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designer to find a solution that balances cost and performance.
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1. Introduction

The deployment of translucent optical networks is an alternative to either fully transparent or fully opaque networks
when it is considered the trade-off between network performance and the capital (CAPEX) and operational (OPEX)
expenditures of optical networks [1]. There are two main strategies to design translucent networks: islands of trans-
parencyand sparse regenerationThe latter can achieve better performance with a lower number of translucent nodes
in the network. Using the the sparse regeneration strategy, one needs to define which nodes should be equipped with
regeneration capability. This problem is known as the Regenerator Placement (RP) problem [2].

On the other hand, it is also important to define the number of wavelengths in each link of the network in order
to design properly an optical network. If we consider this problem together with the RP problem, we can define the
wavelength and regenerator placement problem (RWP). In this paper we extend our work in [3] (which considered
only the RP problem) and propose the use of a multi-objective evolutionary algorithm, called Strength Pareto Evolu-
tionary Algorithm 2 (SPEA2) [4] to solve the RWP considering simultaneously three different objectives (optimization
targets): to minimize the network blocking probability (i.e. to maximize the network performance), to minimize the
CAPEX to build the network and to minimize the number of translucent nodes, which is related to the OPEX. As we
are dealing with more than one conflicting objectives, we can define this problem as multi-objective RWP (MORWP).
For the best of our knowledge, this is the first proposal to tackle the MORWP.

2. Problem Representation and Experimental Setup

We consider that the optical signals are regenerated using a network element that performs 3R (re-amplifying, re-
shaping and re-timing) O/E/O regeneration. The number of regenerators in each network node and the number of
available wavelengths in each network link are represented by a vector of integers~V = {vi}, i ∈ 1,2,3,4,N,N+1,. . .,L,
whereN is the number of nodes in the network andL−N is the number of links in the network. Thus, for each integer
i ≤ N, vi is the number of regenerators deployed in theith node and for each integerN+1≤ i ≤ L, vi is the number of
wavelength in theith link.

In order to evaluate the network performance for the RWP, we used a network simulator to obtain the blocking
probability (BP) for each situation. All simulations were carried out by using a call admission control (CAC) that as-
signs lightpaths based on the Shortest Path routing and First Fit wavelength assignment algorithms. The lightpaths are
assessed by a QoT estimator that evaluates the optical signal-to-noise ratio (OSNR) [5] and pulse broadening of the op-
tical signal [5,6]. The signal can be either received or regenerated in a given node of the network only if both OSNR is
above a threshold and the pulse broadening is below a predefined value. Otherwise, the given lightpath is blocked. We
assume the same node architecture of [2], where a shared bank of regenerators are available in some network nodes. We
considered the following impairments: ASE noise, amplifier gain saturation effect, saturation of ASE noise in EDFAs,
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homodyne crosstalk in optical switches and the residual chromatic dispersion and PMD effects in the transmission
fiber. The parameters used in our simulations: network load of 60 Erlang, fiber loss coefficientα = 0.2 dB/km, maxi-
mum pulse broadeningδ = 10 %, transmitter linewidth∆λTx = 0.013 nm, first wavelength of the gridλi = 1528.77nm,
zero dispersion for transmission fiberλ0 = 1450 nm, zero residual dispersionλ0RD = 1528.77nm, switch isolation
factor ε = −38 dB, optical filter bandwidthBo = 100 GHz, transmission bit rateB = 40 Gbps, compensating fiber
dispersion coefficientDDCF (@1550nm) = −110ps/km.nm, PMD coefficientDPMD = 0.04 ps/

√
km, transmission

fiber dispersion coefficientDTx (@1550nm) = 4.5 ps/km.nm, amplifier noise figure(NF) = 6 dB, multiplexer, demul-
tiplexer and optical switch lossesL = 3 dB each, amplifier output saturation powerPSat= 20 dBm, transmitter optical
powerPin = 3 dBm, compensating fiber slopeSDCF (@1550nm) = −1.87 ps/km.nm2, transmission fiber slopeSTx

(@1550nm) = 0.045 ps/km.nm2, transmitter OSNRin = 40 dB and threshold for QoT criterion OSNRTh = 20 dB.
Our cost model is composed by two economic variables related to the node CAPEX and the link CAPEX [7,

8]. The node CAPEX is given byCnodes= ∑N
n=1{1.4Rn+ [(0.0522Pn+6.24)Gn+2.5]}, whereRn is the number of

regenerators;Pn is the number of ports (determined by the largest number of wavelengths present in the links connected
to the node),Gn is the degree of the noden andN is the number of nodes in network. The link CAPEX is given by
Clinks=∑L

l=1Wl , whereWl is the number of pairs of wavelengths in thel th link andL is the number of links in network.
Thus, the total CAPEXC of a given RWP is given byC=Clinks+Cnodes.

3. Our proposal to tackle the MORWP

In this section we describe the multi-objective optimization algorithm used to find the distribution of regenerators and
wavelengths in the network in order to minimize the network BP, the CAPEX and the number of translucent nodes. The
SPEA2 algorithm runs a certain number of iterations. During each iteration, the following genetic operators are used:
crossover, mutation and selection. The selection operator is used in two phases. The first one is in the environmental
selection, that selects the individuals in external archive, according to their fitness. The fitness is evaluated considering
the dominance rule and the diversity among the solutions. Then, the algorithm performs the binary tournament in these
individuals and randomly chooses pairs to apply the other evolutionary operators aiming to create a new population.

An individual, i.e. a filled ~V, represents a possible solution for the problem. In each run, the SPEA2 performs
10,000 iterations. The size of the internal population and the external archive are both equal to 70 individuals. We
used uniform crossover and mutation with probabilities equal to 0.9 and 0.1, respectively.

4. Simulation Results

Fig. 1(a)shows the Finland topology used in our simulations. The link distances are depicted in kilometers. Since we
are using a multi-objective approach with 3 objectives to solve the RWP, the optimized solution is a set of solutions
instead of a single one. This set of optimized solution can be plotted as a 3D surface. However, in order to show the
results in 2D we plot the BP as a function of the network cost for different numbers of translucent nodes (N). These
results are shown in Fig.1(b), which shows the best set of solutions found in the end of the SPEA2 execution (i.e.non-
dominated solutions of the external archive). Each curve represents the best trade-off curve between BP and CAPEX
for a givenN found by the MORWP. Each point in the graph shown in Fig.1(b) stands for an optimized solution for
the RWP problem. Moreover, all points are obtained simultaneously in the end of the SPEA algorithm. We selected for
the sake of comparison three solutions: A, B and C which are properly labeled in the Fig.1(b). A and B are solutions
for translucent networks (N 6= 0), whereas C is the transparent network (N= 0) with the lowest PB found by MORWP.
The solutions A (with 3 translucent nodes) and B (with 2 translucent nodes) show a much lower BP with almost the
same CAPEX when compared with solution C. Fig.1(c) shows the network blocking probability as a function of the
network load for the solutions A, B and C. The differences in BP is kept almost constant when the network load is
changed. Figs.2(a), 2(b)and 2(c)show the network configuration for solutions A, B and C, respectively. The numbers
in the network links stand for the number of wavelengths found by the MORWP algorithm for the link, whereas the
numbers in the nodes represent the number of regenerators. Solution A deploys 60 regenerators and 378 wavelengths,
B deploys 36 regenerators and 408 wavelengths and C deploys 0 regenerators and 436 wavelengths. One can observe
that the number of wavelengths increases as the total number of regenerators decreases. It occurs due to the reduction
of wavelength conversion capacity. Although solution A has a lower cost (1891.97m.u.) than solution B (1960.6m.u.),
it has three translucent nodes which can lead to a higher OPEX than B.
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Fig. 1. (a) Network topology, (b) Non-dominated solutions in the external archive and (c) Blocking
probability as a function of network load for the three selected solutions.

(a) (b) (c)

Fig. 2. Network configuration of the solutions highlighted in fig1(b): (a) A, (b) B and (c) C.

5. Conclusion

In this paper we proposed a multi-objective evolutionary algorithm to simultaneously place regenerators in the nodes
and define the number of wavelengths in the links, regarding the network performance, CAPEX and OPEX. Our
proposed algorithm can assist the design of translucent networks compromising cost and performance.
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