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ABSTRACT Firefly algorithm (FA) is one of the swarm intelligence algorithms, which is proposed by
Yang in 2008. The standard FA has some disadvantages, such as high computational time complexity, slow
convergence speed and so on. The main reason is that FA employs a full attracted model, which makes the
oscillation of each firefly during its movement. To overcome these disadvantages, based on elitist strategy,
arandomly guided firefly algorithm (ERaFA) is proposed. In this algorithm, for improving the convergence
speed, an elitist attraction model is developed based on random selection from elite fireflies, which can lead
the firefly to a right direction. To deal with the possible failure of the elite guidance, opposite learning strategy
is adopted. Meanwhile, to strengthen the local search ability of our algorithm, and help our algorithm jump
out a local optimum position, a new mechanism is proposed, which is similar to the crossover operator in
GA. The performance of ERaFA is evaluated by some well-known test functions and applied to solve three
constrained engineering problems. The results show that ERaFA is superior to FA and some other state-of-
the-art algorithms in terms of the convergence speed and robustness.

INDEX TERMS Firefly algorithm, swarm intelligence, continuous optimization, elitist strategy, opposite

learning.

I. INTRODUCTION

Since optimization problems often arise in engineering
design, management science, economics and other fields, it
is of great practical significance to present methods to solve
these optimization problems. The method of solving opti-
mization problems can be divided into deterministic meth-
ods and stochastic algorithms in general. The convergence
of deterministic methods can usually be obtained, but these
methods require the continuity, derivative and other infor-
mation of the function, and can not get the global optimal
solution in finite time. In contrast, stochastic algorithms do
not require that functions are differentiable or continuous,
so they can be used to solve a wide range of optimiza-
tion problems. Swarm intelligence algorithms are a kind of
stochastic algorithms, which can use the information sharing
among groups to complete complex tasks, and attract the
attention of researchers. Thus, more and more researchers
pay attention to swarm intelligence algorithms, and presented
many effective swarm intelligence algorithms, e.g. Particle
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Swarm Optimization(PSO) [1]-[3], Artificial Bee Colony
(ABC) [4]-[6], Ant Colony Optimization(ACO) [7], [8],
Differential Evolution (DE) [9], Harmony Search(HS) [10],
Cuckoo Search(CS)[11], Genetic Algorithm (GA) [12], [13],
Firefly Algorithm (FA) [14]-[16].

FA algorithm was first proposed by Yang in 2008 [14],
which simulates the moving behavior of fireflies. Since FA
was put forward, researchers have developed many variants of
FA, and have applied them to solve many problems success-
fully appeared in many fields, including structure design [17],
stock forecasting [18], and production scheduling [19], water
resource [20] and cancer diagnosis [21], and so on. These
variants of FA can be divided into the following categories.

B Improvement based on modified strategy

In FA, parameters play a very important role, and how to
adjust them is difficult. Two main mechanisms and five differ-
ent strategies were proposed to adjust the control parameters
in FA [22]. In order to improve the adaptability and overcome
the shortcomings of FA, an adaptive firefly algorithm (AFA)
was proposed in [23]. In this method, three strategies were
presented. For solving continuous optimization problems,
a modified MSA-FFA is developed based on the memetic
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self-adaptive firefly algorithm (MSA-FFA) [24]. By selecting
control parameters, the purpose of self-adaptation is achieved
in this method. By studying the control parameters of FA,
a modified FA called FA with adaptive control parameters
(ApFA) was presented [25]. To jump out of the local optima
and weaken the effects of the maximum iterations, a self-
adaptive step firefly algorithm(SASFA) was developed [26].
The core idea of this method is to vary the step size with the
number of iterations based on the information of individual
and the current population. To improve the performance of
FA, by dynamically adjusting the control parameters and
employing an alternative search strategy, an adaptive FA with
alternative search (AFAas) was proposed [27]. To stabilize
the moving behavior of fireflies and increase convergence
speed of FA, a new FA was proposed [28]. In this method,
if there is no better fireflies in the vicinity of each firefly,
a directed behavior that moves to the optimal solution of
the current population is proposed. In addition, to increase
convergence speed, it advise that all fireflies should move to
global best in each iteration by using Gaussian distribution
[28]. By using the Levy flights move strategy, a new meta-
heuristic FA (LFA) was developed [29]. To escape from local
minima, a modified FA was presented by combining FA
and chaotic map, and applied to solve reliability-redundancy
optimization [30]. To increase the global searching ability
of FA, 12 different chaotic maps were introduced into FA
(CFAs) [31]. Based on neighborhood search and dynamic
parameter adjustment mechanism, a randomly attracted FA
was proposed in 2017 [32]. By using Tidal Force formula,
a modified firefly algorithm was proposed, which brought a
new strategy into the optimization field [33].

B Improvement based on hybrid strategy

By combing the advantages of FA and DE, a hybrid
population-based algorithm, called hybrid firefly algorithm
(HFA), was proposed in [34]. In this algorithm, to promote
information sharing among the population, FA and DE are
executed in parallel. For solving constrained numerical and
engineering problems, a hybrid firefly algorithm was pre-
sented based on Rosenbrocks local search and Good-point-set
method [35]. To strengthen the exploration and exploitation
abilities of FA, a new FA variant (HMFA) was proposed.
In this method, hybrid mutation strategies are employed [36].
Based on the combination of harmony search (HS) and fire-
fly algorithm (FA), a hybrid approach, called HS/FA, was
proposed [37]. This method utilized HS and FA to explore
and exploit, respectively. Through combining FA with DE,
a hybrid optimization method, named HEFA, was pro-
posed [38], which can improve the searching precision and
strengthen information sharing among the fireflies.

Although the aforementioned FA variants have a better
performance than the classical FA, there is still room for
improvement. For example, the time complexity of FA is
relatively high, the reason is that each firefly x; needs to be
compared with all the other fireflies, and move to a firefly
where its brightness is higher. Moreover, this movement may
cause oscillations in the iteration. In addition, in the basic FA,
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it does not consider how to move x; when x; is better than the
another firefly chosen to compare.

The aim of this paper is to propose an improved FA algo-
rithm. The contributions of this paper are: (1) We assume that
each firefly is guided by elitist firefly, which can reduce the
time complexity, and improve the convergence rate. (2) To
cope with the case that elitist firefly selected is worse than
the firefly guided, the opposite learning strategy is adopted,
which can help the corresponding firefly escape from a local
position. (3) To enhance the local search ability of the pro-
posed algorithm, a new mechanism, which is similar to the
crossover operator in GA, is proposed.

The rest of the paper is organized as follows. FA algo-
rithm is summarized in Section 2. In Section 3, the pro-
posed algorithm ERaFA is developed. Benchmark problems
and the corresponding experimental results are given in
Section 4. Section 5 gives three practical problems. Finally,
Section 6 concludes the paper.

Il. BASIC FA ALGORITHM

FA is one of swarm intelligence algorithms. In FA, each
firefly represents a point in the solution space. In initialization
phase, the position of each firefly is randomly generated.
After that, each firefly is compared with the rest of the
firefly by their fitness value, and moves toward a firefly with
relatively good fitness value, which is the phenomenon of
attraction in FA.

Assume that D is the dimension of the problem, N is the
population size, and x; is the i-th firefly in the population,
where i = 1,2,---,N. The attractiveness between two
fireflies x; and x; is calculated as follows [14]:

Bij = ﬁoe_yr’?, (D

where y is the light absorption coefficient, r;; is the distance
between x; and x;, which is computed by the following equa-
tion

Z(xid — Xja)?,

d=1

rij =l xi — x; ||=

where x;4 and x;4 are the d-th dimension of x; and x;, respec-
tively.

In Eq. (1), Bo is the attractiveness at r = 0. Through
comparing the fitness values of x; and the other fireflies x;,
wherej = 1,2,--- ,N andj # i, the firefly x; decides how
to move. If x; is brighter (better) than x;, that is f (x;) < f(x;),
then x; will be attracted and move toward x; by the following
formula:

t+1 ' —yr2
Xt =xt + poe”” ’f(x} —xi) + ag, )

where ¢; € [—0.5,0.5] is a random number that obeys
uniformly distributed, and o € [0, 1] is a step factor.

The pseudo code description of the basic FA is given
in algorithm 1, where [tMax is the maximum number of
iterations.
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Algorithm 1 Pseudo-Code of FA
01:Initialize the population size N, the maximum number
of iterations /tMax.
02: while t <= ItMax do
03: fori=1toN do
04: forj=1toN do

05: if f(x;) < f(x;) then

06: Move x; toward x; according to (2).

07: Compute the fitness value of the new x;.
08: end

09: end

10: end

11: Rank the fireflies and find the current best

122t =t+1

13: end

As pointed out in [39], the basic FA is the full attraction
model (see Fig. 1 (a)). In this model, each firefly is attracted
by all other brighter fireflies. The advantage of this model is
that it is likely to find better candidate solutions, but it should
be pointed out that too many attractions may result in oscil-
lation during the search process and high computational time
complexity. Let O(f) be the computational time complexity
of the fitness evaluation function f (-). Reference [39] pointed
out the computational time complexity of the full attraction
model(basic FA) is O(ItMax % N x f), where ItMax is the
maximum number of generations.

Ill. PROPOSED APPROACH

Since there are so many attractions in the search process
of FA, the phenomenon of oscillation occurs during the
moving process, and the time complexity is high. To reduce
attractions, a random attraction FA (RaFA) was proposed in
[40]. In RaFA (see Fig. (b)), for each firefly x;, a firefly
xj(j # i) is selected randomly from the current population
firstly. Then, by comparing the fitness values of x; and x;,
the movement of x; is determined. If x; is brighter than x;,
x; will move toward x;. Thus, the number of attractions for
each firefly is not greater than 1. Although random attraction
can effectively reduce the computational time complexity and
accelerate the search, it may result in premature convergence.
To overcome this problem, both the random and Cauchy
mutation have been used in RaFA. Recently, to achieve a
trade-off between full attraction and random attraction, a new
FA variant called NaFA (see Fig 1. (c)) was developed [39],
which employs a neighborhood attraction model inspired by
the k-neighborhood concept [41].

In RaFA, since x; is chosen randomly from the current
population, it is not necessarily superior to x;, that is, x; may
not be a good guide for the movement of x;. In NaFA, k-
neighbor concept was introduced, which can guide x; better
than RaFA, but it’s not doubt that this method increased the
time complexity. Moreover, in both two methods, the case is
not considered that x; how to move when x; is brighter than
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FIGURE 1. Different attraction models.

(d)Elite attraction model

x;, that is they do not take full advantage of the information
contained by x;.

In order to reduce the computational complexity, and well
guide the movement of fireflies, an elitist attraction model
(see Fig. 1(d)) is developed based on randomly selecting a
firefly from elite fireflies, which lead each firefly to a better
direction with greater probability. Meanwhile, if the firefly
x; selected randomly from elite fireflies is worse than x;,
the opposite learning strategy is adopted to make better use
of the information x;.

A. RANDOMLY GUIDED FA BASED ON ELITIST
STRATEGY(ERAFA)

In ERaFA, we first give a proportional value p, which is used
to determine the number of elite fireflies. Assume that N is
the population size, then a firefly x; is selected randomly from
[p * N] elite fireflies, and compared with x;, where [-] is a
integral function. If x; is brighter than x;, then x; moves to
Xx;j, else x; uses opposite learning strategy to move to a new
position. The equation of motion is as follows:

t+1

xl

2 )
xt+ Boe Vi(xj(t) — xi(1) + aei,  iff(x) < f(x),
I+u—xi, else,

3)

where I and u are the lower bound and upper bound of the
search region, respectively.

B. ENHANCED LOCAL SEARCH ABILITY

To enhance the local search ability of our algorithm near the
current optimal solution x*, a new mechanism is proposed,
which is similar to the crossover operator in GA, and is
used to generate new positions. This process is accomplished
by crossing x* with another feasible solution. In the early
stage, x* may have a long distance to the real optimal solution,
while in the later stage, the distance between of x* and the
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real optimal solution is getting closer and closer. Therefore,
we hope that, the weight of x* is smaller in the early stage,
and become greater in the later stage. The process can ensure
that our algorithm searches for a wide range in the early stage,
and later concentrates on the neighborhood of x*. In addition,
considering chaotic search has a stronger searching ability,
chaotic search is used to generate the feasible solution for
cross operation. Next, we give the details.

Let x* be the best solution of the current iteration. Firstly,
utilize the following equation (4) to generate chaotic vari-
able o;:

oiy1 =4%0;x(l —o0p), 1=<i<k, “

where k is the length of chaotic sequence, op € (0, 1) is a
random number. Then map o; to a chaotic vector X; in the
interval [I, u]:

Yi=l+ox—-10, i=1,---,k, (%)

where I and u are the lower bound and upper bound of
variable x, respectively. Finally, a new candidate solution x;
is obtained by the following equation:

E=Axx* +(1 =N *X;, i=1,---,k, 6)

where A is a shrinking factor, which is defined as follows:
t
© ItMax’ )
where ItMax is the maximum number of iterations, ¢ is the
number of iterations.
Based on the above discussion, the pseudo code of ERaFA
is provided as follows:

Algorithm 2 Pseudo-Code of ERaFA
01:Initialize the population size N, the maximum number
of iterations ItMax.
02: while t <= ItMax do
03: Select [p * N] elite fireflies from current population.
04:fori=1to N do
05:  Select a firefly x; from [p * N] elite fireflies do
06: Move x; according to (3).
07:  Compute the fitness value of x;.
08: end
09: Rank the fireflies and find the current best.
10: By using (4)-(7), to search near x*, and update x*(if
necessary).
1l:r=t+1
12: end

C. TIME COMPLEXITY

Let O(f) be the computational time complexity of the fitness
evaluation function f(-). For the standard FA, its time com-
plexity is O(ItMax % N x f). For RaFA, its time complex-
ity is O(ItMax % N x f). For NaFA, its time complexity is
O(ItMax k=N *f ), where k is the number of neighbor. For our
method ERaFA, its time complexity is O(ItMax (N +k)xf),
here k is the number of the local search near the current
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optimal solution x*. As can be seen, the time complexity
of ERaFA and RaFA is not very different. On the whole,
the time complexity of ERaFA is little higher than that of
RaFA. Meanwhile, we can see that, the time complexity of
ERaFA is much lower than that of FA and NaFA.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we have done a total of four experiments.
In Experiments 1, 2 and 3, 32 benchmark functions are
selected to test the performance of ERaFA. The detailed
information of the test functions are displayed in Table 1. For
these functions, fi —f3 and f>9 —f>1 are unimodal functions, fy
is a discontinuous step function, fi¢ is noise function, fi1 —f19
are multimodal functions, f» — f>3 are mis-scaled functions,
fra — fr9 are rotated functions, f3g is a shifted function, and
f31 — f32 are highly competitive problems, which are shifted
and rotated functions. In Experiment 4, the proposed algo-
rithm ERaFA is tested on some challenging benchmark func-
tions selected from CEC 2015 [42]. This test suite includes
different types of optimization problems, where f and f> are
unimodal functions, f3 — f5 are simple multimodal functions,
fo — fs are hybrid functions, and fo — fi5 are composite
functions. The detailed information about this test suit is
given in Table 5. Among these four numerical experiments,
the first one is to determine the parameter p, which has a
great impact on the algorithm. The second one is to compare
the performance of ERaFA with some other FAs, including
FA, RaFA and NaFA. The third one is to comprehensively
compare the performance of ERaFA with several state-of-the-
art algorithms, including ApFA [25], CFA [31], NaFA [39],
WSSFA [43], VSSFA [44], HPSOFF [45], FFPSO [46] and
HFPSO [47]. The fourth one is to further test the performance
of ERaFA. In this experiment, ERaFA is compared with some
algorithms proposed recently, including ABC [48], SaDE [9],
WWO [49], FWA-EI [50] and AEFA [51].

A. EXPERIMENT 1: THE DETERMINATION OF
PARAMETER p
In ERaFA, the parameter p is used to change the proportion
of the optimal solution, which is closely related to the rate of
convergence of the algorithm. Thus, it is one of the key steps
to select the value of parameter p in ERaFA. To determine
the value of parameter p, we select 8 functions from Table 1:
. fa, fe, f1, 3, f14, fie and f>9, and run ERaFA 30 times for
each function with different values of p. In this experiment,
the population size is 40, the maximum iterations(/tMax) is
set to 2500, the initial By, y are set to 1, the dimensions of the
test functions are set to 30. The statistical results including
minimum, mean and standard deviation are given in Table 2.
From Table 2, we can see that the same results were
obtained for f5, fs, f3, f16 With different p; for f4, when p =
0.5, the result is the worst; for f7, the worst result was obtained
at p = 0.1; for f14, f>0, the best results were calculated at
o = 0.3. Considering the above calculation results, p = 0.3
is the best choice. Therefore, in the following experiments, p
is set to 0.3.
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TABLE 1. Benchmark test functions.

Functions Range Optimal value
fi = =} [-100,100] 0
1;1 D
fo=3 lai [+ II || [-10,10] 0
i=1 i=1
D 7
fs= 2 (3 =5)? [-100,100] 0
i=1 j=1
fa=max;{| z; [,1 <i<n} [-100,100] 0
D
fs =3 iz} [-10,10] 0
1;1
fo =3 ia} [-1.28,1.28] 0
1/;1 )
fr=3% |01 [-1.1] 0
'El 6 i=1
fs= > 10°D-1g, [-100,100] 0
=1
D
fo =3 (l=i+05])? [-1.28,1.28] 0
=1
D
fio = ¥ ix} 4+ random[0,1) [1.28,1.28] 0
=1
D -
fi1 = X (#7 — 10cos(2mz;) + 10) [-5.12,5.12] 0
i=1
D D
fiz = —20exp(—0.2% 4/ 3 22 /D) — exp( > cos(2mz;/D) +20 + e [-32,32] 0
i=1 i=1
D, D s
f13 = 1960 '21 i — _1:[1 COS(%) +1 [-600,600] 0
sin(y/SP  «$H2-0.5
fra =05+ 0N D e YD 72 [-100,100] 0
D
fis =25 > (z} — 1627 + 5z;) [-5.5] -78.332
D'l:l
fie = > | zisin(z;) + 0.1z; | [-10,10] 0
1=1
D 2 . 1 round(2x;)
fir = 30 (y; — 10cos(27my;) + 10),if | ; |< 3,y = zi;else yi = ——5—1> [-5.12,5.12] 0
=1
D—1
fis = %[105in2(7r xy1) + > (yi — 1)2(1+ 10.sin2(7r xyi+1)) + (yp — 1)2]
i=1
D
+ > u(zi, 10,100, 4), where y; = 1+ 3 (@; + 1)
i=1
k(z; —a)™,  x; >a,
u(z;,a,k,m) =4 0, —a<z; <a, [-50,50] 0
k(—z, —a)™, z< —a.
D
fro = 418.9829 % D — 3= (@ * sin(y/| @i |)) [-500,500] 0
i=1
D—1
f20 = 3 (100(2F — wiy1)? + (2 — 1)7) [-2.048,2.048] 0
i=1
D
fo1 = —exp(—0.5% 3 z?) [-1,1] -1
i=1
D—-1
fo2 = 3 ((asz:)? — 10cos(2ma;x;) + 10)
i=1
i—1
a; =10D-1 [-5.12,5.12] 0
D—1
faz = > ((aim,;)Q — 10cos(2mwa;xz;) + 10)
i=1
i—1
a; = 1000 D1 [-5.12,5.12] 0
D
faa=3 27, z=axM [-500,500] 0
=1
fos =max;{| z; [, 1<i< D}, z=xxM [-10,10] 0
D
f26 = —20exp(—0.2* 4/ > 22/D)
i=1
—exp( > cos(2mz;/D)+20+e, z=ax M [-32,32] 0
’LZID 2 D .
1= qom 25 7~ Il cos() +1. 2 =axM [-600,600] 0
i= i=
D i—1
fas =Y (200-12)% z=ax M [-100,100]
=1
D D
f2o = 35 (1000 % 21)> + 3 27, z=ax M [-100,100] 0
=1 1=2
D
fs0 = 3 (27 —10cos(27w2;) +10), z=z — o0 [-5.12,5.12] 0
=1
D
far =27+ X 224100, z=(z—0)x M [-100,100] 100
1=2
D kmax kmax
faa = (X [aFcos(2nb*(z; +0.5))]) — D > [aFcos(2wb® - 0.5)] 4+ 300, z = (x — 0) * M,a = 0.5,b = 3, kmax = 20  [-100,100] 300
i=1 k=1 k=1
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TABLE 2. The comparison for different value of parameter p.

Functions p=0.1 p=0.2 p=0.3 p=0.4 p=0.5
Min Mean SD Min Mean SD Min Mean sD Min Mean SD Min Mean SD

f2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

fa 0 0 0 0 0 0 0 0 0 0 0 0 0 426e-015  9.54e-015
fe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

f7 0 443e-111 1.08e-110 0 0 0 0 0 0 0 0 0 0 0 0

fs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

f1a 5.51e-017 1925¢-007  4.30e-003  551e017 999017  3.04e-017 551017  6.61e-017  248¢-017  551e-017  7.71e-017  3.04e-017  551e-017  881e-017  3.0de-017
f16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

f20 275¢-007  8.74e-007 7.86e-007  220e-007  476e-006  8.74e-006  4.59%-009 1.74¢-008 136e-008  423¢-009  278¢-006  2.92¢-006 192¢-007  8.22¢-006 1.21e-005

B. EXPERIMENT 2: COMPARISON OF ERAFA, FA, RAFA
AND NAFA
In this subsection, to test the performance of ERaFA, it is
compared with FA, RaFA, NaFA. The parameters are the
same as that in the experiment 1. All algorithms run 30 times.
The comparison results are given in Table 3, and the best
solutions obtained by algorithms are marked in boldface. The
t test values were used to determine whether the results of
ERaFA are statistically different from the results of other
algorithms, where significant level is set to 0.05. In this test,
“4” indicates that the performance of ERaFA is statistically
significantly better than of its competitor, ”="" means that the
performance of the competitor is statistically comparable to
that of ERaFA, “—"" implies that the performance of the com-
petitor is statistically significantly better than that of ERaFA.

From Table 3, we can see that, for functions f1 —f3, f10 —f12,
fia — fi7, fo — fre and fog — f32, the accuracy of the results
obtained by ERaFA is better than that of the other algorithms.
For function fo, all the algorithms have the same accuracy,
and can find the global optimal values. For function f3, both
FA and ERaFA found the optimal results, which are better
than that of RaFA and NaFA. For function f>7, ERaFA and
NaFA have the best results with the same accuracy, which
is superior to that of the other two algorithms. For function
/18, the accuracy of the result obtained by ERaFA is lower
than that of FA and NaFA. From these results, we can see that
ERaFA is only defeated by other algorithms on function fig.
Further analysis, we find that, ERaFA almost can the optimal
values of all the unimodal functions, which means that it has a
strong search ability on unimodal functions. For multimodal
functions, ERaFA beat the other algorithms on almost all
these functions, except for function fig. This implies that
ERaFA is not easy to fall into local optimum. In addition,
for mis-scaled, rotated, shifted and rotated functions f; —
f32, the results show that ERaFA has superior search ability,
because ERaFA can obtain the results with better accuracy
than that of the other algorithms, except for f>7. In summary,
the accuracy of the results obtained by ERaFA are better than
that of the other algorithms for over 90% of all test functions.
The main reason is that ERaFA has a better balance between
global and local search ability.

By ¢ test results, we can see that the performance of
ERaFA is superior or equal to the other algorithms on all the
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functions, except for the functions fy, fig, and f>7, which is
consistent with the above analysis.

In order to compare the convergence speed of these algo-
rithms, the convergence curves of all algorithms for functions
f1 — f3o0 are given in Figure 2. From Figure 2, it can be seen
that, for most test functions, the convergence rate of ERaFA is
very fast. For function fi7, although ERaFA and NaFA have
the same solution accuracy, the convergence rate of ERaFA
slightly better than that of NaFA.

In conclusion, the performance of ERaFA is better than FA,
RaFA and NaFA, and ERaFA can obtain the best results for
most functions.

C. EXPERIMENT 3: COMPARISON OF ERAFA WITH OTHER
FA VARIANTS

In this subsection, 14 functions are selected from Table 1 to
further test the performance of ERaFA. We compared the
performance of ERaFA with eight other recently proposed FA
variants, which include CFA, WSSFA, VSSFA, RaFA ApFA,
HPSOFF, FFPSO and HFPSO. The detailed information of
these algorithms are presented as follows.

—CFA(FA with chaos), Gandomi et al.(2013)

—WSSFA(Wise step strategy FA), Yu et al.(2014)

—VSSFA(Variable step size FA), Yu et al.(2015)

—RaFA(FA with random attraction), Wang et al.(2016)

—ApFA(FA with adaptive control parameters), Wang
et al.(2017)

—HPSOFF(Hybrid PSO and FA), Arunachalam et al.(2015)

—FFPSO(Hybrid FA and PSO), Kora et al.(2016)

—HFPSO(Hybrid FA and PSO), Aydilek (2018)

—ERaFA, Our approach.

In this experiment, for functions f| — fi, fo — f13 and
fis — f20, ERaFA is compared with VSSFA, WSSFA, CFA,
RaFA, ApFA. The population size is set to 20. The maximum
value of the function value is the termination condition, which
is set to 5e5 and is consistent with the comparison literature.
For functions f31 and f3,, ERaFA is compared with FFPSO,
HPSOFF and HFPSO, the population size is set to 30. The
maximum value of the function value is the termination
condition, which is set to 1.5¢3 and is consistent with the
comparison literature. The other parameters are the same as
that in the experiment 1. The results are taken from [39] and
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TABLE 3. Computational results of FA, RaFA, NaFA, and ERaFA.

Functions Algorithm Min Mean Std
fi FA 2.001¢-040 2.119¢ — 0407 1.131e-041
RaFA 2.484¢-040 3.257e — 040T 7.383¢-041
NaFA 5.925¢-041 6.389¢ — 0417F 7.126¢-042
ERaFA 0 0 0
fa FA 5.958¢-021 6.011e — 0217F 5.372¢-023
RaFA 7.797e-021 8.049¢ — 021+ 3.418¢-022
NaFA 3.010e-021 3.220e — 02171 2.369e-022
ERaFA 0 0 0
fa FA 7.1878¢-040 7.8727e — 040" 6.4396¢-041
RaFA 8.831e+001 1.804e + 0027 1.213e+002
NaFA 1.234¢+000 1.817e + 000+ 3.132¢-001
ERaFA 0 0 0
fa FA 5.421e-021 5.840e — 02171 4.169¢-022
RaFA 5.037¢-003 4.050e — 001+ 3.268¢-001
NaFA 3.052¢-021 3.259¢ — 021+ 2.948¢-022
ERaFA 0 0 0
fs FA 2.325¢-041 2.796e — 0417 6.869¢-042
RaFA 7.030e-001 9.750e — 001F 2.008¢-001
NaFA 2.065¢-035 2.298¢ — 034F 3.420e-034
ERaFA 0 0 0
fe FA 1.113¢-087 1.263¢ — 087+ 1.310e-088
RaFA 5.551¢-087 7.100e — 047+ 1.229¢-046
NaFA 7.554¢-089 1.190e — 0887+ 4.031e-089
ERaFA 0 0 0
fr FA 4.688¢-009 8.170e — 009F 3.341e-009
RaFA 6.530e-008 1.119¢ — 007+ 4.459¢-008
NaFA 1.376¢-009 1.023e — 008" 7.677¢-009
ERaFA 0 0 0
fs FA 6.345¢+005 8.700e + 005T 2.510e+005
RaFA 3.941e+006 4.610e + 0061 1.024e+006
NaFA 4.294¢+005 7.477e 4+ 005T 2.925¢+005
ERaFA 0 0 0
fo FA 0 0= 0
RaFA 0 0= 0
NaFA 0 0= 0
ERaFA 0 0 0
fio FA 3.560e-003 6.137¢-003 T 2.421¢-003
RaFA 1.072¢-002 1.405¢-002F 4.033e-003
NaFA 2.742-003 3.443¢-003F 1.059¢-003
ERaFA 1.014¢-006 2.632¢-006 1.603¢-006
f11 FA 2.526e+001 4.177e+0017" 1.406e+001
RaFA 1.521e+001 1.832e+001F 3.149¢+000
NaFA 1.044e+001 1.782e+001F 8.401e+000
ERaFA 0 0 0
fi2 FA 1.332¢-014 2.042¢-014F 7.105¢-015
RaFA 6.217¢-015 1.332¢-014F 7.105¢-015
NaFA 2.042¢-014 2.279e-014F 4.102¢-015
ERaFA -8.8818¢-016 -8.8818¢-016 0
fis FA 0 0= 0
RaFA 9.964¢-001 9.988¢-001" 2.261¢-003
NaFA 6.772¢-002 2.959¢-001F 3.518¢-001
ERaFA 0 0 0
fia FA 3.728¢-002 5.063¢-002F 2.372¢-002
RaFA 1.797¢-001 2.549¢-0017F 6.386¢-002
NaFA 3.719¢-002 3.866¢-0021 3.2174e-017
ERaFA 5.551e-017 7.401e-017 2.72e-17
fis FA 72,677 -72.049F 5.441e+000
RaFA -73.353 7258871 8.139¢-001
NaFA -75.505 -72.363% 2.879¢+000
ERaFA -78.3323 -78.3323 1.76e-009
fi6 FA 1.722¢-022 2.035¢-016T 3.525¢-016
RaFA 4.960e-003 1.067¢-002F 7.005¢-003
NaFA 9.228¢-023 1.063e-022+ 1.396¢-023
ERaFA 0 0 0
fir FA 5.865¢+001 6.396e+0011 4.128e+000
RaFA 1.868¢+001 2.156e+0011 4.726e+000
NaFA 2.311e+001 2.556e+0011 2.304¢+000
ERaFA 0 0 0
fis FA 1.570e-032 1.570e-032~ 0
RaFA 5.430e-008 2.322¢-003 1 4.035¢-003
NaFA 1.570e-032 1.570e-032~ 0
ERaFA 1.246¢-008 3.383¢-007 2.840e-007
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TABLE 3. (Continued.) Computational results of FA, RaFA, NaFA, and ERaFA.

f19 FA 2.653e+003
RaFA 8.121e+003
NaFA 4.875e+003
ERaFA 1.041e-008

f20 FA 1.903e+001
RaFA 2.708e+001
NaFA 2.628e+001
ERaFA 8.0927¢-006

fa1 FA 0
RaFA 0
NaFA 0
ERaFA -1

fa2 FA 3.412e+001
RaFA 4.278e+001
NaFA 2.451e+001
ERaFA 0

f23 FA 3.174e+003
RaFA 4.341e+003
NaFA 8.002e+002
ERaFA 0

foa FA 1.582e+005
RaFA 9.041e-039
NaFA 5.791e-039
ERaFA 0

fas FA 2.906¢+000
RaFA 6.946e-005
NaFA 6.293¢-022
ERaFA 0

f26 FA 1.356e+001
RaFA 1.332¢-014
NaFA 1.332e-014
ERaFA -8.881e-016

far FA 9.980e-001
RaFA 7.824¢-001
NaFA 0
ERaFA 0

fas FA 2.559e+005
RaFA 4.565¢+003
NaFA 4.706e+001
ERaFA 0

fa9 FA 2.790e+005
RaFA 3.316e+003
NaFA 1.325e+002
ERaFA 0

f30 FA 1.660e+002
RaFA 1.442e+002
NaFA 1.614e+001
ERaFA 9.970e-007

f31 FA 3.3864e+005
RaFA 6.3523e+008
NaFA 1.2023e+010
ERaFA 1.0947e+002

fa2 FA 3.2947e+002
RaFA 3.2752e+002
NaFA 3.2397e+002
ERaFA 3.0000e+002

3.328e+003 6.390e+002
8.218e+003 T 1.080e-+002
5.371e+003 5.822¢+002
8.093¢-005 9.185¢-005
2.079e+0011 1.122e+000
8.226e+002" 9.135e+002
4.593¢+0017T 3.396e+001
2.719¢-004 4.561e-004
ot 0

ot 0

ot 0

-1 0
4.014e+001F 6.943e+000
5.178e+001" 1.643e+001
2.630e+00171 1.452e+000
0 0
3.591e+003 T 6.478e+002
1.008e+004+ 5.126e+003
1.340e+003 T 7.057e+002
0 0
1.686e+005+ 1.461e+004
9.950e-039" 7.934e-040
6.623e-039" 7.314e-040
0 0
3.180e+000" 2.421e-001
1.382¢-003 T 1.735¢-003
6.666¢-022" 3.437¢-023
0 0
1.405e+001+ 5.447¢-001
1.569e-014F 4.102¢-015
1.569¢-014+ 4.102¢-015
-8.881e-016 0
9.994e-001" 7.717e-004
9.261e-0017" 1.261e-001
0= 0

0 0
2.696e+005T 1.338e+004
8.292¢+003 " 5.278e+003
2.238e+00271 1.664e+002
0 0
2.939e+005" 1.765e+004
6.725¢+003 3.734¢+003
4.540e+002F 3.740e+002
0 0
1.711e+002" 4.522e+000
1.73e+002F 3.002e+001
1.857e+001F 1.519e+000
5.091e-006 3.577¢-006
4.9946e+005T 1.4901e+005

1.0860e+009+

5.1039e+008

1.5527e+010% 2.6890e+009
1.5519e+002 6.4974e+001
3.3130e+002T 1.6782e+000
3.2867e+002F 1.4068e+001
3.2850e+002" 4.3458e+000
3.0000e+002 7.1020e-002

[46] directly, except for that of our algorithm ERaFA. The
comparison results are shown in Table 4.

The results in Table 4 show that, the mean values obtained
by VSSFA and WVSSFA are worse than those of the rest of
algorithms for all the test functions. The results obtained by
ERaFA are better than those of the other algorithms except
for function fig. For function fig, as seen from Table 4,
the result obtained by ApFA is the best, followed by CFA,
and ERaFA in third palce. In addition, for functions f3;
and f3;, the accuracy of the results obtained by ERaFA is
better than that of the other algorithms. Based on the above
analysis, it is clear that the overall performance of ERaFA is
the best.

130380

D. EXPERIMENT 4: COMPARISON OF ERAFA WITH SOME
STATE-OF-THE-ART ALGORITHMS
In this experiment, we compare ERaFA with the following
state-of-art algorithm on CEC 2015 benchmark set:

—Artificial bee colony (ABC), Karaboga et al.(2007)

—The self-adaptive DE (SaDE), Qin et al.(2009)

—The Water Wave Optimization (WWO),

Zheng et al.(2015)

— The FWA-EI, Zhang et al.(2017)

—AEFEFA, Sajwan et al.(2019)

—ERaFA, Our approach.

30-dimensional test functions were used and all results
were obtained from 25 independent runs. In each run, the pop-
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TABLE 4. Computational results of ERaFA and five other FA variants.

Function Algorithm Mean

f1 VSSFA 5.84e+004
WSSFA 6.34e+004
CFA 3.27e-006
RaFA 5.36e-184
ApFA 2.02e-044
ERaFA 0

fa2 VSSFA 1.13e+002
WSSFA 1.35e+002
CFA 8.06e-004
RaFA 8.76e-005
ApFA 1.83e-012
ERaFA 0

fs VSSFA 1.16e+005
WSSFA 1.10e+005
CFA 1.24¢-005
RaFA 4.91e+002
ApFA 1.01e+001
ERaFA 0

fa VSSFA 8.18e+001
WSSFA 7.59e+001
CFA 8.98¢-004
RaFA 2.43e+000
ApFA 1.30e-007
ERaFA 0

fo VSSFA 5.48e+004
WSSFA 6.18e+004
CFA 0
RaFA 0
ApFA 0
ERaFA 0

fio VSSFA 4.43e+001
WSSFA 3.24e-001
CFA 9.03e-002
RaFA 5.47¢-002
ApFA 2.76e-003
ERaFA 3.27¢-006

fi1 VSSFA 3.12e+002
WSSFA 3.61e+002
CFA 5.27e+001
RaFA 2.69e+001
ApFA 1.21e+001
ERaFA 0

fi2 VSSFA 2.03e+001
WSSFA 2.05e+001
CFA 4.02¢-004
RaFA 3.61e-014
ApFA 2.55e-014
ERaFA 5.32¢-016

f13 VSSFA 5.47e+002
WSSFA 6.09¢+002
CFA 7.91e-006
RaFA 0
ApFA 3.33e-016
ERaFA 0

fis VSSFA 3.99¢+008
WSSFA 6.18¢+008
CFA 8.28¢-009
RaFA 4.50e-005
ApFA 1.23e-016
ERaFA 4.79e-007

f1o VSSFA 1.07e+004
WSSFA 1.06e+004
CFA 4.36e+003
RaFA 5.03e+002
ApFA 6.42e+003
ERaFA 1.46e-005

f20 VSSFA 2.16e+008
WSSFA 2.49e+008
CFA 2.06e+001
RaFA 2.92e+001
ApFA 2.81e+001
ERaFA 2.45¢-003

fa1 FFPSO 1.62873e+010
HPSOFF 4.8387e+007
HFPSO 1.3768e+007
ERaFA 2.1702e+002

fa2 FFPSO 3.1455e+002
HPSOFF 3.0845e+002
HFPSO 3.0671e+002
ERaFA 3.0012e+002
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FIGURE 2. Convergence curves of f;-f5q.

130382

Average Bestso-ar

Average Bestsofar

Average Bestsoar
Average Best:so

FIGURE 2. (Continued.) Convergence curves of f;-f5q.

ulation size and the maximum number of function evaluations
(MaxFES) are 20 and 10000 x 30 respectively, which is
consistent with the comparison literature. These results are
taken from [50] directly, except for that of the proposed algo-
rithm ERaFA. The comparison results are given in Table 4,
including the best, worst and standard deviation. In Table 4,
the best fitness and median value among the algorithms are
marked in bold.

From Table 6, it can be seen that ERaFA, except for F7
and F13, ERaFA outperformed or equally performed in com-
parison with all the other existing algorithms. The detailed
comparison results are as follows:

(1) Unimodal functions F; — F>. Compared with the five
other algorithms, ERaFA can achieve the best performance
on F. Regarding F>, ERaFA, SaDE and FWA-EF have the
same minimum and mean, which are superior to the results
of the other algorithms. However, the deviation of SaDE is
too large.

(2) Simple multimodal functions F3 — F5. ERaFA obtains
better results than the other algorithms on F3 and F4 in terms
of the minimum and mean. For F’5, the results of ERaFA are
slightly better than that of ABC, but much better than that of
the rest algorithms.

(3) Hybrid functions Fg — Fg. Except for function F7,
ERaFA performs better than the other approaches according
to the minimum and mean. For F7, the results of ERaFA are
slightly worse than that of SaDE and AEFA, but better than
that of WWO and FWA-EF.

(4) Composition functions Fg — F5. Except for function
F13, ERaFA has better or equal performance among these
algorithms. For function F3, the performance of ERaFA is
slightly worse than SaDE, WWO, FWA-EF and AEFA, but
better than ABC. For function F9, ERaFA is slightly better
than ABC, but much better than the other algorithms. For
function F1», ERaFA, SaDE, WWO and AEFA have the same
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TABLE 5. IEEE CEC15 learning based benchmark test suite [42], with search range = [-100, 100] D and f;, is minimum fitness value.

Nature of Functions Function No. Function Name Fmin
Unimodal Functions Fy Rotated High Conditioned Elliptic Function 100
F> Rotated Cigar Function 200
Simple Multimodal Functions F3 Shifted and Rotated Ackleys Function 300
Fy Shifted and Rotated Rastrigins Function 400
Fs Shifted and Rotated Schwefels Function 500
Hybrid Functions Fg Hybrid Function 1 (N = 3) 600
Fr Hybrid Function 2 (N = 4) 700
Fg Hybrid Function 3 (N = 5) 800
Composition Functions Fy Composition Function 1 (N = 3) 900
Fio Composition Function 2 (N = 3) 1000
Fiq Composition Function 3 (N = 5) 1100
Fio Composition Function 4 (N = 5) 1200
Fi3 Composition Function 5 (N = 5) 1300
Fiq Composition Function 6 (N = 7) 1400
Fis Composition Function 7 (N = 10) 1500
TABLE 6. Comparative results of objective function values for CEC15 30D.
F Metric ABC SaDE WWO FWA-EF AEFA ERaFA
Fy best 1.21e+002 2.43e+003 2.57e+005 7.10e+005 2.02e+002 1.000e+002
worst 5.16e+010 6.73e+004 2.94e+006 1.75e+006 1.46e+003 1.001e+002
median 3.58e+003 2.55e+004 1.28e+006 1.03e+006 5.57e+002 1.000e+002
std 1.71e+009 2.21e+004 7.14e+005 3.97e+005 3.13e+001 3.482¢-002
Fs best 3.38e+004 2.00e+002 2.00e+002 2.00e+002 2.05e+002 2.000e+002
worst 6.82e+004 1.36e+005 2.89e+002 2.00e+002 1.25e+004 2.001e+002
median 3.38e+004 2.00e+002 2.08E+02 2.00E+02 5.89¢+003 2.000e+002
std 7.28e-011 3.75e+004 2.40e+001 2.67e-003 2.70e+003 4.365e-002
Fs best 3.25e+002 3.20e+002 3.20e+002 3.20e+002 3.20e+002 3.000e+002
worst 3.46e+002 3.21e+002 3.20e+002 3.20e+002 3.20e+002 3.000e+002
median 3.25e+002 3.20e+002 3.20e+002 3.20e+002 3.20e+002 3.000e+002
std 1.12e+000 5.43e-002 6.46e-006 3.65e-005 1.44e-002 9.562e-004
Fy best 4.41e+003 4.15e+002 4.39e+02 5.64e+02 4.07e+002 4.000e+002
worst 8.26e+003 5.64e+002 5.30e+002 7.66e+002 4.07e+002 4.000e+002
median 4.63e+003 4.26e+002 4.93e+002 6.28e+002 4.07e+002 4.000e+002
std 1.55e+002 2.91e+001 1.93e+001 4.55e+001 1.37e-003 4.391e-006
Fs best 5.02e+002 4.01e+003 3.89e+003 2.63e+003 6.25e+002 5.000e+002
worst 5.06e+002 7.69¢+003 5.63e+003 4.83e+003 6.26e+002 5.000e+002
median 5.02e+002 5.12e+003 3.08e+003 3.86e+003 0.25e+002 5.000e+002
std 1.06e-001 3.18e+002 3.97e+002 4.94e+002 3.68e-002 6.637e-004
Fg best 6.01e+002 8.96e+002 4.26e+003 1.83e+004 8.49e+002 6.000e+002
worst 6.05e+002 1.83e+004 1.84e+005 1.22e+005 8.49¢+002 6.004e+002
median 6.01e+002 6.34e+003 6.74e+004 5.10e+004 8.49¢+002 6.001e+002
std 2.26e-001 5.64e+003 4.41e+004 3.50e+004 3.43e-002 2.251e-001
Fr best 7.02e+002 7.01e+002 7.08e+002 7.10e+002 7.01e+002 7.080e+002
worst 7.98e+002 7.06e+002 7.15e+002 7.81e+002 7.01e+002 7.081e+002
median 7.02e+002 7.02e+002 7.13e+002 7.13e+002 7.01e+002 7.080e+002
std 3.20e+000 1.29e+000 7.83e+00 1.77e+01 1.32e-004 3.800e-002
Fg best 8.18e+002 8.11e+002 1.27e+003 5.18e+003 8.63e+002 8.055e+002
worst 6.67e+006 7.00Ee+003 8.74e+004 8.01e+004 8.63e+002 8.056e+002
median 8.19e+002 1.12e+003 4.11e+004 3.11e+004 8.63e+002 8.055e+002
std 2.45e+004 1.47e+003 2.59¢+004 1.00e+003 9.69¢-004 4.700e-003
Fo best 9.12e+002 1.00e+003 1.00e+003 1.00e+003 1.00e+003 9.100e+003
worst 9.14e+002 1.00e+003 1.00e+003 1.00e+003 1.00e+003 1.000e+003
median 9.12e+002 1.00e+003 1.00e+003 1.00e+003 1.00e+003 9.100e+003
std 8.98e-002 0 3.26e-002 3.05e-001 2.76e-001 0
Fio best 2.66e+006 1.22e+003 1.21e+003 1.24e+003 1.27e+003 1.1045e+003
worst 1.15e+008 2.39e+003 1.98e+003 2.35e+003 1.27e+003 1.1045e+003
median 2.66e+006 1.48e+000 1.44e+003 1.41e+003 1.27e+003 1.1045e+003
std 2.20e+006 4.27e+002 2.29e+002 3.23e+002 1.13e-001 3.690e-002
Fiq best 1.14e+003 1.40e+003 1.40e+003 1.40e+003 1.40e+03 1.100e+003
worst 1.46e+003 1.58e+003 1.41e+003 2.40e+003 1.40e+03 1.100e+003
median 1.14e+003 1.50e+003 1.41e+003 1.41e+003 1.40e+03 1.100e+003
std 7.50e+00 5.68e+001 2.27e+000 3.23e+002 5.78e-004 1.607e-013
Fia best 1.73e+003 1.30e+003 1.30e+003 1.31e+003 1.30e+003 1.300e+003
worst 4.27e+003 1.31e+003 1.31e+003 1.31e+003 1.30e+003 1.300e+003
median 1.75e+003 1.30e+003 1.30e+003 1.31e+003 1.30e+003 1.300e+003
std 6.81e+001 7.35e-001 5.47e-001 1.35e+000 4.61e-001 1.690e-009
Fis best 1.65e+003 1.30e+003 1.30e+003 1.30e+003 1.30e+003 1.313e+003
worst 2.59¢+003 1.30e+003 1.30e+003 1.30e+003 1.30e+003 1.314e+003
median 1.66e+003 1.30e+003 1.30e+003 1.30e+003 1.30e+003 1.314e+003
std 1.93e+001 2.42e-003 7.86e-003 5.79e-001 1.32e-003 1.609e-001
Fig best 1.65e+003 3.26e+004 3.27e+004 3.26e+004 1.50e+003 1.500e+003
worst 1.89e+003 3.50e+004 3.60e+004 3.67e+004 1.51e+003 1.506e+003
median 1.65e+003 3.37e+004 3.38e+004 3.36e+004 1.51e+003 1.500e+003
std 6.20e+000 8.19e+002 1.02e+003 1.37e+003 2.47e+000 3.061e-001
Fi5 best 2.63e+003 1.60e+003 1.60e+003 1.60e+003 1.60e+003 1.600e+003
worst 3.18e+003 1.60e+003 1.60e+003 1.60e+003 1.60e+003 1.600e+003
median 2.66e+003 1.60e+003 1.60e+003 1.60e+003 1.60e+003 1.600e+003
std 7.18e+000 6.44e-013 2.23e-013 2.12e-004 2.10e-002 1.607e-013
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performance, which is better than that of ABC and FWA-EF.
For F15, the performance of ERaFA is the same as that of
SaDE, WWO, FWA-EF and AEFA, but is much better than
that of ABC.

In a word, the comparison results indicate that ERaFA is
superior or comparable to the other algorithms for most of
the problems.

V. APPLICATION OF ERAFA

In this section, ERaFA is used to solve three practical prob-
lems: Three-bar truss design, I-beam design problem and
Welded beam design problem. In order to further prove the
performance of ERaFA, we compare the results obtained by
ERaFA with other algorithms’s. In this paper, Deb’s rules
is utilized to solve constraint conditions for practical prob-
lems. The detailed description of Deb’s rules is given as
follows [52]:

(1) Between a feasible solution and a infeasible solution,
The feasible solution is preferred.

(2) The infeasible solution is regarded as a feasible solu-
tion, when the infeasible solution violates the constraints very
rarely.

(3) For two feasible solutions, the solution with better
objective function value is better.

(4) For two infeasible solutions, the solution violating
constraints very little is better.

A. THREE-BAR TRUSS DESIGN

Three-bar truss design(see Fig. 3) is a structual optimization
problem. To minimize the weight subject to stress, deflec-
tion, and buckling constraints, the two parameters A1 (x;) and
As(x2) should be optimized. Up to now, it has been studied by
many scholars. Likewise, in order to solve this problem, Chen
and Xu [53] proposed the balanced variant of WOA, that is
BWOA. Gandomi ef al. [11] applied CS to solve it. Zhang
et al. [54] proposed an improved DE(DEDS). Sadollah et al.
[55] utilized Mine blast algorithm(MBA) to solve it.

The optimization problem can be written as follows:

minf (x) = 2v/2x] 4+ x2) x [
subject to
81(x) = P(V2x1 +x2)/(V2x] + 2x1x2) — 0 <0,
82(x) = Px2/(v/2x} + 2x1x3) — 0 <0,
g3(x) = P/(V2x +x1) — 0 <0,
where
0<x =1,
0<x=<1,
I = 100cm, P =2kN/cm?, o = 2kN/cm®.

The results obtained by the above-mentioned algo-
rithms and ERaFA are shown in Table 7. Observing the
Table 7, the best result obtained by these algorithm is
263.8958433 when x; and x; are set as 0.788675594564431,
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FIGURE 3. Three-bar truss design.

0.408246989474874, respectively, which is obtained by
ERaFA. And the results obtained by other algorithms are all
worse than ERaFA’s.

B. I-BEAM DESIGN PROBLEM
For I-beam design problem(see Fig. 4), its aim is to minimize
the vertical deflection of an I-beam. Meanwhile, The cross-
sectional area and stress constraints should be satisfied. there
are 4 variables: length(b), height(h), and two thick-nesses of
this problem(z,,, #r). For convenience, we set [b, h, 1, t7] =
[x1, x2, x3, x4].

The optimization problem can be written as follows:
minf(x) = 5000/(x3(x2 — 2x4)/12 + x1x3 /6

+2x1x4((2 — x4)/2)%)
subject to
g1(x) = 2x1x3 + x3(x2 — 2x4 — 300 < 0,
g2(x) = 18xp x 104/(x3(x2 — 2)64)3 + 2x1x3(4xf
+3x2(x2 — 2x4))) + 15x1 x 107 /(62 — 2x4)x3
+2x3x7) — 56 < 0,

where
10 < x; <50,
10 < xp < 80,
0 x3 <5,
09 <x4 <5

-~

L, )
[ L 1

FIGURE 4. I-beam design problem.

The results obtained by CS [11], MFO [56], WOA [57],
BWOA [53] and ERaFA are shown in Table 8, analysing the
statistical data shown in Table 8, the optimal value obtained
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TABLE 7. Comparison the best solution obtained by different algorithms for three-bar truss design.

Optimum variables BWOA CS DEDS MBA ERaFA
T 0.788666327 0.78867 0.78867513 0.7885650 0.78867559
; 0.408273202 0.40902 0.40824828 0.4085597 0.40824698
f(z) 263.8958435 263.9716 263.8958434 263.8958522 263.8958433
TABLE 8. Comparison the best solution obtained by different algorithms for I-beam design problem.
Optimum variables CS MFO WOA BWOA ERaFA
1 50 50 49.99799 50 50
T2 80 80 80 80 80
z3 0.9 1.7647 1.7647477 176470588 176470588
T4 2321675 5 5 5 5
f(z) 0.0130747 0.0066259 0.00662619 0.00625958 0.00625958
TABLE 9. Comparison the best solution obtained by different algorithms for welded beam design problem.
Optimum variables CPSO RO HGA BWOA ERaFA
o1 0.202369 0.205700 0.203687 0.205829 0.205729
z2 3.544214 3.470500 3.528467 3.251922 3.253120
x3 9.048210 9.036600 9.004233 9.034556 9.036623
T4 0.205723 0.205700 0.207241 0.205829 0.205729
f(x) 1.728024 1.724852 1.735344 1.695620 1.695247
by ERaFA is 0.00625958, which is the same as that of J = 2[\/§X1x2(— i (Xl + X3 9 )]
. N - ’
BWOA, but is much better than others’.
6PL
o (x) = _2 )
C. WELDED BEAM DESIGN PROBLEM X4x3
Welded beam design problem was firstly proposed by Coello 4pPL3
[58], and it aims at minimizing manufacturing cost of the 8(x) = o’
welded beam, which is constrained on shear stress(t), end 374
deflection of the beam(§), buckling load on the bar (P.), and 4. 01 3E x%x4
bending stress(o). Moreover, there are four design parame- P = “ 5L L )
ters: h(x1), 1(x2), 1(x3), D(x4)- p= 6000Zb, L = l4in, E = 30e6psi,

The optimization problem can be written as follows:
minf(x) = 1.10471x7 x 4 0.04811 x3x4(14.0 + x2)

subject to

g1(x) = t(x) — Typax < 0,

g(x) = o (x) — opax <0,

83(x) =x1 —x4 <0,

g4(x) = 0.10471x7 4 0.04811x3x4(14.0 4 x7)
g5(x) = 0.125 — x; <0,

g6(x) = 8(x) — Spmax < 0,

g1(x) = P— P, <0,

—-50<0,

where

X2
— N2 L 2¢/ ¢! 2
T(x) \/(r) +2rir e+

7 = P
V2x1x
r”—MR
=5
2
R JC_%+(x1+x3)2
V4 2 ’
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G = 12e6psi, Tpax = 13600psi,
Omax = 3000psi,  8pax = 0.25in,

0.1 <x1 <20, 0.1<x <10.0,

0.1 <x3<10.0, 0.1 =<x4=<20.

FIGURE 5. Structure design of welded beam design problem.

For this problem, ERaFA is compared with BWOA
[53], CPSO [59], RO [60] and HGA [61], and their
results are shown in Table 9. Observing the statistical data
in Table 9, we know that the best solution is 1.695247,
and its corresponding four variables are 0.205729, 3.253120,
9.036623 and 0.205729. which are obtained by ERaFA.
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VI. CONCLUSION

In this paper, in order to enhance the optimization accuracy
of FA, speed up the convergence, reduce computational time
complexity and avoid oscillation in the iteration, an improved
firefly algorithm (ERaFA) was presented. It mainly used an
elitist strategy, an opposite leaning strategy, and a local search
ability. Comparison with the standard FA and some other FA
variants show that the performance of ERaFA is superior to
the others on most benchmark test functions. Besides, ERaFA
is applied to three practical problem: Three-bar truss design,
I-beam design problem and Welded beam design problem.
And the results show that the ERaFA is efficient.

With the time going by, multi-objective optimization prob-
lems become more popular. In the future, ERaFA can be used
to deal with them. And from above simulation results, we can
see that, for some functions, ERaFA can not find their optimal
values. And ERaFA lacks knowledge of mathematical theory.
Thus, there are many works that we will do.
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