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ITPEATOBOP

MnoBanuje cy n gase CByga OKO Hac, Ila M OBe TOAMHe, KaO M IIeCT IIPeTXOAHMX,
dakyaTer 3a IpUMemeH! MeHalIMeHT, eKOHOMHjy M (UHaHCHje je Ha OCHOBY
IPUCTUTAMX YJaHaKa, CBeoOyXBaTHOI TeMaTCKOT acleKTa HPpUIIPeMIo 300pHUK paloBa.
ITIpumepeno Hacaosy ,JIHoBanuje kao Ioxperaud paspoja” MHOBallMje O3Ha4daBajy U
reHepuiry OyAyhHOCT, aaM moummby y caJallllbOCTM KOja MoOpa OMTU OCBeTheHa,
aHaAM3MpaHa U pa3dMaTpaHa. YIIpaBO Cy TO YYMHUAVM MHOTU yTAe/AHV YHUBEP3UTETCKU
npodecopu, UCTaKHYTU UCTPaKMBauy, eKCIIepTU M HaydHnM paaHuny, kako n3 CpOuje,
TaKoO U U3 MHOCTPAHCTBa IIOCAaTUM pagoBuMa (rpeko 60), Koje cMO yBpCTUAU Yy OBaj
300pHUK.

360pHUK pagoBa, KareropucaH y gomahoj mayum xao M33, je y popmu aurnraane
eaunimje n Omhe gocTyllaH IIMPOj HaydyHOj U CTPy4YHO] jaBHOCTH. PagoBm y 0BOj
1yOAMKalyjy 3Ha4ajHO AOIIPUHOCe YTBphuBamy Hepackuause Besde nsmeby nHosanmja u
pasBoja. VicroBpemeHo cMO TuMe IOKa3aau Ja IIOApydje MHOBamuja Ae(pUHUTUBHO
BUIIIe HIje Be3aHO caMO 3a TeXHMYKO — TeXHOAOIIKHU IIporpec. ¥ cKaaay ca TUM, PajoBU
MOIy OuTM KOPMUCHM I IIMPOj HAy4yHO] M CTPY4YHO] jaBHOCTM, KaO U CBUM
3afHTepeCcOBaHVIM 3a yTHUllaj MHOBallMja Ha pa3Boj.

beorpag, Ypeannun
AenemOap, 2021. Ap Aapjan Kapabarmesnh
Ap Cseraana Bykoruh

Ap T'abpujeaa Ilonosuh



FOREWORD

Innovations are still all around us, so this year, as well as the previous six, the Faculty of
Applied Management, Economics and Finance have prepared a book of proceedings of
comprehensive thematic aspect based on the received articles. Appropriate to the title "
Innovation as the initiator of development”, innovation means and generates the future,
but it begins in the present that must be illuminated, analyzed, and considered. This is
exactly what many eminent university professors, prominent researchers, experts, and
scientists, both from Serbia and abroad, have done with the submitted papers (over 60),
which we have included in this collection.

The book of proceedings, categorized in domestic science as M33, is in the form of a
digital edition and will be available to the wider scientific and professional public. The
papers in this publication significantly contribute to establishing the unbreakable link
between innovation and development. At the same time, we have shown that the field
of innovation is no longer related only to technical-technological progress. Accordingly,
the works can be useful to the general scientific and professional public, as well as to all
those interested in the impact of innovation on development..

Belgrade, Editors
December, 2021 Darjan Karabasevi¢, PhD
Svetlana Vukoti¢, PhD

Gabrijela Popovi¢, PhD
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A multi-strategy artificial bee colony algorithm for solving
minimax problems

Bumectparermnjcku aaropmuraM MHCIIVIPYICAaH pOjeBUMa
Jeza 3a penraBambe MMHIMAaKC IIpo0aeMa

Ivona Brajevic¢'; Miodrag Brzakovi¢% Dusan Rajcevic

1 Faculty of Applied Management, Economics and Finance, University Business Academy in Novi Sad,
Jevrejska 24, Belgrade, Serbia, ivona.brajevic@mef.edu.rs
2 Faculty of Applied Management, Economics and Finance, University Business Academy in Novi Sad,
Jevrejska 24, Belgrade, Serbia, miodrag.brzakovic@mef.edu.rs
3 Faculty of Applied Management, Economics and Finance, University Business Academy in Novi Sad,
Jevrejska 24, Belgrade, Serbia, dusan@mef.edu.rs

Abstract: The artificial bee colony (ABC) algorithm is a notable swarm intelligence algorithm which has many
applications in solving hard optimization problems from different areas. In this paper a novel multi-strategy
artificial bee colony algorithm (MSABC) is proposed for solving minimax optimization problems. In the
proposed method three search equations with diverse search advantages are combined to obtain a good ratio
between exploration and exploitation and to improve the search capability of the artificial bee colony algorithm.
Experiments are conducted on ten well-known minimax problems and obtained results were compared to the
results obtained by artificial bee colony algorithm. The experimental results reveal that the proposed method can
considerably enhance the performance of the artificial bee colony metaheuristic.

Keywords: minimax problems, global optimization, artificial bee colony algorithm, multi-strategy, nature
inspired metaheuristics

Ancmpaxm: Arzopumam uncnupucan pojesuma niera (ABC) je ucmaxnym arzopumam urmeruzeruuje
pojesa Koju ce MoXe MpUMEHUMU 34 peuiasarve Meukux ONMmuMUSAUUOHUX NPpoOAEMA U3 PASAULUMUX
obracmu. Y 060m pady npedroxeH je HOU SUULECHIPAMEUjCKU AAOPUMAM UHCNUPUCAH POjeSUMA N1eAd
(MSABC) 3a pewasaroe munumaxc npobrema. Y npedroxenoj memodu mpu jednauue npempaze xoje umajy
pasauvume npedHoCcmy NPUAUKOM Npempaxuearoa ce Komounyjy da ou ce nocmuzao dobap ooxoc usmehy
excnaopayuje u excnioamayuje. Ha oeaj wnawumn ce mnoboouiasa cnocodHocm npempaze aA0pUMMA
uHcnupucanoz pojesuma nuerqa. Ilpedroxenu npucmyn mecmupan je 3a peuiasaroe odecem NOIHAMUX
Munumaxc npodorema. AJodujenu pesyamamu cy ynopehenu ca pesyAmamuma O0CHOEHOZ AAZOPUMMA
UHCNUPUCANOZ POjesUMA NHeAd U NOKA3YjY 04 NpeoroXeHu AA0pUmaMm 3HauajHo nobovuiasa neppopmatrce
0CHOGHO0Z AAZOPUTHMA.

Kwoyune peuu: munumarxc npodbremu, z2A00aAHA ONMUMUSAYUJA, AA0PUMAM UHCHUPUCAH POjeSUMA NUueAd,
suule cmpamezuja, NpupoooM UHCHUPUCAHE Memaxeypucmure

Introduction

Artificial bee colony (ABC) proposed by Karaboga is a prominent population-based metaheuristic
method (Karaboga, 2005). The ABC and other metaheuristic algorithms such as particle swarm
optimization (PSO) (Kennedy & Eberhart, 1995), harmony search (HS) (Geem et al, 2001),
gravitational search algorithm (GSA) (Rashedi et al., 2009), firefly algorithm (FA), cuckoo search (CS)
(Yang, 2008), etc, have been successfully used for solving many hard optimization problems. The aim
of this paper is to improve the performance of the ABC algorithm for solving minimax optimization
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problems. There are numerous real-life applications where minimax optimization problems are found.
Some of them are optimal control, warehouse location problem, engineering design, game theory,
robot path planning problems, scheduling problem, signal, and data processing (Zhang et al., 2021;
Thiruvady et al., 2021).

Minimax optimization handles a composition of an inner maximization problem and an outer
minimization problem. The general form of the minimax problem can be defined as (Tawhid et al.,
2019):

min F(x), 1)
where
Fix}) = max f; (x), i = L2,...m, 2)

with fi(x): § € R®"—=R,i = L2,...m.

Additionally, a nonlinear programming problem, with inequality constrains, of the form

min F(x),

g(x) =0,  i=12..m ©)
can be transformed to minimax problems as follows:
min max f (x) i = 1.2,...m 4)
where
filx) = Fx),
flx) = Fla) — a(x)gi(x) (5)
a; = 0
for i = 1.2,...m. The optimum point of the minimax problem coincides with the optimum point of

the nonlinear programming problem when &; is large enough.

Minimax problems are challenging because these problems are often nonlinear with multiple local
optimums. The common strategies for solving minimax problems, such as sequential quadratic
programming and smoothing techniques perform local minimization and require derivatives
information for the objective function. This information is not analytically available in most
applications.

In the last decades, many metaheuristic algorithms were applied to solve minimax optimization
problems. These techniques are problem-independent optimization methods which can obtain high-
quality solutions in an acceptable amount of time. Their search equations use some randomness,
which can enable the algorithm to escape from the local optimum to search more beneficial regions on
a global level.

In this paper, a novel multi-strategy artificial bee colony algorithm (MSABC) is developed for solving
minimax optimization problems. The proposed MSABC algorithm uses three distinct ABC search
equations throughout the search process. The use of different search equations which have different
abilities so that they support each other during the search, helps the proposed algorithm to efficiently
investigate the vicinity of good solutions.
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The rest of the paper is organized as follows. Section 2 introduces the ABC algorithm. Section 3
presents the proposed multi-strategy artificial bee colony algorithm. Experimental results of the ABC
and MABC algorithms are given in Section 4.

The ABC algorithm

Foraging behavior of a bee swarm motivated the development of the artificial bee colony
metaheuristic technique (Karaboga, 2005). Employed bees, onlooker bees and scout bees are included
in a population of artificial bees. Employed bees make one-half of the population, while onlookers and
scout bees make the other half. All bees that are currently exploiting a food source are employed bees.
The onlooker bees aim to choose promising food sources from those discovered by the employed bees
according to the probability proportional to the quality of the food source. After the selection of the
food source, the onlookers search food around the selected food source. The scout bees are
transformed from several employed bees that abandon their disadvantageous food sources to search
new ones.

In the initialization step of the ABC algorithm a randomly distributed initial population is generated.
After this phase, employed, onlooker and scout phases are repeated for a certain number of
generations. The best-found solution is saved after each generation.

In the employed phase, the operator used to create a novel solution ¥; from the old one ¥; is given by:
vij = x5+ 'pl'{'rl'_i'_xi.'_i'} ] (6)

where xijdenotes the jth parameter of x;, jis a randomly picked index, ¢: is a uniform random number
in range (-1,1), x« represents the other solution selected randomly from the population.

Greedy selection between old and new solution determines whether the old solution will be replaced
by the new one. In the onlooker phase, the solutions which will be subjected to the update process are
selected according to the fitness proportionate selection. In this phase the update process is the same
as in the employed bee phase. In the scout phase, a solution that can not be updated through a
predetermined number of trials is replaced with a randomly generated solution in the search space.

There are many ABC variants for solving numerical and combinatorial optimization problems
algorithms due to its good performance. For instance, the ABC version which employs a control
parameter that determines how many parameters should be modified for the generation of a
neighboring solution is developed in (Akay & Karaboga, 2009). The proposed method is applied to
solve integer programming problems. A hybrid method, which combines firefly algorithm and ABC,
is developed for solving numerical optimization problems (Brajevi¢ et al., 2020). The ABC algorithm
that integrates the elitism strategy, recovery and local search methods is a recently proposed ABC
version for solving the operating room scheduling problem (Lin & Li, 2021). Generally, application
areas of the ABC algorithm are, neural networks, image processing, data mining, cryptanalysis, data
clustering and engineering (Karaboga et al., 2014; Brajevi¢, 2015).

Proposed algorithm: MSABC

The standard ABC algorithm in both bee phases uses the same solution search strategy, which
performs good in exploration but poorly in exploitation. Motivated by the advantages of combining
search equations which have different characteristics a novel multi-strategy artificial bee colony
(MSABC) algorithm is developed. In the proposed approach three search strategies coexist throughout
the search process and compete to generate more quality solutions.
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The first search strategy employed in the MSABC is given by Eq. (1). According to this search strategy,
the potential solution is generated by moving the parent solution to a randomly selected individual
from the population. Consequently, this search equation is random enough for exploration and can
obtain solutions with ample of diversity.

The second search equation used in the MSABC is given as follows:
v = {xg; + q:l,-j-{.r,-j- —.r;_.j-} + oy {j‘j- - .r;_._i-}. if R = MR x;;, otherwise (7)

where @ijis a uniform random number in range (-1, 1), wijis a uniform random numbers in range (0,
1.5), xxk is a randomly selected food source that is different from xi, y;j is the jth element of the global
best solution, R is a randomly chosen real number in range (0,1), MR is modification rate control
parameter whose value is in the range (0, 1), j € {1, 2, ..., D} and D is the number of optimization
parameters or dimensions of the problem. The novel control parameter MR controls possible
modifications of optimization parameters and it can take value between 0 and 1. This search equation
is inspired by particle swarm optimization (Zhu & Kwong, 2010) algorithm. As stated in Eq. (7), the
information of the global best solution is used to guide the search of candidate solutions. Therefore,
this search equation can improve the exploitation ability of the ABC algorithm.

The third search strategy employed in the MABC is described as follows:
vy = {xm + @i (X im — X ) i R = MR xuy. otherwise 8)

where m is a randomly chosen parameter index, ¢iis a uniform random number in range (-1, 1), x«
represents the other solution selected randomly from the population, R is a randomly chosen real
number in range (0,1), and j = 1,2...D. It is expected that the search equation given by Eq. (6) provides
good exploration ability but slower convergence speed. On the other hand, the Eq. (7) and Eq. (8)
could obtain better convergence speed and good exploitation.

Algorithm 1. Dynamic rule for solution search equation
lff('lf'|) <f(.1'|') then

X = v

7

{solution x; is updated and its assigned solution search equation 5; is kept for
further search}

else
Randomly select a strategy 5, from the set {S1. Sz, S5} and S =5
5; = 5y;
X = X

{solution ¥; is kept and its assigned solution search equation is replaced for

further search}

An encoding method is used with the intention to determine how to assign these search strategies to
solutions from the population. Let us denote the search strategy given by the Eq. (6) as S1, the search
strategy given by the Eq. (7) as Sz and the search strategy given by the Eq. (8) as Ss. At the start of the
search, each solution xiis randomly assigned a solution search strategy, Si, from the set {Si. Sz, Ss}.
During the search process, the value of Siis changed according to the objective function value of the
novel solution vi. If the solution vi has lower objective function value than its parent x;, it suggests that
the current solution’s search equation is appropriate for the search. In that case, the parent solution is
replaced with the candidate solution and the current solution’s search strategy is kept for the further
search. Otherwise, the parent solution is kept for next generation. Also, this case indicates that the
current strategy cannot improve the quality of solution and it is replaced. This encoding method is
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given as Algorithm 1. The parent solution x: and its assigned solution search strategy Si, the potential
solution vi and the objective function f are the input of Algorithm 1. The output of this algorithm is the
solution x: and its assigned solution search equation S: which will be used in next iteration.

Algorithm 2. Pseudo-code of the MSABC
Initialize algorithm's parameters SP, MNI and MR

Initialize population of search solutions %j, i = 1, 2, ..., SP randomly in the
search space;
Evaluate each x;,i=1, 2, ..., SP;
t=1;
while (¢ <= MNI) do
fori=1do SP do
Create new solution ¥; according to the search strategy 5
Update ¥; and 3; according to Algorithm 1;
end for
Update the best solution obtained so far;
t=t+1;

end while

The pseudo-code of the MSABC is presented in Algorithm 2. The input of Algorithm 2 includes the
population size value SP, the maximum number of iterations MNI, the modification rate MR and the
objective function f. The output of Algorithm 3 is the solution with the smallest objective function
value.

Experiments and results

A comparison between the developed MSABC and ABC adjusted to solve minimax optimization
problems through ten test benchmarks is presented in this section. Both metaheuristic algorithms were
implemented in Java programming language on a PC Intel(R) Core(TM) i5-4460 3.2GHz processor
with 16GB of RAM and Windows OS. To test the performance of the MSABC and ABC on minimax
programming problems, ten problems widely used in the literature are employed. The mathematical
models of these problems can be found in (LuksSan, L., & VI¢ek, J. (2000); Tawhid et al. (2019)). Table 1
presents the following characteristics of the used minmax problems: the name of the minimax
benchmark problems, the dimension of the problem, the number of fi(x) functions and desired error
goal.

Table 1. Properties of the minimax benchmark problems FMi-FMuo.

Function Dimension (D) #fi(x) Desired Error Goal
FM1 2 3 1.9522245

FM:2 2 3 2

FMs 4 4 -40.1

FMa 2 2 10+

FMs 10 10 10+

FMe 2 2 10+

FM7 4 4 -40.1

FMs 7 5 680.9

FMo 4 21 0.1

FMaio 9 41 0.61852848 - 102
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In the MSABC and ABC algorithms the size of population SP was set to 20 and the maximum number
of function evaluations executed by these methods for all benchmarks was set to 20,000. The run is
counted as successful when the desired error goal is achieved within the maximum number of
function evaluations. In the ABC, values of MR and limit control parameters were set to 0.8 and 5* D *
SP. The same values of these parameters are employed in the respective original paper (ABC integer,
2009). The results of the MSABC and ABC algorithms were reached over 30 runs.

To estimate the performances of the ABC and MSABC algorithms the following metrics are employed.
The mean number of function evaluations required to achieve the desired value can be considered a
measure of the convergence speed. The convergence speed is faster if the mean value is smaller.
Standard deviation (SD) values are measured to investigate the stability of each algorithm. The
performance of a method is less stable if the standard deviation value is higher. The metric success
rate (SR) is used to demonstrate robustness of metaheuristics. The success rate is defined as the ratio of
successful runs in the total number of performed runs. The mean, standard deviation values and SR
values of the artificial bee colony and proposed MSABC for the test functions FM1-FM10 over 30 runs
are presented in Table 2. The best mean results are in bold.

Table 2. Comparison results of the ABC and MSABC for the FM1-FM10 minimax problems. The best
results are indicated in bold.

ABC MSABC

Mean SD SR Mean SD SR
FM1 7522.0 5486.06 29/30 1515.33 467.46 30/30
FM2 1997.2 741.59 30/30 841.33 148.94 30/30
FMs 600.8 130.71 30/30 495.33 96.56 30/30
FMa4 1854.0 400.80 30/30 1259.333 152.9 30/30
FMs 19,022.8 2028.13 24/30 2441.33 288.718 30/30
FMs 2215.2 2197.82 30/30 495.33 219.31 30/30
FM~ 2986.8 2327.84 30/30 921.33 405.85 30/30
FMs 18,442.8 3 3707.93 18/30 7864.0 4473.15 28/30
FMo 32444 2562.20 30/30 1320.66 777.09 30/30
FMio 20,000.0 0.0 0/30 13644.6 5404.66 23/30

From the reached results, it can be noticed that the proposed MSABC algorithm outperforms the
standard ABC algorithm for all benchmark problems. The obtained mean and standard deviation
values indicate that the MSABC method converges faster and that it is more stable in comparison with
the ABC technique. Additionally, the SR results indicate that the MSABC performance is more robust
in comparison with the ABC on four benchmark problems (FM1, FM2, FMs, FMs and FMio), while both
methods reached the same SR results for the rest of the test problems.

Conclusion

In this paper, a multi-strategy artificial bee colony algorithm (MSABC) is proposed for solving
minimax optimization problems. To obtain more refined search of the search space, the proposed
approach uses three search strategies with different characteristics. The proposed MSABC algorithm
was applied to solve ten minimax problems taken from the literature and it showed a good
performance. Compared to the basic ABC, the MSABC method converges faster and it is more robust.
In the future work, the performance of the MSABC technique applied to other practical optimization
problems will be investigated.
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