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Abstract. Mixed-Line-Rate (MLR) optical networks provide the flex-
ibility for satisfying heterogeneous traffic demands. However, the exis-
tence of multiple line rates makes the network planning problem more
complicated. In this paper, we aim at minimizing the network cost (the
joint cost of transponder, wavelength channel usage and the number of
used wavelengths) for provisioning multiple multicast sessions simulta-
neously in MLR optical networks. Two distinct methods are proposed
to optimize the network cost: A novel path-based integer linear program
(ILP) and a tabu search based heuristic algorithm. Simulation results val-
idate our proposed methods and demonstrate that our tabu search based
method is able to compute a near-optimal multicast provision strategy.

Keywords: Optical networks + Mixed Line Rate (MLR) - Multicast
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1 Introduction

In mixed-line-rate optical networks, multiple line rates are available for carrying
network traffic with the help of different modulation techniques, for instance 10,
40, and 100 Gbps [1]. As transponder costs and maximum reaches are different
for each line rate, using the combination of different line rates for establish-
ing optical communications may help to greatly reduce the network cost. This is
why optical networks with mixed line rates are more attractive compared to that
of single line rate, especially for satisfying heterogeneous network traffics. All-
optical multicasting is an ideal technique for carrying bandwidth-harvest traffic
in core networks (e.g. aggregated video traffic or huge data center migration traf-
fic [5]), since it is able to provide a huge bandwidth and achieve the lowest delay
[7] by keeping the signal in the optical domain along a light-path or a light-tree
[3,10,11]. However, supporting all-optical multicasting is a challenging work in
optical networks with mixed line rates. The co-existence of multiple line rates
adds a third dimension for network optimization (i.e. line rate selection for each
lightpath or a light-tree) in addition to the traditional two dimensions (i.e. rout-
ing and wavelength assignment) [9]. Thus, Multicast Routing and Wavelength
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Assignment with the presence of Mixed Line Rates (MRWA-MLR) becomes a
new critical optimization problem for optical network planning.

The multicast routing and wavelength assignment problem for single line
rate optical networks has been deeply studied [3,10,11]. Their objective is to
find a set of light-trees for satisfying all multicast requests while minimizing
the wavelength channel cost or cutting energy consumption. Since these works
did not consider the fact that a wavelength can operate at different line rates
with different maximum reaches, they can not be reused for solving the MRWA-
MLR problem. To the best of our knowledge, [4,9] are the only two papers
dealing with the MRWA-MLR problem. Paper [4] proposed a heuristic algorithm
to provision static multicast communications in mixed-line-rate Ethernet-Over-
WDM networks. As the proposal is only for Ethernet, it is not suitable for WDM
core networks. This is because the maximum reach constraint is not considered.
Recently, we just propose an ILP model to formulate the MRWA-MLR problem
in [9]. However, this model is time consuming and not able to give a solution
for networks with up to 11 nodes. Thus, a time-efficient and effective heuristic
algorithm is required for provisioning multicast communications with mixed line
rates. This motivates our current work.

In this paper, we aim at minimizing the joint network cost while satisfy-
ing multiple multicast sessions simultaneously in MLR optical networks. The
considered joint network cost involves the transponder cost, wavelength channel
usage and the number of used wavelengths. To this end, two distinct methods
are proposed: a novel path-based ILP formulation and a tabu search based meta-
heuristic algorithm. The proposed new ILP model adopts the concept of using a
set of light-paths to form light-trees, while the ILP model [9] constructs directly
light-trees. However, both models do not scale with the network size. Thus, a
tabu search based method is proposed to optimize the network cost in a reason-
able time. Simulation results demonstrate that our tabu search based method
is able to compute a near optimal solution for provisioning multicast communi-
cations in mixed line rate optical networks. It is also scalable with the network
size.

We organize the rest of the paper as follows. The multicast routing and
wavelength assignment problem considering multiple line rates is presented in
Sect. 2. Then, we propose a novel path-based ILP model to formulate the problem
in Sect. 3. A tabu search based meta-heuristic algorithm is proposed to solve the
problem for big optical networks in Sect.4. Simulations are conducted in Sect.5
to compare the exact solution and the approximated solutions. Finally, the paper
is concluded in Sect. 6.

2 Multicast Provisioning in Optical Networks with
Mixed Line Rates

All-optical multicasting is an efficient technique for satisfying bandwidth-harvest
and delay-critical traffic (e.g. the aggregated traffic of high definition IPTV, or
Video conference and etc.). Dimensioning optical networks with multicast traffic
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is a hard work, especially for optical networks with mixed line rates, what needs
to be investigated. In this section, we first give the optical network model and
then present the multicast provisioning problem with mixed line rates.

2.1 MLR Optical Network Model

We consider a transparent optical network with mixed line rates. Thus, no regen-
erator is assumed. We model the studied optical network as a symmetric digraph
G(V, E), where V denotes the set of optical cross-connects (OXCs) and E repre-
sents the set of links between them. Two links are deployed between two adjacent
OXCs with each one for an opposite direction communication. We use d,, to
denote the length of a directed link from OXC w to v. All optical links support
the same set of wavelengths (noted W) and the same set of line rates (noted
R), e.g., R = {10,40,100 Gbps}. A transponder working at one line rate r € R
is required to enable a source-to-destination communication in a lightpath or a
light-tree. We dispose different line rates, but their maximum reaches are differ-
ent and so are their costs. The maximum reach of a line rate r is denoted by H,..
As reported in [1], the maximum reaches are Hyp = 1750km, Hyo = 1800 km
and Higp = 900km for line rate 10/40/100 Gbps respectively, when the MLR
optical network is dispersion-minimized for 10 Gbps. We should note that higher
maximum reach is achieved by 40 Gbps line rate than 10 Gbps in the considered
networks [1,8]. In [6], they also define the normalized transponder cost C, as
follows: {C1o = 1,Cy9 = 2.5,C190 = 3.75}. Furthermore, we consider huge traf-
fic demand in optical networks. Let S be the set of multicast source OXCs. We
assume that multiple multicast communications {(s, Dy, Bs) : s € S,D, C V'}
arrive at the same time. For a multicast communication originated from source
s, Dy is the set of involved destination OXCs, and B; is the required bandwidth,
which is generally bigger than the bandwidth of the highest line rate. Thus a
multicast communication may need to use multiple line rates at the same time
to satisfy the bandwidth requirement.

2.2 MRWA-MLR Optimization Problem

We study the problem of provisioning multiple multicast sessions simultane-
ously in optical networks with mixed line rates. Our objective is to minimize
the joint network cost, which can be a linear combination of transponder cost
for supporting different line rates, the wavelength channel usage, and the num-
ber of used wavelengths. The co-efficiency of different costs may be defined the
network operator to reduce the real network deployment cost. The advantage
of using mixed line rates is that it enables us to satisfy heterogeneous traffic
demands efficiently. But, it also increases the network optimization complexity.
Thus, when solving the MRWA-MLR, problem, one should take into account the
following three subproblems:
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— (a) Multicast Routing with light-trees or lightpaths.
— (b) Line rate Assignment for light-trees or lightpaths.
— (c) Wavelength Assignment for light-trees or lightpaths

We suppose that light-splitters are available on all OXCs in the network. This
enables any OXC to support all-optical multicasting. The wavelength conversion
is not considered due to its high cost and hardware complexity. In subproblem
(a), several light-trees may be required to satisfy the bandwidth requirement.
A light-tree should use the same wavelength and operate at the same line rate
over all links. In subproblem (b), the depth of a light-tree, or the length of a
lightpath should be bounded to support a certain line rate. Finally, the distinct
wavelength constraint (i.e. two light-trees should be allocated with distinct wave-
lengths unless they are link-disjoint) should be taken into account when solving
subproblem (c).

In what follows, two distinct solutions are proposed to solve the MRWA-MLR
problem: Path-based ILP formulation and tabu search based meta-heuristic algo-
rithm.

3 A Path-Based ILP Formulation

A light-tree can be viewed as a set of light-paths from the source to each leaf
destination who may share a common part with the same wavelength. Based
on this concept, we propose a novel path-based ILP formulation in this section,
which is different from our previously proposed tree-structure based ILP [9]. We

defined four vectors of variables ng/\w hf}f\l,.7 Yuux and zy as follows:

z5d, € {0,1}: Equals 1 if arc (u, v) belongs to the path used between the source
node s and the destination node d with the line rate r on wave-
length A.
€ [0, M]: The distance of the path used between the source node s and
the destination node d with the line rate » on wavelength .
Yuvx € {0,1}: Equals 1 if wavelength \ is used on arc (u,v), otherwise 0.
zx € {0,1}: Equals 1 if wavelength A is used in the final solution, otherwise 0.

hsd

VAT

We define V; as the set of OXCs except the source node, i.e., Vo =V \ {s}.
We use N (v) to represent the neighbor OXCs of v in the optical network. For a
transponder of line rate r, its cost is noted by c¢,. Let C; be total transponder
cost, C) be the total wavelength channel usage cost, and C, be the number of
used wavelengths, i.e.,

_ d
Cy = ZSES Z:d»’EDS Z)\EW Z’UEN(S) ZT‘ER Cr - xi'u)\'r‘
G = Z(u,v)EE Z)\EW Yuo
C. = ZAEW 28
Our objective is to minimize the total joint cost, which can thus be expressed as

min a-Cy+43-C+~v-C, (1)
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The objective function is subject to the following constraints:

ooast, = Y at,, Vse€SVde D, YoeV - {sd}

uweN(v) ueN (v)
YAeW,Vr € R (2)
Wity <H.- Y aif,, VseSVde D, ,VAeW,¥reR (3)
vEN(d)
R4 > h% 4 dy, —M-(1—25%,) Vsec S Vde D,,
YA e W,Vr € R V(u,v) € E (4)

3 > reajly, =B, VseSVde D, (5)

reRXeW veN(d)

quv/\r + quv)\r < Yuwr Vs,s' €S,s >s5,Vde D, Vd' € Dy,

reR ré€R
VA€ W,¥(u,v) € E (6)
2 42t < yuon Vse S Vd,d € D,,d #dNr,r €R,
r'>r,VA e W,¥Y(u,v) € E (7)
22 > Yuor V(u,v) € EVAEW (8)
ZN > 241 VAEW (9)

Constraint (2) ensures that for a rate r and a wavelength A, the number
of incoming arcs in a vertex v is equal to the number of outgoing arcs. The
constraint (3) makes sure that the length of a path is no bigger than the max-
imum reach H, of the line rate chosen for this path. Constraint (4) prohibits
cycles and gives a lower height bound to hv ¢ Constraint (5) ensures that traffic
received by each destination d € Dy is at least equal to the traffic required by the
multicast session with source s. Constraint (6) prohibits two paths to have the
same wavelength if they have a common arc and but start from different sources.
Constraint (7) makes sure that two paths starting from the same source can not
use the same wavelength if they share a common arc but use different line rates.
Constraints (8) and (9) allow us to count the number of used wavelengths and
assign them in ascending order.

As we will see in Sect. 5, it is time consuming to compute the optimal solu-
tion using this ILP model. Thus, next we present a tabu search based heuristic
algorithm for provisioning multicast communications.

4 A Tabu Search Based Multicast Provisioning Algorithm

The tabu search is based on the concepts of neighborhood solution and allowed
movements. The neighborhood of a solution is a set of solutions that can be
achieved from the first by performing a predefined movement. Each movement
is added to a list with fixed size (tabu list) that contains the banned movements.
Adequate adaptation of the tabu search metaheuristic is proposed, the general



A Tabu Search Optimization for Multicast Provisioning 19

functioning is introduced in Algorithm 1 and its different steps are detailed in
the remainder of this section.

Algorithm 1. Tabu search based multicast provisioning

CALCULATION INITIAL SOLUTION

— Generate a set of line rates for each source-destination pair (s, d) of each
multicast session. We use the dynamic programming to assure that initial
solution satisfy the demand Bs. The selected set of rates represents the
modeling of the initial solution.

— Calculate a feasible paths solution corresponding to the selected rates and
make the assignment of the wavelengths using a heuristic method.

MOVEMENT SEARCH

— Search the best move (the best switch of line rates) to get the best neighbor
solution, except the set of line rates already placed in the tabu list.

— Compute a feasible path solution corresponding to the newly selected line
rates and assign wavelengths using a heuristic method (Algorithm 2
introduced later).

UPDATING THE TABU LIST

— Store the newly selected set of line rates in the tabu list.

STOP CONDITION

— Restart the search for a solution until a stop condition is verified (limited
movement or computation time).

4.1 Solution Modeling

Any instance of an MRWA-MLR problem is associated with a finite set of fea-
sible solutions; each of which is characterized by a formulation which allows the
distinction between different solutions. A solution to the MRWA-MLR problem
involves the selection of line rates and the allocation of wavelengths.

Selection of Line Rates. Due to the structure complexity, we consider only
the set of selected line rates in the modeling of a solution, the allocation of
wavelengths is obtained by a method presented below. Let Ratesg, be the
selected line rates for a solution Sol of an instance of the problem, in our tabu
search a solution Sol is defined with Ratess,; = {Ratessq : Vs € S,Vd € D},
where Ratessq = {ri,r2,...Tn : 73 € R,> ;i > B} is the set of line rates
assigned to each source-destination pair (s,d) that can satisfy the demand By
and respect the constraints of the maximum transmission reach. More formally,
for all » € Ratessq must exist at least a path between s and d with a length
shorter than H,.

Wavelengths Assignment. Suppose that Ratesso, = {Ratessq : Vs € Sa,Vd €
D} is the set of selected line rates which define a feasible solution Sol for an
instance of the MRWA-MLR problem. We propose a greedy heuristic that is used
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to calculate the paths of the solution Sol from the selected line rates Ratesg,;
and make the assignment of the wavelengths. The heuristic proceeds in several
iterations, each of which we calculate the best path that could be added to the
partial solution.

Before presenting the main contribution of this work, i.e., the wavelengths
allocation heuristic algorithm, we introduce the Elementary Shortest Path with
Constraints Resources algorithm (ESPPRC) presented in [2]. ESPPRC algo-
rithm permits to calculate the shortest path between a source and a destination
under the resource constraint in a network. It will be used several times in our
tabu search based multicast provisioning. Let us consider a network G(V, E, W)
and the associated arc length d,, for each arc (u,v) € E. In order to calculate
the elementary shortest path from a given source s € VNS to one destination
d € VN Dg with a given line rate r € R, we adapt the ESPPRC algorithm by
considering resources as the total length of the path, which should not be beyond
the maximum transmission reach of the selected line rate.

The main idea of the proposed greedy heuristic algorithm is to search in each
iteration for the best path that can be added to the partial solution without vio-
lating wavelengths allocation constraints. Given a partial solution, we calculate
the best path form a given source node s to a given destination node d using a
given line rate r on a given wavelength A using the ESPPRC procedure applied
on a graph G'(V, E,W) obtained by deleting from G(V, E,W) each arc (u,v)
that satisfies at least one of these three cases:

— The arc (u,v) is crossed by a path p belonging to the partial solution on A
wavelength and the node source of the path p is different from s.

— The arc (u,v) is crossed by a path p belonging to the partial solution on A
wavelength and the line rate used by the path p is different from r.

— The arc (u,v) is crossed by a path p belonging to the partial solution on A
wavelength and the path p provision the session (s, d).

The wavelengths allocation heuristic algorithm is described in Algorithm 2.

4.2 Neighborhood Function

The neighborhood function is an application such that for all Sol associates
Sol’ if and only if exist at least a session (s,d) such as Ratessq # Rates’,; and
Ratessq € Ratess, and Rates,; € Ratesgor. A neighborhood solution Sol’ of
Sol can be obtained by simple exchange of a line rate r; € Ratessq for any
session (s,d) but with taking into consideration that the new sets of line rates
Rates’; must satisfy the demand of the session (s,d) and exist at least a path
using the line rate r; that satisfies the constraint of the maximum transmission
reach between s and d. It is very clear that the size of the neighborhood depends
on the number of sessions and the demand of each session.

4.3 Tabu List

A fundamental element of the tabu search is the use of memory, which is used to
keep track of past operations. We can store information relevant to certain stages
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Algorithm 2. Wavelengths Allocation Heuristic Algorithm

Data: G(V, E,W) /*The graph modeling the optical network */
1 Ratessq = {r1,7r2,...tn : 75 € R} /*Set of line rates for each (s, d) */
2 Ratesgor = {Ratessq : Vs € S,Vd € Ds} /*All used line rates in the solution */
Result: Pathsse /* A set of paths that constitute the solution. */
3 initialization;
4 Pathsge — 0 ;
5 forall Ratessq € Ratesso do
6 forall r; € Ratessq do
7 AllPaths?i — 0 ;
8 forall A € W do
9 /* G'(V,E,W) : a graph used in each iteration of the algorithm to
model the partial solution. */

10 G'(V,B,W) — G(V,E,W) ;

11 /* Cost :a matrix that contains the costs of arcs in the graph.  */

12 forall (u,v) € W do

13 L Costlu,v] — 1;

14 forall (s',d’,r',\') : Path’,), € Pathss, do

15 /* affect the cost 0 to each arc already used and remove each

arc which can violate the wavelength constraint. */

16 forall (u,v) € Path;,fl‘: do

17 if M’ = )\ then

18 L Cost|u,v] — 0 ;

19 if & #s & X = ) then

20 | G'(V,E,W) —G'(V,E,W\ (u,0)) ;

21 if v’ #£7r; & N = )\ then

22 | G'(V,E,W) <G (V,E,W\ (u,0)) ;

23 ifs"=s5 & d=d & XN =)\ then

24 | G'(V,E,W) —G'(V,E,W\ (u,0)) ;

25 /* calculate with the ESPPRC procedure, the shortest path from s
to d using the line rate r;, wavelength \, the graph G'(V, E, W)
and the matrix Cost. */

26 AllPathsli —

| AllPaths.; U{ESPPRC(s,d,r:,\,G'(V,E,W),Cost)} ;
27 /* chose the path with the minimal cost. */
28 Pathsgor < Pathssor U {min(AllPaths.})} ;

of research. This list helps to prevent blockages in the local minima by preventing
switching to solution previously visited. The exploration of one neighbor solution
is expensive in terms of computation time because of the use of wavelengths
allocation heuristic, so in our tabu search method we explore a small number of
solutions. This allows us to use a static tabu List which contains all configuration
line rates Ratesg,; for each solution Sol already visited.
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4.4 Initial Solution

We choose to start the tabu search with a solution that minimizes total transpon-
der cost without taking into account the number of used wavelengths. We resolve
the problem of minimizing the cost of line rates for each (s,d) with s € S and
d € Dg. The problem can be formulated as a knapsack problem for each (s, d)
where Mgy = {r; : Ziﬂ:r r; > By Vr € R} is the set of all lines rates that
can be selected to salsify the demand By, C,, the cost of the transponder oper-
ating at line rate r; and 3¢ € {0,1} a decision variable that equals 1 if the line
rate r; € Mg is used for provisioning (s, d). The objective is to minimize total
transponder cost used for each (s,d) pair.

max Z (1—z:%-C,, (10)
ri€EMsa
Subject to constraint:
doorm-(l=a)<( Y m)-Bs (11)
ri€Msq ri€Msa

For each (s,d) pair of a multicast session, we resolve the Knapsack with
dynamic programming. Once all line rates are selected for each (s, d), we use the
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wavelength allocation heuristic algorithm to find the set of lightpaths and assign
the wavelengths for the initial solution.

5 Simulation and Numerical Results

We evaluate our tabu Search based multicast provisioning heuristic algorithm
on three different topologies: 6-node sample network [9], the cost-239 network
(11 nodes and 52 directed links) [1], and European Optical Network (EON, 28
nodes and 88 directed links) [8]. Simulations were conducted using IBM ILOG
CPLEX version 12.5 on an Intel Core PC equipped with a 3.3 GHz CPU and
4G Bytes RAM. The Total Cost in the set of tests is given by the objective
function (Eq. (1)), where the coefficients «, 8 and + are equal to 1 but our
algorithm is valid for any coefficients. To validate the proposed tabu search
based heuristic algorithm, we consider two metrics: the convergence speed (the
number of iterations for convergence) and the gap to the optimal solution.
Figure 1 presents the evolution of different costs for the 6-node optical net-
work versus the number of iteration of the proposed tabu search based heuristic
algorithm. We can observe at the end of 15 iterations, our approach is about to
obtain the best total cost. It is shown that our approach starts with the best
possible transponder cost by using dynamic programming. The tabu search tries

Table 1. Simulation Results

Instances MILP model Tabu search

Name Session | |Dgs| | Bs | Total cost | Gap (%) | Time (s) | Total cost | Ct Cl | Cz | Time

6-MLR 2 3 120 | 53.5 0 9.55 54.5 37.5 14 3 40.793
3 3 120 | 80.5 0 2163.8 81.25 56.25 22 3 80.852
4 3 120 | 107 11.43 9760 110 75 30 5 124.437
5 3 120 | 132.75 14.2 11048.5 135.75 92.75 37 |6 198.594
6 3 120 | 164.75 15.3 10126.3 167.75 113.75 | 48 6 261.866

Cost-239 MLR | 2 3 100 | 58.5 40.93 6910.03 58.5 37.5 18 3 26.292
4 3 100 | — - 7200 104.5 67.5 33 4 53.396
6 3 100 | - - 7200 158.25 101.25 | 53 4 146.245
8 3 100 | — - 7200 221.75 138.75 | 76 7 362.446
10 3 100 7200 279.5 172.5 100 | 7 802.142

Cost-239 MLR | 2 5 300 | — - 7200 216.5 147.5 61 8 32.879
4 5 300 | — - 7200 428.25 286.25 | 129 | 13 | 133.931
6 5 300 7200 656.75 432.75 | 211 | 13 | 638.075
8 5 300 7200 930.5 607.5 299 | 24 | 4157.52
10 5 300 | — - 7200 1180.75 761.75 | 396 | 23 | 3868.7

28 EON 2 5 300 7200 309.5 182.5 112 | 15 | 231.889
4 5 300 7200 589.5 332.5 235 | 22 | 803.447
6 5 300 | — - 7200 859.25 501.25 | 336 | 22 | 2604.55
8 5 300 | — - 7200 1221.75 673.75 | 523 | 25 | 2938.78
10 5 300 | — - 7200 1397.5 794.5 579 | 24 | 4287.12
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to decrease the wavelength channel cost and the number of used wavelengths
progressively in each iteration so that the total cost can be improved. In other
words, the tabu search deteriorates the transponder cost to cut down the used
wavelengths and the wavelength channel usage. We can observe also that total
cost is reduced by 8.28 % on average.

Table 1 summarizes our empirical results for the aforementioned three topolo-
gies. As we find that computation time mainly depends on the network size, the
number of sessions, the number of destinations of a multicast session, and the
traffic demand, we report test results mainly based on these factors. We can
see that the ILP is still too time-consuming to compute the optimal solution
in median and big optical networks. Our tabu search based algorithm obtains
almost the same results as the optimal solution computed by the ILP model
(with a gap of 1.84 % on average) in the 6-node optical network. The tabu search
method also permits to get approximated solutions for big instances in Cost-239
network and 28-node EON in a reasonable time while the ILP based counterpart
can not. Thus, we can say our tabu search based heuristic algorithm is able to
find the near-optimal solution and it is scalable for large networks.

6 Conclusion

An efficient tabu search based heuristic algorithm is proposed to provision multi-
ple multicast communications in Mixed-Line-Rate optical networks. Our objec-
tive is to minimize the joint network cost. In our approach, we use dynamic
programming to find the suitable set of line rates, and use a new wavelength
allocation heuristic to solve the lightpath computation and wavelength assign-
ment. For comparison, a path-based ILP formulation is also proposed to search
the optimal solution for small networks. Simulation results confirm that our
proposed tabu search based algorithm allows to get a near-optimal strategy for
multicast provision, and this method is scalable for large optical networks with
mixed line rates.
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