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SUMMARY  Several regular topologies have been proposed to be used
as the logical topology for WDM networks. These topologies are usually
evaluated and compared based on the metrics related to network perfor-
mance. It can be simply shown that this is generally not sufficient since
better network performance can be achieved by increasing more network
facilities. However, doing this eventually increases the network cost. Thus,
the comparison of topologies must be performed by using an evaluation
function that includes both the network performance metric and the net-
work cost. In this paper, we propose a model to find the optimum regular
logical topology for wavelength routed WDM networks. ShuffleNet, de
Bruijn graph, hypercube, Manhattan Street Network, and GEMNet are the
five well-known and commonly used regular topologies compared in this
paper. By solving the two subproblems on node placement optimization,
and routing and wavelength assignment, we obtain the evaluation function
used in the topology comparison. Numerical results show that GEMNet is
the optimum logical topology for the wavelength routed WDM networks,
where it can take one of the three forms of ShuffleNet, de Bruijn graph, and
its own configurations.

key words: wavelength routed WDM networks, logical topology, node
placement optimization, routing and wavelength assignment, optimization

1. Introduction

Wavelength division multiplexing (WDM) provides a large
number of high-speed channels on a single optical fiber
by transmitting multiple data streams in the form of inde-
pendently modulated wavelengths of light in the spectrum
passed by a fiber [1].

With tunable transceivers equipped at each network
node, lightpaths [2], which are clear optical channels re-
quiring no optoelectronic conversion, can be set up between
nodes by assigning an appropriate wavelength to each pair
of transmitter and receiver. The connection between a pair
of source and destination nodes can be made by using ei-
ther a single-hop connection if there exists a direct lightpath
connecting the two nodes, or a multihop connection via a
sequence of lightpaths [3]. In the latter case, optoelectronic
conversions are needed at intermediate nodes. The topology
of lightpaths is called logical topology (also called virtual
topology), which can be adaptively adjusted according to
the network status such as traffic changes and failures [4].

The logical topology design problem in WDM net-
works has been studied extensively in the literature [5].
For example, the design problem has been formulated as
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Fig.1 Logical topologies: (a) arbitrary type, (b) regular type (a Shuf-
fleNet).

an optimization problem to determine the logical topology
which yields optimum network performance [6],[7]. In
these cases, the logical topologies obtained are of arbitrary
type such as the example illustrated in Fig. 1(a).

On the other hand, there are various studies that pro-
posed to use regular topologies as the logical topology for
WDM networks [8]. A well-known example is the Shuf-
fleNet in Fig. 1(b). Compared to arbitrary ones, regular
topologies have many good characteristics for being used
as the logical topology such as the simplified routing mech-
anism for reducing processing time required at each node.

Among the several regular topologies, however, there
is no clear solution of which topology should be adopted.
Most of the studies only suggested that a specific regular
topology has good characteristics for WDM networks [3],
[8], while other studies just fixed the logical topology to
some selected regular topologies without stating any rea-
sons to support their selections [9], [10]. Although there are
some studies on the comparison of regular topologies, most
of them focused on the evaluation and comparison based on
the metrics related to network performance [11],[12]. This
is generally not sufficient since better network performance
can be achieved by increasing more network facilities and
components. However, this eventually increases the net-
work cost. Thus, the comparison of topologies needs an
evaluation function that considers the network performance
and network cost simultaneously.

An important design problem related to the regular log-
ical topology in WDM networks is the node placement op-
timization (NPO) problem [13],[14] (also called the node
mapping problem [10]). The objective of the NPO is to
find an optimum placement of physical network nodes to
the nodes in a given logical topology such that a prede-
fined network performance metric is optimized. A good
candidate of the performance metric used in the literature is
the weighted mean hop distance £ [14] (defined in Sect. 2).
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However, comparing regular topologies by using / only is
not appropriate since & can be simply decreased by increas-
ing the nodal degree p. In the logical topology, p is the num-
ber of transceivers implemented at each node, i.e., each node
has p transmitters and p receivers. Clearly, increasing p also
increases the cost of the network. Thus, % is not a good eval-
uation function for determining the optimum regular logical
topology, and another evaluation function is needed.

We have studied the optimum regular logical topology
for WDM networks based on the broadcast-and-select con-
figuration, where the evaluation function consists of two
main parts, namely the network performance and network
cost [15]. However, the broadcast-and-select based network
configuration has several problems when it is used in wide
area networks. First, a large-sized network requires an enor-
mous number of wavelengths, typically at least as many as
there are nodes in the network. Another problem is the split-
ting loss. Since the signals transmitted from a node is broad-
casted to all other nodes in the network, each node receives
only a small fraction of the transmitted power which be-
comes smaller as the number of nodes increases. To allevi-
ate these problems, another network configuration based on
wavelength routing is proposed [10]. The networks employ-
ing this configuration are known as wavelength routed net-
works, which offer several advantages such as wavelength
reuse, scalability, and reliability. Therefore, this paper con-
centrates the study on the wavelength routed WDM net-
works.

The objective of this paper is to compare a set of well-
known and commonly used regular topologies, and deter-
mine the optimum topology for wavelength routed WDM
networks. ShuffleNet, de Bruijn graph, hypercube, Manhat-
tan Street Network, and GEMNet [8] are the five regular
topologies compared in this paper. The evaluation function
used in the comparison includes both the network perfor-
mance metric and the network cost.

The general approach to design a wavelength routed
WDM network is to divide the main design problem into two
separated subproblems and solve each subproblem indepen-
dently. For regular logical topologies, the first subproblem is
the NPO mentioned above. Solving the NPO yields the log-
ical topology specifying a set of lightpaths connecting be-
tween node-pairs. The second subproblem is the routing and
wavelength assignment (RWA) [16], [17], where the route of
each lightpath on the physical network is determined, and
an appropriate wavelength is assigned to each lightpath so
as to minimize the total number of wavelengths required in
the network. Based on the RWA results, we obtain the de-
tails of the physical structure of the network nodes, which
reflect the cost of the network. It will be shown later that the
evaluation function used in the topology comparison is con-
structed by the results of the NPO and RWA subproblems.

The rest of this paper is organized as follows. The NPO
as well as the regular topologies considered in this paper are
discussed in Sect.2. Section 3 describes the RWA and the
node architecture in wavelength routed WDM networks. In
Sect. 4, an evaluation function is defined, where the function
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consists of the metrics related to the network performance
and cost. Numerical examples and discussions are given in
Sect. 5. Finally, Sect. 6 concludes this paper.

2. Node Placement Optimization

In this section, we discuss the NPO problem in WDM net-
works, and the regular logical topologies considered in this
paper. An illustrative example of the NPO result is also
given at the end of this section.

2.1 Problem Statement

Given a set of physical nodes in a WDM network, the ma-
trix specifying the amount of traffic between each node-pair,
and a regular topology for use as the logical topology, the
objective of the NPO is to find an optimum placement of
the physical nodes into the regular topology such that a pre-
defined optimality criterion is satisfied. In other words, we
need the optimum mapping between the physical nodes and
the nodes in the regular topology.

Let n be the number of physical nodes, N be the num-
ber of nodes in the regular topology, H = [A;;] be the dis-
tance matrix where h;; is the hop distance from node i to
Jj in the regular topology, and F = [f;] be the traffic ma-
trix where f;; denotes the traffic rate from node & to [. Due
to the modular property of several regular topologies, it is
possible that n < N. In these cases, we need to introduce
N —n auxiliary nodes to the physical network, where f; = 0
when k or [/ is an auxiliary node. Note that the auxiliary
nodes are added for analysis purposes only. Since they are
not practically implemented, the logical topologies obtained
are injured regular topologies [10].

For a given node placement pattern I1 = {n(i)} whose
element 71(i) is the physical node placed at node i in the regu-
lar topology, we can define the weighted mean hop distance
h[14] as

A
h= Z Z hij frtiyn()s (D
i1 =1

where F = Y3, SN, fu

Thus, the optimum solution of the NPO problem is the
placement IT which minimizes .

Obviously, the NPO problem is equivalent to a
well-known combinatorial optimization problem called the
quadratic assignment problem (QAP) [18]. Since the QAP
is NP-complete, we have that the NPO problem is also NP-
complete. Although some heuristic algorithms have been
proposed for solving the NPO problem [13], [14], they have
some drawbacks on the diversity of the solutions obtained.
As a consequence, this paper adapts the metaheuristics pre-
viously proposed for the QAP to solve the NPO problem.
They are evolutionary algorithms [19] and tabu search [20].
The performance of these methods is discussed in Appendix
A.

Bl
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2.2 Regular Logical Topologies

As mentioned above, this paper considers the following five
well-known regular topologies. For all topologies, there is
a common parameter p, which is the nodal degree. Recall
that N is the number of nodes.

e ShuffleNet [21]: a (p, k) ShuffleNet has N = kp*, where
k is the number of columns.

e de Bruijn graph [22]: a (p, D) de Bruijn graph has N =
pP, where D is the diameter of the topology.

e hypercube [23]: a hypercube has N = 27,

e Manhattan Street Network (MSN) [24]: an MSN has
p=2,and N = R x C, where R and C are the number
of rows and columns, respectively.

e GEMNet [25]: a (K, M, p) GEMNet has N = K X M,
which are arranged in K columns and M rows, where
K>1land M > p.

Some examples of the regular topologies are depicted
in Fig.2. Note that a GEMNet can reduce to a ShuffleNet
when M = pX, and also to a de Bruijn graph of diameter D
when M = pP and K = 1.

Physically, a link connecting a node-pair in the logi-
cal topology represents a lightpath between the two nodes,
while the nodal degree p is the number of transceivers
equipped at each node. For the regular topologies in
Figs. 2(a)—(d), the values of p are 2, 2, 3, and 2, respectively.

(a) a (2,2) ShuffleNet and also
a (2,4, 2) GEMNet.

(b) a (2, 3) de Bruijn graph.

R = e
b

n | [
[

(c) a hypercube network. (d) Manhattan Street Network (MSN).

Fig.2  Regular topologies: (a) a (2, 2) ShuffieNet and also a (2, 4, 2)
GEMNet, (b) a (2, 3) de Bruijn graph, (c) an 8-node hypercube, and (d) a
16-node MSN.
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Since increasing p provides more paths between node-
pairs, /4 is decreased. Thus, a regular topology with large
p generally has small & [11],[12]. However, 4 is obviously
not a good evaluation function for determining the optimum
regular topology since a large value of p results in the high
network cost. Clearly, using other network performance
metrics as the evaluation function in the topology compari-
son is also not appropriate since better network performance
can be achieved by increasing more network facilities, e.g.,
increasing p. However, this eventually increases the net-
work cost. Thus, another evaluation function is needed in
the comparison where the performance metric and network
cost are both considered in the function [15]. In this paper,
an evaluation function is defined in the way that one of its
components is # which is used to measure the network per-
formance.

2.3 An Illustrative Example

This section gives an example of solving the NPO problem.
The physical WDM network is the 8-node network in Fig. 3.
Note that each physical link represents a pair of input/output
optical fibers to a node. For the logical topology, we inves-
tigate the embedding of the 8-node ShuffieNet with p = 2 in
Fig. 2(a). The traffic matrix is

[ 0.00 0.36 0.55 0.62 0.08 0.50 0.79 0.99 ]
0.99 0.00 046 0.64 093 036 0.77 0.73
0.07 0.10 0.00 0.57 0.73 0.72 0.81 0.82
0.76 0.80 0.57 0.00 0.66 0.30 0.70 0.08
0.53 0.26 0.61 0.89 0.00 0.81 0.23 0.97
0.31 0.02 095 0.30 0.48 0.00 0.59 0.23
0.84 0.36 0.96 091 0.45 0.53 0.00 0.64

| 0.17 0.34 0.46 0.93 0.14 0.03 0.59 0.00 |

After solving the NPO problem, we obtain the opti-
mum solution as illustrated in Fig. 4 with & = 1.83.

Fig.3  An 8-node WDM network.

Fig.4  The optimum node placement in the ShuffleNet (p = 2).
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Each link in the logical topology represents a lightpath
between a node-pair. From the above result, we can see that
some lightpaths must be embedded in the physical network
by using multiple fibers via intermediate nodes.

3. Routing and Wavelength Assignment

This section discusses the RWA problem and the node ar-
chitecture in wavelength routed WDM networks.

3.1 Problem Statement

The result of the NPO problem is a set of lightpaths connect-
ing between node-pairs. Then the second subproblem of the
WDM network design is the RWA, which finds a route and
assigns a wavelength to each lightpath such that the overall
number of wavelengths required in the network, A, is mini-
mum [17].

For the lightpath routing, this paper considers the
shortest-path routing [10], [16] due to its simplicity and ef-
fectiveness. Thus, each lightpath is accommodated to the
physical network via the shortest path between the source
and destination nodes.

After the routing of all lightpaths is completed, wave-
length assignment to each lightpath is conducted with the
constraint that different wavelengths must be assigned to the
lightpaths passing through the same physical link. We also
assume that there are no wavelength converters in the net-
work, and a lightpath must be assigned with a single wave-
length along the path, i.e., the wavelength continuity con-
straint.

It is important to note that the wavelength assignment
problem is equivalent to a well-known NP complete prob-
lem called the graph coloring problem [17], where the mini-
mum A is equal to the minimum number of colors (the chro-
matic number) of the equivalent graph. Several efficient
heuristics and metaheuristics have been proposed to solve
the graph coloring problem [26]. Thus, this paper applies
these methods to solve the wavelength assignment problem
in WDM networks. See Appendix A for the performance of
these methods.

3.2 An Illustrative Example

From the example in the last section, we can solve the RWA
problem for the set of lightpaths obtained from the NPO re-
sult. The optimum solution obtained has A = 4. One part
of the result is illustrated in Fig. 5, where the wavelength as-
signment of all lightpaths corresponding to node 1 is shown.
The four wavelengths used are 4, A;, A3, and A4.

Clearly, there are three types of lightpaths related to
each network node. The first type is the lightpaths that pass
through or cross connect the node, while the second and
third type are those having the node as the source and des-
tination node, respectively. For node 1 in Fig.5, we have
that the lightpaths 0-2, 2-7, 3-0, and 7-3 are of the first type,
the lightpaths 1-3 and 1-4 are of the second type, and the
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Fig.5 The wavelength assignment of the lightpaths corresponding to
node 1.
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Fig.6  The optical routing architecture at node 1.

lightpaths 3-1 and 6-1 are of the third type.
3.3 Node Architecture

In a wavelength routed WDM network, each node has ca-
pability to perform wavelength routing. Figure 6 shows the
structural architecture of node 1 in the above example [6],
[10], [16].

The lightpaths from an input optical fiber or the trans-
mitter array are separated according to their wavelength by
a grating demultiplexer. The signals of each wavelength are
then forwarded to the optical switch for that wavelength.
Thus, the number of optical switches equipped at each node
is equal to A, i.e., one per wavelength.

Each optical switch routes the lightpaths to their de-
sired output. For the lightpaths of the first type, which cross
connect the node, they are routed to the desired output fiber.
For example, the lightpath 0-2 using the wavelength A4 from
the input fiber a (node 0) is routed through the switch A4 to
the output fiber of node 2 (denoted by 4a in Fig. 6).
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For the lightpaths of the second type, which have the
node as the source node, they are also routed to the desired
output fiber. In this case, the signals of these lightpaths are
sent from the transmitter array. One example is the lightpath
1-4 using A,, which is routed to the output fiber of node 2
(denoted by 2/ in Fig. 6).

The lightpaths of the third type, which have the node
as the destination node, are routed to the receiver array for
lightpath termination. One example is the lightpath 6-1
using A, from the input fiber a (node 0), which is routed
through the switch A, to the receiver (denoted by 2a in
Fig. 6).

The lightpaths to an output fiber or the receiver array
are grouped together by a grating multiplexer.

For each network node, the number of transceivers is
equal to the nodal degree p. Recall that p = 2 in Fig. 6.
In this example, the transceivers at node 1 are tuned to the
wavelengths A, and A,.

4. Logical Topology Optimization

This section defines an evaluation function used in the topol-
ogy comparison for determining the optimum regular logi-
cal topology for WDM networks.

4.1 Evaluation Function

As mentioned above, it is not appropriate to use a network
performance metric as the evaluation function for the topol-
ogy comparison. Thus we need another function that con-
siders both the network performance and cost simultane-
ously. To define such kind of evaluation function, this paper
follows the function developed in Ref. [15].

Generally, the evaluation function is in the form of net-
work performance per unit cost, which is needed to be max-
imized for finding an optimum regular topology. This paper
adopts the network throughput for the part of performance
metric in the evaluation function. The throughput 7' can be
approximated [7] by

T <C/h, 2

where C is the network capacity, and 7 is the weighted mean
hop distance defined in the NPO. Clearly, maximizing 7 is
equivalent to minimizing 4 [7].

We let D be the network cost, and define the evalu-
ation function as 7'/D, i.e., performance per cost. Hence,
maximizing T/D is equivalent to minimizing 2 X D. As a
consequence, the evaluation function X used in the topol-
ogy comparison is then defined as

X=hxD, 3
which is needed to be minimized.

4.2 Network Cost Model

For simplicity, we assume that the network cost D consists
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of the node costs only, where link costs are neglected. Thus,
we have

D= Z D;, “4)
i=1

where D; is the cost of node i, and n is the number of nodes
in the physical network.

The cost model developed in Ref. [27] is used in the
calculation of D;. In the node, the most expensive elements
are the optical switches and the transceivers. The cost of
an optical switch can be measured by the number of 2 x 2
crosspoint elements contained in the switch. In this model, it
is assumed that the switches are implemented using banyan
switches, each of which requires % log, M crosspoint ele-
ments, where M is the number of input/output ports on a
switch, which is also the number of ports of a node. In ad-
dition, the number of optical switches equipped in a node is
equal to the number of wavelengths A. We assume that the
cost of a 2 X 2 crosspoint element is one unit, while that of a
transceiver is a units. Therefore, the node cost D; can then
be given by

M;
D; = A. (7 log, Mi) +ap, )

where M; is the number of input/output ports of node i, and
p is the nodal degree.

It is obvious that the evaluation function defined in this
paper consists of two main parts, each of which is the result
of the NPO and RWA subproblems.

5. Numerical Results and Discussions

This section provides numerical results and discussions on
the optimum regular logical topology for wavelength routed
WDM networks based on the evaluation function X defined
above.

We consider WDM networks with the number of physi-
cal nodes n varied from 5 to 32. The physical network topol-
ogy is randomly generated, where the physical nodal degree
is between 2 to 4. An example of the physical topology is
given in Fig. 7 for the case of n = 5.

When a regular topology is applied to the physical net-
work, we choose the pattern of the regular topology with
minimum N such that N > n. For example, a ShuffleNet

Fig.7  The physical network topology for the case n = 5.
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Table 1  The average value of & for different logical topologies and network sizes. For each case, the
nodal degree p is given in the parenthesis.
Average of h
n y=1 y=10 y=100
sh msn deB hyp gem sh msn deB hyp gem sh msn deB hyp gem
5 1.65(2)| 1.65(2) | 1.61(2) | 1.41(3) | 1.51(2) | 1.46(2)| 1.46(2) | 1.40(2) | 1.23(3) | 1.35(2) | 1.40(2) | 1.40(2) | 1.30(2) | 1.15(3) | 1.32(2)
8 181 (2)|1.81(2) | 1.892)| 1563 | 181 )| 1.73 ()| 1.73(2) | 1.75(2) | 1.50(3) | 1.73(2) | 1.68 (2) | 1.68 (2) | 1.65(2) | 1.17 (3) | 1.65 (2)
13 1.97(3)1259(2) | 249(2) | 1.90(4) | 241 (2) | 1.73(3) | 220(2) 1 211 (2) | 1554 | 2052) | 1.50(3) | 1.81 ()| 1.75(2) | 123 4) | 1.71 (2)
16 2.02(3)]2.68(2)|265(2)|1.96(4)]2.023)|1.83(3)|235(2)]231(2)]|1.66(4)]|1.83(3)| 1.57(3)] 1.98(2)| 1.89(2)| 1.354) | 1.57 (3)
18 2053)|327(2)| 1.70(5) | 2.15(5) | 1.70(5) | 1.87(3) | 2.67(2) | 1.53(5) | 1.80(5) | 1.53(5) | 1.61 (3) | 2.10(2) | 1.31(5) | 1.35(5) | 1.31(5)
25 213 (4) | 423(2) | 1.74(5) | 236 (5) | 1.74(5) | 1.97 (4) | 3.57(2) | 1.62(5) | 2.05(5) | 1.62(5) | 1.72 (4) | 2.56 (2) | 1.45(S) | 1.55 (5) | 1.45(5)
32 217(4) | 475(12) | 349(2) | 2.44(5) | 2.17(4) | 2.03 (4) | 4.03(2) | 3.17(2) | 2.15(5) | 2.03(4) | 1.74 (4) | 2.62(2) | 2.56 (2) | 1.58 (5) | 1.74 (4)
Table 2  The average value of X fory = 1.
Average value of X
n a=10 =100
hyp gem sh msn deB hyp
5 3414 } ] 17634 1753 3 1800.5 | 22449
8 578.3 95 | 30693 | - 3945.8
13 1809.9 \\\ 83 | 8406.2 7450.4 10706.6
16 2444.6 | 0 | 10713.7] 9601.8 | 94558 | 13728.4
18 43659 | 24879 | 124325 13638.2 21756.9
25 7395.1 | 54434 | 25673.8 | 251524 ,2500949 33978.8
32 10148.8 | 63161 | 32647.2 | 37192.1 45328.0
Table3  The average value of X for y = 10.
Average value of X
n o=1 a=10 o=100
sh msn deB hyp gem sh msn deB hyp
5 123.0 122.8 114.2 1422 | ¢ 2571 . 306.2
8 1932 | 1932 | 1785 | 2373 4338 [ 5615
13 752.9 651.7 587.0 | 7874 1512.8
16 12752 | 921.8 | B863 | 1154.1 2108.6
18 | 12833 { 13309 | 21379 | 2134.1 | 1 , 3596.1 15743.6
25 3703.0 | 3242.0 | 2958 4371.8 | 5526 5 6672.4 22996.8
32 5007.8 | 4199.7 | 35507 | 54525 7342.9 8542.7 |

with N = 8 is chosen for the network with n = 5. In the case
of GEMNet which can have multiple configurations for a
given value of N, we let it take the form of ShuffleNet or de
Bruijn graph if possible, otherwise we follow the guidelines
in Ref. [25] for the setting of good configurations.

Two types of traffic models are studied. The first type
is the uniformly distributed random traffic, where the traf-
fic rate between each node-pair in the network is randomly
set between 0 and 1. The second type is the non-uniformly
distributed random traffic. In this traffic model, about 10%
of nodes are specified as server nodes each of which has its
own group of client nodes to serve. The traffic rate from
a server node to a client node it serves is a uniformly dis-
tributed random number between 0 and vy, while the traffic
rate for the rest of node-pairs is randomly set between 0 and
1. We call v the traffic skew factor. The case of y = 1 is
equivalent to the uniformly distributed random traffic model.
This paper sets y equal to 1, 10, and 100.

For each network size and traffic model, ten traffic pat-
terns are generated and each regular topology is applied to
be the logical topology.

Then the NPO problem is solved for each problem in-
stance. Table 1 gives the average value of % for each regular

topology whose p is given in the parentheses. In the table,
sh is ShuffleNet, msn is Manhattan Street Network, deB is
de Bruijn graph, hyp is hypercube, and gem is GEMNet.
Due to the space limitation, only some values of n are pre-
sented. Table 1 shows that / is generally decreased when p
is increased as expected.

Next, the RWA problem is solved to determine A. Then
we can calculate the network cost D in which the cost ratio
« is varied for three cases: 1, 10, and 100. Finally, X can
be obtained for each problem instance. Tables 2, 3, and 4
summarize the results on the optimum logical topology de-
noted by the shaded area at which the average value of X is
minimum. See also Appendix B for the worst case analysis
of X.

The results clearly show that GEMNet is optimum for
almost of the cases, especially, it is the only one optimum
topology for n = 5 and 13. Note that GEMNet can realize
networks of all n, i.e., we can always construct an n-node
GEMNet. Obviously, other topologies need auxiliary nodes
for n =5 and 13.

Since GEMNet can reduce to ShuffleNet and de Bruijn
graph, the two topologies are also optimum in some cases
of n. Note that ShuffleNet can realize the cases of n = 8, 18,
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Table4  The average value of X for y = 100.
Average value of X
n o=1 a=10 a=100
deB deB hyp

5 . X 98.8

8 - - 189.7 . .

13 650.5 | 579.8 | 517.7 1002.9 1189.7

16 8779 1405.1 | 12857 | 1662.8 \ 1] 67289 67

18 11942 | 11335 . s 2856.4 | 2913.4 | 1978.1 | 9817.3 | 86785 | 13472.9 | 13850.4

25 2980.8 | 20823 | 2663.9 4839.3 | 4290.4 | 21498.9 | | 22310.8

32 3897.3 | 2985.4 | 25506 44312 | 25943.3 289115 |

Table S  The average value of X for GEMNet and MSN.
Average value of X 6. Conclusions
n a=1 a=10 o =100
msn gem msn gem msn gem .

5 (7=10) 505 T 11025 T 22006 015 Tiooarc | 57555 This paper eyaluates and compar‘es a set of well-known reg
25 (1=10) | 32420 | 2519.3 | 48676 | 3809.7 | 211238 | 167133 ular topologies for use as the logical topology of wavelength
18 (y=100) | 1133.5 | 1124.9 | 1819.4 | 1780.4 | 86785 | 8335.6 routed WDM networks. Unlike the previous studies which
25 (y=100) | 2282.3 | 2017.6 | 3444.7 | 3067.9 | 15068.5 | 13571.0 usually use network performance metrics in the topology

and 32, while de Bruijn graph can realize n = 8, 16,25, and
32. For the cases of n which can be realized by only one
topology either ShuffleNet or de Bruijn graph, that topology
is the optimum logical topology. For the cases of n which
can be realized by both topologies, one of them is the opti-
mum. In the case of n = 8, the optimum topology depends
on « and y. However, the values of X of the two topologies
are not so different since their p’s are the same. For the case
of n = 32, de Bruijn graph is the optimum topology. This is
because it has smaller p than ShuffleNet.

MSN is optimum in some cases. For example, it is op-
timum when n = 8§ at which ShuffleNet is optimum, since
the two topologies are equivalent at this n. Moreover, MSN
is better than GEMNet at n = 18 and 25 when y = 10 and
a = 100, and vy = 100. In these cases, MSN has larger h
since it always fixes p to 2. However, this property of small
p leads to smaller D and eventually yields smaller X. Al-
though GEMNet has smaller %, the decreasing in 7 is less
than the increasing in D compared to MSN. When n = 32,
MSN is worse than GEMNet, which is in the form of de
Bruijn graph, because they have the same p. Since small
p is one of the good property of the optimum topology, we
further investigate the GEMNet with small p for n = 18 and
25 by setting p = 2 and using (2, 9, 2) and (1, 25, 2) GEM-
Nets, respectively. The results are given in Table 5 where
GEMNet is better than MSN in all cases.

In the numerical results, note that hypercube is never
optimum. Although it has large p which gives small A, its D
is large and this results in large X.

The cost ratio @ and the traffic skew factor y have al-
most no effect on the optimum topology. Although some
effects are observed in the case of n = 8, where the opti-
mum is either ShuffleNet or de Bruijn graph, the two topolo-
gies have almost the same X as mentioned above. Thus,
the above results are widely applicable, where the optimum
topology strongly depends only on the size of the network.

comparison, this paper defines an evaluation function that
simultaneously considers the network performance metric
and network cost. Numerical results show that GEMNet is
the optimum logical topology, where it can take one of the
three forms: ShuffieNet, de Bruijn graph, or its own con-
figurations. The results of this paper can be used for the
selection of the logical topology for WDM networks.
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Appendix A: Performance Evaluation of the Heuris-
tics for WDM Network Design Subprob-
lems

First, we evaluate the performance of the heuristics used for
solving the NPO problem. As an example, the solutions and
computation time of the evolutionary algorithms (EAs) are
compared with global optima obtained from the technique
based on complete enumeration (CE). The comparison re-
sults are presented in Table A-1 for the case of GEMNet
withy = 1.

For each case, the average value of global optima, &, of
the ten problem instances is listed in the parenthesis next to
the average of the EA solutions. Although there is no guar-
antee that heuristics such as EAs always give global optima,
the EAs used in this paper can find the global optima of all
problem instances when n = 5 and 8. When n = 13, the EA
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Table A-1 The performance evaluation of the methods for the NPO
problem.
n EA solution | EA time (s) | CE time (s)
5 1.51 (1.51) 1.48 0.00024
8 1.81 (1.81) 5.06 0.07184
13 | 2.41(2.38) 19.17 26110.8
16 | 202( - ) 35.80 -
18 | 1.70( - ) 50.01 -
25 | 1.74( =) 130.88 -
32 | 217( -) 268.54 -
Table A-2  The performance evaluation of the methods for the RWA
problem. n; is the number of lightpaths in each case.
n,p,n solution time (s) | CE time (s)
5,2,10 2.1(2.1) | 0.00001 2.38
8,2,16 2.8(2.8) | 0.00002 17935.85
13,2,26 3.6( — ) | 0.00005 -
16, 2, 32 46( - ) | 0.00007 -
18, 3,54 6.5( — ) | 0.00020 -
25,5,125 | 12.7( — ) | 0.00129 -
32,2,64 6.1( — ) | 0.00026 -

solutions are worse than the global optima for only 1.26%
in average. According to the nature of the NPO problem,
the computation time needed to find global optima increases
rapidly with n. For n = 13, CE needs about 7 hours to find
a global optimum, while EAs consume only 19.17 seconds.
Note that all experiments are conducted under the Linux en-
vironment on a personal computer with CPU Celeron 2.4
GHz. For larger n, CE could not give global optima in ac-
ceptable time (e.g., the estimated time for n = 16 is longer
than one year). Thus, it can be concluded that the heuristics
used for solving the NPO problem have good performance
in finding optimum solutions.

Next, we examine the heuristics for the RWA problem.
Largest-first and smallest-last are the two heuristics com-
pared to CE as presented in Table A- 2.

Note that the number of lightpaths #; can be computed
by n; = n X p. Each solution in the table is the average num-
ber of wavelengths for the ten problem instances of each n.
Clearly, the heuristics can give the global optima for small
n with much shorter time. For n = 8, CE needs nearly 5
hours to find a global optimum. Thus, the heuristics used in
this paper for the RWA problem also have very good perfor-
mance in finding optimum solutions with short computation
time.

Appendix B: Worst Case Analysis of Logical Topology
Comparison

Table A-3 summarizes the worst case analysis of logical
topology comparison. The results are similar to those ob-
tained in the analysis based on the average value of X. It
can be seen clearly that GEMNet outperforms other topolo-
gies in the worst case analysis. Due to the space limitation,
the results of the case y = 1 are only given. However, other
cases are also similar to the analysis based on the average
value of X.
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Table A-3  The worst case results of X fory = 1.
The worst value of X
n oa=1 a=10 a=100
deB
5 . . . . 298.8 .
8 . . . 0 ]
13 . 49 ( . . . 7666.4
16 13517 | 1528.8 . 0 | 2652.0 | 19152 ] 9899.2
18 | 18105 | 24985 | 2274.1 | 2889.8 | 18 8 4639.3 | 2803 14153.9
25 1| 43381 | i 4 1 7089.6 | 62928 | 8258.6 27314.5
32 . ) ( 2 ] 12288.0 f 69242 | 11916.8 .2 | 34025.6
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