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Abstract This paper deals with a traffic grooming and light-path routing problem in WDM-ring networks,
where the number of light-paths to be used for each traffic demand is restricted. With a network augmen-
tation by adding a dummy node and a set of dummy arcs, we formulate the comprehensive problem as a
mixed Integer Programming problem. Owing to the computational complexity, it is hard to find an optimal
solution for a large-scale network within a reasonable computation time. Hence, we develop a heuristic
algorithm to solve it with easy. Our heuristic generates good feasible solutions within a few second in com-
putation time even for large-scale networks. The computational experiments show that the performance of
the proposed heuristic is satisfactory in both the speed and the quality of the solutions generated.
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1. Introduction

As a result of technological advancements in computing and communication systems, it
is possible to provide a lot of broadband applications with high-speed network operation.
In such networks, the optical fiber and an advanced optical transmission technology are
required to transport a traffic at a high speed. The recent emergence of Wavelength Division
Multiplexing (WDM) technology has resulted in the ability to transport a high speed traffic
on a single fiber pair. The use of WDM allows aggregation of many wavelengths being used
to transport light-paths onto a single fiber. The number of wavelengths multiplexed onto
a single fiber plays a major role and currently varies between 4 and 32, but is expected to
increase up to 100 ([12]). Since each wavelength has a capability of transmitting at Gbps,
the total transmission capacity of a single fiber can be reached up to Tbps. This is the
reason why WDM can be about to play a major role in the broadband networks.

In WDM networks, given the traffic demand to be transported for each node pair, we
should first decide a light-path to transmit the demand, and each light-path requires a
wavelength to transport the optical signal. Since the equipment cost of WDM depends
on the number of wavelengths, it is necessary to reduce the number of wavelengths to be
used in the network. As WDM systems start being deployed in commercial contexts, the
allocation of wavelengths to light-paths becomes of crucial importance to reduce the total
network cost.

The problem of designing a WDM network has been considered in [2,13, 21]. Baroni and
Bayvel [2] considered a problem defining the paths on which the traffic is routed and the
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number of fibers and channels for each link. Mukherjee [13] proposed a heuristic for embed-
ding a hypercube logical topology with the objective of minimizing the average weighted
propagation delay. Zhang and Acampora [21] proposed a heuristic based on sequentially
assigning a single wavelength to all possible light-paths in order of decreasing traffic before
proceeding to the next wavelength. For given a set of light-path demands, there are some
studies to minimize the number of wavelengths [8, 13, 16, 21].

In recent years, there has been an increasing amount of research activity on the traffic
grooming problem, which is how low-speed traffic streams are packed into higher-speed
streams, and how wavelengths are used to carry the traffic ([12]). There is a significant
advantage to groom the traffic ([10, 12]). If each demand requires a light-path exclusively,
we need a lot of wavelengths to be allocated. Even though users have full wavelength
connections to transport their traffic demand, it may be more economical to have sub-
wavelength capacity connections. This can be accomplished through the use of multiplexing
equipment aggregating low rate traffic on to a high rate channel. When the traffic demands
are groomed on to light-paths which will be assigned wavelengths using their full capacities
later, the number of light-paths becomes minimal in the network. Hence, a traffic grooming
method can result in a significant reduction in the number of wavelengths, and a good
grooming algorithm has the potential of minimizing network costs in terms of efficient use
of wavelengths [10].

Due to the importance of the traffic grooming, several researches have been reported
in the literature [4, 5, 6, 9, 18, 20, 22]. Simmons et.al. [18] considered traffic grooming
for a bi-directional ring with uniform traffic. Wang et.al. [20], for given traffic matrix and
a set of pre-defined circles needed to accommodate all the traffic, formulated the traffic
grooming problem as a mixed Integer Programming model, and developed a simulated an-
nealing based heuristic. Gerstel et.al. [6] proposed a cost-effective traffic grooming method
in WDM rings. Chiu and Modiano [4] developed traffic grooming algorithms for unidirec-
tional SONET/WDM ring networks. The objective is to minimize the total cost of electronic
equipments. They showed that the general traffic grooming problem is NP-complete. Re-
cently, Modiano [9] gives an overview of the traffic grooming problem and survey some
representative works. Owing to the problem complexity of the traffic grooming problem,
most of all research proposed a greedy approach to get some results, which are close to the
optimal solution for reasonable size networks.

Once a set of light-paths is defined by appropriate traffic grooming, one of challenging
problems in WDM networks is to determine the routes over which these light-paths should be
setup to minimize the number of wavelengths being assigned to them ([9, 12, 16]). Even the
traffic grooming and the light-path routing should be considered within a single framework,
the computational complexity makes the whole problem divided into two sub-problems in
conventional approaches. In this paper, we are concerned with the integrated problem of
the traffic grooming and the light-path routing in WDM-ring networks. We suggest an
optimization model for it in a single framework, and develop an efficient heuristic to solve
it. A typical traffic grooming and light-path routing is shown in Figure 1. The network has
4 nodes and the traffic demand between WDM nodes are given with an unit of OC-1. We
assume each wavelength has a transmission capacity of OC-48 (2.4Gbps). Figure 1-a denotes
the existence of traffic demand. If we assign a light-path for each traffic demand, i.e., we do
not groom the traffic demand, 6 light-paths are required in the network and 3 wavelengths
can be allocated on the ring. Figure 1-b shows the results of the traffic routing, which is
corresponding to a single light-path, and the wavelength assignment on the light-path. On
the other hand, if we allow the traffic grooming, only 4 light-paths and two wavelengths are
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enough for allocation. Figure 1-c depicts the result of the traffic grooming and the light-path
routings. The details of them are given in Figure 1-d, where three different traffic demands,
A-B, A-C, A-D are groomed into the light-path A-C being allocated with wavelength λ1.
It is worth noting that node A and B are not directly connected by a light-path, but the
traffic demand A-B can be transported by a virtual connection via light-path A-C with
wavelength λ1 and light-path B-C with wavelength λ2. As can be seen from Figure 1, the
traffic grooming can reduce the number of light-paths. Once the number of wavelengths
per fiber is defined, the planning consists of defining the light-paths on which the traffic
is routed, and defining the number of light-paths for each link to minimize the number of
wavelengths. Since the number of wavelengths are limited, the connection graph whose links
are light-paths may not be fully connected. Therefore, multihopping between light-paths
may be necessary, and each traffic may be transmitted along subsequent light-paths. In
WDM network, we can employ multi-hopping connections as many as possible to reduce
the number of light-paths. However, information forwarding from light-path to light-path
is performed in the electronic domain. Therefore, a frequent opto-electronic transformation
results in the worse of grade of service(GOS) for transmission networks such as delay and
throughput. To guarantee a certain level of GOS, it need to restrict the number of opto-
electronic transformations for a traffic in traffic grooming process. In this paper, we consider
such a constraint in the traffic grooming and light-path routing.

Our problem is now specifically described: (1) Given is the ring containing WDM nodes
and the traffic to be transported between two nodes in the ring. We allow the traffic can
be routed on multiple light-paths, and each light-path should be allocated a wavelength
exclusively. (2) We assume there is no wavelength conversion, and each wavelength has a
transmission capacity. There is no limit on the number of wavelengths aggregated into a
single fiber. As a hop-count constraint, we consider the restriction on the number of light-
paths being used to transport a traffic demand. (3) The objective is to groom the traffic
on to light-paths, and to route light-paths on the ring in order to minimize the number of
wavelengths being allocated.

The rest of this paper is organized as follows: The next section shows an optimization
model for our complex problem. We describe the process of formulating our problem as a
mixed Integer Programming model. Section 3 describes a heuristic algorithm to solve our
problem. Computational results with randomly generated problems are reported in section
4, and some concluding remarks and extensions of our research are given in the last section.

2. Design Model

Consider an undirected ring network G0 = (N0, E0) where N0 and E0 represent a set of
nodes and links respectively. Each traffic demand corresponds to an individual commodity
k, and o(k) and d(k) denote its origin and destination nodes respectively. Let rk be the
demand of each commodity, and K be the set of commodities in G0. In order to discriminate
link types, the undirected and directed links are represented as {i, j} and (i, j) respectively.
To make the model tractable, we consider an augmented network by introducing dummy
nodes and a set of dummy arcs as follows:

• Associate each node j ∈ N0 with a dummy node j′. Let N ′
0 be the set of those dummy

nodes. Also, add an additional dummy node 0 and define N = N0 ∪N ′
0 ∪ {0}.

• Add dummy arcs connecting each node and the corresponding dummy node. And add
dummy arcs connecting all the dummy nodes. Then define E = E0 ∪ {{j, j′}, j ∈
N0} ∪ {{j, 0}, j ∈ N ′

0} ∪ {{l′,m′}, l′,m′ ∈ N ′
0}.
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The augmented network can be represented as a two-level layered network : the dummy
plane at the upper level, and the real plane at the lower level. Then arcs on the real plane
are all real, while those on and above the dummy plane and between the two planes are all
dummy. Let GU = (N ′

0, EU) and GL = (N0, EL) denote the upper and the lower networks
respectively, and EU and EL denote a set of links in the upper and the lower layer networks
respectively: EU = {{l,m}, l ∈ N ′

0,m ∈ N ′
0}, EL = E0. An illustration of the augmented

network is given in Figure 2. In Figure 2, each link in the upper layer corresponds to the
light-path to transport traffic demand directly. Let L be the set of light-paths, and ol(l)
and dl(l) denote the origin and the destination nodes for each light-path respectively. The
upper layer is for a traffic grooming which is to decide a path for each traffic demand and to
aggregate the traffic into light-paths. The lower layer is for selecting light-path paths along
the ring to minimize the total number of wavelengths to be assigned. We define the set of
directed links AU by associating each undirected link in EU with two directed links having
the opposite directions.

For each k in the upper layer, let hk be a hop-count for k which is the maximum number
of light-paths being used to transport the demand rk. rk may be shipped from o(k) to
d(k) through several transmission paths among alternatives. Let P (k) be an index set of
alternative paths for transporting the demand for k. Hence, the path corresponding to each
index in P (k) should be made of consecutive light-paths within a hop-count hk. Once the
traffic grooming is completed in the upper layer, we can obtain the set of paths for each
commodity k which is composed of a single light-path or a consecutive set of light-paths. A
light-path determined in the upper layer should be assigned a wavelength along the ring in
the lower layer. To facilitate the problem formulation, consider the following notations:

y: the number of wavelengths required to the ring,
zij : the 0-1 variable denoting a light-path on link {i, j},
yl

ij: the 0-1 variable concerning the establishment of a wavelength l on the link {i, j},
xkp

ij : the variable denoting the demand fraction of p-th path for commodity k transported
on light-path (i, j),

Hkp
ij : the 0-1 variable denoting the flow of p-th path for commodity k on the link (i, j),

Qij : the traffic capacity of a light-path on link (i, j).

Using this notation, we formulate our problem as a 0-1 mixed integer programming
problem. The objective function of P denotes to minimize the number of wavelengths
required in a WDM ring network. Constraints (1) and (2) represent the flow conservation
constraints for each commodity k. Note that the traffic demand rk for commodity k can be
divided into several paths from o(k) to d(k). Constraints (2) describe that rk should be sent
to some of out-going links at the origin, and come to the destination via some of incoming
links. The incoming demand on the p-th path have to be sent on the same path. Constraints
(2) denote these restrictions. Constraints (3) force that flow on the light-path in the upper
network be allowed in both directions within the capacity limit only if the light-path is
needed to open. (4) indicates the existence of p-th path on link (i, j) for commodity k,
and (5) describes the hop-count constraints for each commodity k. The flow conservation
constraints for light-paths (6) enforce the network connectivity for each light-path. For each
light-path l, constraints (6) state that there should be one connection starting from node
ol(l) and terminating to node dl(l). If the light-path (i, j) is needed to transport demands
in the upper network, the wavelength assigned to it should be installed along the ring in the
lower network. On the other hand, if the light-path (i, j) does not need in the upper network,
the associated wavelength in the lower network should be assigned along the dummy links.
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These restrictions are represented in (7) and (8). Constraints (9) denote the number of
wavelengths on each link in the lower network.

(P ) Min y,
s.t.

∑

p∈P (k)

∑

j∈N ′
0

xkp
ij −

∑

p∈P (k)

∑

j∈N ′
0

xkp
ji =

{
1, i = o(k),
−1, i = d(k),

i ∈ N ′
0, k ∈ K (1)

∑

j∈N ′
0

xkp
ij −

∑

j∈N ′
0

xkp
ji = 0, i 6= o(k), i 6= d(k), k ∈ K, p ∈ P (k), i ∈ N ′

0, (2)

∑

k∈K

∑

p∈P (k)

rk(x
kp
ij + xkp

ji ) ≤ Qijzij, {i, j} ∈ EU , (3)

xkp
ij ≤ Hkp

ij , (i, j) ∈ AU , k ∈ K, p ∈ P (k), (4)∑

(i,j)∈AU

Hkp
ij ≤ hk, k ∈ K, p ∈ P (k), (5)

∑

j∈N0∪{0}
yl

ij −
∑

j∈N0∪{0}
yl

ji =





1, i = ol(l),
−1, i = dl(l),
0, otherwise,

i ∈ N, l ∈ L (6)

yl
i0 + zij ≤ 1, i, j ∈ N ′

0, l ∈ L, ol(l) = i, dl(l) = j, (7)
yl

0j + zij ≤ 1, i, j ∈ N ′
0, l ∈ L, ol(l) = i, dl(l) = j, (8)∑

l∈L

yl
ij ≤ y, {i, j} ∈ EL, (9)

xkp
ij , xkp

ji ≥ 0, Hkp
ij , zij ∈ {0, 1}, {i, j} ∈ EU , p ∈ P (k), k ∈ K,

yl
ij, y

l
ji ∈ {0, 1}, {i, j} ∈ E\EU , l ∈ L,

y ≥ 0, integer.

The problem (P ) is a mixed integer linear programming problem, which contains a light-
path routing problem as well as a traffic grooming problem. When we relax constraints (3),
the remaining problem can be a kind of hop-count constrained shortest path problems having
NP-hard computational complexity. Owing to the problem complexity, it is hard to find an
optimal solution for (P ). Instead, it is more effective to get a good feasible solution by an
heuristic algorithm than to find an optimal solution. In this paper, we are concerned with
a heuristic algorithm to solve our complex problem with easy.

3. Solution Method

Since the MILP (P ) becomes computationally intractable for large networks, we need some
efficient heuristic to solve our problem effectively. Our heuristic has two stages. The first,
traffic grooming for each demand, aggregates some demands onto a light-path being cor-
respond to a wavelength. Since each wavelength has a transmission capacity, the number
of demands to be aggregated onto a single light-path are restricted by the capacity. This
stage is to reduce the number of light-paths required for transmitting all demands in the
network. The second stage, routing for each light-path along the ring, is to route physical
path of each light-path. Since a light-path needs a wavelength, we should consider assigning
wavelengths. With the light-path to be routed, we apply the algorithm developed to solve
a ring loading problem by Myung et.al. [14] with some modifications in order to minimize
the total number of wavelengths used in the network.

In traffic grooming stage, we assume that each demand is transported by a dedicated
light-path which is the direct connection between the origin and the destination nodes for
each demand. Assume that each traffic demand rk for k is allocated into the link denoting
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a direct connection in GU . Noting the link in GU and the transmission capacity of a
wavelength, we can see the utilization of each light-path loaded with only one demand
is very low. Let sk

l and K(l) be the amount of demand for commodity k and the set
of commodities loaded on light-path l respectively. The utilization of light-path l, ρl, is
calculated as follow: ρl =

∑
k∈K(l) sl

k/Ql where Ql is the traffic capacity of light-path l. When
we select the light-path l∗ having minimum utilization, we have to consider an alternate
path from ol(l) to dl(l) to transport demands assigned to l∗. To find the alternative path for
k ∈ K(l∗), define G∗

U = (N0, L
∗) where L∗ denotes the set of light-paths defined as follow:

L∗ = {l : ρl ≤ 1, l ∈ L\{l∗}}. In G∗
U , we assume each link weight be 1− ρl, l ∈ L∗. We try

to find a path for k ∈ K(l∗) from ol(l) to dl(l) in G∗
U , which is composed of links denoting

light-paths and for which the total number of links are limited within a hop-count hk. Let
PA(k) be the set of arcs constituting the path. The available capacity of the path, ∆k can
be defined as follow: ∆k = min{1− ρl, l ∈ PA(k)}. If ∆k ≥ 0, the demand for k loaded on
l∗ should be transmitted to the path PA(k). The amount of transition for k is calculated
as ∆ = min{∆k, s

l∗
k }, and we adjust the demand on l∗ and the links in PA(k) as follows:

sl∗
k ← sl∗

k −∆, sl
k ← sl

k + ∆, l ∈ PA(k).

After the adjustment of demand for all k ∈ K(l∗), if ρl∗ = 0, l∗ is deleted from L. If
PA(k) = φ, it means there is no alternative path having a hop-count hk for k ∈ K(l∗).
Thus, l∗ is the essential one regardless of its utilization, and we delete it from L in order to
consider no more. This procedure is terminated when there are no ones to be deleted from
L. The procedure is stated more formally as follows:

[Traffic Grooming Procedure]

Step 1 [Initialization]
For a given G = (N,E), set E, L, T as follows: L = K, E = L, T = L. If k = l for k ∈ K
and l ∈ L, set sl

k = rk and K(l) = {k}. Otherwise, set sl
k = 0 and K(l) = φ.

Step 2 [Candidate light-path selection]
1) Calculate utilization for each light-path; ρl =

∑
k∈K(l) sl

k/Ql, l ∈ L
2) Select one from the set of light-paths having minimum utilization l∗ : ρl∗ = min{ρl ; l ∈
L}

Step 3 [Alternate path selection and demand adjustment]
1) For k ∈ K(l∗), select PA(k),
2) If PA(k) = φ, delete l∗ from L,
3) If PA(k) 6= φ, calculate ∆k = min{1− ρl ; l ∈ PA(k)}.

i) If ∆l ≤ sl∗
k , update sl

k and adjust ρl among PA(k) as follows:
sl

k ← sl
k −∆k, l = l∗ , sl

k ← sl
k + ∆k, l ∈ PA(k),

ii) If ∆l ≥ sl∗
k , update sl

k ← 0, l = l∗ ,
sl

k ← sl
k + sl∗

k , l ∈ PA(k), and adjust ρl l ∈ PA(k).
4) If ρl∗ = 0, delete l∗ from L and T .

Step 4 [Termination]
If L = φ , terminate the process. Otherwise, return to Step 2.

When terminating Traffic Grooming Procedure, there exists the set of arcs T which
contains the necessary ones from the original L to transport demand. Each arc in T represent
a light-path and is assigned a dedicated wavelength in WDM ring network. For given the
set of light-paths to be placed in a WDM ring network, we have to assign a wavelength
to each light-path. The second stage is to assign a wavelength for each light-path in T
in order to have the minimum number of wavelengths required in the network. To assign
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the wavelengths with minimum, we apply the concept of the algorithm for a ring loading
problem developed by Myung et.al. [14]. Based on the concept, we develop an heuristic
algorithm to select a route for each light-path.

We define each light-path in T as an individual commodity k on a WDM ring network.
dk denotes the amount of transmission demands for each commodity k.For k ∈ T , the
light-path associated with k can be routed along the clockwise or the counter-clockwise
direction paths with a dedicated wavelength. Let xk

t be the amount of demand assigned to
the route along the clockwise direction for k at iteration t. For each k ∈ T , let L+

k and L−k
be the set of links in the clockwise and the counter-clockwise direction paths respectively.
For a link r ∈ E0, let T+

r and T−
r be the set of commodities routed along the clockwise

and the counter-clockwise direction paths respectively. In the initialization, we have every
commodity taken the route along the clockwise direction path. Thereby, we can set T−

r = φ
in the initial iteration. For r ∈ E0, let g(xt, r) be the total amount of demand loaded on
link r at iteration t:

g(xt, r) =
∑

k∈T+
r

xt
k +

∑

k∈T−r

(dk − xt
k)

For each k ∈ T , since the demand of k can be loaded on the clockwise or the counter-
clockwise direction paths, we can calculate the maximum load of each direction as follows:
δ+
k = maxr∈L+

k
{g(xt, r)}, δ−k = maxr∈L−

k
{g(xt, r)}. If δ+

k ≥ δ−k , the demand of commodity

k can be routed to the counter-clockwise direction path for balancing the loads of both
directions. This procedure is terminated when the load balance does not adjusted any
more. The formal procedure is listed as follows:

[Lightpath Routing]

Initialization

for each k ∈ T do
x0

k := dk;

Rerouting

for k = 1, .., |T | do

begin
δ+ := maxr∈L+

k
g(xk−1, r) δ− := maxr∈L−

k
g(xk−1, r);

if (δ+ > δ−) then
begin

∆ := min{dδ+/2e, xk−1
k };

xk
k := xk−1

k −∆;
for i ∈ T and i 6= k do

xk
i := xk−1

i ;
end;
if (δ+ < δ−) then
begin

∆ := min{dδ−/2e, dk − xk−1
k };

xk
k := xk−1

k + ∆;
for xk

i := xk−1
i ; i ∈ T and i 6= k do

xk
i := xk−1

i ;
end;

end;

(where, xk
i denotes the amount of demand i assigned to the clockwise path at iteration

k, and dae represents the maximum integer not over a.)
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4. Computational Results

The solution procedure in the previous section was implemented in C, and a series of com-
putational experiments were performed on a PC(Pentium III/450 MHz) to evaluate its effi-
ciency. To obtain the optimal solution of our problem, we use a commercial Mixed Integer
Programming solver, CPLEX program.

The test problems were generated with differing levels of demands. We first assumed
that every node pairs have transmission demands which are given by OC-1 unit, and each
wavelength has a same transmission capacity. Even each demand is given by OC-1 unit,
we transformed it into the ratio for the transmission capacity of wavelength. Thereby, each
demand is given the fraction less than 1, and generated from the range of [a, b] randomly.
Three kinds of demand types are considered : large, medium and small scale demands. The
range of demand for each type is given as follow:

Demand Type Ranges

--------------------------------

small (A) 0.01 - 0.15

medium (B) 0.20 - 0.40

large (C) 0.40 - 0.50

--------------------------------

We solved a total of 54 test problems and each problem is grouped into 6 different
subsets by the problem size, i.e., the number of wdm nodes and links. Each subset is
divided by the demand types and hop limits. Table 1 lists the summary of the test problems
ranging from 4 nodes to 10 nodes. The details of the associated computational results for
randomly generated problems are also summarized in Table 1. As seen in Table 1, the
number of wavelengths for applying traffic grooming method is saved up to 80% for non
traffic grooming. For example, consider 8 node wdm ring network with small-scale demand.
Once we apply our traffic grooming method having a hop limit 4, it is enough to have only
2 wavelengths for transporting demand. However, applying non traffic grooming method,
10 wavelengths are required for transporting the same demand. It is an extreme case of the
efficiency for the traffic grooming method considered in this paper.

For small-sized networks, i.e., 5 nodes or less, CPLEX can find the optimal solution
in a reasonable time for small scale of demands. When the network size grows beyond 6
nodes or the demand becomes larger, CPLEX could not find an optimal solution within
5 hours. When we give CPLEX a time limit of 1 hour for each test problem, it usually
fails to find even one feasible solution when network size is 10 nodes. The best incumbent
solutions are obtained from CPLEX within 1 hour. Comparing the heuristic solution with
the best incumbent one, we can see the heuristic algorithm requires more wavelengths, but
the computation time is remarkably short. Note that the heuristic provides the feasible
solutions within one second on PC.

There exists a few difference for the number of wavelengths required to transport the
demand between the optimal and the heuristic solutions. The difference may increase as the
number of nodes becomes larger, and cause that our heuristic is two-phase approach and the
local optimum may be found in the traffic grooming stage. Since we can’t sure that we have
an optimal solution by using CPLEX within a day on PC as the network becomes larger,
an efficient heuristic algorithm generating a good feasible solution in a short computation
time is required for the real-world application. The reader’s attention is again called upon
to the fact that our problem is so complex. We are unfortunately unable to find any other
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published study on the same subject as ours for comparison of performance. Despite the
absence of comparison with other works and the excessive computational burden expected
for such complex problems, the performance of our heuristic is found so remarkable to
generate solutions within few second.

5. Conclusions

In this paper we have dealt with a traffic grooming and light-path routing problem in
WDM-ring networks, where the number of intermediate light-paths in the path for each
traffic demand is restricted. An attempt was made to model the comprehensive problem as
a mixed Integer Programming problem. Owing to the computational complexity, it is hard
to find an optimal solution for a large-scale networks within an appropriate computation
time. Hence, we develop an heuristic algorithm to solve the problem efficiently.

The computation time of our heuristic is remarkable. It means that the heuristic algo-
rithm can be applied to the topological design of WDM-ring networks as well as the network
operation. Once the traffic demands are given, the traffic grooming plan and the light-path
routes should be decided under the current network status such as available light-path ca-
pacities and topologies. To operate networks efficiently, the traffic grooming and light-path
routes have to be frequently changed according to the traffic patterns (volume and duration)
and the transmission capacity. For the network operation with flexibility, we can apply our
heuristic to support the decision for such a operation plan.

The performance of the proposed heuristic was shown to be satisfactory in both speed and
quality of the solutions generated. Though effective even for large-scale real-world network
problems in its present form, the whole design process may be improved further by devising
a wavelength assignment, and/or other types of network topologies. The other interesting
extension would be to consider the more practical version of our model encompassing the
survivability and expandability issues.
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