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ABSTRACT 

Periodic reconfiguration of the virtual topology in transparent optical networks has been recently investigated as 

a mechanism to more efficiently adapt the network to predictable periodic traffic variations along the day or 

week. The scheduling of periodic reconfigurations should consider the trade-off between a lower network cost 

obtained through better resource allocation, and the undesired traffic disruptions that these reconfigurations may 

cause. This paper presents and compares two algorithms for planning virtual topology reconfiguration suitable 

for exploring this trade-off. The first is based on a Lagrangian relaxation of the planning problem, and the 

second is based on a Tabu Search Tabu Search meta-heuristic. The merits of both algorithms are compared. 
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1. I!TRODUCTIO! 

Transparent optical networks based on Wavelength Division Multiplexing (WDM) have become an accepted 

solution for new broadband backbone networks  [1]. In these networks, traffic is carried through transparent all-

optical connections, called lightpaths. A lightpath is established between an optical transmitter in the originating 

node and an optical receiver in the terminating node over a wavelength channel in each traversed fibre. Since the 

traffic carried over a lightpath is wavelength switched at intermediate nodes, the costs associated to the data 

electronic processing are saved. The set of lightpaths established onto a physical topology to support a given set 

of traffic demands (in Gbps) is called a virtual topology. The Virtual Topology Design (VTD) problem implies 

solving a two-layered routing problem: in the upper layer, it involves routing traffic flows (demands) over the 

virtual topology; while in the lower layer, it involves finding a Routing and Wavelength Assignment (RWA) [2] 

of lightpaths over the physical topology. In this work, we assume network scenarios with an over-provisioned 

fiber plant where a feasible RWA solution exists for almost any lightpath in the virtual topology, focusing only 

on the upper layer routing problem. 

The VTD problem under multi-hour or periodic traffic is denoted as Multi-Hour Virtual Topology Design 

(MH-VTD)  [3]. In this case, the set of traffic demands are represented as a temporal sequence of traffic matrices, 

reflecting traffic variations over a period of time (e.g. a day or a week). The MH-VTD problem can be classified 

into: (i) the MH-VTD-NR (non-reconfigurable) problem, where a time-fixed (non-reconfigurable) virtual 

topology is planned to carry the traffic demand at any time; (ii) the MH-VTD-R (reconfigurable) problem where 

a time-varying (reconfigurable) virtual topology is designed to more efficiently adapt to known (or estimated) 

traffic variations. In both problems classes, we consider the number of optical transceivers in the network as the 

measure of the network cost to optimize. The present work is focused on the MH-VTD-R problem where, as a 

second optimization criterion, the number of reconfigurations associated with the evolution of the virtual 

topology is minimized. 

We conclude this introduction by summarizing the previous studies related to the present work. Multi-hour 

network design has been researched for multiple network technologies [3]- [7] (see  [4] for a comprehensive 

survey). In the last decade, the interest of the optical community has shifted to lightpath-based transparent 

optical networks [3],  [4]- [7]. Most research efforts have been focused on planning in the lower layer, i.e., RWA 

of a given sequence of virtual topology designs corresponding to MH traffic  [5]. However, the present work is  

focused on the upper layer problem, i.e. determining the evolution of the virtual topology from the MH traffic 

[3],  [6],  [7]. Finally, this paper presents two approaches to solve the MH-VTD-R planning problem with 

penalization on reconfiguration frequency: (i) a Lagrangian Relaxation method and (ii) an enhancement of the 

Tabu Search Tabu Search algorithm presented in  [7] to handle this problem variant.  

2. THE LA!GRA!GEA! RELAXATIO! (LR) APPROACH 

Let 5 be the number of nodes, and T be the number of time intervals. Let i,j,s,d,n = {1…5} be the indices for 

the nodes, and t = {1…T} be the index for the time intervals (note that t=T is followed by t=1). Let msd
t
 denote 

the traffic demand (measured in Gbps) from node s to node d, during time interval t. Let C denote the lightpath 

capacity in Gbps. The cost of each transmitter and receiver is considered equal, and is represented by c1. Finally, 
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an artificial cost of reconfiguring a lightpath is denoted as c2. 

2.1 A MILP formulation for the MH-VTD-R problem with penalization of reconfiguration 

The decision variables of the problem are: 

• f = (fij
sdt

) = [0,1]. Fraction of total demand msd
t
 routed on lightpaths from node i to node j in time t. 

• p = (pij
t
) = {0,1,2,...}. Number of lightpaths from node i to node j, required during time interval t. 

• tx  = txn={0,1,2,...}. Number of transmitters installed in node n.  

• rx  = rxn ={0,1,2,...}. Number of receivers installed in node n.  

• r
+
 = (r

+
ij

t
) ={0,1,2,...}. Number of new lightpaths set up at time t with respect to the lightpaths at time t-1   

• r
-
 = (r

-
ij

t
)={0,1,2,...}. Number of lightpaths torn down at time t with respect to the lightpaths at time t-1  

The problem formulation is given by (1). 
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2.2 The Lagrangian Relaxation-based Dual Subgradient Optimization Algorithm 

This method was previously applied in  [4],  [8] to solve multihour problems in other network technologies. In 

this work, the algorithm is applied to transparent optical networks. Since the general procedure used in this paper 

is the same described in  [4],  [8], we refer to these references for a more detailed description. We will focus 

solely on the distinctive features of this application. 

The Lagrangian Relaxed Problem appears when constraints (1b), (1d) and (1e) are “relaxed” (or “dualized”) by 

adding them (weighted by Lagrangian multipliers) to objective function (1a) and eliminating them from the total 

set of constraints of (1). Let λ = (λij
t
), µ = (µi

t
) and ν = (νj

t
) be the Lagrangian (or dual) multipliers associated 

with constraints (1b), (1d) and (1e),  respectively. Then, the Lagrangian function L(λ, µ, ν, f, p, tx, rx, r
+
) 

resulting from the relaxation is: 
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Minimization of the Lagrangian function L(λ, µ, ν, f, p, T, R, r
+
) (2) can be decoupled into four sets of 

separate minimization subproblems since the relaxation of constraints (1b), (1d) and (1e) has broken the 

dependencies among some decision variables in (1). The first and second sets of subproblems are associated to 

variables tx and rx, respectively. The third set corresponds to variables f solely restrained by constraints (1c). 

And, finally, in the fourth set of subproblems, variables p, r
+
 and r

-
 remain linked through constraints (1e) and 

(1f). 
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While the optimal solution f* to the third subproblem is primal-feasible, that is, feasible from the point of view 

of the primal problem (1), solutions p*, tx*, rx*, and r
+
* from the remaining subproblems in (5) might not be so. 

This is because we have relaxed some constraints. Consequently, we must find a total primal-feasible solution 

starting from f*. First, we use f* in (1b) to compute a primal-feasible solution p
pf

. And, secondly, we repeat the 

procedure using the solution p
pf

 in (1d) and (1e) to derive  primal-feasible tx
pf

 and rx
pf

, and, again, in (1f) and 

(1g) to derive primal-feasible r
+pf

 and r
-pf

. 

3. THE TABU SEARCH TABU SEARCH (TS) APPROACH 

The Tabu Search approach for the MH-VTD-R problem proposed in this paper extends the Tabu Search 

algorithm from  [7] with a second optimization criterion where lightpath reconfigurations are minimized. In  [7], 

in each iteration, the Tabu Search heuristic explores all neighbouring solutions of the current one, except for 

those prohibited by the tabu list. The search iteratively solves smaller single-time slot MILP formulations ((4) in 

 [7]) with various constraints on transceivers for independent time intervals in order to jump between 

neighbouring solutions. All neighbouring solutions are evaluated according to a fitness function. The best 

neighbour becomes the new current solution in the next iteration. We encourage the reader to consult [7] for a 

more detailed description of the algorithm. Fitness functions for both the MH-VTD-NR and MH-R-VTD-R 

problems are presented in  [7], where minimization of the number of transceivers is the only optimization 

criterion. Here, we present a third fitness function suitable for the MH-R-VTD-R problem which includes 

minimization of reconfiguration frequency as a second criterion:  
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We can observe that (7) matches with (1a) expressed in terms of pij
t
, since solutions constructed by the Tabu 

Search algorithm in each iteration are derived from single time-interval MILP formulations ((4) in  [7]) for all t 

where  decision variables tx, rx, r
+ 

and
 
r

-
 cannot be defined. 

4. RESULTS 

The Lagrangian Relaxation (LR)-based and the Tabu Search (TS)-based approaches have been tested and 

compared for two different network traffic data scenarios. In both testing scenarios, the multihour traffic consists 

of 24 matrices used to illustrate hourly fluctuations over the course of a day. Furthermore, the physical topology 

spans over several time zones aimed to investigate the temporal mismatch of the most loaded traffic hour.  

In the first scenario, we used data from a real traffic trace in the eleven-node Abilene network, publicly 

available at  [9]. This data consists of traffic matrices spanning several weeks. Thus, we averaged all values of the 

trace taken at the same time in the day to obtain an average daily sequence of 24 matrices. 

The second scenario corresponds to synthetic multi-hour traffic, generated for a 15-node worldwide network. 

The physical topology is described in Table 1 and Fig. 5 from  [10]. The traffic was generated using the multi-

hour model proposed in  [11], for which the traffic between two nodes is proportional to the product of the two 

node populations; the variation  of the traffic activity along the day in a node evolves according to expression (2) 

from  [11]; and the traffic demand between a pair of nodes depends of the activity of both end nodes. 

Once the multihour traffic was generated, the traffic was normalized by multiplying it with a normalization 

factor (nf). Value nf was calculated such that the average traffic between two nodes in the most loaded time slot 

is equal to ρ·C, where C is the lightpath capacity, and ρ is a traffic load parameter. The values tested in our study 

were ρ = {0.1, 1, 10}. A value of ρ = 0.1 corresponds to the case when the average traffic between two nodes in 

the most loaded time slot is only 10% of a single lightpath capacity. On the contrary, a value of ρ = 10 captures 

cases in which the average traffic between two nodes in the most loaded time slot is the capacity of ten 

lightpaths.  

For all the conduced tests, Table 1shows: (i) the lower bounds (LB) on the number of transceivers proposed in 

 [7]; (ii) the number of transceivers  and, finally, in brackets: (iii) the number of reconfigurations provided by the 

two heuristic approaches. Even though the LR approach was run for 1000 iterations, the best solution was 

reached after approximately 50 iterations for all the experiments. The stopping criterion in the TS algorithm was 

fixed to 20 iterations without improving the best solution found and the size of the tabu list  was set to 7 and 9 

for the eleven-node Abilene network and the fifteen-node worldwide network, respectively. The results show 

that TS achieves better values with respect to the number of transceivers, while the LR performs better with 



respect to reconfiguration frequency. Nevertheless, the good results achieved by the LR in reconfiguration 

performance should not necessarily be considered as an absolute merit since the additional number of 

transceivers with respect to the TS algorithm permits solutions with fewer reconfigurations. Furthermore, we can 

observe that the transceiver performance of the LR versus TS worsens with load parameter ρ, while the 

reconfiguration performance improves. On the other hand, with respect to optimality of the solutions in terms of 

the number of transceivers, comparison of the heuristic results with the lower bound indicates that the TS is able 

to provide good approximate solutions for loads ρ = 1 and ρ = 10 (even quasi-optimal solutions for ρ = 10). 

However, for a load of ρ = 0.1, it is difficult to conclude whether the lower bound is weak or the heuristic 

solutions are far from optimal, as the suboptimal gap is not negligible. 

 

Table 1.The total number of transceivers (and reconfigurations) obtained for both testing scenarios. 

 Ρ LB TS LR 

Abilene Network 

0.1 36 52 (201) 93 (40) 

1 248 260 (219) 369 (97) 

10 2385 2392 (1078) 2497 (1048) 

Worlwide Network 

0.1 66 104 (499) 290 (210) 

1 506 516 (653) 774 (232) 

10 4920 4924 (3331) 5134 (3092) 

 

5. CO!CLUSIO!S 

In this paper, two heuristic algorithms based on a Langrangean Relaxation and a Tabu Search approach are 

proposed to solve the Reconfigurable Multi-Hour Virtual Topology Design (MH-VTD-R) problem assuming 

two optimization criterions. Both the number of optical transceivers required at the nodes and the number of 

lightpath reconfigurations necessary to handle the traffic variations over time are minimized. Several test cases 

are conducted to compare the performance of the two proposed algorithms. The results reveal the superiority of 

the Tabu Search approach with respect to transceiver cost, but at a trade-off with increased reconfiguration 

frequency.   
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