paper, we assume that all nodes have the capability of multicast function,
and the splitting loss is ignored. Although the use of a light-tree is helpful for multicast
in a WDM network, it may not be possible to use a single wavelength to connect all des-
tinations in the multicast tree without any converter because of the constraint of wave-
length continuity. And the number of converters is always limited by cost considerations
during the deployment. In this case, the multicast in a WDM network may comprise a set
of lightpaths and light-trees.

The wavelength is one of the most important resources in a WDM network, and
wavelength assignment is one of the main factors that affect the efficiency of the net-
work utilization. Improper wavelength assignment, especially for the multicast connec-
tion, will cause wavelength blocking, whereas the network resources may be still under-
utilized. In this paper, we propose a novel scheme for wavelength assignment by consid-
ering network capacity. In order to assign wavelengths for a multicast request efficiently,
the statistics of some potential request paths can be collected by the network manage-
ment system. The network capacity is thought to minimize the block probability of po-
tential request paths [4, 8]. The path capacity is defined as the available number of
wavelengths from the source node to the destination node of the path. The wavelength
continuity constraint, i.e., that links from source to destination shall use the same wave-
length to convey data in the same lightpath, always makes the wavelength assignment
inflexible and causes wavelength blocking. As shown in Fig. 1, the capacity of the path
from node 1 to 4 is 1 (A43). If there are two connection requests, (1, 3) and (1, 4), to be set
up, a wavelength blocking occurs on path (1, 4) if A5 is assigned to path (1, 3). However,
the blocking can be prevented by assigning 4; and A3 to paths (1, 3) and (1, 4), respec-

tively.
@1113&4‘©A11213®A21314@

Fig. 1. Example of wavelength assignment.

In order to resolve the above issue, the wavelength converter is designed to reduce
the constraint of wavelength continuity and then to increase the network utilization [5, 6].
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Although the wavelength converter can maximize the available wavelengths for future
usage, such a device is much more complex and expensive than that without conversion
capability. Moreover, the signal may also decay during the conversion. Therefore, it is
not possible to have all network nodes be equipped with wavelength conversion capa-
bility. A compromise approach is to deploy a portion of wavelength converters in the
practical design of network architecture. The Sparse Wavelength Conversion Network
(SWCN) is a WDM network with a limited number of wavelength conversion nodes.
The study of resource arrangement in SWCN is very important for the deployment of
WDM networks. In [7], placement strategies of wavelength converters and RWA were
proposed. However, the multicast connections were not considered. In [8], a wavelength
assignment scheme for multicast connection by maximization of the capacity of the net-
work was proposed. All nodes considered in [8] were assumed to be without the capa-
bility of wavelength conversion. In this paper, we propose a new wavelength assign-
ment scheme to be applicable for the multicast in the SWCN environment, which can be
regarded as a kind of general architecture considered in [8]. The proposed Multicast
Wavelength Assignment for Sparse Wavelength Conversion (MWA-SWC) can be re-
garded as the general scheme of Wavelength Assignment to Maximize the Network Ca-
pacity for Multicast (MWA-MNC) and can be applicable for the WDM networks with
any number of wavelength converters.

This paper is organized as follows. The MWA-MNC scheme is briefly described in
the following section. In section 3, the procedure of the proposed MWA-SWC scheme is
described in a systematic manner and an illustrative example is also provided to assist in
understanding the proposed scheme. The performance of the proposed scheme is exam-
ined and discussed through exhaustive simulations in section 4. Finally, the conclusions
are provided in last section.

2. OVERVIEW OF WAVELENGTH ASSIGNMENTS FOR MULTICAST

The issues of wavelength assignment for multicast have been studied recently. Most
of them focused on minimizing the number of wavelength conversions and wavelengths
used [11-15]. In [11] and [14], all network nodes were assumed to be capable of conver-
sion capability while, in [12] and [13], the network was assumed not to have any wave-
length conversion node. Although the network with sparse wavelength conversion was
discussed in [15], the main purpose of that reference was to minimize the number of wa-
velength conversions, and the issue of decreased capacity was not considered. The MWA-
MNC schemes, proposed in [8], took the network state into consideration during wave-
length assignment of a multicast tree. They consider not only the number of wavelengths
used for a multicast tree, but also the impact of the potential network capacity. A multi-
cast tree is assumed to be arranged under the constraint of the present network state, in
which several potential request paths (represented by a traffic matrix) exist. Wavelengths
are assigned to the multicast tree by consideration of the minimization of the influenced
network capacity. It has been verified in [8] that the above issue is an NP-hard problem
for a mesh based network topology. Therefore, the Static Cost Greedy (SCG) and Dy-
namic Cost Greedy (DCG) schemes, which are based on the cost ratio of wavelength,
were proposed to solve this problem heuristically. Let N, be the number of destinations
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that can be reached in the multicast tree by using the wavelength A, and Cy be the de-
crease in network capacity after the assignment of wavelength 4. Then the cost ratio of
the wavelength, ¢, is defined as Ci/N. In the SCG scheme, the cost ratios of each avail-
able wavelength of all destination nodes are required to be calculated only once before
the assignment. However, in the DCG scheme, whenever a wavelength is assigned, the
cost ratio of wavelength for the residual wavelengths of all destination nodes shall be
calculated once again. In the SCG scheme, the cost ratio of each wavelength is calculated
first, and all calculated cost ratios are arranged in increasing order. Then the wavelength
with the minimal cost ratio is assigned to the route to all destinations that the wavelength
can reach. The assignment of wavelength is an iterative procedure with respect to the
increasing order of the cost ratios until all destination routes are assigned with a wave-
length. Basically, the assignment procedure of the DCG scheme is very similar to that of
the SCG. The main difference between DCG and SCG is that the cost ratios of nodal
residual wavelengths in DCG are calculated once again whenever a wavelength has been
assigned for a route. As the cost ratios are reevaluated after each assignment, the cost
ratios can be more representative for the practical state of the network. Therefore, the
performance of the DCG scheme is slightly better than that of the SCG; however, its
computation complexity is greater accordingly. It is noted that both of the above schemes
assume there is no wavelength converter within the entire network and, this constraint is
removed in our scheme.

3. PROPOSED WAVELENGTH ASSIGNMENT SCHEME OF SWCN

In this paper, we consider the wavelength assignment issue for a multicast tree as
discussed in previous section, however, the WDM network is assumed to be with sparse
wavelength conversion nodes. Let s be the source node, D be the set of all destinations,
and T be the link set formed with the shortest path of the source node to each destination.
A multicast request, r = <s, D, T>, is asked for wavelength assignment under the poten-
tial request matrix, P with |P| paths. Wavelengths to be assigned for the multicast request
are performed by considering that the influence of the potential paths is the least with
respective to the network capacity [8]. Generally, the path capacity is not directly ob-
tained by calculating the amount of available wavelengths of the path. The affect of the
wavelength continuity constraint and the wavelength conversion shall be considered. For
example, in Fig. 2, the capacity of path (1, 4) is 0 if every node has no wavelength con-
version capability. However, if node 3 has this capability, its capacity will become 2,
because 4; and A5 can be assigned for the links (1, 2) and (2, 3) and node 3 can convert
them into other wavelengths in link (3, 4). For the network with potential request matrix
P, we define the network capacity to be the sum of the capacities of all potential paths.
Assignments of wavelengths for the multicast request are performed by requiring that the
influence of the potential request paths be the least, i.e., that the decrease in network ca-
pacity be the smallest.

IEEE A1Aa 3 Azhs
A5 A5 AR

Fig. 2. Capacity of path with and without wavelength conversion.
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In order to explain the proposed MWA-SWC scheme in a systematic manner, the
procedure of the proposed algorithm is divided into the following three steps. The first
step is the procedure of path segmentation and grouping, the second step is the calcula-
tion of network capacity, and the third step is the wavelength assignment by considering
the affected capacity.

Step 1: Path segmentation and grouping

Generally, a multicast tree can also be treated as a collection of point to multiple-
point paths from the source node to each destination node. For a path in the WDM net-
work with sparse wavelength conversion nodes, each wavelength converter of the path
can have the flexibility of choosing a suitable wavelength for its downlink. Then the
main objective to minimize the affected capacity is to select a wavelength for the down-
link of a converter node so that the influence on the potential request paths across it can
be minimized. Thus, the wavelength conversion node can be regarded as an end point of
a wavelength within a segment, and the path can be divided into “uni-wavelength” seg-
ments in accordance with the position of converters within the path. Therefore, we divide
the paths, including paths from the source node to each of the destination nodes and the
potential paths, into segments separated by the wavelength conversion nodes. The num-
ber of segments of path i will be m; + 1 if there are m; wavelength-conversion nodes be-
ing traveled by the path. _

We define the set D; = {dil, diz, adl d!“‘”} to represent all segments of the path
from source to the ith destination (also named as path i) in the multicast tree. d.' is the jth
segment of the path i. If Wi is the set of available wavelengths of the jth segment of path
i, then the number of wavelengths in Wy; is regarded as the capacity of this segment (no-
tation is |Wgi[). The capacity of the jth segment of the path i, SCq; is obtained as

Overlap(s, ¢/)=Wd)|, k=1 j=1
SCd) =4 Overlap(c/™,cf) =|Wd/|, 1<k<m, j=k @)
Overlap(ct, d,)=[Wd)|, k=m, j=m +1

where s is the source node of the multicast tree; d; is the ith destination of the multicast
tree; and c;* is the kth wavelength converter in the path i. The function Overlap(n, n,)
represents the size of the intersection set of all available wavelengths for all links from
node n; to n,.

For the potential request paths considered in [8], we also define the set P; = {pil,
piz, pim‘+1} to indicate all segments of the ith potential request path, and the capacity of
the jth segment of the potential path i, SCqj, can be stated as following

Overlap(s;, cf), k=1, j=1
SCp/ =4 Overlap(c/™*, cf), 1<k<m, j=Kk @)
Overlap(c,d;), k=m;, j=m+1

where pij is the jth segment of the potential path i; s; is the source node of the potential
path i; and d; is the destination of the potential path i.
Basically, each segment can be treated as a reassignment domain of wavelength.
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Segments of a path are mutually independent from the wavelength assignment point of
view and may be with different segment capacities. The actual capacity of a path is basi-
cally determined by its segment(s) with the least capacity. The segment(s) with the least
capacity of a path is named the critical segment of that path. Let PCy, and PC,, be the
path capacity (the least segment capacity) of the path i of the multicast tree, and the path
capacity of the potential path i, respectively. We have

PCq = min SCy; ?)
I<j<mi+1 1
and
PCp = minSC ;. (4)
1<j<mi+l 1

Thus, decreasing the capacity in a segment whose capacity is larger than the critical seg-
ment of that path will not decrease the capacity of the path. A path may have more than
one critical segment. Let E;, E; = {eil, eiz, € e:“}, be the set of the critical segments
in the potential path i and €] be the uth critical segment of the potential path i. h; is the
number of critical segments in the potential path i. Then E; can be regarded as the indi-
cator to reflect whether the potential path is affected or not during the wavelength as-
signment of the multicast tree. Thus, if the segment traveled by the multicast tree is the
critical segment of a potential path, the wavelength assignment of that segment will be
carefully considered so that the impact on the potential path can be minimized. The con-
cept of grouping is applied to couple segments which come from multicast tree with
common links into groups. All segments within the group shall have common wave-
lengths. Thus, a group is composed of segments whose links are overlapped.

G:{Gl, Gz,...,Gz,...,Gy} (5)

where G is the set of all groups in a multicast tree, G; is the set of all segments in the Zth
group.

The multicast tree with n destinations can be treated as n unicast paths from source
to each destination. Each path is segmented with respect to the wavelength converter.
Segments of one group may have more than one common available wavelength. Let Wg,
be the intersection set of all segments’ available wavelengths in the Zth group. The group
capacity, GCy, is defined as the number of wavelengths in Wg,. If links of a segment are
overlapped with the links in the Zth group and there is no common available wavelength
between them, this segment will be treated as a new group.

Step 2: Calculation of network capacity

The influence of network capacity is examined by checking whether the links of
potential paths overlap with those of the multicast groups. If the overlap occurs at the
critical segments of the potential path and the assigned wavelength is the one of the
available wavelengths in that critical segment, the path capacity of the potential path will
be affected. Let C,(p;, A¢) be the capacity of p; being influenced when the wavelength A
is assigned in the Zth group, and x be a common link of the Zth group and the critical
segment of the potential path i. Then
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if (A exy)AXeS; g

1
CZ(inIf):{ (6)

0 otherwise

where Szg, = Lg, N Lg, Lg, is the set of all links in the Zth group, L, is the set of all links
in the critical segments of the potential path i. and x,, is the set of all available wave-
lengths on link x.

The network capacity affected when /4 is assigned for the Zth group, NC_ ,,, can be
obtained by the summation of the influence of all potential paths as

NCz 4 = Y Cz(pi, A1) (7
pieP

Since each group needs to assign one wavelength, the total network capacity affected,
NC, can be obtained by the summation as

NC:Z zcz(pi,ﬂz,f)—r (8)

All Z p;eP

where Az is the wavelength assigned in the Zth group and r is the affected capacity that
is counted repeatedly, which shall be regained, in the first term of Eq. (8). The repeated
count happens when the same wavelength is assigned to the groups and the critical seg-
ment of path also travels through these groups. For example, the available wavelengths
of the critical segment of potential path p; are (11, 4,). G; and G, are the groups of the
multicast tree. If 4, is assigned to G; and G, and if the critical segment of potential path
p; travels through G; and G,, then, according to the first term of Eq. (8), the affected
capacity of p; will be calculated twice. In fact, the decreased capacity is only one. The
other repeated count happens when the same or a different wavelength is assigned to the
groups and more than one critical segment of an individual path goes through these
groups.

Step 3: Multicast wavelength assignment

As the multicast tree is separated into groups by conversion nodes, the wavelength
assignments for groups are independent of each other. Thus, no matter which wavelength
is assigned for the previous group, there will be no effect on the wavelength assigned in
current group. Since all of the available wavelengths for a group have been collected in
Ws,, the wavelength assigned for each group can be easily selected. If the cost or the
affected capacity is not considered, the wavelength for each group can be selected as
follows:

— First-Fit (FF) scheme: the wavelength of the minimum serial number in W, is assigned.
— Random (R) selection scheme: the wavelength is randomly chosen from Wg,.

In order to maximize the network capacity, the minimum-effect-first (MEF) ap-
proach is proposed to select the wavelengths for groups. The concept of MEF is that the
wavelength, which has the least influence on the potential paths, is selected for that
group. The affected network capacity derived in Eq. (7) is used to examine the influence
for each wavelength assignment. The algorithm of MEF is illustrated in Fig. 3.
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P = {, Po, }

WGZ = {/11, /12..., ﬂf, . /1|:}

1: Find all p, whose links overlap in the links of Group Z
2: For each 4; € Wg,, calculate

NC, ,, = Z C,(Pp,4s)

PP’

3: Assign A; which NC ;, is minimum in Group Z

Fig. 3. Algorithm of MEF.

To analyze the complexity of the proposed scheme, we assume that there are N
nodes in the network, where, among them, C nodes have the capability of wavelength
conversion, each link has W wavelengths, and |D| destinations are desired for the multi-
cast tree. In the worst case, a multicast tree consists of |D| paths, and each path has (N — 1)
links. Therefore, the complexity of step 1 is O(NW |DJ). For step 2, in accordance with
Eq. (7), NCz,, needs to be calculated for each wavelength within one group, and all
groups shall be examined. Then the time complexity of this step is O(CW |P| N). In the
last step, all groups must be assigned one wavelength according to the increasing order
of NCy,,, to reach all destinations. The complexity of the last step is O(CW log W). As the
above three steps are performed sequentially, the complexity of the proposed algorithm is
the highest one, which depends on the values of C, W, |P|, and N, of these three steps.

An example shown in Fig. 4 is provided to explain the operations of the proposed
algorithm. It shows that a multicast tree, <2, {9, 10, 14, 17, 18}>, is established for
wavelength assignment under the assumption of five potential paths as p;<3, 7>, p,<0,
13>, ps<3, 0>, ps,<11, 14>, and ps<12, 2>. Nodes 4, 5, 13, and 17 have the capability of
wavelength conversion, whereas other nodes do not. The available wavelengths of each
link are shown beside the link.

-
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Fig. 4. An example of the proposed algorithm’s operations.
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The segment capacities of paths, derived from the multicast request and the poten-
tial traffic, can be obtained through Egs. (1) and (2) in according with step 1 as follows:

Wy ={42. %, A4, s}, SCy: =4 Wz ={/1, 44, 25, Z}, SCy2 = 4

Wy: ={/2, 43, 44, A}, SCq; = 4 Wyz ={4. 43, 44. %5, 2. A8}, SCyz = 6

Wy: = {4, 22, 4. %6, A7}, SCyt =5 Wyz ={. 43, %6 48}, SCy2 = 4

Wys ={1. 43, 4. 45, 7. 28}, SCy3 =6

Wy ={, 3. 4a, J6}, SCy: =4 Waz =141 43, 44, 26 48}, SCq =3

Woy ={h. 42 A, o, 41}, SCq =5 Wy ={h. %2, 43, /a. %6, 48}, SCyz =6

Wer =1k 4. %. do. A7, A8}, SCpp =6 Wiz ={h 22, A3, 44, 25, d6. A7, d6}, SCpz =7
Wpy ={1, %, 5, %6, 47, 8}, SCpy =6 W,z ={A1, 45, 45}, SC; =3

Wpé :{12,13,24}, SCpé =3 ng :{/11*131/’{5'/1&/17,/18 }’ Scp§ =6
Wpi ={k. /3. 2. 47, 78}, SCp1 =5
Wpi ={4, %2, 4, 26}, SCyp =4 Wz = {& 42, 44, 6, 47.},SCpz =5

By using the concept of grouping, the multicast tree is divided into five groups as

G, ={d{, d3, dz}
G, ={d3, ds}

Gs ={d, di}

G, ={df,d},df}
Gs ={d3}

The available wavelengths of each group W, and the group capacity GC; can be calcu-
lated in the following:

We, =Wy "Wy "Wy ={42, 45, A4, 46}, GC1 = 4
We, :de deé ={h. A2, A4, A6, 17}, GC2 =5
We, =Wz "Wyz ={4s, 43, 6. Je}, GCs = 4

Wa, =Wyz AWyz "Wz ={A, 4, 4e}, GCs =3
Wo, =Wys ={4, 4a. s, Js, A7, 48}, GCs = 6

For the First-fit scheme, A, will be assigned for Wg,, Wg,, Wg,, and Wg_and A, will be
assigned for Wg . And, for random selection scheme, the wavelengths will be randomly
chosen from the available wavelengths of Wg , Wg,, We,, Wg,, and Wg,, €.9. we select A,
A1, As, Ag, and A for those groups, respectively. And for the proposed MEF algorithm,
the decreased capacity of each wavelength in each group is shown in Table 1 and the
selected wavelengths for these groups are As, A1, As, A4, and Ay, respectively. And the
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Table 1. Decreased capacity for different wavelength assignment.

Group Wavelength Affected potential path | Decreased capacity

Ao Ps3 1
A3 Ps 1
G Aa Ps3 1
As - 0
Gy A Ag, Aay Aoy Az - 0
A P2, Ps 2
A3 P2 1

G
* A Ps 1
Ag — 0
A P4 1
Gy s - 0
Ag P4 1
G5 ﬂ’lv 1’37 1’47 ﬂf:’;v 171 1'8 - 0

decreased network capacities of the proposed FF, R, and MEF approaches are 4, 2, and 0,
respectively. The proposed MEF scheme has the least decreased capacity.

4. PERFORMANCE SIMULATIONS

There are two simulation environments are provided in this paper. One is the well
known NFSNET topology, and the other one is generated randomly.

4.1 NFSNET Topology

In order to examine the performance of the proposed scheme, a topology with
twenty four nodes and forty-three optical links [9], as shown in Fig. 5, is applied for ex-
haustive simulations. By varying the number of wavelength on each link of the topology
and a lot of multicast trees are generated for simulations and all of the results have the
similar phenomenon. The illustrated multicast trees are the two representatives. The
simulation parameters are described as follows. We assume that each optical link has 16

| W
£16 £ 227

I -
A J
L )
4

'

Fig. 5. Simulation topology.



MULTICAST WAVELENGTH ASSIGNMENT IN SPARSE WDM 569

wavelengths. The dot circle nodes (i.e. node 4, 5, 6, 11, 13, 16, 17, 19, and 22) shown in
Fig. 5 are supposed to have the capability of wavelength conversion. We generate some
exist traffic to emulate the current sate of topology. To fairly examine the resource utili-
zation of each scheme, various potential paths are generated and each result point in our
simulation is calculated from the average of 1000 randomly generated potential traffic
cases.

Simulations for the influences of both the number of potential paths and the number
of the destination nodes of the multicast tree are performed. The simulations results of
the proposed scheme with First-fit, Random, and MEF approaches are compared with
respect to the upper bound.

4.1.1 Influenced by the number of potential paths

Two multicast requests under the circumstance of potential paths P are performed in
our simulations. Based on Fig. 5, one multicast request is assumed to be rooted by the
source node 23 with 8 destination nodes, i.e. <23, {2, 14, 3, 16, 19, 10, 11, 5}>, and the
other multicast request has 10 destination nodes with the source node 2, i.e. <2, {18, 4,
10, 15, 23, 14, 21, 9, 5, 1}>. The potential traffic is point to point connection and the
source node and the destination node of each potential path are randomly selected from
the simulation topology. The number of generated potential paths increases from 12 to
120 during this simulation. The results of decreased network capacity versus different
number of potential paths for both multicast requests are depicted in Figs. 6 and 7, re-
spectively. Fig. 6 is the case of 8 destination nodes while Fig. 7 is the case of 10 destina-
tion nodes. As the potential path is randomly selected, the generated potential paths may
not overlap with the multicast request, therefore, we use p’ to indicate the number of
overlapped potential paths in both figures. The meaning of decreased network capacity is
defined as the number of potential paths which affected by the wavelength assigned in
the multicast request. In the worst case, if the wavelengths of the multicast tree are not
properly assigned, all of the overlapped potential paths will be affected. Thus, the curves
of p’ in Figs. 6 and 7 can be regarded as the upper bound of the decreased capacity.

As shown in Figs. 6 and 7, the proposed wavelength assignment schemes can effec-
tively reduce the decreased network capacity in SWCN environment. Our scheme can
be further divided into First-fit, Random, and MEF approaches for group wavelength

| —o—FF R MEF —%—p' |

=
o O
o o

D
o

N
o

N
o

Decreased Network Capacity

o

12 24 36 48 60 72 84 96 108 120
Number of Potential Traffic

Fig. 6. Impact of network capacity vs. potential paths for multicast with 8 destinations.
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—6—FF —B—R MEF —%— |

12 24 36 48 60 72 84 96 108 120
Number of Potential Traffic

Fig. 7. Impact of network capacity vs. potential paths for multicast with 10 destinations.

assignment. And the proposed MEF approach is the best one among them. For example,
in Fig. 6, the number of overlapped potential paths is about 78 (i.e. p’) when the total
number of potential paths is 120. And, among the 78 overlapped paths, the number of
influenced paths is only about 52 by using MEF approach, while the First-fit and Ran-
dom selection schemes are 62 and 70, respectively. Thus, the MEF scheme can save up
to 33.3% bandwidth (calculated as (78 — 52)/78 = 33.3%) while the other two schemes
save only 20.5% and 10.25%, respectively. The main reason is that the MEF approach
evaluates the minimum effect for the wavelength assignment in accordance with group
concept.

4.1.2 Influenced by the number of destination nodes

As shown in Fig. 5, the simulation topology has 24 nodes and each multicast re-
quest shall have at least two destination nodes and the maximum number of destination
nodes is 23 (excluding the root node). Assume that the multicast request is rooted by
node 23 and is pre-constructed as shown in Fig. 8. Numbers of destinations are increased
from 2 to 23 according to the randomly generated order, indicated as d;. For example, the
destination nodes are 2, 3, and 14 when the number of destinations is 3, and node 16 will
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Fig. 8. Pre-constructed multicast tree rooted by node 23.
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Fig. 9. Simulation results of the impact by the number of destination nodes.

be added when the number of destinations is 4 during the simulation. The number of
randomly generated potential paths is fixed to be 24 in this simulation. The result of de-
creased capacity is shown in Fig. 9.

We can find that all of the three approaches have the capability to minimize the de-
creased network capacity. It indicates that the MEF approach is still the best one among
them. For example that the upper bound (p’) is 18 when the number of destination nodes
is 20. And the number of affected paths by using MEF approach is only about 13, while
the other two approaches are 15 and 16, respectively.

4.2 Random Network Topologies

The proposed algorithm can be regard as a general method to assign wavelength for
multicast in WDM network (including the WDM network without wavelength conver-
sion node as discussed in [8]). In order to compare the proposed scheme with the scheme
proposed in [8] fairly, ten kinds of network topology without wavelength conversion
node were randomly generated for the simulations of the proposed MEF scheme and the
SCG scheme proposed in [8]. For each generated network topology, 100 different multi-
cast trees and potential request pairs were applied. Each simulation result was calculated
from the average of 1000 simulation data points. This simulation model is similar to that
performed in [8]. For the generation of a network topology, each topology is assumed to
have 100 nodes and the out degree of each node is uniformly distributed in range be-
tween 1 and 10. For each optical link, there are K available wavelengths, where K is uni-
formly distributed in range between 3 and 16. And each link has 3 wavelengths at least.
To simulate the current state of network topology, each link randomly selects K wave-
lengths from A; to A6 In addition to examining the decreased network capacity, two
performance metrics, wavelength consumed per hop and per destination for the multicast
tree, have been measured. Wavelength consumed per hop is defined as the summation of
wavelengths, which are used by every link, divided by the total hop count of every
source destination pair in the multicast tree. The range of this value is between 0 and 1.
For the worst case, i.e., each hop is assigned by an individual wavelength even if the hop
is shared with another source-destination pair, this value will be equal to one. Wavelength
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consumed per destination is defined as the summation of wavelengths, which are used by
every link, divided by the total number of destinations in the multicast tree. This value
will be equal to or greater than one. The smaller this value is, the more cost-effective the
utilization will be. The simulation results are shown in Table 2. It is found that MEF
scheme is superior to SCG scheme in decreased network capacity and wavelength con-
sumption.

Table 2. MEF scheme vs. SCG scheme.

MEF SCG
Average decreased network capacity 10.753 11.614
Wavelength consumed per hop 0.721621 0.8313015
Wavelength consumed per destination 1.987554 2.2900215
Percentages of_superlorlty in minimizing the decreased 56% 29%
network capacity

—#-MET scheme
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Fig. 10. Ratios of decreased network capacity over total capacity versus number of converters.

Further simulation is performed to examine the impact of the number of converters
and the result is shown in Fig. 10. Generally, if the number of converters increases, the
wavelength continuity constraint gets looser and the wavelength can be more effectively
utilized. The ratio of decreased network capacity over total network capacity becomes
small as the number of converters increases. It means that the consumed capacity is less
than the increased capacity by adding converters. We found that although increasing the
number of converters can improve the effective capacity, the enhancement is not signifi-
cant when the number of converters is greater than 35. Thus, it is not necessary for all
nodes to have the capability of wavelength conversion during the deployment. It is noted
that, in Fig. 10, the ratio is slightly rising when the number of converters is greater than
60. The reason is that when the number of converters exceeds 60, more than half of the
network nodes have the conversion capability. The total network capacity becomes satu-
ration. In accordance with simulation we observed, the decreased network capacity is
still increasing but the difference is less than 0.5%.
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5. CONCLUSIONS

In this paper, we analyze the scheme for the assignment of wavelength in a sparse
wavelength conversion WDM network. Our main contribution is to propose a general-
ized wavelength assignment algorithm of SWCN in a systematic manner. In addition to
the systematic approach, both of multicast request and the potential paths are segmented
and grouped for the effective assignment of wavelength so that the influence on network
capacity can be minimized. Based on the foundation of the proposed algorithm, three
different approaches for the selection of the wavelength are provided and discussed. Our
simulation results show that the proposed scheme demonstrates a quite good perform-
ance in minimizing the decreased network capacity (and, hence, maximizing the network
capacity). It shall also be noted that the impact of multicast routing is not considered in
this paper. We believe that multicast routing in SWCN shall also play an important role
for the improvement of resource utilization and it is one of the issues we are working on.
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