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Abstract

As the popularity of the Internet and new multi-
cast based services like video conferencing and dis-
tance learning is gaining significant attention, the net-
work operator’s concern to provide such services in an
on-line and cost effective manner is also increasing
rapidly. In this paper, we address provisioning of on-
line multicast services in the case of WDM groomed
mesh networks with the objective of increasing the re-
source utilization and minimizing the blocking proba-
bility for the future arriving requests. We propose a
grooming node architecture to perform duplication of
traffic in optical as well as in electronic domain. We
present a heuristic solution called maximizing the min-
imum freeload (MMFL) to route the dynamically arriv-
ing connections. We compare our algorithm with Fixed
and Adaptive Shortest Path Tree algorithms by con-
ducting extensive simulation experiments and present
the results.

Keywords: Optical WDM mesh networks, Multicast
routing and wavelength assignment, Optical splitter,
Traffic grooming, and Traffic engineering.

1 Introduction

Wavelength Division Multiplexed (WDM) optical
networks have come to stay as the backbone of the
Internet. With each optical link capable of carrying
traffic on several wavelengths, each one of which sup-
ports traffic in the Gbps range, the bandwidth offered
by a WDM network is of the order of Tbps. However,
traffic requested by individual connections still in the
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Mbps range. Hence, to utilize the available bandwidth
efficiently, several connections have to be grouped onto
the same wavelength. This requires strategic routing
and wavelength assignment (RWA) of each connection
because the traffic carried on any wavelength needs
to be converted from optical to electronic form when-
ever a part of that traffic needs to be switched to an-
other wavelength or has to be added/dropped at some
node. The cost of the equipment involved in this opto-
electronic conversion is the dominant cost in setting up
the network.

The problem of RWA of sub-wavelength demands
with the objective of minimizing the network cost,
called “traffic grooming” problem, has been studied
widely in the literature. Most of the work in this direc-
tion has been focused on ring networks [1], with em-
phasis on minimizing either the number of wavelengths
or the number of Add/Drop Multiplexers (ADMs) re-
quired. In recent past, there have also been efforts
towards solving the traffic grooming problem for mesh
networks. This issue has been addressed in both the
static [2] as well as the dynamic [3] scenario. Dynamic
grooming is the problem of routing and assigning wave-
lengths for a new demand, given the current state of
the network, whereas in static grooming the traffic de-
mands are known a priori and all of them have to be
assigned routes and wavelengths to minimize required
resources (wavelengths and ADMs). Static grooming
can also be viewed from the angle of maximizing the
throughput given the constraints on resources. A sur-
vey and review of traffic grooming with several switch-
ing architectures is presented in [4].

The growth in traffic demand over the Internet is
primarily due to the increasing popularity of multi-
cast services such as video conferencing and distance
learning. Multicast is the simultaneous transmission of
information from one source to multiple destinations.



This is bandwidth-efficient because it eliminates the ne-
cessity for the source to send an individual copy of the
information to each destination. As WDM provides ef-
ficacy to support these high-bandwidth services, there
is an increasing need to implement multicasting effi-
ciently at the optical layer [5]. Efficient designs have
been proposed in [6] for the architecture needed at each
node to support multicasting in wavelength-routed net-
works. The concept of light-tree was introduced for the
multicast scenario, which is analogous to the lightpath
idea used in the context of unicast traffic [7]. To sup-
port light-trees, individual nodes need to be equipped
with the capability to duplicate an incoming optical
signal into two or more copies. By applying the concept
of light-trees, the problem of designing a logical topol-
ogy for given set of multicast demands [8] and, routing
and wavelength assignment [9] of these sessions have
been studied. The multicast RWA problem has also
been addressed in the case wherein few nodes in the
network are equipped with splitting capability [10]. A
survey of multicasting in WDM networks is given in
[11] and [12]. In recent past, static multicast grooming
was addressed in mesh networks in [13], wherein an ILP
formulation is provided along with heuristic algorithm
with objective to minimizing the number of ADMs. In
[14], multicast traffic grooming problem is solved in
sparse splitting networks by providing ILP with heuris-
tic solution for minimizing number of wavelengths re-
quired for given set of multicast demands. In [15], a
dynamic multicast routing and wavelength assignment
(MC-RWA) is addressed in case of all optical WDM
networks wherein an adaptive heuristic is proposed and
studied with full blocking and partial blocking of des-
tination. In [16], the issue of maximization of network
capacity using dynamic wavelength assignment is ad-
dressed in all optical WDM ring network for multicast
traffic, wherein the problem of wavelength assignment
is proved as NP-hard and two greedy heuristic solutions
are presented for wavelength assignment. In [17], traf-
fic engineering (TE) through dynamic traffic grooming
is addressed in the WDM groomed networks in uni-
cast scenario. Here, heterogeneous networks consisting
of different grooming capable switches are considered.
The network is modeled as an auxiliary graph. An
adaptive routing algorithm is proposed based on dif-
ferent grooming policies. Traffic grooming and traffic
engineering are jointly applied so as to improve the
network throughput.

In this paper, we address the problem of multicast
routing and wavelength assignment in WDM mesh net-
works with sub-wavelength demands in dynamic sce-
nario. In other words, we address the dynamic traf-
fic grooming problem in mesh networks in the multi-

cast scenario with traffic engineering objective as max-
imizing the resource utilization as well as call accep-
tance ratio. Firstly, we propose a node architecture for
supporting multicasting of wavelength as well as sub-
wavelength demands, which is a translucent groom-
ing node architecture to support the multi granular-
ity range of demands. Since the optical layer splitting
is more efficient in comparison with electronic coun-
terpart [18], we study the dynamic multicast traffic
grooming problem with the objective of maximizing
call acceptance for future arriving request. In general,
to solve the multicast routing and wavelength assign-
ment problem (MCRWA), the first step is to construct
a multicast tree spanning the source and all destina-
tions of the given multicast group. This tree construc-
tion problem can be formalized as a steiner tree prob-
lem [19]. The steiner tree problem is known to be NP-
complete, when the multicast group has more than two
members [19]. Several heuristics and approximation
schemes, such as the shortest path tree (SPT), shortest
path heuristic (SPH) and its several variations, and the
minimum spanning tree (MST) have been suggested for
the Steiner tree problem [19]. In general, the multicast
routing algorithms Fixed SPT and Adaptive SPT are
used to route the multicast traffic demands [15]. In
case of fixed SPT, multicast routes will be computed
without considering the current status of the network
resources. The tree is the union of shortest paths from
the source to all destinations of the session. The other
way of routing is an adaptive SPT, where the tree is
constructed based on the available network resources.
After constructing the multicast tree, the next step is
to assign a wavelength to the tree. In multicast traffic
grooming, we perform routing and wavelength assign-
ment steps in an integrated manner.

The rest of the paper is organized as follows. In Sec-
tion 2, we outline the motivation behind this proposed
work. In Section 3, we outline the node architecture re-
quired for supporting multicasting of sub-wavelength
demands in mesh networks. The issues involved in
grooming of multicast sessions in mesh networks with
formal problem definition, are described in Section 4,
and heuristic algorithms proposed for the grooming of
multicast sessions is presented in Section 5. Results of
all the simulation experiments we conducted to mea-
sure the performance of our heuristic algorithm are
given in Section 6. We finally conclude our work in
Section 7 along with some directions for future work.

2 Motivation

In the recent past, traffic engineering (TE) has be-
come an important issue in the IP/MPLS networks for



provisioning the quality of service (QoS) or balancing
the load on the network. In general, TE scheme is ap-
plied based on application’s required QoS parameter
like delay, reliability etc. based on which, an explicit
routing or constraint based routing (CBR) is carried
out on the network. In case of WDM optical networks,
the basic goal of traffic engineering in dynamic scenario
is relatively different to that of MPLS networks. Here
the objective is to optimize the network resource uti-
lization at lower blocking rate to the offered load [20].

In recent past, many organizations like Internet
Engineering Task Force (IETF), Automatic Switch-
ing Optical Networks (ASON) are putting efforts for
seamless integration of IP and optical layers. These
forums are extending the Multi Protocol Label Switch-
ing (MPLS) technology to Generalized Multi Protocol
Label Switching (GMPLS) [21] which deals with all the
types of switches ranging from packet switching capa-
ble to fiber OXC.

Currently there are several proposals to support IP
multicasting using MPLS/GMPLS framework by using
the traffic engineering extensions to multicast routing
protocols. In [22] the issue of scalability of multicast
is addressed, which basically discusses the number of
states a router has to keep as the number of sessions
increases. In [23], label aggregation is proposed as solu-
tion to the scalability problem for the IP multicasting
over MPLS networks. In [24] new approach is proposed
to construct multicast tree for MPLS networks, which
mainly keeps the forwarding state information only at
branching points to reduce the forwarding states so
to increase the scalability of multicast. In a recent
paper [25], which proposes edge router multicasting
(ERM), the authors proposed a mechanism which shifts
the task of duplication of packets from intermediate
branching points towards the edge router. Here, this
simplifies the task of setting up of label switched paths
(LSPs), flow assignment and aggregation of LSPs. The
major gain achieved by performing duplication at edges
is the subsequent reduction of the forwarding complex-
ity at the Label Switch Routers (LSRs). The interme-
diate LSRs takes the forwarding of packets as normal
unicast packets, hence the multicast forwarding boils
down to unicast forwarding.

All the research work, in general is stressing the
strong requirement to aggregate the control informa-
tion to reduce the number of multicast states at rout-
ing nodes. The reduction in states in turn increases the
scalability of multicasting which is very much essential.
In case of WDM groomed optical networks where opti-
cal bypass [1] is available at each node, hence the total
number of states will drop substantially. Here the ses-
sion(s) state information is required to be kept only at
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Figure 1. Node Architecture for Multicast
Grooming in WDM Mesh Networks

router if and only if the switch/router is either source,
destination or branching point. Apart from scalabil-
ity issue, multicasting adds complexity of duplication
of packets to the routing node. This adds additional
burden to the routing node apart from control domain
overheads such as routing information collection, up-
dating the multicast states. Hence utilizing network
resources such as grooming ports effectively also be-
comes an important issue. In reality, the duplication
of packets at high data rate is not a trivial task. We
feel a strong need to have routing node architecture to
duplicate the packets at high data rate. Hence we pro-
pose a node architecture to duplicate packets at high
data rate with an objective of maximizing the call ac-
ceptance ratio.

3 Multicast Grooming Node Architec-

ture

In the recent past, grooming received significant at-
tention from the research community which is essential
so as to improve the channel utilization. There are
mainly two ways to groom multicast sub-wavelength
level traffic, the first one is an opaque way which em-
ploys optical-electronic-optical conversion O/E/O at
each logical hop of the multicast routed tree, and the
other is a translucent way which employs O/E/O con-
version as well as optical layer splitting. The first ap-
proach to groom the multicast traffic by dropping and
regenerating the traffic with O/E/O conversion using
ADMs was proposed in [13]. The basic limitation of
such an approach is the cost of buffers as well as the
extremely high duplication complexity required at each
node. Since we are addressing the problem of grooming
multicast sessions where the streams are ranging from



megabits to gigabits, the above approach is not cost
effective in terms of either cost of buffer or duplication
complexity required at node. So we propose a node ar-
chitecture shown in Figure 1 which performs grooming
in a translucent way, which means that the node archi-
tecture supports a range of traffic demands, from low
speed streams (Mbps) to wavelength (Gbps) with sup-
port of optical as well as electronic switching. The node
architecture basically consists of two main units o-SaD
(optical split and delivery) and e-SaD (electronic split
and delivery). The basic function of the o-SaD unit
is to split the incoming signal on incoming wavelength
and deliver on different output wavelength ports, all
in the optical domain. The second one is the e-SaD
unit, which carries out duplication in electronic domain
with functionality such as traffic add/drop/copy with
switching to different wavelength ports. The incoming
wavelengths are demultiplexed and switched through
the OXC to appropriate unit i.e., o-SaD or e-SaD unit,
based on a predefined strategy. Here node architecture
provides an optical bypass to the traffic on those wave-
lengths which do not have any local add or drop. The
architecture is not equipped with any wavelength con-
verters. If in case wavelength conversion is required,
it can be performed by e-SaD unit in the electronic
domain.

One important point that can be observed in the
above node architecture is that, when all the traffic on
the incoming wavelength needs to be duplicated, the
e-SaD unit is redundant because there is no necessity
to examine the header of each individual packet (since
every packet needs to be duplicated). Clearly, in such
a scenario, splitting can be done at the optical layer
rather than implementing it at the electronic level.

The o-SaD unit is highly cost-effective in comparison
with that of e-SaD unit from duplication complexity as
which obviates the need to examine the header of each
packet being added/dropped at a node. In summary,
the proposed translucent node architecture is highly
cost-effective alternative to groom the multicast traffic
in the network. It reduces buffer requirement as well
as duplication complexity, which are the prime issues
for broadband multicasting.

4 Problem Definition

Given the physical network topology represented as
a graph G(V, E) where V is the set of nodes and E is
the set of links in the network. Let there be W wave
lengths per fiber and each wavelength can accommo-
date up to g number of low speed streams. Multicast
connection requests are dynamically arriving. The ith

request Ti is represented by (si,Di,Bi,Hi) where si ε V

is the source, Di⊆ V is the set of destinations, Bi is
the required bandwidth, and Hi the holding time of the
connection. The problem is to find a multicast tree for
every session request, connecting si to all destinations
in Di and route each request on the physical topol-
ogy with wavelength assigned with the main objective
as minimizing the maximum load on a link and thus
increase the call acceptance ratio.

5 Solution Approach to The Problem

To approach the solution to the multicast traffic en-
gineering problem in WDM groomed mesh network
scenario, first we explain the fundamental difference
between IP/MPLS multicast traffic engineering issues
to that of the WDM optical networks. Basically in
IP/MPLS networks, the issues of multicast TE were
either related to scalability or network congestion, out
of the former one we have already described in Sec-
tion 2 the later issue especially in IP multicasting [26],
where reduction in network congestion is carried out
by changing OSPF weights based on per hop behavior
(PHB) (which is computed based on network state).
The routing process selects the path based on PHB,
which in turns selects the route for the multicast re-
quest. But the case where we are discussing TE issue
is in WDM groomed mesh networks, the basic objective
is lesser blocking at greater resource utilization to that
of IP/MPLS networks [27]. Here in case of WDM the
problem is different from normal IP/MPLS networks,
since here link definition is different compared to nor-
mal IP/MPLS networks. As many lightpaths are active
on a physical link at a given instant, many parallel links
are available for routing the request. We can call them
as virtual links between the nodes. But for simplicity
from here onward we will call them as links instead of
virtual links. Here, our objective is to find route for
arriving request on each of wavelength link currently
active by checking with the available freeload on each
one of them, so as to experience less blocking for the
future arriving requests.

All the nodes are assumed to be equipped with
the node architecture discussed in section 3. At any
particular node, the cost involved in grooming depends
on the number of ports required on the e-SaD/o-SaD
unit at that node. The cost of the o-SaD unit is negli-
gible compared to the e-SaD unit. Hence, we consider
only the number of grooming ports required on the
e-SaD unit as a measure of the network utilization cost.



5.1 Maximizing Minimum Freeload Heuristic
(MMFL):

The MMFL heuristic makes use of the concept of
freeload in order to route the multicast demands dy-
namically. The freeload on a wavelength link is defined
as the available free bandwidth on that link i.e., a wave-
length link can be part of the route for a connection
having bandwidth requirement at most the freeload on
that link.

The heuristic algorithm, before finding the route for
the multicast connection, finds a freeload graph which
reflects the current freeloads on each wavelength link.
A freeload graph is a W -layer graph, (where W is the
total number of wavelengths available on each fiber)
and on each layer a link between nodes u and v exists if
and only if the wavelength corresponding to that layer
is having enough capacity on the physical link between
u and v to carry the connection. Then Shortest Path
Trees are computed on each layer of the graph. So at
most W multicast trees are computed. The advantage
of constructing the multicast tree on top of the freeload
graph is that, the SPT algorithm considers only the
links having the necessary free bandwidth in computing
the multicast route.

The SPT generates the multicast tree by finding
the individual paths from source to each destination.
The path is constructed between the source and the
destination using the Dijkstra’s algorithm with the
objective that the average freeload per link is maxi-
mum. If more than two paths have the same average
freeload per link then the path with less number of
links (hop count) is selected. Out of all the W trees
one tree will be selected for the multicast session
with an aim of maximizing minimum freeload. We
calculate the minimum freeload in the network (MFN)
as follows. The minimum freeload on a wavelength
(MNW) is defined as the minimum freeload available
on all the links on that wavelength plane. Like that
we get W number of MNW values, each corresponding
to one wavelength. The MFN is the minimum of
these W values. Now the MFN is calculated for each
multicast tree assuming that it is routed on the net-
work. Finally, the multicast tree which results in the
maximum MFN is selected as the required multicast
route. The following notation is used in the algorithm
presentation. G(V, E) represents the physical network
topology, ci,j represents the bandwidth available on
the link connecting node i and node j where i, jεV
and ijεE . G′

w(V ′

w, E′

w) represents the present network
state for the wavelength w. G′′

w represents freeload
graph constructed based on whether the current
request is on that wavelength layer w. c′ij represents

the free bandwidth on the link connecting node i and
node j where i, jεV ′

w
and ijεE ′

w
. c′′ij refers to the

freeload on link (i, j) if the current request is routed
on some wavelength layer w.
MMFL Algorithm:

1. for each wavelength w do

a) Generate the freeload graph G′′

w from G′

w

such that c′′ij =
(c′

ij−g)

cij
where c′′ij denotes the freeload

on the link if the current request is routed on it.
b) On this network find the paths from source

to each destination. The path is constructed using
Dijkstra’s algorithm such that the average freeload
per link along the path is maximum. If the average
freeload per link is same for two paths then the path
having lesser number of links (hop count) is taken into
consideration. All these individual paths from source
to destinations together constitute the multicast tree.

end for

/* We will get a maximum of p trees if p
wavelengths are available. One tree should be selected
for the request. */
2. for each multicast tree do

a) Assume that the multicast tree is routed
b) Calculate the minimum freeload in the

network (MFN)
end for

3. Select the tree which maximizes the MFN and
route it.

The figures 2 and 3 gives an illustration for how the
Adaptive SPT method [15] and the Freeload (MMFL)
method works respectively. Here in the example, we
assumed the number of available wavelength is 1. The
traffic requests are 1 → {2, 3, 4}, 1 → {2, 5}, 1 → {2, 4}
and the required granularities are 24, 12, 12 respec-
tively. In adaptive SPT method, the tree is gener-
ated using Shortest Path Tree Method (SPT). In this
method, the multicast tree for the request is built on
top of the physical network. So, the generated tree may
or may not get routed on a wavelength. In the example,
after the three requests got routed, the free bandwidth
on the link 1 → 2 becomes zero as shown in figure
2. So, now if some request comes whose SPT contains
the link 1 → 2 then the request will get blocked. In
the freeload (MMFL) method, the tree is generated
taking the current network state into consideration.
First, the freeload graph is generated using the formula
free−required

total
. In the example, for the first request the

freeload graph is generated as shown in the figure 3.
Consider the link 1 → 2. The total bandwidth on this
link is 48, the free bandwidth is 48, and the required
bandwidth is 24. So, the freeload on this link is 0.5.
In this way the freeload graph is calculated. Now the
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Figure 2. Example showing how SPT heuristic works

multicast tree is generated by finding the paths be-
tween source and each destination with the objective
that the average freeload per link is maximum. If the
average freeload per link is same then we consider the
path with less number of links. In the example, in order
to find the multicast tree for the first traffic request the
paths are constructed for the source-destination pairs
(1, 2), (1, 3), (1, 4). These individual paths together
constitute the multicast tree. Now take the source-
destination pair (1, 2). For this pair, we get different
paths 1 → 2, 1 → 6 → 2, etc., having the same av-
erage freeload per link. But we will consider the path
1 → 2 since the number of links in the path is one (less
than the links in other paths). Similarly the paths for
remaining source-destination pairs are found. Finally,
after routing all the requests, a free bandwidth of 24
is available on the link 1 → 2. So, unlike in the fixed
SPT method the future request will not get blocked if
its multicast tree contains the link 1 → 2.

6 Simulation Results

We conducted several simulation experiments to
study the performance of proposed heuristic algorithm.

We compared the performance of MMFL heuristic with
the heuristics Fixed SPT and Adaptive SPT. The per-
formance of the heuristic is compared in terms of the
call acceptance ratio, which is the ratio of total num-
ber of calls accepted to the number of calls generated.
The other performance metric is average resource uti-
lization, which is the number of ports consumed while
grooming the arrived requests. Note that we assume
that the node architecture is present at all the nodes
of the network and ports will be available on all the
wavelengths. We have conducted the simulation on
NSFNET topology.

6.1 Generation of Sessions

The connections are generated with arrival times
following a Poisson process with rate parameter λ
and whose durations are exponentially with mean 1/µ.
While generating a multicast session, each of the nodes
of the NSFNET graph, was given equal probability
of being the source node for the session. The size of
the destination set was generated as a uniformly dis-
tributed random number in the range 2 to 13. After
the size of the destination set was determined to be
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Figure 3. Example showing how MMFL heuristic works

d, the nodes in the destination set were then chosen
such that every subset of size d of remaining 13 nodes
was equally probable of being the destination set. Here
we assumed for simulation the number of wavelengths
available to be five on each fiber and same number of
ports available at each node. We have varied the load
by varying the duration 1/µ for each simulation run.

6.2 Comparison of Heuristic Algorithms

We found that the MMFL heuristic performs bet-
ter than adaptive heuristic and fixed SPT in terms of
call acceptance ratio and average resource utilization.
Figure 4 shows the simulation experiment where band-
width of sessions is the integer multiples of OC-1 cho-
sen from set {1, 3, 9, 12, 18, 24, 36, 48} where the
wavelength capacity is OC-48, It is clear that MMFL
performs better than other heuristics. We have car-
ried out more simulation experiments by changing the
session set generated from {1, 3, 9, 12, 18, 24, 36, 48,
92} and {1, 3, 9, 12, 18, 24, 36, 48, 92, 192} where the
wavelength capacity is OC-92 and OC-192 respectively.
From all these simulation experimentation we found
the performance of MMFL heuristic is consistent and

better than the adaptive heuristic across the wide vari-
ation in the granularity. There is an average increase
of 10% in the call acceptance ratio when compared to
Adaptive SPT method. We have also measured the
performance of heuristic in terms of resource utiliza-
tion shown in figure 5. The MMFL is showing better
resource utilization compared to the other heuristics.

In general, in case of IP/MPLS domain the require-
ment of granularity specified in continuous range (for
e.g. 1 Mbps to 1 Gbps range then the request can take
any value in this range). We have conducted similar
set of experimentation for different wavelength capac-
ities (OC-48, OC-96 and OC-192) for which figure 6
shows the performance, which demonstrates the con-
sistent and better performance of MMFL heuristic.

7 Conclusion

In this paper, we addressed the problem of dy-
namic multicast traffic engineering in WDM groomed
mesh network through a scheme called maximize the
minimum freeload (MMFL). We proposed a node ar-
chitecture along with heuristic solution for support-
ing dynamic multicasting of sub-wavelength demands,
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Figure 4. Performance of Heuristics Measured in terms of Call Acceptance Ratio
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Figure 5. Performance of Heuristics Measured in terms of Resource Utilization

wherein a translucent grooming approach is adopted.
The proposed node architecture is capable of perform-
ing the duplication of multicast traffic in either elec-
tronic domain or optical domain. We have extensively
studied the performance of MMFL by conducting sim-
ulation experiments to compare the performance with
adaptive shortest path tree (SPT) and fixed SPT.

In the future, we intend to extend this work for GM-
PLS networks, where only ingress and egress nodes in
the network are equipped with this architecture. Also
we are currently studying the distributed protocol im-
plementation required to support in the case of GMPLS
networks where nodes have different grooming capabil-
ities and switching architectures.
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