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Abstract. An algorithm performs better often due to its communication
mechanisms. Different types of topology structures denote various information
exchange mechanisms. This paper incorporates topology structure concept into
brain storm optimization (BSO) algorithm. Three types of topology structures,
which are full connected, ring connected and star connected, are introduced.
And three novel modified optimization algorithms based on topology structures
are proposed (BSO-FC, BSO-RI, BSO-ST). Unimodal and multimodal criteria
functions are employed to verify the effectiveness of the raised algorithms. In
addition, both the original BSO algorithm and bacterial foraging optimization
(BFO) algorithm are selected as contrastive algorithms to expose the opti-
mization capacity of the proposed algorithms. Experimental results show that all
of the modified algorithms have better performance than the original BSO
algorithm, especially the BSO-ST algorithm.

Keywords: Brain storm optimization � Topology structures � Population-based
optimization � Mutation operator � Gaussian mutation

1 Introduction

Optimization problem is an important branch of modern management. In many years,
people are trying their best to find better ways to solve these problems. In recent years,
optimization algorithms based on the population have been extensively investigated. In
contrast to algorithms based on single-point, for example, hill-climbing algorithm,
population-based optimization algorithms do its jobs by communicating and competing
with each other. Nowadays, population-based optimization algorithms are generally
classified as swarm intelligence algorithms.

There are many swarm intelligence algorithms, such as particle swarm optimization
(PSO) [1], bacterial foraging optimization (BFO) [2], artificial bee colony optimization
(ABC) [3], ant colony optimization (ACO) [4], etc. But all of them are just inspired by
simple animals or insects, such as ants, bees, birds, etc.

As a new type of swarm intelligence, brain storm optimization (BSO) was first
proposed by Shi in [5, 6]. BSO is motivated by the most intelligent organisms, the
human being. After that, many scholars have conducted research on this algorithm
because of its excellent performance.
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Some people do research on the parameters of this algorithm. According to the
dynamic range in the iteration, reference [7] proposed a dynamic step-size strategy,
which was dynamically changed in each iteration. Reference [8] made investigation on
the parameters in the BSO to see how they affected the performance of BSO. In order to
reduce the computation time, reference [9] implemented only several iterations of the
k-means clustering method in each iteration of BSO, instead of achieving a convergent
clustering by using k-means clustering method. Reference [10] adopted the concept of
preda-tor-prey into BSO to make full use of the global knowledge.

In addition, the BSO algorithm is also applied to solve the practice problems.
Reference [11] found the optimal solution of economic dispatch problem considering
wind power based on the BSO algorithm. Reference [10] applied the modified BSO to
optimally design a DC brushless motor to maximize its efficiency.

In the BSO algorithm described by Shi [5], it contains two interesting characters.
One character is the clustering process that all the ideas are divided into several groups
by k-mean clustering method. The other character is the individual generation process
that produces new idea by mixing a Gaussian random noise in. As we all know, BSO
algorithm has been studied by many researchers, but it is just in its infancy now, and
lots of studies are needed.

In this present paper, we concentrate on the character of the individual generation
process to come up with three modified BSO algorithms based on the topology
structures. Experiments show that the raised algorithms can improve the capability of
the original BSO, obviously.

The rest part of this paper is organized as follows. Section 2 demonstrates the BSO
algorithm. The modified BSO algorithms are presented in Sect. 3. Benchmark func-
tions are used to verify the proposed algorithms in Sect. 4. Finally, Sect. 5 summarizes
the concluding remarks.

2 Brain Storm Optimization Algorithm

As a creative problem-solving method, brain storm process was systematized by Ostorn
in 1939. In a brainstorming process, the idea generation often follows four principles.
The detailed description is listed in Table 1. When facing the complicated problem
which a single people cannot solve, human being get together to brain storm, especially
people with different background. This is the central idea of this method and this
process can improve the probability of solving the difficult problem.

Table 1. Osborn’s original rules for idea generation in a brainstorming process

Rules Content

Rule1 Suspend Judgment
Rule2 Anything Goes
Rule3 Cross-fertilize
Rule4 Go for Quantity
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Inspired by the process of human being idea formation, Shi came up with a new
algorithm called brain storm optimization (BSO) [5]. The pseudo code of the BSO
algorithm is shown in Fig. 1.

In original BSO algorithm, new ideas are formed by mixing Gaussian noise in. The
main formulas are enumerated as follows, where Xiþ 1 denotes the new individual, Xi

denotes the selected idea, N l; rð Þ is Gaussian function, logsig() is a logarithmic sig-
moid transfer function, and k is a coefficient, maxiteration is the maximum number of

Fig. 1. Pseudo-code of the BSO algorithm
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iterations, currentiteration is the current iteration number, and rand() is a random value
within (0,1).

Xiþ 1 ¼ Xi þ e� Nðl; rÞ ð1Þ

e ¼ logsig
0:5� maxiteration � currentiteration

k

� �
� randðÞ ð2Þ

3 The Modified Brain Storm Optimization Algorithms

The excellent performance of the swarm intelligence optimization often dues to the
information communication mechanism, like the bees cooperate and compete with each
other. The introduction of information exchange mechanisms is aimed to prevent
population from local optimum. Each topology structure contains a special information
communication strategy. Reference [12] introduced the topology structures in detail.
Commutating with each other, population can get more information from others and
share information to others, which can improve their behavior in the process of
searching optimization solution. In this paper, we incorporates the concept of topology
structure into individual generation process instead of the Gaussian function.

Three topology structures, including full connected topology, ring connected
topology, star connected topology, are used in this paper. The elementary diagram of
the topology structures are presented in Fig. 2 [13].

According to the topology structures, the proposed algorithms based on topology
structures are named BSO-FC, BSO-RI, and BSO-ST, respectively.

4 Experiments and Discussions

4.1 Benchmark Functions

Six benchmark functions are applied to test the virtue of the BSO-FC, BSO-RI and
BSO-ST. Among them, Sphere, SumPowers, Schwefel221 are unimodal functions,
while Apline, Rastrigin, Griewank are multimodal functions. These benchmark func-
tions are employed to verify the capability of the proposed algorithms. The benchmark
functions are introduced in Table 2.

Full Connected    Ring Connected      Star Connected 

Fig. 2. Three types of topology structures
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4.2 Parameter Settings

In the experiments, each test is run for 1000 iterations and 20 replications are con-
ducted for each test to collect the statistics. All the functions mentioned above are
tested with 20 dimensions. We set the population size is 20. The notations used are
summarized in Table 3. The parameter settings primarily for algorithms are shown in
Table 4.

Table 2. Search ranges of the benchmark functions

Attribute Name Function Range

Unimodal Sphere
f ðxÞ ¼ Pn

i¼1
X2
i

[−100,100]

SumPowers
f ðxÞ ¼ Pn

i¼1
Xij jiþ 1 [−10,10]

Schwefel221 f ðxÞ ¼ max Xij j [−10000,10000]
Multimodal Apline f ðxÞ ¼ Xi � sin(Xi þ 0:1� Xij j [−10,10]

Rastrigin
f ðxÞ ¼ Pn

i¼1
ðX2

i � 10cos(2pXi) + 10Þ2 [−5.12,5.12]

Griewank
f ðxÞ ¼ 1

4000

Pn
i¼1

X2
i �

Qn
i¼1

cosðXiffi
i

p Þþ 1
[−600,600]

Table 3. Parameters for the algorithms

Parameters Description

Ped The probability of demise
Fed The interval iterations to perform demise operation
C Chemotactic step
Ns The number of executions when a bacteria looking for a good food source
p_replace Probability to determine whether a dimension is disrupted or not
p_one Probability for select one individual, not two, to generate new individual
p_one_center Probability of using one cluster center
k The slope for changing logsig() function
p_two_center Probability of using two cluster centers

Table 4. Algorithm configurations

Alogithm Parameter settings

BFO Ped = 0.2 Fed = 5 C = 0.05 Ns = 8
BSO
BSO-FC p_replace = 0.2 p_one = 0.8
BSO-RI p_one_center = 0.4 k = 20
BSO-ST p_two_center = 0.5
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4.3 Comparison on Solutions

The mean and standard deviation for the different functions given by BFO, BSO,
BSO-FC, BSO-RI and BSO-ST are shown in Tables 5 and 6. The best values given by
the five algorithms are signed as bold. As listed in Tables 5 and 6, BSO-ST indicates
better performance than the other four algorithms on Ackley, Schwefel221, Griewank
and Rastrigin functions, while the BSO-FC reveals better capability on Sphere and
SumPowers functions slightly.

For the three unimodal functions, Table 5 shows that BSO-ST is the best algorithm
for Schwefel221 and the second best algorithm for Sphere and SumPower. For the
three mulmodal functions, Tables 6 tells that BSO-ST performs the best on Ackley,
Rastrigin, and Griewank. Owing to the commutation mechanism, which is open
minded, BSO-ST reveals excellent capability on multimodal functions. It is similar to
the brainstorming process that any thought of your mind should not be ignored.

The convergence progress of the mean fitness values are shown in Fig. 3. It is
obvious that for most functions, the BSO-ST converges the fastest at the beginning and
finds the optimum solution soon.

Table 5. Test data based on unimodal criteria functions

Algorithm Sphere SumPowers Schwefel221

BFO Mean 1.44368e+000 1.68039e−002 5.45828e−001
Std. 3.98885e−001 1.20481e−002 5.52406e−002

BSO Mean 9.48757e−005 9.73018e−005 7.11372e−002
Std. 1.0325e−004 1.7128e−004 1.84648e−002

BSO-FC Mean 3.11238e−008 4.01170e−008 2.66992e−003
Std. 1.39190e−007 1.79409e−007 9.57804e−003

BSO-RI Mean 3.56433e−003 3.14258e−003 3.98185e−002
Std. 7.64096e−003 8.54150e−003 4.00449e−002

BSO-ST Mean 1.74583e−007 1.74377e−007 9.53348e−005
Std. 1.37360e−008 1.4302e−008 4.1704e−006

Table 6. Test data based on multimodal criteria functions

Algorithm Ackley Rastrigin Griewank
BFO Mean 2.38442e+000 7.62865e+001 7.61453e−002

Std. 1.90104e−001 8.92492e+000 2.07259e−002
BSO Mean 4.87586e−002 5.00343e+000 2.50661e−004

Std. 1.61261e−001 1.76937e+001 3.6427e−004
BSO-FC Mean 1.12938e−003 2.83987e+001 2.26755e−006

Std. 5.05073e−003 2.71628e+001 9.50192e−006
BSO-RI Mean 5.55449e−002 1.68623e+001 1.94659e−004

Std. 8.33758e−002 3.70785e+001 4.3508e−004
BSO-ST Mean 3.74755e−004 2.94473e−005 1.37943e−008

Std. 1.2816e−005 3.0775e−006 1.6663e−009
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5 Conclusions

This paper presents three novel modified brain storm optimization algorithms based on
different types of topology structures. Topology structures are used to generate new
individuals instead of the Gaussian Function. Because of the good commutation
mechanism of the topology structure, we expect that the proposed algorithms can
achieve better performance.

(a) Sphere Function                                         (b) SumPowers Function    

 (c) Schwefel221 Function                   (d) Ackley Function 

(e) Rastrigin Function             (f) Griewank Function
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Fig. 3. The optimal values with the change of iterations
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The capability of the raised algorithms are tested by criteria functions and com-
pared with BFO and BSO. These functions contain three unimodal functions and three
multimodal functions. Experiment results have indicated that the solutions obtained by
BSO-FC, BSO-RI and BSO-ST are better than these produced by the original BSO and
BFO, obviously, especially the BSO-ST.
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Theorem 3.1. Let f ðxÞ 2 Fq½x� be a polynomial over Fq of degree n and
/ðqn � 1Þ ¼ qn � q. f ðxÞ is irreducible if and only if ordðf ðxÞÞ ¼ qn � 1.

Lemma 3.2 [12]. For every finite field Fq and every n 2 N, the product of all irre-
ducible polynomials over Fq whose degree divides n is equal to xq

n � x.

Lemma 3.3 [12]. Let c be a positive integer. Then the polynomial f ðxÞ 2 Fq½x� with
f ð0Þ 6¼ 0 divides xc � 1 if and only if ordðf ðxÞÞjc.

Let f ðxÞ be a polynomials in Fq½x� of degree n, and n ¼ pt11 p
t2
2 . . .p

ts
s is the prime

factor decomposition of n. Let ni ¼ n=pi.

Theorem 3.4. Let f ðxÞ be a polynomial over Fq of degree n. If f ðxÞ satisfies the
following properties:

(1) ordðf ðxÞÞjqn � 1;
(2) For every c 2 Fq, f ðcÞ 6¼ 0;
(3) gcd(ordðf ðxÞÞ; qni � 1Þ ¼ 1, i ¼ 1; 2; . . .; sð Þ

then f ðxÞ is an irreducible polynomial over Fq.

Proof. Since ordðf ðxÞÞjqn � 1, we have f ðxÞjxqn�1 � 1.

According to Lemma 3.3, f ðxÞ has no repeated factor. Suppose f ðxÞ were reducible
over Fq. Then we have a factorization f ðxÞ ¼ f1ðxÞf2ðxÞ. . .ftðxÞ, where each
fjðxÞðj ¼ 1; 2; . . .; tÞ are pairwise relatively prime. Since fjðxÞjxqn�1 � 1, then

degðfjðxÞÞjn ðj ¼ 1; 2; . . .; tÞ:

we claim that

Suppose degðfjðxÞÞjnk for some 1� k� s. Then

fjðxÞjxqnk � x and fjðxÞjxqnk�1 � 1:

By Lemma 3.2, since

ord fj xð Þ� �jqnk�1 and ord fj xð Þjord f xð Þ;

by Lemma 3.3, we have

gcd ord f xð Þð Þ; qnk � 1ð Þ 6¼ 1:

a contradiction to (3). Therefore, degðfjðxÞÞ ¼ n and fjðxÞ ¼ f ðxÞ. Hence,f ðxÞ is an
irreducible polynomial over Fq.
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Theorem 3.5. If f ðxÞ is an irreducible polynomial over Fq, then

(1) ordðf ðxÞÞjqn � 1;
(2) For every c 2 Fq,f ðcÞ 6¼ 0;
(3)

Proof. Since f ðxÞ is an irreducible polynomial over Fq of degree n, then f ðcÞ 6¼ 0 for
every c 2 Fq, and ordðf ðxÞÞjqn � 1.

Suppose

ord f xð Þð Þj qnk � 1 for some 1� k� s:

According to Lemma 3.3,

f ðxÞjxqnk�1 � 1:

Then

f ðxÞjxqnk � x:

Hence, degðf ðxÞÞjnk , a contradiction to degðf ðxÞÞ ¼ n by Lemma 3.2. Therefore,

The following results can be implied by above two theorems.

Corollary 3.6. Let f ðxÞ be a polynomial over Fq of degree p, where p is a prime. Then
f ðxÞ is irreducible if and only if:

(1) ordðf ðxÞÞjqp � 1;
(2) For every c 2 Fq, f ðcÞ 6¼ 0.

Corollary 3.7. Let f ðxÞ be a polynomial over Fq of degree n ¼ p1p2, where p1 and p2
are prime numbers. Then f ðxÞ is irreducible if and only if:

(1) ordðf ðxÞÞjqn � 1;
(2) For every c 2 Fq, f ðcÞ 6¼ 0;
(3)

4 Conclusion

Irreducible polynomials over finite fields play an important role in computer algebra,
coding theory and cryptography. This paper constructed the irreducible polynomials of
arbitrary degree n over finite fields based on the number of the roots over the extension
field and determined whether a polynomial over finite fields is irreducible or not in
terms of the relationship between the order of a polynomial over finite fields and the
order of the multiplicative group of the extension field. Furthermore, a relevant
example was analyzed to show the specific construction procedures.
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