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ABSTRACT

Wavelength division multiplexing (WDM) has been considered a promising transmission technology in optica
communication networks. With the continuous advance in optical technology, WDM network will play an important role
in wide area backbone networks. Optical wavelength switching, compared with optical packet switching, is a more
mature and more cost-effective choice for optical switching technologies. Besides, the technology of time division
multiplexing in optical communication networks has been working smoothly for a long time. In the proposed research,
the problem of multicast groups aggregation and multicast routing and wavelength assignment in wavel ength-routed
WDM network is studied. The optical cross connect switches in the problem are assumed to have limited optica
multicast/splitting and TDM functionalities. Given the physical network topology and capacity, the objective is to
maximize the total revenue by means of utmost merging multicast groups into larger macro-groups. The groups in the
same macro-group will share a multicast tree to conduct data transmission. The problem is formulated as an optimization
problem, where the objective function is to maximize the total revenue subject to capacity constraints of components in
the optical network, wavelength continuity constraints, and tree topology constraints. The decision variables in the
formulations include the merging results between groups, multicast tree routing assignment and wavel ength assignment.
The basic approach to the algorithm development for this model is Lagrangean relaxation in conjunction with a number
of optimization techniques. In computational experiments, the proposed algorithms are evaluated on different network
topologies and perform efficiently and effectively according to the experiment results.

Keywords: WDM, TDM, Multicast, Network Planning, Routing, Wavelength Assignment, Optimization, Lagrangean
Relaxation Method, Mathematical Programming.

1. INTRODUCTION

It has been widdly accepted that optical networks will form the building blocks for the next generation Internet. In the
last several years, there has been a growing excitement in the area of optical Dense Wavel ength Division Multiplexing —
DWDM, or smply, WDM networks. WDM operates by sending multiple lightwaves across a single optical fiber.
Information is carried by each wavelength, which is called a channel. Current devel opment activities indicate that WDM
technology will be deployed mainly in a backbone network for large regions. WDM aso can enhance an optical
network’s capacity without expensive re-cabling and can reduce the cost of network upgrades. Current optica
technology demonstrations have shown the feasibility of up to 160 channels, each operation at 10 Ghps, per fiber™.

Wavelength routing is defined to be the selective routing of optical signals according to their wavelengths as they travel
through the network elements between source and destination with or without wavelength converters. The importance of
the reconfigurable optical cross-connect switch (OXCs), and the closely related optical add-drop multiplexer (OADMS),
is that they allow the optical network to be reconfigured on a wavel ength-by-wavelength basis to optimize traffic,
congestion, and network growth?.

In the wavel ength-routed network, the granularity of switching is wavelength. The problem of wasting in bandwidth is
arising from not-fully-loaded-lightpaths because the free bandwidth of the wavelengths in these lightpaths cannot be
used by others. The bandwidth allocation problem in the wavelength-routed networks has been widely investigated® *.
Several schemes using technologies of Optical Time Divison Multiplexing (OTDM) have been proposed in the
literature to achieve higher bandwidth utilization.
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Many broadband services such as video conferencing and distance learning employ multicasting for data delivery. The
support of multicast istherefore essentia for these applications. The multicast routing and wavel ength assignment (MC-
RWA) problem® is: given a limited number of wavelengths and a set of multicast calls, maximize the number of
multicast calls admitted, or equivalently, minimize the call blocking probability under the constraint that each multicast
tree can be assigned only one wavelength. It has been proved that the MC-RWA problem in circuit-switched multi-hop
networks is NP-complete®. Therefore, the problem is complicated and hard to solve. Obtaining the optimal solution in
such kinds of problem isintractable.

If the multicast groups of the same source are merged by means of OTDM technol ogies, the MC-RWA problem will be
more complicated. A new approach’ called tree-shared multicast (TS-MCAST) is proposed in optical burst switching
networks and a multicast sharing class (MSC) associated with a shared tree is also defined. Most proposed work
assumed that the OXCs in WDM networks are quipped with full range power splitters and/or wavelength converters,
which may not be true in practice. In this paper, more physical resources constraints are taken into consideration.
Besides, the tree topologies are not given in advance and the network capacity is not assumed to be as large as tota
traffic demands. As aresult, some groups may not be admitted in due to the capacity constraint. In addition to maximize
the revenue by TDM based groups aggregation, we further try to minimize the needed cost of supporting these groups.

In this paper, a multicast tree aggregation algorithm is proposed. It is not easy to represent the mergence between
multicast groups in mathematical equations. As a result, “Macro-Group” is introduced. Macro-groups are constructed
with the same amount of multicast groups to be considered and the problem of aggregation could be transformed into
assignment problem. Thetransformation isillustrated in Fig. 1.
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Figure 1: Transforming aggregation problem to assignment problem

After aggregating groups, a super-lighttree is constructed for each macro-group to which at least one multicast group
being assigned. The problem is modeled as an optimization problem. This problem is an integer linear programming
problem and the Lagrangean rel axation method and the subgradient method will be applied to solve this problem.

The rest of this paper is organized as follows. In Section 2, we formally define the problem being studied, as well asa
mathematical formulation of max-revenue optimization is proposed. Section 3 applies Lagrangean relaxation as a
solution approach to the problem. Section 4 illustrates the computational experiments. Finally, in Section 5 we present
our conclusions and the direction of future research.

2. PROBLEM FORMULATION

The problem to be solved is which multicast group could be admitted in and to which macro-group it should be merged
such that the total revenues are maximum. The optimal solution to the constrained multicast RWA should aso be
answered.

Consider the network in Fig. 2 with node 1 as the source of Group 1 and 2, and nodes 6 and 7 as the destinations of
Group 1, and nodes 6 and 7 as the destinations of Group 2, respectively. If the node 5 is equipped with a full range
splitter, Group 1 and Group 2 can be merged into a macro-group whose destinations are node 6, 7, and 8. The
construction of alighttreeis simple.

If the splitting compatibility of node 5 islimited to be 1-to-2, the solution is dightly different and is shown in Fig. 3 and
adifferent placement of splitter isalso shown in Fig. 4.
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Figure 2: A simple scenario with afull range splitter.
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Figure 3: A simple scenario with alimited splitting capacity. Figure 4: A simple scenario with different placement of splitter.

The physical topology is modeled as a directed graph G = G (V, L ). Physical links are represented by the directed edge
set L, while the node set V represents the OXCs. Each link is equipped with a certain amount of unidirectiona fibers. A
multicast group is an application requesting for transmission in the network, which has one source and one or more
destinations. The number of macro-group to be constructed is equivalent to the number of multicast groups to be
considered. Each group should be assigned to at most one macro-group. Then, the constrained multicast RWA problems
are solved only for those macro-groups having destinations. We now formalize the problem definition.

Assumptions:
1. The basic architecture used isa WDM network.
2. All OXCsused in the optica network have wavel ength routing function but lack the capability of wavel ength
conversion.
3. All OXCs used in the optical network have TDM capability but the routing function is based on optical wavelength
switching rather than time-slot or optical burst switching.

Given:
1. The optical network topol ogy.
2. The number of fibers on each link and the wavelength channel cost on it.
3. The number of optical transmitters and receivers equipped on and splitting capability of each OXC.
4. Thetraffic demand of each multicast group in terms of time-slot and the revenue it can bring in.
5. The set of available wavelengths on each fiber.
6. The number of time-slots supported ina TDM frame.
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Objective:
To maximize thetotal revenue.

Subject to:

1. Only the multicast groups originating at the same source node could be merged together
2. Each multicast group should be merged to at most one macro-group.
3. Capacity of components in the network.

4. Splitting Capability of each OXC.

5. Each macro-group is supported by one Super-Lighttree.
6. Wavelength continuity of each Super-Lighttree.

To determine:

1. Which group should be admitted in and the mergence resullt.
2. Routing and wavel ength assignment (Super-Lighttree topology) of each macro-group.

Table 1: Description of notations

Given Parameters

Notation Definition
G =G(V.L) Directed graph representing an optical network;

V The set of OXCs;

L The set of WDM links;

L’ The set of outgoing links of node v;

L, The set of incoming links of nodev;

Dest(l) The destination node of link I;

C The number of unidirectiona fibersonlink I;
B The cost of link |;

P, The splitting capability of node v;

Txy The number of optical transmitters a nodev;

The number of opticd receivers a nodev;

Number of time-dotsina TDM frame;

The set of al multicast groups,

Traffic demand of group g in terms of time-dots;

The set of available wavelength on each link;

The revenue of the multicast group g;

The set of macro-groups;

The set of groups whaose source node arev;

The set of macro-groups whose source node arev, T,=G,

The set of possible destination nodes of macro-group t;

The source node of group g;

The source node of macro-group t;

Candidate path set from the source node of group g to nodev;

Candidate path set from the source of macro-group t to node v,
which is identical to Py, if the sources of g and t are the same
node;

1if node visadestination of group g, and O otherwise;

Iyl

1iflink | ison path p, and 0 otherwise.

Decision Variables

Notation

Descriptions

Myt

1if group g isassigned to macro-group t; otherwise 0;

Xtvp

1if path p is used for macro-group t to reach node v; otherwise 0;

t

Yik

The number of fibers on link | with wavelength k used by macro-
group t;

Zik

1if wavelength k is selected for macro-group t; otherwise 0.
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An equivalent formulation of Problem is given by Optimization problem (1P):
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Congtraints (1), (2), (4), (4), and (5) are group aggregation constraints. Each multicast group g should be merged to at
most one macro-group, and the aggregated demands can not exceed the number of time dogs supported in aTDM frame.
Congtraint (2) requires that two multicast groups can be merged together only if they originating from the same source
node. Equation (3) is a redundant constraint which is added to reduce computation time. A more detailed explanation is
presented in section 3.

Congtraints (6), (7), (8), (9), (10), (12), (13), and (19) are routing and wavelength channd allocation congraints. If a
multicast group g is merged to macro-group t, al destination nodes of g should become t's destination. Constraint (8)
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requires that if node v is a destination node of macro-group t, there must be a simple path starting from t's source to it.
Congtraint (9) is a capacity constraint restricting the link usage on | by macro-group t assigned to wavelength k.
Congtraint (10) requiresthat if link | is on the path used for macro-group t to reach any node v, the link usage of t with
wavelength k on that link should be greater than zero. Congtraint (12) is a splitting constraint which requires that the
total outgoing link usage of macro-group t with wavelength k on node v should be less than or equa to the product of
splitting capability of v and total incoming link usage of t on node v with the same wavelength. Equation (13) and
Equation (19) are redundant constraints added to restrict solution range in therelaxed problem.

Congtraints (14), (15), (16), (17), and (18) are wavelength assignment constraints. For each macro-group t, it can be
assigned to at most one wavelength, which implies wavelength continuity. If any multicast group g is merged to it,
Equation (16) ensures that it will be assigned a wavel ength. On the other hand, Constraint (17) requires that macro-group
t should not be assigned a wavelength if no group is merged into it. Equation (18) is aso a splitting constraint special for
the source node of macro-group t.

Congtraints (11), (20), and (21) are optical transceiver and capacity constraints. Constraint (11) requires that, for each
wavelength, the total wavelength channels used on link | should not exceed the number of fibers on that link. For each
OXC in the network, the total number of super- lighttree rooted at it should not exceed the amount of optical transmitter
equipped on it. The number of being destination of any macro-group should not exceed the number of optical receiver
equipped on the OXC.

The number of variables and constraints used in our formulation are both O(|G*+|G| 4V] 4P| 4G| 4L| W) , where P is
the candidate paths set between all pairs of nodes in the network. The size of P is O(2") for that each link | in the
network may or may not be in a given path. However, with a dight modification, the space complexity of our
formulation will not grow exponentially with network size in terms of links. The variable X, Which represents whether
source node of macro-group t reaching node v by path p, can be replaced by two 0-1 variables: X', and X v. The former
represents whether macro-group t use any path to reach node v while the later decides whether link | is on the path used
by t from it’s source to v.

The reason the modification can be made in such a way is that the variable X, in all equations of the proposed
formulation isalmost represented in an aggregated form (Z oo Xom ) except for Constraint (6) and Constraint (10). For

each pair of macro-group t and node v, Constraint (7) requires that there is at most one path connecting t's source to v.
As a result, the path p used by t to reach v can aways be recovered from the information recorded in X'y, and X .
Therefore, the space complexity of our formulation is reduced to O(|G[*+|G| XL| X{(|V|+|W)) where the exponential term
O(|P)=0(2" is replaced by O(JL|).

3. SOLUTION PROCEDURE
3.1 Lagrangean relaxation
By using the Lagrangean Relaxation method® °, we can transform the primal problem (IP) into the following Lagrangesn
Relaxation problem (LR) where congraints (5), (8), (10), (11), (12), (16), (17), and (18) are relaxed.For a vector of
Lagrangean multipliers, a Lagrangean Relaxation problem of (IP) is given by Optimization problem (L R):

Z,(Uy, Uy, Ug, Uy, U, Ug Uy, Ug) =Min=2" 3" Am  +>" B > >y, +> >'u {ngt -G, |u :ot}xzxwp}
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subject to: (1)(2)(3)(4)(6)(7)(9)(13)(14)(15)(19)(20)(21)
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where uy, Uy, Us, Ug, Us, U, Uy, and Ug are the vectors of non-negative Lagrangean multipliers {uw}, {U}, {Us}, { Vst
{usi, {Uew}, {Un}, and {ug},. To solve (LR), we decompose the problem into the following four independent and
easily solvable optimization subproblems.

Subproblem 1: (related to decision variable my)

Z (U Us, Uy W) =min=3 > Am, +ZZZ“ My O,y +Z D Uy,

90GHE MG O MGVY g G tIMGg G
+Z 7tzt mgt_ZUSthgt
tOMG 0o MG Og G
=min Z(Zumavg Hly Ut — Uy —AJ]
tOMG § G \vIV

subject to: (1)(2)(3)(4).

Subproblem 1 can be further decomposed into |V| problem because the groups will be aggregated together only if they
root at the same nodes. A redundant constraint (3) is added to the problem in order to avoid oscillation of decision
variable iteration by iteration. A formal proof is given below.

Lemma 1l
Congtraint (3) isaredundant constraint.

Pr oof

The lemma is proved by construction. A simple permutation and re-labeling technique can be applied to all possible
assignments between groups and macro-groups to satisfy Constraint (3). Given an aggregated macro-group t, it can be
relabeled to the smallest ID among al groups assigned to it. Because each group can be aggregated to a& most one
macro-group, ho macro-group will come into collision with othersin terms of ID. As a result, the assignment between
groups and relabel ed macro-groups satisfies the constraint (3).

Assigmmert after permutaton
and re-labeling

wQOOOO WOOOO®
LU B @006
GCGOOOOO® GC(D%)

Figure 5: Permutation and re-labeling on macro-groups

Assignroern before penmutanon

An exampleisillustrated in Fig. 5. The macro- groups are permutated according to the lowest ID among groups being
assigned to them and relabeled according to the new order. For example, macro-group 4 is relabeled to 1 because
multicast group 1 is assigned to it. The macro-group 3 is relabeled in this way as well. According to the computationa
experiments, the running time of the algorithm will be shortened and the lower bound will be dightly higher with this
redundant constraint. For each group g, it will be aggregated to the macro-group t with lowest coefficient
YUpt+ Ust UntSy-Ug-Ag. If the lowest coefficient is greater than O, group g is dropped; otherwise g is aggregated to macro-
group t and the corresponding variablemy is set to be 1.

Subproblem 2: (related to decision variable Xyy)
subz(ul uz) mln Z Z Z|{G |L| Ot}| mxtvp +Z l‘IZtIXtvpde
NG O

tOMG ¥ Vp R, Ot LUV DpR
=min TS 5[ S, e lu=alu, K,
tOMG & VIp P“, | L

subject to: (6)(7)(22).
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Subproblem 2 is composed of |[MG| shortest path tree problems for each macro-group t, where uy is the arc weight of
link I. For each pair t and v, if the cost of the result shortest path p is less than the threshold value [ Gy|u=0g} [Xuyy, Set
Xup 10 be 1, otherwise set it to be 0. If Constraint (21) is violated by some node v, sort values of shortest path cost minus
threshold value in ascending order, and followed by setting the first Rx, corresponding X, to be 1.

Subproblem 3: (related to decision variable y')

Z4(Uy,U,, Us, Ug) =min z ZZ[B + U, _|Dt| XUy ])’fk +zzzzu4vtkyltk

tOMG KWl L OkW@Vt T, 00
+ZZ Z zuevtkyltk _zz z zuevtksjvyltk
KOW @ V0t {MG T,} 0L Ok W@V t-{MG T,}0 L,

subject to: (9)(13)(19).

Subproblem 3 can be further decomposed into [MG| problems. The link usage and wavelength for each macro-group
tOOMG should be decided. In order to minimize the objective function, the wavelength k with smallest coefficient is
select for each link.

Subproblem 4: (related to decision variable zy)
Z,(us,U,,Ug) =min- Z Z|{Gu lu :Ot}|u3tztk _Z Up SR 2y + Z Z Ug, Z

tOMG K W vMtO kW 0 t{IMGk W
= min_ZZZ(|Tv|u3t +u4vtkS:3/Ztk _u8t)
VIV B T,k W

subject to: (14)(15)(20).

Subproblem 4 can be further decomposed into |V| problems. For each node v, every macro-group rooted at v has to be
assigned a wavelength. According to Lagrangean multipliers {usu}, the wavelength k with largest value of Uz is
chosen for macro-group t if the coefficient | Ty| X Ugi+ UguSPy-Ug IS larger than 0. Otherwise, macro-group t is skipped. For
each node v, if the number of macro-groups rooted at it islarger than the number of transmitters on it, macro-groups are
sorted according to their coefficients in ascending order and then the first T,, corresponding z are set to be 1.

According to the weak Lagrangean duality theorem™, for any uy, U, Us, Us, Us, Ug, Uz, ad Ug>0, Zp(Usry, Ui, Usts Usvke Usike
Uswiks Uz, Ugt) IS @ lower bound on Zp. The following dual problem (D) is then constructed to cal culate the tightest |ower
bound.

Dual Praoblem (D):
Z, =maxZ,(u,Uu,,us,u,,uUg,Ug,U,,Ug)
SJbJeCt to: Uz, Uy, Uz, Ug, Us, Us, U7, Ug > 0.

There are several methods for solving the dual problem (D). The most popular is the subgradient method®, which is
employed here. Let a vector s be a subgradient of Zp(uy, Uy, Us, Us, Us, U, Uz, Ug). Then, in iteration k of the subgradient
optimization procedure, the multiplier vector is updated by o *=w*+t*s". The step size t* is determined by t*=6(Z",p—
Zo(@)/|ISP.  Z"e isthe primal objective function value for a heuristic solution (an upper bound on Zp). & is a constant
and0<d<2

3.2 Getting primal feasible solutions

After optimally solving the Lagrangean dual problem, we get a set of decision variables. However, this solution would
not be a feasible one for the primal problem since some of constraints are not satisfied. Thus, minor modification of
decision variables, or the hints of multipliers must be taken, to obtain the primal feasible solution of problem (IP).
Generally speaking, the best primal feasible solution is an upper bound (UB) of the problem (1P), while the Lagrangean
dual problem solution guarantees the lower bound (LB) of problem (IP). Iteratively, by solving the Lagrangean dual
problem and getting the primal feasible solution, we get the LB and UB, respectively. So, the gap between UB and LB,
computed by (UB-LB)/LB*100%, illustrates the optimality of problem solution. The smaller gap computed, the better
the optimality.

Proc. of SPIE Vol. 5626 231



Owing to the complexity of the primal problem, here we propose a comprehensive, two-part method to obtain a primal
feasible solution: the group aggregation heuristic and the constrained multicast routing and wavelength assignment
(RWA) heuristic. The firs one determines which group can be admitted in, the memberships between admitted-in
multicast groups and the destinations of all macro-groups. After the aggregation of multicast groups and memberships of
macro-group are determined, we solve constrained multicast RWA subproblem for each macro-group.

[Lagrangean M ultipliers-based Group Aggregation Heuristic]

1. Based on { my}, identify the set of un-admitted- in groups, denoted by U,

2. Based on { my }, calculate the aggregated demands of time-slots of all macro-groups and identify the set of multicast
group which are assigned to it, denoted by G..

Identify the set of macro-groups whose aggregated demand exceeds the number of available time-dotsin aTDM
frame (TS), denoted by Ty,

Remove onemy O, calculate contribution ratio for each group gin G..

Drop GOG; with lowest contribution ratio and insert g into Uy.

Repeat step 5 until the aggregated demandsin terms of time-slots of t islessthan or equal to TS

Repeat step 4, 5, and 6 until T, becomes empty.

For each nonempty macro-group, identify the destinations, calculate the revenue and insert it to the set T,, which is
the set of macro-group to be routed.

9. Based on revenue, sort TOIT, in descending order.

w

©ONOoO O A

After applying the algorithm described above, we get the set of macro-groups for which we solve multicast RWA in next
heurigtic.

[Lagrangean Multiplier s-based M ulticast RWA Heuristic]

1. Seect a macro-group tOT, with highest revenue it can earn, and check whether residua transmitter on source node
and receiver on destination nodes of t are enough or not.

If any residual resources needed by t are not enough, drop all groups in G; and insert into Uy. Repesat stepl.

Else, run SPH-J agorithm |W| times for each wavelength. Sdect wavel ength k with lowest routing cost.

If no such wavelength k exists, drop all groupsin G; and insert them into Uy,.

Else, decrease the residual tranamitter on source node of t, the residual receiver on destinations of t, and the residual
link capacity with wavelength k of all used link according to the link usage calculated in step 3. Removet from T,
and repeat step 1 until T, becomes empty.

arLN

[Algorithm SPH-J]
1. Insert source node to set TreeNodeSet, and insert all destinations to set DestSet.
2. Calculatethelink cost: spHCost(1) = B +Zwezmw“ewk , where v=Dedt(l).

3. Choose d0DestSet with feasible path and lowest cost to any node tnOJTreeNodeSet, degree constraint of each node
and capacity constraint of each link on the acyclic path should be checked. If no such d exists, terminate this
algorithm and return fail.

4. Remove d from DestSet and insert it with other nodes all the way in the path into TreeNodeSet.

5. Repeat step 3 until DestSet is empty.

6. Return success.

The time complexity of iterations of the proposed Lagrangean relaxation based agorithm is composed of three parts:
solving Lagrangean relaxation subproblems, solving the Lagrangean dual problem, and getting primal feasible solutions.
The third part dominates others because the high complexity of solving constrained multicast RWA problem. The worst
case time complexity is O(|G|x W |D[x |L|x log|V]).

4. COMPUTATIONAL EXPERIMENTS
In this section, computational experiments on the Lagrangean relaxation based heuristic and other primal heuristics are
reported. Because of the complexity of the multicast group aggregation and constrained multicast routing and
wavelength assignment problems, it is not easy to get a tighter lower bound by solving the Lagrangean relaxation
problem iteration by iteration. But this powerful methodology provides a lot of hints to help us get a prima feasible
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solution. In order to demonstrate the difference of solution quality between the agorithms proposed in this paper and
other primal heuristics, a smple agorithm isimplemented to compare with the Lagrangean relaxation based dgorithms.

In section 3, the problem is decomposed into two subproblems: the group aggregation subproblem and the constrained
multicast routing and wavelength assignment (RWA) subproblem. Without implications of the Lagrangean multipliers,
memberships and demands of groups are the only information we can rely on to solve the group aggregation problem.
Two groups can be merged into one macro-group if they have sufficient overlap in terms of destination nodes and the
aggregated demands do not exceed the number of available timedotsin a TDM frame. The simple agorithm is described
asfollow.

[Algorithm SA]

Step 1 (Initidization):
Read configuration fileto construct WDM network and generate multicast traffic demands.

Step 2 (Group Aggregation):
For each group g rooted at node v, merge g to amacro-group t (t < g) with highest extent of overlap (at least 66%)
in terms of destination nodes without violating capacity constraint. If no such t exists, assign g to the macro- group
with ID g.

Step 3 (Constrained Multicast RWA):
Applying the same algorithms described in section 4.2 to determine the routing and wavel ength assignment
problem for each macro-group.

Step 4 (Termination):
Calculate the result value from step 3 and terminate this algorithm.

The network topology used for our numerical experiments are 14-node 42- link NSFNET network (Fig. 6) and 12-node
50-link GTE network (Fig. 7). The number beside each link indicates the cost of the link.

Figure 6: 14-nodes 42-links NSFNET network. Figure 7: 12-nodes 50-links GTE network.

Firg, we experiment different aggregation levels in Experiment-I. The number of transmitters Tx on each node is
calculated from dividing 40 (half of average number of groups tested) by the number of nodes in the network. The
number of receivers Rx is calculated from multiplying the number of tranamitters by the average group size. Each caseis
tested on two topologies presented above. Table 2 summaries the selected results of the computational experiments.in
general, theresults of LR are al better than SA. For each testing network, the maximum improvement ratio between the
simple heuristic and the Lagrangean based heuristic is 30.48 %, and 21.56%, respectively. To clam optimality, we also
depict the percentile of gap in Table 2. As we mention before, because of the complexity of the multicast group
aggregation and constrained multicast routing and wavelength assignment problems, it isnot easy to get a tighter lower
bound. The gap between upper bound and lower bound may be a duality gap, because we relax several constraints.

Second, the relationship between the reduced cost and increased splitting capability are examined in Experiment-11. In
this case, we try to compare the costs between different splitting capabilities conditions. To achieve fair comparison, the
number of groups being admitted in should be the same or we can compare the costs between different numbers of
groups being routed in the network. As aresult, the offered loads in terms of the number of groups are set to be small to
make al of them being admitted in. Table 3 summaries the computational experiments of Experiment-11. In general, the
Lagrangean based heuristic performs well compared to the smple heurigtic, even when the simple algorithm can not find
afeasible solution, such asthe case A with 10 groups and no splitting capability. We also found that if the nodes have
higher splitting capability, the cost would be reduced.
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There are three main reasons that LR works better than SA. Firgt, the SA makes groups aggregation decision only based
on the destination nodes set and residual capacity in terms of time-dots, whereas LR makes use of the related
Lagrangean multipliers. The Lagrangean multipliers include the potential cost for routing and wavelength assignment on
each link in the formed tree topology. Second, LR solves the constrained multicast routing and wavelength assignment
problem based on the modified link cost, which takes the splitting capability of destination node of link into
consideration. As aresult, LR can find a feasible solution with higher possibility comparing to SA. The solution quality
is better too. Last, LR is iteration-based and is guaranteed to improve the solution quality iteration by iteration.
Therefore, in a more complicated testing environment which the extent of mergence between groups is higher, the

improvement ratio is higher.

Table 2: Selected results of experiment |

CASE SP. G# SA UB LB GAP I mp.
NSFNET Network Max | mp. Ratio: 30.48 %
50 2553 3227.8 4629.9 43.41% 26.43%
A 8 70 2872.4 3748 6524.45 74.08% 30.48%
90 3233 4001.3 8415 110.31% 23.76%
110 3569.4 41724 10266 146.05% 16.89%
50 2691.8 3353.2 4624.25 37.91% 24.57%
B 12 70 2991 3740.4 6521.74 74.36% 25.06%
90 3301.6 41282 8412.6 103.78 25.04%
110 3643.2 -4469 10254.6 129.46% 22.67%
GTE Network Max | mp. Ratio: 21.56 %
50 3696.2 4463.3 5071.49 13.63% 20.75%
A 8 70 4288.8 5173.9 7122.5 37.66% 20.64%
90 4884 5836.55 9148.73 56.75% 19.5%
110 5278.5 6416.57 11235.52 75.1% 21.56%
50 3726.3 4360.3 5067.45 16.22% 17.01%
B 12 70 4421 5307.3 7106.7 33.9% 20.05%
90 4858.2 5891.1 9161.43 55.51% 21.26%
110 5374.5 6236.8 11182.75 79.3% 16.04%
SP: Additional Splitting Capabilities
SA: Thereault of the simple heuristic
UB and LB: Upper and lower bounds of the Lagrangean based heuristic
GAP: The error gap of the Lagrangean relaxation
Imp.: Theimprovement ratio of the Lagrangean based heuristic
Table 3: Results of experiment |1
CASE SP SA Cost LR Cost I mp.
Group Number=10
0 N/A 247.2 N/A
A 8 218 170.8 -21.65%
16 203.2 160 -21.26%
24 194 1484 -23.51%
0 225.6 224.4 -0.53%
B 8 175.6 164 -6.61%
16 170.8 152.8 -10.54%
24 166.4 143.2 -13.94%
Group Number =20
0 N/A N/A N/A
A 8 364.8 350.8 -3.84%
16 352.4 318.8 -9.53%
24 343.2 299.6 -12.7%
0 N/A N/A N/A
B 8 355.6 282.4 -20.58%
16 329.2 278.8 -15.31%
24 324.4 261.2 -19.48%
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5. CONCLUSION
The achievement of this paper can be expressed in terms of mathematical formulation and experiment performance. In
terms of formulation, we propose a precise mathematical expression to well model the problems of multicast tree/group
aggregation, congrained multicast routing and wave length assignment on wavelength-routed WDM networks. The
overall problem is modeled as an integer linear programming problem. In terms of performance, the proposed
Lagrangean relaxation and subgradient based algorithms outperform the primal heuristics with acceptable computation
time.

Different network topologies are tested in experiments, including NSFNET network and GTE network. And different
parameters setting, including different number of wavel ength available in fiber-optics, different size of multicast groups,
and different demands in terms of time-dots have been tested to make this research more generic. As aresult, we suggest
that network operators apply the proposed Lagrangean relaxation based algorithms when dealing with network design
problems related to supporting multicast communicationsin resource constrained WDM networks.

In this paper, Quality of Service (Q0S) measurements are not taken into consideraion. In the future, the QoS
requirements can be added to the proposed flexible formulation. For example, delay bound, jitter, and the hop count
constraint can be easily added to the formulation. Due to the variety of services carried on the networks, different group
aggregation admission policies can also be added to the mathematical modd to fulfill different service requirements.

Besides, the feasibility of the lighttree approach depends obvioudy on the relative cost of optical OXCs, transmitters and
receivers at different capability. Today, these costs are rapidly changing due to the rapid evolution of electrical and
optical technologies. The resources placement in WDM networks is an important issue as wdl. If the related
technologies get mature, different tree sharing schemes can be taken into consideration such as aggregating groups
originating from different source nodes. Concatenation of two shared treeis also a possible way.
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