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ABSTRACT The krill herd (KH) algorithm is a global metaheuristic algorithm that was initially proposed for
solving continuous optimization problems. The KH algorithm, since inception, has generated considerable
real-world application interests in the research community. The standard algorithm solution implementation
steps follow the initialization mechanism, which relies mainly on educated guesses or random initialization
solution generation. Therefore, to improve the performance of the KH algorithm, the current study is set
to investigate the influence of initializing the KH algorithm with three low-discrepancy sequences, such
as the Faure sequence, Sobol sequence, and Van der Corput sequence. These low-discrepancy sequences
are known to be more uniformly distributed across the problem search space than the commonly used
random number initialization method. The study also evaluates the influence of population size on the
performance of the proposed variants of the improved KH algorithms. The experimental results show
significant improvements for the enhanced KH algorithms in terms of performance and the quality of
solutions obtained; particularly on standard benchmarked high-dimension test problem instances, where
the enhanced KH variants outperformed the existing basic KH algorithm for all the test functions evaluated.
Similarly, the results for low dimension test cases showed less sensitivity to the initialization schemes, as the
performance of our proposed improved scheme was comparable to that of the basic KH algorithm. However,
in most cases, as the problem dimension was scaled up, the enhanced KH outperformed the basic KH.
Evaluation results based on the population size of the algorithm, revealed that when the number of Krill is
set at 25, the Sobol based KH initialization scheme performed better than did the other methods. Although,
the Van der Corput and Faure based KH initialization schemes showed similar sensitivity when the dimension
was set at 20. As we varied the population size of Krill, it was observed that the performance of the Sobol
based KH initialization scheme deteriorated, whereas the other two methods showed superior performance.
Overall, the findings from this study revealed that there are significant improvements in the performance of
KH algorithm when initialized with low-discrepancy sequences.

INDEX TERMS Krill herd algorithm, initialization of metaheuristics, faure sequence, sobol sequence, van
der caput sequence, low-discrepancy sequence.

I. INTRODUCTION

In the krill herd algorithm, the dispersion of the initial Krill
population in the search space contributes significantly to
the algorithm’s performance; if not dispersed effectively,
the global optimum can be missed [1] through premature
converging. A well-structured dispersion of random numbers
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can reduce this premature converging. Most random num-
ber generators use a uniform probability distribution to gen-
erate uniform pseudorandom number sequences; however,
such a sequence does not have the lowest discrepancies [2].
The quasi-random number can be generated using a low-
discrepancy sequence; these have been proven to have opti-
mal discrepancy and are useful in optimization problems [3].
Low-discrepancy sequences, like those of Van der Corput,
Sobol, Faure, and Halton, are potent computational method

VOLUME 8, 2020


https://orcid.org/0000-0001-8742-7522
https://orcid.org/0000-0002-3721-3400
https://orcid.org/0000-0001-8712-023X

0. J. Agushaka, A. E.-S. Ezugwu: Influence of Initializing KH Algorithm With Low-Discrepancy Sequences

IEEE Access

tools that have been used to improve optimization algorithms’
performance.

The literature shows very few instances where the focus
is on the application of quasi-random sequences initializa-
tion schemes to improve the performance of the metaheuris-
tic algorithm. For example, the Van der Corput and Sobol
sequences were shown to improve to the performance of
the particle swarm optimization (PSO) when used to initial-
ize the swarms [2]. In another study [4], the performance
of the genetic algorithm (GA) was significantly improved
when the Halton sequence was used to initialize the pop-
ulation of the genetic algorithm. Similarly, Uy et al. [5]
conducted a comparative study of the use of Halton, Faure,
and Sobol sequences for initializing the swarm population
of the PSO algorithm. More so, previous studies have also
shown that low-discrepancy sequences have greatly improved
the performance of metaheuristic algorithms. More studies
on the application of quasi-random sequences for initializing
metaheuristic swarm populations can be found in [6]-[8].
The current study is set to investigate a similar influence of
three quasi-random sequence initialization schemes on the
krill herd algorithm (KH). These initialization schemes are
abbreviated in this article as follows: Van der Corput (Vc),
Sobol (So), and Faure (Fa). A brief discussion of the
KH optimization algorithm is introduced next.

The KH metaheuristic optimization algorithm is inspired
by the herding behavior of Krill [29]. The simplicity and ease
of implementation of KH have caught the attention of many
scholars resulting in many applications for and variants of the
algorithm being published. More so, a detailed discussion of
the KH algorithm is presented in section II of this article. The
different forms of the KH algorithm have been generally clas-
sified into three main categories, which were proposed in [9].
The first classification covers the improved KH algorithms
and includes chaotic KH [10], opposition KH [11], Lévy-
flight KH [12], multi-stage KH [13] etc. The second classifi-
cation covers the hybrid KH algorithms, and this includes the
combination of cuckoo Search and KH [14], harmony search
and KH [15], stud KH [16], biogeography-based KH [17],
differential evolution based KH [18], etc. The third classifi-
cation covers the variants of KH algorithms, and this includes
discreet KH [19], binary KH [20], fuzzy KH [21], and multi-
objective KH [22].

Many real-world applications of the KH algorithm
exist in literature ranging from continuous optimiza-
tion [23], combinatorial optimization [24], constrained
optimization [25], multi-objective [26] and other related engi-
neering domains [27]. Therefore, considering the relevance
of the KH algorithm to the research communities, an effort
is made in this article to enhance its performance by means
of improving its initialization schemes. It is equally impor-
tant to note here that the design of the original KH algo-
rithm’s initialization mechanism was based on the traditional
random number generator scheme. This scheme has the
limitation of clustering, thereby making the population
spread to be non-uniform within the solution landscape.
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Further, traditional random number solution initialization
schemes do not achieve the desired optimal discrepancy,
which would aid the algorithm in achieving superior solution
quality. These drawbacks motivate us to carry out our study
on the three initialization methods mentioned above and to
evaluate their influence on the KH algorithmic performance
in finding a global optimum solution for difficult optimization
problems.

To the best of our knowledge, no study has used a low-
discrepancy sequence (particularly Van der Corput, Sobol or
Faure) to improve the performance of KH. In this article,
we investigate the effect of using Van der Corput, Sobol, and
Faure sequences to initialize the krill population. The basic
KH algorithm [29] will be used to test the influence of these
sequences. We believe that our modification will have a ripple
effect on all other variants of KH because they all require
initialization of the krill population. The improved KH is
then applied to the same benchmark functions used in [29]
and the results compared with the basic KH. We also test the
influence of the krill population and maximum iterations on
the KH algorithms.

Based on the experimental investigations carried out in this
article, we can highlight the features and technical contribu-
tions of this article as follows:

o The numerical experimentation results, which are based
on the improvement of the KH algorithm by modify-
ing its initialization method using three low-discrepancy
sequences, namely VcKH, FaKH, and SoKH, show that
under the same parameter condition of population size,
the maximum number of iterations, and replications,
the proposed enhanced KH algorithm variants perform
better than standard KH algorithm. However, while the
SoKH algorithm can easily a find near-optimal solu-
tion under a small population size and low problem
dimension, the FaKH and VcKH performance is seen to
increase under large population size and large problem
dimension.

o The influence of the three initialization schemes on the
standard KH algorithms is carefully evaluated in this
article. The overall goal is to determine, in compari-
son with the basic KH algorithm, which of the three
improved KHs has more sensitivity to initialization and
is bound to producing better performance in terms of the
optimal solution and computational efficiency.

o Comparative analyses of results of the three proposed
initialization schemes are justified by using descriptive
statistical values such as the mean result obtained after
20 algorithm run replications, standard deviation, mean
error value, and the computational efficiency of each
algorithm. We believe that the descriptive statistical
results will be relevant when deciding on the appropri-
ate initialization mechanisms to consider for any given
optimization benchmark problem to solve using the
KH algorithm or its variants.

The rest of the paper is organized as follows: a summary of
related work, KH background details, and application areas
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are introduced in Section II of the paper. The study methodol-
ogy, motivation, and the initialization schemes; namely, ran-
dom number generation methods, Van der Corput sequence,
Faure sequence, and Sobol sequence are introduced, then
the proposed enhanced KH algorithmic design steps are
given in Section III, Next, the experimental configuration,
the test benchmark functions are outlined, and the results are
discussed in Section IV. Finally, the conclusion and future
research direction are given in section V.

Il. RELATED WORK

In most metaheuristics, optimization algorithms initialization
of the swarm or individual population usually involves some
randomness or informed guesses, and these have consid-
erable influence on the algorithms’ ability to find optimal
solutions. However, linear programs and convex optimiz-
ers attain optimal solutions independent of the initializa-
tion schemes. The fact is most optimization algorithms are
nonlinear and non-convex [50]. Different mathematical and
statistical approaches have been previously proposed to solve
the initialization problem.

The idea of uniformly covering the search space in order
to obtain the optimal solution is well researched. Studies
have shown that quasi-random numbers are efficient ini-
tialization mechanisms for metaheuristic algorithms search-
ing for near-optimal solutions. For example, the swarm
population in [5] was initialized using Halton, Sobol, and
Faure randomized low-discrepancy sequences, and the results
were then compared with those from the global best PSO.
While there was a significant improvement in the PSO with
Sobol, there were mixed results for the Faure and Halton
sequences. The authors in [5], therefore, concluded that
employing low-discrepancy sequences for the initialization
scheme of metaheuristic algorithms significantly improves
the quality of solutions obtained by the algorithms. Similarly,
Pant et al. [2], used the Van der Corput and Sobol sequences
to initialize the swarm population of the PSO. They compared
their result with those from the basic PSO, which uses a
uniform distribution mechanism for the initialization of the
PSO swarm. Their results showed that the improved PSO
with a low-discrepancy sequence yielded a better initialized
swarm and increased the performance of PSO by a significant
percentage.

Quasi-random numbers, especially those with low discrep-
ancies, have shown promising results; however, severe limi-
tations exist in their usage. For instance, they perform poorly
as the dimension of the problem gets bigger [51]. However,
the advantages that they present are a great asset to their usage
by researchers.

Brits et al. [7] used niching methods to initialize the pop-
ulation of a swarm to find multiple solutions to function
optimization problems. Using the guaranteed convergence
particle swarm optimization (GCPSO) algorithm, their results
showed that all maxima were successfully located for all
the simulation runs. However, the GSPSO had some draw-
backs, such as its poor performance on high dimensional
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functions and high computational cost. The swarms in [30]
were initialized using a nonlinear simplex method, and the
results showed that the particles gravitated better toward the
good quality solutions than they had with the variant of
PSO considered in the paper.

A different approach was considered by Richards and Ven-
tura in [31], where one particle was placed in the centre,
and the remainder were spread around it in the search space.
Their result was promising; however, it is not entirely without
bias. The chaos-based approach involves generating random
numbers using a chaotic map and fewer initial conditions.
This approach is dependent on initial conditions [52].

Researchers have also designed schemes in conjunction
with other algorithms to solve problem-specific initializa-
tion problems. For instance, Kondamadugula and Naidu [50]
combined a special sampling evolutionary algorithm with a
random sampling evolutionary algorithm to tune the param-
eters in a digital integrated circuit. In Li et al. [53], the GA
was initialized using a knowledge-based system to solve the
traveling salesman problem. The degrees of the node for each
neighbourhood was evaluated in [54], and based on these
degrees, the population was initialized to solve the network
disintegration problem. However, this approach has setbacks
such as increasing the computational cost, it is problem-
specific, and its performance is greatly influenced by the
expertise of the user.

The authors in [55] carried out a systematic comparison of
the effect of 22 different probability distribution initialization
methods on the convergence and accuracy of five optimiza-
tion algorithms. Their results showed that the population size
and maximum number of iterations affect most algorithms
differently. It also showed that some algorithms are insensi-
tive to the initialization scheme, and overall, initialization of
the population plays a significant role in finding an optimal
solution for some problems.

Next, we present a preliminary discussion on the
KH algorithm, which includes both KH background and
major application areas from literature.

A. KRILL HERD ALGORITHM
The KH algorithm was first proposed by Gandomi and Alavi
in 2012 [29], and the algorithmic inspiration is based on the
simulation of the herding behavior of krill individuals. The
algorithmic procedure for the KH is as given in algorithm
listing 1, while a schematic representation of the sensing
ambit around a krill individual is shown in Figure 1. The
objective of the algorithm is to minimize the distance of each
krill from food location and krill density. Three basic motions
are defined for each krill; specifically, the motion induced
by other krill, foraging motion, and physical diffusion. The
algorithm starts by initializing the krill position using a ran-
dom number generator (or as in our proposed improvement,
a low-discrepancy sequence generator, as is discussed in this
article).

For each krill, the three aforementioned motions are evalu-
ated, the scale factor is determined, and the value of the fitness
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Sensing Distance =

Neighbor 2

FIGURE 1. An illustration of the sensing ambit between the individual
krill [29].

function for each krill is calculated as follows:

dX;

e N; + F; + D)) ()
where N; is the motion induced by other krill, F; is the
foraging motion and D; is the physical diffusion. To improve
the performance of the algorithm, some genetic reproduc-
tion mechanisms such as crossover and mutation can be
incorporated into the KH algorithm. For the KH algorithm,
the movement induced by other krill is defined as follows:

Ninew — Nmaxai + wiNiald (2)

where «; is the direction of motion, which is influenced
by the target krill density, local krill density, and repulsive
krill density. The foraging motion is influenced by the food
location and previous knowledge of the location of the food,
and this is defined as

Fi = ViBi + wrFOM (3)
where
pi= B+ B 4)

the parameter V7 is the foraging speed, wy is the inertia weight
and F i"ld is the last foraging movement. The physical diffu-
sion is defined in terms of maximum diffusion speed (D"**)
and a directional vector (8), which is defined as follows

D; = D", )

There is a need for the physical diffusion to decrease with
time, so equation (5) is redefined as

1
)8. 6)

max
The individual krill position vector at time # to ¢ 4+ At is given
as

D; = D"*(1 —

dx;
Xi (0 A = Xi (1) + At 7
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Algorithm 1 Standard Krill Herd Algorithm [48]
1: k < 1 {initialization/
2: Initialize parameters (Dmax, N max, etc.)
3:Fori=1toM do
4: Generate Solution (xi(k))
5: {evaluate and update best solutions/
6: K(xi(0)) < Evaluate quality(xi(0))
7: End for
8: x* < Save best individual x*(0)
9: {main loop/
10: Repeat
11: sort population of krills
12: Fori = 1to M do
13: Perform motion calculation and genetic operators:
14: Ni < Motion induced by other individuals
15: Fi < Foraging activity
16: Di < Random diffusion
17: Crossover
18: Mutation
19: {update krill position}
20: Update Solution (xm(k))
21: {evaluate and update best solutions/
22: K(xi(k)) < Evaluate quality(xi(k))
23: End for
24: x* < Save best individual x * (k)
25: stop condition <— Check stop condition ()
26:k < k+1
27: Until stop condition = False
28: Return K (x * (k)), x % (k), k

At is the scale factor, which is tuned according to the opti-
mization problem.

Next, the krill positions are updated based on the motions
evaluated earlier, and the iteration continues until a global
value is attained or the maximum number of iterations is
reached. Algorithm listing 1 shows the implementation steps
of the standard krill herd algorithm design. See [29] for a
comprehensive discussion on the KH algorithm.

Since it was first published in 2012, the KH has received
significant attention from researchers, and according to
Google Scholar, the original publication had been cited
1177 times by August 2020. A search in Google Scholar,
IEEE, Scopus, and Web of Science, in conjunction with [9]
showed that a total of 122 articles related to KH had been
published as of August 2020. In August 2020, there were
already 20 articles published for the year. Figure 2 shows the
distribution according to years of publication.

B. APPLICATION AREAS OF KH

The 122 articles published related to KH show its applica-
tion in many areas, which can be classified into continuous
optimization, combinatorial optimization, constrained opti-
mization, multi-objective optimization, dynamic, and noisy
environment engineering, and fuzzy systems. Table 1 gives
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FIGURE 2. Number of KH related publications.

a summary of these application areas and the number of
publications in each [9], [56]-[69].

The clustered column chart, presented in Figure 3, visually
summarizes and compares the number of publications across
the various application areas identified in Table 1. We see
that the optimal power flow problem is the area with the
most applications of the KH algorithm. It also shows that
the KH algorithm is applied widely; there are more than
ten application areas in which the algorithm has more than
five publications. These span promising areas of practical
optimization problems.

ill. METHODOLOGY

The performance of population-based metaheuristic algo-
rithms is heavily dependent on the initialization of the swarms
and the initial solution generated in this process. With little or
no knowledge about the search or solution space, the spread
of these swarms over the space is crucial [34]. The most com-
mon method of initialization is the use of randomly-generated
initial solutions based on the concept of a random number
generator mechanism. However, there are some major lim-
itations associated with the traditional random initialization
schemes and so using low-discrepancy sequences is a viable
alternative for the process. In this section, we discuss each of
these methods of initialization and highlight their strengths
and weaknesses.

A. MOTIVATION

The role that initialization plays in the final solution for most
optimization algorithms is uncontested. Several initialization
schemes exist, as discussed in the previous section, all with
their advantages and disadvantages. The spread of the initial
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population over the search space is important, and different
initialization distributions schemes do this differently. Our
choice of low-discrepancy sequences hinged on their offering
a uniform and wide distribution in the search space, which
different research perspectives have shown to, respectively,
influence the initial and the final results [2], [5]. The ease of
use and implementation of these initialization mechanisms is
another factor that influenced our choice for the current study.
Although some of the low-discrepancy sequences initializa-
tion schemes perform poorly as the problem dimension or
graph size scales up, their advantages are of still significant,
especially when compared to the well-known and commonly-
used random number initialization method. Overall, just as
other initialization schemes have their advantages and dis-
advantages, it is a trade-off between computational cost and
solution quality.

While researchers have done great work in applying these
schemes on algorithms such as PSO, GA, ABC, to the best
of our knowledge, no study has been published on their use
in the initialization of KH. This reason alone would be suffi-
cient motivation for the current study. Further, we were also
motivated by our interest in finding whether the KH algorithm
would be sensitive to the choice of the initialization scheme,
particularly the low-discrepancy sequences.

Next, we briefly introduce the four initialization schemes
that were earlier mentioned in this text.

B. RANDOM NUMBER GENERATION OR MONTE CARLO
METHODS

The random number generation or Monte Carlo methods play
an essential role in the initialization process [35], [36]. The
main point here is how genuinely random are the resulting
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FIGURE 3. Clustered chart for application areas of KH.

‘randomly generated’ solutions within the solution search
spaces. The quality of a pseudorandom generator is depen-
dent on its measure of discrepancy [32]. We illustrate this
further as follows:

Given a set of points P = {X1, X2, ..., Xy} € [0...1]° the
star discrepancy of P is given in [37] as

A(J, P
Ty(PN) = \/ J [0,1]»?[% — V()2du ®)

where J = [0..u;] Yu = (ui,up, ..., us),A(J, Py) is the
number of points in J and V(J) is the volume. The linear
congruential method is one of the most widely used random

number generations, it uses the Lehmer sequence, and it is of
the form [38]

xi = (axi+c)ymodm Y0 <x;<m O]

The choice of a and m has a significant influence on the
random numbers generated, and normally c is set to 0. It has
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been shown in [37], [39] that Monte Carlo methods do not
achieve optimal discrepancy that would aid the algorithm
to achieve superior quality results. These limitations moti-
vated us to drop the Monte Carlo methods for quasi-random
methods with low discrepancies. However, other initialization
schemes such as those based on probability distributions
exist in literature. The descriptions of the three quasi-random
methods adopted for our work are given in the next sections.

C. VAN DER CORPUT SEQUENCE

The Van der Corput sequence is the basis for most
low-discrepancy sequences. It was initially defined for
one-dimensional space and base (b > 2) [28]. It is defined
as follows. Given that ¢, = Ng — [0, 1), if n € Ny then
n can be expanded as

(10)

T
_ 3 j—1
n= Z ajt/
j=0
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TABLE 1. Application area of KH.

Category Number of Publications

Continuous Optimization [9, 56, 70]

Area of Application

Artificial Neural Networks

Daily Pan Evaporation-Climatology
Global Numerical Optimization Problems
Optimizing Support Vector Regression/ Machine
Solar Photovoltaic (PV) System.
Clustering Problem

Phase Equilibrium Calculations

Sensorless Control

PID Control

Inverse Radiation Problem

Channel Equalization Problem

Wireless Sensor Networks

Model Turbine Heat Rate

Flexible Job-Shop Scheduling Problem
(FIJSSP)

Scheduling Problem

Anomaly Detection Algorithm

QoS Routing

Portfolio Optimization

Medical Image/ Breast Cancer Classification
Feature Selection

Optimal Power Flow Problem

Mobility Tracking Problem

Four-Bar Linkage

Optimal Capacitor Allocation Problem
Inverse Geometry Design

Economic Dispatch Problem

Deployment in Vehicular Ad Hoc Networks
CHPED Problem

Annual Energy Losses

Distributed Generator (DG)

Distribution Feeder Reconfiguration (DFR)
Optimal Reactive Power Dispatch (ORPD)
Resource Allocation

Optimal VAR Dispatch Problem
Constrained Programming for Surfactant Flooding
Transient Stability Constrained Optimal
Power Flow (TSCOPF)

Electromagnetic Optimization

Grid Fault Recovery Assistant Decision
Graph-Based Network Route Optimization
Structural Optimization

Optimum Design of Truss Structures
Engineering Optimization Problems

Fuzzy Rule-Based Systems

N [—= | [= = N[N [—=|Q[—|N|O|[—|co

Combinatorial Optimization [19, 70]

—_

Constrained Optimization [70]

N[ [n|d]|—= W= |n|—]—=]—= [ ]—= [N [w || [ |wn

Multiobjective Optimization [22,26]

Dynamic and Noisy Environment [6, 46]
Engineering [70]

Y [N N (OS] oy (UL AN

Fuzzy System [21, 30]

where a; € {0,...,b— 1}, and T = |log,n| .¢p, and the
parameter ¢, can be formally defined as

D. FAURE SEQUENCE
The Halton sequence [32] is one of Van der Corput’s exten-

T sions, and the Faure sequence [33] is a permutation of the

_ 9 Halton sequence. The Faure sequence is known to be better
o)=Y L (1) Halu . .

v bt distributed uniformly in the search space when compared to

that of Sobol (see Figure 5). It is defined as follows.
where @ (1), is the Van der Corput sequence with base b.

Once defined, the sequence members are densely popu-
lated around the unit interval. Figure 4 shows how the

Given Z; = (C1, Ca, ..., Cy) (12)

Van der Corput sequence is distributed as compared to the
distribution according to a pseudorandom number scheme.
In our paper, we use the Van der Corput to generate a
low-discrepancy sequence to initialize the krill positions,
forming a dense population around the search space of the
problem [49].
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where C; is the Halton sequence. The parameter m is the
smallest prime number greater than or equal to the dimension
of the problem and not less than 2. The Faure sequence is
generated as follows

IfC, =00+ 24 b FD (13)
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FIGURE 5. Pseudorandom vs. Faure population spread.

then

Coot=af ' +a 2+ +ar Ot (14)

where

o
bj = Zizj (J’) ai mod m. (15)

The Halton and Faure sequences are known to perform
poorly when the search space has large dimensions. However,
the distribution around the search space is satisfactory, as sim-
ilarly highlighted in [2]. In Figure 5, we demonstrate, through
a simulation run, the population spread or distribution topol-
ogy of the Pseudorandom and Faure sequences.

E. SOBOL SEQUENCE
A Sobol function (X,E/)), generates sequences faster com-
putationally than the Faure method. It is defined as
follows [40]—-[42].

Given F, = {0 1} and a linear nonrecurrence relation
defined over it, n > 0 can be expanded as

n=m2"+m2" +.. +n,2""! (16)
le) = nlv?) D nzvg) b...D nwvv({) a7
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where
vlﬁl) = “1"?—)1 @ azv?_)z D...0 aqvl(’_)qJrl

e e o0l 2 18

i > g, a; is the coefficient of the gth primitive polynomial of
F> and this is used to generate the Sobol sequence. Figure 6
shows the sample simulation output, indicating how the Sobol
sequence is distributed.

w
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FIGURE 6. Pseudorandom vs. Sobol distributions.

F. PROPOSED ALGORITHM

The population of krill in the basic KH algorithm [29] are
initialized using the pseudorandom number generator, which
has been proven to have sub-optimal discrepancy [43]. With
the advantages of low-discrepancy sequences like the Van der
Corput, Sobol, and Faure sequences, we evaluate the effects
of these sequences on the basic KH initialization.

1) VAN DER CORPUT SEQUENCE-BASED KH ALGORITHM
Here, we initialized the krill population using the Van
der Corput sequence (equation 11). A function that gen-
erates the Van der Corput sequences was implemented
in MATLAB. The random number generator used in the
basic KH is replaced with this function, which generates the
Van der Corput sequence at every iteration of the algorithm,
thereby providing a better spread of the krill over the solution
search space. This spread then increases the probability of
convergence to the optimal solution. The steps of the Van
der Corput KH (VcKH) algorithm are depicted in algorithm
listing 2.

The Van der Corput function, vdcorput (k, b), takes two
parameters; k is the maximum sequence index, which is
a non-negative integer, and b is the sequence base integer
exceeding 1. The output: s, is a (k + 1) x 1 array, with s(7)
storing (i + 1) Van der Corput sequences.

2) FAURE SEQUENCE-BASED KH ALGORITHM
Using equation 14, the Faure function that generates the
Faure sequences is used in place of the random number
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TABLE 2. Benchmark functions.

ID Name Di Function Bounds Global
F1  Ackley 30 . Xe[-3232]° 0
f(x) =—aexp <—0.02jn 1 X ) —exp (n'lz CDS(ZT[XL')> +a
i= i=1
+e,a=
F2  Griewank 30 1 x; Xe[-600,600]%° 0
f(x)_1+4oooz 1_[“’5( )
F3  Quartic 30 Xe[—1.28,1.28]3° 0
fx) = Z ix{ + rand
=1
F4  Rastrigin 30 T Xe[-5.12,5.12]%® 0
f&X) =10n+ Z(xi2 — 10cos(2mx;))
i=1
F5  Rosenbrock 30 " Xe[—30,30]3° 0
FO0 =) (1000 = ¥)? + (i~ 1)?)
i=1
F6  Schwefel 2.26 30 T Xe[-500,500]%° 0
FO0 = Y =sisin (bl
i=1
F7  Schwefel 2.22 30 T n X 0
f&X) = leil + Hlxil € [-100,100]3°
=1 i=1
F8  Michalewicz 10 d ix? X e[o,n -
- Z sin(x;) sin®™ <—L> 0.966015
= " Atd=10
F9  Schwefel 1.2 30 n /i 2 X 0
_ 30
FOO = Z ij € [—100,100]
i=1 \ j=1
F10  Sphere 30 Xe[—100,100]3° 0
FCO = lIXIL X1 =
F11 Booth 2 f(X) =(x + 2xZ -7+ (2x1 +x, —5)2 X e[-10,101> 0
F12 Hartman 4-Dimensional 4 X e[01] -3.86278
f&) —m 11- Z“LEXP ZAU("/ U)
a= (1.0, 1.2,3.0, 3.2)'
10,3,17,3.5,1.7,8
A 0.05,10,17,0.1,8,14
3,3.5,1.7,10,17,8
17,8,0.05,10,0.1,14
1312,1696,5569,124,8283,5886
P =104 2329,4135,8307,3736,1004,9991
- 2348,1451,3522,2883,3047,6650
4047,8828,8732,5743,1091,381
F13  Hartmann 6-dimensional 6 X e[01] -3.32237
fX) = _Za exp ZAU(xJ U)
i=1
a= (10,12, 3.0, 3.2)'
10,3,17,3.5,1.7,8
A= 0.05,10,17,0.1,8,14
~ | 3,3.51.7,10,17,8
17,8,0.05,10,0.1,14
1312,1696,5569,124,8283,5886
P =104 2329,4135,8307,3736,1004,9991
N 2348,1451,3522,2883,3047,6650
4047,8828,8732,5743,1091,381
210894 VOLUME 8, 2020
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TABLE 2. (Continued.) Benchmark functions.

F14 Hartmann 3-dimensional 3 4 3 X e[0,1] -3.86278
2
f&Xx) = —Z aexp —ZAij(xj - Pij)
i=1 j=1
a=(1.0,1.2,3.0,3.2)’
3.0,10,30
4= 0.1,10,35
~13.0,10,30
0.1,10,35
3689,1170,2673
— 10~ 4699,4387,7470
- 1091,8732,5547
381,5743,8828
F15  Shekel 4 m [ 4 -1 X €[0,1] -10.5364
Fo0 == D (5-6) +4
i=1 \j=1
m=10
1
B = 0 (1,2,2,4,4,6,3,7,5,5)"
4.01.08.06.03.02.05.08.06.07.0
4.01.08.06.07.09.03.01.02.03.6
4.01.08.06.03.02.05.08.06.07.0
4.01.08.06.07.09.03.01.02.03.6
F16 Zakharov 30 d d 2 a 4 X € [-5,10] 0
f&X) =) x? +< 0.5ixi> + ( 0.5ixl->
21\ 0%%) +{2,
F17 Easom 2 f(X) = — cos(x;) cos(x,) exp(—(x; — m)? — (x, — )?) X € [-100,100] -1
F18 Branin 2 fX) =alx, —bx; 2 +cx; —1)%+s(1—t)cos(xy) + s x, € [-5,10] 0.397887
x, € [0,15]
F19 Colville 4 FX) =100(x% — x)% + (x; — D+ (x5 — 1D + 90(x32 — X € [-10,10] 0
x4)% +10.1(0x, — 1)%4+(x, — 1)? +19.8(x, — D(xa — 1)
F20  Goldstein-Price 2 fX) =14 (x; +x, + 1D2(19 — 14x, + 3x,2 — 14x, + X €[-2,2] 3

6x,%, + 3x,2)] X [30 + (2x; — 3x,)3(18 — 32x; + 12x,% +
48x, — 36x,x, + 27x,7%]

Algorithm 2 Pseudocode for the Van der Corput Sequence Improved KH Algorithm

Begin

Initialization. Set generation counter; initialize population NP krill; set the foraging speed Vy, maximum diffusion speed
Dy, and maximum induced speed N,y ; probability of crossover pc.
Evaluate population. Evaluate the krill population based on its position.

For dimension d

Krill position = (between upper bound and lower bound). * vdCorput( )

End

Krill = evaluate (krill position)
While MaxGeneration do

Sort all the Krill according to their fitness.

For all Krill do

Sort all the Krill and find the current best.

End while

Perform the three motions.
Update position for Krill

Evaluate each Krill based on its new position
End for

Return the best solutions.

End

generator in the KH algorithm to initialize the krill positions.
Algorithm listing 3 gives the procedure for the Faure

VOLUME 8, 2020

sequence improved KH (FaKH) algorithm. The Faure func-
tion, faure (k, d, b), takes three parameters; k is a non-negative
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Algorithm 3 Pseudocode for the Faure Sequence Improved KH Algorithm

Begin

Initialization. Set generation counter; initialize population NP krill; set the foraging speed V¢, maximum diffusion speed
Dyyax, and maximum induced speed N, ; probability of crossover pc.
Evaluate population. Evaluate the krill population based on its position.

For dimension d

Krill position = (between upper bound and lower bound). * Faure ()

End
Krill = evaluate (krill position)
While MaxGeneration do
Sort all the Krill according to their fitness.
For all Krill do
Perform the three motions.
Update position for Krill
Evaluate each Krill based on its new position
End for
Sort all the Krill and find the current best.
End while
Return the best solutions.
End

Algorithm 4 Pseudocode for the Sobol Sequence Improved KH Algorithm

Begin

Initialization. Set generation counter; initialize population NP krill; set the foraging speed Vy, maximum diffusion speed
D j4x, and maximum induced speed N, ; probability of crossover pc.
Evaluate population. Evaluate the krill population based on its position.

For dimension d

Krill position = (between upper bound and lower bound). * Sobol ()

End
Krill = evaluate (krill position)
While MaxGeneration do
Sort all the Krill according to their fitness.
For all Krill do
Perform the three motions.
Update position for Krill
Evaluate each Krill based on its new position
End for
Sort all the Krill and find the current best.
End while
Return the best solutions.
End

integer for the maximum sequence index, d is a positive
integer for the sequence dimension, and b is the sequence
base, integer exceeding 1. The output: s is a d x (k + 1) array,
with s(:, i) storing (i + 1) Faure sequences.

3) SOBOL SEQUENCE-BASED KRILL HERD ALGORITHM

In the same vein, using equation 17, we generate a Sobol
sequence that we use to initialize the krill herd position.
The Sobol sequence KH algorithm is given in the Algo-
rithm listing 4. The function fnc_getSobolSetMatlab (dim,
N), provides a Sobol quasi-random distribution, it takes
two parameters inputs: dim is the number of variables, the

210896

maximum number of variables is 40, and N is the number
of samples. The output: X is a[N x dim] matrix of the quasi-
random samples.

IV. EXPERIMENTAL SETUP

To test the performance of our approach and compare the
three proposed quasi-random sequence distribution mecha-
nisms with those from the basic KH algorithm, which used a
pseudorandom number generator sequence to initialize krill
population, we implemented three versions of the KH algo-
rithm in MATLAB (R2020a), run on Windows 10 OS, Intel
Core 17-8550U CPU, 8G RAM. We applied them on a set

VOLUME 8, 2020
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TABLE 3. Results for functions having a maximum of 10 dimensions.

F | Glob | KH VcKH FaKH SoKH

n al Best SD Mean Best SD Mean Best SDh Mean Best SD Mean

F1 |0 9.36E- 9.41E- 2.06E- 9.12E- 1.50E- 2.33E- 6.46E- 6.89E- 1.58E- 9.64E- 7.48E- 1.80E-
04 04 03 04 03 03 04 04 03 04 04 03

F2 |0 2.22E- 4.10E- 6.23E- 6.70E- 6.08E- 1.60E- 6.85E- 4.06E- 1.24E- 6.28E- 7.67E- 1.50E-
02 02 02 02 02 01 02 02 01 02 02 01

F3 |0 2.89E- 1.31E- 4.72E- 1.30E- 1.79E- 1.90E- 4.50E- 2.04E- 3.32E- 2.40E- 1.24E- 1.36E-
03 03 03 02 01 01 04 03 03 03 02 02

F4 | 0 9.95E- 3.92E+0 | 5.77E+0 | 2.30E- 3.17E+0 | 9.02E+0 | 1.58E- 3.15E+0 | 8.97E+0 | 9.79E- 1.86E+0 | 1.79E+0
01 0 0 04 0 0 04 0 0 05 0 0

F5 | 0 4.33E- 3.44E+0 | 1.65E+0 | 3.64E- 2.50E+0 | 7.10E+0 | 5.49E+0 | 9.27E- 7.72E+0 | 2.36E+0 | 2.65E+0 | 1.55E+0
01 2 2 03 0 0 0 01 0 0 1 1

F6 |0 - 1.27E+0 | - - 2.07E+0 | - - 2.81E+0 | - - 4.46E+0 | -
2.01E+0 | 1 1.84E+0 | 4.19E+0 | 2 4.10E+0 | 4.19E+0 | 2 4.02E+0 | 3.32E+0 | 2 2.63E+0
2 2 3 3 3 3 3 3

F7 |0 2.86E- 1.46E+0 | 9.72E+0 | 5.16E- 1.22E- 1.81E- 8.90E- 2.03E- 2.74E- 3.18E- 5.55E+0 | 8.23E+0
03 1 0 03 02 02 03 02 02 02 1 1

F8 | - - 8.66E- - - 7.75E- - - 7.90E- - - 9.22E- -

0.96601 | 5.75E+0 | 01 4.46E+0 | 8.42E+0 | 01 7.69E+0 | 8.54E+0 | 01 7.02E+0 | 9.08E+0 | 01 7.24E+0
5 0 0 0 0 0 0 0 0

F9 |0 8.71E- 1.40E- 2.25E- 9.28E- 9.71E- 2.66E- 1.22E- 1.45E- 2.66E- 1.31E- 1.28E- 2.47E-
05 04 04 04 04 03 03 03 03 03 03 03

F1 |0 2.11E- 1.08E- 3.31E- 5.60E- 3.39E- 1.14E- 6.87E- 4.19E- 1.07E- 6.14E- 3.34E- 9.18E-

0 03 03 03 03 03 02 03 03 02 03 03 03

F1 |0 3.36E- 5.02E- 3.21E- 2.57E- 5.66E- 4.99E- 2.40E- 1.75E- 1.70E- 7.55E- 2.18E- 2.71E-

1 11 08 08 10 08 08 10 08 08 10 08 08

F1 | - - 3.68E- - - 9.98E- - - 1.38E- - - 1.15E- -

2 3.86278 | 2.95E+0 | 01 2.58E+0 | 3.13E+0 | 09 3.13E+0 | 3.13E+0 | 08 3.13E+0 | 3.13E+0 | 01 3.06E+0
0 0 0 0 0 0 0 0

F1 | - - 2.70E- - - 1.70E- - - 1.47E- - - 3.00E- -

3 3.32237 | 2.58E+0 | 01 2.19E+0 | 3.04E+0 | 08 3.04E+0 | 3.04E+0 | 08 3.04E+0 | 3.04E+0 | 02 3.02E+0
0 0 0 0 0 0 0 0

F1 | - - 5.21E- - - 2.44E- - - 1.05E- - - 1.16E- -

4 3.86278 | 3.77E+0 | 01 3.34E+0 | 3.86E+0 | 01 3.79E+0 | 3.86E+0 | 04 3.86E+0 | 3.86E+0 | 04 3.86E+0
0 0 0 0 0 0 0 0

F1 | - - 2.70E+0 | - - 1.11E- - - 1.33E- - - 2.03E+0 | -

5 10.5364 | 1.0SE+0 | 0 5.64E+0 | 1.05E+0 | 05 1.05E+0 | 1.05E+0 | 05 1.05E+0 | 1.05E+0 | 0 5.30E+0
1 0 1 1 1 1 1 0

F1 |0 4.95E- 3.29E- 3.30E- 4.95E- 6.98E- 1.42E- 7.60E- 9.23E- 9.75E- 3.64E- 3.20E- 3.32E-

6 02 01 01 02 02 01 03 02 02 02 01 01

F1 | -1 - 5.16E- -6.00E- | - 1.89E- - - 1.84E- - - 5.16E- -6.00E-

7 1.00E+0 | 01 01 1.00E+0 | 04 1.00E+0 | 1.00E+0 | 04 1.00E+0 | 1.00E+0 | 01 01
0 0 0 0 0 0

F1 | 0.39788 | 3.98E- 8.31E- 3.98E- 3.98E- 5.42E- 3.98E- 3.98E- 7.99E- 3.98E- 3.98E- 5.88E- 4.16E-

8 7 01 08 01 01 08 01 01 08 01 01 02 01

F1 [0 4.92E- 2.73E+0 | 3.15E+0 | 2.80E- 2.42E+0 | 1.06E+0 | 1.95E- 1.36E+0 | 5.59E- 2.15E- 2.49E+0 | 1.76E+0

9 02 0 0 03 0 0 04 0 01 02 0 0

F2 |3 3.00E+0 | 2.19E- 3.00E+0 | 3.00E+0 | 2.56E- 3.00E+0 | 3.00E+0 | 5.86E- 3.00E+0 | 3.00E+0 | 1.37E- 3.00E+0

0 0 07 0 0 07 0 0 08 0 0 07 0

of standard benchmark functions in [44]-[46]. For each of
the three variants of the improved KH algorithms, namely,
VcKH, SoKH, and FaKH, the corresponding quasi-random
number sequence is used to generate the initial krill. Oth-
erwise, the KH algorithm is the same as the basic KH with
parameters as presented in [29].

Like most metaheuristic algorithms, the random nature
of the KH algorithm makes it difficult to achieve excel-
lent performance in one trial; in reality, multiple trials are
needed to judge their performance. In this study, the function
evaluations are set to 10,000 for high dimensional functions
(F1-F10, F16), and 1000 for low dimensional functions
(F11-F20); this is done because the dimension of a func-
tion affects the ease of obtaining an optimal solution [45].

VOLUME 8, 2020

The value of C is set to 0.5 and w,, wy starts at 0.9. We use
two cases to tune the parameters of the algorithms. These two
cases are described below,

Case 1:

We set the number of replications to 10 runs for the first
set of experiments. The krill population is 25, and the max-
imum number of iterations is set at 200. The dimensions of
(F1-F10, F16) are set at 10, 20 and 30, and each algorithm
is evaluated accordingly. The effect of these dimensional
changes is recorded, as shown in Tables 3, 4, and 5.

Case 2:

We set the number of replication to 20 runs, dimension
is set to 30, and the maximum number of iterations (MI)
and krill population are varied as (50 krill and 300 MI,

210897



IEEE Access

0. J. Agushaka, A. E.-S. Ezugwu: Influence of Initializing KH Algorithm With Low-Discrepancy Sequences

TABLE 4. Results for functions having a maximum of 20 dimensions.

F | Glob | KH VeKH FaKH SoKH
n al Best SD Mean Best SD Mean Best SD Mean Best SD Mean
F1 |0 9.84E- 1.42E+0 | 2.80E+0 | 6.11E- 1.60E- 8.21E- 4.48E- 2.68E- 7.85E- 4.85E- 6.71E- 5.17E-
03 0 0 03 03 03 03 03 03 03 01 01
F2 |0 7.40E- 1.64E- 1.69E- 8.27E- 5.35E- 1.61E- 6.27E- 1.44E- 1.70E- 1.17E- 6.49E- 1.91E-
05 02 02 02 02 01 02 01 01 01 02 01
F3 |0 3.52E- 6.09E- 9.59E- 1.40E- 1.31E- 1.27E- 6.76E- 1.85E- 2.29E- 2.46E- 3.04E- 5.51E-
02 02 02 03 02 02 03 02 02 02 02 02
F4 | 0 6.97E+0 | 7.76E+0 | 1.59E+0 | 4.98E+0 | 1.22E- 4.98E+0 | 4.98E+0 | 7.36E- 4.98E+0 | 1.44E- 2.19E+0 | 7.98E-
0 0 1 0 03 0 0 04 0 03 0 01
F5 | 0 1.42E+0 | 77.23 1.01E+0 | 1.81E+0 | 1.20E- 1.82E+0 | 1.68E+0 | 7.60E- 1.84E+0 | 1.72E+0 | 1.73E+0 | 2.51E+0
1 2 1 01 1 1 01 1 1 1 1
F6 | 0 - 1.33E40 | - - 5.25E+0 | - - 5.36E+0 | - - 1.34E+0 | -
S5.12E+0 | 3 3.49E+0 | 8.38E+0 | 2 8.07E+0 | 8.38E+0 | 2 8.02E+0 | 5.52E+0 | 3 3.74E+0
3 3 3 3 3 3 3 3
F7 |0 5.73E+0 | 1.23E+2 | 3.90E+1 | 2.39E+0 | 2.73E+0 | 3.90E+0 | 6.67E- 2.23E+0 | 2.51E+0 | 3.14E+0 | 1.51E+1 | 7.07E+]
7 0 9 0 1 1 01 1 1 6 5 4
F8 | - - 1.1I9E+0 | - - 1.74E+0 | - - 1.15E+0 | - - 1.47E+0 | -
0.96601 | 1.55E+0 | 0 1.40E+0 | 1.54E+0 | O 1.25E+0 | 1.45E+0 | 0 1.29E+0 | 1.55E+0 | 0 1.32E+0
5 1 1 1 1 1 1 1 1
F9 |0 2.97E- 2.43E- 2.27E- 1.99E- 5.33E- 9.09E- 3.64E- 1.25E- 1.23E- 6.26E- 1.89E- 1.60E-
02 01 01 02 02 02 02 01 01 02 01 01
F1 |0 2.51E- 6.68E- 3.28E- 2.94E- 5.50E- 3.57E- 2.55E- 6.62E- 3.72E- 2.60E- 6.63E- 3.87E-
0 02 03 02 02 03 02 02 03 02 02 03 02
F1 |0 2.12E+0 | 3.76E+0 | 7.74E+0 | 1.12E+0 | 1.36E+0 | 3.06E+0 | 1.18E- 2.72E+0 | 3.07E+0 | 2.90E+0 | 2.40E+0 | 6.58E+0
6 1 1 1 1 1 1 01 1 1 1 1 1
TABLE 5. Results of functions having a maximum 30 dimensions.
F | Glob | KH VcKH FaKH SoKH
n al Best SD Mean Best SDh Mean Best SDh Mean Best SD Mean
F1 [0 2.82E+0 | 1.55E+0 | 5.81E+0 | I.15E- 2.48E- 1.57E- 9.79E- 4.19E- 1.50E- 1.81E- 8.20E- 8.90E-
0 0 0 02 03 02 03 01 01 02 01 01
F2 | 0 1.51E- 1.22E- 2.76E- 1.41E- 7.15E- 2.26E- 1.45E- 7.25E- 231E- 1.54E- 8.70E- 2.61E-
01 01 01 01 02 01 01 02 01 01 02 01
F3 | 0 1.27E- 9.75E- 2.56E- 1.53E- 9.44E- 1.36E- 1.82E- 1.44E- 1.73E- 2.34E- 2.26E- 5.14E-
01 02 01 03 03 02 03 02 02 02 02 02
F4 |0 L.ISE+0 | 7.32E+0 | 1.90E+0 | 7.47E+0 | 2.80E- 747E+0 | 7.47E+0 | 3.80E- 747TE+0 | 2.97E- 4.03E- 9.32E-
1 0 1 0 03 0 0 03 0 03 03 03
Fs | 0 2.96E+0 | 3.02E+0 | 2.04E+0 | 2.81E+0 | 1.74E- 2.83E+0 | 2.68E+0 | 7.92E- 2.87E+0 | 2.54E+0 | 3.81E+0 | 6.01E+0
1 2 2 1 01 1 1 01 1 1 1 1
F6 |0 - 2.02E+0 | - - 8.62E+0 | - - 7.35E+0 | - - 1.82E+0 | -
9.00E+0 | 3 547E+0 | 1.26E+0 | 2 1.I8E+0 | 1.26E+0 | 2 L.I9E+0 | 9.74E+0 | 3 7.18E+0
3 3 4 4 4 4 3 3
F7 |0 2.64E+2 | 6.53E+3 | 3.00E+3 | 7.57E+0 | 1.79E+0 | 1.10E+0 | 7.60E+0 | 8.26E+0 | 4.01E+0 | 1.49E+2 | 1.27E+3 | 6.64E+3
2 4 4 1 5 5 1 8 8 4 3 2
F8 | - - 2.15E+0 | - - 1.91E+0 | - - 247E+0 | - - 1.88E+0 | -
0.96601 | 2.12E+0 | 0 1.84E+0 | 2.04E+0 | O 1.73E4+0 | 2.06E+0 | 0 1.72E+0 | 2.13E+0 | 0 1.91E+0
5 1 1 1 1 1 1 1 1
F9 | 0 1.ISE+0 | 2.93E+0 | 3.37E+0 | 1.04E- 8.48E- 1.02E+0 | 1.90E- 1.61E+0 | 1.36E+0 | 1.72E- 5.45E- 1.17E+0
0 0 0 01 01 0 01 0 0 01 01 0
F1 [0 3.52E- 2.26E- 8.21E- 4.80E- 1.74E- 7.43E- 5.31E- 2.03E- 8.13E- 5.57E- 1.84E- 7.95E-
0 02 02 02 02 02 02 02 02 02 02 02 02
F1 [0 1.66E+0 | 6.01E+0 | 2.40E+0 | 2.61E+0 | 8.31E+0 | 1.32E+0 | 3.58E+0 | 5.89E+0 | 1.52E+0 | 1.45E+0 | 8.81E+0 | 2.72E+0
6 2 1 2 1 1 2 1 1 2 2 1 2

100 krill and 400 MI, 150 krill, and 500 MI, and 200 krill A. BENCHMARKED TEST FUNCTIONS

and 600 MI, respectively). The effect of the number of krill
and a maximum number of iterations on the performance of
the four (4) algorithms are presented in Tables 6, 7, 8, and 9.
In all the experiments, the value of the best run, the mean
value of the objective function for all the runs, CPU time,
and standard deviation are recorded for each algorithm after
20 experimental trials.
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We chose 20 commonly used and standard mathemat-
ical benchmark optimization functions available in the
literature to test the performance of the proposed algo-
rithms. The functions are given in Table 2; they are
a combination of multimodal, unimodal, non-separable,
and separable functions. F1-F10, F16 are high dimen-
sional functions (which we varied from 10 to 30) while
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TABLE 6. Results for 50 krill and maximum iteration 300.

F | Glob | KH VcKH FaKH SoKH
n al Best SD Mean Best SD Mean Best SD Mean Best SD Mean
F1 |0 3.29E- 9.11E- 1.70E+0 | 2.49E- 1.28E+0 | 2.13E+0 | 4.15E- 1.31E+0 | 1.59E+0 | 2.38E- 1.42E- 7.06E-
03 01 0 03 0 0 03 0 0 03 02 03
F2 0 4.51E- 2.70E- 8.21E- 2.52E- 2.84E- 6.00E- 4.00E- 2.14E- 5.89E- 491E- 2.50E- 8.52E-
02 02 02 02 02 02 02 02 02 02 02 02
F3 |0 3.59E- 3.73E- 8.49E- 2.10E- 9.72E- 9.14E- 2.02E- 1.17E- 1.46E- 3.73E- 1.18E- 1.79E-
02 02 02 03 03 03 03 02 02 04 02 02
F4 | 0 5.97E+0 | 6.62E+0 | 1.24E+0 | 3.46E- 2.66E- 7.39E- 3.16E- 1.06E- 2.16E- 3.52E- 3.49E- 9.76E-
0 0 1 04 04 04 06 05 05 04 04 04
F5 | 0 2.12E+0 | 8.40E+0 | 7.49E+0 | 5.30E- 6.60E- 1.53E- 6.07E+0 | 4.06E+0 | 1.19E+0 | 2.61E+0 | 1.23E+0 | 3.07E+0
1 1 1 05 05 04 0 0 1 1 1 1
F6 | 0 - 1.69E+0 | - - 2.68E- - - 6.24E+0 | - - 1.67E+0 | -
774E+0 | 3 5.48E+0 | 1.26E+0 | 03 1.26E+0 | 1.26E+0 | 0 1.26E+0 | 7.30E+0 | 3 5.21E+0
3 3 4 4 4 4 3 3
F7 | 0 4.55E+1 | 6.23E+3 | 2.04E+3 | 9.18E- 1.23E+0 | 2.78E+0 | 9.01E- 4.40E+0 | 9.88E+0 | 4.73E+2 | 2.71E+3 | 8.12E+3
8 3 3 03 5 4 03 8 7 1 6 5
F8 - - 1.90E+0 | - - 247E+0 | - - 1.98E+0 | - - 2.38E+0 | -
0.96601 | 2.41E+0 | O 2.12E+0 | 241E+0 | O 2.02E+0 | 2.36E+0 | O 2.08E+0 | 2.40E+0 | O 2.07E+0
5 1 1 1 1 1 1 1 1
F9 | 0 4.75E- 1.00E- 1.42E- 9.40E- 1.27E- 2.90E- 1.51E- 1.23E- 3.15E- 4.81E- 9.40E- 1.26E-
02 01 01 03 02 02 02 02 02 02 02 01
F1 [0 1.74E- 4.80E- 2.55E- 1.56E- 4.30E- 2.34E- 1.31E- 5.55E- 2.48E- 1.63E- 6.41E- 2.66E-
0 02 03 02 02 03 02 02 03 02 02 03 02
F1 [0 6.16E+0 | 4.79E+0 | 1.40E+0 | 1.97E+0 | 5.65E+0 | 9.86E+0 | 1.99E+0 | 4.09E+0 | 7.00E+0 | 6.19E+0 | 5.83E+0 | 1.52E+0
6 1 1 2 1 1 1 1 1 1 1 1 2
TABLE 7. Results for 100 krill and maximum iteration 400.
F | Glob | KH VeKH FaKH SoKH
n al Best SD Mean Best SDh Mean Best SD Mean Best SD Mean
F1 0 7.50E- 7.25E- 4.46E- 8.18E- 3.02E- 1.15E- 5.56E- 3.48E- 1.07E- 5.19E- 2.70E- 9.45E-
04 01 01 04 04 03 04 04 03 04 04 04
F2 |0 1.78E- 1.81E- 3.73E- 1.75E- 1.04E- 2.96E- 2.04E- 1.83E- 3.51E- 1.72E- 2.24E- 3.94E-
02 02 02 02 02 02 02 02 02 02 02 02
F3 |0 1.04E- 1.73E- 3.71E- 8.37E- 6.98E- 8.12E- 2.34E- 9.22E- 7.84E- 3.05E- 1.02E- 1.45E-
02 02 02 04 03 03 05 03 03 03 02 02
F4 | 0 1.70E- 6.87E+0 | 7.76E+0 | 9.50E- 6.02E- 1.66E- 2.99E- 3.21E- 5.28E- 5.19E- 5.27E- 1.66E-
04 0 0 05 05 04 06 06 06 05 05 04
F5 |0 248E+0 | 5.85E+0 | 4.41E+0 | 3.07E- 1.13E- 1.66E- 5.90E- 3.20E- 1.02E+0 | 2.50E+0 | 1.78E+0 | 3.18E+0
1 1 1 05 04 04 01 01 0 1 1 1
F6 |0 - 1.44E+0 | - - 3.69E- - - 1.15E- - - 1.46E+0 | -
9.19E+0 | 3 6.44E+0 | 1.26E+0 | 04 1.26E+0 | 1.26E+0 | 01 1.26E+0 | 9.21E+0 | 3 7.00E+0
3 3 4 4 4 4 3 3
F7 | 0 3.09E+1 | 9.90E+3 | 2.23E+3 | 2.65E+0 | 4.15E+0 | 3.67E+0 | 1.14E+0 | 3.95E+0 | 2.89E+0 | 3.13E+2 | 1.21E+3 | 5.63E+3
8 8 8 1 4 4 1 4 4 4 7 6
F8 - - 1.67E+0 | - - 2.27E+0 | - - 1.82E+0 | - - 1.72E+0 | -
0.96601 | 2.56E+0 | 0 2.26E+0 | 2.63E+0 | 0 221E+0 | 247E+0 | O 2.09E+0 | 2.58E+0 | O 2.29E+0
5 1 1 1 1 1 1 1 1
F9 | 0 4.60E- 6.95E- 1.34E- 5.12E- 3.69E- 1.26E- 5.02E- 3.12E- 9.77E- 4.76E- 6.70E- 1.48E-
03 03 02 03 03 02 03 03 03 03 03 02
F1 |0 4.09E- 1.84E- 7.02E- 5.77E- 2.72E- 1.15E- 6.88E- 2.70E- 1.14E- 6.79E- 2.76E- 1.04E-
0 03 03 03 03 03 02 03 03 02 03 03 02
F1 |0 2.63E+0 | 5.43E+0 | 9.04E+0 | 1.84E+0 | 3.03E+0 | 5.73E+0 | 1.38E+0 | 4.01E+0 | 5.63E+0 | 4.57E+0 | 3.03E+0 | 9.05E+0
6 1 1 1 1 1 1 1 1 1 1 1 1

F11-F16, F17-F20 are low dimensional functions (less

than 10).

B. RESULTS AND DISCUSSION

In this section, we present and discuss the results obtained in
our experiments. As our experimental setup is divided into

two cases, we present our results accordingly.
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1) CASE 1: EXPERIMENTS WITH LOW DIMENSIONAL TEST
FUNCTIONS

The numerical results of the experiments conducted for this
study to evaluate the algorithms’ performance are presented
in Tables 3, 4, and 5. For each test function (F1-F20), all
four (4) algorithms are evaluated, and the results for the
best run, mean value of the objective function for all the
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TABLE 8. Results for 150 krill and maximum iteration 500.

F | Glob | KH VcKH FaKH SoKH
n al Best SD Mean Best SD Mean Best SD Mean Best SD Mean
F1 |0 2.28E- 4.62E- 1.51E- 2.25E- 2.11E- 4.65E- 2.33E- 1.97E- 4.20E- 1.71E- 1.56E- 3.84E-
04 01 01 04 04 04 04 04 04 04 04 04
F2 0 1.32E- 1.10E- 2.64E- 1.25E- 4 98E- 1.92E- 1.11E- 4.14E- 1.81E- 1.21E- 1.53E- 3.09E-
02 02 02 02 03 02 02 03 02 02 02 02
F3 |0 1.05E- 8.87E- 2.09E- 2.80E- 4.59E- 5.02E- 4.23E- 5.81E- 6.63E- 4.03E- 6.47E- 1.21E-
02 03 02 04 03 03 04 03 03 03 03 02
F4 | 0 9.95E- 2.23E+0 | 4.88E+0 | 2.93E- 1.90E- 5.49E- 2.36E- 7.71E- 1.76E- 2.94E- 1.58E- 5.92E-
01 0 0 05 05 05 07 07 06 05 05 05
F5 |0 2.69E+0 | 1.66E+0 | 3.35E+0 | 3.02E- 3.89E- 3.59E- 6.29E- 3.39E- 1.13E- 2.52E+0 | 9.17E- 2.74E+0
1 1 1 05 04 04 02 02 01 1 01 1
F6 | 0 - 9.58E+0 | - - 6.29E- - - 2.48E- - - 1.45E+0 | -
8.64E+0 | 2 6.86E+0 | 1.26E+0 | 04 1.26E+0 | 1.26E+0 | 04 1.26E+0 | 1.04E+0 | 3 7.15E+0
3 3 4 4 4 4 4 3
F7 | 0 5.02E+2 | 5.48E+3 | 1.39E+3 | 2.60E- 1.14E+0 | 1.29E+0 | 3.15E- 9.06E+0 | 1.30E+0 | 1.29E+2 | 9.45E+3 | 4.55E+3
0 7 7 02 1 1 02 0 1 1 6 6
F8 | - - 243E+0 | - - 1.59E+0 | - - 2.00E+0 | - - 2.28E+0 | -
0.96601 | 2.63E+0 | O 2.30E+0 | 2.54E+0 | 0 2.19E+0 | 2.75E+0 | O 2.24E+0 | 2.74E+0 | O 2.35E+0
5 1 1 1 1 1 1 1 1
F9 (0 2.37E- 1.87E- 4.98E- 2.16E- 1.60E- 4.14E- 1.72E- 1.23E- 3.21E- 1.08E- 3.06E- 5.12E-
03 03 03 03 03 03 03 03 03 03 03 03
F1 [0 3.52E- 1.36E- 5.44E- 4.58E- 1.29E- 6.64E- 5.00E- 1.61E- 791E- 3.01E- 1.98E- 7.32E-
0 03 03 03 03 03 03 03 03 03 03 03 03
F1 [0 3.28E+0 | 2.29E+0 | 6.06E+0 | 2.90E+0 | 9.71E+0 | 1.16E+0 | 2.83E+0 | 4.45E+0 | 9.64E+0 | 1.57E+0 | 2.54E+0 | 5.05E+0
6 1 1 1 0 0 1 0 0 0 1 1 1
TABLE 9. Results for 200 krill and maximum iteration 600.
F | Glob | KH VcKH FaKH SoKH
n al Best SD Mean Best SD Mean Best SD Mean Best SD Mean
F1 [0 1.18E- 2.58E- 5.84E- 1.05E- 4.65E- 1.88E- 8.83E- 5.06E- 1.85E- 9.60E- 6.23E- 1.91E-
04 01 02 04 05 04 05 05 04 05 05 04
F2 [0 8.43E- 1.91E- 2.50E- 6.75E- 5.24E- 1.51E- 6.87E- 9.12E- 1.52E- 9.73E- 1.51E- 2.42E-
03 02 02 03 03 02 03 03 02 03 02 02
F3 |0 4.72E- 6.95E- 1.50E- 1.59E- 3.04E- 4.11E- 7.21E- 4.61E- 4.54E- 4.39E- 6.73E- 7.52E-
03 03 02 04 03 03 05 03 03 04 03 03
F4 0 2.27E- 2.97E+0 | 2.39E+0 | 1.48E- 9.54E- 2.73E- 1.69E- 6.06E- 2.58E- 1.64E- 8.85E- 2.74E-
05 0 0 05 06 05 05 06 05 05 06 05
F5 [0 2.37E+0 | 1.84E+0 | 3.28E+0 | 3.44E- 3.40E- 2.91E- 3.56E- 1.66E- 6.76E- 2.66E+0 | 5.63E- 2.74E+0
1 1 1 06 04 04 02 02 02 1 01 1
F6 | 0 - 9.86E+0 | - - 7.38E- - - 7.95E- - - 1.19E+0 | -
8.54E+0 | 2 6.92E+0 | 1.26E+0 | 05 1.26E+0 | 1.26E+0 | 05 1.26E+0 | 1.05E+0 | 3 7.90E+0
3 3 4 4 4 4 4 3
F7 |0 5.34E+2 | 1.81E+3 | 5.64E+3 | 3.51E- 2.67E+0 | 9.65E- 2.17E- 2.74E+0 | 1.53E+0 | 3.08E+2 | 5.43E+3 | 2.55E+3
3 7 6 03 0 01 03 0 0 3 6 6
F8 | - - 1.89E+0 | - - 231E+0 | - - 1.53E+0 | - - 224E+0 | -
0.96601 | 2.58E+0 | O 2.32E+0 | 2.59E+0 | O 2.24E+0 | 2.51E+0 | O 2.26E+0 | 2.65E+0 | O 2.31E+0
5 1 1 1 1 1 1 1 1
F9 | 0 6.25E- 9.28E- 2.01E- 8.94E- 6.27E- 1.63E- 1.13E- 7.36E- 2.20E- 9.16E- 5.78E- 2.06E-
04 04 03 04 04 03 03 04 03 04 04 03
F1 |0 3.03E- 1.04E- 4.48E- 2.48E- 1.40E- 5.08E- 3.51E- 1.00E- 5.23E- 2.96E- 1.61E- 4.95E-
0 03 03 03 03 03 03 03 03 03 03 03 03
F1 |0 1.96E+0 | 1.83E+0 | 4.04E+0 | 5.92E- 3.70E+0 | 6.37E+0 | 1.83E+0 | 2.08E+0 | 5.05E+0 | 1.07E+0 | 2.09E+0 | 4.32E+0
6 1 1 1 01 0 0 0 0 0 1 1 1

runs, CPU time, and standard deviations are recorded. In the
literature, it was stated that the performance of most meta-
heuristic algorithms would diminish or scale down as the test
function’s dimension increases [47]; to verify this influence,
the dimension of function (F1-F10, F16) is varied at 10, 20,

and 30, respectively.
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The numerical results for the test benchmark function
dimension that is less or equal to 10 are given in Table 3.
We see clearly from the table that the standard devia-
tions (SD) for VcKH, FaKH, and SoKH are less than that of
the basic KH algorithm. These low SD show that the different
values of the objective function obtained at different runs of
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TABLE 10. CPU time for Case 1.

TABLE 11. CPU time for Case 2.

the algorithms are close to the best run value; hence, this
means better results are obtained for each successive run. This
is because, with each subsequent run, the krill become more
uniformly distributed across the search space, which is in line
with the characteristics of low-discrepancy sequences [39]
used to initialize the krill population. It is also clear that the
values of the best runs for the three improved quasi-random
sequence-based KH algorithms are less than that of the basic
KH algorithm with few exceptions (F2, F7, F9). These best
run values show that the algorithm’s performance was signifi-
cantly improved by the initial uniform distribution of the krill
across the search space using the low-discrepancy sequences.

From Table 4, it is noticeable that the performance of
the algorithms decreases as the dimension of the problem is
increased. From Table 4, it can also be seen that the value of
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Fn Dimension | KH VcKH FaKH SoKH Fn Number of | KH VcKH FaKH SoKH
Time Time Time Time Krill and | Time Tim Time Time
(Sec) (Sec) (Sec) (Sec) MI (Sec) e(Sec) (Sec) (Sec)
F1 10 4.764 8.486 9.582 9.537 F1 50 and 300 | 49.027 48.667 48.279 46.541
20 9.791 4.206 4.234 9.587 100and 400 | 171.297 170.350 182.355 263.739
30 9915 4312 4.246 9.669 150 and 500 | 430.018 418.395 427.571 418.447
F2 10 3.701 9.207 9.287 9.819 200 and 600 | 880.041 852.766 883.762 855.202
20 9.243 4.049 4.189 9.437 F2 50 and 300 | 47.690 45.663 48.045 45.757
30 9.319 4.150 4.462 9.777 100 and 400 | 168.061 237.668 174.467 168.026
F3 10 4.110 8.942 9.509 9.365 150 and 500 | 427.971 416.484 434.209 223.957
20 9.356 4.326 4.098 9.114 200 and 600 | 878.578 868.056 868.167 423.870
30 9.144 4.120 4.554 10.121 F3 50 and 300 | 49.136 49.193 47.859 20.696
F4 10 4.028 9.192 9.454 9.357 100and 400 | 175.026 170.844 175.742 83.778
20 9.290 4.187 9.428 9.684 150 and 500 | 432.088 428.239 428.160 207.236
30 9.144 4.120 4.554 10.121 200 and 600 | 889.281 892.824 1261.400 443.148
F5 10 4.102 8.997 9.093 9.334 F4 50 and 300 | 46.099 44.417 41.873 21.805
20 8.687 4.428 9.645 9.651 100and 400 | 172.939 172.651 157.181 83.764
30 8.639 4.057 9.595 9.482 150 and 500 | 427.514 421.177 385.787 206.954
Fé6 10 3.931 10.304 9.457 9.824 200 and 600 | 456.404 853.811 792.667 434.283
20 8.464 4.296 9.349 9.525 F5 50 and 300 | 23.852 41.681 47.858 23.007
30 8.773 4.307 9.520 10.495 100 and 400 | 92.056 153.585 177.633 86.273
F7 10 4214 9.168 9.214 9.822 150 and 500 | 226.862 387.045 431.392 208.848
20 7.807 4.096 9.572 9.510 200 and 600 | 437.231 799.622 867.734 433.572
30 8.298 4.011 9.259 10.192 F6 50 and 300 | 22.365 46.267 23.525 21.992
F8 10 4.192 9.859 9.792 10.160 100 and 400 | 84.819 174.048 83.085 83.471
20 9.389 4.771 11.256 10.672 150 and 500 | 215.962 431.166 216.263 208.431
30 9.334 4475 10.397 10.700 200 and 600 | 438.888 842.323 423.874 426.219
F9 10 4.305 9.714 9.601 10.101 F7 50and 300 | 21.804 44.269 21.506 21.846
20 10.280 4.886 10.666 12.016 100 and 400 | 80.887 167.370 84.405 80.776
30 11.962 5.664 13.163 15.316 150 and 500 | 219.549 356.533 208.642 208.418
F10 | 10 3.960 8.564 8.575 9.164 200 and 600 | 433.498 424.976 430.669 422.798
20 8.534 4.146 9.635 10.465 F8 50 and 300 | 24.161 24.323 24.001 23.486
30 8.703 4.105 9.829 10.101 100 and 400 | 90.647 89.162 191.395 176.842
F11 | 10 7.884 8.464 9.052 9.362 150 and 500 | 227.078 215.351 617.638 439.864
F12 | 10 8.671 9.327 9.499 9.850 200 and 600 | 455.289 442.296 879.988 876.678
F13 | 10 9.623 9.771 9.994 10.243 F9 50 and 300 32.088 33.172 65.380 67.068
F14 | 10 8.504 9.542 9.956 10.226 100and 400 | 112.814 108.054 223.668 222.998
F15 | 10 9.037 9.732 10.129 10.436 150 and 500 | 258.022 254.317 509.335 630.965
F16 | 10 8.221 8.956 9.531 9.635 200 and 600 | 517.747 495.558 999.064 1002.487
Fn Di ion | KH VcKH FaKH SoKH F10 | 50 and 300 | 22.582 21.992 45.129 68.216
Time Time Time Time 100 and 400 | 89.657 167.573 169.894 168.045
(Sec) (Sec) (Sec) (Sec) 150 and 500 | 448.294 412.126 456.748 415.081
20 8.956 4319 9.742 10.992 200 and 600 | 428.879 846.644 851.008 838.310
30 4.167 4.195 9.602 10.438 F16 | 50 and 300 | 24.126 45.759 48.082 47.020
F17 | 10 8.815 9.049 9.256 9.171 100 and 400 | 89.657 167.573 169.894 168.045
F18 | 10 9.069 8.194 9.097 8.724 150 and 500 | 227.377 426.552 428.501 425.503
F19 | 10 8.635 8.993 8.538 9.240 200 and 600 | 449.214 865.306 850.743 863.392
F20 | 10 8.589 8.982 9.004 9.373

the best run is significantly far from the global optimum of the
respective functions (F4, F7, F16). However, the performance
of the three improved KH algorithms is better than the that of
the basic KH in most cases here, and the standard deviations
are significantly lower than for the basic KH algorithm in
most of the instances presented.

Overall, the FaKH algorithm performed better in seven out
of eleven functions. Comparing Tables 3 and 4, we see that
the values for the best krill are significantly lower (closer to
optimal) in Table 3 than in Table 4. This can be attributed to
the performance of the algorithms decreasing as the problem
dimension increases.

In Table 5, for all the algorithms, the value of the best
run is significantly close to the global optimal for F1-F3, F9.
However, only SoOKH did well in F4; by contrast, the value
of the best run for all other algorithms is significantly far
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FIGURE 7. Best-run error curves for 25 krill and maximum iteration 200.
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FIGURE 7. (Continued.) Best-run error curves for 25 krill and maximum iteration 200.
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FIGURE 7. (Continued.) Best-run error curves for 25 krill and maximum iteration 200.

from the global optimal for F5-F8, F16. Overall, SoKH
outperforms all the other algorithms (doing well in 6 out
of 11 functions). This shows that, as the dimension increased,
the performance of the algorithms reduced. Also, comparing
Tables 3, 4, and 5, shows that the best-run values are higher
(far from global optimal) in Table 5 than in Tables 3 and 4.
Nevertheless, in cases where our improved algorithm did
well, it outperforms the basic KH algorithm.

2) CASE 2: EXPERIMENTS WITH HIGH DIMENSIONAL TEST
FUNCTIONS
We have seen in case 1 the effect of problem dimension on
the performance of the algorithms. Next, we evaluated the
impact of the size of the krill population and maximum iter-
ation (MI) on the performance of the algorithms. Looking at
Table 6, we see significant improvements in all the algorithms
as compared to the case in Table 5. The dimensions being
the same for both tables gives a basis for comparison and
clearly shows the positive effect of increasing the krill herd
to 50 and iterations to 300. A significant improvement can be
seen in the VcKH algorithm, which did well in 8 out of the
11 functions to outperform the remaining three algorithms.
Increasing the krill population size to 100 and maximum
iteration to 400, Table 7 shows that the algorithms per-
formed well for all functions except for F6-F8, and F16.
Only the VcKH and FaKH algorithms performed well in
F5 and here outperformed the rest of the algorithms. While
Table 7 showed improvement in the performance of the algo-
rithm, comparing it with Table 6 shows that the performance
of VcKH reduced from 8 out of 11 to 7 out of 11 with
increased population size and iterations. The performance
of the other algorithms remained unchanged. The best run
value of the algorithms for each function showed significant
improvement, being close to the global optimal.

210904

In Table 8, it can be seen that VcKH and FaKH outper-
formed the remaining algorithms in 8 out of 11 functions.
The best-run values of the algorithm for each function showed
significant improvement as compared to results in Table 7;
this showed the positive effect of increasing krill herd to
150 and M1 to 500. Table 9 shows a similar pattern to previous
observations. The performance of SoKH algorithm has been
consistent throughout the second set of experiments, doing
well or poorly for the same set of functions.

The CPU time for all experiments run in case 1 is given
in Table 10. We see clearly that the KH has less CPU time
as compared with the other three algorithms in most cases
when the dimension is low. This can be attributed to the
extra cost of implementing the function calls that generate
the Van der Corput, Faure, and Sobol sequences. Unlike
in the case of the random number generator, which is an
in-built function in MATLAB, and so it has less effect on the
CPU time.

SoKH consumed more CPU time as compared to FaKH
and VcKH because the Sobol function is known to generate
sequences in more computational time than do the Faure or
Van der Corput [49]. As the dimension gets bigger, we see
the FaKH algorithm and VcKH having less CPU time. No
clear pattern can be deduced from Table 11, which shows
the CPU time for case 2. Here, all algorithms consumed
more CPU time, which increases as the number of krill and
MI increases.

In addition, to further evaluate the performance accuracy of
the proposed improved KH algorithms, we used the best-run
error metrics. The best run error is defined as the absolute
difference between the best-run value f(x*) obtained for
each algorithm and the actual global minimum f'(x) for each
function. Mathematically, the best error function is defined as

error = |f (x*) — f(x)|.
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FIGURE 8. Best-run error curves for 50-200 krill and maximum iteration 300-600.
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FIGURE 8. (Continued.) Best-run error curves for 50-200 krill and maximum iteration 300-600.

210906

VOLUME 8, 2020



0. J. Agushaka, A. E.-S. Ezugwu: Influence of Initializing KH Algorithm With Low-Discrepancy Sequences

IEEE Access

TABLE 12. Average rankings returned by the Friedman’s non-parametric test for the 4 methods.

Algorithm  Mean Rank (10D, Mean Rank (30D, Mean Rank (30D, Mean Rank (30D,
25NK) 25NK) 50NK) 200NK)

KH 2.85 3.73 2.82 3.10

VcKH 2.45 1.41 1.45 1.85

FaKH 1.98 2.32 2.95 2.15

SoKH 2.73 2.55 2.77 2.90

*D=denotes dimension, NK = population size of KH algorithm

Figure 7 gives the evaluation of the best-run error curve
for the experiment case 1; clearly, we see that in most cases,
especially when the dimension is high, the improved krill
herd algorithms outperform the basic krill herd algorithm.
The algorithms perform more or less the same when the
dimension is low. It can also be seen from Figure 1 that
the SoKH performs better than do the other algorithms for
higher dimensions, which is in line with results presented
in [2]. The FaKH and VcKH algorithms have relatively sim-
ilar performances, and KH performs poorly as the dimen-
sion grows beyond 10. This is plausible because as the
search space becomes larger, the randomly distributed krill
are not uniformly distributed across the search space, con-
trasting with the case when the krill are distributed using the
low-discrepancy sequences.

Figure 8 gives the evaluation of the best run error curve
for experiment case 2, which shows the FaKH and VcKH
algorithms performing better than do the remaining algo-
rithms. This is plausible because, in the study presented in [3],
it was reported that Faure and Van der Corput sequences are
useful only when the dimension is not more than 30. All the
algorithms showed improvements as we tuned the number of
krill herd and maximum iterations; this can be attributed to
the search space remaining the same, while the number of
uniformly distributed krill increased, thereby covering more
space and leading to better results. However, this does not
guarantee that continued increments in the krill population
will lead to a better solution; this is seen in the case of
SoKH whose performance deteriorated as we increased the
population size.

C. STATISTICAL ANALYSIS

In order to validate the initial claim of the superior perfor-
mances of the three proposed algorithms, a further statistical
analysis test was carried out using the computed average
solution as the response variable. The one-way ANOVA
test was initially applied, and the three main assumptions,
namely, normality, homoscedasticity and independence, were
first tested. It was discovered that the normality test was
not satisfied. Therefore, the Friedman non-parametric test
was performed. For the experimentation with small dimen-
sion dataset of 10-dimension, the Friedman test revealed that
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there was no statistically significant (p = 0.126) difference
in the algorithms performance whilst running: x2 (3, N =
20) = 5.370. However, there was a noticeable statistically
significant difference among the performances of the three
algorithms as the dimension of the test problem increases.
Specifically, with the 30-dimension test problems, the VcKH
showed outstanding performance whilst running, x2(3) =
18.193, p = 0.001. Further, Table 12 presents the aver-
age rankings returned by Friedman’s non-parametric test for
the traditional KH and the three new methods. In addition,
it provides insight as to how each method performs overall
considered problem instances [71].

V. CONCLUSION AND FUTURE WORK

This article has shown that it is worth using the quasi-random
topology sequence or low-discrepancy sequences instead of
a random number generator for the initialization of a krill
herd. This is because the low-discrepancy sequences are more
uniformly distributed across the search space than are the
random numbers. Hence, optimal results are obtained, espe-
cially for large dimensions. We used three low-discrepancy
sequences (Faure, Sobol, and Van der Caput) to initialize the
krill population in the basic KH algorithm. Most existing
improvements on the KH algorithm have not focused on the
initialization of the krill, and therefore, our improvements can
easily be incorporated into these earlier variations.

Our experimental results showed significant improvements
in the performance of the modified KH algorithm, particu-
larly for high dimensioned test problems, where our proposed
improvements outperformed the basic KH for all functions
evaluated. The results for low dimensions showed some vari-
ations, as the performance of our proposed improvements was
much the same as for the basic KH algorithm. Specifically, the
proposed improved mechanisms outperformed the basic KH
in most cases when the dimension of the problem instance
is set at 20. When the number of krill is set at 25, on the
one hand SoKH is seen to be the best-performing algorithm
for high-dimension test problems. This is in line with the
findings in [2], [5], where the PSO was initialized using a
low-discrepancy sequence. On the other hand, the perfor-
mance of VcKH and FaKH are interchangeable for dimen-
sion set at 20. Furthermore, as we vary the number of krill
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(for example 50, 100, 150, and 200), we saw the performance
of SoKH deteriorate, whereas FaKH and VcKH continue to
outperform the other algorithms. This could mean that SoOKH
is sensitive to the population size.

In all cases, there were significant improvements in the
performance of KH when initialized with low-discrepancy
sequences. Although our work is limited to initialization,
other motions of the krill such as physical diffusion, which
is random motion adopted by the krill, could be influenced
using low-discrepancy sequences or by other metaheuristic
algorithms. Therefore, this mechanism of diffusion could
be explored in future work. In addition, we plan to extend
the initialization schemes used here with other probability
distributions such as the exponential distribution, beta distri-
bution, and so on, to improve the performance of other new-
generation metaheuristics algorithms.
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