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Abstract— We study the problem of traf-
fic grooming in wavelength-division-multiplexing
(WDM) rings with dynamic traffic. We consider
both unidirectional and bi-directional rings. In
our dynamic traffic model, traffic is represented
by a set of different traffic requirements that the
network needs to satisfy, but at different times.
Our objective is to minimize the required num-
ber of electronic add/drop multiplexers (ADMs).
We first formulate the problem as an integer lin-
ear programming (ILP) problem. However, in
general, it is computational infeasible to solve the
resulting ILP problem. Therefore, we propose
a heuristic method in combination with the ILP
formulation, in which we first use the ILP for-
mulation to find a traffic grooming solution that
minimizes the number of wavelengths, based on
which we then construct a solution that uses as
few ADMs as possible. Numerical results are pro-
vided to validate our method.

Key Words: System design, Mathematical
programming/optimization.

I. I NTRODUCTION

Wavelength division multiplexing (WDM) is
emerging as a dominant technology in optical
networks and has been used to significantly in-
crease network capacity. In a WDM network,
each fiber link can carry high-rate traffic at many
different wavelengths, thus multiple channels
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can be created within a single fiber. There are
two basic architectures used in WDM networks:
ring and mesh. The majority of optical networks
in operation today have been built based on the
ring architecture, though the mesh architecture
has been increasingly considered by carriers as
an alternative in their next generation networks.
In this paper, we consider the traffic grooming
problem for WDM rings with dynamic traffic. In
a WDM ring, nodes are arranged in a ring con-
figuration and each pair of adjacent nodes on the
ring are then connected by a fiber (or multiple
fibers). At each node, electronic add/drop mul-
tiplexers (ADMs) are used to multiplex lower
rate traffic onto high-rate wavelength. For ex-
ample, 64 OC-3 (155Mb/s) circuits can be mul-
tiplexed onto a single wavelength with capacity
OC-192 (10 Gb/s). Since the cost of ADMs of-
ten makes up a significant portion of the total
cost for a WDM ring, one of the important issues
in the design of a WDM ring network is to de-
cide how to multiplex lower rate traffic onto dif-
ferent wavelengths so that the number of ADMs
required in the network is minimized. This prob-
lem is referred as the traffic grooming problem.
Usually, an ADM for a wavelength is needed at
a particular node only when the wavelength is
dropped at the node (i.e., when a demand is mul-
tiplexed onto the wavelength at the node), and it
is not needed when the wavelength is only pass-
ing through the node.
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There are two types of ring network: unidirec-
tional rings, such as UPSR (unidirectional path-
switched ring), and bi-directional rings, such as
BLSR (bi-directional line-switched ring). There
are significant differences between unidirec-
tional and bi-directional rings. For example, uni-
directional rings usually offer dedicated protec-
tion (i.e., 1+1 protection) while bi-directional
rings offer shared protection (i.e., 1:n protec-
tion). As such, bi-directional rings in general
require less bandwidth for the same amount of
traffic. An excellent introduction on unidirec-
tional and bi-directional rings can be found in
[13, Section 10.4.2]. In this paper, we consider
both types of rings.

The traffic grooming problem for WDM rings
has been studied by many researchers [3], [4],
[5], [6], [7], [8], [9], [10], [11], [12], [14], [15],
[16], [18], [19]. In the majority of these studies,
it has been assumed that traffic is static, i.e., it is
given and never changes. However, in practice,
this is hardly the case and traffic is usually dy-
namic, e.g., it may change over time. The traffic
grooming problem with dynamic traffic is con-
sidered only in a few papers (see [3], [7], [10],
[12], [14]). There are three different models that
have been used to characterize dynamic traffic:

Stochastic ModelIn this model, traffic requests
(between a pair of nodes) arrive according to a
stochastic point process and each request may
last a random amount of time.

Deterministic Model In this model, traffic is
represented by a set of different traffic require-
ments that the network needs to satisfy, but at
different times. Each traffic requirement con-
tains a set of demands. For example, the differ-
ent traffic requirements can be a result of traffic
fluctuation in different operation periods (morn-
ing, afternoon, and evening). Note that the static
traffic case becomes a special case of this model
in which there is only one traffic requirement for
the network (and it never changes).

Constrained Model In this model, traffic de-
mands between nodes are not specified. Rather,

only a set of constraints on the traffic require-
ment are provided, such that the total amount
of traffic at each node does not exceed a cer-
tain limit and/or the total capacity requirement
on each fiber link does not exceed a certain limit.

To the best of our knowledge, the traffic
grooming problem with dynamic stochastic traf-
fic has not been studied in literature, though the
stochastic traffic model has been used in the
study of other design problems for optical net-
works, such as the problem of wavelength con-
version and blocking (e.g., see [1], [2], [17]
and references therein). The constrained traffic
model is used in [3], [7], [10], [14], where the
focus is on obtaining lower and upper bounds
on network costs (such as the number of ADMs
required). The deterministic traffic model is
first considered in [3], where a simple algorithm
is proposed for the case of two traffic require-
ments. In [12], the traffic grooming problem
with dynamic deterministic traffic is formulated
as an integer linear programming problem for
unidirectional rings.

In this paper, we adopt the deterministic traffic
model. Our approach is based on a combination
of the integer linear programming (ILP) formu-
lation and heuristic algorithms. We note that the
ILP formulation has been previously used in [6],
[18], [12] for the static traffic grooming prob-
lem. In [6], the objective function considered is
electronic routing, which is quite different from
the number of ADMs considered in this paper,
and also the goal there is to derive bounds based
on the ILP formulation instead of finding opti-
mal or near-optimal solutions. The problem set-
ting in [18] is similar to ours, however, it is con-
cluded there that the ILP formulation is not com-
putationally feasible for rings with 8 nodes or
more. Hence, it proposes instead to use meth-
ods based on simulated annealing and heuris-
tics. In [12], a more efficient mixed ILP (MILP)
formulation is proposed for unidirectional rings
which results in significant reduction in compu-
tation time. The numerical results provided in
[12] show that optimal or near-optimal solutions
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can usually be obtained in a few seconds or min-
utes for unidirectional rings with up to 16 nodes.

The ILP formulation in this paper for the dy-
namic traffic grooming problem is an extension
of the work in [12]. As demonstrated in [12],
the ILP formulation is very effective for solving
the static traffic grooming problem for unidirec-
tional rings, however, the computational com-
plexity of the ILP formulation increases dramat-
ically for rings with dynamic traffic, and it be-
comes much worse when rings are bi-directional
(even in the case of static traffic). In fact, it is
computationally infeasible to solve the dynamic
traffic grooming problem based on the ILP for-
mulation directly.

Therefore, we propose a method based on a
combination of the ILP formulation and heuris-
tics. We first use the ILP formulation to solve
a slightly different traffic grooming problem in
which the objective is to minimize the total num-
ber of wavelengths. This problem is much eas-
ier to solve than the traffic grooming problem
whose objective function is the total number of
ADMs. We note that it is well known that in gen-
eral the traffic grooming solution with minimum
number of ADMs does not necessarily use mini-
mum number of wavelengths (e.g., see [5], [19]).
On the other hand, for most rings we have stud-
ied so far, it is often the case that the minimum
number of ADMs is achieved when the mini-
mum number of wavelengths is used. In fact,
in [5] this result is conjectured for the ring with
all-to-all uniform traffic, and in [11] it is proven
that the conjecture is true forg = 4. Once we
have a traffic grooming solution with minimum
number of wavelengths, we then use it to con-
struct a solution with as few ADMs as possible
based on a heuristic method. This two-phase ap-
proach of minimizing the number of ADMs was
first used in [19] for the traffic grooming prob-
lem with static traffic. However, only heuristic
algorithms were used in [19] to minimize the to-
tal number of wavelengths. It should be pointed
out that the second phase of our method is very
important since in many cases a traffic grooming

solution with minimum number of wavelengths
may use a very large number of ADMs. Our
method can also be used in combination with the
simulated annealing method.

The rest of the paper is organized as follows.
In Section 2, we introduce the dynamic traffic
grooming problem and its ILP formulation for
both types of rings. In Section 3, we propose the
heuristic method, in combination of the ILP for-
mulation, to solve the dynamic traffic grooming
problem. We also discuss how our method can
be used in combination with the simulated an-
nealing approach. Extensive numerical results
are presented in Section 4 to validate our ap-
proach. Finally, a conclusion and some discus-
sions are given in Section 5.

II. PROBLEM FORMULATION

Consider a WDM ring with N nodes, labelled
as 1, 2, . . . , N clockwise. We assume that all
available wavelengths have the same capacity
and there may be multiple traffic circuits be-
tween a pair of nodes, but all traffic circuits have
the same rate. The traffic granularity of the net-
work is defined as the total number of low-rate
traffic circuits that can be multiplexed onto a sin-
gle wavelength. For example, if each circuit is
OC-12 and the wavelength capacity is OC-48,
then the traffic granularity is 4.

As we mentioned earlier, the key in design-
ing a WDM ring is to determine which ADMs
are needed at each node. This mainly depends
on how low-rate traffic circuits are multiplexed
onto high-rate wavelengths. An ADM for an in-
dividual wavelength is required at a node only
when the wavelength needs to be added/dropped
at the node, i.e., when a circuit originated from
(or terminated at) the node is multiplexed onto
the wavelength. If a wavelength only passes
through a node, then no ADM for such a wave-
length is needed at the node. Our objective is to
find an optimal way to multiplex low-rate traf-
fic circuits so as to minimize the total number of
ADMs required in the network. However, it will
become clear later that we can easily incorporate
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other considerations into our objective as well,
such as the total number of wavelengths used in
the ring.

Before presenting our ILP formulation, we
first introduce the following notation:
N : the number of nodes in the ring;
L: the number of wavelengths available;
g: the traffic granularity;
R: the number of traffic requirements;

mr
ij : the number of circuits from nodei to

j in the rth traffic requirement (r =
1, 2, . . . , R).
(Without loss of generality, we assume that
mr

ij = 0 for i ≥ j.)
We note that the static traffic grooming prob-

lem corresponds toR = 1.

A. Unidirectional Rings

In this subsection, we consider the dy-
namic traffic grooming problem for unidirec-
tional rings. We first introduce the following de-
cision variables:

xr
ijl: the number of traffic circuits from nodei

to j in the rth traffic requirement that are
multiplexed onto wavelengthl (0 ≤ xr

ijl ≤
mr

ij);

yil =



1 if any circuit originated from or
terminated at nodei is
multiplexed onto wavelengthl;

0 otherwise.
We note thatyil = 1 if and only if there ex-

ists somexr
ijl > 0 or xr

jil > 0, which implies
that wavelengthl needs to be added/dropped at
nodei, i.e., an ADM for wavelengthl is required
at nodei. Since our objective is to minimize∑N

i=1

∑L
l=1 yil, the total number of ADMs re-

quired in the ring, the dynamic traffic grooming
problem can be formulated as the following in-
teger linear programming (ILP) problem:

(ILPu
1 )

min
N∑

i=1

L∑
l=1

yil

s.t.
N∑

i=1

N∑
j=1

xr
ijl ≤ g ∀ l, r (1)

L∑
l=1

xr
ijl = mr

ij ∀ i, j, r (2)

Myil ≥
R∑

r=1

N∑
j=1

(xr
ijl + xr

jil)

∀i, l (3)

xr
ijl non-negative integer variable

yil binary variable,

whereM > 0 is a very large positive constant.
We denote the above ILP as (ILPu

1 ). The three
constraints in (ILPu1 ) are:
(1) The total number of circuits multiplexed

onto wavelengthl should not exceedg for
each traffic requirement.

(2) Every circuit in each traffic requirement has
to be assigned to one (and only one) wave-
length.

(3) Given that the objective is to minimize∑N
i=1

∑L
l=1 yil andyil is binary variable, it

is equivalent to the condition thatyil = 1
if and only if there exists somexr

ijl >
0 or xr

jil > 0 (which is the same as∑R
r=1

∑N
j=1(x

r
ijl + xr

jil) > 0).
It is shown in [12] that the integer constraint

on xr
ijl can be relaxed, i.e., the following mixed

ILP (MILP) has at least one integer optimal so-
lution:

(MILPu
1 )

min
N∑

i=1

L∑
l=1

yil

s.t.
N∑

i=1

N∑
j=1

xr
ijl ≤ g ∀ l, r

L∑
l=1

xr
ijl = mr

ij ∀ i, j, r

Myil ≥
R∑

r=1

N∑
j=1

(xr
ijl + xr

jil)∀ i, l

xr
ijl ≥ 0
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yil binary variable

It is much easier to solve (MILPu1 ) than (ILPu
1 ).

In most cases, the computation time required to
solve (MILPu

1 ) is only very small fraction of that
required to solve (ILPu1 ) (see numerical experi-
ments provided in [12]). Therefore, for unidirec-
tional rings, we should simply use (MILPu1 ).

B. Bi-directional Rings

We now consider the dynamic traffic groom-
ing problem for bi-directional rings. The deci-
sion variablexr

ijl in the unidirectional ring case
now needs to be replaced by two decision vari-
ables,xr

ijl1 andxr
ijl2, one for clockwise direc-

tion and the other one for counter-clockwise di-
rection, which are defined as follows:

xr
ijl1: the number of traffic circuits from nodei

to j in the rth traffic requirement that are
multiplexed onto wavelengthl in clockwise
direction (i.e., through nodesi+1, . . . , j−1
for i < j);

xr
ijl2: the number of traffic circuits from nodei

to j in the rth traffic requirement that are
multiplexed onto wavelengthl in counter-
clockwise direction (i.e., through nodesi−
1, . . . , 1, N, . . . , j + 1 for i < j);

In the bi-directional ring case, wavelengthl
needs to be added/dropped at nodei, i.e.,yil =
1, if and only if

R∑
r=1

N∑
j=1

2∑
k=1

(xr
ijlk + xr

jilk) > 0,

which indicates that at least one circuit origi-
nated from or terminated at nodei is multiplexed
onto wavelengthl in either clockwise or counter-
clockwise direction. Therefore, the ILP problem
for the dynamic traffic grooming problem for bi-
directional rings is

(ILPb
1 )

min
N∑

i=1

L∑
l=1

yil

s.t.
∑

i<j,n∈[i,j)

xr
ijl1 +

∑
i<j,n/∈[i,j)

xr
ijl2 ≤ g

∀ n, l, r (4)
L∑

l=1

2∑
k=1

xr
ijlk = mr

ij ∀ i, j, r (5)

Myil ≥
R∑

r=1

N∑
j=1

2∑
k=1

(xr
ijlk + xr

jilk)

∀ i, l (6)

xr
ijlk non-negative integer variable

yil binary variable,

whereM > 0 is a very large positive constant.
We denote the above ILP as (ILPb

1 ). It is clear

that (4) in (ILPb
1 ) is significantly different from

(1) in (ILPu
1 ). For unidirectional rings, the ca-

pacity load of each wavelength is the same for
all fiber links. For bi-directional rings, the ca-
pacity load of each wavelength may be different
for different fiber links. Therefore, (4) ensures
that the total capacity assigned to wavelengthl
for fiber link n (n = 1, . . . , N ) does not exceed
g.

We note that (4) makes it much more difficult
to solve (ILPb1 ) than (ILPu

1 ). Furthermore, the
integer constraint onxr

ijlk can no longer be re-
laxed as in (ILPu1 ). In other words, if we relax

the integer constraint onxr
ijlk in (ILPb

1 ), then the
resulting MILP problem may not have an integer
optimal solution. Therefore, the dynamic traf-
fic grooming problem is much more difficult to
solve for bi-directional rings than for unidirec-
tional rings

III. H EURISTIC METHOD

In the previous section, we presented the ILP
and MILP formulations for the traffic groom-
ing problem for both unidirectional and bi-
directional rings. However, as we shall show
later in our numerical results, in many cases,
it is computationally infeasible to solve these
ILP and MILP problems, which may take days
and weeks, say, by using commercially avail-
able softwares, such as CPLEX. Therefore, in
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this section, we develop a heuristic method in
combination with the ILP formulation to solve
the traffic grooming problem. The basic idea of
our method is as follows. Instead of minimizing
the number of ADMs, we first try to find a solu-
tion that minimizes the number of wavelengths,
based on which we then construct a solution with
as few ADMs as possible. The traffic grooming
problem with the number of wavelengths as the
objective function is much easier to solve.

For ease of exposition, we focus on the bi-
directional ring case throughout this section.
The extension to the unidirectional ring case is
straightforward.

A. Minimizing the Number of Wavelengths

To develop our heuristic method, we first con-
sider the traffic grooming problem with the fol-
lowing objective function: a combination of the
number of ADMs and the number of wave-
lengths. First, we introduce an additional deci-
sion variable:

zl =

{
1 if the l-th wavelength is used;
0 otherwise.

Then the traffic grooming problem (ILPb1 ) can
be modified as follows:

(ILPb
2 )

min c1

L∑
l=1

zl + c2

N∑
i=1

L∑
l=1

yil

s.t.
∑

i<j,n∈[i,j)

xr
ijl1 +

∑
i<j,n/∈[i,j)

xr
ijl2

≤ gzl ∀ n, l, r
L∑

l=1

2∑
k=1

xr
ijlk = mr

ij ∀ i, j, r

Myil ≥
R∑

r=1

N∑
j=1

2∑
k=1

(xr
ijlk + xr

jilk)

∀ i, l

yil, x
r
ijlk, zl are binary variables,

wherec1 is the weighted cost for the number of
wavelengths andc2 is the weighted cost for the

number of ADMs. It is clear that (ILPb1 ) is a

special case of (ILPb2 ) in which c1 = 0. Fur-
thermore, ifc2 = 0, then the objective function
of (ILPb

2 ) is simply the number of wavelengths.

(ILPb
2 ) with c2 = 0 is much easier to solve than

(ILPb
1 ). For example, for a ring withN = 11,

g = 4, and all-to-all traffic, it takes more than
5 days to solve (ILPb1 ) by using CPLEX 7.0 on
a Pentium III 450-MHz PC while it only takes
less a minute to solve (ILPb2 ). (More numerical
results will be provided in Section 4.)

We note that the traffic grooming problem
with the number of wavelengths as its objec-
tive function is trivial for unidirectional rings,
in which case the minimum number of wave-
lengths required is simply equal to

max
1≤r≤R

⌈∑
i,j mr

ij

g

⌉
,

wheredwe is the smallest integer which is no
less thanw.

B. Minimizing the Number of ADMs: A Heuris-
tic Method

We now present a heuristic method for the
traffic grooming problem with the objective of
minimizing the number of ADMs. The first step
of our heuristic method is to solve (ILPb2 ) with

g = 1. In general, we setc2 = 0 in (ILPb
2 ).

However, in many cases, we find that results can
be improved if we choosec1 >> c2 > 0. First,
c1 >> c2 means that the number of wavelengths
is the dominant factor in the objective function,
which makes it relatively easier to solve (ILPb

2 ).
Secondly, by choosingc2 > 0, we take into ac-
count the number of the ADMs in the objective
function, which can lead to a better initial so-
lution for our heuristic method. We call each
wavelength in the solution to this problem as a
subwavelength circle. (We note that for unidi-
rectional rings, each subwavelength circle only
contains one demand.) For each subwavelength
circle, there are a number of nodes associated
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with it where demands are added/dropped. We
call these nodesassociated nodes(with the sub-
wavelength circle). It is clear that if we groom
a subwavelength onto a full wavelength, then
ADMs of the full wavelength are needed at the
associated nodes.

Once all subwavelength circles are obtained,
our next goal is to combine (groom) these sub-
wavelength circles into full wavelengths, i.e.,g
subwavelength circles for each full wavelength,
such that the total number of ADMs needed is
minimized as much as possible. We develop a
heuristic method to do this. To help fix ideas, we
first present our heuristic method for the static
traffic case (i.e.,R = 1) in the following algo-
rithm.

Algorithm 1 (for R = 1): combine subwavelength
circles into wavelengths

• Input: A set of subwavelength circlesSw, ob-

tained based on (ILPb2 ) with g = 1.
• Step 1. Select one subwavelength circles ∈ Sw

with the largest number of associated nodes. As-
signs to a wavelengthl that has not been used, and
deletes from Sw. Setcl = g − 1.

• Step 2.For eachs ∈ Sw:
(2a) Compute ns,1, the number of additional

ADMs needed for wavelengthl if s is com-
bined into wavelengthl.

(2b) Setns = ns,2−ns,1, wherens,2 is the num-
ber of associated nodes fors.

• Step 3. Selects ∈ Sw with the largestns, and
in case of a tie, select the one with the smallest
ns,1. Assign subwavelength circles to wavelength
l, and deletes from Sw and setcl = cl − 1.

• Step 4.If cl = 0 go to Step 1, otherwise go to Step
2 (until Sw = ∅).

We now extend our heuristic method toR >
1. For two different traffic requirementsr1 and
r2, we say that they havemax(mr1

ij ,mr2
ij ) com-

mon demands from nodei to j. If mr1
ij > mr2

ij ,
then traffic requirementr1 hasmr1

ij − mr2
ij ad-

ditional demands (with respective tor2) from
nodei to j, otherwise traffic requirementr2 has
mr2

ij −mr1
ij additional demands (with respective

to r1) from i to j. Let Dr1∩r2 be the set of
all common demands betweenr1 and r2, and

Dr1\r2
be the set of all additional demands of

traffic requirementr1 with respect tor2. We now
present the following algorithm forR > 1.

Algorithm 2 (for R > 1)

• Step 1. Solve (ILPb
2 ) for the first traffic require-

ment (r = 1) with g = 1, based on which a set of
subwavelength circlesSw are obtained.

• Step 2.Forr = 2 to R

(2a) For each demandd ∈ D1∩r, keep the same
assignment as in the first traffic requirement.

(2b) For each demandd ∈ Dr\1, if there exists
a subwavelength circles ∈ Sw such thatd
can be assigned tos while the number of the
associated nodes ofs remains the same , then
assignd to s, update the demand assignment
for s, and deleted from Dr\1.

(2c) For each demandd ∈ Dr\1, if there exists a
subwavelength circles ∈ Sw such thatd can
be assigned tos while the number of the as-
sociated nodes ofs is increased only by one,
then assignd to s, update the demand assign-
ment fors, and deleted from Dr\1.

(2d) For each demandd ∈ Dr\1, if there exists
a subwavelength circles ∈ Sw such thatd
can be assigned tos (in this case the number
of the associated nodes ofs is increased by
two), then assignd to s, update the demand
assignment fors, and deleted from Dr\1.

(2e) Select a demandd ∈ Dr\1. Add a new sub-
wavelength circles to Sw and assignd to s
(say using the shortest distance to determine
its direction).

(2g) Repeat Steps (2b)–(2e) untilDr\1 becomes
empty.

• Step 3. Apply Algorithm 1 to combine subwave-
length circles inSw into wavelengths.

C. Simulated Annealing Method

We can further improve the heuristic method
developed in the previous subsection by com-
bining it with the simulated annealing method.
The simulated annealing method was first ap-
plied to the traffic grooming problem in [18]. In
our case, it works as follows.
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Algorithm 3 (Simulated Annealing Algorithm)
• Step 1. Use Algorithm 1 or 2 to obtain an initial

solution.
• Step 2.

(2a) Randomly select two wavelengths in the cur-
rent solution, and randomly select two sub-
wavelengths, one from each of the two wave-
lengths.

(2b) Swap the two subwavelength circles (or por-
tions of the two subwavelength circles) to ob-
tain a new solution.

(2c) Calculate∆cost, which is the difference in
costs between the new solution and the cur-
rent solution.

(2d) If ∆cost < 0, then accept the current so-
lution; otherwise accept the current solution
with probability e−∆cost/T , whereT is the
parameter (temperature) of the simulated an-
nealing method.

(2e) If necessary, decreaseT (at certain rate), and
repeat Step 2.

IV. N UMERICAL RESULTS

In this section, we present three sets of numer-
ical results to validate the method we proposed
in the previous section. All ILPs and MILPs
were solved by use of CPLEX 7.0 on a Pentium
III 450-MHz PC with 384M memory.

Example 1. In this example, we focus onR = 1
and setc2 = 0 in (ILPb

2 ) in obtaining the sub-
wavelength circles to be used as input for Algo-
rithm 1. We compare Algorithm 1 with (MILPu1 )

or (ILPb
1 ). The following five different cases are

considered:
Case 1. UPSR withg = 4 and all-to-all
uniform traffic (i.e., there is one and only
one traffic demand between every pair of
nodes). For this network, it can be shown
(see [11]) that the minimum number of
ADMs required isN(N − 1)/2. Also, as
pointed in the previous section, for UPSR
each subwavelength circle contains only
one demand. The results obtained based on
Algorithm 1 and (MILPu1 ) along with the
optimal solutions are given in Table 1. In
all the cases exceptN = 5, 6, we forced

the CPLEX program to terminate if it was
still running after certain amount of time
(otherwise it would take very long time –
a few hours, even days – for the CPLEX
program to terminate by itself) and there-
fore the best solution obtained at termina-
tion may not be optimal. For eachN , the
best solution found when the CPLEX pro-
gram was terminated is provided in Table
1, along with the termination time (in sec-
onds). For example, forN = 11, the best
solution found by the CPLEX program is
56 when it was terminated at 600 seconds.
We mark the time with * if it is the time
when the CPLEX program stopped by it-
self, in which case the corresponding so-
lution must be optimal. For example, for
N = 6, the CPLEX program terminated in
20 seconds with the optimal solution 15. It
is clear from Table 1 that Algorithm 1 is
much faster and its results are comparable
with those obtained based on (MILPu

1 ) and
are within 10% of the optimal solutions.
Case 2. UPSR withg = 4 and arbitrary
traffic which was randomly generated. The
results for Algorithm 1 and (MILPu1 ) are
provided in Table 2. In this case, Algo-
rithm 1 performs consistently better than
(MILPu

1 ) and it requires much shorter run
time.
Case 3. BLSR with g = 4 and all-to-all
uniform traffic. The results for Algorithm 1
and (ILPb

1 ) are provided in Table 3. Again,
the results are similar to those of Case 2.
Case 4. BLSR with g = 4 and arbitrary
traffic which was randomly generated. The
results for Algorithm 1 and (ILPb1 ) are pro-
vided in Table 4. We have the similar re-
sults as those in Case 2.
Case 5. BLSR with g = 16 and arbitrary
traffic which was randomly generated. The
results for Algorithm 1 and (ILPb1 ) are pro-
vided in Table 5. The results are similar.

Example 2. We consider BLSR withR = 1,
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g = 4, and randomly generated traffic. For
this example, we compare the results obtained
from

(a) Algorithm 1 withc2 = 0, i.e., the subwave-
length circles used as its input are generated
from (ILPb

2 ) with c2 = 0;
(b) Algorithm 1 with c1 = 50 andc2 = 1;
(c) Algorithm 3 with the solution obtained

from (a) as its initial solution;
(b) Algorithm 3 with the solution obtained

from (b) as its initial solution.

The numerical results are given in Table 6. The
run time in this example is also in seconds. It
is clear from the results in Table 6 that we can
obtain better results by choosingc2 > 0 in
(ILPb

2 ), though the run time is longer. Also,
further improvement can be made by combining
our heuristic method with the simulated anneal-
ing method.

Example 3. In this example, we consider BLSR
with g = 4 andR ≥ 1. Traffic demands are ran-
domly generated. We usec2 = 0 in (ILPb

2 ). We
consider three different cases depending on how
much common traffic demands shared amongR
different traffic requirements:

• Case 1.90% common traffic demands;
• Case 2.60% common traffic demands;
• Case 3.30% common traffic demands;

The numerical results based on Algorithm 2 and
(ILPb

1 ) are provided in Tables 7-9. In this exam-
ple, the run time is in minutes. It is quite clear
from the results in Tables 7-9 that Algorithm 2
performs quite well comparing with (ILPb1 ). We

also note that in some instances (ILPb
1 ) does not

even produce feasible solution when the CPLEX
program was terminated (e.g.,N = 14, R = 4, 5
in Table 7).

V. CONCLUSION

In this paper, we studied the traffic grooming
problem for WDM rings with dynamic traffic.
Both bidirectional and uni-directional rings were
considered. We developed a heuristic method in

combination with the ILP formulation. The ba-
sic idea of our method is to first find a solution
with minimum number of wavelengths based
on which we then construct a solution with as
few ADMs as possible. Our numerical results
demonstrated that the method works quite well.

One important future research direction is
to consider the traffic grooming problem with
stochastic traffic. As we mentioned earlier, this
problem has not been studied in the literature
yet, however it is of great practical importance
since traffic demands are often unpredictable
(stochastic) in many applications.
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Algo. 1 MILPu
1

N Opt. Sol. Time Sol. Time
(sec) (sec)

5 10 11 1 10 1*
6 15 16 1 15 20*
7 21 23 1 21 60
8 28 29 1 28 60
9 36 38 2 36 60

10 45 48 2 45 600
11 55 60 2 56 1200
12 66 71 3 67 1200
13 78 81 3 80 1200
14 91 96 4 93 1800
15 105 112 4 110 3000

TABLE I
CASE 1 IN EXAMPLE 1 (UPSRWITH g = 4 AND

ALL -TO-ALL UNIFORM TRAFFIC)

Algo. 1 MILPu
1

N Sol. Time Sol. Time
(sec) (sec)

5 14 1 14 60
6 23 1 24 60
7 33 1 34 60
8 43 2 45 60
9 58 2 62 60

10 78 3 81 300
11 89 3 95 300
12 101 4 111 600
13 131 4 139 600
14 151 5 163 600
15 172 5 192 600

TABLE II
CASE 2 IN EXAMPLE 1 (UPSRWITH g = 4 AND

ARBITRARY TRAFFIC)

Algo. 1 ILPb
1

N Sol. Time Sol. Time
(sec) (sec)

6 9 2 9 30
7 12 2 12 60
8 18 2 16 60
9 20 5 18 60

10 27 12 25 300
11 30 13 31 300
12 38 13 42 300
13 44 15 49 300
14 50 19 56 300
15 57 25 62 300

TABLE III
CASE 3 IN EXAMPLE 1 (BLSR WITH g = 4 AND

ALL -TO-ALL UNIFORM TRAFFIC)
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Algo. 1 ILPb
1

N Sol. Time Sol. Time
(sec) (sec)

6 14 4 14 60
7 32 12 28 60
8 32 12 34 60
9 46 15 43 60

10 68 24 64 300
11 73 35 81 300
12 78 35 89 300
13 97 46 112 600
14 110 46 123 600
15 126 49 161 600

TABLE IV
CASE 4 IN EXAMPLE 1 (BLSR WITH g = 4 AND

ARBITRARY TRAFFIC)

Algo. 1 ILPb
1

N Sol. Time Sol. Time
(sec) (sec)

6 6 1 6 60
7 13 3 12 60
8 14 3 17 60
9 16 3 19 60

10 24 8 26 300
11 21 7 29 300
12 30 8 37 300
13 40 12 46 300
14 45 14 51 300
15 48 13 53 300

TABLE V
CASE 5 IN EXAMPLE 1 (BLSR WITH g = 16 AND

ARBITRARY TRAFFIC)

Algo. 1 Algo. 3 ILPb
1

c2 = 0 c1 = 50, c2 = 1 c2 = 0 c1 = 50, c2 = 1
N Sol. Time Sol. Time Sol. Time Sol. Time Sol. Time

(sec) (sec) (sec) (sec) (sec)
8 25 12 23 20 24 13 22 23 23 60
9 28 10 28 23 25 12 26 29 27 60

10 30 12 28 28 27 15 27 36 32 300
11 40 20 37 48 40 26 37 57 37 300
12 53 28 45 67 52 38 45 78 48 600
13 69 35 59 86 67 45 59 100 62 600
14 70 32 64 105 69 50 62 123 71 600
15 90 38 87 143 89 56 85 160 84 600

TABLE VI
EXAMPLE 2 (BLSR WITH g = 4 AND ARBITRARY

TRAFFIC)

Algo. 2 ILPb
1

N R Sol. Time Sol. Time
(min) (min)

1 10 1 10 10
2 10 1 10 10

6 3 10 1 10 10
4 10 1 12 20
5 11 1 11 60
1 22 1 25 10
2 24 1 28 10

9 3 25 1 28 10
4 25 1 30 30
5 25 1 31 60
1 49 2 49 60
2 49 2 51 60

12 3 51 2 49 60
4 51 2 59 60
5 51 2 57 60
1 63 4 51 60
2 65 4 71 60

14 3 67 4 94 60
4 70 4 None 90
5 70 4 None 90

TABLE VII
CASE 1 IN EXAMPLE 3 (90%COMMON TRAFFIC)
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Algo. 2 ILPb
1

N R Sol. Time Sol. Time
(min) (min)

1 10 1 10 10
2 10 1 10 15

6 3 10 1 11 15
4 10 1 11 15
5 11 1 13 15
1 22 1 25 15
2 25 1 30 15

9 3 26 1 29 15
4 26 1 35 30
5 30 1 29 30
1 49 2 49 30
2 54 2 68 240

12 3 60 2 92 240
4 63 2 89 300
5 67 2 None 300
1 63 4 51 60
2 69 4 76 200

14 3 72 4 76 200
4 76 4 None 300
5 76 4 None 300

TABLE VIII
CASE 2 IN EXAMPLE 3 (60%COMMON TRAFFIC)

Algo. 2 ILPb
1

N R Sol. Time Sol. Time
(min) (min)

1 10 1 10 30
2 11 1 11 30

6 3 11 1 12 30
4 12 1 12 30
5 13 1 14 30
1 22 1 25 30
2 29 1 34 30

9 3 32 1 38 30
4 36 1 38 30
5 36 1 40 30
1 49 2 49 60
2 57 2 75 300

12 3 70 2 90 300
4 72 2 94 300
5 76 2 None 300
1 63 4 51 60
2 79 4 86 300

14 3 82 4 96 300
4 88 4 None 300
5 92 4 None 300

TABLE IX
CASE 3 IN EXAMPLE 3 (30%COMMON TRAFFIC)


