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Constrained Light-tree Design for WDM Mesh 

Networks with Multicast Traffic Grooming  
 

Rongping Lin, Wen-De Zhong, Sanjay Kumar Bose, Moshe Zukerman 

 

Abstract—Multicast applications such as IPTV, video conferencing, telemedicine and online multiplayer gaming are 

expected to be major drivers of Internet traffic growth. The disparity between the bandwidth offered by a wavelength and 

the bandwidth requirement of a multicast connection can be tackled by grooming multiple low bandwidth multicast 

connections into a high bandwidth wavelength channel or light-tree. Light-trees are known to be especially suited for 

networks that carry ample multicast traffic. In this paper, we propose new algorithms to address the problem of multicast 

traffic grooming. In particular, an Integer Linear Programming (ILP) formulation is proposed for optimal assignments of 

hop constrained light-trees for multicast connections so that network throughput can be maximized. Hop constrained 

light-trees improve the scalability of the approach by reducing the search space of the ILP formulation. Since solving the 

ILP problem is very time consuming for realistically large networks, we are motivated to propose a heuristic algorithm with 

a polynomial complexity, called Dividable Light-Tree Grooming (DLTG) algorithm. This algorithm is based on grooming 

traffic to constrained light-trees and also divides a light-tree to smaller constrained light-trees on which traffic is groomed 

for better resource utilization. Simulations show that the proposed DLTG heuristic performs better than other algorithms. 

It achieves network throughputs which are very close to the ILP formulation results, but with far lower running times. 

 

Index Terms—Multicast, traffic grooming, constrained light-tree, wavelength-division multiplexing (WDM), integer 

linear programming (ILP) 

I. INTRODUCTION 

In optical wavelength-division multiplexed (WDM) networks, multiple wavelengths, each of a gigabit transmission rate, are 

simultaneously carried in a single fiber. The potential inefficiency due to the disparity between the bandwidth required by a 

connection request and the bandwidth offered by a wavelength channel has motivated the development of traffic grooming that 

enables multiplexing or grooming of multiple connections or flows to share a wavelength channel so that the overall bandwidth can 

be efficiently utilized. Multicasting applications such as IPTV, video conferencing and streamed video broadcasts are expected to 

be major drivers of Internet traffic growth and may become key network applications in the near future. These multicast applications 
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generally require only sub-wavelength bandwidths. Accordingly, an important challenge is to efficiently groom multiple multicast 

connections onto WDM channels, so as to maximize the benefit gained from WDM technology.    

A. Background and Related Work 

The problem of optimizing multicast traffic grooming is generally similar to unicast traffic grooming [1–7] and can be stated as 

follows. Given a WDM network and a set of multicast traffic connection requests with sub-wavelength bandwidth requirements, 

find ways to accommodate the connection requests, subject to maximizing or minimizing an objective of interest, e.g., minimizing 

the number of wavelengths, wavelinks or add/drop ports used, or maximizing the network throughput or the network revenue. One 

feature that characterizes multicast traffic grooming is the incorporation of the light-tree concept [8]. A light-tree is a natural 

extension of the lightpath concept for one-to-many connections. The use of light-trees is especially suited for networks that carry 

significant amount of multicast traffic. As the goal of traffic grooming in general is to efficiently groom multiple independent 

connections of low bandwidths onto a higher bandwidth wavelength channel - lightpath or light-tree, optimizing traffic grooming, in 

general, and multicast traffic grooming in particular, is a combination of the following three sub-problems [1]: 

1) Virtual topology design: find a set of lightpaths/ light-trees to form the logical layer 

2) Traffic routing: route traffic demands on the virtual topology  

3) Lightpath/light-tree routing and wavelength assignment (RWA): solve the RWA problem of the lightpaths/light-trees in the 

physical layer  

A virtual topology (i.e. a logical layer of the network) can be either formed by a set of lightpaths [9], [10] or a set of light-trees 

[11–14]. In a lightpath-based logical layer, each link of the logical layer represents lightpaths between two nodes that may be 

geographically far away from each other. A lightpath connects two end nodes without optical-electronic-optical (OEO) conversion 

at the intermediate nodes. These lightpaths act as the conduits for upper layer applications. Low bandwidth connection requests find 

their routing paths (logical paths) in the logical layer, using logical links that have sufficient free bandwidth. Electronic packet 

switching is used at the intermediate nodes of a logical path (end-points of lightpaths), implementing traffic forwarding from an 

upstream lightpath to downstream lightpaths with OEO conversion. In this paradigm, traffic grooming occurs on each of the 

lightpaths. Considering the lightpath-based virtual topology, the authors of [9] and [10] proposed an Integer Linear Programming 

(ILP) formulation of multicast traffic grooming, with the objective of minimizing the cost of the network in terms of the number of 

Add/Drop Multiplexers (ADM) and the number of wavelengths used.  

Light-tree is a natural extension of the lightpath concept, which achieves one-to-many connection in one hop without interruption 

at intermediate nodes, and with potentially higher efficiency [8]. In the logical topology, a light-tree is presented as a set of direct 
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links from a node (the source of the light-tree) to a set of nodes (the destination set of the light-tree). In this way, the traffic from the 

source to all the destinations that uses only one hop in the virtual topology is transported all-optically in the physical topology. This 

is called logical one hop tree (LOHT) in [15] [16]. In Fig. 1(a), a light-tree rooted at node 1 and with destination nodes 3, 4 and 5 is 

given within the NSFNET topology. The LOHT of this light-tree is shown in the Fig. 1(b), which only exhibits the connectivity of 

the nodes in the logical layer and hides the physical routing details of the light-tree. Since a tree topology is natural for supporting 

multicast applications, light-tree based multicast traffic grooming approaches have attracted  much research interest [11]-[22], 

where [11]-[14] considered static traffic scenarios and [15]-[22] studied dynamic traffic scenarios. The work presented in this paper 

is applied to static traffic scenarios, whereas in our early work [15] [16], dynamic traffic was considered. Both scenarios are 

important in network design. The static scenario is normally used for network design and dimensioning considering a relatively long 

time horizon, while the dynamic scenario is used for traffic engineering and management including dynamic capacity provisioning.  

While in the static traffic scenario all traffic demands between all the origins and destinations are known a priori, this will not be the 

case when dynamic traffic scenarios are considered.  

 

Fig. 1. (a) NSFNET topology with a light-tree. (b) The LOHT of the light-tree in (a). 

In [11] and [12], optimization problems are constrained to convert the complicated multicast grooming problem to a simpler one. 

The model in [11] reduced the multicast traffic grooming problem to a bin packing problem on each link where the constraints were: 

1) multicast routing trees were given, and 2) there was no wavelength continuity on light-trees (i.e. wavelength conversion was used). 

In [12], an ILP optimization problem was formulated for multicast traffic grooming to design a light-tree based logical topology 

with delay bounds, incorporating the constraint that the light-trees are given a priori. This reduces the complexity of the problem but 

may not lead to optimal results.  

In [14], we studied an unconstrained version of the problem of optimizing cost for multicast traffic grooming. In particular, we 

proposed a light-tree based ILP formulation to minimize network cost in terms of the number of higher layer electronic ports and the 

number of wavelengths used. However, the number of variables and the number of constraints in the ILP formulation grow 

exponentially with the number of nodes in the network limiting the use of this approach to small size networks. This is caused by the 

large search space arising from the large number of LOHTs. To achieve scalability, a light-tree based heuristic algorithm, called 
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Sub-Light-Tree Saturated Grooming (SLTSG), was also proposed for the network cost design problem in [14]. This algorithm can 

achieve high resource utilizations with its resource sharing strategy. However, using hop constrained light-trees to support multicast 

traffic in WDM networks is also justified by practical considerations, as described in the following:  

1)  As every splitting decreases the power of light, an optical signal can only be split a limited number of times for it to retain 

an acceptable optical signal to noise ratio (OSNR) at the receiver(s). The received signal’s OSNR can be guaranteed by 

applying hop constraints.   

2) With hop constraints, fewer repeaters are needed because hop constraints reduce the total travel distance of the light signal.  

3) The routing information is reduced since each network node is only associated with a small number of LOHTs. Especially in 

distributed networks, if every node needs to maintain the routing information, then connections status to be stored is largely 

reduced. 

4) With hop constraints, the number of LOHTs is inherently limited, which reduces the complexity of the multicast traffic 

grooming problem.  

Using hop constrained light-trees may imply restriction of opportunities to reduce energy consumptions by the use of long optical 

connections associated with large light-trees. However, it is difficult to take full advantage of such opportunities because it is 

difficult to optimize networks with a large number of possible LOHTs. 

B. Contributions  

In this paper we investigate the light-tree design problem with the hop constraint that reduces the number of potential LOHTs and 

yields a scalable version of the ILP formulation which maximizes network throughput. Solving the ILP formulation is time 

consuming because of the large number of variables and constraints involved. A new heuristic algorithm of polynomial complexity, 

called Dividable Light-Tree Grooming (DLTG), is proposed to efficiently deal with the multicast traffic grooming problem. Our 

study shows that the network throughput obtained by our proposed heuristic algorithm is close to that of the ILP formulation 

approach.  

C. Paper Organization  

The rest of this paper is organized as follows. Section II describes the problem and proposes the hop constraint to reduce the 

number of possible LOHTs. In Section III, we present the ILP formulation with constrained light-trees and evaluate the complexity 

of this formulation. Section IV presents performance evaluations of the proposed constrained light-tree methods. In Section V, we 

describe the detail of the proposed heuristic algorithm. Section VI presents the numerical results of the ILP formulation with 

constrained light-trees and of the proposed heuristic method. Finally, Section VII concludes the paper. 
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II. PROBLEM DESCRIPTION 

As discussed in [14], without any hop constraint, there are  possible LOHTs in the logical layer of an N-node 

network, which grows exponentially with N. The prohibitively large number of LOHTs makes the optimal design of the virtual 

topology of the first sub-problem impractical due to the large search space of LOHTs. To reduce the number of possible LOHTs, a 

straight-forward way is to limit the number of hops in the light-trees, so that starting from a root node, only a partial set of network 

nodes will be selected as the destinations of light-trees. Other nodes outside this set will not be reached directly but can be reached 

with multiple hop-constrained light-trees.  

In the NSFNET topology shown in Fig. 1(a), starting from node 4 as the root node, there are three adjacent nodes (1, 5 and 10) 

that can be reached in one hop. Considering all trees with one destination, two destinations and three destinations, there is a total of 

 LOHTs of 1-hop light-trees because there are  LOHTs with one destination,  LOHTs with two destinations, and 

 LOHTs with three destinations, so the total is  . These 1-hop light-trees can be represented as in Fig. 

2(a), where the optical information duplication (i.e. power splitting) occurs at the root of the light-trees. The 2-hop light-trees can be 

represented as in Fig. 2(b), where the maximal number of hops from the root is two, but there may be branches with one hop as 

shown in the figure. In the NSFNET topology, starting from node 4, there are nine nodes (1, 2, 3, 5, 6, 7, 10, 11 and 14) that are 

reachable with 2-hop light-trees.  The numbers of LOHTs with 1, 2, …, and 9 destinations are , , …, and , respectively, so 

the total number of LOHTs is . Since the number of LOHTs of 1-hop light-trees is still , 

the number of LOHTs of 2-hop light-trees is . With reference to Fig. 2(b), in a 2-hop light-tree, the 

optical information duplication may occur at the root of the light-trees and/or adjacent nodes of the root. As we can see, using 2-hop 

light-trees can reach more nodes than using 1-hop light-trees, but the number of LOHTs is largely increased (i.e. in the above 

example, it is increased from 9 to 504). 

In order to reduce the number of LOHTs of 2-hop light-trees, we here introduce a constraint which limits the number of branches 

directly outgoing from the root node to be one. The resultant 2-hop light-trees are called 2-hop branches, as shown in Fig. 2(c), 

where optical information duplication occurs at the intermediate node, and not at the root node. With reference to NSFNET in Fig. 

1(a), the number of LOHTs of 2-hop branches from node 4 is only 9, which is much smaller than that of 2-hop light-trees (504). 

 

Fig. 2. (a) 1-hop light-trees. (b) 2-hop light-trees. (c) 2-hop branches. 
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It can be shown that using 2-hop branches and 1-hop light-trees, we can construct any 2-hop light-tree by connecting 2-hop 

branches and 1-hop light-trees at the root node. This requires multiple transmitters at the root node as each branch or light-tree 

occupies one transmitter for signal transmission. However, it will be shown in Section IV.C that in a multicast network, since 

multicast connections use more receivers than transmitters, the transmitter resource has more redundancy (given that the number of 

transmitters is equal to the number of receivers because a transmitter and a receiver are usually built together as a transceiver). Thus 

using 2-hop branches and 1-hop light-trees to construct 2-hop light-trees would not degrade the network performance as transmitter 

resource is already redundant, so using 2-hop branches and 1-hop light-trees to support multicast traffic is expected to achieve the 

same performance as using 2-hop light-trees and 1-hop light-trees. Note that 2-hop branches are special cases of 2-hop light-trees, so 

all 2-hop branches are included in the 2-hop light-trees. In this paper, we restrict the hop number of light-trees to be two. It may be 

noted that even in this case there may be still a large number of LOHTs of 2-hop light-trees. If even larger networks are applied, 

constraints with larger hop trees may be investigated, e.g. 3-hop light-trees or 4-hop light-trees. There will be more LOHTs when the 

number of hops increases but the number of LOHTs may be reduced by similarly converting 3-hop light-trees or 4-hop light-trees to 

3-hop branches or 4-hop branches; this will then be able to make use of redundant transmitters as described earlier. 

To illustrate the above, we give in Table I the different numbers of LOHTs for the NSFNET topology of Fig. 1(a), when (i) there 

is no constraint, (ii) with a 1-hop light-tree constraint where light-trees are 1-hop light-trees as shown in Fig. 2(a), (iii) with a 2-hop 

light-tree constraint where light-trees are 1-hop light-trees in Fig. 2(a) or 2-hop light-trees in Fig. 2(b), and (iv) with a 2-hop branch 

constraint where light-trees are 1-hop light-trees in Fig. 2(a) or 2-hop branches in Fig. 2(c). Compared to the unconstrained case, 

using hop constraints greatly reduces the number of LOHTs. The case with 1-hop light-tree constraint has the lowest value. While 

using the 2-hop branch constraint reduces the value substantially from that with the 2-hop light-tree constraint. The results presented 

in the table illustrates that hop constraint dramatically reduces the number of potential LOHTs.  

TABLE I  

NUMBER OF LOHTS WITH DIFFERENT CONSTRAINTS 

 Without constraint With 1-hop light-trees With 2-hop light-trees With 2-hop branches 

Number of LOHTs 114674 106 5810 381 

 

Using hop-constrained light-trees to support multicast connections may degrade network performance, as using multiple small 

light-trees instead of one large light-tree would consume more resources (transceiver and wavelength). However, with traffic 

grooming, the network performance is not only related to the routing of each connection but also depends on the resource sharing by 

multiple connections. In multicast traffic grooming, trees of small size (i.e. short trees with a few destinations) would be preferred as 

that would increase the sharing of light-trees. This is because a light-tree with fewer destinations is more likely to be shared by 

multiple connections, and multiple small light-trees can be combined to support larger multicast sessions. 

In the next section, we present an ILP formulation to analyze multicast traffic grooming based on constrained light-trees. We 
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compare the number of constraints and variables of ILP formulations between the following cases: (i) no constraint, (ii) 1-hop 

light-tree constraint, (iii) 2-hop light-tree constraint, and (iv) 2-hop branch constraint. We would like to emphasize that the option of 

1-hop light-tree constraint is generally not used in practice. However, it is important to use it as an extreme case benchmark to 

demonstrate that even with the restriction of 1-hop light-trees, reasonable throughput can still be achieved. 

We demonstrate that the proposed method significantly decrease the numbers of constraints and variables and it is therefore 

substantially easier to solve the formulation. However, as the light-trees are constrained, the results achieved may not be optimal. 

Generally, the results with the 2-hop light-tree constraint are better than those with the 1-hop light-tree constraint or with the 2-hop 

branch constraint, because the case with the 2-hop light-tree constraint has a larger number of LOHTs (The latter two cases are 

subcases of the former). In this paper, we mainly focus on using the 2-hop branch constraint because it is simple, requires less 

computation and can nevertheless achieve almost as good a performance as with the 2-hop light-tree constraint. 

III. PROBLEM FORMULATION 

A. General Problem Statement 

The problem of grooming sub-wavelength multicast traffic flows onto high bandwidth wavelength channels in a given WDM 

network can be stated as follows:  

1) A physical topology G(V, E) is a undirected graph denoting a network, where V is the set of network nodes and E is the set 

of physical optical links connecting the network nodes. We assume that there are two fibers joining two adjacent nodes (i.e. 

two nodes connected by a single link) running in opposite directions.  

2) Fibers of each link are identical and each fiber can simultaneously transmit the same number of wavelengths W with a 

capacity of C each.  

3) Transmitters and receivers are tunable to any wavelength. Since a transmitter and a receiver are usually built together as a 

transceiver, we consider the number of transmitters to be equal to the number of receivers at a node. 

4) All nodes are capable of optical multicasting. A multicast capable node is able to split an incoming optical signal into as 

many copies as are required in the optical domain and transmit them to the desired output ports.  

5) There is no wavelength converter in the network.  This means that a light-tree must be set up on the same wavelength. 

6) A set of multicast connection requests with sub-wavelength bandwidth requirement, in which the destination size is 

randomly distributed.   

In the multicast connection request set, there may be some connection requests with a full bandwidth requirement. For each of 

these connection requests, a light-tree from the source to the destinations without hop constraint is the optimal way to accommodate 
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the connection request. This would use less resource than using multiple small constrained light-trees, and the light-tree would be 

fully utilized by the connection. Since our goal is to maximize the network throughput with limited resources of wavelengths and 

transceivers, some connection requests may be blocked. The outputs of the ILP formulation are as follows: 

1) Light-tree based virtual topology: a light-tree in the logical layer is a LOHT, which can be considered as an extension of a 

logical link with multiple destinations. 

2) Traffic routing: the routing information of all multicast traffic demands on the virtual topology. Multiple LOHTs may 

connect together to accommodate a multicast connection request. 

3) Light-tree routing and wavelength assignment (RWA): the routing and wavelength assignment of all the light-trees in the 

optical layer. 

B. Mathematical (ILP) Formulation 

In this paper, our aim is to accommodate multicast connection requests to maximize network throughput (summation of required 

bandwidth times destination size of the accommodated connection requests as Equation (1)), when the system resources (i.e. 

transceivers and wavelengths) are given. This problem is quite different from the problem of minimizing the network cost while 

accommodating all connection requests, e.g. [14]. The ILP optimization problem given below formulates the three sub-problems of 

multicast traffic grooming. This is then solved to obtain the solutions to the three sub-problems simultaneously. 

 

Given: 

|V|: number of nodes in the network. 

W: number of wavelengths per fiber. 

C: capacity of a wavelength. 

Pmn: number of fibers interconnecting node m and node n in the physical layer. It is 0 if m and n are not adjacent to each other. In 

this study, we assume Pmn=Pnm=1 if there is a fiber link between nodes m and n.   

TRi: number of transmitters at node i.  

RRi: number of receivers at node i. 

R: set of all multicast connection requests. 

{st; Dt; ft}: denote a multicast connection request t (1≤ t ≤|R|), where st denotes the source, Dt={d1, d2, d3,...} denotes the set of 

destinations, ft is the bandwidth requirement. 

: set of connection requests with sub-wavelength requirements in R. 

: set of connection requests with a full wavelength requirement in R, so . 
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(i, J): denote a LOHT sourcing from node i terminating at destination set J in the logical layer. 

: all LOHT (light-tree) destination sets with the constraint, whose root is node i. Here the constraint can be any one of the four 

cases discussed previously. 

: all LOHT (light-tree) destination sets, which may be used by connection requests with a full bandwidth requirement, whose 

source is node i; this set can be obtained from the destinations of requests in . 

: denote all LOHT destination sets from node i, . 

 

Variables: 

Ut: a Boolean variable. It is 1 if multicast connection request t is successfully accommodated; otherwise it is 0. 

: number of light-trees for LOHT (i, J) from node i to the destination set J, . 

: number of light-trees on wavelength w, for LOHT (i, J) from node i to the destination set J.  means that there are 

multiple link-disjoint light-trees from node i to the set J using the same wavelength w. 

: a Boolean variable. It is 1 if the path from the root i to a destination d traverses (m, n) and uses the wavelength w of the 

link, where , , otherwise 0. 

: a Boolean variable. It is 1 when the light-tree on the wavelength w for LOHT (i, J) traverses the link (m, n), where , 

otherwise 0. 

: a Boolean variable. It is 1 if multicast connection request t traverses LOHT (i, J), otherwise 0. 

: a Boolean variable. It is 1 if multicast connection request t traverses LOHT (i, J) and node n belongs to J, i.e. , 

otherwise 0. 

: lower bound of logical hops from the source st of multicast connection request t to node n. 

 

Maximize:  

                                                                                        (1) 

This is the optimization objective function of maximizing the network throughput. This equation is also the definition of network 

throughput: the summation of bandwidth requirement times destination size of the successfully accommodated requests. 

 

Constraints: 

 

Constraints on virtual topology variables 

Equations (2) and (3) ensure that the number of light-trees starting from a node and terminating at a node is no more that the 
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number of transmitters and receivers at that node respectively. Equation (4) ensures that the number of light-trees mapping to a same 

LOHT equals the number of light-trees on all wavelengths.  

                                                                              (2) 

                                                                     (3) 

                                                                         (4) 

Constraints on physical route variables 

                                                   (5) 

                                              (6) 

                                     (7) 

For each node d in J, equations (5) - (9) find a path from the source node i to each node d, and then merge all the paths to form a 

light-tree, this is referred to as LOHT (i, J) in the logical layer. Equation (5) ensures that, the source i and the destination d of a 

light-tree have no incoming and outgoing stream, respectively. Equation (6) ensures that for the source i, and the destination d, the 

number of outgoing and incoming lightpath streams are equal to the number of light-trees mapping to LOHTs (i, J) on wavelength 

w. Equation (7) ensures that, for the path from source i to destination d, the number of incoming streams of an intermediate node is 

equal to the number of outgoing streams.  

                                                    (8) 

                                              (9) 

                                                                (10) 

Equations (8) and (9) are to merge the lightpaths from the source node to each destination to be a light-tree. Equation (8) ensures 

if the link (m, n) is not traversed by any path, then this link is not used by the light-tree. Equation (9) ensures the light-tree traverses 

a link only if the link is traversed by at least one path from the source to the destinations. Equation (10) ensures that the wavelength 

w of a fiber link can be occupied by at most one light-tree. 

Constraints on traffic routing variables 

                                                 (11) 

                                                                     (12) 
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                                                                          (13) 

                                                     (14) 

                               (15) 

Each multicast connection request with sub-wavelength requirement may be supported by multiple light-trees. Equations (11) - 

(17) constrain logical routes for the connection requests. Equation (12) ensures there is no incoming stream at the source node and 

equation (13) ensures the number of outgoing streams is larger than one if this connection request is accommodated. Equation (14) 

ensures there is an incoming stream at each destination of a connection request if this connection request is accommodated. Equation 

(15) ensures other nodes except source and destinations should have no more than one incoming stream.  

                             16) 

                                (17) 

Equation (16) ensures that except the source node, the root of a light-tree that supports the connection request must be a 

destination of another light-tree which also supports that connection request. With this equation, all traversed light-trees are 

connected together. Equation (17) ensures that except the source and destinations, each intermediate node of that multicast session 

must be the root of some light-trees which support the connection request.  

                                                     (18) 

                                                                              (19) 

                                                              (20) 

                                                    (21) 

Equations (18) - (21) constrain routes for the connection requests with a full wavelength requirement. Optimally, such connection 

requests would be accommodated by only one light-tree. Equation (19) ensures that only one light-tree starting from the source node 

is used to accommodate the connection request. Equation (20) ensures that, if a connection request is successfully accommodated, 

then all its destinations have to be reached by the light-tree starting from the source node. Equation (21) ensures that the light-tree 

has the same number of destinations as the connection request it supports. Equation (22) ensures that the used bandwidth is not 

larger than the capacity offered. 

                                                                   (22) 
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Constraints on logical route loop-free variables 

                                                          (23) 

                                (24) 

Equations (23) and (24) ensure that the logical routes of connection requests with sub-wavelength requirements are loop-free. 

Equation (23) ensures that, for each multicast request, all the nodes which are not traversed have a zero value, and the source node 

has a zero value as well. Equation (24) ensures that, for a multicast request, if node m and node n are in the same light-tree that 

supports the multicast request, the hop number from the source of the request to node n is larger than that from the source to node m, 

where the m is the root of that light-tree; if node m and node n are not in the same light-tree that supports the multicast request, this 

equation is always satisfied. 

C. Number of Variables and Constraints 

As the complexity of an ILP problem is decided by the number of variables and constraints, we count these to obtain an insight 

into the problem complexity. The set  denotes all possible LOHTs for the sub-wavelength connection requests. Since 

light-trees for these LOHTs may be defined by different constraints, this ILP formulation can be applied to other constrained 

light-tree design. Four cases are verified next: (i) no constraint, (ii) 1-hop light-tree constraint, (iii) 2-hop light-tree constraint, and 

(iv) 2-hop branch constraint. The numbers of constraints and variables are given in Table II for the NSFNET topology where the 

number of wavelengths is 8 and the number of connection requests is 20. The table shows that the numbers of constraints and 

variables with different constraints are far less than that without any constraint. The case with 1-hop light-tree constraint has the 

lowest value, followed by the case with 2-hop branch constraint, and then, the case with 2-hop light-tree constraint. It is noted that 

the case with 2-hop branch constraint has much lower value than that with 2-hop light-tree constraint.  

TABLE II 

NUMBER OF CONSTRAINTS AND VARIABLES FOR FOUR DIFFERENT CASES 

 No constraint 1-hop light-tree constraint 2-hop light-tree constraint 2-hop branch constraint 

Constraints 5.8310
8 

1.1110
5
 1.0510

7
 4.5810

5
 

Variables 2.5510
9
 1.2510

5
 1.2410

7
 5.4910

5
 

We note that the complexity of ILP formulations for each of the four cases depends on the number of constraints and the number 

of variables involved. When there is no constraint, the number of variables is , (E is the number of 

edges) and the number of constraints is  where both grow exponentially with the 

number of nodes. This would make the number of constraints and the number of variables excessive for medium and large size 

networks. The number of variables with the 1-hop light-tree constraint is  (m is the nodal degree), and 

the number of constraints is . The number of variables with the 2-hop light-tree 
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constraint is , and the number of constraints is . The 

number of variables with the 2-hop branch constraint is  and the number of constraints is 

. So the growth rates of the cases with hop constraints are much lower than the case 

without any constraint. The lowest is with 1-hop light-trees then comes with 2-hop branch constraint and the next is with 2-hop 

light-tree constraint. 

IV. PERFORMANCE EVALUATIONS OF THE CONSTRAINED LIGHT-TREES 

A. Running Time Comparison 

To show the advantages of the hop constrained light-trees, we compare the running times of various ILP formulations with 

different constraint sets (including the unconstrained light-tree case). The test network is once again the NSFNET topology and the 

resource configuration is set as W = 3, TR = RR = 3. We assume that the capacity C of a wavelength is OC-48, and the required 

bandwidth of a multicast connection request is randomly chosen to be OC-1, OC-3, OC-12 or OC-48 (the term “randomly” in this 

case refers to a random choice based on a uniform distribution). Twenty multicast connection requests are generated as the input to 

the ILP formulation. The source of a multicast connection is randomly chosen from the network nodes, the multicast destination size 

is also randomly chosen in the range of 1 to 13 and the destination nodes are randomly selected from the network nodes (excluding 

the source node). We use a commercial ILP solver, “CPLEX” [23], to solve the ILP formulations. The simulations were run on a PC 

with 2.6 GHz CPU and 2 GB RAM. The average running times of ten simulation runs for each case are given in Table III. The 

running time of the ILP formulation without any constraint is declared to be Infeasible as it could not be solved for a very long time, 

i.e. four weeks in our simulation environment. For the case with the 2-hop light-tree constraint, the time required was feasible but 

was still very long (9.3 days) as compared to the formulation using the 2-hop branch constraint (only 2.25 hours). This is expected 

as the running time will be higher with larger number of variables and larger number of constraints (i.e. larger search space). The 

lowest value is the case subjected to 1-hop light-tree constraint, which is 41 minutes. This is because it has the smallest search space, 

but the case with 1-hop light-tree constraint has the worst performance as will be shown next. 

TABLE III 

RUNNING TIMES OF ILP FORMULATIONS WITH DIFFERENT CONSTRAINTS 

 No constraint 1-hop light-tree constraint 2-hop light-tree constraint 2-hop branch constraint 

Running Time Infeasible 41 minutes 9.3 days 2.25 hours 

B. The Efficiency of the Proposed Method  

The ILP formulation with unconstrained light-trees should perform better than the other cases with hop constraint light-trees as it 

has the largest search space. The case with 2-hop light-tree constraint should have better performance than the one with 2-hop 
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branch constraint and 1-hop light-tree constraint performs the worst. In order to shorten the simulation time, we compare simulation 

results in ten randomly generated six-node test networks which are indexed from 1 to 10 in Fig. 3. To generate a topology, we 

randomly (with equal probabilities) choose the number of edges in the range of 5 to 9 as 5 is the minimal number of edges to connect 

6 nodes in a tree topology, and the case of 9 edges represents a 6-node network with an average nodal degree of 3 which is 

considered large ( ). For each case, first, 6 nodes are randomly connected to be a tree topology, and after that, the remaining 

edges excluding those used in the tree topology are randomly added into the tree to form the final mesh topology. The resource 

configuration is given as W = 3 and TR = RR = 3. The capacity of a wavelength is OC-12, and the required bandwidth is randomly 

chosen to be OC-1, OC-3 or OC-12. Ten random multicast connection requests are generated in each simulation experiment as 

before. The results are shown in Fig. 3, where the values at each random topology are the average throughput of 20 simulation runs. 

 

Fig. 3. Network throughput of formulations with different constraints in random networks. 

As shown in Fig. 3, the throughput of the case without constraint is highest as it is the optimal result. The lowest is the case with 

the 1-hop light-tree constraint, where light-trees are built among adjacent nodes, as it has the smallest search space. The throughput 

of 1-hop light-tree constraint is much lower than the one without constraint. This means that even though an architecture based on 

1-hop light-trees can significantly reduce the number of LOHTs and running time, it will lead to the use of more resources 

(transmitter and receiver) to support multicast connections. On the other hand, the network throughputs of the two formulations with 

the 2-hop light-tree constraint and with the 2-hop branch constraint are almost the same and very close to that with unconstrained 

light-trees. The case with the 2-hop light-tree constraint or with the 2-hop branch constraint performs only slightly poorer (~ 0.1%) 

than the unconstrained ILP. For other resource configurations, such as W = 2, TR = RR = 2, or W = 4, TR = RR = 4, similar results 

were observed but have not been shown here for the sake of brevity. The ILP with the 2-hop branch constraint achieves almost the 

same performance as that with the 2-hop light-tree constraint.  This is because with the 2-hop branch constraint, light-trees can be 

assembled to any 2-hop light-trees with the cost of more transmitters which is an adequately available resource in multicast 
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networks.  

 

Fig. 4. Network throughput of formulations with different constraints in NSFNET. 

The network throughputs with different constrains in NSFNET topology are compared as in Fig. 4. It is noted that, in NSFNET 

topology, the ILP formulation without any constraint subjects to infeasible running times, which can not work out to compare with 

other methods. In Fig. 4, the simulation is configured same as that in Table III, where each instance in the figure is the average value 

of five simulation experiments. The lowest performance is still the ILP formulation with 1-hop light-tree constraint, followed by 

2-hop branch constraint and 2-hop light-tree constraint. We can see that the value of the 2-hop branch constraint is about 3.3% lower 

than that of the 2-hop light-tree constraint. So, with larger networks, the ILP formulations with 2-hop branch constraint and with 

2-hop light-tree constraint perform very close. 

C. Numerical Results of the Proposed Formulation 

 

Fig. 5. A six-node network topology. 

Further results for the 2-hop branch constrained ILP formulation are provided for different network resources. To reduce the 

simulation time and verify the ILP formulation in small size networks, we use the six-node test network depicted in Fig. 5 instead of 

NSFNET. A set of connection requests, comprising 10 multicast connection requests, is generated in the same way as before. The 

total traffic load of the 10 connection requests is OC-186 calculated by equation as follows, 

                                                               (25) 
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where Di is the destinations of connection request i, and fi is the required bandwidth of connection request i. 

 

TABLE IV 

NETWORK THROUGHPUT (TOTAL TRAFFIC IS OC-186) 

 W=1 W=2 W=3 W=4 

TR=RR=1 OC-54  OC-54  OC-54  OC-54  

TR=RR=2 OC-102  OC-102 OC-102 OC-102 

TR=RR=3 OC-103  OC-150  OC-150  OC-150  

TR=RR=4 OC-103  OC-186  OC-186 OC-186 

 

TABLE V 

AVERAGE WAVELENGTH LINK UTILIZATION (TR=RR=3) 

W=1 W=2 W=3 W=4 

94% 59% 56.3% 38% 

 

TABLE VI 

AVERAGE RESOURCE UTILIZATION (W=3) 

 TR=RR=1 TR=RR=2 TR=RR=3 TR=RR=4 

Wavelength Link 20.8% 37.5% 56.3% 60% 

Receiver 100% 100% 100% 96% 

Transmitter 100% 75% 66.7% 62.5% 

 

Table IV shows the network throughput for different network resource limitations, where network throughput is defined in 

Equation (1) as the summation of bandwidth requirement times destination size of the successfully accommodated requests. We can 

see that exactly the same results are obtained when W is set to be 2, 3 and 4. This is because the available wavelength resources are 

sufficient as long as two or more wavelengths per fiber are available. This conjecture can be verified by the average wavelength link 

utilization provided in Table V, which gives the ratio of the number of wavelength links used to the total number of wavelength 

links. In this table, the number of transceivers is set to 3, and while increasing W from 2 to 4, the utilization decreases from 59% to 

38% as increasing the already abundant wavelength resource will lead to even lower utilizations. When W is set to 1, some 

throughput values are different from those when it is set to 2. When the number of transceivers is 3 and the number of wavelengths 

is 1, the network throughput is OC-103. If we increase the number of wavelengths from 1 to 2 and keep the number of transceivers 

unchanged at 3, the throughput will increase to OC-150, which means that, with 3 transceivers at each node, one wavelength is not 

sufficient.  

However, when we increase transceivers, the network throughput shows significant improvement. When W is set to 3, and the 

number of transceivers varies from 1 to 4, the corresponding average resource utilizations (wavelength link, receiver and 

transmitter) are shown in Table VI. The average wavelength link utilization increases from 20.8% to 60% as more transceivers 

produce more light-trees, using more wavelength links. In a multicast network, one-to-many connections may use more receivers 

than transmitters, in which case the receiver resource is exhausted first while the transmitter resource remains redundant. As shown 

in the table, the receiver is always fully used as this resource is always needed until all traffic demands are accommodated; however, 
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the transmitter utilization always have redundancy except for TR = RR = 1. Note that increasing transceivers decreases the average 

utilization of the transmitters. This is again a result of increasing the redundant resource which leads to lower utilization. As there are 

redundant resources of transmitters in multicast networks, and recall that using 2-hop branches and 1-hop light-trees to construct 

2-hop light-trees may consume more transmitters, the 2-hop branch constraint is an efficient way to replace 2-hop light-tree 

constraint and operate the network. 

V. HEURISTIC APPROACHES 

As the network size grows, the number of variables and the number of constraints of ILP increases. In this case, solving the ILP 

problem may become computationally prohibitive. Heuristic algorithms are therefore needed to efficiently solve the problem. With 

the recent advances of WDM technology, the number of wavelengths in a fiber increases. With this trend, the resource of the higher 

layer equipment, such as SONET Add/Drop Multiplexers (ADMs) or IP router ports, are more likely to become the scarcer resource 

in a network rather than the wavelength resource [1], [2], [24], [25]. Since a higher layer electronic component, like an IP router 

port, is usually connected to a transmitter (receiver) for transmitting (receiving) optical signals, the number of transmitters and 

receivers used in the network equals the number of IP router ports they are connected to them. This may lead to a trend where the 

transceiver resource would be scarcer than the wavelength resource in a network. Based on the results observed in Section IV, part 

C, we can conclude that effective heuristic algorithms should make efficient use of transceiver resources, i.e. more specifically the 

receiver resource, as it tends to become exhausted first. 

Motivated by these findings, we here propose a heuristic algorithm, called Dividable Light-Tree Grooming (DLTG), which is 

based on constrained light-trees and can use receiver resource efficiently to improve network throughput. The main steps of this 

DLTG are given as follows, 

 

Dividable Light-Tree Grooming (DLTG) algorithm 

Input: 

A network G(V, E) with limited number of transceivers TR(RR) at each node, limited number of wavelengths W each of capacity 

C, and a set of multicast connection requests R. 

Output: 

(a) A set of constrained light-trees and RWA of these light-trees, (b) Routings of the multicast connection requests Ui,1≤ i ≤|R| 

and (c) Network throughput. 

Algorithm BEGIN 

1. Sort connection requests in the descending order of throughput (required bandwidth times destination size) and index them 

from 1 to |R|. 

2.  For  i = 1 to |R| 
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          //select existing light-trees to groom connection request {si; Di; fi}. Ex is the set that contains all existing light-trees, each 

is denoted as {sj; Dj; aj}, where aj is available bandwidth of light-tree j 

4.      While  Di  Φ do  

5.          Select the existing light-tree j in Ex, which can honor the maximum number of nodes in Di, and Dj Di && aj ≥ fi. If the 

tree cannot be found, Break 

6.         If  sj  si && sj∉Di && sj∉Ui 

7.             Di = Di ∪ {sj}   //add sj into Di 

8.         aj = aj - fi 

9.         Di = Di\Dj    //delete Dj from Di 

10.       Ui = Ui ∪ {light-tree j} 

11.    End While 

        // divide existing light-trees to groom traffic  

13.    While  Di  Φ do  

14.        Select the existing light-tree j in Ex, which can honor the maximum number of nodes in Di, and aj ≥ fi. If the tree cannot 

be found, Break 

15.        D = Dj ∩ Di 

16.        D’= Dj\D 

17.        Delete the existing tree j   

18.        Build a light-tree from sj to D’, set the available bandwidth as aj 

19.        Build a light-tree from sj to D, set the available bandwidth as aj–fi 

20.        Ui = Ui ∪ {new light-tree from sj to D} 

21.        Di = Di\D 

22.        If  sj  si && sj ∉Di && sj∉Ui 

23.             Di = Di  ∪ {sj}    // add sj into Di  

24.    End While 

        //build light-trees if necessary 

25.    If  Di  Φ  

26.         Build a light-tree from si to Di, if cannot build the tree, block connection request i 

27.         Divide the light-tree into constrained light-trees if C>fi, assign wavelengths, transmitters and receivers to light-trees 

28.         Set available bandwidth of the light-trees as C–fi, if cannot build the trees, block connection request i 

29.         Ui = Ui ∪ {new light-trees} 

30.  End For 

END 

 

In the DLTG algorithm, all connection requests are sorted, and it tries to accommodate connection requests with larger 

throughput first as these may contribute more to the overall network throughput. The two While loops implement the idea of the 

algorithm. Using the index j for existing light-trees in Ex and index i for connection requests. The first loop is to select existing 

light-trees to groom the connection, and the destination set Dj of a selected tree j must be a subset of the unreached destinations Di. 
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At line 6 and 7, if the root sj of the selected light-tree j is not in the coverage of the multicast session, node sj will be added to the 

unreached destination set Di. Lines 8 to 10 are to update the available bandwidth of the groomed light-tree, the unreached 

destination set and save the groomed light-tree into Ui.  

The second loop selects light-trees to be partially groomed, i.e. the destination set Dj of the selected light-tree j will be divided 

into two parts: the intersection D with Di and the rest D’. Lines 17 to 19 are to divide the selected light-tree into two parts; first 

release the old light-tree, then build two new light-trees: one from sj to D’ transmitting the original traffic where the required 

bandwidth remains the same, and another one from sj to D grooming the new traffic onto itself where the required bandwidth is 

reduced by fi. At line 22, the root sj is added to Di, if sj is not in the coverage of the multicast session. To increase the utilization, the 

algorithm selects a light-tree which can honor the maximum number of connection request destinations in the existing light-tree set 

Ex.  

In the end, at line 25, if necessary, a new light-tree is derived to cover the destinations which have not been groomed, and then, 

this tree is divided into constrained light-trees (1-hop light-trees and 2-hop branches). To divide a light-tree, we use the method of 

[15] [16], where 2-hop branches are divided out with a higher priority. It is noted that a connection request with a full bandwidth 

requirement goes directly to line 25. Then a new light-tree is built to provide the connection request with an optimal 

accommodation.  

The complexity of the first loop is . Notice that the upper bound of the number of existing light-trees is , and the 

number of light-trees selected is at most . The second loop has the same complexity . In the last step, building a 

light-tree has complexity of  and dividing a light-tree into small ones has complexity of . In total, the 

complexity of this heuristic algorithm is .  

Another alternative for a heuristic algorithm for the present problem could be based on adding one step to the STLSG algorithm 

of [14], mentioned in the Introduction.  When network resources (wavelength and transceiver) are limited as in this paper, SLTSG 

will have to block some connection requests due to the lack of resources in a similar way DLTG does.  To this end, a step is added 

to the SLTSG algorithm to check whether or not each connection can be accommodated successfully or not. If not, the connection 

request is blocked. Then the network throughput can be calculated based only on the successfully accommodated connection 

requests.   

In the next section, we compare also the quality of the solution of our DLTG algorithm with that of the modified SLTSG. Note 

also that the complexity of SLTSG is  which is higher that that of DLTG. 
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VI. NUMERICAL RESULTS 

A. Results for NSFNET Topology 

In this section, we present numerical results of the ILP formulation, the DLTG and the SLTSG algorithms for the NSFNET 

topology with the resource configuration W = 5, TR = RR = 5. Twenty random multicast connection requests are generated in each 

simulation experiment as before. The results are shown in Fig. 6 and Fig. 7, where the throughput value at each instance is the 

average over 20 simulation runs. 

 

Fig. 6. Network throughput comparison. 

 

 

Fig. 7. Comparison of light-tree sharing degrees of DLTG and SLTSG algorithms. 

In Fig. 6, it is clear that the throughput value of ILP with the 2-hop branch constraint is higher than that of the DLTG and the 

SLTSG algorithms. The average network throughput of DLTG heuristic algorithm is only 3.4% lower than that obtained by the ILP 

formulation, and about 3.5% higher than that of SLTSG. This is because the DLTG algorithm can improve the resource sharing by 
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both grooming traffic to light-trees totally and partially, while SLTSG aims to groom traffic part-by-part to form high utilization 

light-trees where some resource may be wasted as connection request may finally be blocked. In Fig. 6 we also provide results for 

average of total traffic load. These values are the offered traffic, and are the optimistic bounds for throughput results. 

In Fig. 7, the light-tree sharing degrees of DLTG and SLTSG algorithms are compared. The light-tree sharing degree is defined 

as,  

                                          (26) 

where T is the number of light-trees built in the network. The sharing degree represents the degree to which the light-tree resource is 

being shared. As shown in Fig. 7, the sharing degree of DLTG is much higher than that of SLTSG, about 17% higher on average. A 

higher sharing degree would improve the network throughput as more traffic can then be accommodated in the network. The average 

running times are also compared - these are 3.4 hours, 0.01 seconds and 0.08 seconds, for ILP formulation, DLTG and SLTSG, 

respectively. As expected, the running times of the two heuristic algorithms are much lower than that of the ILP formulation. Similar 

results were obtained for other resource configurations (e.g.  W = 3, TR = RR = 3 or W = 6, TR = RR = 6) but have not been shown 

for the sake of brevity. 

B. Results for Usnet Topology 

 

Fig. 8.  USnet Topology. 

We have also studied the performance of the DLTG algorithm for the USnet topology shown in Fig. 8, which has 24 nodes and 43 

links. These simulations are essentially similar to those done for the NSFNET topology except that here we consider a much larger 

network. Twenty-five connection request sets are generated as inputs, and each set comprises 200 multicast connection requests. We 

compare the average network throughput and average sharing degree of 25 connection request sets with a different number of 

transceivers configured at each node, where each fiber link has sufficient wavelengths (we set W to 128). 

In Fig. 9, the traffic load is calculated by averaging the traffic load of the 25 multicast connection request sets. Notice that this 

traffic load value remains constant for the different configurations simply because we use the same 25 multicast connection request 
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sets. Again, this traffic load value represents an optimistic bound for other algorithms.  

Another optimistic bound for the throughput can be obtained by considering the maximum throughput that can be supported by 

the network resources. This bound designated as resource bound is equal to CRR|V|, which mean all receivers in the network are 

fully used for traffic. Accordingly, the minimum of the traffic load and the resource bound represents an upper optimistic bound for 

the throughput. As can be seen in Fig. 9, the DLTG algorithm gives a higher throughput than SLTSG, about 3% on average. If we 

increase the number of transceivers, the network throughputs of the two methods would also increase as more transceivers would 

build more light-trees to accommodate more traffic. When the number of transceivers is increased to about 50, all connection 

requests can be accommodated. The average network throughput of DLTG algorithm for different number of transceivers 

configurations is about 5% lower than the average value of the upper bound. It is noted that the optimal value would be smaller than 

the upper bound value, so the network throughput of DLTG algorithm would be even closer (less than 5%) to the optimal one.  

 

Fig. 9. Network throughput vs. number of transceivers per node. 

 

 

Fig. 10. Light-tree sharing degree vs. number of transceivers per node. 
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Fig. 10 compares light-tree sharing degrees of DLTG and SLTSG. As shown in Fig. 10, DLTG has a higher sharing degree than 

SLTSG, about 15% higher. It may be noted that when we increase the number of transceivers per node, the light-tree sharing degrees 

of DLTG and SLTSG increase. This is mainly because more transceivers build more light-trees, and then DLTG and SLTSG are 

able to groom traffic to light-trees, thereby increasing the light-tree sharing degree. The average running time of a simulation 

experiment (comprising 200 multicast connection requests) averaging over all 25 connection request sets and over all configurations 

was found to be about 0.23 seconds for DLTG and 1.03 seconds for SLTSG. Apart from the fact that these values are low enough to 

implement in a realistic network, the difference between them is insignificant.  

VII. CONCLUSION 

We have investigated a light-tree design problem for multicast traffic grooming in WDM networks with hop constraint. The hop 

constraint reduces the number of possible LOHTs. We have considered examples of 1-hop light-trees and 2-hop branches (which 

imply also 2-hop light-trees). With such constrained light-trees, multicast sessions can be supported by combining several small 

constrained light-trees and the utilization of light-trees can also be improved. We have also proposed an ILP formulation for 

multicast traffic grooming with the constrained light-trees. By only considering light-trees with 2-hop branch constraint, the search 

space of the ILP formulation is greatly reduced. Simulations on NSFNET topology have verified that the ILP formulation with the 

2-hop branch constraint works much faster than the formulation with the 2-hop light-tree constraint. We have also found that these 

two ILP formulations give almost the same performance in randomly generated six-node test networks and NSFNET topology. The 

ILP results have also revealed that, in a network with multicast traffic, the receiver resource is usually exhausted first, and hence 

making efficient use of receivers would have a significantly higher impact on improving the network throughput. Based on these 

observations, we have proposed a heuristic algorithm with a polynomial complexity - Dividable Light-Tree Grooming (DLTG), 

which is based on hop constrained light-trees. The algorithm can select constrained light-trees to groom traffic onto them and can 

also divide light-trees, and then groom traffic onto these divided small light-trees to increase the receiver utilization. We have 

compared the performance of the ILP formulation with the 2-hop branch constraint, DLTG and SLTSG in the NSFNET topology. 

Results have shown that the performance of the newly proposed DLTG algorithm is better than that of SLTSG, and is close to the 

performance of the ILP formulation with significantly shorter running times. We have also verified the performance of DLTG in the 

USnet topology and observed that DLTG not only provides better performance than SLTSG, but it also performs close to an 

optimistic (upper) bound in this network. 
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