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a b s t r a c t

In this study, a new algorithm that will improve the performance and the solution quality of the ABC
(artificial bee colony) algorithm, a swarm intelligence based optimization algorithm is proposed. ABC
updates one parameter of the individuals before the fitness evaluation. Bollinger bands is a powerful sta-
tistical indicator which is used to predict future stock price trends. By the proposed method an additional
eywords:
warm intelligence
rtificial bee colony algorithm

update equation for all ABC-based optimization algorithms is developed to speed up the convergence
utilizing the statistical power of the Bollinger bands. The proposed algorithm was tested against classical
ABC algorithm and recent ABC variants. The results of the proposed method show better performance in
comparison with ABC-based algorithm with one parameter update in convergence speed and solution
umerical benchmark functions
ollinger bands

quality.

. Introduction

Bollinger band (BB) is a technical analysis tool which is invented
o predict the future stock prices. BB is used to predict maximum
nd minimum future prices referring from the past prices. BB indi-
ator consists of three lines: an upper band, a lower band, and
iddle band which represents the moving average of the past

rices. If the stock price catches up on the upper band, then the
tock is considered as overbought; if price catches up on the lower
and, then it is considered as oversold. In this study, working prin-
iples of the BB is applied to improve employed bee performance
f the ABC algorithm and its variants by adding a second parameter
pdate rule to ABC based algorithms based on BB. In this work, best
tness valued employed bees are used as data series to calculate

he BB.
In nature, most of the animals live in a group which requires

ollaboration across group members. Each individual exhibits an
ntelligent behavior according to the role assigned to it inside the
roup. This kind of social behavior ensures the animal groups to get
ore food or have a better defense with less energy consumption.

warm Intelligence is an Artificial Intelligence technique inspired
y the social behaviors of insect or animal groups.

Optimization is selecting the best parameters among the all
vailable to maximize or minimize a function. For example, the

raveling salesman problem, irregular object allocation problem,
ehicle routing problem are some of the best known engineering
ptimization problems. These problems may have very large search
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space according to parameter counts, and brute force approaches
may take years to find the optimum parameters. So, people looked
at the nature to see how nature solves its own optimization
problems. One naturally inspired optimization method is genetic
algorithms [1]. Genetic algorithm is inspired by natural selection
and the theory of evaluation. Another naturally inspired optimiza-
tion is artificial immune systems by Castro and Zuben [2]. In years
following the discovery of genetic algorithms, researchers discov-
ered another method of nature in optimization which is called
swarm intelligence. One of the popular swarm intelligence based
algorithms is particle swarm optimization algorithm by Elbart
and Kennedy [3]. The algorithm is inspired by social behavior of
birds flocking, and it is a population based stochastic optimization
algorithm that is similar to the other swarm intelligence based algo-
rithms. Ant colony algorithm developed by Dorigo et al. [4] which is
a popular intelligence based optimization algorithm simulates the
food carrying mechanism in the ant colonies.

Bees are also good example for swarms. Bee system by Lucic
and Teodorovic [5], The Bees Algorithm by Pham et al. [6] and the
recent method developed by Diwold et al. [7] are the examples for
bee inspired optimization algorithms. This study focused on Artifi-
cial Bee Colony (ABC) algorithm which is inspired by the foraging
behavior of bees. In the algorithm, global search process is real-
ized by three types of the bees. First one is employed bees. Each
employee bee represents a possible solution or food source. The
second kind of the bees is onlooker bees. The task of that type of
bees is to search better solutions around the current solutions. Bet-

ter food sources or solutions attract more onlooker bees, so they
are searching condenses around the better solutions. The last type
of bees is scout bees. The task of the scout bees is to find untouched
food sources. They search the search space randomly to find a bet-

dx.doi.org/10.1016/j.asoc.2016.08.023
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
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Fig. 1. The ABC algorithm.

er solution. In this study, the employed bees of ABC algorithm
ave been investigated to get better solutions with the same fitness
valuation count.

Employed bees and onlooker bees use the same position update
rocedure. The biggest issue about the update procedure is that

t causes slow convergence speed. That because in each phase, one
arameter of the solution is updated and then the new solutions are
valuated. In this study, a second parameter update rule is added
o employed bee phase to improve the searching ability of the ABC
lgorithm. The proposed method is applied to the original ABC and
our different variants. First of them is G-best guided ABC algorithm
GABC) [8]. This algorithm adds the global best solution informa-
ion to search equation to let the algorithm search better in the

olution space. The second and third algorithms are ABC/Best/1
nd ABC/Best/2 algorithms proposed by Gao et al. [9]. These algo-
ithms use the update rule of differential evaluation algorithm and
ing 49 (2016) 292–312 293

guide the agents to search around the best solution that found in
the previous iteration. The last compared algorithm is ABC with
variable search strategy (ABCVSS) [10]. The method proposes the
integration of multiple solution update rules with ABC to solve
optimization problems having different characteristics.

ABC is one of the swarm intelligence based optimization tech-
niques. Its performance is better than most of the swarm based
methods. The main problem of the algorithm is its slow conver-
gence speed because it updates only one parameter before every
fitness evaluation process. There are many modified versions of
the ABC algorithm and similarly all of them apply one update rule
before fitness evaluation. In this work an additional update equa-
tion has been proposed to speed up the convergence rate and
improve the solution quality that uses Bollinger bands indicator
(BB) [11] which is originally used to predict the future stock prices.

2. Related works

ABC algorithm was first introduced by Karaboğa in 2005 [12].
The algorithm was  first used to solve numerical benchmark func-
tions [13,14]. After ABC appeared in optimization field, some
methods which modify ABC have also appeared. One of these stud-
ies, named GABC, was  developed by Zhu and Kwnong [8]. They
changed the neighborhood equation of the algorithm by adding the
global best solution. Banharnsakun et al. [15] modified ABC by con-
sidering the best-so-far solution of the onlooker bees. Gao and Lui
[16] also modified the ABC algorithm and they excluded the proba-
bilistic selection and scout bee from the algorithm. They named the
method modified ABC (MABC) and tested against two  different ABC
based methods on a set of 28 benchmark functions. In [17] authors
proposed an improved ABC algorithm based on rank selection and
utilized the best-so-far solution. Genetic operators are also used to
produce new candidate solutions in ABC [18]. Another improved
ABC algorithm combines personal best solution with global best
solution [19]. To improve convergence characteristics of ABC, Kıran
and Fındık proposed a directed ABC algorithm [20]. Kıran and Fındık
also proposed a new method to improve search capabilities of ABC
and PSO [21]. Babaoğlu [22] proposed a distribution based update
rule to overcome stagnation behavior of the ABC algorithm.

Beyond the numerical benchmark functions, ABC algorithm is
also used to solve binary optimization problems [23,24] and dis-
crete optimization problems [25], some complex real problems like
automatic voltage regulator [26], vehicle routing problem [27], allo-
cation problem [28], design of filter bank transmultiplexer [29],
synthetic radar aperture radar images segmentation [30] and para-
metric optimization of non-traditional machining process [31]. ABC
is used to design digital infinite impulse to solve leaf-constrained
minimum spanning tree problem [32] and response filters [33]
design. Another application of the ABC is data collection path plan-
ning in sparse wireless sensor networks [34].

Thakkar and Kotecha [35] proposed that a Bollinger Bands based
proposed a new decentralized cluster head election method for
designing of scalable routing protocol with prolonged network life-
time for a wireless sensor network. Ngan and Pang [36] developed
a BB based method to detect of defection on patterned fabric and
tested the method on both three different patterned fabrics which
defect free and defected. They obtained 98.59% accuracy. In [37]
Torrisi deal with deadband sampling algorithm for unbounded vari-
ables and investigates how cab BB can be used on calculating.

3. The ABC algorithm
Like other swarm based algorithms, ABC algorithm is also an
iterative algorithm. Every potential solution is represented by
employed bees with D parameters. In each iteration, employed bees
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Table 1
Performance of different a values.

a values Function ABCBB ABCBEST1BB ABCBEST2BB GBESTABCBB ABCVSSBB

a = 1 F1 2.55E-16 7.74E-51 7.73E-40 2.19E-16 8.82E-93
F2  2.73E-16 2.06E-47 6.54E-35 2.03E-16 1.99E-83
F3  2.48E-16 1.54E-51 8.30E-41 2.24E-16 2.09E-95
F4  6.68E-18 5.86E-119 1.01E-71 2.99E-18 7.61E-172
F5  8.89E-16 1.24E-27 2.16E-21 8.97E-16 2.74E-49
F6  0.105947 0.2837527 0.879017933 0.020745407 0.00347837

a  = 1.5 F1 4.09E-16 5.04E-47 1.06E-36 3.68E-16 6.82E-82
F2  3.91E-16 2.21E-43 1.61E-31 4.00E-16 4.51E-80
F3  3.74E-16 1.35E-47 1.35E-37 3.77E-16 7.28E-92
F4  1.62E-17 1.36E-110 3.07E-67 8.75E-18 3.72E-166
F5  1.10E-15 1.11E-25 1.04E-19 1.05E-15 9.00E-48
F6  0.155581 0.513428867 1.441922333 0.03896216 0.00584378

a  = 2 F1 5.03E-16 7.79E-45 6.98E-35 4.49E-16 8.34E-79
F2  4.84E-16 4.91E-41 4.20E-29 4.39E-16 1.73E-81
F3  4.78E-16 1.22E-45 9.53E-36 4.36E-16 9.34E-82
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F4  2.35E-17 4.18E-103
F5  1.24E-15 1.41E-24 

F6  0.255226 0.9203776

nd onlooker bees update one of those D parameters and calcu-
ate the fitness of the new solution (mutant). If the fitness value of

utant solution is better than the original one, then employed bee
tores the new solution. ABC algorithm works in three phases and
ses a different kind of virtual bee in each phase as shown in Fig. 1.
hese are employed bees, onlooker bees and scout bees. Employed
ees are initialized randomly. The basic principle of the ABC is
orrecting N solutions with D parameters held by employed bees.
f onlooker bees cannot find better solutions near the employed
ee, then the employed bee becomes a scout bee to find better
olutions in random location in search space. In this study, the
ethod is applied to minimize continuous optimization problems.

he problem is finding the best parameter vector X that minimizes
he function in D dimensional search space. Each element in vec-
or X has minimum and maximum limit values. If these limits are
xceeded, then the exceeding value is set to the corresponding
imit. If xmax

j
is the maximum limit value of the jth dimension,xmin

j
is

he minimum limit value of the jth dimension, � is a uniformly gen-
rated random number in [0,1] and s

ij
is the jth parameter of the ith

olution, then the algorithm is initialized as follows:

ij = xmin
j + �(xmax

j − xmin
j ) (1)

Each solution is assigned to an employed bee and the Eq. (1)
s applied to all dimensions of all solutions. After initialization, the
outine of the algorithm begins with the employed bee phase. In the
hase, each employed bee s

i
creates a new solution using neighbor-

ood of the s
k
in randomly selected dimension by using Eq. (2). The

election of the s
k

is full random and is not driven by Eq. (3). The

k
must be different from the current solution (i /= k). If � is a uni-

ormly generated random number in (0,1), then the employed bee
enerates the new solution as follow:

′
ij = sij + �(sij − skj) (2)

If the new solution s′ijis better than the previous one, then the
mployed bee holds the new solution. In onlooker bee phase, ith

olution which will be modified is selected according to a roulette
heel method using the Eq. (3). Through the mechanism, employed

ees with bigger fitness values have more chance to be selected by
nlooker bees.

fi

i = ∑N

i=1fi
(3)

In (3), fi represents the fitness value of ith solution and N rep-
esents the number of solutions. So solutions with bigger fitness
2.86E-63 1.74E-17 2.17E-161
1.06E-18 1.11E-15 2.82E-42
1.963883 0.070139203 0.00704355

values have more chance to be selected by onlooker bees. The last
phase in ABC is scout bee. If a solution cannot be improved for a
pre-determined trial count (limit) by employed bees or onlooker
bees, this solution is replaced by a random solution just like ini-
tialization phase. Thus, it can be said that while employed bee and
onlooker bee phases are the exploitation part, the scout bee phase
is the exploration part of the ABC algorithm.

4. Bollinger bands in ABC algorithm

4.1. What is Bollinger bands?

BB was invented by John Bollinger in 1980 [11]. BB is a tech-
nical analysis tool to predict future prices of the stocks. It uses
pre-defined count of past prices and calculates the mean value and
standard deviation of the prices to calculate an interval. It assumes
that future prices will not exceed these intervals. Investors may
decide to buy, sell or keep the shares by looking the position of
the current price according to these bands. However only BB is not
enough to decide on buying or selling a stock, so many investors
use additional indicators (or technical analysis tools). BB consists
of three bands. Upper band (UB) is calculated by Eq. (4), lower band
(LB) is calculated by Eq. (5) and middle band is the mean value of
past prices. A simple BB is illustrated in Fig. 2.

UB = M + a × � (4)

LB = M − a × � (5)

In Eqs. (4) and (5), M is the mean of a predefined number of past
closing prices, a is a constant which usually selected in [1,2] and �
is the standard deviation of past closing prices. To determine the
best a value first six benchmark functions in Table 2 were run and
the results are illustrated in Table 1. The table shows that to acquire
the best performance a should be selected as 1.

4.2. Bollinger bands in ABC

BB is a useful indicator for investors to decide on their invest-
ments but how can it be used in ABC algorithm to improve the
performance? As mentioned above, ABC algorithm works with
three kinds of bees. In short, ABC algorithm exploits the search

space by employed bees, onlooker bees and explores the search
space by scout bees. Convergence speed of ABC is slow due to the
parameter update procedure because it updates only one parame-
ter to find better solutions. At this point BB approach is used to make
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Table  2
Benchmark functions.

No of Funct. Name Search Range C Function

F1 Sphere [100,100] US f1(
→
X)  =

∑n

i=1
x2
i

F2 Elliptic [100,100] UN f2(
→
X)  =

∑n

i=1
(106)

(i−1)/(n−1)
x2
i

F3 SumSquares [10,10] US f3(
→
X)  =

∑n

i=1
ix2
i

F4 SumPower [10,10] MS  f4(
→
X)  =

∑n

i=1
|xi|(i+1)

F5 Schwefel2.22 [10,10] UN f5(
→
X)  =

∑n

i=1
|xi| +

∏n

i=1
|xi|

F6  Schwefel2.21 [100,100] UN f6(
→
X)  = maxi

{
|xi|, 1 ≤ i ≤ n

}
F7 Step [100,100] US f7(

→
X)  =

n∑
i=1

(�xi + 0.5�)2

F8 Quartic [1.28,1.28] US f8(
→
X)  =

n∑
i=1

ix4
i

F9 QuarticWN [1.28,1.28] US f9(
→
X)  =

n∑
i=1

ix4
i

+ random[0, 1)

F10 Rosenbrock [10,10] UN f10(
→
X)  =

n−1∑
i=1

[
100

(
xi+1 − x2

i

)2
+ (xi − 1)2

]

F11 Rastrigin [5.12,5.12] MS  f11(
→
X)  =

n∑
i=1

[
x2
i

− 10 cos(2�xi) + 10
]

F12 Non-Continuous
Rastrigin

[5.12,5.12] MS

f12(
→
X) =

n∑
i=1

[
y2
i

− 10 cos(2�yi) + 10
]

yi =

{
xi |xi| <

1
2

round(2xi)
2

|xi| ≥ 1
2

}

F13 Griewank [600,600] MN f13(
→
X)  = 1

4000

n∑
i=1

x2
i

−
n∏
i=1

cos

(
xi√
i

)
+ 1

F14  Schwefel2.26 [500,500] UN f14(
→
X)  = 418.98 ∗ n −

n∑
i=1

xi sin

(√
|xi|

)

F15 Ackley [32,32] MN f15(
→
X)  = −20 exp

{
−0.2

√
1
n

n∑
i=1

x2
i

}
− exp

{
1
n

n∑
i=1

cos(2�xi)

}
+ 20 + e

F16  Penalized1 [50,50] MN

f16(
→
X) = �

n
{10sin2(�y1) +

n−1∑
i=1

(yi − 1)2[1 + 10sin2(�yi+1)] + (yn − 1)2} +
n∑
i=1

u(xi, 10, 100, 4)

yi = 1 + 1
4

(xi + 1) uxi,a,k,m =
{
k(xi − a)m xi > a
0 − a ≤ xi ≤ a
k(xi − a)m xi < −a

F17 Penalized2 [50,50] MN

f17(
→
X) = 1

10
{sin2(�x1) +

n−1∑
i=1

(xi − 1)2[1 + sin2(3�xi+1)]+

(xn − 1)2[1 + sin2(2�xi+1)]} +
n∑
i=1

u(xi, 5, 100, 4)

F18  Alpine [10,10] MS  f18(
→
X)  =

n∑
i=1

|xi · sin(xi) + 0.1 · xi|

F19  Levy [10,10] MN
f19(

→
X) =

n−1∑
i=1

(xi − 1)2[1 + sin2(3�xi+1)] + sin2(3�x1)+

|xn − 1|[1 + sin2(3�xn)]

F20 Weierstrass [0.5,0.5] MN
f20(

→
X)  =

D∑
i=1

(

kmax∑
k=0

[ak cos(2�bk(xi + 0.5))]) − D

kmax∑
k=0

[ak cos(2�bk0.5)]

a = 0.5, b = 3, kmax = 20

F21 Schaffer [100,100] MN f21(
→
X)  = 0.5 +

sin2

(√
n∑
i=1

x2
i

)
−0.5

(
1+0.001∗

[
n∑
i=1

x2
i

])2
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Table 2 (Continued)

No of Funct. Name Search Range C Function

F22 Himmelblau [5,5] MS  f22(
→
X)  = 1

n

n∑
i=1

(x4
i

− 16x2
i

+ 5xi)

F23  Michalewicz [0,�]  MS  f23(
→
X)  = −

n∑
i=1

sin(xi)sin20
(
i∗x2
i
�

)

F24 Shifted Sphere [100,100] US f24(
→
X)  =

n∑
i=1

z2
i
z = x − o

F25  Shifted Rastrigin [5.12,5.12] MS  f25(
→
X)  =

n∑
i=1

[
z2
i

− 10 cos(2�zi) + 10
]
z = x − o

F26  Shifted Griewank [600,600] MN f26(
→
X)  = 1

4000

n∑
i=1

z2
i

−
n∏
i=1

cos

(
zi√
i

)
+ 1 z = x − o

F27  Shifted Ackley [32,32] MN
f27(

→
X)  = −20 exp

{
−0.2

√
1
n

n∑
i=1

z2
i

}
− exp

{
1
n

n∑
i=1

cos(2�zi)

}
z = x − o

M

n∑

a
e
t

F28 Shifted Alpine [10,10] 
nother parameter update by determining a dynamical interval for
very parameter of the problem which is calculated for each itera-
ion using BB approach as shown in Fig. 3. BB update is not used for

Fig. 2. Bollinge
N f28(
→
X)  =

i=1

|zi · sin(zi) + 0.1 · zi| z = x − o
first ten iterations because to find good BBs there should be some
good solutions. BB for each dimension are calculated by four steps
following:

r Bands.
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Fig. 3. Bollinger band approach in classic ABC.

. BB is calculated on data series. For example last 20 days closing
prices is used to calculate the average price, standard deviation
and BB. To calculate BB for ABC, half of the employed bees (C)
with the highest fitness valued are used as data series. So the
best 50% of employed bees are copied to “x” array.

. The mean of each dimension (M)  is calculated by Eq. (6).

Mj =

C∑
i=1

xij

C
(6)

. The standard deviation (�) is calculated for each dimension by
Eq. (7)

�j =

√√√√√
C∑
i=1

(
xij − Mj

)2

C
(7)
. Upper band (UB) and lower band (LB) are calculated for each
dimension of the problem by Eqs. (8) and (9) sequentially.

Bj = Mj + a × �j (8)
ing 49 (2016) 292–312 297

LBj = Mj − a × �j (9)

Half of the randomly selected employed bee’s parameter are
updated only in the classical way  by Eq. (2) and the rest updated
both in the classical way and BB by Eq. (10).

sj = LBj + (UBj − LBj) × R (10)

In Eq. (10), R is a random number in [–1,1].

5. Experiments

Performance comparison is done between each ABC variants
with and without BB update rule. Population size and maximum
iteration count parameters of ABC variants with and without BB
update rule remained the same. So, pop sizes were set to their orig-
inal values appeared in the corresponding papers as 40, 50, 100, 100
and 40 for ABC, GABC, ABC/Best/1, ABC/Best/2 and ABCVSS respec-
tively. Limit value which controls the transformation of employed
bees into scout bees is also calculated as in Eq. (11) [38]:

L = N × D (11)

Maximum fitness evaluation count was considered as 1.5E + 5,
3E + 5, and 5E + 5 for 30, 60 and 100 dimensionalities respectively.

Where L is the limit value, N is the employed bee count and
D is the dimensionality of the problem. It is common to use only
one scout bee for each iteration of the ABC algorithm. Numerical
benchmark functions were used to test the accuracy performance
of the proposed method. The performance of the method was  tested
against to ABC based algorithms by a set of functions collected
from [39–41]. The set consists of unimodal, multimodal, separa-
ble and non-separable functions. In Table 2, these functions were
presented and the characteristic of the function in column C was
indicated as M for multimodal functions, U for unimodal functions,
S for separable functions and N non-separable functions.

In this study, the proposed method was applied to the classical
ABC [12], Gbest-guided ABC (GABC) [8], ABC/Best/1, ABC/Best/2 [9]
and ABC with variable search strategy (ABCVSS) [10]. Tests were run
30 times independently for each function and each dimensionality.
Obtained results were reported as the best, the worst, the mean and
the standard deviation in the same Tables (see Tables 3–17). Sign
column was  drawn from pairwise t-test with 0.05 p value to show
if the result are statistically significant. If the sign value is “ + ” that
means two  results are significantly different and if the value is “-“
then it means results are not statistically significant.

Table 18 summarizes all the results above. It shows the count of
the better results acquired in the five performance analysis; mean
values without pairwise t-test, mean values which pairwise t-test
result is “+”, the best and the worst values that methods obtained
in 30 independent run and the standard deviation results to show
which version of the method is more robust. Each analysis is done
on an ABC variant with and without BB update rule.

Convergence graphics for various functions with different D
values are drawn in Fig. 4. When it is considered, convergence char-
acteristic of ABC and ABCBB for F1 function with D = 30, there isn’t
a significant difference until iteration 500, but then until iteration
1500 difference increases. For the same function, it is impossible to
say which one is better for ABCBEST1 and ABCBEST1BB for the first
250 iterations but the performance of the ABCBEST1BB is better
for further iterations. ABCBEST2 and ABCBEST2BB have the same
convergence characteristic with ABCBEST1 and ABCBEST1BB. Per-
formance differences between GABC and GABCBB increase linearly

and hit the maximum value at iteration 700. After that point, the
performance of the GABC catches up with the GABCBB. Performance
differences between ABCVSS and ABCVSSBB increase linearly with-
out any exception.
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Table 3
The comparison results of the standard ABC and ABC in which BB approach is applied (ABCBB), D = 30.

ABC ABC BB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 5.18E-16 2.83E-16 6.91E-16 7.57E-17 2.54E-16 1.04E-16 3.33E-16 5.09E-17 +
F2  4.98E-16 3.27E-16 5.54E-16 5.41E-17 2.81E-16 2.00E-16 4.16E-16 4.50E-17 +
F3  5.13E-16 3.30E-16 7.26E-16 6.19E-17 2.56E-16 1.45E-16 3.16E-16 3.95E-17 +
F4  3.19E-17 1.44E-17 5.51E-17 1.10E-17 5.90E-18 1.61E-18 1.89E-17 3.95E-18 +
F5  1.31E-15 9.89E-16 1.61E-15 1.50E-16 8.96E-16 7.25E-16 9.97E-16 9.49E-17 +
F6  0.7660283 0.315601 1.47647 0.2959416 0.1081804 0.0684435 0.189214 0.0286474 +
F7  0 0 0 0 0 0 0 0 +
F8  2.00E-16 6.76E-17 2.85E-16 5.47E-17 3.82E-17 1.70E-17 7.41E-17 1.55E-17 +
F9  0.053503 0.0280182 0.0750099 0.0115878 0.0134305 0.006654 0.0232036 0.0033733 +
F10  0.0328451 0.000346 0.24596 0.0584681 0.0614847 0.00035903 0.598141 0.1237569 –
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  2.81E-15 0 8.23E-14 1.48E-14 6.29E-17 0 5.55E-16 1.06E-16 –
F14  2.18E-08 0 6.54E-07 1.17E-07 0.0004669 0 0.0138794 0.0024907 –
F15  3.74E-14 2.84E-14 4.26E-14 4.47E-15 2.11E-14 1.42E-14 2.84E-14 2.58E-15 +
F16  4.88E-16 2.52E-16 7.38E-16 9.86E-17 2.31E-16 9.90E-17 3.23E-16 5.35E-17 +
F17  4.91E-16 3.01E-16 5.55E-16 5.77E-17 2.35E-16 1.69E-16 3.18E-16 4.34E-17 +
F18  1.17E-09 2.30E-15 1.26E-08 2.64E-09 7.80E-11 5.14E-15 8.43E-10 1.83E-10 +
F19  4.23E-16 2.22E-16 5.24E-16 8.52E-17 2.09E-16 1.11E-16 2.84E-16 3.80E-17 +
F20  0 0 0 0 0 0 0 0 +
F21  0.3231326 0.22769 0.396098 0.0414328 0.1729232 0.126991 0.227704 0.0272323 +
F22  0 0 0 0 0 0 0 0 +
F23  0 0 0 0 0 0 0 0 +
F24  5.17E-16 3.96E-16 7.31E-16 6.52E-17 2.66E-16 1.47E-16 3.25E-16 3.89E-17 +
F25  94704.8 94704.8 94704.8 1.46E-11 76169.3 76169.3 76169.3 1.46E-11 +
F26  0.0003703 0 0.0110288 0.0019793 3.46E-12 0 1.04E-10 1.86E-11 –
F27  19.99928 19.9973 20.0001 0.0006625 19.997617 19.9863 19.9999 0.0025815 +
F28  0.0482223 0.0020497 0.213659 0.0559528 0.0744657 0.00554561 0.279391 0.0721096 –

Table 4
The comparison results of standard GABC and GABC in which BB approach is applied (GABCBB), D = 30.

GABC GABCBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 4.47E-16 2.89E-16 5.51E-16 6.35E-17 2.12E-16 1.00E-16 4.53E-16 6.90E-17 +
F2  3.88E-16 2.67E-16 5.14E-16 7.80E-17 1.88E-16 8.82E-17 3.01E-16 5.68E-17 +
F3  4.46E-16 2.79E-16 5.38E-16 7.37E-17 2.12E-16 9.57E-17 4.63E-16 7.15E-17 +
F4  1.66E-17 7.45E-18 2.93E-17 6.35E-18 2.58E-18 3.78E-19 1.47E-17 2.72E-18 +
F5  1.35E-15 1.12E-15 1.63E-15 1.50E-16 9.17E-16 7.35E-16 9.98E-16 8.58E-17 +
F6  0.2538439 0.154076 0.374448 0.0578231 0.021585 0.0127726 0.030231 0.0042603 +
F7  0 0 0 0 0 0 0 0 +
F8  1.28E-16 7.07E-17 2.01E-16 4.11E-17 1.15E-17 2.06E-18 2.52E-17 4.87E-18 +
F9  0.0223538 0.0113737 0.0303664 0.0048274 0.0066536 0.00333693 0.0144552 0.0027007 +
F10  0.9044532 0.0001259 8.12745 1.9001926 5.5709563 0.00126923 69.1378 13.388404 –
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  0.0002465 0 0.007396 0.0013276 7.40E-18 0 1.11E-16 2.77E-17 –
F14  3.9484897 0 118.438 21.260169 35.531451 0 236.877 62.297435 +
F15  3.17E-14 2.13E-14 3.91E-14 4.30E-15 1.88E-14 1.42E-14 2.13E-14 2.77E-15 +
F16  4.33E-16 3.11E-16 5.35E-16 6.61E-17 4.44E-16 2.97E-16 5.33E-16 6.92E-17 –
F17  4.39E-16 2.61E-16 5.36E-16 7.56E-17 4.63E-16 3.24E-16 5.37E-16 6.09E-17 –
F18  1.50E-07 7.05E-16 2.48E-06 5.26E-07 4.41E-09 5.30E-16 1.32E-07 2.36E-08 –
F19  3.34E-16 1.80E-16 5.29E-16 6.16E-17 3.99E-16 2.89E-16 5.43E-16 8.02E-17 +
F20  0 0 0 0 0 0 0 0 +
F21  0.2632798 0.0781892 0.312107 0.0473012 0.1256882 0.0781892 0.178223 0.0272982 +
F22  0 0 0 0 0 0 0 0 +
F23  0 0 0 0 0 0 0 0 +
F24  4.27E-16 2.69E-16 5.45E-16 8.09E-17 4.50E-16 2.69E-16 5.47E-16 7.76E-17 –
F25  76556.2 76556.2 76556.2 1.46E-11 81218.9 81218.9 81218.9 4.37E-11 +

 

 

v

c
i
d

F26  9.47E-16 0 2.74E-14 4.92E-15 

F27  19.984473 19.9614 19.9994 0.0100392
F28  0.0011004 3.20E-12 0.0325029 0.0058315

All BB versions of the algorithms are fairly better than classic
ersions on F6 with D = 60.
In F5 with D = 100,differences between ABC and ABCBB are not
lear for first 1700 iteration. From this point forward, differences
ncrease and hit the maximum value at 5800 iteration and then
ifferences decrease and convergence to zero. There is similar con-
5.55E-17 0 1.11E-16 5.55E-17 –
19.998427 19.9937 20.0003 0.0018042 +
0.4867656 5.09E-11 2.98425 1.0004962 +

vergence characteristic for ABCBEST1 and ABCBEST1BB because for
the first 1000 iteration, it is not possible to claim which one con-

vergences faster but after that point, ABCBEST1BB is slightly faster
than ABCBEST1. When ABCVSS and ABCVSSBB are analyzed for that
function, differences can be seen among the convergence speed
regularly increases with iteration.
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Table  5
The comparison results of standard ABC/Best/1 and ABC/Best/1 in which BB approach is applied (ABC/Best/1BB), D = 30.

ABC/Best/1 ABC/Best/1BB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 3.01E-47 2.07E-48 1.35E-46 3.41E-47 8.01E-51 1.15E-51 2.78E-50 7.68E-51 +
F2  4.38E-44 4.99E-45 1.11E-43 3.20E-44 1.98E-47 4.61E-48 5.08E-47 1.39E-47 +
F3  9.45E-48 2.55E-48 3.52E-47 8.19E-48 1.27E-51 1.41E-52 3.68E-51 8.45E-52 +
F4  1.89E-87 5.41E-95 2.10E-86 5.06E-87 1.57E-119 9.19E-130 2.36E-118 5.14E-119 +
F5  2.26E-25 9.60E-26 7.01E-25 1.25E-25 1.12E-27 6.52E-28 2.30E-27 3.48E-28 +
F6  2.0075197 1.25935 3.2222 0.4507888 0.2851943 0.182196 0.421267 0.0492422 +
F7  0 0 0 0 0 0 0 0 +
F8  2.97E-97 1.32E-99 5.69E-96 1.01E-96 4.11E-103 1.12E-105 7.27E-102 1.32E-102 –
F9  0.0217333 0.0121295 0.0292594 0.004562 0.0104881 0.00554089 0.0167355 0.0026937 +
F10  9.7574587 0.0039189 76.6548 21.678114 17.88821 0.00233771 82.4339 28.418494 –
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  0.0004931 0 0.007396 0.0018449 0 0 0 0 –
F14  1.27E-12 0 1.82E-12 8.34E-13 8.49E-13 0 1.82E-12 9.07E-13 –
F15  2.91E-14 2.13E-14 3.20E-14 3.23E-15 1.61E-14 1.42E-14 2.13E-14 2.38E-15 +
F16  1.57E-32 1.57E-32 1.57E-32 5.47E-48 1.57E-32 1.57E-32 1.57E-32 5.47E-48 –
F17  1.35E-32 1.35E-32 1.35E-32 0 1.35E-32 1.35E-32 1.35E-32 0 +
F18  3.02E-16 1.70E-26 3.89E-15 9.68E-16 2.29E-16 7.12E-28 3.89E-15 8.42E-16 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  2.37E-16 0 7.11E-15 1.28E-15 0 0 0 0 –
F21  0.2532718 0.126991 0.345506 0.0630868 0.1527543 0.126991 0.178222 0.025478 +
F22  0 0 0 0 0 0 0 0 +
F23  0 0 0 0 0 0 0 0 +
F24  0 0 0 0 0 0 0 0 +
F25  117694 117694 117694 0 110591 110591 110591 0 +
F26  0.0002465 0 0.007396 0.0013276 0 0 0 0 –
F27  19.99462 19.985 19.9995 0.0035447 19.994087 19.9838 19.9993 0.0041375 –
F28  0.1151638 2.91E-12 2.60871 0.4724243 0.6707514 2.28E-12 4.25758 1.2060549 +

Table 6
The comparison results of standard ABC/Best/2 and ABC/Best/2 in which BB approach is applied (ABC/Best/2BB) D = 30.

ABC/Best/2 ABC/Best/2BB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 5.01E-35 1.25E-35 1.86E-34 3.47E-35 9.42E-40 1.79E-40 3.00E-39 7.05E-40 +
F2  1.45E-28 3.08E-30 6.22E-28 1.21E-28 8.49E-35 5.72E-36 6.01E-34 1.13E-34 +
F3  6.11E-36 1.21E-36 1.32E-35 3.28E-36 8.92E-41 3.24E-41 1.96E-40 4.18E-41 +
F4  1.08E-46 1.18E-53 1.13E-45 2.31E-46 3.60E-71 1.52E-79 7.84E-70 1.41E-70 +
F5  1.26E-18 5.60E-19 2.42E-18 4.71E-19 2.21E-21 1.23E-21 4.08E-21 7.33E-22 +
F6  3.468686 2.36635 4.47577 0.4900661 0.8507019 0.576305 1.17253 0.1294331 +
F7  0 0 0 0 0 0 0 0 +
F8  7.45E-76 1.05E-77 4.18E-75 1.08E-75 1.91E-84 1.27E-85 1.15E-83 2.84E-84 +
F9  0.0267316 0.0144635 0.0380936 0.0058678 0.0130337 0.00856425 0.0205892 0.0031282 +
F10  10.897004 0.0214342 75.5996 15.166298 17.755531 0.0189201 76.8177 24.277711 –
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  1.03E-08 0 1.79E-07 3.54E-08 5.30E-10 0 5.84E-09 1.48E-09 –
F14  1.82E-12 1.82E-12 1.82E-12 1.21E-27 1.76E-12 0 1.82E-12 3.27E-13 –
F15  3.02E-14 2.84E-14 3.20E-14 1.78E-15 1.95E-14 1.42E-14 2.13E-14 2.86E-15 +
F16  1.57E-32 1.57E-32 1.57E-32 5.47E-48 1.57E-32 1.57E-32 1.57E-32 5.47E-48 –
F17  1.35E-32 1.35E-32 1.35E-32 0 1.35E-32 1.35E-32 1.35E-32 0 +
F18  4.43E-13 1.27E-16 5.64E-12 1.22E-12 3.89E-15 2.28E-18 3.57E-14 7.84E-15 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  1.18E-15 0 7.11E-15 2.65E-15 0 0 0 0 +
F21  0.2747748 0.178222 0.373291 0.0447846 0.1560927 0.0781892 0.22769 0.031197 +
F22  0 0 0 0 0 0 0 0 +
F23  0 0 0 0 0 0 0 0 +
F24  7.57E-13 0 2.27E-11 4.08E-12 0 0 0 0 –
F25  87759.6 87759.6 87759.6 4.37E-11 73257.8 73257.8 73257.8 1.46E-11 +

 

5

l
7
3
i

F26  5.20E-08 0 8.51E-07 1.79E-07 

F27  19.99791 19.9894 20.0011 0.0029975
F28  0.5778603 0.0083807 3.31554 0.819986 

.1. Pressure vessel design problem

Pressure vessel is a real world engineering optimization prob-

em. The task is finding the best design parameters of producing
50 ft3 (21.24 m3) pressure vessel with working pressure of
000 psi (20.68 MPa). There are four design parameters illustrated

n Fig. 5. L and R can be continuous values but Th and Ts are expected
7.54E-11 0 1.63E-09 2.97E-10 –
20.0012 19.9993 20.0022 0.0006861 +
0.2611473 1.03E-06 1.87431 0.3904684 –

to be discrete values because they will be multiplied to 0.0625 inch
(0.16 cm)  [43]. These design parameters have limitations as fol-
lows:
x1 ∈ [1.125, 12.5]

x2 ∈ [0.625, 12.5]
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Table 7
The comparison results of standard ABCVSS and ABCVSS in which BB approach is applied (ABCVSSBB), D = 30.

ABCVSS ABCVSSBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 7.16E-90 9.58E-114 2.15E-88 3.85E-89 4.16E-89 8.16E-126 1.25E-87 2.24E-88 –
F2  1.37E-75 2.45E-116 4.10E-74 7.36E-75 1.88E-95 1.77E-125 5.63E-94 1.01E-94 –
F3  3.91E-72 4.89E-116 1.17E-70 2.10E-71 1.04E-97 1.99E-128 3.12E-96 5.60E-97 –
F4  1.18E-132 4.84E-197 3.52E-131 6.32E-132 3.78E-191 1.50E-278 1.12E-189 0 –
F5  2.89E-46 2.70E-59 5.39E-45 1.07E-45 2.38E-44 6.42E-65 7.14E-43 1.28E-43 –
F6  0.0449123 0.0110827 0.109207 0.0269674 0.0029627 0.00027088 0.0340082 0.0060245 +
F7  0 0 0 0 0 0 0 0 +
F8  2.84E-167 1.25E-237 8.52E-166 0 6.24E-179 6.00E-245 1.05E-177 0 +
F9  0.0178912 0.0112214 0.0262358 0.004249 0.0021894 0.00180539 0.0024172 0.0001554 +
F10  2.4166021 0.0005417 68.1175 12.204265 0.3537297 0.00123957 4.00111 0.9930959 –
F11  0 0 0 0 0.0002793 0 0.0014363 0.0005589 +
F12  0 0 0 0 0.0002261 0 0.0013991 0.0005057 +
F13  0 0 0 0 1.53E-12 0 1.62E-11 4.01E-12 +
F14  4.24E-13 0 1.82E-12 7.69E-13 3.85E-05 1.82E-12 6.63E-05 3.14E-05 +
F15  2.43E-14 1.42E-14 3.55E-14 4.77E-15 2.23E-14 1.42E-14 2.84E-14 3.17E-15 –
F16  1.57E-32 1.57E-32 1.57E-32 5.47E-48 1.57E-32 1.57E-32 1.57E-32 5.47E-48 –
F17  1.35E-32 1.35E-32 1.35E-32 0 9.37E-12 1.35E-32 2.81E-10 5.04E-11 –
F18  2.78E-17 4.29E-62 6.11E-16 1.15E-16 3.83E-51 2.67E-70 5.76E-50 1.26E-50 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  0 0 0 0 0 0 0 0 +
F21  0.2738482 0.126991 0.373291 0.0587361 0.1544761 0.0781892 0.178222 0.0312748 +
F22  0 0 0 0 0 0 0 0 +
F23  0 0 0 0 0 0 0 0 +
F24  0 0 0 0 0 0 0 0 +
F25  77102.8 77102.8 77102.8 1.46E-11 9.39E-06 9.28E-06 9.46E-06 5.25E-08 +
F26  1.63E-14 0 4.90E-13 8.79E-14 2.12E-12 0 5.52E-11 9.97E-12 –
F27  19.992087 19.9845 19.9991 0.0039303 2.0379835 0.0433922 19.9895 5.9832388 +
F28  0.0891028 3.20E-12 1.26058 0.3136813 0.0002808 2.84E-12 0.0008908 0.0003975 –

Table 8
The comparison results of standard ABC and ABC in which BB approach is applied (ABC BB), D = 60.

ABC ABCBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 1.18E-15 7.71E-16 1.43E-15 1.68E-16 5.85E-16 3.04E-16 7.40E-16 1.07E-16 +
F2  1.10E-15 7.62E-16 1.43E-15 1.50E-16 6.49E-16 4.56E-16 9.13E-16 1.15E-16 +
F3  1.18E-15 9.19E-16 1.40E-15 1.18E-16 5.93E-16 4.31E-16 7.59E-16 1.05E-16 +
F4  4.14E-17 1.41E-17 6.30E-17 1.33E-17 1.43E-17 1.59E-18 3.39E-17 6.81E-18 +
F5  2.87E-15 2.10E-15 3.36E-15 2.87E-16 1.93E-15 1.58E-15 2.31E-15 1.78E-16 +
F6  9.676447 4.87469 15.1386 2.45174658 1.599929667 1.19407 2.13756 0.21324532 +
F7  0 0 0 0 0 0 0 0 +
F8  4.95E-16 3.05E-16 6.88E-16 7.07E-17 9.90E-17 4.91E-17 2.01E-16 3.04E-17 +
F9  0.10145402 0.0605386 0.132163 0.0197882 0.03139095 0.0162323 0.0526576 0.00729318 +
F10  0.09593204 0.00072428 0.628482 0.13499598 0.111460571 0.00183809 0.589908 0.14986105 –
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  1.92E-16 0 5.55E-16 1.72E-16 8.51E-17 0 9.99E-16 1.78E-16 +
F14  2.98E-06 3.64E-11 7.78E-05 1.40E-05 3.948015084 3.64E-11 118.438 21.2602565 –
F15  8.44E-14 7.46E-14 1.03E-13 6.97E-15 4.74E-14 3.91E-14 5.68E-14 4.34E-15 +
F16  1.17E-15 8.99E-16 1.41E-15 1.36E-16 5.26E-16 3.24E-16 7.08E-16 7.67E-17 +
F17  1.18E-15 9.62E-16 1.40E-15 1.08E-16 5.96E-16 4.41E-16 7.54E-16 9.02E-17 +
F18  3.54E-07 2.22E-11 7.10E-06 1.31E-06 2.51E-08 5.85E-12 2.66E-07 5.61E-08 –
F19  1.07E-15 8.82E-16 1.37E-15 1.24E-16 4.97E-16 3.29E-16 5.53E-16 5.84E-17 +
F20  1.75E-14 0 2.84E-14 8.75E-15 0 0 0 0 +
F21  0.47721387 0.459781 0.490268 0.00796171 0.398069033 0.345506 0.441908 0.01991378 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −196.3424 −196.976 −195.716 0.30957127 −196.227467 −196.888 −195.496 0.37585624 –
F24  1.18E-15 8.90E-16 1.42E-15 1.37E-16 6.15E-16 3.81E-16 7.65E-16 8.59E-17 +
F25  133227 133227 133227 0 154752 154752 154752 0 +

 

x

x

o

F26  2.08E-13 0 6.21E-12 1.11E-12 

F27  20.0000433 19.9999 20.0001 6.16E-05 

F28  0.21566875 0.0254772 0.429801 0.11677135

3 ∈ [0, 240]
4 ∈ [0, 240]

The problem has six penalty functions described below. If one
f them exceeded fitness 1e6 added to fitness value:
7.77E-17 0 5.55E-16 1.38E-16 –
19.99965333 19.999 20 0.0002655 +
0.329388607 0.00966542 0.787067 0.19796369 +

g1(x) = 0.0193x3 − x1 ≤ 0
g2(x) = 0.00954x3 − x2 ≤ 0



B. Koç er / Applied Soft Computing 49 (2016) 292–312 301

Table  9
The comparison results of standard GABC and GABC in which BB approach is applied (GABC BB), D = 60.

GABC GABCBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 1.01E-15 7.71E-16 1.22E-15 1.15E-16 5.30E-16 2.89E-16 9.29E-16 1.44E-16 +
F2  9.16E-16 6.82E-16 1.16E-15 1.06E-16 4.72E-16 2.86E-16 9.80E-16 1.48E-16 +
F3  1.03E-15 7.25E-16 1.20E-15 1.46E-16 5.34E-16 3.17E-16 9.73E-16 1.67E-16 +
F4  2.53E-17 1.13E-17 4.41E-17 8.04E-18 6.49E-18 4.41E-19 2.39E-17 5.03E-18 +
F5  3.02E-15 2.31E-15 3.42E-15 2.44E-16 2.06E-15 1.43E-15 2.33E-15 2.12E-16 +
F6  4.58593267 3.46558 6.24868 0.60179472 0.7760315 0.569763 0.981892 0.1038181 +
F7  0 0 0 0 0 0 0 0 +
F8  3.67E-16 2.67E-16 4.96E-16 7.04E-17 3.97E-17 1.78E-17 5.89E-17 1.17E-17 +
F9  0.05147336 0.0332858 0.0656904 0.00901728 0.023801777 0.00963142 0.036089 0.00565488 +
F10  0.83472417 0.00064944 6.85604 1.81761645 13.41401503 0.015487 89.371 24.8132273 +
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  7.77E-17 0 4.44E-16 8.67E-17 3.33E-17 0 1.11E-16 5.09E-17 +
F14  29.3208567 3.64E-11 118.438 49.985939 72.1789663 3.64E-11 355.318 108.555727 –
F15  7.47E-14 6.39E-14 8.53E-14 5.06E-15 4.45E-14 3.20E-14 5.68E-14 5.48E-15 +
F16  1.04E-15 7.67E-16 1.20E-15 1.17E-16 1.09E-15 7.69E-16 1.39E-15 1.26E-16 –
F17  1.07E-15 7.73E-16 1.22E-15 1.24E-16 1.02E-15 7.39E-16 1.21E-15 1.25E-16 –
F18  2.38E-06 5.24E-14 3.92E-05 7.36E-06 1.45E-08 1.85E-15 2.08E-07 4.12E-08 –
F19  8.66E-16 7.28E-16 9.88E-16 9.21E-17 1.01E-15 7.33E-16 1.22E-15 1.17E-16 +
F20  7.11E-15 0 2.84E-14 8.80E-15 0 0 0 0 +
F21  0.46459913 0.429723 0.485013 0.01308796 0.3583389 0.312103 0.396098 0.02261969 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.32759 −78.3323 −78.191 0.02536413 –
F23  −196.3239 −196.918 −195.811 0.24138052 −196.033967 −196.693 −195.103 0.29921035 +
F24  1.04E-15 6.78E-16 1.22E-15 1.54E-16 1.10E-15 7.68E-16 1.39E-15 1.22E-16 –
F25  222062 222062 222062 0 159567 159567 159567 0 +
F26  5.18E-17 0 1.11E-16 5.54E-17 1.04E-16 0 5.55E-16 9.90E-17 +
F27  19.9989 19.9952 20.0004 0.00125406 19.99840333 19.9937 20 0.00171862 –
F28  1.29676888 0.06062 5.87321 1.29321996 3.844649933 0.688848 7.16552 1.71244089 +

Table 10
The comparison results of standard ABC/Best/1 and ABC/Best/1 in which BB approach is applied (ABC/Best/1 BB) D = 60.

ABC/Best/1 ABC/Best/1BB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 4.12E-44 4.32E-45 1.96E-43 3.79E-44 3.13E-47 7.56E-48 1.21E-46 2.49E-47 +
F2  1.98E-41 4.68E-42 4.21E-41 1.11E-41 3.48E-44 1.03E-44 8.33E-44 1.71E-44 +
F3  1.36E-44 2.92E-45 5.24E-44 1.06E-44 9.22E-48 3.72E-48 2.67E-47 5.44E-48 +
F4  5.75E-75 2.89E-82 1.52E-73 2.73E-74 1.01E-108 1.55E-116 2.94E-107 5.28E-108 –
F5  8.44E-24 4.74E-24 1.54E-23 2.39E-24 8.90E-26 4.78E-26 1.73E-25 2.54E-26 +
F6  20.6103367 16.5313 24.341 2.02221369 5.394408667 4.36253 6.79318 0.59218676 +
F7  0 0 0 0 0 0 0 0 +
F8  5.54E-91 5.48E-93 5.06E-90 1.16E-90 2.04E-96 6.78E-98 2.30E-95 4.07E-96 +
F9  0.06630456 0.0489904 0.0794348 0.0071249 0.033434697 0.0202786 0.0518988 0.00797534 +
F10  40.7815069 0.0028653 145.581 45.3102923 61.89414089 0.0758697 159.087 46.4939841 –
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  0 0 0 0 0 0 0 0 +
F14  3.94793333 3.64E-11 118.438 21.2602716 3.70E-11 3.64E-11 4.37E-11 1.90E-12 –
F15  6.87E-14 5.68E-14 7.82E-14 5.53E-15 4.26E-14 3.91E-14 4.97E-14 3.04E-15 +
F16  7.85E-33 7.85E-33 7.85E-33 4.11E-48 7.85E-33 7.85E-33 7.85E-33 4.11E-48 –
F17  1.35E-32 1.35E-32 1.35E-32 0 1.35E-32 1.35E-32 1.35E-32 0 +
F18  2.22E-16 1.07E-23 4.11E-15 7.73E-16 1.37E-16 1.27E-24 4.11E-15 7.37E-16 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  2.37E-14 0 4.26E-14 8.47E-15 1.42E-15 0 1.42E-14 4.26E-15 +
F21  0.4672646 0.441908 0.482542 0.01007531 0.3698728 0.312383 0.414668 0.02186472 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −196.656433 −197.021 −196.345 0.16851284 −196.3211 −196.88 −195.858 0.24771198 +
F24  0 0 0 0 0 0 0 0 +
F25  154606 154606 154606 0 144367 144367 144367 0 +
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65 

g

g

g

F26  3.70E-18 0 1.11E-16 1.99E-17 

F27  19.9158233 19.8843 19.963 0.023487
F28  0.74892437 0.00345161 1.93391 0.419248

3(x) = 750 × 1728 − �x2
3x4 − 4

3
�x3

3 ≤ 0
4(x) = x4 − 240 ≤ 0

5(x) = 1.1 − x1 ≤ 0
0 0 0 0 –
19.99590667 19.9912 19.9994 0.00205539 +
1.120718767 5.49E-12 5.05441 1.59305944 –

g6(x) = 0.6 − x2 ≤ 0
The objective function is:

f (x) = 0.6224x1x3x4 + 1.7781x2x
2
3 + 3.1611x2

1x4 + 19.84x2
1x3
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Table 11
The comparison results of standard ABC/Best/2 and ABC/Best/2 in which BB approach is applied (ABC/Best/2 BB), D = 60.

ABC/Best/2 ABC/Best/2BB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 4.20E-33 1.78E-33 1.05E-32 1.97E-33 1.81E-37 7.55E-38 3.49E-37 7.03E-38 +
F2  4.77E-27 4.17E-28 1.44E-26 3.50E-27 9.06E-33 1.57E-33 2.52E-32 5.81E-33 +
F3  1.02E-33 2.80E-34 2.19E-33 4.53E-34 4.24E-38 2.16E-38 9.83E-38 1.74E-38 +
F4  2.21E-39 4.61E-46 4.42E-38 8.17E-39 1.51E-64 2.72E-70 2.18E-63 5.06E-64 –
F5  1.51E-17 1.06E-17 2.16E-17 2.61E-18 3.47E-20 2.41E-20 4.79E-20 6.35E-21 +
F6  23.86537 19.7834 27.3581 1.86977316 8.481775 6.76461 10.5626 0.87997065 +
F7  0 0 0 0 0 0 0 0 +
F8  4.40E-72 5.27E-73 1.18E-71 3.16E-72 8.04E-80 5.92E-81 2.87E-79 6.97E-80 +
F9  0.07314533 0.0550955 0.0879056 0.00787086 0.039434047 0.0260597 0.0520073 0.00607161 +
F10  47.6519812 0.0435303 121.777 43.3837889 83.9431535 0.0485889 165.569 35.5296118 +
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  1.01E-08 0 2.67E-07 4.80E-08 3.17E-11 0 7.35E-10 1.36E-10 –
F14  0.06385167 4.37E-11 1.91555 0.34385175 7.01E-05 3.64E-11 0.00210169 0.00037726 –
F15  7.35E-14 6.39E-14 8.53E-14 4.87E-15 4.59E-14 3.91E-14 5.68E-14 4.30E-15 +
F16  7.85E-33 7.85E-33 7.85E-33 4.11E-48 7.85E-33 7.85E-33 7.85E-33 4.11E-48 –
F17  1.35E-32 1.35E-32 1.35E-32 0 1.35E-32 1.35E-32 1.35E-32 0 +
F18  7.70E-11 9.80E-15 9.09E-10 2.23E-10 9.94E-12 8.04E-16 1.34E-10 3.19E-11 –
F19  1.53E-31 1.35E-31 5.66E-31 7.76E-32 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  2.32E-14 0 4.26E-14 1.13E-14 1.47E-14 0 2.84E-14 5.78E-15 +
F21  0.46810117 0.414668 0.482542 0.01230982 0.3842168 0.312103 0.414668 0.02490857 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −188.822433 −189.795 −188.044 0.41503202 −189.000767 −189.82 −188.333 0.42739846 –
F24  0 0 0 0 0 0 0 0 +
F25  183356 183356 183356 0 124140 124140 124140 0 +
F26  2.63E-09 0 7.14E-08 1.28E-08 4.95E-14 0 1.48E-12 2.66E-13 –
F27  20.0014167 19.9999 20.0022 0.0006006 20.00224667 20.0015 20.003 0.00030847 +
F28  2.03460477 0.740354 4.70977 0.93756271 2.643362133 0.245785 6.17785 1.6160873 –

Table 12
The comparison results of standard ABCVSS and ABCVSS in which BB approach is applied (ABCVSSBB), D = 60.

ABCVSS ABCVSSBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 4.65E-85 1.48E-117 1.01E-83 1.91E-84 1.04E-88 2.67E-124 3.11E-87 5.57E-88 –
F2  6.09E-80 1.41E-111 1.83E-78 3.28E-79 1.76E-85 3.90E-121 5.25E-84 9.42E-85 –
F3  5.91E-82 3.31E-115 1.71E-80 3.07E-81 9.43E-88 3.20E-124 2.83E-86 5.08E-87 –
F4  1.71E-100 1.81E-206 5.12E-99 9.19E-100 5.31E-197 4.72E-295 1.59E-195 0 –
F5  2.11E-42 7.42E-61 4.99E-41 9.20E-42 3.25E-48 1.35E-61 9.76E-47 1.75E-47 –
F6  1.51904333 1.06645 2.95714 0.33265873 0.317105 0.14114 0.584368 0.11766852 +
F7  0 0 0 0 0 0 0 0 +
F8  2.79E-169 1.31E-233 8.38E-168 0 1.56E-170 1.67E-237 4.67E-169 0 +
F9  0.04530215 0.0218188 0.0772808 0.01086467 0.000650197 0.0005663 0.00072101 3.90E-05 +
F10  2.81969654 0.00181758 69.2304 12.3677944 5.151296288 0.00098095 72.317 17.4462772 –
F11  0 0 0 0 0.000299249 0 0.00077042 0.00036552 +
F12  0 0 0 0 7.35E-05 0 0.00075801 0.00022072 –
F13  0 0 0 0 4.10E-11 0 1.23E-09 2.21E-10 –
F14  3.66E-11 3.64E-11 4.37E-11 1.31E-12 2.61E-05 4.37E-11 3.52E-05 1.44E-05 +
F15  6.04E-14 4.26E-14 7.82E-14 1.05E-14 5.13E-14 4.26E-14 6.39E-14 5.08E-15 +
F16  7.85E-33 7.85E-33 7.85E-33 4.11E-48 8.78E-12 7.85E-33 2.63E-10 4.73E-11 –
F17  1.35E-32 1.35E-32 1.35E-32 0 1.35E-32 1.35E-32 1.35E-32 0 +
F18  4.81E-17 7.08E-58 6.11E-16 1.56E-16 4.81E-17 4.66E-67 6.11E-16 1.56E-16 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  4.74E-16 0 1.42E-14 2.55E-15 1.94E-14 0 2.84E-14 8.59E-15 +
F21  0.47416423 0.451776 0.487077 0.00903751 0.375988733 0.345506 0.429723 0.02623959 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −199.364767 −199.56 −199.008 0.13029548 −199.3954 −199.525 −199.241 0.07842517 –
F24  6.20E-26 0 1.86E-24 3.34E-25 0 0 0 0 –
F25  132238 132238 132238 0 3.97E-06 3.93E-06 4.00E-06 1.50E-08 +
F26  0 0 0 0 1.10E-09 0 3.29E-08 5.90E-09 –
F27  19.98889 19.9775 19.9964 0.00477119 2.700554793 0.0435171 19.9816 6.77364416 +

7 

4

B
A
s

F28  0.03189194 6.86E-12 0.566291 0.1095559

When the X = {x1, x2, x3, x4} = {1.125, 0.625, 58.2901554,
3.6926562} optimum value of f (x) = 7197.72893 is obtained.
Proposed approach tested on pressure vessel design problem.
ecause of the proposed approach can be applied all ABC variants,
BCVSSBB selected because of its performance. Population size is
et the same value for ABCVSSBB, SPSO and ABC as 40. Three differ-
0.000467837 4.95E-12 0.00054776 0.00015644 –

ent stopping criteria used as maximum fitness evaluation count.
They were 10.000, 20.000 and 30.000. Initial solutions are cre-

ated randomly between the limits mentioned above. All methods
are run 30 times for each stopping criteria. The parameters for
SPSO is as follows. Inertia weightw = 1/(2 × log(2)). Positive con-
stant parametersc1 = c2 = 0.5 + log(2). Results of ABC and SPSO are
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Table  13
The comparison results of standard ABC and ABC in which BB approach is applied (ABCBB), D = 100.

ABC ABCBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 2.27E-15 1.87E-15 2.55E-15 1.74E-16 1.12E-15 8.89E-16 1.44E-15 1.31E-16 +
F2  2.07E-15 1.56E-15 2.50E-15 1.90E-16 1.21E-15 9.62E-16 1.41E-15 1.36E-16 +
F3  2.27E-15 2.04E-15 2.54E-15 1.06E-16 1.12E-15 7.63E-16 1.41E-15 1.31E-16 +
F4  5.36E-17 1.99E-17 8.83E-17 1.57E-17 2.41E-17 4.26E-18 5.66E-17 1.39E-17 +
F5  5.00E-15 4.32E-15 5.43E-15 2.54E-16 3.42E-15 2.98E-15 4.10E-15 2.63E-16 +
F6  24.5176133 19.402 30.9252 3.05427744 6.433809333 5.02583 7.56485 0.62923327 +
F7  0 0 0 0 0 0 0 0 +
F8  9.52E-16 7.56E-16 1.13E-15 1.07E-16 2.37E-16 1.47E-16 3.18E-16 4.31E-17 +
F9  0.1594136 0.100235 0.223165 0.026129 0.057185797 0.0286992 0.0789138 0.01214566 +
F10  0.30354177 4.88E-05 2.71913 0.62086596 0.712286303 0.00011512 4.11153 1.04239031 –
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  6.29E-16 0 3.55E-15 6.28E-16 1.33E-16 0 5.55E-16 1.53E-16 +
F14  7.89586667 1.09E-10 118.438 29.5436278 3.948056239 1.09E-10 118.438 21.2602488 –
F15  1.47E-13 1.28E-13 1.63E-13 8.08E-15 8.48E-14 7.11E-14 1.03E-13 7.49E-15 +
F16  2.17E-15 1.59E-15 2.51E-15 1.91E-16 1.01E-15 7.69E-16 1.22E-15 1.25E-16 +
F17  2.14E-15 1.82E-15 2.52E-15 1.90E-16 1.09E-15 8.63E-16 1.37E-15 1.26E-16 +
F18  3.26E-06 8.84E-09 1.31E-05 3.94E-06 1.86E-07 2.00E-09 1.40E-06 2.94E-07 +
F19  2.02E-15 1.65E-15 2.53E-15 2.25E-16 9.45E-16 6.79E-16 1.21E-15 1.27E-16 +
F20  8.62E-14 5.68E-14 1.42E-13 2.49E-14 1.71E-14 0 5.68E-14 1.57E-14 +
F21  0.49711933 0.494218 0.498384 0.00093665 0.478348233 0.466295 0.487077 0.00540197 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −289.4298 −291.387 −287.797 0.77420464 −289.578233 −292.173 −287.264 1.06752507 –
F24  2.16E-15 1.66E-15 2.50E-15 1.76E-16 1.22E-15 1.07E-15 1.44E-15 9.07E-17 +
F25  287045 287045 287045 0 263872 263872 263872 0 +
F26  4.88E-16 0 1.44E-15 3.83E-16 8.51E-17 0 5.55E-16 1.24E-16 +
F27  20.0000433 19.9999 20.0001 6.16E-05 20.00011667 20 20.0002 4.53E-05 +
F28  0.41968813 0.113199 0.877103 0.21091852 0.599844573 0.0955152 1.07744 0.29270574 +

Table 14
The comparison results of standard GABC and BB approach applied GABC (GABCBB), D = 100.

GABC GABCBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 1.84E-15 1.36E-15 2.32E-15 2.29E-16 1.10E-15 7.30E-16 2.07E-15 3.09E-16 +
F2  1.67E-15 1.42E-15 1.87E-15 1.25E-16 9.70E-16 6.73E-16 1.66E-15 2.53E-16 +
F3  1.83E-15 1.56E-15 2.27E-15 1.90E-16 1.03E-15 7.36E-16 1.44E-15 1.99E-16 +
F4  3.28E-17 1.40E-17 5.10E-17 8.62E-18 1.17E-17 1.70E-18 2.66E-17 7.06E-18 +
F5  5.21E-15 4.76E-15 5.66E-15 2.50E-16 3.54E-15 2.76E-15 4.11E-15 3.69E-16 +
F6  16.6113867 13.9547 19.1937 1.3651081 4.474371333 3.65545 5.48456 0.47090454 +
F7  0 0 0 0 0 0 0 0 +
F8  7.54E-16 5.44E-16 9.11E-16 8.31E-17 8.60E-17 4.15E-17 1.69E-16 2.39E-17 +
F9  0.09418007 0.0789306 0.114706 0.00995145 0.04471054 0.0318954 0.0569155 0.00662335 +
F10  16.1755672 0.00110678 83.0047 30.1199872 54.48212165 0.0244058 151.903 46.4324024 +
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  1.67E-16 0 5.55E-16 1.92E-16 5.92E-17 0 1.11E-16 5.54E-17 +
F14  107.359315 1.09E-10 473.753 111.079295 156.3064167 1.09E-10 473.753 127.010493 –
F15  1.33E-13 1.14E-13 1.46E-13 8.97E-15 7.99E-14 6.75E-14 9.95E-14 7.93E-15 +
F16  1.86E-15 1.59E-15 2.09E-15 1.58E-16 2.00E-15 1.56E-15 2.31E-15 1.80E-16 +
F17  1.89E-15 1.56E-15 2.31E-15 1.96E-16 1.97E-15 1.41E-15 2.48E-15 2.00E-16 –
F18  1.08E-05 9.61E-13 0.00012423 2.37E-05 5.06E-07 3.41E-15 9.00E-06 1.63E-06 +
F19  1.66E-15 1.38E-15 1.97E-15 1.64E-16 1.97E-15 1.54E-15 2.32E-15 2.02E-16 +
F20  5.97E-14 2.84E-14 1.14E-13 1.53E-14 3.60E-14 0 8.53E-14 2.31E-14 +
F21  0.4950875 0.491503 0.497371 0.00183649 0.468203267 0.441908 0.482542 0.00868379 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.32602 −78.3323 −78.2381 0.02349761 –
F23  −288.021367 −289.152 −287.123 0.57814188 −287.841667 −289.603 −286.44 0.74609608 –
F24  1.86E-15 1.44E-15 2.28E-15 1.90E-16 1.94E-15 1.42E-15 2.48E-15 2.03E-16 –
F25  310553 310553 310553 0 270559 270559 270559 0 +
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F26  7.16E-07 0 2.15E-05 3.86E-06
F27  20.0001333 19.9998 20.0003 0.000134
F28  1.29349967 5.70E-07 7.16933 2.060769

irectly taken from [44] and combined in Table 19. Comparison
esults show that ABCVSSBB found the lowest mean cost solution.

lso best results and lowest standard deviation values belong to
BCVSSBB. Lowest worst and lowest standard deviation values for
0.000 and 30.000 fitness evaluation belong to ABC algorithm.
1.74E-16 0 5.55E-16 1.81E-16 –
19.99865333 19.9957 20 0.00131244 +
1.148476913 2.42E-09 7.71678 1.70118196 –

5.2. Comparison of the other algorithms
In this section proposed approach compared to two  state of the
art population based methods of artificial algae algorithm (AAA)
[44] and galactic swarm optimization algorithm (GSO) [45]. AAA is
new bio-inspired metaheurstic optimization method which simu-
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Table 15
The comparison results of standard ABC/Best/1 and ABC/Best/1 in which BB approach is applied (ABC/Best/1BB), D = 100.

ABC/Best/1 ABC/Best/1BB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 1.75E-42 4.00E-43 7.27E-42 1.35E-42 1.48E-45 4.99E-46 3.42E-45 6.74E-46 +
F2  5.88E-40 1.59E-40 1.16E-39 2.78E-40 1.01E-42 3.54E-43 2.06E-42 4.46E-43 +
F3  8.14E-43 2.59E-43 1.94E-42 4.26E-43 6.11E-46 2.76E-46 1.32E-45 2.69E-46 +
F4  8.48E-60 2.11E-67 1.74E-58 3.27E-59 1.85E-91 6.47E-101 4.99E-90 8.96E-91 –
F5  6.43E-23 3.01E-23 1.00E-22 1.53E-23 6.65E-25 3.84E-25 9.48E-25 1.31E-25 +
F6  47.0712533 41.8619 51.7455 2.53119856 20.09584333 17.1977 24.563 1.63254832 +
F7  0 0 0 0 0 0 0 0 +
F8  2.68E-88 3.12E-90 1.27E-87 3.01E-88 1.91E-93 1.48E-94 7.22E-93 1.65E-93 +
F9  0.12708244 0.0958081 0.143466 0.01233349 0.068045147 0.0482497 0.0823107 0.00832849 +
F10  71.0618659 0.0619981 231.321 64.353106 126.6604805 0.0186739 250.705 65.2559399 +
F11  2.37E-16 0 7.11E-15 1.28E-15 0 0 0 0 –
F12  0 0 0 0 0 0 0 0 +
F13  0 0 0 0 0 0 0 0 +
F14  1.22E-10 1.16E-10 1.31E-10 3.94E-12 1.14E-10 1.09E-10 1.16E-10 3.43E-12 +
F15  1.31E-13 1.21E-13 1.46E-13 6.71E-15 7.88E-14 6.75E-14 8.53E-14 5.03E-15 +
F16  4.71E-33 4.71E-33 4.71E-33 2.05E-48 4.71E-33 4.71E-33 4.71E-33 2.05E-48 –
F17  1.35E-32 1.35E-32 1.35E-32 0 1.35E-32 1.35E-32 1.35E-32 0 +
F18  1.28E-16 3.65E-22 1.89E-15 3.97E-16 1.04E-16 3.35E-23 1.89E-15 3.64E-16 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  1.18E-13 8.53E-14 1.42E-13 1.29E-14 4.07E-14 2.84E-14 8.53E-14 1.75E-14 +
F21  0.49636457 0.493459 0.49785 0.00089792 0.4769989 0.466295 0.482542 0.00472927 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −279.2492 −279.904 −278.425 0.34099662 −280.707267 −282.105 −279.048 0.6836621 +
F24  0 0 0 0 0 0 0 0 +
F25  270269 270269 270269 0 313514 313514 313514 0 +
F26  0 0 0 0 0 0 0 0 +
F27  19.98909 19.9819 19.9957 0.00345768 19.99831333 19.997 19.9995 0.00073925 +
F28  0.1968534 1.31E-11 1.9786 0.46852018 0.915916173 0.0246775 6.74318 1.55703083 +

Table 16
The comparison results of standard ABC/Best/2 and ABC/Best/2 in which BB approach is applied (ABC/Best/2BB), D = 100.

ABC/Best/2 ABC/Best/2BB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 4.94E-32 2.67E-32 1.04E-31 2.01E-32 2.91E-36 1.15E-36 5.71E-36 1.08E-36 +
F2  2.53E-26 9.14E-27 8.54E-26 1.68E-26 7.97E-32 2.15E-32 2.45E-31 5.70E-32 +
F3  2.10E-32 6.92E-33 4.22E-32 7.01E-33 1.07E-36 4.89E-37 3.09E-36 4.88E-37 +
F4  1.22E-28 6.30E-34 3.36E-27 6.02E-28 9.44E-52 6.77E-59 2.73E-50 4.89E-51 –
F5  6.73E-17 4.83E-17 8.60E-17 1.09E-17 1.51E-19 1.01E-19 1.96E-19 2.25E-20 +
F6  50.2476133 47.5513 55.0172 1.91788156 24.79700333 21.4253 28.1105 1.53572905 +
F7  0 0 0 0 0 0 0 0 +
F8  1.42E-69 1.98E-70 3.71E-69 7.82E-70 2.52E-77 1.76E-78 9.28E-77 1.95E-77 +
F9  0.13892613 0.100243 0.166829 0.01469211 0.076979973 0.0520081 0.102973 0.00952347 +
F10  93.4389556 0.221364 243.435 66.4982567 153.8051267 84.609 263.265 44.2671336 +
F11  0 0 0 0 0 0 0 0 +
F12  0 0 0 0 0 0 0 0 +
F13  6.76E-09 0 2.03E-07 3.64E-08 2.27E-11 0 3.93E-10 7.85E-11 –
F14  3.95144766 1.24E-10 118.438 21.2596275 0.025166176 1.16E-10 0.752423 0.13504896 –
F15  1.38E-13 1.28E-13 1.49E-13 4.54E-15 8.68E-14 7.82E-14 9.24E-14 5.16E-15 +
F16  4.71E-33 4.71E-33 4.71E-33 2.05E-48 4.71E-33 4.71E-33 4.71E-33 2.05E-48 –
F17  2.32E-32 1.47E-32 4.18E-32 5.94E-33 1.35E-32 1.35E-32 1.35E-32 0 +
F18  2.02E-09 2.98E-12 2.18E-08 4.54E-09 8.33E-10 7.37E-14 9.01E-09 1.99E-09 –
F19  1.85E-31 1.35E-31 3.81E-31 7.06E-32 1.35E-31 1.35E-31 1.35E-31 2.19E-47 +
F20  1.32E-13 1.14E-13 1.71E-13 1.87E-14 7.39E-14 5.68E-14 8.53E-14 1.39E-14 +
F21  0.49714037 0.495946 0.49785 0.00042776 0.480705167 0.471615 0.487077 0.00333858 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −266.962567 −268.624 −264.868 0.72385982 −268.779067 −270.396 −266.994 0.82818472 +
F24  0 0 0 0 0 0 0 0 +
F25  299818 299818 299818 0 297683 297683 297683 0 +
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F26  7.29E-12 0 1.35E-10 2.58E-11 

F27  20.0021567 20.0017 20.0026 0.00025649
F28  6.56218633 2.84271 11.3774 2.16827676

ates life cycle of the microalgae as an optimization method. GSO
s another state of the art optimization method inspired from the

otion of universal objects like stars, galaxies and superclusters

f galaxies. The motion of these objects are influenced by different
ravitational forces.

Comparison results are illustrated in Table 20 for D = 30, Table 21
or D = 60 and Table 22 for D = 100. In Table 20 ABCVSS acquire the
8.99E-12 0 2.54E-10 4.56E-11 –
20.00223667 20.0016 20.0026 0.00023591 –
8.505990333 3.15504 12.8574 2.46616563 +

best mean values in F1, F3, F4, F10, F11, F18 and F19. For F7, F22,
F23 and F24 ABCVSSBB obtained the same mean values with AAA.
When the best results are evaluated, GSO outperforms the other

algorithms but the weak point of the GSO algorithm appears on
the worst values because biggest worst values also belong to GSO
algorithm. So GSO has the maximum standard deviation values and
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Table  17
The comparison results of standard ABCVSS and ABCVSS in which BB approach is applied (ABCVSSBB), D = 100.

ABCVSS ABCVSSBB

Function Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sign

F1 3.68E-81 1.00E-114 1.07E-79 1.93E-80 2.78E-79 4.62E-117 8.33E-78 1.50E-78 –
F2  4.81E-81 3.47E-112 1.44E-79 2.58E-80 9.16E-88 4.78E-115 2.59E-86 4.64E-87 –
F3  1.58E-72 4.60E-113 4.75E-71 8.53E-72 6.23E-87 1.00E-124 1.87E-85 3.35E-86 –
F4  1.54E-106 3.42E-208 4.61E-105 8.28E-106 5.51E-153 2.85E-278 1.65E-151 2.97E-152 –
F5  2.60E-41 7.14E-62 6.48E-40 1.18E-40 7.20E-51 7.29E-63 1.95E-49 3.50E-50 –
F6  7.729474 5.8227 9.30231 0.87319246 2.491777 1.66675 3.51528 0.36936424 +
F7  0 0 0 0 0 0 0 0 +
F8  3.01E-164 1.72E-235 9.02E-163 0 1.00E-182 2.87E-257 2.22E-181 0 +
F9  0.0771604 0.0599719 0.109372 0.01093744 0.000262778 0.00023401 0.00029302 1.51E-05 +
F10  0.7143642 0.00262144 5.42065 1.26746142 12.82847028 0.0120785 76.3767 27.0029862 +
F11  0 0 0 0 0.000196021 0 0.00048194 0.00022393 +
F12  0 0 0 0 7.62E-05 0 0.0004812 0.00017052 +
F13  0 0 0 0 7.75E-09 0 2.32E-07 4.17E-08 –
F14  1.13E-10 1.09E-10 1.16E-10 3.63E-12 2.12E-05 2.08E-05 2.17E-05 2.10E-07 +
F15  1.11E-13 9.24E-14 1.39E-13 1.21E-14 9.24E-14 7.82E-14 1.03E-13 6.99E-15 +
F16  4.71E-33 4.71E-33 4.71E-33 2.05E-48 4.71E-33 4.71E-33 4.71E-33 2.05E-48 –
F17  1.35E-32 1.35E-32 1.35E-32 0 1.35E-32 1.35E-32 1.35E-32 0 +
F18  2.92E-16 1.85E-58 3.00E-15 6.02E-16 8.88E-17 3.53E-64 6.11E-16 2.08E-16 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.35E-31 1.35E-31 1.35E-31 2.19E-47 –
F20  1.52E-14 0 5.68E-14 1.90E-14 1.02E-13 5.68E-14 1.42E-13 2.02E-14 +
F21  0.49722373 0.49345 0.498525 0.00128231 0.4789659 0.466295 0.488808 0.00460161 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 –
F23  −297.759533 −299.137 −294.209 1.25590925 −297.3254 −298.786 −294.629 1.19817847 –
F24  4.63E-05 0 0.00031736 0.00010842 1.13E-07 0 1.15E-06 3.40E-07 +
F25  288853 288853 288853 0 2.88E-06 2.85E-06 2.90E-06 1.12E-08 +
F26  0 0 0 0 1.72E-08 0 5.17E-07 9.29E-08 –
F27  19.9896 19.983 19.9962 0.00375136 4.699525383 0.0436521 19.9987 8.43922988 +
F28  0.01835393 1.28E-11 0.215642 0.03867872 0.000228001 1.19E-11 0.00029977 0.0001142 +

Table 18
Summarized experiment results.

Dimension ABC ABCBB GABC GABCBB ABC/Best/1 ABC/Best/1BB ABC/Best/2 ABC/Best/2BB ABCVSS ABCVSSBB

Mean Values
30 3 19 9 13 2 17 2 18 8 13
60  5 19 9 16 4 15 3 18 8 15
100  3 21 8 17 4 15 4 18 9 14

Mean Values with Sign +
30 0 17 5 10 1 10 1 12 4 6
60  2 17 5 13 2 11 2 11 3 7
100  2 19 3 15 4 12 2 14 5 9

Best  Values
30 3 16 7 11 0 14 1 15 2 13
60  3 17 6 14 3 13 2 15 2 14
100  2 19 2 19 3 15 2 17 4 14

Worst Values
30 3 19 8 14 2 15 2 17 8 13
60  5 19 9 16 4 14 3 18 8 15
100  4 19 8 16 4 14 3 18 9 14

Standard Deviation
30 4 17 7 15 4 14 3 17 10 10
60  7 16 15 9 5 13 3 17 11 11
100  6 17 15 9 5 13 5 16 11 11

ABCBB overperform ABC for almost all function expect F14 for D = 30, 60 and F10, F28 for all D values but the result of F14 is not statistically significant. GABC results are
better  than GABCBB for F10, F14, F16, F19 and F24 but only F10 is statistically significant for D values. ABC/Best/1 is only better than ABC/Best/1BB for only F10, F28 and
F27  for D = 60 and 100. ABC/Best/2 has similar results over ABC/Best/2BB but additionally F26 is better for D = 100 but it is not statistically significant. ABCVSS is better than
ABCVSSBB for F1 when D is 30 and 100 but it is not statistically significant. But in F14 ABCVSS is better for all D values and they are all statistically significant. For D = 60 and
100,  ABCVSSBB found the optimum value of zero but ABCVSS didn’t.
When total results of mean values are examined ABC/ABCBB is 11/59, GABC/GABCBB is 26/46, ‘ABC/Best/1’/“ABC/Best/1BB” is 10/47, “ABC/Best/2”/“ABC/Best/2BB” is 9/54
a ues ap
d rithm 

t  is be

i
i

F
“
I
−
e

nd  ABCVSS/ABCVSSBB is 25/42. The biggest difference in best values and worst val
eviation values considered, BB approach improved the robustness of the ABC algo
he  robustness same for ABCVSS algorithm because both ABCVSS and ABC algorithm

t is not a stable algorithm. The performance of the AAA algorithm
s similar with ABCVSS for D = 30.

In Table 21 ABCVSSBB performs best mean values for F1,
2, F3,F4, F5, F8, F10, F11, F14, F16–19 and F25. To claim that

ABCVSSBB overperforms other algorithms”, Table 22 is analyzed.
n Table 22 ABCVSSBB has the best mean values for F1-5, F8, F10
12, F16–18 and F25. When the total of the results are consid-
red ABCVSSBB has 46, AAA has 32 and GSO has 20 best mean
pears between ABC and ABCBB with 8/52 and 12/57 consequently. When standard
because ABC is better on 17 test and ABCBB is better on 50 test. BB approach keeps
tter in 32 tests.

results. Results show that ABCVSSBB outperforms the state of the
art population based methods.
6. Results and discussion

ABC methods and variants update each solution that repre-
sented by employed bees by changing one parameter each time.
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Table 19
The comparison result of ABCVSSBB, SPSO and ABC algorithms for pressure vessel problem with 10.000, 20.000 and 30.000 fitness evaluations.

Max. Fit. Ev. Algorithm Mean Best Worst Std. Dev.

10000 ABCVSSBB 7285.05733 7201.04 7529.34 8.2E + 01
SPSO  7787.81825 7307.80230 8703.37492 3.377E + 02
ABC  7467.07005 7216.87872 7903.67565 1.757E + 02

20000 ABCVSSBB 7270.95733 7200.01 7903.68 1.291E + 02
SPSO  7755.77219 7215.65815 8903.28015 3.551E + 02
ABC  7700.73753 7294.37680 7903.67564 2.400E + 02

30000  ABCVSSBB 7284.82833 7198.33 7903.68 1.384E + 02
SPSO  7709.40529 7218.30817 8470.96724 3.073E + 02

ABC  7463.02094 

Fig. 4. Convergence character
7204.57448 7903.67564 2.315E + 02

istic of the BB approach.
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Fig. 4. (Continued)
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Table 20
The comparison results of standard ABCVSSBB, AAA and GSO, D = 30.

ABCVSSBB AAA GSO

Fun. Mean Best Worst Std. Dev. Mean Best Worst Std.Dev Sig. Mean Best Worst Std.Dev Sig.

F1 1.13E-97 3.20E-128 3.39E-96 6.09E-97 3.06E-30 5.57E-31 1.00E-29 2.28E-30 + 0 0 0 0 –
F2  8.77E-94 2.95E-122 2.63E-92 4.72E-93 2.09E-27 7.28E-28 7.12E-27 1.37E-27 + 107333.3333 0 3220000 578007.689 –
F3  4.23E-97 1.90E-123 1.23E-95 2.21E-96 2.97E-31 3.09E-32 8.67E-31 2.01E-31 + 0 0 0 0 –
F4  2.83E-160 5.68E-273 8.49E-159 1.52E-159 3.40E-108 9.81E-115 2.52E-107 7.18E-108 – 33670 0 1000000 179452.124 –
F5  4.56E-52 2.43E-66 8.24E-51 1.52E-51 3.92E-19 1.22E-19 7.54E-19 1.60E-19 + 0.333378596 0 10 1.79504655 –
F6  0.0026024 0.00029618 0.0164248 0.0030348 0.3499745 0.231014 0.545211 0.07498593 + 0 0 0 0 +
F7  0 0 0 0 0 0 0 0 – 0 0 0 0 –
F8  5.41E-189 4.18E-256 1.62E-187 0 9.81E-58 1.02E-59 6.40E-57 1.63E-57 + 0 0 0 0 –
F9  0.00218925 0.00192829 0.00244144 0.00012997 0.016326753 0.00790568 0.025968 0.00578593 + 0.0001103 3.88E-06 0.0011121 0.00020876 +
F10  3.89354997 1.13E-07 69.3851 13.4252841 10.55858452 0.00081544 79.1143 15.5442458 – 23.91818156 0.00033412 29.2914 10.6892379 +
F11  0.0003431 0 0.00148911 0.00060956 0.0331653 0 0.994959 0.17860061 – 1.502056804 0 28.9247 5.85763263 –
F12  0.00018151 0 0.00138804 0.00046283 0 0 0 0 + 1.133623333 0 34.0087 6.10474848 –
F13  1.43E-12 0 2.19E-11 5.31E-12 0 0 0 0 – 0 0 0 0 –
F14  3.72E-05 1.82E-12 6.74E-05 3.25E-05 2.43E-13 0 1.82E-12 6.18E-13 + 3058.671333 1258.54 5247.67 1023.56919 +
F15  2.33E-14 1.78E-14 2.84E-14 3.26E-15 1.93E-14 1.07E-14 2.84E-14 4.83E-15 + 0.033232733 0 0.445815 0.10815037 –
F16  1.57E-32 1.57E-32 1.57E-32 2.74E-48 5.61E-32 1.57E-32 2.29E-31 4.34E-32 + 0.075980476 0.00823518 0.420867 0.07853629 +
F17  8.43E-12 1.35E-32 2.53E-10 4.54E-11 5.77E-31 2.83E-32 2.81E-30 5.81E-31 – 1.250829803 0.00103408 2.13986 0.55432667 +
F18  8.13E-17 3.66E-69 1.33E-15 3.06E-16 1.16E-07 7.73E-11 8.00E-07 1.98E-07 + 0.126983463 0 3.05693 0.56055399 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 1.74E-31 1.35E-31 3.69E-31 5.81E-32 + 11.79239493 0.00382501 26.38 8.50255155 +
F20  2.37E-16 0 7.11E-15 1.28E-15 0 0 0 0 – 0.640799933 0 8 1.80060682 –
F21  0.14576138 0.0781892 0.22769 0.03785353 0.135934367 0.0781892 0.178222 0.0345228 – 0.000647727 0 0.0097159 0.00242357 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 – −69.61287 −74.4788 −66.0503 1.94385063 +
F23  −29.61786 −29.6309 −29.5608 0.01712705 −29.4567133 −29.5732 −29.1554 0.09374677 + −6.91058233 −8.22637 −5.94777 0.75963782 +
F24  0 0 0 0 2.99E-30 1.17E-31 1.39E-29 2.84E-30 + 0 0 0 0 –
F25  7.91E-06 7.77E-06 8.01E-06 5.60E-08 0 0 0 0 + 0 0 0 0 +
F26  9.24E-17 0 1.22E-15 3.05E-16 0 0 0 0 – 0 0 0 0 –
F27  2.03905334 0.0433012 19.9998 5.98648223 1.98E-14 1.42E-14 2.84E-14 4.07E-15 – 0.472586757 0 13.8017 2.47568378 –
F28  7.30E-05 3.76E-12 0.00074521 0.00021918 2.18E-07 5.31E-10 1.86E-06 4.20E-07 – 0.149344923 0 4.44021 0.79682618 –
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Table 21
The comparison results of standard ABCVSSBB, AAA and GSO, D = 60.

ABCVSSBB AAA GSO

Fun. Mean Best Worst Std. Dev. Mean Best Worst Std. Dev. Sig. Mean Best Worst Std. Dev. Sig.

F1 5.08E-95 1.93E-124 1.48E-93 2.65E-94 1.82E-29 4.23E-30 4.96E-29 1.26E-29 + 0.000322824 0 0.00968472 0.00173846 –
F2  4.13E-86 1.39E-121 1.22E-84 2.19E-85 1.71E-26 2.17E-27 4.73E-26 1.10E-26 + 1797411.768 0 25500000 5575151.71 –
F3  5.11E-92 9.39E-120 1.11E-90 2.06E-91 4.23E-30 5.47E-31 1.48E-29 2.81E-30 + 0.000364769 0 0.00996441 0.00179123 –
F4  8.33E-167 8.36E-280 2.50E-165 0 2.14E-106 2.12E-114 3.15E-105 6.70E-106 – 33352.24751 0 1000000 179502.009 –
F5  2.35E-49 2.50E-66 2.08E-48 5.76E-49 1.78E-18 8.28E-19 4.75E-18 8.40E-19 + 1 0 20 3.95811403 –
F6  0.312309867 0.126431 0.558673 0.09904864 3.550493 2.60905 4.25681 0.46911452 + 0.012129577 0 0.26725 0.04961776 +
F7  0 0 0 0 0 0 0 0 – 0 0 0 0 –
F8  4.93E-175 1.01E-252 1.48E-173 0 1.41E-56 1.85E-58 1.01E-55 2.00E-56 + 2.11E-11 0 6.06E-10 1.09E-10 –
F9  0.000657282 0.00058203 0.00072224 3.49E-05 0.03898874 0.01792 0.056369 0.01002492 + 0.000142219 6.66E-06 0.0025174 0.0004435 +
F10  7.965455835 0.00076096 75.2154 20.9942115 47.0406703 0.190439 95.1978 32.0475398 + 58.57174 58.2018 58.8367 0.12168537 +
F11  0.000199714 0 0.0007851 0.00033139 0.0331653 0 0.994959 0.17860061 – 3.86883102 0 57.8494 12.343592 –
F12  0.000144042 0 0.00073656 0.00028815 0 0 0 0 + 1.915690667 0 25.0997 6.26130354 –
F13  5.57E-14 0 1.67E-12 3.00E-13 0 0 0 0 – 0.068083362 0 1.75344 0.31722198 –
F14  2.75E-05 4.37E-11 3.54E-05 1.38E-05 3.94793333 3.64E-11 118.438 21.2602716 – 8581.696 2861.38 12194 2305.04486 +
F15  5.11E-14 3.91E-14 6.39E-14 5.62E-15 3.35E-14 2.84E-14 4.26E-14 3.27E-15 + 1.122075733 0 15.2851 3.48006667 –
F16  7.85E-33 7.85E-33 7.85E-33 1.37E-48 2.11E-31 1.56E-32 4.87E-31 1.05E-31 + 0.117928583 0.041874 0.205836 0.04372556 +
F17  1.35E-32 1.35E-32 1.35E-32 5.47E-48 2.82E-30 3.97E-31 7.55E-30 1.76E-30 + 4.737434333 2.95885 5.82892 0.61720844 +
F18  1.48E-17 2.57E-64 2.22E-16 5.54E-17 2.48E-07 1.21E-08 1.22E-06 2.76E-07 + 0.170324415 0 2.78386 0.63841998 –
F19  1.35E-31 1.35E-31 1.35E-31 2.19E-47 4.88E-31 1.35E-31 1.97E-30 3.57E-31 + 41.81171333 14.948 52.6937 6.84900527 +
F20  1.89E-14 0 2.84E-14 8.47E-15 0 0 0 0 + 0.747503173 0 8.61731 2.16515969 –
F21  0.3766988 0.272741 0.429723 0.03647784 0.41908757 0.373291 0.441908 0.01817084 + 0.023443858 0 0.495946 0.09336671 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 – −70.02212 −75.9433 −66.4105 2.68664035 +
F23  −59.5798833 −59.6187 −59.4934 0.03304294 −58.51035 −58.9665 −57.7659 0.32959157 + −11.6813893 −13.314 −9.69998 0.87285326 +
F24  0 0 0 0 2.11E-29 2.63E-30 7.03E-29 1.72E-29 + 1.55E-05 0 0.0004415 7.92E-05 –
F25  5.13E-06 5.03E-06 5.18E-06 3.17E-08 0.1326612 0 0.994959 0.33822102 + 4.832365011 0 86.7741 18.4172612 –
F26  8.73E-14 0 2.62E-12 4.70E-13 0 0 0 0 – 3.01694 0 90.5082 16.2467191 –
F27  4.033178373 0.0434913 19.9955 7.97892775 3.29E-14 2.49E-14 4.26E-14 4.20E-15 + 1.74808896 0 18.0676 4.53543615 –
F28  0.007961783 5.43E-12 0.231354 0.04148362 3.10E-07 8.48E-09 1.28E-06 3.27E-07 – 0.43226515 0 12.8804 2.31159573 –
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Table 22
The comparison results of standard ABCVSSBB, AAA and GSO, D = 100.

ABCVSSBB AAA GSO

Func. Mean Best Worst Std.Dev Mean Best Worst Std.Dev Sig. Mean Best Worst Std.Dev Sig.

F1 2.13E-80 4.31E-118 6.40E-79 1.15E-79 7.14E-29 1.90E-29 2.92E-28 6.44E-29 + 666.6667392 0 20000 3590.10986 –
F2  1.36E-91 6.69E-114 2.04E-90 4.98E-91 4.22E-26 7.57E-27 8.70E-26 1.87E-26 + 8609429.147 0 146000000 28040849 –
F3  7.13E-86 9.96E-121 2.14E-84 3.84E-85 2.90E-29 3.45E-30 6.30E-29 1.46E-29 + 323.3399669 0 9700 1741.20206 –
F4  4.07E-169 2.38E-281 1.22E-167 0 1.21E-97 2.45E-107 3.16E-96 5.67E-97 – 3.33E + 44 0 1.00E + 46 1.80E + 45 –
F5  4.84E-46 4.92E-65 1.45E-44 2.60E-45 4.39E-18 1.45E-18 9.99E-18 1.88E-18 + 2.06964758 0 32.0412 6.82675517 –
F6  2.639363 1.78976 3.97714 0.56488576 9.049822 6.92255 11.1288 1.0994826 + 3.11E-06 0 9.32E-05 1.67E-05 +
F7  0 0 0 0 0 0 0 0 – 0 0 0 0 –
F8  2.11E-174 3.16E-247 5.64E-173 0 8.01E-56 1.07E-56 4.52E-55 1.00E-55 + 0.178957 0 5.36871 0.96371294 –
F9  0.00025904 0.0002139 0.00028695 1.61E-05 0.07681811 0.0417472 0.125505 0.01657351 + 7.42E-05 7.49E-07 0.00055974 0.00012553 +
F10  18.30336761 0.00370743 137.685 33.8555136 104.428364 1.33583 177.471 41.6812268 + 98.48931 98.1946 98.9027 0.14695309 +
F11  0.00024138 0 0.00047827 0.00022952 0.23215717 0 1.98992 0.49303787 + 6.540935617 0 112.796 22.5140737 –
F12  7.69E-05 0 0.00046466 0.00016845 0.03333862 0 1 0.17950451 – 29.67197167 0 300.831 68.665374 +
F13  6.43E-15 0 1.93E-13 3.46E-14 0 0 0 0 – 0.035228133 0 0.592232 0.13100076 –
F14  1.84E-05 1.16E-10 2.18E-05 7.21E-06 1.11E-10 1.09E-10 1.16E-10 3.22E-12 + 17244.13533 9958.46 26085.4 4324.61477 +
F15  9.46E-14 7.46E-14 1.10E-13 8.50E-15 5.08E-14 3.91E-14 6.39E-14 5.74E-15 + 0.713216371 0 11.9099 2.68307714 –
F16  4.71E-33 4.71E-33 4.71E-33 0 2.85E-31 5.78E-32 7.43E-31 1.69E-31 + 0.15874564 0.0627572 0.294962 0.05867599 +
F17  1.35E-32 1.35E-32 1.35E-32 5.47E-48 9.33E-30 2.19E-30 3.68E-29 8.25E-30 + 8.637341333 7.70556 9.57985 0.48615669 +
F18  7.59E-17 9.71E-63 6.11E-16 1.95E-16 4.98E-07 2.39E-08 1.99E-06 5.51E-07 + 0.30184132 0 4.44021 1.10622511 –
F19  5.01E-06 1.35E-31 0.00015034 2.70E-05 1.31E-30 4.18E-31 3.60E-30 6.96E-31 – 81.14568333 65.7646 93.1021 6.8427215 +
F20  9.58E-14 5.68E-14 1.42E-13 2.50E-14 0 0 0 0 + 1.334759967 0 17.3617 3.59170127 –
F21  0.4763075 0.451776 0.485013 0.00839599 0.4965646 0.49345 0.498226 0.00114265 + 0.002212394 0 0.0372241 0.00712271 +
F22  −78.3323 −78.3323 −78.3323 1.42E-14 −78.3323 −78.3323 −78.3323 1.42E-14 – −68.42189 −73.4872 −65.5364 2.1773277 +
F23  −99.5183367 −99.6014 −99.3591 0.05878739 −97.00751 −97.9402 −95.9721 0.46216453 + −17.2351067 −19.0592 −15.7794 0.87081345 +
F24  4.03E-08 0 1.21E-06 2.17E-07 6.33E-29 1.65E-29 1.43E-28 3.40E-29 – 333.3336095 0 10000 1795.05488 –
F25  2.94E-06 2.92E-06 2.96E-06 8.14E-09 0.0663306 0 0.994959 0.24818638 – 9.54327 0 86.8996 23.944724 +
F26  2.43E-14 0 7.28E-13 1.31E-13 0 0 0 0 – 0 0 0 0 –
F27  6.027129103 0.0436073 19.9961 9.13972484 5.07E-14 3.91E-14 6.04E-14 5.72E-15 + 0.48158689 0 14.4393 2.59188251 +
F28  0.000246145 0.0002352 0.00025371 4.60E-06 5.90E-07 1.33E-08 2.03E-06 5.32E-07 + 0.149328667 0 4.44021 0.79682841 –
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Fig. 5. Cylindrical pressu

he proposed method adds an additional update rule and does not
hange the original update rule.

The proposed approach shows the best performance on classical
BC and the worst performance on ABCVSS but it is still good on

he best and the worst values of both ABC and ABCVSS. Standard
ABC has smaller standard deviation results, so the algorithm is
ore robust than BB version.

Best values found for BB versions of ABC, GABC and ABC/Best/1
ncrease by dimensionality. Namely, in a high dimensional problem,
B versions of the methods perform better than standard versions.
tatistically significant better mean values are increased by dimen-
ionality in GAB BB and ABC/best/1 BB.

Standard derivation is better for BB versions of ABC, ABC/Best/1
nd ABC/Best/2. Standard version of GABC has smaller standard
eviation values, so it is more robust than BB version. ABCVSS has
imilar standard deviation values for both versions.

All convergence graphics show that adding additional BB update
ule improves the convergence performance of all methods.

. Conclusion and future works

ABC is the most investigated swarm intelligence based algo-
ithm in recent years. The researchers realized that the weakest
oint of the algorithm was its updating rule and strategy. Thus
hey always motivated to find better update rules but adding addi-
ional update rule has not been considered as an alternative way.
n this study, an additional update equation for ABC algorithm and
ts variants is proposed using Bollinger bands which is a technical
nalysis tool to predict maximum or minimum future stock prices.
xperimental results show that the proposed update equation can
e applied to employed bee phase of all ABC oriented algorithm
ecause it only adds a new parameter update procedure to original
lgorithms. ABC variants show faster convergence speed and final
esults on 28 benchmark functions when the proposed approach
s applied. As a future work, other technical analysis tools will be
onsidered to improve ABC based algorithms.
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