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ABSTRACT Software fault prediction (SFP) is a challenging process that any successful software should
go through it to make sure that all software components are free of faults. In general, soft computing and
machine learning methods are useful in tackling this problem. The size of fault data is usually huge since
it is obtained from mining software historical repositories. This data consists of a large number of features
(metrics). Determining the most valuable features (i.e., Feature Selection (FS) is an excellent solution to
reduce data dimensionality. In this paper, we proposed an enhanced version of the Whale Optimization
Algorithm (WOA) by combining it with a single point crossover method. The proposed enhancement helps
the WOA to escape from local optima by enhancing the exploration process. Five different selection methods
are employed: Tournament, Roulette wheel, Linear rank, Stochastic universal sampling, and random-based.
To evaluate the performance of the proposed enhancement, 17 available SFP datasets are adopted from
the PROMISE repository. The deep analysis shows that the proposed approach outperformed the original
WOA and the other six state-of-the-art methods, as well as enhanced the overall performance of the machine
learning classifier.

INDEX TERMS Software fault prediction, feature selection, binary whale optimization algorithm, adaptive
synthetic sampling, classification.
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DOA Dragonfly Optimization Algorithm

DT Decision Tree

FC Fuzzy Clustering

FIS Fuzzy Inference System

FS Feature Selection

GA Genetic Algorithm

GBO Gradient-Based Optimizer

GBRCR Gradient Boosting Regression-based
Combination Rule

GP Genetic Programming

GWO Gray Wolf Optimization

HHO Harris Hawk Optimization

k-NN K-Nearest Neighbors

LDA Linear Discriminant Analysis

LR Linear Rank

LRBWOA Linear Rank Based selection method with
binary WOA

LRCR Linear Regression-based Combination Rule

LRM Logistic Regression Method

LRNN Layered Recurrent Neural Network

MFO Moth-Flame Optimization

MGA Modified Genetic Algorithm

ML Machine Learning

MLP Multilayer Perceptron

NB Naive Bayes

NFIS Neuro-Fuzzy Inference System

PB Proportional Based

PSO Particle Swarm Optimization

RB Random-Based

RF Random Forest

SA Simulated Annealing

SBWOA Stochastic Universal Sampling with binary
WOA

SC Soft Computing

SDLC Software Development Life Cycle

SDP Software Defect Prediction

SE Software Engineering

SFP Software Fault Prediction

SI Swarm Intelligence

SMA Slime Mould Algorithm

SMOTE Synthetic Minority Oversampling Technique

SQA Software Quality Assurance

SuUS Stochastic Universal Sampling

SVM Support Vector Machines

TBWOA Tournament selection method with binary
WOA

TF Transfer Function

TS Tournament Selection

TSA Tabu Search Algorithm

WOA Whale Optimization Algorithm

I. INTRODUCTION

The SDLC is a methodology that clearly defines the processes
of developing reliable and free of bugs software [1]. In SDLC,
the software goes through a set of stages starting with
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requirements elicitation, where the specifications of that soft-
ware are determined, and then analysis and design of the
software. The implementation, testing, and documentation
stages come respectively after the completion of the design
stage. Many software development methodologies have been
introduced to ease and improve the software development
process. The most commonly used SDLC models are water-
fall, Agile and Spiral models. Empirically, testing is primar-
ily concerned with the enhancement of the software quality
and reducing the total cost [2]-[4]. The task of detecting
or predicting faults in software is named SFP. In the SFP
process, prior to a new version of software being developed,
hidden or clear fault-prone models can be detected with the
help of user comments, historical fault datasets gathered from
previous projects, or predefined software matrices [3], [4].
In contrast with the classic sequential waterfall model that
was introduced by [5] in 1970, the appearance of ASD
in 2001 [6] makes the process of SFP easier. The basis
of ASD is the incremental delivery of software devel-
opment. This advantage leads to rapid adaptation of the
volatile requirements and also shortens both the development
time and the gap between software developers and business
owners [7].

Generally speaking, the cost (in terms of time, effort,
and resources) or recovering fault in the early stages of the
SDLC is much lower than doing so in the later stages. Thus,
predicting software faults before delivering products to cus-
tomers becomes essential in order to reduce the negative
influence of the latest versions of the software [3].

To guarantee that the software being developed meets
the end-users needs, the development process is maintained
under the control of SQA. SQA has various processes
such as formal code inspection, software testing, and soft-
ware fault prediction [4], [8]. Conventionally, SFP models
rely on various approaches include software matrices, SC,
and ML [9].

In general, SFP models are constructed depending on either
certain software matrices (features) or software fault datasets
(gathered in advance from previously released versions of
similar projects). These models are appropriate especially
when the project is very large and hard to test [3], [4], [10].
The type of SFP model that is built according to pre-defined
software metrics may not be accurate in predicting faults
in given software. The reason is that if an SFP model is
constructed based on some pre-defined software matrices
and then is used to detect bugs in different software projects
without rebuilding it with updated values of the used metrics,
it will not be that accurate since each project has its matrices
and characteristics. In such cases, only faults related to similar
areas of the software may be detected [3], [11]. Alternatively,
software matrices that consider the historical changes of a
software project can be the solution to this problem. However,
in dealing with complex software projects, these models are
known as a time consuming and infeasible [3], [4]. Thus,
SC techniques can be a good solution to discover faulty
modules in software projects.
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Different SC techniques were successfully applied to the
SFP field with much success [8], [12]-[14]. For instance,
as stated in [12], a distinct type of association rules called
relational association rules mining was used as a classifier to
predict whether a software model is faulty or not. As another
example, a supervised technique named ANFIS has been
utilized for the SFP problem. It integrates the advantages of
two methods, a FIS and an ANN. ANSIF has shown superior
performance in addressing SFP problem when compared to
SVM and ANN classifiers [13]. In general, ML is known as a
core branch of SC methods that have been found effective in
solving a wide range of real-life, industrial, and data mining
related problems. Moreover, many studies have approved the
superiority of ML classifiers in improving the performance of
SFP models [15]. Some of used ML algorithms for dealing
with SFP include OneR (One Rule), DTs, NB, SVM and
ANN classifiers [16]-[18].

With the advancement in software development, and due
to the fact the computer systems are used to manage all life
aspects, the amount of available data becomes large in every
field. Therefore, using basic ML techniques as fault predic-
tion techniques becomes impractical in some cases and needs
more enhancement. That’s to say, The need for advanced
methods to predict faults in software becomes mandatory.
One of the main methods used to enhance the performance
of the machine learning techniques is to reduce the dimen-
sionality of the available datasets. Different dimensional-
ity reduction techniques have reported in the literature, and
FS [19]-[22] is one of these main techniques.

FS is a well-known dimensionality reduction technique
that aims to reduce the number of available features in
a dataset as it may contain some irrelevant/redundant
features [23]-[26]. The presence of such features misleads
the learning algorithm and consequently affects its perfor-
mance. Finding and removing noisy and irrelevant features
can improve the performance of the learning algorithm in
terms of classification accuracy and lowers the computational
time [3], [4], [27]. The authors of [28] and [29] conducted sys-
tematic reviews on ML algorithms that have applied to SFP.
In contrast with classic statistical methods, they concluded
that FS could significantly enhance the accuracy of SFP mod-
els that utilize ML classifiers. Correspondingly, FS methods
can be classified based on two criteria; subset generation and
evaluation mechanisms. In terms of evaluation, FS methods
can be further categorized into wrapper and filter as two
main FS models. Complete, heuristic and random search
mechanisms are considered as the main subset generation
mechanisms in most FS approaches.

Among the FS models, the wrapper model is frequently
employed due to its excellent performance. In this model,
a learning algorithm (e.g., classifier) is usually used as an
evaluation criterion. So, the results are associated with the
selected learning algorithm. The main advantage of the wrap-
per model over the filter is that the former produces feature
subsets that are able to maximize the performance of a spe-
cific learning technique.
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Searching for the best performing feature subset is the sec-
ond aspect that should be highly considered when designing a
FS approach. Meta-heuristics algorithms proved their ability
to tackle the FS problem with high-performance levels. The
main two categories of meta-heuristics algorithms are EA
(such as GA [30] and DE [31]), and the SI (such as PSO [32],
HHO [33], SMA [34], GBO [35], and WOA [36]).

Since the aim of SFP is to predict the faults in the new
projects based on the historical data, then using a learning
algorithm in evaluating the performance of the selected fea-
tures becomes mandatory. Thus, we adopted the wrapper
FS model as it employs a learning algorithm as an evaluation
method. In contrast, the filter FS methods do not consider any
learning algorithm in the evaluation process and depend on
the relations between features themselves.

The second aspect that needs to consider when designing
a FS method is the subset generation mechanism. Since the
datasets used in this paper are high dimensional datasets,
the complete search strategy (that generates all possible fea-
ture subsets to select the best one) becomes impractical.
In this work, we adopted the heuristic search strategy as it
proved its ability to tackle different optimization problems in
different fields [37]-[39].

WOA is a recent meta-heuristic algorithm, was proposed
by Mirjalili and Liwes [40], that mimics the intelligent food
foraging behavior of the humpback whales in the ocean. Even
though the simple structure, ease of implementation, and
the good performance of the WOA have proven through the
literature in many fields, it has shortcomings when applied
to combinatorial optimization problems [41]. To enrich the
ability of WOA in exploitation tendency, [42] proposed
an enhanced associate learning-based WOA, in which the
B hill-climbing algorithm was utilized to exploit the local
solutions. Besides, a modified version of WOA was intro-
duced in [43]. The authors implemented the levy flight oper-
ator into WOA to prevent early stagnation. Also, the elite
opposition based learning and information gain were adopted
in WOA to enhance its search ability for FS problems [44].
Previous works propounded that different strategies can be
employed for improving the WOA’s performance. Moreover,
No Free Lunch theorem [45] suggests that no universal opti-
mizer can excellently solve all the problems, which motivates
our attempts to propose a new variant of WOA as a wrapper
FS method for software fault prediction.

This paper presents an efficient wrapper FS approach that
is based on the WOA optimizer and enhanced with nature
selection operators to improve the efficacy of the basic WOA
in dealing with FS tasks. The key contributions in this paper
are summarized as follows:

o Five natural selection schemes augmented with
crossover operator are integrated with WOA to enhance
the guided solution while performing the exploitation
process.

o Seventeen challenging software fault projects are
employed to confirm the effectiveness of the proposed
approach.
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o The proposed approach showed a significant improve-

ment compared to state-of-the-art approaches.

The rest of this paper is organized as follows: Section II
presents the related works for SFP and FS. Section III
presents the proposed enhancement of WOA based on nat-
ural selection methods. Section IV presents a description of
the datasets were used in this paper. Section V reports the
obtained results and its analysis. Finally, Section VI presents
the conclusion and the future works of this paper.

Il. REVIEW OF RELATED WORKS

A. SOFTWARE FAULT PREDICTION

The literature reveals that ML algorithms can effectively
tackle the SFP problem where several techniques have
been proposed for detecting faults in software modules.
Examples of ML-based SFP approaches include LRM [46],
FC[47],CR [48], DT [49], NB [16], [50], ANN [51], RF [50],
BN [52] and SVM [17], [53]. Moreover, for evaluating SFP
techniques, various publicly available datasets are used. The
most commonly applied public datasets by researchers in the
area of SFP are NASA datasets, PROMISE repository, Bug
prediction dataset, and Qualitas corpus [54]. For instance,
Catal and Diri [55] investigated the effect of three factors
comprising dataset size, feature selection, and software matri-
ces on software fault proneness detection. Besides, various
machine learning classifiers such as NB, RF, DT, and AIRS
were applied. The authors also used five NASA datasets
to examine the classifiers. As per the results, the values of
the evaluation parameter AUC show that the RF classifier
was superior for large datasets, whereas Naive Bayes was
the appropriate predictor for small datasets. Moreover, Singh
and Malhotra [56] studied the relationship between soft-
ware design that is developed based on the object-oriented
concept and fault proneness. The authors examined the
performance of SVM over a public dataset obtained
NASA repository (KC1). The obtained results show that
the SVM classifier is able to discover the faulty classes in
OO0 based systems.

Rathore and Kumar [57] employed a set of ensemble
learning methods to predict software faults. The authors
applied two methods that are LRCR and GBRCR, as an
ensemble output for GP, MLP, and LRM algorithms. The
proposed approach has been examined over eleven public
datasets obtained from the PROMISE data repository. The
obtained results show that ensemble techniques can out-
perform other traditional techniques in predicting software
faults.

As aforementioned, FS has become an essential step in
data mining in general and machine learning in particular
since it plays an important role in cleaning data from noisy,
irrelevant, and redundant features. This step will enhance the
overall quality of data and reduce its dimensionality. It has
been approved in many studies that removing such features
can significantly enhance the overall performance of machine
learning classifiers [58], [59]. Many researchers in the field
of SFP investigated the effect of applying different filters and
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wrappers FS approaches on the performance of ML-based
SFP models. For example, using some public NASA datasets,
Catal and Diri [55] applied the correlation-based FS method
to remove the highly relevant matrices for the SFP prob-
lem. Balogun et al. [60] studied the performance of eighteen
FS methods (i.e., four feature ranking and fourteen feature
subset selection) to detect SDP. The authors applied those
methods on five public datasets obtained from the NASA
repository. The obtained results show that FS methods can
enhance the performance of ML methods for SDP problem:s.

Dhamayanthi er al. [61] made use of the well-known
statistical tool Principle Component Analysis as a feature
reduction technique for solving the SFP problem. Using the
extracted features by PCA, and the NB classifier was applied
over seven projects from NASA Metrics Data Program. It was
observed that the prediction accuracy of the NB classi-
fier was increased when using the set of features selected
through PCA.

Wrapper feature selection approaches were also applied in
the SFP domain. Wahono et al. [62] proposed a combination
of GA and bagging technique for enhancing the performance
of the software defect prediction. GA was used to tackle the
feature selection, while the bagging technique was used to
solve the class imbalance problem. Several machine learning
classifiers were applied over nine datasets from NASA met-
ric data repository in order to assess the proposed method.
Results of the AUC indicated that the proposed method
improved the prediction performance of the most applied ML
classifiers. Wahono conducted another similar work in [63],
where GA and PSO algorithms were applied as feature selec-
tion techniques for the SFP problem, and bagging technique
was utilized for dealing with class imbalance problem. Ten
classifiers were applied over nine NASA MDP datasets to
evaluate these FS approaches. Results of AUC confirmed that
the proposed FS approaches yielded significant enhancement
in prediction performance for most of the applied classifiers.
A hybrid feature selection technique hybridizing PSO and
MGA was introduced by Banga et al. [64] for improving SFP.
Furthermore, bagging was also integrated with this approach
for resolving the class imbalance problem. Empirical results
using NASA MDP dataset and a pool of machine learning
algorithms (i.e., KNN, SVM, least-squares twin SVMs, mean
weighted least squares twin SVMs, and RF) showed that
applying the proposed hybrid FS approach improves the effi-
ciency of SFP modules in classifying software modules into
defective or not defective modules.

Recently, Turabieh er al. [3] applied a L-RNN clas-
sifier with wrapper FS methods (i.e., BGA, BPSO, and
BACO) to predict faults in software modules. The proposed
approach employed an iterative method in order to remove the
redundant features. The authors applied their approach over
19 public datasets obtained from PROMISE data reposi-
tory. The obtained results show the ability of wapper FS
of enhancing the performance of the L-RNN classifier.
Thaher et al. [65] introduced a wrapper-based feature selec-
tion method based on BQSA for solving the SFP problem.
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SMOTE was applied for re-balancing fourteen real-world
datasets obtained from the PROMISE repository. in terms
of AUC results, Binary QSA integrated with SMOTE tech-
nique yielded the best results compared with different FS
algorithms including BBA, BWOA, BGSA, BALO and KNN
classifier without feature selection. Tumar et al. [4] developed
a wrapper FS method to predict faults in software mod-
ules using a modified version of BMFO named Enhanced
BMFO (EBMFO) in conjunction with ADASYN for solving
class imbalance issue. The proposed method was evaluated
using a set of fifteen real projects data from the PROMISE
repository, and three machine learning classifiers compris-
ing LDA, KNN, and DT. Recorded results confirm that the
proposed FS method improved the overall performance of
the three ML classifiers. In [66], Thaher et al. proposed an
enhanced binary version of the new meta-heuristic algorithm,
the HHO, to search for ideal features subsets for SFP prob-
lem. In addition, the ADASYN oversampling technique was
used for re-balancing the datasets. Fifteen SFP datasets from
PROMISE, the same ML classifiers used by [4], and a similar
set of optimization algorithms used in [65] were employed
to assess the proposed approaches. The obtained results con-
firmed the superiority of the enhanced HHO approach when
used with the ADASYN oversampling method and Linear
Discriminant Analysis classifier compared to other optimiza-
tion algorithms.

It is clear from the reviewed literature that machine
learning-based SFP modules are highly influenced by the
quality of matrices (features) and the imbalanced data.
It can be observed from the previously published works
that building efficient SFP modules are possible when
using sophisticated FS algorithms for discarding trivial and
irrelevant features and re-balancing the data to avoid the
problem of class imbalance in SFP datasets. These facts
motivated the authors of this work to propose an efficient
feature selection approach for the SFP problem. The effi-
ciency that the Whale Optimization algorithm has previously
shown in selecting the optimal sets of features from sim-
pler datasets (Comparing to SFP datasets) nominated it in
this work to be used for dealing with feature selection in
SFP domain [67], [68].

B. FEATURE SELECTION

Feature selection (FS) is treated as a binary optimization
problem that aims to explore the search space to find the ideal
subset of features. A subset of features can be viewed as a
binary vector where each cell in the vector represents one of
the attributes (features) in the dataset. The length of the vector
equal to the number of features in the dataset. If a cell of the
vector has a value of one, then it is retained, and if its value
equals zero, it will be ignored. FS eliminates uninforma-
tive features that negatively impact the classification process
while keeping the most informative ones [26], [58], [59].
Generally, depending on the search mechanism, FS follows
two main wide branches: filter and wrapper. Filter FS meth-
ods usually use a statistical measure (e.g., chi-squared test,

VOLUME 9, 2021

information gain, correlation coefficient score, and so forth)
to calculate and assign a weight to each feature. Features
are ranked by their weights, and only the features with their
weights greater than a pre-specified threshold are retained for
data representation, while the rest of the features are elimi-
nated from the feature space [58], [59]. Unlike filter methods,
wrapper ES typically starts a search procedure (using a search
strategy) by generating a set of potential solutions (subsets of
features) called population, and employs a machine learning
classifier to evaluate the generated feature subsets to deter-
mine the best one.

In practice, the complete search is infeasible when the
number of features is huge. Compared to complete and
random approaches, Meta-heuristic algorithms have demon-
strated their superiority in finding the best or near the best
solutions for many simple and complex feature selection
problems [69]. Based on the number of solutions (subsets
of features) to be generated and assessed in each genera-
tion, meta-heuristic algorithms are classified into two types:
population-based and single-based algorithms. The most pop-
ular single solution based algorithms are TSA [70] and
SA [71] while the famous population-based meta-heuristic
algorithms comprise GA [72], [73] and PSO [74], [75],
ABC [69], ACO [76] and BBA [77]. In addition, in the
last few years, many population-based meta-heuristic algo-
rithms have been proposed and applied for FS problem
(e.,g., AOA [78], GWO [59], MFO [4], [79], DOA [24], and
WOA [67], [68]).

Ill. PROPOSED METHOD

A. WHALE OPTIMIZATION ALGORITHM

One of the largest mammals in the world that lives in groups
is the whales. In deep oceans, there are seven kinds of whales
names as humpback, sei, right, black whales, killer, minke,
and finback. Humpback whales are the largest whale kind,
which has a brilliant strategy for hunting the prays such as
small fishes, seals, squid, and krill [80]. Humpback whales
use a search strategy called bubble-net feeding while search-
ing for their food, where a set of bubbles are created in
an upward spiral swimming path around the food source.
In nature, whales start generating bubbles-net to determine
the prey’s location, and then the whales start to move the
target in a spiral shape before the attack. Figure 1 demon-
strates the hunting process for humpback whales. Mirjalili
and Lewis [36] in 2016 proposed WOA that simulates the
process of humpback whales in the hunting stage. WOA is
a population-based algorithm that mimics a group of whales
(each whale represents a solution) when moving toward a
pray location that represents the optimal location. The whales
swim in a helical route that is generated by blowing a net of
bubbles.

Since WOA is a population-based algorithm, the first step
of WAO is to generate the initial population (i.e., group of
whales). The following procedure demonstrates the process
of generating the initial population.
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FIGURE 1. Bubble-net feeding method for whale.

procedure Generate initial population(LB, UB,npop,n)
LB=[LBy, LB>.,..., LB,]
UB=[UBj, UBy,..., UB,]
for i=1:npop do
for j=1:ndo
initial population(i,j)=(UB(j) — LB(j)) x rand +
LB)
end for
end for
end procedure
where LB and UB present the lower and upper bounds of the
decision variables, npop presents the population size (number
of whales), and n presents the number of decision variables.
The second step of WOA is to evaluate the population with
respect to the fitness function. This step will determine the
best solution obtained so far. To simplify the coding process
of WOA, each solution is presented as a vector of the size n
(i.e., number of variables). All solutions except the best one
will update their locations toward the best solution using
Eqgs.(1) and (2).

D=|CX*t)=X )| (1)
Xt+1)=X*t)—A.D )

where t refers to the current iteration, X * refers to the best
solution so far at iteration 7. A and C present specific coeffi-
cients calculated using Eqs.(3) and (4), respectively.

A=2a-7—a 3)
C=2-F )

where the variable @ that is initially equals 2 and linearly
decrease toward O after a number of iterations, and the
variable 7 is a random between O and 1, that is generated
using a uniform distribution function. Eqs.(1) and (2) enable
the WOA to search in n-dimensional solution space in an
outstanding performance as shown in Figure 3 for 2 and 3
dimensions.
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Two mathematical models have been proposed by Mirjalili
and Lewis [40] to simulate the hunting process itself: The
shrinking encircling mechanism and spiral updating posi-
tion. Shrinking encircling mechanism is used to update the
whale position with respect to the best solution so far. This
process happens by decreasing the value of variable @ over
the iterations in a linear manner, as shown in Figure 3(a).
While spiral updating position demonstrates the swimming
style (i.e., upward spiral path) of whales to reach their target.
A logarithmic spiral function is used to mimic this swimming
style, as shown in Eq.(5).

v TF v ) bt v
X(t+1) = |X(,) — Xwl.e” .cosQn ) + X(t) 5)

The shape of the spiral function is created by the parameter
b, and I is a random number between —1 and 1. Figure 3(b)
shows the spiral swimming style while hunting for whales.
Whales employed shrinking encircling and spiral swim-
ming methods with a probability of 50% for each one. The
location of the best solution obtained so far determines which
operation to be executed. In WOA, a random probability p
is generated to determine operation selection, as shown in
Eq.(6).
;(t—s—l _ )f(’t) —A.D, p <05

i . =, (6)
X'y =D.e”.cos2nl)+X;, p=05

The exploration process in WOA is performed once each
whale updates its location based on a randomly chosen whale.
In this case, the next position of the whale will be between its
current location and the location of the selected whale. This
behavior occurs when the variable (A) between —1 and 1.
In contrast, the exploitation process is performed when each
whale updates its location with respect to the best whale
(solution). This situation happens when the variable A is
greater than 1. Figure 4 shows the exploration and exploita-
tion process inside WOA. Eqs.(7) and (8) demonstrate the
exploration process of WOA. Finally, the pseudo-code for
WOA is presented in Algorithm 1.

l_j = |6-)?mnd _52| (7)
X(I-H) = Xrand —AD (8)

B. BINARY WOA
Adapting the WOA algorithm to deal with binary opti-
mization problems requires employing so-called binarization
rules. In this regard, different mathematical TFs along with
binarization rules have been introduced to convert real input
values into binary [81]. In this work, the S-shaped TF as in
Eq. (9) is incorporated with the updating rule in Eq. (10) to
present a BWOA.
1

T(Xj) = m 9)

where x; represents the real value of j™ dimension, and T(xj)

is the probability of x; to be 1.
1 r<T®)

Otherwise (10)
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FIGURE 2. Possible 2D and 3D locations of whales nearby the prey.
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(a) Shrinking encircling.

FIGURE 3. Shrinking encircling and Spiral updating methods.

FIGURE 4. Updating whale position either toward or moving away from a
randomly chosen humpback whale.

where r is a random number within [0,1] and S§; is the binary
output.

In BWOA, each solution S is presented as a binary vector,
where S = (S1,852,...,8,), S; € {0,1}. BWOA can be
employed to solve binary optimization problems such as FS
problems. In FS, two contradictory objectives where highest
classification rate and least reduction rate of selected features
are considered. These two criteria are combined in a single
formula using Eq. 11 [4].

N,
Fitness = 0.99 x (1 — AUC) + 0.01 x 3‘” an
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(b) Spiral updating.

where Np refers to the number of selected features, and
D refers to the number of total features.

C. NATURAL SELECTION METHODS

The selection scheme for any searching algorithm is a crit-
ical component that provides a good ratio between inten-
sification (i.e., selecting better solutions) and diversifi-
cation (i.e., selecting random solutions). Many common
selection schemes can be employed to maintain a better
trade-off between intensification and diversification. How-
ever, only five methods are employed in this work: Linear
rank-based [82], Proportional (Roulette wheel) based [83],
Random-based [84], [85], Stochastic universal sampling [86],
and Tournament based [87]. These selection methods are
commonly used in the population-based algorithm, and the
default setting of these selection methods are used [84].

1) PROPORTIONAL (ROULETTE WHEEL) BASED

PB selection is originally proposed for genetic algorithm [21].
PB is one of the most common selection methods due to
its simplicity and ease of implementation. In simple, for
any minimization problem, the PB starts by calculating the
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Algorithm 1 Pseudo-Code of WOA

Algorithm 2 Pseudo-Code of Proportional Based

A population is randomly generated
All coefficients are initialized
All solutions in the population are evaluated using fitness
function
The best solution so far (denoted as X*) in determined
while ( < maximum nymber of iterations) do
for each solution (i.e., whale) do
Update all coefficients (i.e., a, A, C, [, and p)
if (p <0.5) then
if |A| < 1 then
Update the position of the current solution
by Eq.(2).
else if |A| > 1 then
Select a random solution from a population
Update the position of X(¢) by Eq.(8)
end if
else if (p > 0.5) then
Update the position of X (¢) by Eq.(6)
end if
end for
Evaluate the fitness value for each solution.
Update X*
t=t+1
end while

selection probability of each solution (p;) in the population
pool with respect to its absolute fitness value for each solution
divided by the summation of the fitness value for all solutions,
as shown in Equation 12.

py= — sl (12)

| D i fitt (x;)]

where N represents the population size, fift(x;) is the fitness
of the j* solution that is calculated as in Eq.(13):

1
fitt(xj) = T+ (o) (13)
The PB will select the fittest solution with a higher proba-
bility to perform the diversification step. Algorithm 2 demon-
strates the pseudo-code for BP selection using roulette wheel
structure. Where the final value of S represents accumulative
selection probabilities for all solutions in the population pool.

2) LINEAR RANK-BASED

LR based selection is proposed to overcome all the weak
points for BP selection methods [82]. The basic idea of
LR is to use a real ranking system for each solution based
on its fitness value. Then each solution will gain a selection
probability based on a linear mapping function, as shown in
Equation 14.

1 j— 1
p=y Xt -t T x =) (4

where j refers to the solution rank, n* refers to the
expected value of the best solution in the population
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Setr e U0, 1)
SetS =0
Seti =0
whilei < N do
S=8S4+P;
if S > r then
best=i
break;
end if
i=i+1
end while
return(best)

(i.e., n7 = N x Pj), and n~ refers to the expected value for
the worst solution (i.e., n~ = N x Py). Where P; presents
the probability of the best solution, while Py presents the
probability of the worst solution. The slope of the linear
function is determined based on n* and n~. The selective
pressure of LR depends on " value; a higher one means a
higher selective pressure [82].

3) STOCHASTIC UNIVERSAL SAMPLING

SUS selection is a modified version of the proportional selec-
tion method proposed in 1987 [86]. The main idea of SUS is
to find a selection probability for each solution with respect
to its fitness value related to the total fitness values inside the
current population pool. In simple, roulette wheel N times to
select N parents, while SUS spins the wheel once to select N
parents. The main weakness of SUS that once the population
is converged, the SUS will not work in a good manner.

4) TOURNAMENT BASED

One of the most well-known selection methods in the evo-
lutionary and swarm algorithm is TS. In this work, we com-
bined TS with BWOA. In simple, the TS starts by selecting a
set of solutions @ of size ¢ from the population, where 7 is less
than population size (). Then determine the best solution
from ® based on the fitness function. A selection probability
for each solution in @ is evaluated based on Equation 15.

1
pi= N —j+ ! — (N —j)'] (15)

The main factor that plays a vital role in selection pressure
is the tournament size (f). Normally, a higher value of ¢ is
used for complex and ragged search space, which increases
the selection pressure, while a lower value of ¢ will reduce
the selection pressure and direct the search space toward
diversification. In this paper, several preliminary experiments
were employed, and the obtained results indicate that t=0.3 of
population size provided the best performance.

5) RANDOM-BASED
The RB selection method selects a solution randomly from
the population pool. In this method, all solutions have the
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FIGURE 5. Pictorial diagram for the proposed enhancement.

same probability regardless of their fitness value. Therefore,
the selection pressure is unified. Unlike the aforementioned
methods, this approach may lead to slow convergence.

D. ENHANCED WHALE OPTIMIZATION ALGORITHM

In this work, an enhanced version of WOA is proposed
to overcome the weakness of the basic WOA while per-
forming the exploitation process. The exploitation process
occurs once a solution moves toward the best solution. The
exploitation process is meaningless if the best solution is
trapped in local optima, and no chance to enhance the best
solution. To overcome this problem, we combine the WOA
with different types of natural selection methods along with
a single point crossover method. Figure 5 demonstrates the
proposed method at iteration ¢. In this figure, the best solu-
tion has a fitness value equals to 0.59, while the worst
solution has a fitness value equals to 0.78. There are five
different solutions (i.e., A, B, C, D, and E) that follow the
best solution. The proposed enhancement starts by selecting
a solution randomly from the population, except the best
and worst solutions. Five different natural selection meth-
ods is employed: Stochastic universal sampling selection,
Random selection, Tournament selection, Roulette wheel
selection, and Linear Rank-based selection. A single point
crossover method is employed between the best solution so
far and the selected solution (i.e., solution (D)). At this step,
a new solution will be generated (i.e., offspring). There are
three scenarios to handle the newly generated solutions as
follows:

o Scenario (1): If the fitness value of the new solu-
tion is better than the fitness value of the best solu-
tion, the fitness new solution will become the best
solution.

e Scenario (2): If the fitness value of the new solu-
tion is better than the fitness value of the worst
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Offspring 1 becomes the best salution. replace the worst solution with oftspring,

TABLE 1. Description of PROMISE datasets.

Dataset  version  #instances  #defective  %defective
instances instances
ant 1.7 745 166 0.223
camel 1.2 608 216 0.355
camel 1.4 872 145 0.166
camel 1.6 965 188 0.195
jedit 32 272 90 0.331
jedit 4.0 306 75 0.245
jedit 4.1 312 79 0.253
jedit 4.2 367 48 0.131
log4j 1.0 135 34 0.252
log4j 1.1 109 37 0.339
log4j 1.2 205 189 0.922
lucene 2.0 195 91 0.467
lucene 2.2 247 144 0.583
lucene 2.4 340 203 0.597
xalan 2.4 723 110 0.152
xalan 2.5 803 387 0.482
xalan 2.6 885 411 0.464

solution, the fitness new solution will replace the worst
solution.

o Scenario (3): If the fitness value of the new solution
is better than the fitness value of the worst solution,
the new solution will be discarded.

Algorithm 3 explores the pseudo-code of the proposed

enhancement. Meanwhile, the flowchart of the proposed
approach is shown in Figure 6.

IV. DESCRIPTION OF SFP DATASETS

In this research, 17 PROMISE datasets are utilized to assess
the performance of the proposed algorithms [88], [89].
Table 1 provides the details of utilized PROMISE
datasets. Each dataset contains 20 features as shown
in Table 2.
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Algorithm 3 Pseudo-Code of Enhanced WOA
A population is randomly generated.
All coefficients are initialized.
All solutions in the population are evaluated using fitness
function.
The best solution so far (denoted as X*) in determined.
while (f < maximum number of iterations) do
Identify the worst solution (X""*")

Apply selection scheme to select another solution
(Xselected)

generate new solution (X°%¢?) using crossover
between X* and X Selected
if (X<oss¢d s superior to X*) then
use X0ss¢d a5 a leader
else if (X"2%%¢? is superior to X"°™*) then
replace XWorst \with Xcmssed
end if
for each solution (i.e., whale) do
Update all coefficients (i.e., a, A, C, [, and p)
if (p <0.5) then
if |A| < 1 then
Update the position of the current solution
by Eq.(2).
else if |A| > 1 then
Select a random solution from a population
Update the position of X(¢) by Eq.(8)
end if
else if (p > 0.5) then
Update the position of X (¢) by Eq.(6)
end if
end for
Evaluate the fitness value for each solution.
Update X*
t=t+1
end while

V. EXPERIMENTAL RESULTS AND SIMULATIONS
A. EXPERIMENTAL SETUP
This sub-section briefly describes the setup and parameter
settings of the proposed algorithms. There are two common
parameters: population size and the number of iterations that
have to be set for all wrapper methods. To ensure a fair
environment, we set the population size and the number of
iterations at 10 and 100. Moreover, we set the parameters of
LRBWOA (™) and TBWOA (T) to 1.1 and 3, respectively.
The sensitivity analysis of these parameters is presented in the
next sub-section. In this study, six state-of-the-art methods
include BGWO [90], BGSA [91], BPSO [92], BALO [93],
BBA [20], and BSSA [94], are used to verify the efficacy of
the proposed algorithm. The detailed parameter settings of
the algorithms are tabulated in Table 3.

Many classification methods can be employed when deal-
ing with FS problems. In this article, four popular classifiers,
namely, SVM, DT, LDA, and kNN are adopted to evaluate
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FIGURE 6. Flowchart of the enhanced WOA.

the AUC performance. These classifiers are commonly used
in the area of SE [59], [95]. Table 4 presents the AUC results
of different classification algorithms. Judging from Table 4,
the highest AUC values were mostly perceived by kNN and
DT classifiers (6 datasets). The results of mean rank affirm
the supremacy of DT and kNN in SFP. Hence, in the analysis
of the proposed variants, only two methods are used: kNN and
DT classifiers. For performance validation, both classifiers
are trained and tested using the hold-out method, 80% for
training and 20% for testing.

The performances of the BWOA with natural selection
methods are investigated through the validation method. All
experiments in this paper have been implemented using
MATLAB 2018. Additionally, all selection methods are eval-
uated using the same criteria (i.e., AUC value) and the same
hardware infrastructure (CPU, memory, operating system,
etc.) for a fair comparison.

B. PRELIMINARY EXPERIMENTS

A set of preliminary experiments have been performed to
find the best BWOA settings. Initially, different combinations
of common parameters (e.g., number of iterations [50, 100,
and 150], and population size [10, 20, 30, and 40]) are
examined on the overall performance of BWOA. Its worth
mentioning that these values are the most used values in
the main FS papers in the highly ranked journals [20], [90],
[96]. For the sake of simplicity, the internal classifier at this
step is kNN with K=5 [20], [21], [90]. Table 5 presents the
initial results of BWOA with a different number of iterations
and population size. The findings show that the best AUC
performance was achieved when the population size equal to
10 with 100 iterations, where the algorithm achieved the best
results in 12 out of 17 datasets (i.e., 71% of the datasets).
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TABLE 2. Description of object-oriented metrics.

Metrics Descriotion
f1 wme Number of methods defined in a class.
2 dit Depth of a class within the class hierarchy from the root of inheritance.
3 noc Number of immediate descendants of a class.
f4 cbo Count the number of classes coupled to class.
5 rfc Count the number of distinct methods invoked by a class in response to a received message.
fo Icom Count the number of methods that do not share a field to the method pairs that do.
7 ca Count the number of dependent classes for a given class.
8 ce Count the number of classes on which a class depends.
9 npm Number of public methods defined in a class.
f10 | Icom3 Count the number of connected components in a method graph.
f11 | loc Count the total number of lines of code of a class.
f12 | dam Computes the ratio of private attributes in a class.
f13 | moa Count the number of data members declared as class type.
fl4 | mfa Shows the fraction of the methods inherited by a class to the methods accessible by the functions defined in the class.
f15 | cam Computes the cohesion among methods of a class based on the parameters list.
fl16 | ic Count the number of coupled ancestor classes of a class.
f17 | cbm Count the number of new or redefined methods that are coupled with the inherited methods.
f18 | amc Measures the average method size for each class.
f19 | max_cc | Maximum counts of the number of logically independent paths in a method.
f20 | avg_cc Average counts of the number of logically independent paths in a method.

TABLE 3. The parameter settings of comparative algorithms.

common parameters

Number of runs 30
population size 10
Number of iterations 100
Dimension #features

Internal parameters

Algorithm  parameter value
BWOA convergence constant a [20]
Spiral factor b
LRBWOA 77t 1.1
TBWOA T 3
BGSA initial gravitational constant G 10
Rpower 1
Alpha 20
BBA Qmin Frequency minimum 0
Qmaz Frequency maximum 2
A loudness 0.5
r Pulse rate 0.5
BGWO convergence constant a [20]
BPSO Inertai weight w [0.90.2]
cognitive constant cl 2
social constant ¢2 2
BALO \ 2,3,4,5,6
BSSA convergence constant cl [20]

While the worst performances were achieved when the pop-
ulation size equals to 40, 20, and 30, at 50, 100, and 100
iterations, respectively. So, it is important to carefully tune
parameters for the population-based algorithm. The result of
F-test from Table 5 supports the clarification.

Table 6 shows the performance of LRBWOA using
kNN classifier. Here, we examine different numbers of n™
(i.e., 1.1, 1.3, 1.5, 1.7, 1.9). Based on the result obtained,
the LRBWOA with n* equals 1.1 outperformed other settings
on average AUC values and F-Test analysis. On the one hand,
the worst performance was perceived when n™ equals 1.7
with f-test score equals 3.47. At this step, we conclude that
excellent tuning of the parameter n* will control the selection
pressure that can best fit with the solution distribution in the
search space.
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TABLE 4. AUC results of different classification algorithms.

Benchmark ~ KNN DT LDA SVM

ant-1.7 0.728 0.682  0.660  0.644
camel-1.2 0.535  0.593 0.549 0.531
camel-1.4 0.553  0.560 0.490 0.497
camel-1.6 0.535 0.546 0.536  0.497

jedit-3.2 0.676  0.604 0.699 0.731
jedit-4.0 0.593  0.688 0.670  0.690
jedit-4.1 0.740  0.617 0.719  0.658
jedit-4.2 0.600 0.719 0.592  0.592

log4j-1.0 0.536  0.734 0.609 0.661
log4j-1.1 0.714 0.732  0.777 0.813
logdj-1.2 0.737 0.712 0.500 0.500
lucene-2.0 0.638 0.589 0.487 0.616
lucene-2.2 0.567 0.606 0.529  0.668
lucene-2.4 0.647 0.706 0.750  0.765
xalan-2.4 0.685 0.615 0.580 0.576
xalan-2.5 0.638 0.614 0.621 0.634
xalan-2.6 0.698 0.748 0.719 0.738

Mean Rank 247 2.18 2.88 2.47

In the next stage, we study the performance of tourna-
ment selection over all the datasets. We simulate the perfor-
mance of BWOA with tournament selection using different
tournament size ¢ (i.e., 0.3, 0.5, 0.7, 0.9). Table 7 shows
the obtained results based on average AUC and standard
deviations. From the analysis, it is clear that the tourna-
ment size played a vital role in the performance of BWOA.
For example, the performance of BWOA at + = 0.3 or
t = 0.7 outperform other sizes. Moreover, increase the
tournament size (i.e., + = 0.9) will reduce the perfor-
mance of BWOA. The results suggest that the analysis of
tournament size was an essential step before the evaluation
process.

C. RESULTS OF DIFFERENT BWOA VARIANTS

This subsection presents a comparative study of BWOA vari-
ants using DT and KNN classifiers.
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TABLE 5. Average AUC results of BWOA for different combinations of population sizes and number of iterations.

#iterations 50 100 150
population size 10 20 30 40 10 20 30 40 10 20 30 40
ant-1.7 0.684 | 0.635 | 0.701 | 0.679 | 0.786 | 0.660 | 0.694 | 0.626 | 0.668 | 0.634 | 0.665 | 0.677
camel-1.2 0.582 | 0.555 | 0.599 | 0.566 | 0.634 | 0.590 | 0.577 | 0.597 | 0.538 | 0.519 | 0.524 | 0.598
camel-1.4 0.625 | 0.590 | 0.570 | 0.609 | 0.616 | 0.593 | 0.571 | 0.621 | 0.566 | 0.552 | 0.534 | 0.641
camel-1.6 0.584 | 0.581 | 0.589 | 0.588 | 0.604 | 0.610 | 0.584 | 0.578 | 0.574 | 0.628 | 0.582 | 0.597
jedit-3.2 0.637 | 0.742 | 0.636 | 0.627 | 0.828 | 0.687 | 0.660 | 0.728 | 0.714 | 0.691 | 0.745 | 0.712
jedit-4.0 0.705 | 0.684 | 0.676 | 0.627 | 0.743 | 0.628 | 0.634 | 0.721 | 0.678 | 0.635 | 0.654 | 0.676
jedit-4.1 0.654 | 0.629 | 0.728 | 0.637 | 0.740 | 0.624 | 0.655 | 0.669 | 0.739 | 0.652 | 0.685 | 0.697
jedit-4.2 0.633 | 0.610 | 0.622 | 0.593 | 0.661 | 0.595 | 0.596 | 0.617 | 0.623 | 0.703 | 0.617 | 0.579
log4j-1.0 0.700 | 0.598 | 0.723 | 0.653 | 0.845 | 0.664 | 0.742 | 0.582 | 0.647 | 0.693 | 0.737 | 0.685
log4j-1.1 0.678 | 0.855 | 0.795 | 0.719 | 0.800 | 0.685 | 0.803 | 0.814 | 0.612 | 0.830 | 0.743 | 0.728
log4j-1.2 0.576 | 0.464 | 0.739 | 0.625 | 0.750 | 0.617 | 0.518 | 0.838 | 0.646 | 0.637 | 0.635 | 0.855
lucene-2.0 0.625 | 0.631 | 0.644 | 0.702 | 0.803 | 0.732 | 0.690 | 0.667 | 0.556 | 0.681 | 0.674 | 0.575
lucene-2.2 0.620 | 0.636 | 0.541 | 0.550 | 0.737 | 0.579 | 0.531 | 0.616 | 0.552 | 0.611 | 0.579 | 0.560
lucene-2.4 0.603 | 0.651 | 0.702 | 0.631 | 0.721 | 0.640 | 0.667 | 0.663 | 0.660 | 0.698 | 0.628 | 0.643
xalan-2.4 0.599 | 0.600 | 0.639 | 0.587 | 0.616 | 0.613 | 0.691 | 0.578 | 0.580 | 0.586 | 0.603 | 0.587
xalan-2.5 0.662 | 0.625 | 0.640 | 0.646 | 0.715 | 0.625 | 0.624 | 0.655 | 0.647 | 0.661 | 0.603 | 0.670
xalan-2.6 0.714 | 0.714 | 0.734 | 0.705 | 0.793 | 0.726 | 0.734 | 0.712 | 0.739 | 0.719 | 0.681 | 0.732
Ranking (W) 4 3 9 1 12 1 1 3 3 6 3 5
F-Test 6.65 7.53 5.41 8.5 1.82 7.47 6.65 6.38 7.53 6.41 7.71 5.94

TABLE 6. Impact of parameter n* on the performance of LRBWOA in
terms of average AUC results.

Dataset nt=11|nt=13 | nt=15 | nt=17| nt=19
ant-1.7 0.7540 0.7180 0.7122 0.7125 0.7072
camel-1.2 0.6291 0.6159 0.6564 0.6461 0.6071
camel-1.4 0.5970 0.5944 0.6204 0.6258 0.6097
camel-1.6 0.5972 0.5914 0.5884 0.5715 0.5708
jedit-3.2 0.7855 0.7808 0.6327 0.8412 0.8108
jedit-4.0 0.8086 0.7563 0.7735 0.6683 0.7677
jedit-4.1 0.7485 0.7626 0.7334 0.7520 0.7526
jedit-4.2 0.6741 0.6250 0.6634 0.5991 0.7146
log4j-1.0 0.7603 0.8021 0.8028 0.7389 0.7102
log4j-1.1 0.5843 0.6426 0.9376 0.8376 0.9161
log4j-1.2 0.8912 0.6634 0.8278 0.7000 0.5000
lucene-2.0 0.8339 0.8224 0.8174 0.7828 0.8106
lucene-2.2 0.7489 0.7802 0.7850 0.6534 0.7448
lucene-2.4 0.8163 0.8076 0.7569 0.7599 0.7810
xalan-2.4 0.6377 0.6296 0.6189 0.7022 0.7587
xalan-2.5 0.7223 0.7307 0.7318 0.7183 0.7129
xalan-2.6 0.7765 0.7746 0.8146 0.7716 0.7791
Ranking (F_test) 247 3.06 2.65 3.47 3.35

1) RESULTS OF BWOA VARIANTS WITH KNN CLASSIFIER

Firstly, we inspect the performance of proposed approaches
using the kNN classifier. Table 8 presents the obtained AUC
results. Inspecting the result, the performance of TBWOA
dominated other versions of BWOA with respect to the F-test
value (2.88), while the performance of SBWOA was the
worst (4.41). The reason for the low performance of SBWOA

14250

TABLE 7. Impact of tournament size (T) on the performance of BWOA-T
in terms of average AUC results.

Dataset T=0.3 T=0.5 T=0.7 T=0.9
ant-1.7 0.7234 | 0.6946 | 0.7494 | 0.7248
camel-1.2 0.6158 | 0.6450 | 0.6339 | 0.6130
camel-1.4 0.5682 | 0.6009 | 0.5961 | 0.5899
camel-1.6 0.6244 | 0.5704 | 0.5987 | 0.5849
jedit-3.2 0.8485 | 0.8156 | 0.7817 | 0.7667
jedit-4.0 0.8079 | 0.7021 | 0.7967 | 0.7507
jedit-4.1 0.8346 | 0.7296 | 0.7491 | 0.7614
jedit-4.2 0.6617 | 0.6272 | 0.6826 | 0.6208
log4j-1.0 0.8503 | 0.8167 | 0.7556 | 0.8102
log4j-1.1 0.9833 | 0.8500 | 0.5926 | 0.6551
log4j-1.2 0.5583 | 0.5556 | 0.8908 | 0.6685
lucene-2.0 0.8225 | 0.8669 | 0.8270 | 0.8147
lucene-2.2 0.7573 | 0.7598 | 0.7497 | 0.7800
lucene-2.4 0.7899 | 0.7339 | 0.8165 | 0.8035
xalan-2.4 0.6543 | 0.7001 | 0.6371 | 0.6242
xalan-2.5 0.6570 | 0.7021 | 0.7215 | 0.7304
xalan-2.6 0.7486 | 0.7746 | 0.7736 | 0.7765
Ranking(F-test) 2.35 2.59 2.35 2.71

is because it preserves a higher selection probability for the
solution with better fitness, thereby increasing the chance of
the whale being trapped in the local regions.

Furthermore, a Wilcoxon test is performed to determine
if the performance of BWOA has a significant difference
or not. A threshold value 0.05 is used. If the p-value is
less than 0.05, that means there is a significant difference
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TABLE 8. Comparison between different variants of BWOA with KNN in
terms of Average AUC results.

Dataset BWOA | LRBWOA | PBWOA | RBWOA | SBWOA | TBWOA
ant-1.7 0.7862 0.7362 0.7229 0.7391 0.6556 0.7196
camel-1.2 0.6344 0.6502 0.6025 0.6242 0.5936 0.6317
camel-1.4 0.6162 0.6431 0.6055 0.6079 0.6497 0.5897
camel-1.6 0.6035 0.5729 0.5895 0.5918 0.6089 0.6127
jedit-3.2 0.8285 0.7218 0.8287 0.7855 0.7723 0.7549
jedit-4.0 0.7428 0.7329 0.7606 0.6782 0.7043 0.7126
jedit-4.1 0.7397 0.8707 0.8352 0.7807 0.7478 0.7694
jedit-4.2 0.6610 0.7473 0.7967 0.6410 0.6586 0.7272
log4j-1.0 0.8454 0.8431 0.7829 0.8002 0.8198 0.8595
log4j-1.1 0.8000 0.8571 0.7833 0.8766 0.8403 0.9444
log4j-1.2 0.7500 0.9444 0.7500 0.6667 0.5444 0.6792
lucene-2.0 0.8032 0.7531 0.8299 0.7410 0.7881 0.9137
lucene-2.2 0.7372 0.7380 0.6934 0.6901 0.6900 0.7788
lucene-2.4 0.7210 0.7306 0.7517 0.7863 0.7538 0.8474
xalan-2.4 0.6158 0.6197 0.6425 0.6080 0.6308 0.6506
xalan-2.5 0.7148 0.7298 0.7251 0.7283 0.7019 0.7164
xalan-2.6 0.7927 0.7964 0.8043 0.7600 0.7708 0.7923
Ranking(F_test) 3.38 2.94 3.21 4.18 4.41 2.88

TABLE 9. P-values obtained from Wilcoxon test for the results of TBWOA
and other variants in Table 8 (p < 0.05 are significant and are bolded).

Dataset BWOA LRBWOA | PBWOA | RBWOA | SBWOA
ant-1.7 2.16E-11 2.06E-08 9.82E-01 | 2.84E-09 | 3.27E-11
camel-1.2 5.68E-01 8.30E-08 | 7.74E-09 | 7.17E-02 | 2.69E-11
camel-1.4 1.71E-06 | 3.04E-09 | 2.63E-03 | 1.06E-02 | 4.55E-11
camel-1.6 | 5.34E-04 | 4.67E-10 | 2.69E-08 | 7.19E-05 | 0.210792
jedit-3.2 5.03E-11 3.30E-06 | 2.19E-11 | 9.23E-09 | 7.02E-05
jedit-4.0 0.00674 8.72E-02 1.24E-05 | 3.68E-07 | 4.45E-01
jedit-4.1 6.61E-11 1.70E-11 5.97E-12 | 4.84E-03 | 8.83E-08
jedit-4.2 2.43E-12 0.000105 | 2.90E-12 | 1.24E-12 | 3.06E-12
log4j-1.0 7.97E-08 | 4.58E-04 1.12E-12 | 2.69E-11 | 3.96E-08
log4j-1.1 1.69E-14 1.69E-14 | 2.71E-14 | 4.76E-10 | 8.64E-14
log4j-1.2 1.43E-06 | 4.94E-12 1.43E-06 | 3.38E-01 | 4.15E-11
lucene-2.0 | 1.46E-11 1.81E-11 1.07E-11 | 1.06E-11 | 1.32E-11
lucene-2.2 | 5.48E-06 | 3.96E-08 | 4.39E-11 | 3.83E-11 | 7.53E-11
lucene-2.4 | 2.61E-11 2.89E-11 4.33E-11 | 5.57E-10 | 3.29E-11
xalan-2.4 1.07E-05 1.54E-10 3.16E-01 | 3.26E-12 | 7.87E-03
xalan-2.5 7.62E-01 2.39E-05 1.08E-03 | 6.03E-05 | 6.42E-06
xalan-2.6 0.911593 0.045051 1.85E-07 | 2.94E-11 | 1.89E-10

between algorithms. Table 9 presents the Wilcoxon test
result (p-value) between TBWOA and other methods. From
the reported results, the AUC performance of TBWOA
was significantly better than other methods in most cases
(p-value <0.05). The findings suggest that the implementa-
tion of a natural selection strategy can greatly enhance the
performance of BWOA in SFP. That is, the enhanced BWOA
constructs a potential solution based on natural selection to
exploit the best and worst solution, which can significantly
improve the diversity of the population.

2) RESULTS OF BWOA VARIANTS WITH DT CLASSIFIER

Secondly, the performance of BWOA with five different
nature selection methods is examined using the DT classi-
fier. From Table 10, the TBWOA outperformed the standard
BWOA and all other versions with respect to F-test value
(1.47). In a dataset like log4j-1.1 and log4j-1.2, the TBWOA
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TABLE 10. Comparison between different variants of BWOA with DT
classifier in terms of Average AUC results.

Dataset BWOA | LRBWOA | PBWOA | RBWOA | SBWOA | TBWOA
ant-1.7 0.7069 0.7216 0.7402 0.6974 0.7375 0.7369
camel-1.2 0.6591 0.6933 0.6860 0.6595 0.6885 0.7029
camel-1.4 0.6493 0.7207 0.6083 0.6581 0.6714 0.6864
camel-1.6 0.6426 0.6881 0.6999 0.6347 0.6803 0.6767
jedit-3.2 0.7959 0.8734 0.8647 0.7942 0.8054 0.7899
jedit-4.0 0.8024 0.8450 0.8242 0.8067 0.7625 0.8229
jedit-4.1 0.8173 0.7786 0.8256 0.8173 0.6909 0.7245
jedit-4.2 0.7085 0.8615 0.7003 0.7107 0.8466 0.8472
log4j-1.0 0.7565 0.8104 0.8500 0.7667 0.9421 0.9036
log4j-1.1 0.8908 0.8559 0.8606 0.8920 0.9073 0.9822
log4j-1.2 0.8167 0.7598 0.6995 0.8167 0.7875 1.0000
lucene-2.0 0.7530 0.7171 0.8353 0.7485 0.8545 0.8180
lucene-2.2 0.7212 0.7538 0.7482 0.7236 0.7634 0.7653
lucene-2.4 0.7675 0.7807 0.7980 0.7633 0.7609 0.8108
xalan-2.4 0.6573 0.6887 0.7023 0.6539 0.7482 0.7735
xalan-2.5 0.7260 0.7255 0.7485 0.7261 0.7051 0.7884
xalan-2.6 0.7911 0.7997 0.7958 0.7870 0.8149 0.7957
Ranking(F_test) 4.53 3.19 3.14 4.47 3.19 1.47

TABLE 11. Comparison between different variants of BWOA with DT
classifier in terms of Average running time.

Dataset BWOA | LRBWOA | PBWOA | RBWOA | SBWOA | TBWOA
ant-1.7 36.22 42.50 41.65 38.16 41.35 40.90
camel-1.2 38.63 41.84 44.01 40.68 43.93 42.80
camel-1.4 40.32 43.88 45.85 42.95 44.46 44.56
camel-1.6 47.77 48.56 49.38 49.72 49.20 49.08
jedit-3.2 25.63 27.51 28.14 26.59 27.33 27.51
jedit-4.0 26.01 23.64 28.16 27.21 28.03 27.99
jedit-4.1 26.72 27.86 28.58 27.30 27.68 27.69
jedit-4.2 25.75 27.61 26.75 27.17 27.19 25.80
log4j-1.0 21.42 23.61 23.85 21.91 23.67 24.01
log4j-1.1 20.93 2295 23.21 22.14 23.51 22.85
log4j-1.2 21.59 23.63 23.78 22.87 24.34 23.69
lucene-2.0 24.24 26.15 26.47 25.03 26.52 26.34
lucene-2.2 26.08 28.96 29.04 27.20 28.40 28.32
lucene-2.4 27.35 31.15 30.50 28.94 30.73 29.72
xalan-2.4 3551 38.10 38.49 38.30 38.64 38.68
xalan-2.5 44.30 49.73 48.84 47.27 50.13 49.26
xalan-2.6 43.18 47.90 47.82 45.71 47.10 46.84
Ranking (F_test) 1.06 3.97 5 2.47 4.65 3.85

has yielded the highest AUC values of 0.9822 and 1, respec-
tively. On the other side, the standard BWOA has the worst
performance with F-test value equal to 4.53. The superiority
of BWOA variants can be interpreted by the formidable char-
acteristic of natural selection strategies, and the enrichment
that has been promoted in the proposed approaches. There-
fore, the BWOA variants can usually overtake the BWOA
in FS problems. Furthermore, the computational complexity
of BWOA and its variants is tabulated in Table 11. From
Table 11, it is seen that the BWOA variants were more time
consuming compared to BWOA. The increment in the com-
plexity of the proposed variants is mainly due to the additional
computational cost to compute the natural selection and the
enhancement process.

Table 12 shows the results of the Wilcoxon test between
TBWOA and all other versions. Judging from Table 12,
it is obvious that there was a significant difference between
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TABLE 12. P-values obtained from Wilcoxon test for the results of TBWOA
and other variants in Table 10 (p < 0.05 are significant and are bolded).

Dataset BWOA LRBWOA | PBWOA | RBWOA | SBWOA
ant-1.7 2.30E-06 | 3.63E-03 7.50E-01 | 9.15E-09 | 0.923393
camel-1.2 | 4.31E-11 9.59E-02 2.95E-04 | 2.90E-11 | 7.57E-03
camel-1.4 | 3.00E-05 5.98E-06 1.70E-10 | 4.48E-03 | 2.11E-01
camel-1.6 | 5.89E-06 0.041636 | 0.000321 | 4.03E-09 | 0.558355
jedit-3.2 5.39E-02 1.84E-10 | 3.33E-10 | 1.10E-01 | 1.45E-02
jedit-4.0 0.128582 2.75E-02 6.93E-01 | 2.69E-01 | 2.73E-06
jedit-4.1 5.34E-11 2.20E-08 | 2.12E-11 | 2.77E-11 | 4.15E-07
jedit-4.2 1.36E-11 0.033834 1.06E-12 | 1.19E-11 0.96972
log4j-1.0 9.28E-13 6.13E-14 1.69E-14 | 9.95E-13 | 9.21E-08
log4j-1.1 3.16E-12 | 3.87E-12 | 7.28E-13 | 3.38E-12 | 6.84E-09
log4j-1.2 6.12E-14 2.57E-13 | 3.80E-13 | 6.12E-14 | 1.59E-13
lucene-2.0 | 4.85E-10 1.55E-11 7.00E-03 | 3.97E-10 | 5.97E-10
lucene-2.2 | 3.11E-09 5.15E-02 1.31E-02 | 7.82E-08 | 5.89E-01
lucene-2.4 | 9.29E-10 9.49E-06 | 2.29E-03 | 1.86E-10 | 9.52E-11
xalan-2.4 2.80E-11 4.18E-11 3.87E-11 | 2.73E-11 | 6.56E-03
xalan-2.5 4.01E-11 2.98E-11 2.94E-11 | 2.98E-11 | 2.94E-11
xalan-2.6 0.030223 0.00334 0.923398 | 1.15E-05 | 1.28E-10

TBWOA and other algorithms in most of the datasets. These
findings support our claim that natural selection methods
have a great influence on the performance of BWOA. With
the Tournament based natural selection method, the whale
can be able to exploit the promising local region. This
creative motion assists the whale to evade the local opti-
mal. Besides, the proposed approach carefully considers
the scenarios while handling the newly generated solution,
which is beneficial in improving the current best and worst
solution.

Figures 7 and 8 show the convergence curves for different
versions of BWOA with DT classifiers. From these Figures,
one can see that the proposed TBWOA expressed a good
convergence speed in some cases (i.e., ant-1.7, camel-1.2,
camel-1.4, camel-1.6, jedit-3.2, and jedit-4.0) and an excel-
lent convergence speed in others (i.e., log4j-1.1, log4j-1.2,
lucene-2.2, lucene-2.4, xalan-2.4, and xalan-2.5). Among the
competitors, the TBWOA can accelerate to reach the global
optimum. In an alternative word, the proposed TBWOA was
able to track the global minimum quickly for finding the
preferable features. In a nutshell, it can be inferred that the
convergence behavior of TBWOA is competitive compared
to other variants.

From the empirical analysis in Table 8 and 10, the pro-
posed BWOA variants have shown victorious performances.
As compared to BWOA, the TBWOA with DT was supe-
rior and robust over all datasets. Our results imply that the
TBWOA cannot only show excellent performance in the KNN
classifier, it is also worked properly in the DT model. Hence,
TBWOA can be considered a robust algorithm. Intuitively,
the performance of the DT classifier was much better than
kNN when applied to SFP. The TBWOA not only gives higher
AUC but also maintains a lower feature selection ratio. As an
instant conclusion, the TBWOA is known as the best BWOA
variant in this work.
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D. COMPARISON OF TBWOA WITH OTHER WELL-KNOWN
OPTIMIZERS

To measure the efficacy of the proposed TBWOA in SFP,
six well-known optimizers, namely BGWO [90], BGSA [91],
BPSO [92], BALO [93], BBA [20], and BSSA [94], are
used in this comparison section. Table 13 compares the AUC
performance of the TBWOA with other optimizers. Accord-
ing to findings, the TBWOA scored the highest AUC value
in 7 cases, followed by BGWO, BPSO, and BALO (3 cases).
Besides, the TBWOA perceived the optimal rank with F-test
equal to 2.47. The result indicates that the exploitative ten-
dency of the TBWOA has been substantially improved. In the
case of stagnation, the TBWOA can effectively escape the
local region by exploiting the current best solution. This,
in turn, will increase the capability of the algorithm in local
optima avoidance. The result of the F-test in Table 13 supports
this clarification.

TABLE 13. Comparison between TBWOA and other optimizers based on
AUC values.

Dataset TBWOA | BGWO | BGSA | BPSO | BALO BBA BSSA
ant-1.7 0.7369 0.7472 | 0.7385 | 0.7619 | 0.7706 | 0.6855 | 0.7465
camel-1.2 0.7029 0.6723 | 0.6321 | 0.6763 | 0.7022 | 0.5697 | 0.6949
camel-1.4 0.6864 0.7263 | 0.6535 | 0.6973 | 0.6390 | 0.5942 | 0.6454
camel-1.6 0.6767 0.5739 | 0.6250 | 0.6388 | 0.6850 | 0.5634 | 0.6843
jedit-3.2 0.7899 0.8308 | 0.7828 | 0.8443 | 0.8042 | 0.7059 | 0.8675
jedit-4.0 0.8229 0.8727 | 0.6731 | 0.8257 | 0.7826 | 0.7106 | 0.7680
jedit-4.1 0.7245 0.8039 | 0.7089 | 0.8414 | 0.8392 | 0.6553 | 0.8202
jedit-4.2 0.8472 0.8839 | 0.7527 | 0.7617 | 0.8216 | 0.6104 | 0.7812
log4j-1.0 0.9036 0.7810 | 0.8330 | 0.7986 | 0.7859 | 0.5051 | 0.8571
logdj-1.1 0.9822 0.8681 | 0.7417 | 0.8339 | 0.9025 | 0.6924 | 0.9140
logdj-1.2 1.0000 0.8393 | 0.6452 | 0.6787 | 0.8645 | 0.6219 | 0.6531
lucene-2.0 0.8180 0.7964 | 0.7490 | 0.8908 | 0.7594 | 0.7036 | 0.8046
lucene-2.2 0.7653 0.7391 | 0.7401 | 0.7575 | 0.7137 | 0.6053 | 0.7297
lucene-2.4 0.8108 0.7584 | 0.7294 | 0.8144 | 0.8248 | 0.6800 | 0.7344
xalan-2.4 0.7735 0.6651 0.6696 | 0.7507 | 0.6884 | 0.6590 | 0.6583
xalan-2.5 0.7884 0.7397 | 0.6791 | 0.7810 | 0.7123 | 0.6510 | 0.7388
xalan-2.6 0.7957 0.7803 | 0.7564 | 0.8076 | 0.8052 | 0.7548 | 0.7874
Ranking(F_test) 2.47 3.65 5.35 2.65 3.24 6.88 3.76

On the other side, the result of computational time is
presented in Table 14. According to findings in Table 14,
it is clear that the BGWO was the fastest algorithm while
the TBWOA was the slowest method. Even though the com-
putational cost consumed by the TBWOA was the highest,
however, it can usually select the top attributes that can best
explain the SFP, in which an optimal AUC performance can
be ensured.

E. RELEVANT FEATURES SELECTED BY TBWOA

In this subsection, we demonstrate the potential features that
have been selected by the TBWOA during the FS process.
Figure 9 illustrates the importance of feature as well as their
selection rates. As can be seen in Figure 9, the top five
most frequently selected features were 'ce’ (68.82%), 'moa’
(67.84%), dit’ (67.06%), *cbo’ (67.06%), and ’rfc’ (64.9%).
The result signifies that these features had high discriminative
power, and they can best describe the software fault.
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investigate whether the performance of the TBWOA can
be further improved when different classifiers are imple-
mented. The TBWOA with four different learning algorithms
(SVM, kNN, LDA, and DT) are used and compared in this

F. PERFORMANCE OF THE PROPOSED TBWOA USING
DIFFERENT CLASSIFIERS

From the previous sections, we have shown the effi-
cacy of the TBWOA in SFP. Nevertheless, it is worth to
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TABLE 14. Comparison between TBWOA and other optimizers in terms of
average running time.

Dataset TBWOA | BGWO | BGSA | BPSO | BALO | BBA BSSA
ant-1.7 40.90 27.15 33.82 | 31.01 39.14 | 30.23 | 40.13
camel-1.2 42.80 27.98 3452 | 3246 | 39.60 | 31.14 | 39.77
camel-1.4 44.56 29.32 3493 | 33.03 | 42.08 | 3147 | 41.86
camel-1.6 49.08 26.41 38.11 3340 | 4574 | 34.86 | 44.87
jedit-3.2 27.51 21.44 2330 | 2217 | 2476 | 2277 | 24.25
jedit-4.0 27.99 22.62 2323 | 2248 | 2496 | 22.03 | 2429
jedit-4.1 27.69 21.80 2378 | 2286 | 2548 | 2226 | 24.77
jedit-4.2 25.80 22.03 22.81 22.11 2411 | 2249 | 2474
log4j-1.0 24.01 18.94 19.44 20.13 20.92 19.37 20.55
logdj-1.1 22.85 19.18 19.07 19.87 20.01 18.86 19.54
logdj-1.2 23.69 19.76 20.73 19.75 20.48 19.18 | 20.14
lucene-2.0 26.34 21.37 21.76 21.75 2251 20.90 | 22.94
lucene-2.2 28.32 22.60 23.86 24.11 2491 22.21 25.90
lucene-2.4 29.72 22.58 24.39 24.83 28.52 24.00 | 26.25
xalan-2.4 38.68 25.07 29.05 29.87 35.00 28.53 35.20
xalan-2.5 49.26 3445 36.56 38.76 48.05 36.00 | 45.90
xalan-2.6 46.84 31.80 36.18 36.28 44.35 33.15 | 44.44
Ranking(F_test) 7.00 1.47 3.65 3.18 5.53 1.88 5.29

section. Table 15 depicts the results of the TBWOA with
four different learning algorithms. As can be seen, TBWOA
with DT achieved the highest AUC performance (overall
rank of 1.53). The result indicates that DT was the best
learning algorithm for SFP. The second best learning algo-
rithm was SVM, which was much better than kNN and
LDA. However, the complexity results obtained in Table 15
turn out that the computational time of the SVM was the
highest.
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FIGURE 9. Importance of features in terms of the number of selections
by TBWOA.

G. COMPARISON OF TBWOA WITH OTHER APPROACHES

FROM THE LITERATURE

Finally, we compare the performance of TBWOA to other
approaches from the literature. The comparison result is
shown in Table 16, where ’-° means that the authors did
not evaluate their algorithm on that dataset. It is clear that
the AUC performance of TBWOA was much higher than
other methods in most datasets. By observing the result in
dataset log4j-1.2, an increment of more than 20% AUC can
be achieved with TBWOA. On the whole, the results support
our research objective that the natural selection methods can
greatly enhance the overall performance of machine learning
classifiers. Ultimately, it can be concluded that TBWOA is a
useful tool for SFP problems.

TABLE 15. Comparison of the proposed TBWOA using different learning algorithms in terms of AUC rates and running time.

AUC Time
Benchmark DT \ KNN \ SVM \ LDA | DT \ KNN \ SVM \ LDA
ant-1.7 07369 07196 07362 0.6865 | 4090 27.98 11441  40.62
camel-1.2 07029 06317 06476 05825 | 42.80 26.14  159.65  26.14
camel-1.4 0.6864 0.5897 0.5916 0.5000 | 44.56 2972  959.77  26.69
camel-1.6 0.6767 06127 0.6686 05000 | 49.08 31.17 1573.85 26.84
jedit-3.2 07899 07549 0.8305 0.7697 | 27.51 2322 3542 2529
jedit-4.0 0.8229 07126 07571 07193 | 27.99 2354  39.03 2551
jedit-4.1 07245 07694 07769 0.7088 | 27.69 23.57 3643  25.40
jedit-4.2 0.8472 07272 07781 0.6611 | 2580 2425 5255  25.49
log4j-1.0 0.9036 0.8595 0.8104 0.8125 | 2401 2270 2750 2524
logdj-1.1 09822 09444 09592 0.8771 | 22.85 2280 27.10  24.83
logdj-1.2 1.0000  0.6792 05000 0.5000 | 23.69 23.06 3432  25.04
lucene-2.0 0.8180 09137 07975 0.7214 | 2634 2297 3101 2496
lucene-2.2 07653 07788 07085 0.6877 | 2832 2325  39.14  25.02
lucene-2.4 0.8108 0.8474 0.8566 0.8299 | 2972 2396 4156  25.40
xalan-2.4 07735 0.6506 0.6650 0.5856 | 38.68 27.58 12694 2639
xalan-2.5 07884 07164 07265 0.6728 | 4926 28.64 19140  26.62
xalan-2.6 07957 07923 07750 0.8075 | 46.84 2999  120.03  26.74
Overall Rank | 1.53 \ 2.65 \ 2.26 \ 356 | 2.82 \ 132 \ 4.00 \ 1.85
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TABLE 16. Comparison of TBWOA with DT classifier to other approaches from the literature based on AUC results.

TBWOA Shatnawi [97] Okutan and Yildiz [98] Erturk and Sezer [13] Turabieh et. al. [3]
dataset DT LR | NB | 5NN | C45 Bayesian ANN ANFIS LRNN
ant-1.7 0737 | 0.830 | 0.790 | 0.760 | 0.740 0.820 0.847 0.818 0.523

camel-12 | 0703 | 0570 | 0.560 | 0.640 | 0.520 - 0.601 0.601 0.443
camel-14 | 0.686 | 0.700 | 0.670 | 0.670 | 0.600 - 0.791 0.813 0.521
camel-1.6 | 0.677 | 0.650 | 0.590 | 0.660 | 0.540 - 0.681 0.714 0.505
jedit-3.2 0.790 - - - - - 0.880 0.900 0.518
jedit-4.0 0.823 | 0.770 | 0.700 | 0.810 | 0.720 - 0.825 0.783 0.549
jedit-4.1 0724 | 0.820 | 0.750 | 0.800 | 0.690 - 0.868 0.914 -
jedit-4.2 0.847 | 0.840 | 0.750 | 0.770 | 0.640 - 0.875 0.976 0.519
log4j-1.0 0.904 - - - - - 0.893 0.886 0.535
log4j-1.1 0.982 - - - - - 0.902 0.902 0.522
logdj-1.2 1.000 - - - - - 0.780 0.772 0.361
lucene-2.0 | 0.818 | 0.770 | 0.750 | 0.700 | 0.670 - 0.849 0.865 0.553
lucene-22 | 0765 | 0.620 | 0.610 | 0.700 | 0.580 - 0.763 0.746 0.463
lucene-2.4 | 0.811 | 0.750 | 0.690 | 0.730 | 0.680 0.633 0.825 0.815 0.485
xalan-24 | 0773 - - - - - 0.819 0.820 0.536
xalan-2.5 0.788 - - - - 0.624 0.675 0.663 0.510
xalan-2.6 |  0.796 - - - - - 0.682 0.678 0.506

VI. CONCLUSION AND FUTURE WORKS REFERENCES

In this paper, new variants of WOA were proposed as wrap- [1] 1. Sommerville, Sofiware Engineering, 9th ed. London, U.K.: Pearson,

per algorithms to handle the feature selection problems in 2011, p. 18.

SFP applications. Five different natural selection schemes
(random selection, tournament selection, roulette wheel
selection, linear rank-based selection, and stochastic uni-
versal sampling selection) were employed and integrated
into the WOA algorithm. The main idea is to enhance the
quality of the leader as well as the worst solution in the
population, which assisted the whales (solution) to escape
from the local optima scenario while examining the search
space. The proposed approaches were simulated and vali-
dated over 17 public SFP data from the PROMISE repos-
itory. Among the proposed WOA variants, the TBWOA
has retained the best performance in most datasets. The
results obtained affirm the ability of the natural selection
method not only at enhancing the overall performance of
WOA but also in removing the unwanted attributes. Fur-
thermore, the experimental results revealed that the pro-
posed TBWOA overwhelmed the other six state-of-the-art
methods with the highest AUC performance. Our find-
ings showed that TBWOA is a useful and reliable tool for
SFP applications.

In future work, the performance of the proposed
approach can be investigated over different optimization
problems from real-world applications, such as travel sales-
man problems, educational timetabling problems, and stu-
dents’ performance prediction problems.
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