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ABSTRACT

More and more modern metaheuristics nature—inspired
algorithms are emerging and they become increasingly
popular. This paper formulates an algorithm for solving the
channel-allocation problem in optical wavelength division
multiplexing (WDM) systems to suppress four—wave mixing
crosstalk (FWM) based on a novel nature—inspired algorithm,
called Cuckoo Search algorithm by using the concept of
Optimal Golomb ruler (OGR) sequences. Simulation results
conclude the significance performance improvement, without
the requirement of increased total optical channel bandwidth,
unlike two existing classical channel-allocation algorithms
i.e. Extended Quadratic Congruence (EQC) and Search
Algorithm (SA) and one of the existing nature—inspired
algorithm i.e. Genetic Algorithm (GA).

General Terms
Classical computing, Four-wave mixing, Metaheuristics,
Optimization.
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1. INTRODUCTION

The crosstalk due to FWM is one of the most serious limiting
sources of performance degradation in optical WDM systems
because it involves a lower optical input power than other
nonlinearities. The performance can be improved if FWM
crosstalk generation at the channel frequencies is avoided [1]-

[71.

To suppress the crosstalk due to FWM signals in optical
WDM systems, several unequally spaced channel allocation
(USCA) techniques have been studied in [1], [8]-[14].
However, these techniques have the drawback of increased of
optical channel bandwidth requirement compared to equally
spaced channel allocation (ESCA). This paper proposes an
unequally spaced bandwidth channel allocation algorithm by
taking into consideration the concept of optimal Golomb
rulers (OGRs). This USCA technique suppress the FWM
crosstalk signals in the optical WDM systems without
inducing additional cost in terms of channel bandwidth [7],
[15]-[17].

Golomb rulers are a class of NP—complete problems [18]. The
exhaustive search [19]-[23] for higher order marks of such
NP-—complete problems is impossible. The success of nature—
inspired algorithms such as Genetic Algorithm [24]-[28],
Tabu Search (TS) [27], Biogeography Based Optimization
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(BBO) [28]-[31], Big Bang-Big Crunch (BB-BC) evolution
theory [32], [33], and Firefly Algorithm (FA) [34], in finding
relatively good solutions to such NP—complete problems
provides a good starting point for methods of finding OGR
sequences. Hence, nature—inspired algorithms seem to be very
effective solutions for the NP—complete problems. In this
paper, a new nature—inspired metaheuristic algorithm based
on the obligate brood parasitic behavior of cuckoo species
namely Cuckoo Search algorithm for finding the OGR
sequences is being presented.

The rest of this paper is organized as follows: a brief concept
of Golomb rulers is presents in section Il, the proposed CS
based channel allocation algorithm is presented in section IlI.
Section IV presents the simulation results comparing with
classical computing algorithms i.e. Extended Quadratic
Congruence and Search Algorithm and of the existing nature—
inspired algorithm i.e. Genetic Algorithm of generating
unequal channel spacing. Section V presents some concluding
remarks.

2. GOLOMB RULER

Golomb rulers are a sequence of non—negative integers such
that no distinct pairs of numbers called marks from the
sequence have the unique difference [35]-[39]. Figure 1
shows an example of 4—-marks Golomb ruler with the distance
associated between each pair of marks [24]. The ruler length
of Golomb ruler shown in Figure 1 is 6.
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Fig 1: A 4-Marks Golomb Ruler having Ruler Length 6

A perfect Golomb ruler measures all the integer distances
from 0 to L, where L is the length of the ruler [18], [24], [25].
An optimal Golomb ruler is the shortest length ruler for a
given number of marks. There can be multiple different OGRs
for a specific number of marks. However, the unique optimal
Golomb 4-mark ruler is shown in Figure 1, which measures
all the integer distances from 1 to 6 (and is therefore also a
perfect ruler) [24], [40]-[44]. Therefore applying OGRs to the
channel allocation problem, it is possible to achieve the
smallest distinct number to be used for the channel allocation.
As the difference between any two numbers is different, the



new FWM crosstalk signals generated would not fall into the
one already assigned for the carrier channels.

3. OGR SEQUENCES GENERATION
USING CUCKOO SEARCH
ALGORITHM

If CS is the spacing between any pair of channels, IE is the
individual elements in Golomb ruler and n is the total number
of channels, then the objective is to minimize the ruler length
(RL) and total bandwidth (TBW), which are given by the
equations (1) and (2) [30] respectively:

RL = Y(CS), @
i=1

subject to (CS);# (CS);
TBW = 3 (IE), ©)
=

subject to (IE); # (IE);
where i, j=1, 2, ..., n with i #j are distinct in both equations.

To generate OGRs, a novel optimization nature—inspired
metaheuristic algorithm called Cuckoo Search is being
proposed in this paper.

3.1 Cuckoo Search Algorithm

Cuckoo Search algorithm (CSA) is a novel metaheuristic
population—based nature—inspired optimization algorithm
which was developed by X.-S. Yang and S. Deb in 2009 [45],
[46]. The CSA is inspired by brood parasitism of some
cuckoo species in because of their special lifestyle and
aggressive reproduction strategy. In addition, this algorithm is
enhanced by the Lévy flights behavior of some birds, rather
than by simple isotropic random walks.For simplicity in
describing CSA, the following three idealized rules are used
[45]:

1. each Cuckoo lays one egg at a time, and dumps it in a
randomly chosen nest;

2. the best nest with high quality of eggs (solution) are
carried over to the next generations;

3. the number of available host nests is fixed, and a host

can discover an alien egg with probability #z £ [0,
1]. In this case, the host bird can either throw the egg
away or simply abandon the nest so as to built a
completely new nest in a new location

For simplicity, the last assumption can be approximated by a
fraction p, of the n host nests are replaced by new nests (with
new random solutions). For a maximization problem, the
quality or fitness of a solution can simply be proportional to
the value of the objective function. When new solutions

xD are generating for, say, a cuckoo i, a Lévy flight is
performed as given by equation (3) [45]:

T = x4 g @ Lévy (2) &

where « > 0is the step size, which should be related to the
scale of the problem of interest. The product @ means entry
wise multiplications. The Lévy flights essentially provide a
random walk while their random steps are drawn from a Lévy
distribution for large steps [45]
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Cuckoo Search Algorithm
Begin

/* CSA parameter initialization */
Define objective function f (x); X = (Xy,..., xq)";
Generate initial population of n host nests x; (i =1, 2,...,n);

/* End of CSA parameter initialization */

While not T /* T is a termination criterion */
Get a cuckoo (say i) randomly by Lévy flights;
Evaluate its quality/fitness F;;
Choose a nest among n (say j) randomly;
If (Fi>F),

Replace j by the new solution;
End if
A fraction (pa) of worse nests are abandoned and
new ones are built;
Keep the best solutions (or nests with quality solutions);

Rank the solutions and find the current best;

End while

Postprocess results and visualization;

End

Fig 2: Pseudo code of the CSA
Lévy ~ u=t"*, (1<1<3) 4)

which has an infinite variance. Here, the consecutive
jumps/steps of a cuckoo essentially form a random walk
process which obeys a power-law step-length distribution
with a heavy tail.

The basic steps of the Cuckoo Search algorithm can be
summarized as the pseudo code shown in Figure 2 [45].

3.2 Cuckoo Search Algorithm to Generate

OGRs
The proposed pseudo—code for CSA to generate OGR
sequences in this paper is shown in Figure 3.

4. SIMULATION RESULTS AND
DISCUSSION

To generate OGR sequences the Cuckoo Search algorithm has
been written and tested in Matlab—7 language [47] under
Windows 7 operating system. The algorithm has been
executed on Laptop with Intel core2 Duo 2.20 GHz processor
with a RAM of 3 GB. To show the effectiveness of the
proposed algorithm, its performance is being compared with
known OGR [15], [20], [35], [37], [39], [42], [43], [48], [49],
two of the existing classical computing algorithms i.e. EQC
and SA [1], [13], [24] and one of the nature—inspired
algorithm i.e. GA [24]-[28] of generating unequal channel-
allocation.

4.1 Simulation Parameters for Cuckoo

Search Algorithm

To get optimum results after a number of careful
experimentation, following optimum parameter values of
Cuckoo Search algorithm have finally been settled as shown
in Table 1. With these parameters settings, the large numbers
of sets of trials for various marks were conducted. A set of 10
trials for n = 4 to 6 are given in Table 2. The performance of
all the sets is nearly the same as given in Table 2.

Table 1. Simulation Parameters for CSA

Parameter Value
Number of nests (Popsize) 30
a 0.01
Pa 0.05
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CSA to Generate OGRs
Begin
/* CSA parameter initialization */
Define operating parameters for CSA,;
Initialize the number of channels/marks, lower and upper bound on the ruler length;
While not Popsize [* Popsize is the population size input by the user */
Generate a random set of integer population of host nests;
/* Number of integers in host nests is being equal to the number of channels */
Check Golombness of each nests;
If Golombness is satisfied
Retain that nest;
Else
Remove that particular nest from the generated population;
End if
End while
Compute the total bandwidth (fitness value) ;
Rank the population from best to worst based on fitness value;
/* End of CSA parameter initialization */
Whilenot T /* T is a termination criterion */
Al: Geta cuckoo (say i) randomly by Lévy flights;;
Recheck Golombness of updated solution;
If Golombness is satisfied
Retain that solution and then go to B1;
Else
Retain the previous generated solution and then go to Al,;
/* Previous generated solution is being equal to the solution generated into the parameter initialization step */
End if
B1: Evaluate its quality/fitness F;;
Choose a nest among n (say j) randomly;
If (Fi > F),
Replace j by the new solution;
End if
A2: Abandon a fraction (p,) of worse nests and build new ones;
Recheck Golombness of updated solution;
If Golombness is satisfied
Retain that solution and then go to B2;
Else
Retain the previous generated solution and then go to A2;
End if
B2: Keep the best solutions (or nests with quality solutions);
Rank the solutions from best to worst based on fitness value and find the current best;
End while
Display the generated optimal Golomb ruler sequences;
End

Fig 3: Pseudo code of the CSA to Generate OGRs
Table 2. Performance of Cuckoo Search Algorithm for Different Marks in a Set of 10 Trials

n=4 n=>5 n==6

Trials Ruler Length Total ?lirz])dW'dth Ruler Length Total I?Sr;)dmdth Ruler Length Total ?Srzl;jw'dth
1 6 11 12 23 17 44
2 6 11 11 24 18 42
3 6 11 11 24 18 42
4 6 11 12 23 17 44
5 6 11 11 24 18 42
6 6 11 12 23 17 44
7 6 11 12 23 17 44
8 6 11 12 23 17 44
9 7 11 12 23 18 42
10 7 11 12 23 18 42
Optimal Ruler Length = 6 Optimal Ruler Length =11 Optimal Ruler Length = 17

Optimal Total Bandwidth = 11 Hz Optimal Total Bandwidth = 23 Hz | Optimal Total Bandwidth = 42 Hz

4.2 Effect of Increasing Generations on
Total Channel Bandwidth

With the increase of number of generations, the total channel
bandwidth occupied by the sequence tends to decrease; it
means that after a certain number of generations, the rulers
reach their optimal solution values. This can be seen in tabular

form for proposed Cuckoo search algorithm in Table 3 forn =
3to 11. It is noted that the generations has little effect for low
order marks such as n = 3, 4 and 5. But for higher order
marks, the generations have a great effect on the total channel
bandwidth. It means the optical channel bandwidth gets
optimized after a certain numbers of generations. By carefully



observation, the paper fixed the generations of 300 for the
proposed Cuckoo Search algorithm.

Table 3. Effect of Increasing Generations on the
Performance of CSA for Various Marks

§ Total Bandwidth (Hz)

S

8 CSA

o

S

(G} n=5 n=6 n=7 n=8 n=9 n=10 n=11

24 103 93 212 342 619 689

5 23 59 93 212 342 479 689
25 23 42 81 174 342 479 682
75 23 42 73 117 268 336 613
150 23 42 73 113 206 249 502
200 23 42 73 113 206 249 459
250 23 42 73 113 206 249 399
275 23 42 73 113 206 249 399
280 23 42 73 113 206 249 391
300 23 42 73 113 206 249 391

4.3 Comparison of Proposed Optimization
Algorithm with Previous Existing
Algorithms in terms of Ruler Length
and Total Channel Bandwidth

The aim to use nature—inspired Cuckoo Search algorithm in
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this paper was to optimize the ruler length (RL) so as to
conserve the total bandwidth (TBW) occupied by the channels.
Table 4 enlist the ruler length and total bandwidth occupied
by different sequences obtained by the proposed algorithm for
various channels n and its comparison with known OGRs
[15], [20], [35], [37], [39], [42], [43], [48], [49], EQC, SA [1],
[13], [24] and GA [24]-[28]. All results have been obtained
after a set of 10 trials. According to [1] the application of
EQC and SA was limited to prime numbers, so the RL and
TBW obtained for EQC and SA are shown by a dash line in
Table 4.

Comparing the performance of proposed Cuckoo Search
algorithm with best known OGR, EQC, SA and GA, it is
observed that there is a significant improvement with respect
to the ruler length and thus the total channel bandwidth
occupied. Figures 4 and 5 the graphical performance
comparison of proposed algorithm to generate OGR
sequences with known OGRs, EQC, SA and GA in terms of
the ruler length and total optical channel bandwidth occupied
by the sequences for n = 3, 4, 6 and 8 respectively. The results
obtained for rulers upto 7-marks can be performed in few
seconds whereas minutes were necessary for other instances.
From Table 4 it is clear that the proposed algorithm was able
to generate the optimal ruler in n = 3 to 11 but at the expense
of significant computational time.

It is relevant to mention here that OGRs obtained by non—
heuristic exhaustive searches [25] for 10-marks took 12.57
minutes, whereas for the our proposed Cuckoo Search
algorithm the execution time varied from few seconds for
rulers of 7-marks to 20 minutes for 11-marks ruler with a
maximum generations of 300. Of course computers today play
central role in reducing the computation time; efficient
algorithms can further reduce the time complexity drastically
by substituting best for reasonably better solutions.

Table 4. Performance Comparison of Proposed CSA with Known OGR, EQC, SA and GA in terms of Ruler Length and Total
Channel Bandwidth

Known OGRs
[15], [20], [35], [37], 5
301, [42]. [43]. (48], EQC [1], [13], [24] SA [1], [13], [24] GA [24]-[28] CSA
n
[49]
TBW TBW TBW TBW TBW
RL o) RL H2) RL ) RL ) RL H2)
3 3 4 6 10 6 4 3 4 3 4
4 6 11 15 28 15 11 g 11 S 11
11
25 23 11 23
5 11 o8 — — — — ﬁ 25 12 24
44 42
47 17 42 17 44
6 17 50 45 140 20 60 18 " 18 47
52 50
81 73
87 27 79 25 ;3
7 25 95 — — — _ 29 80 26 80
77 30 84 27
% o7 81
35 126
8 34 117 o1 378 49 189 a1 128 gg ﬁ?
42 133
52 192
56 193
9 44 206 — — — — o Ton 49 206
61 203
10 55 249 — — — _ 75 283 55 249
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Figure 4: Performance Comparison of the Results
Obtained by Proposed Algorithm with Known OGR,
EQC, SA and GA in Terms of Ruler Length
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Figure 5: Performance Comparison of the Results
Obtained by Proposed Algorithm with Known OGR,
EQC, SA and GA in Terms of Total Bandwidth

5. CONCLUSION

In this paper, we have formulated the application of a novel
metaheuristic nature—inspired Cuckoo Search algorithm to
solve the highly complex problem of optimal Golomb ruler
sequences. It has been observed that the proposed
metaheuristic algorithm produces OGR sequences very
efficiently and effectively. The performance is being
compared with the known OGR, two existing classical
algorithms of unequal channel spacing i.e. EQC and SA and
one of the nature—inspired algorithms i.e. GA in terms of the
ruler length and total bandwidth obtained by the sequences.
From the simulation results it is concluded that the proposed
algorithm out performs the existing algorithms in terms of
ruler length and total occupied optical channel bandwidth.
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