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a  b  s  t  r  a  c  t

Presently,  the  Cuckoo  Search  algorithm  is  attracting  unprecedented  attention  from  the  research  com-
munity  and  applications  of  the  algorithm  are  expected  to increase  in  number  rapidly  in  the  future.  The
purpose  of this  study  is to  assist  potential  developers  in selecting  the  most  suitable  cuckoo  search  vari-
ant,  provide  proper  guidance  in  future modifications  and  ease  the  selection  of  the  optimal  cuckoo  search
parameters.  Several  researchers  have  attempted  to apply  several  modifications  to the  original  cuckoo
search  algorithm  in  order  to advance  its  effectiveness.  This  paper  reviews  the  recent  advances  of  these
modifications  made  to the  original  cuckoo  search  by  analyzing  recent  published  papers  tackling  this  sub-
ject. Additionally,  the  influences  of various  parameter  settings  regarding  cuckoo  search  are  taken  into
account  in  order  to provide  their  optimal  settings  for specific  problem  classes.  In  order  to  estimate  the
qualities  of  the modifications,  the  percentage  improvements  made  by  the  modified  cuckoo  search  over
the  original  cuckoo  search  for some  selected  reviews  studies  are  computed.  It is  found  that  the  population

reduction  and  usage  of  biased  random  walk  are  the most  frequently  used  modifications.  This study  can
be  used  by  both  expert  and  novice  researchers  for  outlining  directions  for future  development,  and  to
find  the best  modifications,  together  with  the  corresponding  optimal  setting  of  parameters  for specific
problems.  The  review  can also  serve  as  a benchmark  for  further  modifications  of  the  original  cuckoo
search.
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. Introduction

Nature-inspired metaheuristic algorithms have been accepted
idely throughout optimization, machine learning, data mining,

omputational intelligence and artificial intelligence over the last
wo decades [1,2]. The Cuckoo Search algorithm (CS) is one of
he more promising nature-inspired algorithms [3], developed by
ang and Deb [4,5]. The CS presently attracts unprecedented atten-
ion from researchers using current metaheuristic algorithms for
olving optimization problems. Studies on CS within the literature
re growing quickly with applications covering various areas [6].
ore recently, CS has been applied in several areas with promising

erformances [3], e.g., forecasting [7], classifications [8,9], power
ystems [10], feature selection [11], heat exchangers [12], etc.
ecent studies have proven the effectiveness of CS over other meta-
euristic algorithms [13,14]. The success recorded by the CS is
ttributed to its striking balance between local and global search-
ng, in addition to the fewer number of parameters required by
he CS for execution. The global search of CS uses Lévy flights
on-standard random distribution with infinite mean and vari-
nce. Therefore, exploration of a search space by CS is closer to
he nature, where resources are distributed non-uniformly. Hence,

 global convergence can be better guaranteed [3]. Yang and Deb
6] stated that “There is no doubt more applications of Cuckoo Search
ill be seen in the expanding literature in the coming years”.

There are several reviews of CS applications in solving opti-
ization problems. For example, Xing et al. [15] and Fister et al.

16,17] reviewed the applications of CS within engineering, soft-
are implementation, software process improvement, milling

perations, structural optimization, scheduling, learning algorithm
mprovement, and multi-objective unit commitment. An overview
f the CS applications, as well as detailed descriptions of CS with
évy flight, was covered excellently by Yang and Deb [6] that
aptured domains as follows: Training Artificial Neural Networks
ANN), web services, embedded systems, optimization of machine
arameters, designing of steel frames, wireless sensor networks
nd structural optimization. Walton et al. [18] presented a review of
ttempts made by the research community to improve the perfor-
ances of CS (only two studies were considered) and hybridization

f CS with other optimization algorithms. The review included

ome selected applications of CS in machine learning and design.
n additional review of the applications of CS can be found in

3]. A review of the optimization of ANN weights, parameters of
he Support Vector Machine (SVM) and radial basis function, job

i

 .  .  .  .  . . . .  . .  .  . . . . . .  .  . . . . . .  . . . . .  . . .  . . . .  . . .  . . . . .  . . . .  .  . . . .  . .  . . .  .  .  .  . . .  .  .  . . . . . .  . . .  170

scheduling, finding cluster heads within wireless sensor networks,
locating of the shortest path and clustering was presented by Kamat
and Karegowda in [19].

However, searching for the optimal values of CS parameters has
not been considered in previous reviews, although these settings
play a crucial role in the performance of the CS [6]. Comparing per-
formances among different CS modifications are worth studying
[18], in view of the fact that the CS has witnessed a significant
improvement from its inception, as shown by Fister et al. [16,17].
Unfortunately, comparisons between the performances of several
CS modifications have been scarce in previous reviews. Therefore,
this paper seeks answers to the following questions:

a Can performance improvement made on CS modification in dif-
ferent studies be compared?

b What are the modifications performed on CS since inception?
c What are the optimal parameter settings for the application of

CS?
d What are the open questions that require answers for improving

CS?

Answers to these questions could be beneficial to the research
community during further modifications of CS for performance
improvement. In fact, these answers could assist expert researchers
by developing a new modification of CS and represent a starting
point for novice researchers in searching for the proper modifica-
tion of CS. In this paper. the abbreviations CS and MoCS represent
the original cuckoo search algorithm before modification and the
modified version of the cuckoo search algorithm, respectively.

The remainder of this paper is organized as follows: Section 2
presents the basic theory of CS. Section 3 discusses a modified CS.
Section 4 presents the methods used for collecting the literature.
Section 5 provides a review of the modifications of CS. Section 6
discusses the performance analysis of the studies and trends of CS
modifications. Section 7 discusses the problem/challenges of the
CS modification. Section 8 presents a promising future research
direction before the concluding remarks in Section 9.

The summary of the contributions of the review paper are as
follows:
i The comprehensive recent progress on the modifications of the
cuckoo search algorithms are summarized and presented.

i The estimated qualities of the modifications and the percent-
age improvements made by the modified cuckoo search over
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the original cuckoo search for some selected reviews studies are
computed.

i It is found that the population reduction and usage of biased
random walk are the most frequently used modifications.

 The challenges of the cuckoo search algorithms are uncovered in
the paper for easy identification by researchers.

 Future research opportunities for the enhancement of the cuckoo
search algorithm are unveiled.

. Rudimentary of cuckoo search algorithm

The origin and basic theoretical background of CS are described
n this section, specifically, the origin of the algorithm, common
haracteristics, representation of solutions, the generation of new
olutions, evaluation function, replacement and termination con-
ition.

.1. Origin of the cuckoo search algorithm

The beautiful sounds and aggressive reproduction strategy of
 cuckoo makes it a fascinating bird. Within a broader view, the
uckoo family of birds are divided in three major species, i.e.,
usophagidae, Cuculidae and Opisthocomidae. Cuckoos can be

ound across the globe. There are over 100 different species world-
ide, whereas only Cuculidae can be found in Europe. Typically,

uckoos feed on caterpillars. Interestingly, the Ani and Guira cuckoo
pecies can lay eggs in a communal nest. In order to increase their
atching probability, these two cuckoo species remove eggs from
ther nests. Some other cuckoo species engage the obligate brood
arasitism by laying their eggs in the nests of other host birds. It
as been estimated that half of the cuckoos don’t hatch their own
ggs but rather resort to parasitism. The aggressive reproduction
trategies of the cuckoo’s breeding parasitism are summarized as
ollows: Typically, a female cuckoo lays between 6 and 22 eggs
ith color matching the host eggs. In nature, different species
roduce different colored eggs. The size of the eggs varies within
6.3 mm–21.9 mm.  A female cuckoo hides close to an appropriate
ost nest in order to use the opportunity by dumping her eggs in the
ost nest. Typically, the new host birds are evicted aggressively by
he new born cuckoos [20,21]. The three types of breeding cuckoo
arasitism strategies are as follows: (1) Intraspecific breeding par-
sitism, (2) Cooperative breeding, and (3) Nest takeover. Direct
onflict between the host birds and cuckoos is however possible.
he host birds either abandon the nest or throw the alien eggs out
f the nest to produce new eggs.

.2. The cuckoo search algorithm

The behavior of the cuckoo, as described in Subsection 2.1, is
imulated during CS optimization to provide better performances
han other distribution-based random walks when exploring large
cale search spaces. The three major ideas of a cuckoo’s behavior are
roposed by Yang and Deb [4] for rules governing the CS optimiza-
ion algorithm as follows: (1) Each cuckoo lays one egg at a time and
umps it into a randomly-chosen nest. (2) Nests with the eggs of
ptimal quality will move to the next generation. (3) The available
ost nest is fixed and the egg laid by a cuckoo is discovered by the
ost bird with the probability of the worst nests being abandoned
pa �[0,1]). In the CS algorithm, the quality or fitness of a solution

s modeled proportional to the objective function value. Without
ifficulties, getting an optimized solution to a complete problem
sing CS does not require a comprehensive search. Each individual
olution corresponding the host nest represents the position of the
puting 61 (2017) 149–173 151

cuckoo’s egg in the CS algorithm. Generally, the position is defined
as:

x(t)
i

=
{

x(t)
i,j

}
, for  i = 1 ...n and J = 1 ...D, (1)

where t denotes the current generation, n the number of host nests
within the population and D the dimensionality of the problem. In
the CS algorithm, the initial value of the j-th attributes in the i-th
particle x(0)

i,j
is determined typically as follows:

x(0)
i,j

= U(0, 1).(uj − lj) + lj, (2)

where U(0, 1) determines the random value drawn from the uni-
form distribution within the interval [0, 1], uj and lj are the upper
and lower boundaries of the j-th attributes, respectively. In each
generation, the CS algorithm controls these boundaries as follows:
If the value of the attributes underflows, this value is updated with
the corresponding lower bound, while, if this value overflows, it is
updated with the corresponding upper bound. The general form of
the CS algorithm, which is based on a local random-walk appro-
priate for exploitation of the search space through Lévy flights, is
described as follows:

x(t+1)
i

x(t)
i

+ � ⊕ Levy (s, �) , s >> so > 0 , (3)

where t ∈ [1, MaxGeneration] is  the number of the current genera-
tion, the MaxGeneration is the predetermined number of maximum
generations, � is the step size scale factor, s the step size,  � the stan-
dard deviation, and Lévy flight is expressed as follows:

Levy(s, �) = �� (�)sin(��/2)
�

1
s1+�

. (4)

Gamma  function � (�) in Eq. (4) is defined as � (�) =
∫ ∞

0
t�−1e−tdt,

and represents an extension of the factorial function. In a special
case, when � is a positive integer, it holds � (�) = (� − 1)!. In nature,
the flight movements of many animals and insects are recognized as
being random. Commonly, the foraging path of animals has a char-
acteristic that their next move is based on the current state and the
variation probability of the next state. Anyway, it chooses the path
to be determined indirectly on a probability which can be modeled
mathematically. Lévy flight is a random distribution that enables
a series of straight jumps chosen from a heavy-tailed probability
density function [22]. In statistical terms, when the distribution is
used within a stochastic algorithm for global optimization, like CS,
this corresponding algorithm is capable of finding the global opti-
mum [23]. The Lévy flight process step size can be calculated as
follows:

s = u

|v|
1
ˇ

, (5)

where u and v are two  random values drawn from normal distri-
bution with mean zero and their standard deviations �2

u and �2
v as

follows:

u∼N
(

0, �u
2
)

, v∼N
(

0, �v
2
)

, and (6)

�u =
{

�
(

1 + ˇ
)

sin
(

�ˇ/2
)

�
[(

1 + ˇ
)

/2
]

ˇ2
(

 ̌ − 1
)2

} 1
ˇ

, �v = 1. (7)

The original CS is capable of interleaving the local search (according
to Eq. (2)) with the global search (according to Eq. (3)). This inter-
leaving is controlled by a switching parameter pa which determines
a fraction of the worst nests needed to be abandoned and new ones
to be built in order to discovering new, probably more promising

regions of the search space.

In summary, all the mentioned features of the CS are assem-
bled within a pseudo-code of the original CS algorithm which is
illustrated in Fig. 1 [4].
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Table 1
Online academic databases used for searching the literature.

Academic online database Articles Returned

ACM Digital Library 55
Emerald 0
DBLP Computer Science Bibliography 29
IEEE XploreTM 16
SAGE Journals 0
ScienceDirect® 149
ScopusTM 263
SpringerLink 507
Fig. 1. Pseudo-code of the original CS.

Some of well-known CS algorithm modifications, that are
reated wrongly as the original one, use an explicit balancing among
he exploration/exploitation components of the search process via
he switching parameter pa. This balancing is expressed mathemat-
cally as

(t+1)
t =

{
U (0, 1) .

(
ui − lj

)
lj, U (0, 1) . ≤ pa,

x(t)
t + � ⊕ Levy

(
s, �

)
, otherwise.

(8)

here the global random search representing the exploration com-
onent is performed only when U(0, 1) ≤ pa. The selection of better
olutions in CS can be expressed as

(t+1)
best

=
{

x(t+1)
i

, iff
(

x(t+1)
i

)
≤ f

(
x(t)

best

)
,

x(t)
best

, otherwise.
(9)

et us notice that the majority of Matlab implementations of the
riginal CS available online is a modification of the original CS algo-
ithm according to Eq. (8). As such, many researchers may  apply the
odified CS based on Eq. (8) code assuming that they are using the

riginal CS. This is pointed out by Walton et al. [24]. To take care
f this misconception in our study, we ensured that each study
elected for the review must explain clearly exactly what is modi-
ed in the CS. Studies that did not vividly describe what is modified

n the CS are excluded in our review. The modification of CS in
his paper refers to modifications made on CS, not the modifica-
ion according to Eq. (8). In summary, the original CS demands the
ettings of three parameters: The population size n, the step-size
caling factor ˛, and the switching parameter pa. However, the more
ritical parameters required for obtaining the optimal solution are
arameters pa and � [25].

. Modified cuckoo search algorithm

Researchers within the optimization community have
ttempted to modify the original CS algorithm in order to

mprove its performance. However, these modifications can be
een from almost two points of view: (1) What has been modified
nd (2) How those modifications were performed. From the first
oint of view (Fig. 2), the CS algorithm can be modified mainly
Taylor & Francis Online 27
Web  of Science 650

on the following components of the CS algorithm: Representation
of solutions, generation of the new solutions, evaluation function
and replacement operators. The CS algorithms are divided into
two broad classes regarding the representation: Continuous CS
and binary CS (BCS).

From the second point of view (Fig. 3), the original CS can
be divided according to the kinds of parameter control and
hybridization [12]. Parameters can be controlled, deterministically,
adaptively and self-adaptively. Hybridization means incorporat-
ing the problem-specific knowledge into the original optimization
algorithm. The more suitable hybrid methods applied to the orig-
inal CS algorithm are: Constructive heuristics, local search and
hybridization with algorithm structures borrowed from the other
metaheuristic algorithms (e.g., GA, Differential Evolution (DE)
strategies, etc.). Readers are invited to refer to the paper of Fister
et al. [16,17] for a detailed review of other metaheuristic algo-
rithms.

Heuristic algorithms cannot be classified easily into one of the
proposed classes, because they can borrow the characteristics of
both classes, in general. These kinds of heuristic algorithms are also
known under the name metaheuristics.

4. Methodology

This section describes the procedure used when searching for
the relevant papers included within our review. The relevant
papers were selected according to the following criteria during our
research: Keywords search, search strategies, searched databases,
paper selection criteria, and extraction of data.

4.1. Keywords search

In this study, the proposed keywords search is based on the
objectives of this research. The keywords are used in queries con-
ducted into the specific databases. This searching process was
divided into two  phases: Preliminary and final searches. After
performing the preliminary keywords search, the results are eval-
uated. comprehensively Based on the results of this preliminary
keywords search, the keywords are modified according to the
demands of our study. In the final phase, a search for papers within
various reputable academic databases was  conducted using the fol-
lowing keywords: “Modified CS”, “improved CS”, “enhanced CS”,
“review on modified CS”, etc. The related articles, journals, edited
books chapters, and conference proceedings were identified from
the following academic online databases (Table 1): IEEE Xplore,
Association for Computing Machinery (ACM) Digital Library, Dblp,
ScienceDirect, Scopus, Emerald, SAGE Journals, Taylor & Francis
Online, Web  of Science, Wiley Online Library and SpringerLink.

Because the original CS algorithm was firstly proposed in 2009,
only papers from the period covering 2009–2014 were considered
during the study.
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Fig. 2. What has been modified?.
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.2. Search strategies

The search strategies are based on the work of Liberati et al.
26]. The references found after matching the search keywords
re scanned in order to extract papers cited in the selected arti-
les appropriate for this study. Among the online databases, some
omputer science-related databases were also taken into account,
s presented in Table 1. On the other hand, the other observed
atabases are those more popular and prestigious online academic
atabases that provide international peer reviews of high quality
rticles [27]. The final searches were conducted between 12th July
nd 18th July of 2014.

.3. Searched databases

The keywords search and search strategies described earlier in
26] were used to search for related studies in online databases,
imilar to the method applied by Aaltonen et al. [27]. The search
eywords used during the searching are as follows: “Modified CS*”,
enhanced CS*”, “improved CS*”, “upgraded CS*”, “parallelized CS*”,
hybridized CS*”, “guided CS*”, ”review of modified CS*”, etc, simi-
ar to how it was done in [27]. The searching was  conducted in an
nline database, ScienceDirect, one of the more popular academic
atabases containing research articles in computer science, engi-
eering, mathematics, social sciences, humanities, etc. and other
nline databases, as listed in Table 1. The Table presents the aca-
emic online databases with the corresponding number of articles
eturned after screening the databases.
.4. Paper selection criteria

This stage involved selecting the procedure for discarding
nsuitable articles. The screening started by sorting relevant titles
cations performed?.

related to the objective of the study. Similar criteria are used by
Hartling et al. [28]. The articles that passed the screening criteria
based on titles are scrutinized further based on Abstracts and Con-
clusions. The Conclusions, Abstracts and titles which scaled through
the rigorous screening criteria were given to three independent
researchers, who collated those articles that met the stated objec-
tive of our study rigorously. Those articles that did not meet the
criteria were discarded. Finally, only those relevant articles which
presented an experimental description of the modification of CS or
implemented within MoCS were selected for the study.

4.5. Extraction of data

The aim of the extraction of data is to eliminate the redun-
dant studies from the obtained CS studies. Data are extracted
and entered into Tables created for the purpose of tabulating the
extracted data. Similar to the study of Hartling et al. [28], two
independent reviewers reviewed the extracted data. Additionally,
some data were given to other reviewers for review. The reviews
were later compared, and it was  found that there are no signif-
icant discrepancies between the comparative results. In order to
ensure integrity and to avoid any possibility of bias, two indepen-
dent reviewers were enough to ensure integrity and to avoid any
possibility of bias related to the observed data. Re-evaluation of the
articles selected by the independent reviewers further eliminated
a few more articles. In our study, the number of articles identi-
fied from 11 online databases are 1696 (Table 1) and 56 articles
from the “search alert” function. As a result, a total of 1752 articles

were identified. The number of discarded articles, perhaps of non-
matching keywords in titles or identified as duplicate, was 780. In
summary, 946 articles were excluded because of non-matching of
the keywords in the titles, Abstracts or Conclusions. However, 26
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Table 2
Parameter control.

Topic Reference

Adaptive � [29,31–38]
Replace � with inertia weight [30]
Adaptive n [39,40]
Reconstructing of n [41]
Removed � [42]
Reduced control parameters [43]
Replace � with chaotic sequence [44]
Adaptive pa and � [45–47]
Sorting function computed � [48]
Adaptive pa [49,50]
Only pa required to be tuned [51]
Variety of initial n [52]
Replaced �with 12 chaotic maps [53]
Nawaz-Enscore-Ham (NEH) generated n [54,55]
Adaptive the pa and  ̌ [56]
Auxilliary function [57]
Learning regulator [58]
54 H. Chiroma et al. / Applied S

20 modified the CS and 6 implement modified CS) full-text articles
assed the eligibility criteria for inclusion within the study. The ini-
ial search covered 12th July and 18th July of 2014 as stated earlier.
hus, we conducted another round of search within 9/14/2015 to
/21/2015 to update the literature with newly published papers in
his area of research. To update the search, another round of lit-
rature search was conducted between 25th November, 2016 to
st December, 2016. We  found 13 more articles within the current
earch period, in total, 76 articles were included.

. Modifications made to the cuckoo search algorithm

The review was performed according to the classifications illus-
rated in Figs. 2 and 3. We  divided all the analyzed papers into
ontinuous CS and BCS. Both classes were then analyzed according
o the used parameter control, hybridization and multi-objectives
f the CS algorithm. Finally, the more often MoCS applications
y researchers for solving problems in different domains were
eviewed.

.1. Continuous cuckoo search algorithm

The original CS, as described in Section 2, is considered as con-
inuous because of the real-valued representation of solutions. This
ubsection describes the modifications made to the continuous CS.

.1.1. Parameter control
Modifications of CS may  have an impact on the partial com-

onent of the algorithm or the algorithm as a whole. In any
etaheuristic algorithm, parameters play a significant role for the

lgorithm’s performance. In line with this, researchers have mod-
fied the CS control parameters to enhance its robustness. For
nstance, Walton et al. [29] reduced scaling factor � by increasing
he number of generations and evolved MoCS. In addition, exchange
nformation due to an arithmetical crossover between the two  solu-
ions (parents) in the fraction of solutions with the best fitness were
dded in order to improve the convergence speed. The distance to
he location of a new solution (offspring) is computed using the
nverse of the golden ratio. This method provides offspring of more
imilarities to the better of the two parents. MoCS was  applied for
olving the optimization problem on 7 benchmark functions. Thus,
t is found that the MoCS converged to the optimum solution faster
han the original CS.

Rani et al. [30] improved the original CS by integrating a scaling
actor � with inertia weight and, thus, made the algorithm adap-
ive. The roulette wheel operator is added to CS in order to improve
ts performance. The effectiveness of the MoCS is demonstrated on
n array of geometric synthesis problems. The results show that the
oCS perform better than the CS according to accuracy and conver-

ence speed. Zhang et al. [31] proposed MoCS because the CS does
ot explore its potentials completely. The following modifications
ave been performed on the CS: (1) Introduction of subgroup set-
ings to enhance the survival rates of some substandard solutions
y an inferior solution having a chance of becoming the optimal
olution in the future. (2) Performing a parallel search with the
uckoos to improve the diversity of the population size n. (3) An
ncentive mechanism is introduced to improve the effectiveness
f the search, hence, improved convergence speed. (4) In order to
void reducing the efficiency of the groups‘ search, information is
hared among the subgroups. (5) Adaptation: Large scaling factor

 is used in the early stages of the search, while becoming smaller
owards the end of the search by gradually changing the � during

he search process to improve precision. The MoCS is evaluated on

 benchmark functions and the best results were found within the
phere function showing that the MoCS advanced the performance
f the CS. Table 2 summarizes the list of modifications made on CS
Dynamic pa , crossover & mutation [59]
Self-Adaptive control parameters [60]

parameter controls, whereas Table 3 presents the complete list of
the continuous CS.

Zheng and Zhou [39] integrated the annexing operator and
cooperating operator in CS to enhance its diversity. The population
size n in the MoCS was set as adaptive, and not fixed as in the CS. The
performance of the MoCS is evaluated on 15 benchmark functions.
Simulation analysis demonstrated that the MoCS perform better
than the M-elite coevolutionary algorithm and Organizational evo-
lutionary algorithms.

Lin and Lee [44] improved the quality of the neighborhood
search in the original CS whenever new solutions are generated, to
try as much as possible to prevent the solutions from being trapped
in local minima. The proposed modification is applied as follows:
The scaling factor � is replaced with the value extracted from a
chaotic sequence C(t)

s in each generation. Thus, the chaotic sequence
is expressed as follows:

CS
(t) = 4 × CS

(t−1) × (1 − CS
(t−1)), (10)

where t is the generation number. The proposed MoCS is imple-
mented to solve the Lorenz function. The MoCS is not compared
with other methods for evaluation purposes. Li et al. [43] proposed
an alternative searching approach by integrating an orthogonal
learning strategy within the CS in order to improve its exploita-
tion ability, increase variation into the search, as well as reduce the
number of control parameters, hence enhancing the performance
of the original CS. The proposed MoCS is used to solve 23 bench-
mark functions. It is discovered that the MoCS outperformed the
CS in terms of accuracy. Valian et al. [45] proposed modification of
the original CS for improving convergence speed and accuracy. The
authors used adaptive switching parameter pa and �when generat-
ing new solutions. The performance of the MoCS is evaluated on the
breast cancer and IRIS benchmark datasets. The MoCS outperform
the CS as suggested by the experiments results.

Tuba et al. [48] used a sorting function during the computa-
tion of parameter �as a substitute for the permutation function
in the CS, thus improving the performance of the original CS. The
performances of the MoCS and CS are compared on 8 benchmark
functions. The best results were found within the sphere function.
The MoCS outperformed the results of the original CS. Saelim et al.
[49] proposed crossover and random replacement for generating
new solutions in place of Lévy flight and switching parameter pa is

proposed as being adaptive, unlike the original CS. The proposed
MoCS is used to solve seven Traveling Sale Problems (TSP) and
the results show that the MoCS improved the performance of the
original CS.
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Table  3
Continuous cuckoo search algorithm.

Topic Reference

Golden ratio CS [29,30]
Chaotic CS [44,37,61,53,62,63]
Roulette wheel CS [30]
Adaptive pa and � CS [45,46]
Sorting CS [48]
Constructive NEH heuristic CS [25]
Orthogonal CS [43]
Crossover randomized CS [49]
Parallelized CS [31,64]
Annexing cooperating CS [39]
Multi-objective CS [65]
Gaussian distribution CS [66]
Complex value CS [67]
Quantum CS [68,58]
Ranked CS [69]
Single and Multi-objective CS [70]
Simplex CS [71]
Mutation CS [72,40]
Communication and search [73]
Inter-Species CS [74]
Gradient CS [51,75]
Sorting Multi-objective CS [76]
Complex-vlued CS [77]
GA operators CS [78–80]
Self −adaptive CS [50]
PSO CS [81]
Frog leaping CS [52]
Gamma  CS [82]
Chaotic and Elitism CS [53]
Shuffled CS [83]
Repeat cycle CS [54,55]
Orthogonal CS [84]
Adaptive CS [32–36]
Opposite CS [85,35]
Multi-objective CS [86]
Disturbance CS [87]
Sine wave CS [88]
Adaptive pa and ˇCS [56]
Bi-CS [89]
pa CS [51]
Gradient [75]
Frog leaping [83]
Auxiliary CS [57]
Dynamic GA operators CS [59]
Teaching − learning CS [90]
Gaussian kernel CS [47]
PSO based CS [81]
Cauchy mutation CS [91]
Hybrid Self-Adaptive CS [60]
Adaptive �CS [38]
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Graph theory CS [92]
Harmony Search CS [61]

Fateen and Bonilla-Petriciolet [51] used gradient of the tangent
lane distance function in their study as the source of new infor-
ation in which the cuckoos are guided in searching of the global
inimum. In the CS, both magnitude and the direction of the step

re random, whereas, in the MoCS, the randomness of the magni-
ude of the step is reserved. Only one parameter pa is required to
e tuned. The MoCs is tested with 8 phase stability problems and

t proved that the MoCS outperform the CS. Li and Yin [50] pro-
osed MoCS with 2 DE new mutation rules based on the rand and
est individuals to balance the exploitation and exploration. The 2
ew mutation rules are balanced by linearly decreasing probability
ule. The diversity of the population is improved by self-adaptive
ettings. The MoCS is applied to 16 benchmark functions and 2
haotic systems for evaluating the performance of the MoCS. The

oCS is found to improve the effectiveness of the CS. Liu and Fu

52] the variety of initial populations of CS are upgraded by using
he chaos theory. Inertia weight is embedded into the Lévy flights
andom search to enhance global search. The local search capa-
puting 61 (2017) 149–173 155

bility of the frog leaping algorithm is applied in MoCS to improve
the local search, speed and precision. The MoCS performance is
evaluated using test functions. The MoCS is superior to compara-
tive algorithms in most of the test functions, as suggested by the
experimental results.

Wang and Zhou [46] proposed MoCS with adaptive parameters
instead of fixed as in the CS, to establish the parameters of chaos
systems so as to improve accuracy and convergence speed. This
is achieved by embedding adaptive parameters adjustment oper-
ation and the orthogonal design operation into the CS to create
the MoCS. As such, pa and � are adaptive in the MoCS. The MoCS
efficiency is tested on the Lorenz system under both the noise-
free and noise-corrupted conditions. The results indicated that the
MoCS is better than the CS with the fixed values of pa and �. Wang
et al. [53] incorporated characteristics of chaos theory and elitism
scheme into CS to advance the performance of the CS and preserve
the best cuckoos, respectively. The � is replaced with 12 differ-
ent chaotic maps. The MoCS efficiency is evaluated by utilizing 27
benchmark functions. It is found that the MoCS improve the solu-
tion quality of the CS and other metaheuristic algorithms. Zhang
and Chen [32] proposed an adaptive � instead of the constant to
improve population diversity and immune the algorithm from pre-
mature convergence. As a result, precision and convergence speed
can be enhanced. The MoCS is modified by making the Lévy flights
step length factor a global best reducing value with the growing
generations to increase the speed of the convergence. The MoCS
is applied to solve 5 benchmark functions. The MoCS improve the
performance of the CS.

Ong [33] proposes adaptive � in the MoCS instead of the con-
stant value of � in CS to speed up convergence to the global
solutions. The MoCS is proposed on the assumption that the cuck-
oos lay eggs within the area that have a high chance of egg survival
rate. As such, by adjusting the � adaptively, the cuckoos perform
searches around the best solutions and explore the environment
rigorously. The performance of the MoCS is evaluated with 5 bench-
mark functions. It is found that MoCS improve the convergence
speed of the CS. Rangasamy and Manickam [34] proposed an adap-
tive MoCS to reduce the number of iterations required to reach an
optimal solution, improve performance and provide the optimal
solution suitable for the stability of multi-machine thermal power
systems. The pa and � in MoCS are made to be constrained instead
of constant as in the CS. The MoCS is applied to analyze the stabil-
ity of multi-machine thermal power systems. Comparative analysis
proved the superiority of MoCS over CS. Guerrero et al. [56] put for-
ward a dynamic adaptation MoCS to improve the performance of
the CS. The pa and  ̌ parameters of the MoCS are made to be dynam-
ically adaptive using the Mamdani fuzzy system. The performance
of the MoCS is found to be better than the CS after evaluation with
5 benchmark functions.

Abdollahi et al. [36] propose an MoCS by decreasing the egg
laying rate of the CS. The CS egg laying rate is decrease from the
maximum value of �to 0 for enhancing the accuracy of the local
search. As such, the MoCS with large radius find solutions closer
to the global optimum, whereas a smaller radius finds an exact
solution to a problem. The performance of the MoCS is compared
with that of CS on benchmark functions. The result indicated that
the MoCS is more accurate with less number of benchmark func-
tions evaluations than the CS. Cheung et al. [58] propose a MoCS
with nonhomogeneous search strategies based on quantum mech-
anism to enhance CS search ability and deviate from premature
convergence. Another control parameter, called learning regulator,
is integrated onto the MoCS. Evaluation of the MoCS on 24 bench-

mark functions shows that the MoCS improve the CS performance
and 10 other classical algorithms. Jia et al. [47] propose variable
CS control parameters in view of the fact that the fixed Pa and �
of Lévy flight makes it difficult for the CS to find an accurate opti-



1 oft Com

m
L
i
a
b
o
a
k
i
t
s
b
t
f
e
i
s
c
d
s

5

o
t
G
i
i
o
t
f
[
t
a
f
C

C
i

a

b

c

s
fl
s
c
Z
C
T
m
p
t
o
b
t
f
e
M

56 H. Chiroma et al. / Applied S

um.  The modification of CS created MoCS. In MoCS, the pa and � of
évy flight are adjusted by Gaussian kernel and quaternion, which
s utilized to represent individuals to be optimized in order to bal-
nce exploitation and exploration. The MoCS is evaluated using 5
enchmark functions. The results indicated that the performance
f MoCS is better than PSO and CS. Naik and Panda [38] proposed
n adaptive MoCS in which the � is made to be adaptive from the
nowledge of its fitness function, as well as its current position
n the search space. This is to improve the convergence speed of
he MoCS, and enables it to be parameter free without the levy
tep. The performance of the MoCS is compared with that of CS on
enchmark functions for evaluation purposes. The MoCS improve
he performance of the CS. Subsequently, the MoCS is applied to
ace recognition analysis and it produced superior results. Boushaki
t al. [57] proposed an MoCS by generating cuckoo function, an aux-
liary local search after each new solution in order to improve the
olution. The local search newly found better solution replaced the
urrent solution. Performance of MoCS is evaluated on a document
ataset. The results shows that the MoCS is better than the CS in
olving clustering problems.

.1.2. Hybridization in cuckoo search algorithm
This section discusses hybridization approaches in CS for solving

ptimization problems. Typically, the hybrid CS borrowed struc-
ures from the other nature-inspired metaheuristic algorithms, e.g.,
A, or other problem solvers. Hybridization of the original CS elim-

nates the weakness of the CS and, thus, improves its performances,
.e., faster convergence to the optimal solution over a shorter period
f time. The hybridization of two or more algorithms has proven
o eliminate their limitations and capitalize on their strengths
or obtaining a better solution [93]. Recently, Marichelvam et al.
25] incorporated constructive Nawaz-Enscore-Ham (NEH) heuris-
ic within CS in order to improve its performance. The MoCS was
pplied for solving the scheduling problem of a furniture manu-
acturing company. The MoCS is found to perform better than the
S.

Layeb [68] integrated quantum computing operators within the
S to increase optimization capabilities. The quantum operators are

ntegrated with CS as follows:

 Quantum interference: Amplifying the amplitude of the optimal
result, whereas the bad solution is decreased.

 Measurement:  Transforming the projection of the quantum vector
into binary.

 Mutation: Allowing the exploration of new solutions. Hence,
improved diversification is obtained of the search process. The
MoCS outperformed the PSO with a penalty function and PSO
with a repair function, when solving the 7 Knapsack problems.

Zheng and Zhou [66] modified the original CS by using Gaus-
ian distribution for generating a new solution instead of the Lévy
ight for improving the convergence rate. The MoCS was  applied to
olve 6 benchmark functions. The results indicated that the MoCS
onverged towards the optimal solution faster than the original CS.
hou and Zheng [67] proposed the encoding of complex values in
S to expand information about the representation of a solution.
he MoCS outperformed the results of the original CS in the opti-
ization of 6 benchmark functions. Thus, the MoCS improved the

recision of the results by a factor of more than 100–1,000 over
he original CS. Subotic et al. [64] introduced parallelization in the
riginal CS to reduce the execution time required to obtain the
est solution. During parallelization of the MoCS, each execution of

his algorithm was run as a separate thread in order to achieve the
astest execution. The performances of the developed MoCS were
valuated on 4 benchmark functions and the results show that the
oCS is more accurate and faster than the original CS.
puting 61 (2017) 149–173

Chang et al. [71] modified the CS by using the simplex method of
Nelder and Mead algorithm to abandon and generate new nests in
place of pa to create an MoCS. Subsequently, the MoCS was  applied
to train fuzzy neural network. The performance of the MoCS trained
fuzzy neural network was  evaluated on nonlinear regression prob-
lems. The result shows that the MoCS is better than the original CS
and BP in training the neural network. In Chiroma et al. [73], the
CS communication capability of the cuckoo births was improved
by the introduction of APSO to search for a better location that the
best nest can share information with the cuckoo. The MoCS is used
to train a neural network for the prediction of OPEC CO2 emission
from petroleum consumption. The MoCS was found to improve the
accuracy and convergence speed of the original CS. Coelho et al.
[72] used the mutation operator of the differential evolutionary
algorithm in CS instead of pa to overwhelm the problem of local
exploration and premature convergence. The MoCS was applied to
solve the chiller loading problem. The MoCS was able to improve the
performance of the original CS, as suggested by the experimental
results. Fateen and Bonilla-Petriciolet [75] incorporated the gra-
dient of the unconstrained Gibbs free energy function to improve
the balance between diversification and intensification of the CS.
The MoCS was  used in finding a global minimum of the Gibbs free
energy in phase equilibrium calculations. The result shows that the
MoCS improves the performance of the original CS.

Das et al. [74] proposed an inter species CS referred as the MoCS
to improve the performance of the CS. The MoCS is a partition of
the entire search space into regions by clustering the initial search
space into clusters, and each of the clusters is treated as a habi-
tat for particular species. The species of the CS are differentiated
with different Lévy flight: Yang-Deb Lévy flight, Cauchy Lévy flight,
Rayleigh Lévy flight and Gaussian walk Lévy flight. The variants
of the MoCS share information among themselves to explore the
search space effectively and reduce computation. The efficacy of
the MoCS is tested using unimodal and multimodal benchmark
functions. It is found that the MoCS success rate was the same
with the original CS in all the benchmark functions. Kanagaraj et al.
[78] modified the CS by hybridizing it with GA operators to form
an MoCS for solving supplier evaluation combinatorial problems.
The crossover is used for the egg reproduction of each cuckoo. The
mutation is applied to mimic  the color and pattern of the host
births to avoid their eggs being recognized by the host bird. The
surviving cuckoos were selected by the GA selection operator. In
CS, one cuckoo lays one egg at a particular time based on Lévy
flights, whereas in MoCS, each 2 parents of the cuckoos produce
2 cuckoo eggs. The MoCS was applied to solve the supplier evalua-
tion problem. The results indicated that the MoCS is able to generate
good quality solutions in most cases more than the original CS, and
simulated annealing. Li and Yin [81] was  inspired by PSO to mod-
ify CS. In the MoCS, the global best solution is kept at each level
of the iteration to enhance diversity. The global best solutions are
used to add information flow between the nests, which assist to
increase global and local search. Thereby, they balance exploitation
and exploration based on the random probability rule. The MoCS
was applied to solve 30 benchmark functions. The result indicated
that the MoCS is superior to the original CS and PSO. Roy et al.
[82] proposed MoCS by replacing the Lévy flight with Gamma  dis-
tribution to advance the performance of the original CS. As such,
the new solutions in the MoCS are generated by the Gamma dis-
tribution instead of the Lévy flight. The MoCS was tested using the
standard benchmark functions. The results indicated that the MoCS
improved the performance of the original CS.

Lim et al. [79] were inspired by GA to modify CS, in which the

GA crossover is used for chromosomal between cuckoos and mat-
ing occurs between the cuckoos. The eggs laid by the cuckoos in
another host bird‘s nest compete for survival. Only the fittest eggs
survive, while lower quality eggs are rejected. The cuckoo’s eggs
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Table 4
Hybridization in the cuckoo search algorithm.

Topic Reference

Crossover [29,49]
Roulette wheel [30]
Sorting function [48]
Constructive NEH heuristic [25]
Orthogonal learning strategy [43]
Incentive mechanism [31]
Annexing and cooperating operators [39]
Gaussian distribution [66]
Complex value [67,77]
Mutation, quantum interference and measurement [68]
Sigmoid function and probability [94]
Greedy transformation algorithm [95]
Arithmetic crossover [70]
Simplex [71]
Communication and Search [73]
Mutation [72,40]
Frog leaping [96]
Genetic mutation [97]
Mutation, crossover and selection [78,79]
DE mutation [50]
PSO [81]
Frog leaping [52]
Geometric operators [98]
Frog leaping [83]
Orthogonal [84]
Two  parent crossover [35]
Sine-wave [88]
Fuzzy [56]
Gamma  distribution [82]
Disturbance [54,55]
Rank [85,69]
Disturbance [87]
Gradient [75]
Inter-Species [74]
Chaotic and elitism [53]
GA operators [79,80]
Adaptive GA operators [59]
Penalty function [90]
Gauss map  [37]
Cauchy mutation [91]
Random & stochastic [60]
Graph theory [92]

 n)
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re mutated by the cuckoo to mimic  the eggs of the host birds. The
oCS is used to solve the whole making sequence. The MoCS shows

hat the performance of the original CS is improved. Wang et al. [83]
roposed an MoCS based on the concept of the frog leaping algo-
ithm to improve local search. In the MoCS, the n is divided into
ifferent groups. Each of the groups is optimized by utilizing the
S. Subsequently, the individual in the separate groups are once
ore combined into n. The process is repeated until the number of

equired iterations have been reached. The MoCS is used to opti-
ize the parameters of the neural network to build a model for

redicting the concentration grade of the soft sensor. The result
hows that the MoCS is better than the original CS in the opti-
ization of neural network parameters. Xiang-Tao and Ming-Hao

84] integrated orthogonal learning into the CS to improve the
earch mechanism of the CS. Rand individual based on orthogonal
as applied to balance both exploration and the exploitation. The
oCS effectiveness was  evaluated through the Lorenz and the Chen

haotic systems. Experimental results indicated that the MoCS is
etter than the original CS. Ong et al. [35] incorporated two parent
rossover into adaptive CS to allow information exchange between
he optimal solutions. This can accelerate the convergence speed
f the CS. The MoCS performance was evaluated using benchmark
unctions and the optimization of paper and pulp properties. The

oCS was found to speed up the convergence of the original CS to
he optimal solution.

Wen  et al. [88], 3used sine-wave for generating new solutions
nstead of through Lévy flights, to ensure the solution feasibil-
ty and improve the search mechanism of the CS. The MoCS was
ested using the IEEE 33-bus radial distribution system based on
i-objective and single objective optimization methods. The MoCS
an attain high penetration of distributed wind generation with
dded profits. A summary list of the hybridized CSs is presented
n Table 4. Jia and He [77] enhanced the diversity of nest informa-
ion in CS based on variable in place of float encoding by using the
eal and imaginary parts of a complex number to create an MoCS.
he MoCS performance was evaluated with 8 test functions. The
esult shows that the MoCs performed better than the CS in terms of
olution quality and convergence speed. Wang et al. [54,55], 3incor-
orated disturbance operation into the CS to create an MoCS to

mprove convergence velocity and accuracy. An MoCS is a repeat-
ycle asymptotic self-learning and self-evolving disturbance. This
s achieved by constructing a disturbance factor to make searching
lose to the bird nest’s location more thorough. The effectiveness of
he MoCS is evaluated through 6 benchmark functions and results
how the superiority of MoCS over CS. Park et al. [85] used opposite
ased learning in CS to create an MoCS for improving its perfor-
ance. In the MoCS, each of the nests has an opposite nest. The

omparison of fitness is done by either one-to-one, that is compar-
ng the original with the opposite nest, or by way of combining,
hat is the congregation of all the original and opposite nests and,
ubsequently, ranking them. Jumping rate is used to control the
requency of the opposite based learning so as to deviate from the
ossibility of being trapped in local minima. The MoCS is evaluated
n 23 benchmark functions. Results show that the MoCS improved
he performance of the original CS successfully.

An et al. [69] modified the CS to create one rank MoCS in order
o improve optimal solution and convergence speed. In the MoCS,
he new eggs generated via Lévy flights were partially replaced. The
ewly generated eggs are evaluated and ranked at once. The MoCS

s used for solving a reactive power dispatch problem (IEEE 30-bus
nd IEEE 118- bus systems). The MoCS was found to be better than
ther metaheuristic algorithms. Zhao et al. [87] modified the Lévy

ights due to its heavy-tail property to speed up convergence and
eviate from convergence vibration during clustering when using
S. The MoCS searches for a new nest according to the following
xpression:
Nawaz-Enscore-Ham [61,53,62,63]
Harmony Search [61]
Orthogonal and simulated annealing [61,53,62,63]

x(t + 1)
i

=x(t)
i

+  ̨ ⊕ Levy(ˇ)+w ∗ rand ∗ (xbest − x(t)
i

), (i = 1, 2, 3, ...,

Where rand is the random number, w is the disturbance constant,
xbest is the cluster center of the best cluster. The MoCS is applied for
clustering of benchmark datasets. The experimental results show
that the clustering convergence performance of MoCS is better than
the CS.

Akumalla et al. [80] hybridized GA with CS to create MoCS
to improve solution quality and convergence speed by extending
search space. The MoCS update each chromosome/nest using the
GA for generating an offspring through selection, crossover, and
mutation operations. Evaluation of MoCS on the IEEE 30 bus power
system network shows the optimum solution and run time of the
MoCS is better than the CS. The MoCS is used to find the best loca-
tion of FACTS devices in a multiple machine power system, thus,
improving the voltage profile with minimum loss of power in the
system. Daniel and Anitha [59] proposed an adaptive MoCS by mod-
ifying the CS to improve the image contrast of medical images. In
the MoCS, the pa is changed dynamically in each iteration, adap-

tive genetic algorithms operators, crossover and mutation are used
for the replacing of the worst nest, unlike in the CS. The MoCS was
applied for contrast improvement in medical images and its perfor-
mance was  compared with other algorithms in the literature. The
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bsolute Mean Brightness Error (AMBE) of images for MoCS is bet-
er than other algorithms. However, the effectiveness of the MoCS
as not compared with the original CS.

Huang et al. [90] proposes an MoCS that used penalty function
o transform constrained optimization into an unconstraint. Sub-
equently, teaching–learning based optimization was applied to
mprove the local search capability of the CS. The MoCS is used
or solving engineering optimization problems such as welded
eam design, tension/compression string design and pressure ves-
el design. Results show that the performance of the MoCS is better
han the results published in the literature. The possibility of CS
imply to get stuck into local optimal solutions and cause low pre-
ision prompted Huang et al. [37] to propose an MoCS based on
haotic sequence. This is to prevent the MoCS from being stuck
n the local optimum solution to enhance global convergence. In

oCS, the chaotic sequence (Gauss map) is applied to improve
he initialized host nest location, change the � of Lévy flight and
esetting of the host nest location. The performance of the MoCS is
valuated using benchmark functions. It is found that MoCS perfor-
ance is better than that of CS, CS with Logistic map, CS with tent
ap, CS with Sinusoidal iterator and CS with Circle map. Maurya

t al. [91] proposed MoCS in order to enhance images automatically.
he MoCS algorithm generated a new nest using levy flight while pa

as abandoned. Subsequently, a new solution of the MoCS is cre-
ted by Cauchy mutation. The MoCS is appled to enhance an image
nd its performance is compared with PSO, Histogram equalization
nd Linear contrast stretching. The MoCS enhanced the image more
ffectively than the conventional methods.

Mlakar and Fister [60] propose an MoCS called hybrid self-
daptive CS using the explicit control exploration search technique,
elf-adaptation of control parameters and reduction of population
eature to improve the effectiveness and efficiency of the CS. In
he MoCS, the search space is explored based on a random long
istance search strategy to explore new solutions, while stochas-
ic moderate distance and short distance search strategies exploit
he current solution. The MoCS control the self-adaptive parameter
ettings. Reduction of population size is achieved by directing the
earch process towards a promising region. The effectiveness and
fficiency of the MoCS is evaluated on CEC-2014 benchmark func-
ion suites. MoCS comparison with variants of CS, DE and original CS
ndicated that MoCS has potential for solving global optimization
roblems. Mohseni et al. [40] proposes MoCS by defining a flexible
otion coefficient instead of using random or constant value. For n

o converge into optimum point adaptively, mutation is applied to
he global best before each immigration process. The mutation is
imed at creating diversity and increasing the MoCS convergence
ate. The MoCS is applied on benchmark functions before solving
eature selection and spacecraft attitude control problems for the
urpose of evaluating the effectiveness of the MoCS. The MoCS was
ound to be better than the CS, PSO, harmony search and DE.

Nguyen et al. [92] propose an adaptive MoCS to reduce power
oss and improve voltage stability. The infeasible individuals in
he CS violating radial constrain are reduced in MoCS by using
he graph theory. The graph theory is applied to determine the
earch space responsible for reducing infeasible network config-
rations in a distribution network. The MoCS is evaluated on three
ifferent distribution networks at 7 different scenarios. The result
f the experiment indicated that the MoCS is able to obtain opti-
al  location and size of the distribution generation. Wang et al. [61]

ybridized CS with harmony search to create MoCS so as to improve
he CS search ability. To enhance convergence speed, the pitch
djustment operation of the harmony search with similar func-

ion to mutation operator is applied to complement the CS update.
litism is added into the MoCS to retain the best solutions within
he cuckoo population. The evaluation of the MoCS on benchmark
unctions shows that the MoCS is better than the CS and other meta-
puting 61 (2017) 149–173

heuristic algorithms in most cases. Wang et al. [53,61–63] propose
MoCS to establish optimum parameters of chaotic systems. Orthog-
onal design and simulated annealing operation are added into CS
to enhance the CS exploitation capability. The MoCS is applied to
establish the parameters of Lorenz and Chen chaotic systems under
different (noiseless and noise) conditions. The experimental result
indicated that the MoCS can estimate parameters of chaotic sys-
tems with higher accuracy, reliability and energy efficiency than
the CS, PSO and GA.

5.1.3. Multi-objectives cuckoo search algorithm
The single objective CS has been extended to multi-objective by

researchers in order to solve multi-objective problems. In a single
objective CS, only one optimal solution can be found in the search
space, except in the case of multiple and equally optimal points.
Single objective CS cannot be applied to solve multiple objective
problems. Therefore, researchers attempted to modify the original
CS to multi-objective CS. In multi-objective problems, the algo-
rithm is required to deal with a Pareto front. In 2013, Yang and
Deb [65] extended the single-objective CS to a multi-objective CS
capable of solving multi-objective problems. The following modi-
fications are performed to form the multi-objective CS: (1) Unlike
the original CS, each cuckoo lays k eggs at a time and subsequently
dumps them into a randomly chosen nest. The k-th egg corresponds
to the solution of the k-th objective. (2) Each of the nests will be
abandoned with switching parameter pa. Then, new nests with k
eggs will be built based on the similarities/differences of the eggs.
Diversity can be generated by some random mixing. The MoCS is
evaluated on multi-objective functions, as well as solving structural
engineering design problems. The result indicated performance
improvement of the MoCS. Balasubbreddy et al. [70] proposed
MoCS by introducing arithmetic crossover in CS instead of the Lévy
flight that control the balancing of exploration and exploitation to
decrease the diversity of the problem, thereby obtaining the best
final solution in less number of iterations. The proposed MoCS is
capable of solving both single and multi-objective problems. The
MoCS is tested on the power system, single and multi-objective
functions. The results indicated that the MoCS performs better than
the CS in minimizing the cost of fuel and convergence speed.

He et al. [76] modified multi-objective CS by embedding archiv-
ing and non-dominated sorting to advance its performance. In the
MoCS, all the non-dominated and dominance solutions are sorted
out from the generated solutions. The sorting is continuous until
all solutions are sorted into layers differently. The MoCS is eval-
uated by using 7 benchmark functions. The MoCS performance is
compared to a non-dominated sorting GA. It is found that the MoCS
is better than the non-dominated sorting GA. Zeltni and Meshoul
[86] translate the basic concept of updating solutions in CS in the
context of multi-objective using leader selection strategies to cre-
ate a Pareto based multi-objective CS. The authors used archive
to manage non-dominated solutions and leaders, such as random
selection, the sigma method, crowding distance method, a hybrid
selection strategy, and MaxiMin methods are used to select leaders
for updating solutions in MoCS. This differs from the CS, in which
the best solutions are used to update the current generation for the
computation of a new generation. Five benchmark functions with
two objectives related to numerical optimization are used to eval-
uate the effectiveness of the MoCS. Experimental evidence shows
that the MoCS have the capability of solving multi-objective prob-
lems and none of the leader selection strategies are the best in terms
of convergence and diversity.

Zhou et al. [133] proposes a multi-objective BCS with local

search to detect community. The multi-objective BCS redefined
the nest location updating strategy and abandon operator of the
CS discrete form. The optimum initial population are generated
by the local search strategy and a clone operator. The negative
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Table  5
Multi-objective in the cuckoo search algorithm.

Topic References

Multi-objective CS [65]
Archiving and non-dominated multi-objective CS [76]
Leader selection multi-objective CS [86]
Crossover multi-objective CS [70]
Local search and clone operator CS [99]

Table 6
Binary cuckoo search algorithm.

Topic Reference

BCS [94]
Application of BCS in power distribution [100]
Cuckoos‘ matters Randomized BCS [41]
Discrete quaternary BCS [95]
Non- Lévy flight BCS [42]
Inter-species BCS [101]
Shuffled frog leaping BCS [96]
Mutation and confidence interval BCS [97]
Variable neighborhood descent BCS [102]
Theory of distance BCS [103]
Geometric BCS [98]

[54,55]
Permutation BCS [104]
Bound BCS [105]
Bi-CS [89]
Interchange and cyclical shift BCS [106]
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Soto et al. [98] embedded partially matched crossover, multi-
Smallest position values BCS [61,53,62,63]
Multi-objective BCS [99]

atio association and ratio cut are the two objective functions that
ere minimized. The experiment was conducted on synthetic and

eal-world networks. It was found from the experimental result
hat the multi-objective BCS can detect high quality community
tructure without prior information and had better performance
han multi-objective BCS without local search, multi-objective BCS
ithout clone operator, among others. The summary of the list of
ulti-objective CS are presented in Table 5.

.2. Binary cuckoo search algorithm

Gherboudj et al. [94] proposed the binary form of the CS for deal-
ng with binary optimization problems instead of the continuous
ne. In the original CS, the elements of a solution are represented
s real numbers, whereas in the BCS, each solution is composed
s a sequence of bits. The Sigmoid function and probability model
re used in the CS to obtain the binary solution. The BCS is used
or solving the Knapsack problem. The results show that the BCS
utperformed the quantum inspired CS, binary PSO (BPSO) and har-
ony search algorithms. Further statistical tests indicated that the

erformance of the BCS is significant. The BCSs observed in our
tudy are summarized in Table 6.

The improvement of the BCS proposed by Ouaarab et al. [41] con-
idered a population of cuckoo nests as the first level of controlling
ntensification and diversification because this population consists
f n solutions, i.e., nest positions. The n can be quantified as a second
evel of control that can be reconstructed by adding a new cate-
ory of cuckoos’ matters therefore impoving the effectiveness of
he CS search. As a result, the search was strengthened intensively
round the best solutions, while randomization was used properly
o explore new areas using Lévy flights’ randomization. These mod-
fications amended the BCS to the MoBCS. Hence, improving the
peed and minimizing the probability of falling into local optima is

xpected. Simulation comparative analysis of the results indicated
hat the MoBCS performed better than the BCS in both accuracy and
onvergence speed. The MoBCS is run for 30 trials across 14 TSPs.
puting 61 (2017) 149–173 159

Zhou et al. [95] modified the BCS (discrete quaternary version
of the original CS) by adding a greedy transformation algorithm
within BCS to obtain the MoBCS. The MoBCS was  used to solve the
seven nodes graph coloring problem. The results indicated that the
MoBCS performed better than the PSO and the modified PSO in
terms of speed and accuracy. However, the results of MoBCS are not
compared with the performance of the original BCS as performed
by Ouaarab et al. [41]. Jati et al. [42] proposed a non-Lévy flight
BCS by not using Lévy flight in the updating scheme to improve the
exploitation of the BCS. The performance of the MoBCS is evaluated
on 7 TSP problems. The MoBCS is found to perform better than the
memetic algorithm, but MoBCS could be trapped in local minima
for some problems.This study did not compare the results of MoBCS
to those of the BCS. The BCS suitability for solving binary problems
motivated Rodrigues et al. [100] to use BCS for the detection of
theft in power distribution. The obtained results show that the BCS
outperforms the binary gravitational search algorithm, whereas the
binary bat algorithm, binary firefly algorithm and BPSO had similar
accuracies as the BCS. Conversely, the BCS was  faster than all the
other compared algorithms in tests.

Hanoun [102] hybridized CS with variable neighborhood
descent based on the insert and interchange operators o as to
advance performance and speeding up convergence rate. The Lévy
flight is replaced by the discrete neighbor sequence operator based
on the insert and interchange methods to create the BCS. The BCS
is applied to solve NP-hard single objective and multi-objective
job scheduling problems. The results indicated that the BCS out-
performs state-of-the-art algorithms. Feng et al. [96] used hybrid
encoding, and each of the cuckoos is represented by two  tuples to
perform a search in the solution space. Also, Sigmoid function is
utilized in the CS to convert a real-coded vector to a binary-coded
vector to create BCS. The BCS was  hybridized with an improved
shuffled frog leaping to solved 0–1 knapsack problems. The result
shows the solutions quality of the BCS is better than the CS, GA
and DE in a strongly correlated knapsack problem. Feng et al. [97]
modified the CS by introducing confidence interval and genetic
mutation to improve its performance. The confidence interval is
used for updating new positions of cuckoos to allow the population
moves towards the global best solution. Moreover, genetic muta-
tion is applied to speed up convergence time and prevent the MoCS
from being trapped into local optimum. The concept of Feng et al.
[96] is utilized to transform the MoCS into a BCS. The BCS effective-
ness is evaluated through the 0–1 knapsack problems. The results
indicated that the BCS outperforms the CS.

Dasgupta and Das [101] present a binary version of inter species
CS to minimize makespan and mean flow time in hybrid flow-shop
scheduling and permutation flow-shop sequencing problems. In
this study, different species of BCS with different Lévy flight, such
as Yang-Deb Lévy flight, Cauchy Lévy flight, Rayleigh Lévy flight
and Gaussian walk Lévy flight, are used as different species of the
BCS. The variants of the BCS share information among themselves
to explore the search space effectively and reduce computation.
The BCS is used to solve flow-shop scheduling problems. Results
indicated that the proposed BCS outperformed several comparison
algorithms, including Discrete Firefly algorithm (DFA), parallel GA,
simulated annealing, PSO, Ant colony optimization (ABC), NEH and
TABU. Mahmoudi and Lotf [103] convert CS to BCS by redefining
addition, subtraction and multiplication of the CS based on the the-
ory of distance on discrete space to create BCS for solving a graph
coloring problem. The BCS is applied to solve graph coloring. The
result indicated that the BCS performs better than the original and
the modified version of simulated annealing.
parental sorting crossover and feasible geometric mutation into CS
to improve its performance and explore discrete space for solving
sudoku problems. This forms a BCS capable of exploring discrete
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Table 7
Applications of MCS  by [29].

Application Reference

Energy efficiency [107]
UCI benchmark dataset [108]
Diabetes [109]
Temperature and relative humidity [110]
Mesh optimization [114]
60 H. Chiroma et al. / Applied S

earch space. The BCS is applied to solve the sudoko problems with
ifferent complexity. The result shows that the BCS is better than
A and hybrid tabu search algorithms. Wang et al. [54,55], 3 pro-
osed a BCS that utilizes swap and insert operators to enhance

ocal search, which help in solving flow-shop problems with block-
ng. The smallest position value rule is used for the conversion of
ontinuous solutions into discrete. Hence, the BCS is able to pro-
uce a binary solution. The n is generated using the NEH heuristic
ethod. Experiments are conducted on the Taillard’s benchmark

o evaluate the efficiency of the BCS. Results indicated that the BCS
erforms better than the CS and other metaheuristic algorithms.
aha and Behera [104] converted the continuous position of the
S into discrete permutation scheduling for obtaining a cuckoo by
évy flight to the proposed BCS. The BCS is applied to minimize
akespan for solving the identical parallel machine scheduling

roblems. The results show that the BCS converges faster than the
tate-of-the- art algorithms. Soto et al. [105] proposed a BCS for
olving a non-uni-cost set covering problem that belongs to the
arp’s 21 NP-complete problems. The generated real numbers are
onverted to binary according to the following expression:

j =
{

1 if r < x′
j or x′j > Ub

0 if r ≥ x′
j or x′ j < Lb

here x’j holds the value to be discretized for variable xj of the set
overing problem solution, and r is a normal distributed random
alue, Ub and Lb are the upper and lower bound respectively. This
akes it possible to solve the set covering problems. Experimental

esults show that the BCSconverges rapidly to the global optimum
nd it is robust. The BCS is not compared with any algorithm.
uihua et al. [89] proposed an MoCS that deals with both binary
nd the continuous variables to solve a crude oil selection and
lending optimization problem. The continuous variables are
pdated by using the Lévy flights, whereas updating the binary
ariables are done by abandoning the nest with a probability. The
oCS was applied to crude oil selection and blending optimization.

he experimental results indicated that the MoCS is better than
he GA and PSO.

Majumder and Laha [106] propose a BCS in which the fractional
caling factor is used to determine � of the Lévy flight in the BCS.
urrent solutions in the BCS are improved by the application of

nterchange and cyclical shift neighborhood search methods. The
onvergence speed of the BCS is improved by the response sur-
ace method based on desirability function. The BCS is applied to
olve the problem of two  machine robotic cell scheduling. It was
ound to solve the problem better than GA and simulated anneal-
ng. Wang et al. [61,53,62,63] proposes BCS by hybridizing CS based
n 4 strategies to convert the CS to a BCS, generate a quality solu-
ion, improve convergence speed and enhance exploitation. The
mallest position values are used to convert continuous solution
nto discrete. The Nawaz-Enscore-Ham is applied to the initialized
opulation in order to generate a quality solution. The modified
eneralized opposition-based learning is used to enhance conver-
ence speed. The exploitation is enhanced by local search strategy.
o evaluate the effectiveness of the BCS, its performance is evalu-
ted on Taillard’s benchmark. The experimental results indicated
hat the CS performance is improved. Note that this section was
ot divided into parameter control and hybridization because these
apers are already addressed in Tables 2 and 4.

.3. The most frequently used modified cuckoo search algorithm

A modified CS, as proposed by Walton et al. [29] (also MCS), was

ound to achieve the greatest benefits among the other modifica-
ions proposed by researchers in the literature. The MCS  is the most
requently used modified CS among researchers to solve problems
n different domains of applications. For example, Piechocki et al.
Uni-modal and multi-modal optimization [111]
Design of power transmission lines [112]
Short term cascaded hydrothermal scheduling [113]

[107] used the MCS  due to its superior performance over the origi-
nal CS for optimizing a selection process within an energy-efficient
system. The MCS  was  also applied for minimizing energy demands,
total costs of building the system and carbon dioxide emissions.
This study found that the global approaches for the designing of
energy-efficient, cost effective and environmentally-friendly farm
power systems are more effective. Finally, the MCS  is used by Salimi
et al. [108] for the training of ANN for eliminating the limitations
of the backpropagation algorithm in order to improve convergence
speed and accuracy. The effectiveness of the proposed algorithm
is evaluated on 7 UCI benchmark datasets, but the best results are
found within the IRIS dataset. However, the performance of this
algorithm is not compared directly with the performance of another
CS trained ANN model.

Similarly, in order to improve accuracy and convergence of
speed, Giveki et al. [109] applied the MCS  for optimizing the param-
eters of SVM for building a robust diabetes diagnostic model. The
results obtained by this algorithm outperformed the results of the
other comparison algorithms in both accuracy and convergence
speed. Unfortunately, this study did not compare the obtained
results with the results of the optimized CS-SVM. Abubakar et al.
[110] used the MCS  to train a Functional Link NN (FLNN) in order
to eliminate the limitations of the backpropagation algorithm for
improving the convergence of speed and accuracy. The trained
FLNN model was applied for prediction of temperature and rela-
tive humidity prediction in Malaysia. The study concluded that the
performance of the model was better than the backpropagation
algorithm, but is not compared further with the performance of
the CS trained FLNN.

The MCS  was  also implemented for solving a mesh optimiza-
tion problem, where this algorithm outperformed the Laplacian
smoothing and Lloyd’s algorithms in the generation of mesh.
Nasa-ngium et al. [111] modified the MCS  further by replacing the
inverse golden ratio with a chaotic random number generator in
order to enhance its performance. Results from simulation analysis
on unimodal and multi-modal functions indicated that the MoCS
proposed by Nasa-ngium et al. [111] improved the performance of
the MCS.

Güneş et al. [112] used MCS  to design transmission lines with
minimum noise and maximum power delivery at each opera-
tion frequency. It was  found that the composite right/left-handed
transmission lines allow a designer to design a high performance
miniaturized amplifier with low noise. The MCS  shows perfor-
mance improvement over CS, PSO and Differential Evolution.
Nguyen and Vo [113] applied MCS  for solving short-term cascaded
hydrothermal scheduling. This is to determine the optimal oper-
ations of thermal plants, as well as cascaded reservoir. The result
indicated that the MCS  is superior to other methods already dis-
cussed in the literature in terms of efficiency. A summary and
applications of the MCS  are presented in Table 7.
5.4. Applications of the cuckoo search

The CS has been used for optimization in many areas, includ-
ing computational intelligence. The applications of the CS have
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roven to be robust and promising over other algorithms [6]. For
xample, the CS has been applied in the training of ANN, robots,
ireless sensor networks, classification, clustering, design opti-
ization, images, algorithms‘ analysis, control, etc.
From the ANN training point of view, metaheuristic algorithms

ere applied to train an ANN in order to deviate from the limita-
ions of the ANN and improve its effectiveness [115]. The CS was
ound to train spiking ANN better than DE [116], CS trained Elman
NN better than ABC [8,9], CS trained Recurrent ANN better than
BC and PSO [8,9].

Mohanty and Parhi [134] proposed CS for the path planning
roblem of an autonomous mobile robot in an environment that

s unknown or partially known to the mobile robot. The environ-
ent was populated with varieties of stationary objects. The CS

ased mobile robot was able to avoid the obstacles by guiding the
ovement of the mobile robot to the target point with the shortest

ath length more than the robots based on PSO and GA.
Manikandan and Selvarajan [135] used CS to find the opti-

al  clustering object into clusters using multiple datasets. The CS
erformance on the data clustering was compared with that of
–means, PSO, genetic K–means, fuzzy C means and Fuzzy PSO. The
esults indicated that the CS outperformed the comparison algo-
ithms. To minimize active power loss and improve voltage in the
istribution of power in a power distribution system, CS was pro-
osed to solve the power problem. The CS was able to solve the
istribution of the network reconfiguration. Comparative analysis
f the CS results with that of PSO and GA signified that the CS is
uperior [117]. The CS was applied for the selection of a cluster
ead in a wireless sensor network to reduce energy consumption.
he performance of the CS was evaluated and it shows that the
S has the capability of selecting the optimal clusters that resulted
o prolong the lifetime of the network more than the traditional

ethods [118]. In addition, Dhivya and Sundarambal [119] used
S to improve the performance of a wireless sensor network by

ncorporating balanced energy dissipation, which results in the for-
ation of the optimal number of clusters. As such, the wireless

ensor network was more able to consume minimum energy than
he traditional cluster-based routing method.

The study conducted by Bhandari et al. [136], applied CS to
he examination of a standard set of satellite images based on
everal numbers of thresholds. Experimentally simulated results
ased on Kapur’s entropy show that the CS has the potential to be
sed for accurate and efficient utilization in multilevel threshold
roblems. Further study by Brajevic and Tuba [137] applied CS to
ultilevel image thresholding using two different objective func-

ions, namely, Kapur’s maximum entropy thresholding function
nd multi Otsu between-class variance. An experiment was  con-
ucted on standard benchmark images with known optima from
n exhaustive search. The simulation results suggested that the CS
s more robust and efficient than the PSO and DE. Ismail et al. [120]
pplied CS for fractal image compression based on ordered vector
f range blocks. The CS is found to be scalable and robust in image
ompression compared to PSO and GA.

Araghi et al. [121] applied CS to tune the parameters of intelli-
ent controllers, namely, ANN and adaptive neuro-fuzzy inference
ystems for traffic signal control in a multi-intersection network.
he study has shown that the CS intelligent controller is more
obust and effective than the Q-learning controllers in respond-
ng to traffic demands. In addition, Mehta et al. [122] used CS for
he optimization of controllers at the terminal of a synchronous
enerator.

Civicioglu and Besdok [14] analyzed CS, PSO, Differential Evolu-

ion (DE) and Artificial Bee Colony (ABC) algorithms for comparison
urposes. The CS and DE have proven to have better performances
han the ABC and PSO. An extensive competition between CS and
stablished meta-heuristic algorithms such as PSO and GA was car-
puting 61 (2017) 149–173 161

ried out by Gandomi et al. [123] for validation against structural
engineering optimization problems which was applied to 13 design
problems. The comparative simulation results proved the robust-
ness and efficiency of the CS over PSO and GA.

6. Performance analysis of CS

This section presents the performance analysis of CS regard-
ing the results found in the papers. The section consists of the
following major components: The benchmark function suites, the
most widely used parameter control, the widely used performance
measures, computation of the percentage improvement in the CS
convergence speed and solution quality. Lastly, the trend of the
modifications made to the CS benchmark suites are depicted.

6.1. The benchmark function suites

The modification of the CS is evaluated typically on bench-
mark datasets or functions. Table 8 shows that optimization is the
main task used by most researchers to evaluate the performance
of MoCS. None of the researchers had evaluated the MoCS, MoBCS
and BCS across multiple tasks (e.g, classification, optimization, and
numerical prediction). It could have been interesting to observe the
behavior of the proposed modification on multiple tasks.

Let us notice that the selection of the benchmark function suite
has a great influence on the results for the MoCS. Typically, bench-
mark suites consist of functions that are relatively easy to be solved
because these have the global optima located close to the center
of the search space [124]. On the other hand, benchmark function
suites, like CEC’14 [125] and COCO’14 [126], consist typically of
the following function types: Unimodal, multi-modal, hybrid and
composite.

Unimodal functions have a single global optimum and no local
optimums while, normally, functions in these suites are non-
separable and rotated. The separability of a function determines
how difficult the function is to solve. This means, the function f(x)
is separable if its parameters {xi} are independent. In general, the
separable functions are considered to be the easiest. In contrast,
the fully-nonseparable functions are usually the more difficult to
solve. The degree of separability could be controlled by dividing
the object variables into several groups randomly, each of which
contains a particular number of variables. Although some of the
used functions are separable in their original forms, applying tech-
niques such as Salomon’s random coordinate rotation makes them
non-separable.

Multi-modal functions are either separable or non-separable,
and they are also rotated or shifted. To develop the hybrid func-
tions, the variables are divided randomly into some subcomponents
and then different basic functions are used for different subcompo-
nents [125]. Composition functions consist of a sum of two or more
basic functions. In the CEC’14 suite, for instance, hybrid functions
are used as the basic functions for constructing composition func-
tions. The characteristics of these hybrid and composition functions
depend on the characteristics of the basic functions.

6.2. The most widely used parameter control

The control of exploration and exploitation are probably those
challenges facing metaheuristic algorithms which still remain an
open question. Parameters are controlled during the execution of
algorithms in order to yield the optimal solution within a short CPU

time. However, a systematic way  of varying the parameters is an
unresolved problem [3]. Like other metaheuristic algorithms, the
CS is also sensitive to parameter settings [18]. The performances of
the MoCS and CS are sensitive to the population size n, and problem
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Table 8
The benchmark dataset/functions used for evaluation of the modified CS.

Benchmarks Task Reference

Breast cancer and IRIS Classification [45]
Array geometry synthesis Optimization [30]
Sonar, Breast, Pima, Glass, Vehicle, Iris, and Pen Digits Classification [108]
Unconstrained standard benchmark Optimization [29,31,39,43,48,66,67,64,81]
UCI Diabetes diseases Classification [109]
The scheduling problem of a furniture manufacturing company Optimization [25]
Temperature and relative humidity Prediction [110]
Knapsack Optimization [68,94]
TSP Optimization [49,41,42]
Energy efficiency Optimization [107]
Brazilian electrical power company dataset Pattern recognition [100]
Graph coloring problem Optimization [95,103]
Mesh generation Optimization [114]
Schaffer’s Min–Min, ZDT1 function with a convex front, ZDT2 function with a non-convex front, ZDT3

function with a discontinuous front, LZ function. Design of a welded beam, Design of a disc brake.
Optimization [65]

Lorenz Optimization [44]
IEEE 30-bus and IEEE 118- bus systems Optimization [69]
Power system (generation fuel cost, emission, and total power loss), Schaffer function, Booths function,

Matyas functions,
Optimization [70]

Nonlinear regression problem Optimization [71]
OPEC CO2 emission Prediction [73]
Chiller loading problem Optimization [72]
Flow-shop scheduling problem Optimization [101,61,53,62,63]
De Jong’s, Easom’s, Shubert’s bivariate, Griewangk’s, Ackley’s, Schwefel’s, Michalewicz’s, Multiple Peaks,

Michalewicz’s, Rosenbrock’s (unimodal and multi modal)
Optimization [74]

Phase stability problems Optimization [51]
Phase equilibrium calculations (multimodal) Optimization [75]
0-1 knapsack problems optimization [96]
0-1 knapsack problems Optimization [97]
Job scheduling problems Optimization [102]
Schaffer’s, ZDT1 function with a convex front, ZDT2 function with a non-convex front, ZDT3 function with

a  discontinuous front, ZDT4 function with a multimodal front, ZDT6 function has some non-uniformity
in  its search Space,

Optimization [76]

Benchmark function (names not given) Optimization [77]
Supplier evaluation combinatorial problem Optimization [78]
Shifted sphere function, Shifted Schwefel’s, Rosebrock’s function, Shifted Schwefel’s, Shifted Ackley’s,

Shifted rotated Ackley’s, Shifted Griewank’s, Shifted rotated Griewank’s, Shifted Rastrigin’s, Shifted
rotated Rastrigin’s, Shifted rotated Rastrigin’s, Schwefel’s function, Penalty 1’s, Penalty 2’s, Composition
function 1, Composition function 6, Lorenz system., Chen system

Optimization [50]

Hole making sequence Optimization [79]
Sphere, Rastrigin, Rosenbrock, Griewank, Ackley, Camel, Schwefrl’s, Quadric, Easom, Shaffer, Schaffer,

Schwefrl’s, ohachevsky1, Bohachevsky2
Optimization [52]

Ackley, Griewank, Rosebrock’s, Rastrign, Sphere, Zakharov Optimization [82]
Sudoku problems Optimization [98]
Ackley, Pathological function, Alpine, Penalty, Brown, Csendes, Perm, Dixon and Price, Fletcher-Powell,

Powel, Griewank, Quartic with noise, Holzman 2 function, Rastrigin, Levy, Rosenbrock etc and 12 chaotic
maps

Optimization [53]

Soft sensor Prediction [83]
Chaos systems (noise free and noise corrupted conditions) Optimization [46,61,53,62,63]
Taillard’s benchmark Optimization [54,55]
Sphere, Rosenbrock, Griewank, Rastrigrin, Sumsquares and Michalewicz Optimization [54,55]
Lorenz and Chen chaotic systems Optimization [84]
Rosenbrock, DeJong, Schaffer, Rastrigin, Ackley, Optimization [32]
Ackley, De Jong, Griewank, Rastrigin, Rosenbrock Optimization [33]
Benchmark functions 23 (names not mentioned) Optimization [85]
Stability analysis of multi-machine thermal power systems Optimization [34]
ZDT1- 3 from the ZDT series proposed by Ziztler et al., Fonseca and Flemings study, Schaffers, Optimization [86]
Parallel machine scheduling problems Optimization [104]
De Jong, Rosenbrock, pulp and paper properties Optimization [35]
65 Set covering problems non-unicost instances from OR-Library Optimization [105]
Iris, Glass, Wine and Sonar Clustering [87]
IEEE 33-bus radial distribution system Optimization [88]
Sphere, Rosenbrock, Rastrigin, Ackley and Griewank Optimization [56]
Crude oil selection and blending Optimization [89]
Benchmark functions Optimization [36]
IEEE 30 bus power system network Optimization [80]
Classic300, classic400, IRIS Clustering [57]
24 uni-modal and multi-modal functions Optimization [58]
Medical images Optimization [59]
Welded beam design, tension/compression string design and pressure vessel design Optimization [90]
Weierstrass, Sphere, Ackley, Axis parallel hyper-ellipsoid, high conditioned elliptic, Schwefel P2.22,

Griewangk, Zakharov and Rosenbrock
Optimization [37]

Rosenbrock, Ackley, Schwefel, Easom and Xin-She Yang function. Optimization [47]
Power transmission lines Optimization [112]
Two machine robotic cell sequence Optimization [106]
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Table  8 (Continued)

Benchmarks Task Reference

Lathe tool images (cameraman, house and Mandrill) Optimization [91]
CEC-2014 custom benchmark test suite (unimodal, multi-modal, hybrid and composite functions),

pressure vessel design and speed reducer
Optimization [60]

Bukin N.6, Greiwank, Schwefel, Styblinski, f1 (CEC13), f5 (CEC13), f11 (CEC05), f15 (CEC05), f18 (CEC05),
f22 (CEC05), feature selection and spacecraft attitude control.

Optimization [40]

Unimodal, multimodal and face recognition analysis Optimization [38]
Network topology and distribution network Optimization [92]
Short-term cascaded hydrothermal scheduling Optimization [113]
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Ackley, Fletcher–Powell, Griewank, Penalty #1, Penalty #2, Quartic with noise, Ra
Schwefel 2.26, Schwefel 1.2, Schwefel 2.22, Schwefel 2.21, Sphere and Step.

Synthetic and real-world network 

imensionality [25]. Large n does not guarantee that the CS can
roduce the optimal solution [48].

In the following Tables 9–14 the phrase “Not Applicable” implies
hat there was no implementation. “Not reported” signifies that
he researchers have not reported the values used during the
mplementation of the algorithm, or the values of the performance
riteria were not reported. “Graphical presentation” indicates that
he solution quality or convergence speed is presented graphically,
ut not as equally as numerical values. In the case of phrases “Not
pplicable”, “Graphical representation”, and “Not Reported” the
ercentage improvement could not be computed due to lack of
umerical values.

Metaheuristic algorithms, including CS, require the starting
 cuckoo nests to be initialized, which shows bias towards the
opulation size n [114]. It would be better for an algorithm to gen-
rate optimal parameter values automatically and operate without
equiring significant input from the users [114]. The values of the
S parameters can be selected based on certain preliminary tri-
ls (trial-and-error) [41,114] or adopting their parameter values
rom the literature [31]. The optimal parameter values used by
he studies reviewed in this paper (see Section 5) are presented
n Tables 9 and 10 respectively.

The parameters pa and � are critical for the performance of the
S. Tables 9 and 10 show that most researchers adopted the switch-

ng parameter pa = 0.25 and scale factor � = 1 as suggested by Yang
nd Deb [4], whereas others used different values that are real-
zed through experimental trials. Researchers can experiment with
he standard pa and � values, as well as some other trial-and-error
alues for comparison before adopting the most effective results,
ecause there is no guarantee that the standard pa and � can always
roduce the best results. There are inconsistencies in the values of
he parameters, as is shown clearly in Tables 9–10. Probably the
arameter settings depended on the problem domain, which could
ave been responsible for the inconsistencies in the optimal values
f the parameters. However, Walton et al. [114] suggested that it is
etter to use a parameter that works on a variety of problems. The
a = 0.25 and � = 1 works well for a variety of problems as revealed
n this review (see Tables 8–10). Therefore, this combination of the
ptimal parameter setting could be considered as standard.

.3. The most widely used performance measures

As stated by Yang [3], the best algorithm converges to the best
olution within a short period of time. However, the qualities of
tochastic algorithms cannot be judged according to a single run.
n order to make comparisons between more stochastic algorithms
s fairly as possible, more independent runs need to be conducted.
dditionally, each of the algorithms in the study must have the

ame amount of resources and use the same performance mea-
ures. Unfortunately, the results of experiments in the analyzed
apers were measured in many different ways, e.g., the average
esults over a given time, average time for giving results, best results
n, Rosenbrock, Optimization [61]

Detection [99]

over some runs, etc. That is, some studies only considered conver-
gence speed but ignored the quality and vice versa, while some
other studies considered both the convergence speed as well as the
solution quality. The performance criteria for measuring depends
on the objective of the study. As a result, such measures are hard
(or even impossible) to compare between each other.

In general, these measures can be divided into two groups,
i.e., efficiency and effectiveness measures. The former is dedi-
cated to measuring the algorithm’s speed, while the latter for the
algorithm‘s quality. Typically, measures like CPU time, and the
average evaluations for solutions (EAS), are devoted to measur-
ing the algorithm’s speed, while measures like the Success Rate
(SR), Mean Best Fitness (MBF), Best Fitness (BF), Average Best
Fitness (ABF), Mean Square Error (MSE), makespan, Average Per-
centage of Classification Accuracy (APCA), Percentage Deviation of
the best solution (PDbest), Percentage of Classification Accuracy
(PCA), Power Loss (PL), Best Classification Accuracy (BCA), Best
Accuracy (BA), makespan, etc. for algorithms’ qualities at termina-
tion. Metaheuristic algorithms are run more than once to compute
the mean, best and worst results as metaheuristic algorithms are
not deterministic.

The EAS is the number of iterations required for an algorithm
to converge towards the optimal solution. CPU time refers to the
time taken for the algorithm to converge to the optimum solution
measured in seconds. BCA is defined as the optimal accuracy found
among several runs. BA is the accuracy achieved by the algorithm in
finding the shortest possible path. Makespan is used in job schedul-
ing problems for measuring successful production, and is defined
as the time taken for the last job to go out of the production sys-
tem. PDbest is the percentage deviation of the best solution length
found over the best solution length of several runs. MBF is the mean
value of the best fitness value computed over several runs. SR can
be defined as the ratio of the success to maximum runs multiplied
by 100. ABF is the average value of the best fitness value computed
over several runs. APCA is the average percentage rate of correct
classification computed over several runs, whereas PCA is not an
average of the accuracy and is simply the best classification accu-
racy achieved. BF is the best fitness value found over several runs of
the algorithm, and the MCA  is the mean classification accuracy com-
puted over several runs. MSE  refers to the estimator that measures
the average of the square error between the actual and estimated
solution found by the algorithm.

Power Loss (PL) (MW)  is the total loss of power in electrical
systems which is required to be minimized to avoid wastage of
power lost. Uniformity Index (UI) can be defined as the variance
of the minimum normalized Euclidean distance [76]. The Percent-
age Relative Difference (PRD), formulated based on makespan, can
measure the performance of an algorithm. The larger the PRD, the
better the algorithm is [54,55]. The damping ratios are computed

for the weakly damped oscillatory mode eigenvalues. The Damping
Ration (DR) is better in terms of providing more positive damping
to the oscillations [34]. Diversity metric shows the uniformity of
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Table 9
The optimal parameter settings of MoCS and CS used to converge towards the optimal solution.

MoCS CS Reference

pa (min) = 0.05, pa (max) = 0.5, � (min) = 0.01,� (max) = 0.5, � = 1.5 . n = 10, pa= 0.1 and � =1.5 . [45]
pa = 0.25, nest = 30, � = 2, roulette wheel inertia weight [0.9 1.0] pa = 0.25, nests = 30, � = 2, roulette

wheel inertia weight [0.9 1.0]
[30]

n = 25 and pa = 0.25 n = 25 and pa = 0.25. [48]
� = 1, pa = 0.25, nests = 0.75 Not Applicable [108]
Initial value � = 1, golden ratio � = (1 + square root of 5)/2, nests = 0.75, pa = 0.25, n = 30 � = 1, pa = 0.25, n = 30 [29]
nest = 0.75, pa = 0.25, �=1, golden ratio � = (1 + square root of 5)/2 Not Applicable [109]
� = 0.63, pa = 0.42, � = 2.45, n=10 � = 0.63, pa = 0.42, � = 2.45, n=10 [25]
� = 1 Not Applicable [110]
pa = 0.25 n = 25 [43]
nests = 500 Not Applicable [107]
pa initially set to 0.2, n = 8, length of replacement (L) is d/3 and pa is 1/d, where d is the random probability pa = 0.05,  ̌ = 1 [108]
nest=4 (each contains 20 eggs), n = 25, pa = 0.25 [31]
Not Reported Not Applicable [39]
pa = 0.25 and � = 1 pa = 0.25, � = 1 [66]
pa = 0.25, the size of complex value encoding nests = 20, size of real encoding nests = 40. Not Reported [67]
Colony size = 40, pa = 0.25, number of runs with different speed = 30 pa = 0.25 [64]
Not Reported Not Applicable [68]
n = 25-50, pa = 0.25–0.5, Lèvy exponent � = 1 or1.5, � = 0.1 Not Applicable [65]
Fraction of nest placed in top group = 0.25, pa=0.75, �=0·24 Not Applicable [114]
� = 0.1, pa = 0.25, Not Applicable [44]
� = 0.1, pa = 0.7, n = 10 Not Applicable [69]
Not Reported Not Reported [70]
Not Reported Not Reported [71]
Pa = 0.25, � = 1, n = 25 pa = 0.25, � = 1, n = 25 [73]
pa and � not reported n = 25 and n = 10 pa and � not reported n = 25 and

n  = 10
[72]

pa = 0.25, � = 1, n = 40 divided into 4 clusters pa = 0.25, � = 1 [74]
pa = 0.25 pa = 0.25 [51]
pa = 0.25 pa = 0.25 [75]
n = 40, the maximum number of archives = 40 and 100, and the niche radius = 0.25, 0.05 and 0.1, �=1.5 Not applicable [76]
pa = 0.25, n = 30 pa = 0.25, n = 30 [77]
Crossover probability = 0.7 and mutation probability = 0.3 Not reported [78]
n = 30, pa adaptive n = 30, pa = 0.75 [50]
n = 50 n = 50 [81]
n = 100 n = 100 [79]
n = 100, pa = 0.25, � = 0·01, update times of frog leaping searching group Ne = 10, group number m = 10 Not applicable [52]
n = 25, pa = 0.25 n = 25, pa = 0.25 [82]
n = 50, pa = 0.25, Elitism = 2 n = 50, pa = 0.25 [53]
pa = 0.25 pa = 0.25 [83]
Pa = 0.5 (maximum) and Pa = 0.01 (minimum), � = 0.5 (maximum) and � = 0.005 (maximum) pa = 0.25, � = 0·01 [46]
n = 25, pa = 0.25, � = 0·01, disturbance scope control quantity 	 = [0.25, 1.5], the scale of learning and evolution is

set  = 0.75
n = 25, pa = 0.25, �=0·01, [54,55]

pa = 0.25, n = 30 pa = 0.25, n = 30 [84]
pa = 0.25, n = 20, � = 1 (maximum) and � = 0.1 (maximum) pa = 0.25, n = 20, � = 1 [32]
pa = 0.25, n = 20, � (minimum) and � (maximum) are chosen as 0.2∗domain and 0.8∗domain pa = 0.25, n = 20 � = 1 [33]
pa = 0.25, n = 25, � = 1, jumping rate = 0.1 pa = 0.25, n = 25, � = 1 [85]
pa = 0.001(minimum) and pa = 1 (maximum), � = 0.01 and � = 0.6, n = 65 pa = 0.22, n = 75, � = 0.9 [34]
pa = 0.25, n = 150 Not applicable [86]
Not reported � = 1 [35]
pa = 0.25, n = 15, � = 0.01, w=0.06 pa = 0.25, n = 15, � = 0.01, [87]
Not reported Not applicable [88]
pa = [0.7, 1],  ̌ = [1,2], � = 0.05, n = 100 � = 0.05,  ̌ = 1.7, n = 100, pa = 0.75 [56]
pa = 0.25, �=0.1 Not applicable [89]

 ̌ = 0.9, � = 0.9, initial n = 5 Not reported [36]
Not reported Not reported [80]
pa = 0.25 and initial n = 10 pa = 0.25, initial n = 10 [57]
pa = 0.3,  ̌ = 1.7, � = 1.1 and learning regulator = 1.6 pa = 0.25,  ̌ = 1.5, � = 0.01 [58]
Dynamic pa , mutation and crossover Not applicable [59]
pa = 0.25, n = 20 and � = 1 Not applicable [90]
pa = 0.25, n = 30 and � = adaptive n = 30, pa = 0.25 and � = 0.01 [37]
Kernel parameter = 0.5, pa = adaptive, and � = adaptive pa = 0.25, and � = 0.01 [47]
pa = 0.25 and n = 75 pa = 0.25 and n = 50 [112]
Pa = 0.25, n = 25, location parameter = 0 and scale parameter = 1 Not applicable [91]
Initial n = 200 and 10 maximum and minimum respectively, initial Pa = 0.1, initial � = 0.1, initial � = 1.5, initial

balancing probability = 0.8, initial elastic probability = 0.1, initial crossover rate = 0.9, initial s = 1.0 and initial
scaling factor regulating the magnitude of change = 0.5

pa = 0.25, � = 1.5, n = 100 and � = 0.9 [60]

Radius coefficient = adaptive and n = adaptive Radius coefficient = 3, n = 15 [40]
pa = 0.25 and n = 25 pa = 0.25, � = 1, � = 1.5 and n = 25 [38]
Number of nodes = 30 and pa = 0.2 Not applicable [92]
n = 100, the ratio of top nests to abandoned nests = 25:75 and pa = [0.1 to 0.9 with a step of 1] Not applicable [113]
pa = 0.25, n = 50 and elitism number = 2, pa = 0.25 and n = 50 [61]
pa = 0.25 pa = 0.01 [61,53,62,63]
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Table  10
The optimal parameter settings of MoBCS and BCS used to converge towards the optimal solution.

MoBCS BCS Reference

� = 0.1, pa = 0.25 Not Applicable [100]
nests = 25, � = 1 Not Applicable [95]
n = 5, pa = 0.00, number of evolution = 6 Not Applicable [42]
n = 20, pa = 0.2, Pc = 0.6 Portion of intelligent cuckoos n = 20, pa = 0.2 [41]
pa = 25%, n = 40 Not Applicable [94]
Not reported Not applicable [101]
Probability of mutation (pm) = 0.15, n = 10 Not applicable [96]
Not applicable pa = 0.25, pm = 0.15 [97]
Not Applicable pa = 0.65, n=25 and n=30 [102]
Not applicable n=5 [103]
Not applicable pa = 0.25, n = 10, partially matched and multi-parental

sorting crossover = 0.7, feasible geometric mutation = 0.9
[98]

Not applicable n = 50, pa = 0.25, probability of swap and insert = 0.1 [54,55]
Not applicable � = 2 and � = 106 *x where, x denotes the number of jobs. [104]
Not applicable � = 0.01, pa = 0.25, n=15, Ub=1, Lb=0 [105]
Not applicable Pa = 0.25; �=0.1 [89]
Not applicable Factors for reducing the scale of a particular iteration (Pk

and Ps), pa , �, and � are adaptive.
[106]

Not applicable n = 50, pa = 0.25 and probability of generalized
osition

[61,53,62,63]
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Pa = 0.25, n = 200, � = 0.01, size of candidate nests = 40, and

repository size = 30
Not

olution distribution along the Pareto front [86]. RPD in% is the
ifference between the best known optimum value and the best
ptimum value converged by the CS [105]. Cluster objective func-
ion (JC) is the sum of the Euclidean distances of the objects to their
enters, which is the clustering objective function. The objective
s to find the centers of the clusters by minimizing the JC [87]. The
verage Relative Difference (ARD) measured the performance of an
lgorithm, the smaller the value of ARD, the better the algorithm
61,53,62,63]. Normalized Mutual Information (NMI) is often used
or measuring the quality of community detection by an algorithm.
he NMI  measured the similarity between the actual partition and
etected partition (Zhou et al. [133]).

In Table 11, to demonstrate improvements made as a result of
S modifications, examples of quality solutions of the reviewed
tudies arec presented for both the continuous and binary CS.
ables 12 and 13 report examples of convergence speeds for the CS
nd BCS respectively. The metric in Tables 11–13 denotes quality
easures used by researchers of the specific CS. Each of the stud-

es has a preferred metric for assessing the solution of the problem
eing solved since there is no best performance indicator for all
ypes of problems [29].

In Table 12, similar analysis is conducted for CS papers accord-
ng to the convergence speed. Only a comparison between CS and

oCS is taken into account. Also, the measure is denoted by column
etric. They are also presented in Table 13 for MoBCS and BCS.

.4. Performance study

This section calculates any improvement in modification that
s applied to the original CS algorithm. Each paper in the study is

ritten using the non-standard measures. Therefore, comparing
he achieved results between papers is impossible and unfair. How-
ver, it is possible to estimate any improvements in modification
egarding the original CS algorithm. In line with this, the following
easures are defined:

(%) =
CPUTimeCS − CPUTimeMoCS

x100 (11)

CPUTimeCS

here I, CPU TimeMoCS and CPU TimeCS are percentage improve-
ent and convergence speed required by MoCS and CS to converge
-based learning = 0.1
able [99]

towards the optimal solution. Eq. (12) is used for computing the
accuracy percentage improvement in some studies in Table 11.

Accuracy(%) = ECS − EMoCS

ECS
x100, (12)

where EMoCS and ECS are values of the metrics for MoCS and CS,
respectively. In reality, the performances between papers were not
measured because of the constraints discussed earlier. However,
the impact of the modification on CS in each paper is computed
using Eqs. (11)–(12). Though, the numerator of Eq. (12) is reverse
to suit the computation in [57,34,66] because their performance
metrics differ with that of other studies (refer to Table 15). Table 14
shows percentage improvements based on values extracted from
Table 12. Several studies had not compared the effectiveness of
their modification with the CS, while some researchers did. This
made it difficult to compute the impact of the CS modifications
for the studies that did not compare their modifications with CS.
The performance of the MoCS should have been compared to the
original CS for measuring the impacts of the modifications before
further comparing with other metaheuristic algorithms as done in
[43,41,25]. The convergence speed improvement made by MoCS
over CS is computed using Eq. (11) and is presented in the column
‘Improvement’ in Table 14 in bold.

The convergence speed improvements as achieved in the stud-
ies (Table 14) could not be compared because of hardware, which
plays a crucial role in the convergence speeds of the algorithms. The
algorithms (CS and MoCS) are run on different systems with varying
configurations, e.g., processor speed, memory capacity, etc. Thus,
it would not have been fair to compare the algorithms’ execution
times which are run on different systems with different hardware
specifications. It can be observed that the system configurations
in Table 14 differed between each study, whereas others had not
reported system configurations. Therefore, the systems had differ-
ent performances, depending on the configurations. This is difficult
when comparing the convergence speeds among the studies since
the algorithms are run on systems with different performances.
The modification made by Chiroma et al. [73] achieved the highest
percentage of advancement. The lowest is recorded by Wang et al.

[61] with no improvement over the CS. Hence, conclusions cannot
be made about which of those MoCSs had the better convergence
speeds among the different studies because of the hardware vari-
ability among the different studies as already explained. However,
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Table 11
Comparing performance quality between the MoCS and CS, and between the MoBCS and BCS.

Metric MoCS CS MoBCS BCS Reference

BCA 98.45% 97.99 Nil Nil [45]
BF Graph presentation Graph presentation Nil Nil [30]
BF 4.63E − 28 8.31E − 26 Nil Nil [48]
APCA 99.57 Not Applicable Nil Nil [108]
PCA 93.58 Not Applicable Nil Nil [109]
Makespan 2336 2357 Nil Nil [25]
MSE  0.00001905 Not applicable Nil Nil [110]
SR Nil Nil Not Applicable 103.26% [94]
MBF  5.5768E − 147 3.1447E − 010 Nil Nil [43]
PDbest Nil Nil 5.34 0 [41]
Minimization of energy

demand, cost, CO2 emission
151.38 (KWh), 65262.92
(PLN), and 1984.66 (Kg/a)

Not Applicable Nil Nil [107]

MCA  Nil Nil Not Applicable 97.33% [100]
BA 80.02 73.33 Nil Nil [49]
SR Nil Nil 1000 Not Applicable [95]
SR 100% 81% Nil Nil [31]
BF Nil Nil 100 Not Applicable [42]
BF -3.0666E + 004 Not Applicable Nil Nil [39]
BF 25.4291 1.4446E + 003 Nil Nil [66]
BF 8.9793E − 004 0.1141 Nil Nil [67]
BF 0 3.0716E − 11 Nil Nil [64]
BF 1.17E − 07 Not Applicable Nil Nil [65]
SR 100% Not Applicable Nil Nil [68]
BF Graph presentation Graph presentation Nil Nil [44]
PL 4.5 Not Applicable Nil Nil [69]
Minimization of generation

fuel cost
802.0347 802.7283 Nil Nil [70]

MSE  0.000060 0.000082 Nil Nil [71]
MSE  2.15E − 10 0.0000097 Nil Nil [73]
Minimized cooling load 583.923 672.824 Nil Nil [72]
Makespan Nil Nil Not applicable 0.0 [101]
SR 100% 100% Nil Nil [74]
SR and GSR Graphical representation Graphical representation Nil Nil [51]
SR 100% 0% Nil Nil [75]
BF Nil Nil Not applicable 14807 [96]
SR Nil Nil Not applicable 95% [97]
Makespan Nil Nil Not applicable 25 [102]
UI 0.0113 Not applicable Nil Nil [76]
BF 0 3.7937 Nil Nil [77]
BF 1,415.48 1,422.23 Nil Nil [78]
MBF  3.23E − 10 1.81E − 04 Nil Nil [50]
MBF  0.9980 0.9981 Nil Nil [81]
BF 6.10 6.26 Nil Nil [79]
BF 0 Not applicable Nil Nil [52]
SR Nil Nil Nil 20/20 [103]
BF 7.5188e − 31 4.846e − 10 Nil Nil [82]
SR Nil Nil Nil 100 [98]
BF 1.00 39.82 Nil Nil [53]
MSE  0.0146 0.0390 Nil Ni [83]
BF 1.7684e − 004 0.007466 Nil Nil [46]
PRD Nil Nil Not applicable 0.34 [54,55]
BF 3.6450e − 012 0.0382 Nil Nil [54,55]
BF 9.9984 10.0000 Nil Nil [84]
BF Graphical representation Graphical representation Nil Nil [32]
BF Not reported Not reported Nil Nil [33]
SR 1 Not reported Nil Nil [85]
DR 0.013165 0.00834 Nil Nil [34]
Diversity 0.53539 Not applicable Nil Nil [86]
Makespan Nil Nil Not applicable 1.001 [104]
ABF 1.80e-08 Not applicable Nil Nil [35]
RPD Nil Nil Not applicable 0 [105]
JC 232.20 271.52 Nil Nil [87]
Profits $580101.90 Not applicable Nil Nil [88]
BF 4.44089E − 18 4.64E − 12 Nil Nil [56]
SR 100% Not applicable Not applicable 100% [89]
BF 0 1.277641345977e−003 Nil Nil [36]
BF 7.3835 8.3732 Nil Nil [80]
BF 88.5799 29.1706 Nil Nil [57]
BF 0 2.38E − 01 Nil Nil [58]
AMBE 0.1295 Not applicable Nil Nil [59]
BF 0.0126654 Not applicable Nil Nil [90]
BF 1.17E − 11 5.12E − 05 Nil Nil [37]
Mean Fitness 1.52E − 10 2.74E + 00 Nil Nil [47]
BF 0.6 0.675 Nil Nil [112]
BF Nil Nil Not applicable 35,534 [106]
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Table  11 (Continued)

Metric MoCS CS MoBCS BCS Reference

BF 1.0418 Not applicable Nil Nil [91]
BF 0.00E + 0 1.95E + 7 Nil Nil [60]
BF 0 Not applicable Nil Nil [40]
BF 0.2631 1.7152 Nil Nil [38]
% of power loss reduction 56.16 Not applicable Nil Nil [92]
Minimum cost 922773.6 Not applicable Nil Nil [113]
ARD Nil Nil Not applicable 0.00 [61,53,62,63]
BF 1.00 70.83 

BF 0.000908 0.00122
NMI  Nil Nil 
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Fig. 4. Trends of modifications on CS from inception to 2016.

he improvements made by each of the MoCSs are computed as
hown in Table 14.

In Table 15, the computation of percentage improvement
n accuracy for the studies in [45,31,49,74,75] is the differ-
nce between the% accuracy. Table 15 indicates that the highest
dvancement in accuracy recorded is 100% whereas the minimum
chieved is 0. Tables 11 and 13, with the exception of Ouaarab
t al. [41], indicate that it is difficult to compute the percentage
mprovement made by the MoBCS over BCS. This is because the
erformances obtained for the MoBCS were not compared directly
ith the performances of the BCS. The effectiveness of the modi-
cation could have been measured if the comparison were made
etween the original algorithm and the proposed modified version.
rom Tables 11 and 13, the percentage improvement in accuracy
as computed using Eq. (12). The computed accuracy indicated

hat the MoBCS proposed by Ouaarab et al. [41] achieved 100%
mprovement over the BCS. The improvement of the convergence
peed computed using Eq. (11) recorded 58.65% advancement over
he BCS.

.5. Trends in the modifications to the cuckoo search algorithm

As can be seen clearly in Fig. 4, there had been recent advances
n the modifications of the CS, where the highest number of mod-
fications is observed from 2014 to 2016. This trend shows how CS
s currently attracting attention and may  likely continue to do so
nto the future, as argued by Yang and Deb [6]. The lowest num-
er of modifications on CS so far were recorded in 2011 and this is
ot surprising because that is the year the CS modification started.
ig. 4 shows that modifications on CS started less than two  years
fter its inception and have continued to date. Generally, the trend
see Fig. 4) shows increasing numbers of modifications on the CS.

On average, there had been an average of 12.7 modifications

o CS each year from 2011 to 2015. The MCS  proposed by Wal-
on et al. [29] attracted the attentions of researchers more than
he modifications proposed by other researchers (refer to Section
.4). The modified CS is found to be implemented successfully for
Nil Nil [61]
8 Nil Nil [61,53,62,63]

1 Not applicable [99]

solving problems within different domains. This could possibly be
attributed to the performance, easy understanding and implemen-
tation of the modified concept proposed by Walton et al. [29]. This
corroborates the statement of Yang [3] that the Walton’s et al. MCS
has proved to be robust and effective in solving nonlinear problems,
including the generation of meshes.

7. Open research Problems/Challenges

Big data analytics: The modifications of the CS as shown in the
literature, focus mainly on evaluating the effectiveness and effi-
ciency of the modified CS on a small data set without considering
the big data which is the modern day reality of data. However, big
data have attracted concern from both researchers and industries.
It is estimated that about 2.5 quintillion bytes of data are being
generated every day [127]. The major challenge is the discovery
of knowledge from the very large data set using novel approaches
[128]. Therefore, the excellent performance of the modified CS as
noted in the literature is only limited to a small data set, not big
data.

CS Sensitivity to Parameters: Despite the fact that the CS has less
sensitivity to parameter settings compared to other metaheuris-
tic algorithms, parameters settings are still an issue because user
defined parameters are required for implementing the CS. This is
because there is no guarantee on the parameters that can work
on any problem successfully. As such, the success of the CS still
relies on parameter settings which, thereby, limits the efficiency
and effectiveness of the CS. An effective algorithm is required to
converge to the optimal solution to a problem with a minimal effort
as argued by Yang and He [129].

The parameter free CS:  This means the CS that does not requires
the setting of parameters and its performance does not depend on
parameter settings/tuning. The literature review has shown that no
attempt was made by researchers to propose a parameter free CS
despite the great attention received by CS from researchers. Setting
of parameters for the CS requires great human effort of a laborious
trial and error approach to realize the best parameters settings.
This is because the systematic method for realizing the optimal
parameters values remain an open research problem.

The exploration and exploitation: The balancing of exploration
and exploitation of the CS algorithm remains a challenging issue
because the best systematic way  to control exploration and
exploitation in CS remains an open research problem that is worth
solution. Despite the overwhelming modifications made to CS, an
attempt has not been made by researchers to propose a system-
atic approach of balancing exploitation and exploration of the CS.
Though CS is considered as one of the bio-inspired algorithms with
good balancing between exploitation and exploration, the CS still

has room for improving its exploitation and exploration balancing.
Yang and He [129] argued that a proper balance of the exploita-
tion and exploration is crucial in ensuring the effectiveness and
efficiency of an algorithm.



168 H. Chiroma et al. / Applied Soft Computing 61 (2017) 149–173

Table 12
Comparison of convergence speeds between MoCS and CS.

Metric MoCS CS Reference

EAS 500 750 [45]
EAS Not Reported Not Reported [30]
Not reported Not Reported Not Reported [48]
Not reported Not Reported Not Applicable [108]
CPU time [sec] Graphical representation Graphical representation [29]
Not reported Not Reported Not Reported [109]
CPU time [sec] 4.44 4.61 [25]
CPU time 27.8524 Not Applicable [110]
Not applicable Not Applicable Not Applicable [43]
EAS 50–80 iterations Not Applicable [107]
CPU time [sec] 1000 1000 [49]
Not reported Not Reported Not Reported [31]
CPU time [sec] Not Reported Not Applicable [39]
CPU time [sec] 13.95 20.15 [66]
CPU time [sec] Graphical representation Graphical representation [67]
CPU time [sec] 710.7 4509.6 [64]
Not reported Not Reported Not Reported [68]
EAS Graphical representation Not applicable [65]
EAS Graphical representation Graphical representation [44]
CPU time [sec] 15 Not applicable [69]
CPU time [sec] 17.9948 23.3948 [70]
Not reported Not Reported Not Reported [71]
CPU time [sec] 0.35 27.23 [73]
CPU time [sec] Not Reported Not Reported [72]
CPU time [sec] Not Reported Not Reported [74]
NFE Graphical representation Graphical representation [51]
NFE 36270 77490 [75]
CPU time [time] 0.004 Not applicable [76]

[89]
EAS 4000 8000 [77]
CPU time [sec] Graphical representation Graphical representation [78]
EAS Graphical representation Graphical representation [50]
EAS Graphical representation Graphical representation [81]
CPU time [sec] 49.44 84.55 [79]
CPU time [sec] Not reported Not applicable [52]
CPU time [sec] Not reported Not applicable [82]
EAS Graphical representation Graphical representation [53]
CPU time [sec] Not reported Not applicable [83]
EAS Graphical representation Graphical representation [46]
EAS Graphical representation Graphical representation [54,55]
EAS Graphical representation Graphical representation [84]
EAS Graphical representation Graphical representation [32]
EAS 1087 1690 [33]
Relative success performance 0.941 No specific value reported [85]
CPU time [time] Graphical representation Graphical representation [34]
CPU time [time] Not applicable Not applicable [86]
CPU time [time] 31.77 34.46 [35]
CPU time [time] Not applicable Not applicable [87]
EAS 40 Not applicable [88]
EAS Graphical representation Graphical representation [56]
EAS Graphical representation Not applicable [89]
EAS Graphical representation Graphical representation [36]
CPU time [time] 36.55 98.56 [80]
EAS Graphical representation Graphical representation [57]
EAS Graphical representation Graphical representation [58]
EAS Not reported Not reported [59]
EAS Not reported Not reported [90]
EAS Graphical representation Graphical representation [37]
CPU time [time] Graphical representation Graphical representation [47]
CPU time [time] 24.06 46.07 [112]
EAS Graphical representation Graphical representation [91]
Time complexity 21.89 Graphical representation [60]
EAS Not reported Not reported [40]
CPU time [time] 8.3765 10.4827 [38]
CPU time [time] Not reported Not reported [92]

e
v
r
o

CPU time [time] 234 

CPU time [time] 1.86 

CPU time [time] Not reported 

Statistical validation of results:  The attention of the knowledge

ngineering community was drawn to the need for statistical
alidation of results because of real/world applications of the algo-
ithms [130]. In spite of the need for the statistical validation
f results, researchers that proposed modifications of the CS did
Not applicable [113]
1.33 [61]
Not reported [61,53,62,63]

not use inferential statistics to find out the significant difference

between the performance of the modified CS and the original CS.
The typical practice by the researchers is to estimate the error and
convergence time between the modified CS and the original CS. The
modified CS with the lowest error and convergence time is cho-
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Table  13
Convergence speeds between the MoBCS and BCS.

Metric MoBCS BCS Reference

Not Applicable Not applicable Not Applicable [94]
CPU time [sec] 674.715332 Not Applicable [100]
EAS 0 Not Applicable [95]
CPU time [sec] 0.134 s Not Applicable [42]
CPU time [sec] 6.53 2.70 [41]
Makespan 0.0 Not applicable [101]
CPU time [sec] Not applicable Not applicable [96]
CPU time [sec] Not applicable 1.719 [97]
CPU time [sec] Not applicable 0.02 [102]
CPU time [sec] Not applicable 0.4 [103]
CPU time [sec] Not applicable 1.005 [98]
CPU time [sec] Not applicable 1.61 [54,55]
CPU time [sec] Not applicable 0.020 [104]
EAS Graphical representation Graphical representation [105]
EAS Not applicable Graphical representation [89]
CPU time [sec] Not applicable 60.14 [106]
CPU time [sec] Not applicable Graphical representation [61,53,62,63]
CPU time [time] Not applicable Not applicable [99]

Table 14
Percentage improvement of convergence speed made by MoCS over CS.

MoCS CS System Configuration Improvement (%) Reference

500 750 Not Reported 33.33 [45]
4.44 4.61 C+ +, Pentium 4 3.4 GHz PC with 512 MB memory 3.688 [25]
1000 1000 Not Reported 0 [49]
13.95 20.15 Matlab 7.1, CPU T3100, 1.90GHZ with 2GB memory capacity 30.77 [66]
710.7 4509.6 Java, Intel I7-2600k processor with 8GB of RAM on Windows 7 × 64 OS

and  NetBeans 7.0.1 IDE
80.24 [64]

17.9948 23.3948 Not reported 23.o8 [70]
0.35 27.23 Intel Core (TM) 2 Quad CPU 2.33 GHz, RAM 2GB, 32-bit operating

system
98.71 [73]

36270 77490 Not reported 53.19 [75]
4000 8000 Simulation is taken on MATLAB 7.8 under Windows XP operating

system, run on PC with the processor of 5000 Daul Core 2.61 GHz and
the memory of 768MB

50 [77]

49.44 84.55 under 64-bit Linux Mint 14: Nadia operating system. Experiments are
conducted on a desktop with Intel CoreTM i7- 2600 CPU@3.40 GHz x
4,  and 12GB of RAM

41.53 [79]

1087 1690 Not reported 35.68 [33]
31.77 34.46 Not reported 7.81 [35]
36.55 98.56 Not reported 62.92 [80]
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24.06 46.07 Intel Core i5 CPU, 2.6 GHZ processor an
8.38 10.48 Not reported 

1.86 1.33 Not reported 

en as the best algorithm. However, estimation error could likely
e responsible for the simple observed difference. A statistical test
hat has a confidence bound is vital to determine the best algo-
ithm between the modified CS and the original CS. This will surely
how that the observed difference between the modified CS and
he original CS is not a mere chance effect from the process of
stimation.

Representation of result: Researchers focus mainly on modifying
he CS to work with binary and real-values while the complex num-
er is ignored. Thus, the CS is limited to working with real-value
nd binary. As such, the result representation of the CS is limited
o only binary and real-value as indicated clearly in Fig. 2.

. Future research directions

In the future, researchers should modify the CS by paralleliz-
ng the CS to work on the Hadoop platform. Parallelizing the CS
o work on the Hadoop platform will allow application of the CS
n big data analytics. To improve general usage of the CS in solv-

ng real/life engineering problems, the sensitivity of the CS to the
arameter settings should be eliminated, while maintaining the
erformance of the CS. This will result in a parameter free CS sim-

lar to a parameter free Bat algorithm that does not require user
 RAM [112]
20.04 [38]
No improvement [61]

intervention to specify parameters [131]. Adding control parame-
ters to CS as practiced by some researchers [59,132,58], should be
highly discouraged because it increases CS reliance on parameters
settings. To improve the searching capabilities of the CS, a novel
systematic way  of controlling the balancing between exploitation
and exploration of the CS should be proposed by researchers. To
increase the general applications of the CS, the CS can be modified
to work with complex numbers. As such, it represents results in
complex numbers.

9. Conclusions

This paper presented a review of the recent advances in the
modifications of the original CS. The percentages of performance
improvements made by MoCS over the original CS were computed
for several studies, except for studies which had not reported the
numerical values of their performance metric. It is found that it
is hard (or even impossible) to compare performances of modi-
fications on CS between different studies, because the MoCS are

run on different benchmarks and under different conditions. The
parameter values reported in the study could provide a guide for
future researchers when choosing the optimal parameter values
of the CS. This review has revealed that pa = 0.25 and � = 1 are the
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Table 15
Advancement of solution quality by MoCS over CS.

Metric MoCS CS Improvement (%) Reference

BCA 98.45% 97.99% 0.46 [45]
BF 4.63E − 28 8.31E − 26 99.44 [48]
Makespan 2336 2357 0.89 [25]
MBF  5.5768E − 147 3.1447E − 010 100 [44]
BA 80.02% 73.33% 6.69 [49]
BF 100% 81% 19 [31]
BF 25.4291 1.4446E + 003 98.24 [66]
BF 8.9793E − 4 0.1141 99.21 [67]
BF 0 3.0716E − 11 100 [64]
MSE  0.000060 0.000082 26.83 [71]
MSE  2.15E − 10 0.0000097 99.99 [73]
Minimized cooling load 583.923 672.824 13.21 [72]
SR 100% 100% 0 [74]
SR 100% 0% 100 [75]
BF 0 3.7937 100 [77]
MBF  3.23E − 10 1.81E − 04 99.99 [50]
MBF  0.9980 0.9981 0.01 [81]
BF 6.10 6.26 2.5 [79]
BF 7.5188e − 31 4.846e − 10 99.99 [82]
BF 1.00 39.82 97.49 [53]
MSE  0.0146 0.0390 62.56 [83]
BF 1.7684e − 004 0.007466 97.63 [46]
BF 3.6450e − 012 0.0382 99.99 [54,55]
BF 9.9984 10 0.016 [84]
DR 0.013165 0.00834 36.65 [34]
BF 4.44089E − 18 4.64E − 12 99.99 [56]
BF 0 1.277641345977e − 003 100 [36]
BF 7.3835 8.3732 11.82 [80]
BF 88.5799 29.1706 67.07 [57]
BF 0 2.38E − 01 100 [58]
BF 1.17E − 11 5.12E − 05 99.99 [37]
Mean Fitness 1.52E − 10 2.74E + 00 99.99 [47]
BF 0.6 0.675 11.11 [112]
BF 0 1.95E + 7 100 [60]
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BF 0.2631 1.715
BF 1.00 70.83
BF 0.000908 0.001

ptimal parameter settings that are used successfully for imple-
enting both original and modified CS across different domains.
ence, this paper recommends these values as the standard CS
arameter values.

It was found that the modification of CS based on population
eduction and usage of biased random walk is the appropriate vari-
nt of CS for solving mesh and energy efficiency problems. The Inter
pecies binary CS with different Lévy flight is appropriate for solving
cheduling problems. The multi objective CS is suitable for solving
ngineering design problems such as welding and disc brake. The
S with adaptive parameters is suitable for the optimization and
tability analysis of thermal power systems. The modified CS has
hown to be a promising and robust alternative or even replace-
ent for existing algorithms in solving engineering problems.
Each year starting from 2011, the CS has been modified by

esearchers to improve its efficiency and effectiveness in solving
ptimization problems, and this trend could probably continue into
he future. This is because of the great attention CS is receiving
rom the research community and its proven performance in solv-
ng engineering problems. It is evident from the depicted trend
hat the modifications of CS are growing promptly, because 39 out
f 58 research studies published on CS modifications are within
014–2015. This review can assist expert researchers by developing
he future modifications of the CS, as well as the novice researchers
n searching for the proper modifications of the original CS.
cknowledgement
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