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Abstract—The traffic grooming problem is of high practical im-
portance in emerging wide-area wavelength division multiplexing
(WDM) optical networks, yet it is intractable for any but trivial net-
work topologies. In this work, we present an effective and efficient
hierarchical traffic grooming framework for WDM networks of
general topology, with the objective of minimizing the total number
of electronic ports. At the first level of hierarchy, we decompose the
network into clusters and designate one node in each cluster as the
hub for grooming traffic. At the second level, the hubs form an-
other cluster for grooming intercluster traffic. We view each (first-
or second-level) cluster as a virtual star, and we present an effi-
cient near-optimal algorithm for determining the logical topology
of lightpaths to carry the traffic within each cluster. Routing and
wavelength assignment is then performed directly on the under-
lying physical topology. We demonstrate the effectiveness of our
approach by applying it to two networks of realistic size, a 32-node,
53-link topology and a 47-node, 96-link network. Comparisons to
lower bounds indicate that hierarchical grooming is efficient in its
use of the network resources of interest, namely, electronic ports
and wavelengths. In addition to scaling to large network sizes, our
hierarchical approach also facilitates the control and management
of multigranular networks.

Index Terms—Hierarchical traffic grooming, K-center, optical
networks, wavelength division multiplexing (WDM).

I. INTRODUCTION

RAFFIC grooming is the field of study that is concerned

with the development of algorithms and protocols for the
design, operation, and control of networks with multigranular
bandwidth demands. The objective of traffic grooming tech-
niques is to ensure that subwavelength traffic components are
transported over the network in an efficient and cost-effective
manner. Interest in such techniques has grown steadily in the re-
search community in recent years, reflecting the practical issues
arising from the ever-increasing capacity of wavelength chan-
nels and the cost associated with terminating optical signals at
intermediate nodes. For a comprehensive survey and classifica-
tion of traffic grooming research, the reader is referred to [10].
Traffic grooming research has, in general, followed one of
two directions. In dynamic grooming [30], it is assumed that
the node grooming capabilities (in terms of available electronic
ports, level of wavelength conversion, and switching capacity)
are fixed and known, and the goal is to develop online algorithms
for grooming and routing of connection requests that arrive in
real time. Typical solution approaches transform the grooming
problem into a shortest path problem on a new layered graph
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modeling both the underlying physical topology and the capa-
bilities of individual nodes.

In static grooming, the starting point is the set of (forecast)
long-term traffic demands, and the objective is to provision the
network nodes to carry all the demands while minimizing the
overall network cost. The cost metric frequently considered in
the literature is the total number of electronic ports required to
originate and terminate the lightpaths created to carry the traffic
components. Early research in this area focused on ring topolo-
gies [9], [12], [28], mainly due to the practical importance of up-
grading the existing SONET infrastructure to support multiple
wavelengths. As backbone networks migrate from ring to mesh
topologies, traffic grooming in general topology networks is be-
coming the subject of an increasing number of studies [17], [18],
[20]-[22]. Most studies provide an integer linear programming
(ILP) formulation as the basis for reasoning about and tack-
ling the problem. Unfortunately, solving the ILP directly does
not scale to instances with more than a handful of nodes, and
consequently it cannot be applied to networks of practical size
covering a national or international geographical area. Conse-
quently, either the ILP is tackled using standard relaxation tech-
niques, or the problem is decomposed into subproblems which
are solved using heuristics.

The traffic grooming algorithms presented in [17] and [31]
are representative of existing traffic grooming approaches. The
heuristics in [31] are developed independently of the ILP for-
mulation, and work as follows. First, the traffic demands are
sorted in some order (e.g., decreasing order of traffic amount
or decreasing order of resource utilization). Then, each traffic
demand is considered in this order, and an attempt is made
to establish a direct lightpath to carry this demand, subject to
wavelength and transceiver constraints. If a lightpath can be
established, a path for it is obtained using dynamic routing,
and a wavelength is assigned using the first-fit policy. Finally,
traffic demands for which a lightpath could not be set up are
routed over the established logical topology using a similar dy-
namic routing algorithm. The work in [17], on the other hand,
tackles the traffic grooming problem by working directly with
the ILP formulation. As a first step, the original ILP is decom-
posed into two simpler ILPs. The first ILP addresses only the
traffic grooming and routing subproblem, and is solved first. The
second ILP addresses the wavelength assignment problem only,
and uses the solution to the first ILP. The two ILPs are solved
sequentially, and because of the smaller size of the simpler ILPs,
this approach is considerably faster than solving the original ILP
directly. In general, this decomposition method is not optimal,
however, it will yield an optimal solution if the network satisfies
a certain condition derived in [17].

As we can see, existing heuristic approaches regard the net-
work as a flat entity for the purposes of lightpath routing, wave-
length assignment, and traffic grooming. It is well-known, how-
ever, that in existing networks, resources are typically managed
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and controlled in a hierarchical manner. The levels of the hier-
archy either reflect the underlying organizational structure of the
network or are designed in order to ensure scalability of the con-
trol and management functions. Based on this observation, in
this work we develop a hierarchical framework for static traffic
grooming in mesh networks with the objective of minimizing
the total number of electronic ports in the network. (Since a
lightpath requires exactly two electronic ports, one at the source
and one at the destination, this objective is equivalent to mini-
mizing the number of lightpaths in the logical topology.) While
we also decompose the traffic grooming problem into several
subproblems, the novelty of our works lies in adopting a hierar-
chical decomposition which scales well to networks of realistic
size, and is more compatible with the manner in which networks
are controlled and managed.

Our approach emulates the hub-and-spoke model used by the
airline industry to “groom” passenger traffic onto connecting
flights. At the first level of the hierarchy, the network is parti-
tioned into clusters, and one node in each cluster (referred to as
the hub) is responsible for grooming intracluster traffic as well
as intercluster traffic originating or terminating locally. At the
second level of the hierarchy, the first-level hubs form another
cluster for grooming and routing intercluster traffic. The log-
ical topology within a (first- or second-level) cluster is formed
by viewing it as a virtual star, and applying a customized algo-
rithm for stars which we develop. Finally, a routing and wave-
length assignment (RWA) algorithm is used on the underlying
topology to route and color the lightpaths.

Our approach has the following desirable characteristics.

« Itis hierarchical, facilitating control, management, and se-

curity functions.

e It decouples the grooming of traffic components into
lightpaths from the routing and wavelength assignment
for these lightpaths: grooming is performed on a logical
hierarchy of clusters by abstracting each cluster as a virtual
star, and applying efficient and near-optimal algorithms;
while RWA is performed directly on the underlying phys-
ical topology, ensuring efficient use of network resources.

« It provisions only a few nodes (the hubs) for grooming
traffic they do not originate or terminate.

« It handles efficiently small traffic demands: at the first level
of hierarchy, nodes pack their traffic on lightpaths to the
local hub; at the second level, demands among remote clus-
ters are packed onto lightpaths between the corresponding
hubs.

« Itroutes large traffic components on direct lightpaths, elim-
inating the cost of terminating and switching them at inter-
mediate nodes.

Hierarchical clustering techniques are common in network
design, but so far they have been considered in the context of
traffic grooming only tangentially. A case for hierarchical ap-
proaches in the design of SONET rings was first made in [12],
and more recently in [11]. In mesh networks, the blocking island
paradigm for tackling a restricted version of traffic grooming
was advocated in [7]; this paradigm allows for the abstraction
of network resources, and can be applied recursively on the net-
work graph. Our approach is more comprehensive than those in
[71,[11], and [12], and is quite general, in the sense that it can be
extended to a wide range of variants of the grooming problem.
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Finally, the concept of “supernodes” in [25] implements a hier-
archical approach similar to ours, but is specific to ring networks
only.

The rest of the paper is organized as follows. In Section I,
we define the traffic grooming problem and present a high-level
view of our approach. In Section Ill, we present an algorithm
for traffic grooming in networks with a star physical topology.
In Section IV, we present a hierarchical grooming algorithm
for mesh networks that utilizes the star grooming algorithm of
Section I11. We present numerical results in Section V, and we
conclude the paper in Section V1.

Il. PROBLEM DEFINITION AND METHODOLOGY

We consider a network of N nodes interconnected by fiber
links such that the resulting topology is of general form. Without
loss of generality, we assume that each link consists of one fiber
per direction, and each fiber can carry W wavelengths simulta-
neously. We let C' be a positive integer denoting the capacity of
each wavelength channel, expressed in units of a basic transmis-
sion rate (such as OC-3). The capacity C' has also been variously
called the grooming factor, or granularity. We assume the exis-
tence of a traffic demand matrix T = [t(*?)], where integer ¢(s9)
denotes the amount of (forecast) long-term traffic to be carried
from node s to node d; consequently, any changes in the demand
matrix take place over long time scales, and, for the purposes of
this work, the matrix 7" is assumed fixed. Finally, we allow the
traffic demands to be greater than the capacity of a wavelength,
i.e., it is possible that (> > C for some s, d.

Given the forecast traffic demands {t(**)}, our objective is
to dimension the network to carry the traffic matrix in its en-
tirety by using the minimum number of electronic ports at the
network nodes. Similar to other traffic grooming studies, we do
not consider the optical port cost in this paper; we note, however,
that by minimizing the number of lightpaths (equivalently, elec-
tronic ports), our approach does reduce the number of optical
ports required to establish these lightpaths. A formulation of this
traffic grooming problem as an integer linear problem (ILP) is
omitted, but is available in [10]. The problem involves the fol-
lowing conceptual subproblems (SPs): 1) logical topology SP:
find a set R of lightpaths that forms a logical topology, i.e., a
topology in which the lightpaths form the edges between the N
nodes; 2) lightpath routing and wavelength assignment (RWA)
SP: solve the RWA problem on R, i.e., assign a wavelength and
path over the physical topology to each lightpath in R; and 3)
traffic routing SP: route each traffic component ¢®) through
the lightpaths in R. This is only a conceptual decomposition
that helps in understanding and reasoning about the problem; in
an optimal approach, the subproblems would be considered to-
gether in the solution. The first and third subproblems together
constitute the grooming aspect of the problem.

The above traffic grooming problem defined on a general
topology is NP-hard, even when the RWA subproblem is taken
out of the picture [8]. Next, we outline our hierarchical approach
to traffic grooming in general topologies.

A. Hierarchical Approach to Traffic Grooming

Our approach borrows ideas from the hub-and-spoke para-
digm that is widely used within the airline industry. Specifically,
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we assume that the network is partitioned into clusters (or
islands) of nodes, where each cluster consists of nodes in a con-
tiguous region of the network. The clusters may correspond to
independent administrative entities (e.g., autonomous systems),
or may be created solely for the purpose of simplifying resource
management and control functions (e.g., as in partitioning a
single OSPF administrative domain into multiple areas).

For the purposes of traffic grooming, we view each cluster as a
virtual star, and we designate one node as the hub of the cluster.
We refer to each cluster as a virtual star because, even though
the physical topology of the cluster may take any form (and in
fact may be quite different than a physical star topology), the
hub is the only node responsible for grooming intra- and inter-
cluster traffic. Consequently, hub nodes are expected to be pro-
visioned with more resources (e.g., larger number of electronic
ports and higher switching capacity for grooming traffic) than
nonhub nodes. Returning to the airline analogy, a hub node is
similar in function to airports that serve as major hubs; these air-
ports are typically larger than nonhub airports, in terms of both
the number of gates (“electronic ports”) and physical space (for
“switching” passengers between gates).

The main idea behind our hierarchical grooming strategy is
to solve the first and third subproblems of the traffic grooming
problem (i.e., construct the logical topology and determine the
routing of traffic components on it) in two steps. In the first step,
we apply the StarTopology algorithm we describe in the next
section to each cluster; the result of this step is a set of lightpaths
within each cluster to route local (intracluster) traffic, as well as
intercluster traffic, to and from the local hub. In the second step,
we view all the hub nodes as forming a second-level virtual star,
and we apply the StarTopology algorithm once more to deter-
mine the lightpaths and corresponding routing for intercluster
traffic. Finally, given the above collection of inter- and intra-
cluster lightpaths, we solve the RWA problem on the underlying
physical topology of the network. We provide a detailed descrip-
tion of this hierarchical grooming algorithm in Section IV.

To illustrate our approach, let us consider the 32-node net-
work in Fig. 1. The bottom part of the figure shows a partition
of the network into eight clusters, By, . . ., Bs, each cluster con-
sisting of four nodes. These clusters represent the first level of
the hierarchy. Within each cluster, one node is the hub; for in-
stance, node 2 is the hub for cluster B;. The top part of the figure
shows the second-level cluster, consisting of the hub nodes of
the eight first-level clusters; one of these nodes, say, node 13, is
selected as the hub node for the second-level cluster. We empha-
size that, while we view each cluster as a virtual star, the actual
physical topology of the cluster is determined by the physical
topology of the part of the original network where the cluster
nodes lie; for example, the four nodes of cluster Bg form aring.
Since the RWA algorithm is performed on the underlying phys-
ical topology after the logical topology has been determined, the
lightpaths will follow the most efficient paths in the network,
despite the fact that the StarTopology algorithm was developed
for physical stars (see the next section). Consider, for example,
cluster Bs with node 28 as its hub. Suppose that the logical
topology obtained by running the StarTopology algorithm on
the corresponding virtual star with node 28 as the hub, includes
the “one-hop” lightpath (32,28) and the “two-hop” lightpath
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Fig. 1. A 32-node WDM network, its partition into eight first-level clusters

1 , and second-level cluster  consisting of the eight first-level hubs.
(a) First-level clusters (b) Second-level cluster consisting of first-level hubs, and
hub node 13.

(31,32). After running the RWA algorithm, the “one-hop” light-
path may be routed over the path 32-30-28 (since node 32 is not
directly connected to the hub node 28 of the virtual star), while
the “two-hop” lightpath may in fact be routed over the direct link
31-30, completely bypassing the hub node 28 (unlike a physical
star where a two-hop lightpath is optically switched at the hub).
Similar observations apply to all clusters at both levels of the
hierarchy.

I1l. TRAFFIC GROOMING IN PHYSICAL STAR NETWORKS

Consider a network of N nodes, a central hub node and N
nodes, each connected to the hub over a bidirectional fiber link
that can carry W wavelengths in each direction. Let C be the
wavelength capacity and 7 = [t(>?] the traffic demand ma-
trix. Nonhub nodes are not allowed to groom or switch nonlocal
traffic, either optically or electronically, and all traffic switching
and grooming is performed at the hub node. In a physical star,
the routing of traffic components (i.e., a solution to the third
grooming subproblem) is implicit in the logical topology: traffic
is routed over the corresponding two-hop lightpath bypassing
the hub, if such a lightpath exists; otherwise it is packed onto
single-hop lightpaths to the hub and then to its destination. Re-
garding the second grooming subproblem, the routing of light-
paths is also implicit in the logical topology, and wavelength
assignment can be performed in polynomial time [29]. How-
ever, the first grooming subproblem (i.e., determining the set
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