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Abstract: The brain storm optimization (BSO) algorithm has received increased attention in the field
of evolutionary computation. While BSO has been applied in numerous industrial scenarios due to
its effectiveness and accessibility, there are few theoretical analysis results about its running time.
Running-time analysis can be conducted through the estimation of the upper bounds of the expected
first hitting time to evaluate the efficiency of BSO. This study estimates the upper bounds of the
expected first hitting time on six single individual BSO variants (BSOs with one individual) based
on the average gain model. The theoretical analysis indicates the following results. (1) The time
complexity of the six BSO variants is O(y/n) in equal coefficient linear functions regardless of the
presence or absence of the disrupting operator, where 7 is the number of the dimensions. Moreover,
the coefficient of the upper bounds on the expected first hitting time shows that the single individual
BSOs with the disrupting operator require fewer iterations to obtain the target solution than the
single individual BSOs without the disrupting operator. (2) The upper bounds on the expected first
hitting time of single individual BSOs with the standard normally distributed mutation operator are
lower than those of BSOs with the uniformly distributed mutation operator. (3) The upper bounds
on the expected first hitting time of single individual BSOs with the U (— %, %) mutation operator
are approximately twice those of BSOs with the U(—1,1) mutation operator. The corresponding
numerical results are also consistent with the theoretical analysis results.

Keywords: brain storm optimization (BSO); running time; average gain model; mutation operator;
linear function

1. Introduction

The swarm intelligence algorithm is one of the nature-inspired optimization algorithms
that simulates the behavior of biological groups in nature [1-3]. Over the past two decades,
many different types of swarm intelligence algorithms have been proposed, such as particle
swarm optimization (PSO) [4,5], ant colony optimization (ACO) [6,7], artificial bee colony
(ABC) [8,9], and brain storm optimization (BSO) [10-12]. Different from traditional methods,
these algorithms solve problems by simulating the behavior of animal or human groups,
with higher flexibility and adaptability.

BSO, a novel swarm intelligence algorithm, is inspired by the human brainstorming
process. It is a continuous evolutionary algorithm that simulates the collective behavior
of human beings. In recent years, BSOs have seen various practical applications in power
systems [13-16], aviation design [17-19], mobile robot path planning [20,21], antenna
design [22], financial optimization [23-25], and many other fields [26-30].

In addition, the theoretical analysis of BSO is also very important, especially for the
practical application of BSO. The theoretical analysis benefits researchers in enabling them
to understand the mechanism of the algorithm in guiding its design, improvement, and
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application in practice. The theoretical analysis can be divided into convergence analysis
and running-time analysis. Zhou et al. [31], Qiao et al. [32], and Zhang et al. [33] have
performed corresponding convergence analyses on BSO. The BSO-CAPSO algorithm,
proposed by Alkmini [1], effectively enhances the computational efficiency of BSO through
hybridization with chaotic accelerated particle swarm optimization. However, there are
few works on the running-time analysis of BSO.

Some theoretical methods have been proposed as general analysis tools to investigate
the running time of random heuristic algorithms, including the fitness level method [34],
drift analysis method [35], switch analysis method [36], wave model [37], etc. These
methods are mainly used to analyze discrete random heuristic algorithms. In contrast,
fewer theoretical analysis results have been obtained for continuous random heuristic algo-
rithms [38-40]. However, a large number of practical application problems are continuous.
Therefore, the running time of continuous random heuristic algorithms has important re-
search significance. To analyze the running time of continuous random heuristic algorithms,
Huang et al. [41] proposed the average gain model.

Huang et al. [41,42] and Zhang et al. [43] used an average gain model to evaluate
the expected first hit time of the (1 + 1)-evolutionary algorithm ((1 + 1) EA), evolutionary
strategy (ES), and covariance matrix adaptation evolution strategy (CMA-ES). The concept
of the first hit time refers to the minimum number of iterations required before the algorithm
finds an optimal solution [35]. The expected first hit time represents the average number
of iterations needed to find the optimal solution, which actually reflects the average time
complexity of the algorithm [44]. Wang [45] employed the average gain model to analyze
the computational efficiency of the proposed swarm intelligence algorithm and provided
theoretical evidence for its effectiveness. Therefore, the expected first hit time is a core
metric in runtime analysis. Based on the average gain model, the expected first hit time of
BSO is deeply analyzed in this paper.

The core of BSO consists of three key components: clustering, interruption, and update.
The mutation operator plays an important role in BSO and is included in the interrupt
operation and update operation. Specifically, the mutation operator helps the algorithm
to jump out of the local optimal solution and further explore a broader search space by
introducing random factors in the search process. For example, Zhan et al. [46] proposed an
improved BSO (MBSO) in which the mutation operator employs a novel thought difference
strategy (IDS). This strategy takes advantage of the thought differences among individuals
in the group and increases the diversity of the group by introducing random factors,
thus increasing the probability of the algorithm finding the global optimal solution. In
addition, El-Abd [47] improved the step equation of the mutation operator and improved
the performance of BSO by adjusting the step size and distribution. This improvement
helps the algorithm to balance the local search and the global search better, so that the
algorithm can find the global optimal solution more effectively when solving complex
optimization problems.

The time complexity of the single individual BSO is analyzed in this paper based on the
research process from simple to complex. The single individual BSO without the disrupting
operation is the same as the (1+1) ES [41]. However, the corresponding results can explain
the influence of the mutation operator and disrupting operator on the time complexity of

BSO. In this paper, we choose the three most classic and representative distributions, N(0,1),

u (—%, %) ,and U(—1,1), as the analysis objects for the mutation operator. Therefore, six

BSO variants are obtained as the analyzed algorithms based on the combination of three
mutation operators and the presence or absence of a disrupting operator.

The remainder of this paper is organized as follows. Section 2 introduces the process
of BSO and the mathematical model of running-time analysis for BSO. Section 3 provides
the theoretical analysis results for the running-time analysis of three different BSO variants.
Section 4 presents the corresponding experimental results to evaluate the theoretical results.
Finally, Section 5 concludes the paper.
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2. Mathematical Model for Running-Time Analysis of BSO
2.1. Brain Storm Optimization

BSO was proposed by Shi [48,49] in 2011, and it is simple in concept and easy to
implement. BSO can be simplified as follows.

In Steps 4 and 5, the new solution is generated by ¥ = x + A, where x is the original
individual, ¥ is the newly generated individual, and A is a vector generated according to the
mutation operator. In this paper, we focus on the running time of BSO with three different
mutation operators. The same mutation operators are used to generate new individuals in
both Steps 4 and 5. The superposition of different mutation operators is not considered in
this work.

To accurately observe the effects of the disrupting and updating operations on the
running time of BSO, we select a single individual form of BSO as the analyzed object.
The single individual BSO framework simplifies the effect of the population size, which
helps to evaluate the effect of the disrupting and updating operations on the running time.
Furthermore, following the principle from simple to difficult, the single individual BSO is a
suitable starting point for the running-time analysis of BSO. Moreover, the randomness of
A and the design of the operations in Steps 4 and 5 are derived from the mutation operator
design of evolutionary programming [50,51]. Therefore, the conclusion of this analysis
will have positive implications for the study of similar mutation operators in evolutionary
programming algorithms.

2.2. Stochastic Process Model of BSO

BSO can be represented as a stochastic process. In this section, we introduce the
terminology for the analysis of the running time of BSO.

Definition 1 (Hill-climbing task). Given a search space S C R" and a fitness function f : S — R,
the hill-climbing task is to find a solution X* € S, where the fitness of X* reaches the target value H,
where f(X*) > H.

In this paper, we focus on analyzing the BSO running time in the hill-climbing task of
a continuous search space.

Definition 2 (State of BSO). The state of BSO at the t-th (t = 0,1, ...) iteration is defined as
P = {fﬁ, (fé, .., (ff\}, where ) is the size of the population, and Ei, (fé, . cfﬁ\ €S.

Definition 3 (State space of BSO). The set of all possible BSO states is called the state space of
BSO, denoted as

Q:SA:{{51,52,...,&}@6S,kzl,...,/\}. (1)

An optimization problem is a mapping from a decision space to an objective space,
and the state space of BSO represents the corresponding decision space.

Definition 4 (Expected first hitting time). Let {X;}{2, be a stochastic process, where, for any
t >0, X; > 0 holds. Suppose that X; is the Euclidean distance value of the t-th iteration state
of BSO to the target solution, and the target threshold € > 0, the first hitting time [35] of the
e-approximation solution, can be defined by

Te =min{t > 0: X; < ¢}. (2)
Therefore, the expected first hitting time [44] of BSO can be denoted with E(T¢|Xj).

The expected first hit time refers to the average number of iterations required for the
BSO algorithm to reach the target fitness value. This metric can more accurately measure
the performance of an algorithm because it takes into account the probability distribution
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of the algorithm over different iterations. Through this metric, we can evaluate the average
time complexity of the algorithm in finding the optimal solution, so as to better understand
the efficiency of the algorithm.

2.3. Running-Time Analysis of BSO Based on Average Gain Model

Inspired by drift analysis [52] and the idea of Riemann integrals [53], Huang et al. [41]
proposed the average gain model. Zhang et al. [43] separated this model by introducing
the concepts of the supermartingale and stopping time. Based on the former research
results [41,43] of the average gain model, Huang et al. [42] proposed an experimental
method to estimate the running time of the continuous evolution algorithms.

The expected one-step variation

6 = E(X;y — Xpsq|Hy), >0 3)

is called the average gain, where {X;}{°  is a stochastic process, and H; = (X, X1, ..., X¢).
The o-algebra H; contains all the events generated by Xj, X1, ..., X;. All the information
observed from the original population to the t-th iteration is recorded in H;.

Based on Definition 2, P; = {{_ﬁ, 55, .., 5;} is the state of BSO at the t-th iteration. The
process of BSO in solving the hill-climbing task is considered as the gradual process of
the stochastic state from the initial population to the population that contains the optimal
solution. Let f(P;) = max{f(¥) : X € P;} be the highest fitness value of individuals in P;.
X is used to measure the distance of the current population to the population of the target
value. X; = f* — f(P;), where f* is the fitness value of the optimal solution. Obviously,
{Xt}72, is a non-negative stochastic process.

The state of BSO in the (t 4 1)-th iteration P; 1 only depends on P;. In other words,
the stochastic process {P;}{°, can be modeled by a Markov chain [42]. Similarly, {X;}{2,
can also be regarded as a Markov chain. In this case, the average gain 6y = E(X; — X;1|H:)
can be simplified to 6; = E(X; — X;41|X¢). Based on Th. 2 of [43], the expectation of T, of
BSO can be estimated as follows.

Theorem 1. Suppose that {X;}{2, is a stochastic process associated with BSO, where X; > 0
forallt > 0. Let h : [0, A] — R™" be a monotonically increasing and integrable function. If
E(X: — Xi11|Xe) > h(X¢) and Xy > € > 0, it holds for T that

Xo
E(TXo) <1+ | ﬁx. @)

Theorem 1 shows the upper bounds on the expected first hitting time of BSO based on
the average gain model. The average gain J; plays a key role in analyzing the first hitting
time T, of the e-approximation solution for BSO. The higher average gain indicates a more
efficient iteration of the optimization process.

3. Running-Time Analysis of BSO Instances for Equal Coefficient Linear Functions

In this section, we present the theoretical analysis results based on the average gain
model to analyze the expected first hitting time of BSO for equal coefficient linear functions.
The running time of BSO with three different mutation operators is analyzed from the
perspective of whether the disrupting operation exists. In this paper, we refer to the BSO
without a disrupting operation as BSO-I, and the BSO with a disrupting operation as BSO-IL

On this basis, the equal coefficient linear functions are selected as the research ob-
ject [54-56]. These functions are a form of basic continuous optimization problem whose
function expression is as follows:

n

f(X1,X2...,xn):k(X1+X2+...+Xn):kzxi, (5)
i=1
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where (x1,x,...,%,) € S. Itis assumed that the function starts from the origin and sets
the target fitness value to na, where a > 0. The objective of optimizing the equal coefficient
linear function is to find a solution X* € S, such that f(¥*) > na.

The mutation operator that obeys the Gaussian distribution and the uniform dis-
tribution is selected for the evaluation of BSO. The Gaussian distribution and uniform
distribution are common tools for the design of mutation operators [50,51,57], so it is
representative to select these two distributions as research cases.

3.1. Case Study of BSO without Disrupting Operator

Since the single individual BSO is analyzed in this paper, A is equal to 1 in the state
P = {¢}, k..., ¢4} of BSO. The BSO of a single individual has only one individual,
so ¢! represents both the optimized individual and the random state of the algorithm.
The procedure of single individual BSO can be described as follows when the disrupting
operation does not exist (i.e., Step 4 in Algorithm 1 is ignored).

Algorithm 1 Brain Storm Optimization (BSO)

1: Initialization: Randomly generate A individuals (potential solutions) to form the initial

population P = {{1,{>,...,G) } and evaluate the A individuals;

while fail to achieve the predetermined maximum number of iterations do

3:  Clustering: Use clustering algorithms to divide A individuals into m clusters;

4:  Disrupting: The mutation occurs with a certain probability, and a randomly selected

cluster’s central individual is replaced by a randomly generated new individual;

5. Updating: Randomly choose one or two clusters to create a new individual;
Compare the newly generated individual and the original individual with the same
individual index. The better one will be saved as the new individual;
Update the whole population; the offspring population is recorded as
P’ ={¢},¢,...,¢\}. Evaluate the individuals in P’;

end while

: Output the most optimal solution discovered.

N

N

7t

Xt = (xf,xh,...,xl) €S, t=0,1,...is the t-th generation of the algorithm.

Xp=an— f(¥) =an —k(x +x5,... + ), (6)

is defined as the Euclidean distance of the t-th iteration to the optimal solution. The gain at
t-th is given by

e =Xt — Xi1

7
= k(i b ) — k(x4 ). @

3.1.1. When z; ~ N(0,1)

If the mutation operator obeys the standard normal distribution N (0, 1), the distribu-
tion function of #; is as presented by Lemma 1.

Lemma 1. For BSO-I, if its mutation operator Z obeys N (0, 1), the distribution function F(u) =
P(n: < u) of the gain 1y is

=

u<0
, u=20. 8)

_ 2
\/zlﬁk [t e w2t u>0

—~
—
=
I
N|—
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Proof. According to Step 4 and Step 5 of Algorithm 2, the (¢ + 1)-th individual is
21 _ { f@) < F(&#) o
7, f) > f(#)

Algorithm 2 BSO-I

1: Initialization: Randomly generate an individual ¥ = (x1,xp,...,%,) € R" based on
uniform distribution;
2: while stopping criterion is not satisfied do
iy = X + Z, where Z is the mutation operator;
if if adapts better than X then
X is substituted for i/
6: end if
7. end while
Output: ¥

According to the definition of #;, where t = 0,1, ..,

M If) < f(&),

me o= k(T 4T xY) — k(x4 ) (10)

:k(x1+x2+ A ah) —k(xd +xb+ o+ xl) =0
@) I f() > f(F),

e =k b ) — k(o xh L+ xd)
:k(y§+y2+ ) =k x4 x) a1
=Ky —x) + (Wa —xh) + ..+ (v, — )]

:k(z§+z2+ c+zh) = f(Z)

Since z; ~ N(0,1), z1, ..., z, are independent of each other. All of the z; satisfy the additivity
of the normal distribution, so f(2!) obeys the distribution of N (0, nk?).
Hence, the distribution function of #; is shown as F(u) = P(n; < u).

(1) Ifu < 0, according to the definition of #; where #; > 0, it has F(u) = 0.
(2) If u = 0, the probability density function of N(0,n) is symmetric in the y axis, so
F(u) = P(n < u) = P(n: = 0) = 3.
2

(3) Ifu>0,F(u)=Pnp <u)= \/zlﬂk o sy

Lemma 1 holds. [

Theorem 2 is presented based on the above proof.

Theorem 2. If the mutation operator Z of BSO-I obeys N(0, 1), the upper bound on the expected
first hitting time to reach the target fitness value na is derived as follows.

E(Te/Xo) <1+ vamns — /228 (12)
k n k
Proof. +oo
E(X: — Xi1|X1) = E(qe|Xy) = [~ uF(u)
- (13)

_ 2 kyn
= Jo mkfooe“t> NeT:
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It is assumed that the algorithm starts from the origin at initialization, where ¥ =

(0,0,...,0),1ie.,
Xo=na— f(¥) =na—k(040...4+0) = na (14)

According to Theorem 1, the upper bound on the expected first hitting time is derived as

na /27 a 2 e
< B — = _—— _—
E(Te|Xp) <1 +/€ i 14 Vamny — (15)

Theorem 2 holds. [

Theorem 2 indicates that for BSO-I, if its mutation operator Z obeys N (0, 1), the com-
putational time complexity of BSO-I for the equal coefficient linear function is E(T¢|Xy) =

O(vn).

3.12. When z; ~ U (-1, 1)

The uniform distribution function does not satisfy additivity like the normal distribu-
tion function. The Lindeberg-Levy center limit theorem [58] can provide an idea to find
the distribution of ;. The Lindeberg—Levy center limit theorem is introduced below.

Suppose that X, is a sequence of independent and identically distributed random
variables with E(X;) = u and (X;) = ¢ > 0; let

X1+ X+ .+ Xy —np

Y 16
" U\/ﬁ ( )
then
lim P(Y} < = = —1 ! t22t 17
nl ( n = y) (y) >t /; e ( )

is satisfied for any real number y.

The Lindeberg-Levy center limit theorem [58] shows that if n is sufficiently large,
Y ~ N(0,1), it has Y ; X; ~ N(npu,nc?). Generally, the case of higher dimensions
requires more attention in the study of the computational time complexity of algorithms. If
the mutation operator obeys U (— 1, %) , the distribution function of 7; can be represented
by Lemma 2.

Lemma 2. For BSO-I, if its mutation operator Z obeys U(—%, %), the distribution function
F(u) = P(n: < u) of the gain 1 is

0, u<0
F(u) = {2 _u=o (18)
_ 62
\/\gk [E e wt, u>0

Proof. According to the definition of #;, where t = 0,1, .. ..

@) HfF) < fE),m=0.

2 Lf") > f(&),n =k(z} +25 + ... +2l), where z; ~ U(—%, %), and z1,...,z, are
independent of each other. According to the Lindeberg-Levy center limit theorem, 7;
obeys N (O, %nk2>.

Hence, the distribution function of #; is F(u) = P( < u).

(1) Ifu<O0,F(u)=0.
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() Ifu=0F(u)=Pn=0)= %
@) Ifu>0, Fu)= \/\%k e*nkzt
Lemma 2 holds. O

Theorem 3 is presented based on the above proof.

Theorem 3. For BSO-I, if its mutation operator Z obeys U( the upper bound on the

272 ) ’
expected first hitting time to reach the target fitness value na is derived as follows.
2v6m

Vn k'

The proof of this theorem is based on the same principle as Theorem 2. The detailed
derivation is given as follows.

E(Te|Xo) <1 +2F (19)

Proof. According to Lemma 2, we have

E(X; — Xp1|Xt) = E(pe| Xe) = [7

+o0 k (20)
= Jo <\/ﬁkf— kzt) :z\/\%’

and the algorithm starts from the origin at initialization, ¥° = (0,0,...,0),ie., X; = na.
According to Theorem 1, the upper bound on the expected first hlttmg tlme is derived as

M2VOT 1 oyt - 2V

E(T.|Xo) g1+/ 7 N

O 1)
Theorem 3 indicates that if the mutation operator Z of BSO-I obeys U (— %, %) , its com-
putational time complexity is E(T;|Xy) = O(y/n) for the equal coefficient linear function.

3.1.3. When z; ~ U(—1,1)

If the mutation operator obeys U(—1,1), the distribution function of #; can be repre-
sented by Lemma 3.

Lemma 3. For BSO-I, if its mutation operator Z obeys U (—1,1), the distribution function F(u) =
P(n: < u) of the gain 1y is

0, u<o0
1 _

F(u) =< 2/ " u=0, (22)
\/ﬁf”ooe anzt u>0

The proof of this lemma is based on the same principle as Lemma 2.

Proof. According to the definition of 4, = 0,1, ...,

O I fF) < fF), e =0.
@ ) > fEF), = f(Z).
Sincez; ~ U(—1,1),2q,...,z, are independent of each other, according to the Lindeberg—
Levy center limit theorem, f(2*) obeys N (0, $nk?).
Hence, the 7; distribution function F(u) = P(; < u) is
(1) Ifu<0,F(u)=0.
(2) Ifu=0,F(u)=Pn=0)=5.

/3 3
(3) Ifu>0,F(u):m o€ 22t
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O

According to Lemma 3 and Theorem 1, Theorem 4 can be inferred.

Theorem 4. For BSO-I, if its mutation operator Z obeys U(—1,1), the upper bound on the expected
first hitting time to reach the target fitness value na is derived as

67’[8

(T€|XO) < 1+ v n k

(23)

The proof of this theorem is based on the same principle as Theorem 2. The proof is
given as follows.

Proof. According to Lemma 3, we have

E(X; — Xt+1|Xt) = E( ’7t|Xt It

oo k (24)
—Jo \/ZF S e t> 67r
and the algorithm starts from the origin at initialization, ¥ = (0,0,...,0), i.e,, X; = na.

According to Theorem 1, the upper bound on the expected first hlttmg tlme is derived as

NG
E(T.|Xo) <1+/ T ”x—1+\/ 2 i 0 (25)

Theorem 4 indicates that if the mutation operator zZ of BSO-I obeys U(—1,1), its
computational time complexity for the equal coefficient linear function is E(T¢|Xp) =
O(vn).

The time complexity of BSO-I with three different mutation operators is O(y/). In the
next section, we will discuss the running time of BSO considering the case with a disrupting
operation.

3.2. Case Study of BSO with Disrupting Operator

Based on the average gain model, this section analyzes the upper bounds of the
expected first hit time in three BSO cases. When interference operations are added to the
single individual BSO, the algorithm process can be simplified as follows.

In Algorithm 3, the disrupting operations, which are executed with a small probability,
are shown in Steps 3 to 6. Let A = {PV'|PV’ < Pb} indicate that replacement occurs, while
A = {PV'|PV > Pb} indicates that no replacement occurs.

To highlight the effect of each mutation operator on the algorithm, we choose the same
mutation operators of BSO-I in Steps 5 and 8 to generate new individuals. As a result,
b; = x; + Ax;, where mutation operator parameter Ax; and z; follow the same distribution.

Here, ¥ = (x!,x5,...,x}) € Sis still the t-th individual of the algorithm. We have
Xy = an — f(%) = an —k(x} +x5,... + x%,), and the corresponding gain at ¢ is given by
=X — Xpp1 = k(x4 abt 4o b Y) — k(o x4 xh).

3.2.1. When z; ~ N(0,1)

(1) If PV’ > Pb, it is the same as the result of the case with no disrupting operation in
Section 3.1, and the average gain is

kyvn
V2m

(2) If PV < Pband the mutation operator obeys N(0,1), the distribution function of #; is
represented by Lemma 4.

E(X: — Xpy1|Xp, A) = E(] X1, A) =

(26)
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Algorithm 3 BSO-II

1: Initialization: Randomly generate an individual ¥ = (x1,xp,...,%,) € R" based on
uniform distribution;
2: while stopping criterion is not satisfied do
3. Randomly generate a value Pb’ from 0 to 1 based on uniform distribution;
4 if PV’ is smaller than a pre-determined probability Pb then
5 replace ¥ with a randomly generated individual b = (by,by,...,b,) based on
uniform distribution;

6: end if
7. if Pt/ < Pb then
8: i = b+ Z, where 7 is a mutation operator;
9: else
10: J=xX+7z
11:  end if
12:  if ij has better fitness than ¥ then
13: replace X with i/
14:  endif
15: end while
Output: ¥

Lemma 4. For BSO-II, if its mutation operator Z obeys N(0,1) and Pb’ < Pb, the distribution
function of the gain 1y is F(u) = P(n: < u).

0, u<o
1 _

F(u)={ 2 . u=0, (27)
2k\}% [ e w2t u>0

Proof. According to Step 12 and Step 13 of Algorithm 3, the (t + 1)-th individual is ¥ 1 =
{ ) < (@)
7, 1) > fE)

According to the definition of 7, = 0,1, .. .,

) IfF) < fE@), m=0.
@ Ify) > (&),

ne = k(AT T ) — k(x4 xd)
=k[(b, + b5+ b))+ (2 + 2+ 2] —k(xd Fxh )
=k[(x +xb 4+ ..+ xh) + (AxE 4+ Axh 4.+ Axd)] (28)
+h(z) + 25+ 4 2h) —k(x] + x4+ 4 1)
=k[(Axt + Axh 4+ .o+ Axh) + (2 +2h + . 4 2)]

Since z; ~ N(0,1), Ax; ~ N(0,1), and zj,...,z, are independent of each other,
Axq,Axy,. .., Ax, are also independent of each other. All of z; and Ax; satisfy the additivity
of the normal distribution. As a result, 17; obeys N (0, 21k?).

Hence, the distribution function of #; is F(u) = P(y; < u).

(1) Ifu<O0,F(u)=0.
) Ifu=0F(u)=P(y <u)=Pl=0) =1

() Ifu>0,F(u)=Plp <u)= Zk;ﬁ [" e miZt.

Lemma 4 holds. [
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Based on the above proofs, we can conclude that

+o00

_2 kyvn
E(Xt — Xt+1|Xt,A) = E(ﬂt|Xt,A) = /() e 4nk? t) = i (29)

VL3

Assume that the probability Pb is equal to 0.2 [59]; Theorem 5 can be obtained accord-
ing to Theorem 1.

(g [

Theorem 5. For BSO-II, if its mutation operator Z obeys N (0, 1), the upper bound on the expected
first hitting time to reach the target fitness value na is derived as follows.

5V2nna 5V2m ¢

E(T.|Xo) <1+ - by
(TelXo) < 442k 4yn+V2nk

(30)

Proof.

E(Xi — Xea|Xe) = P(A)E(X; — Xp41|Xp, A) + P(A)E(X; — Xp41|X1, A)
(full expectation formula)
= (1-02) x E(X; — X;21|Xt, A) + 02 x E(X; — X;1q] X, A) G
_ ky/n kyn __ 4ky/ntky2n
= 0.8 x m+0.2x T = 5van

The algorithm starts from the origin at initialization, X = (0,0,...,0),ie, X; = na.
According to Theorem 1, the upper bound on the expected first hitting time is derived as

na 527
E(TelXo) <1+ [ g™ (32)
-1+ 5v2mn a 5V2m e

4+V2 kK amrvonk

Theorem 5 holds. [

According to the proof of Theorem 5, if the mutation operator Z of BSO-II obeys
N(0,1), its computational time complexity for the equal coefficient linear function is

E(T¢|Xo) = O(v/n).
. 11
322 Whenz ~ U(~1,1)

(1) If Pb' > Pb, the result is the same as the case in Section 3.1 with no disrupting
operation. The average gain is

_ - kv/n
E(X; — Xpa1|Xs, A) = E(pi| Xs, A) = 2\/\%. (33)
(2) If PV’ < Pband the mutation operator obeys U (f %, %) , the distribution function of

1t is represented by Lemma 5.

Lemma 5. If the mutation operator of BSO-II Z obeys U (— 'y %) and Pb' < Pb, the distribution
function of the gain 1 is F(u) = P(n; < u).

0, u<0
1 _
F(u) = 27 Stz u= 0 (34)
V3 o g
mfiooe 2t, u>0

The proof of this lemma is based on the same principle as Lemma 4. The detailed
derivation is given as follows.
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Proof. According to the definition of ¢, = 0,1, ...,

M) I f() < f(&),n=0.
2 ) > f(&), 7 =k[(Axt + Axbh + ...+ Ax) + (2 + 25+ ...+ 2L)]

Since z; ~ U(—%, %), Ax; ~ U(—%, %), and zy, ...,z are independent of each other,
Ax1,Axy, ..., Axy are also independent of each other. f(Z') obeys N (O, %nkz) according to
the Lindeberg-Levy center limit theorem.
Hence, the 7; distribution function F(u) = P( < u) is
(1) Ifu<O0,F(u)=0.
(2 Ifu=0F(u)=P@y <u)=Plm=0) =3
3

2
(@) Ifu>0,F(u) S T
O

P(Utgu):\/*

Theorem 6 can be concluded based on Lemma 5 and Theorem 1.

2/2
expected first hitting time to reach the target fitness value na is derived as follows.

10\/67111@_ 10v/ 671 £
442k 4yn+V2nk

The proof of this theorem is based on the same principle as Theorem 5. The detailed
derivation is presented as follows.

Theorem 6. If the mutation operator of BSO-II Z obeys U(—l 1), the upper bound on the

E(Te[Xo) <1+ (35)

Proof. According to Lemma 5, we have

+oo 3 o _ 32 k
E(Xt—Xt+1|Xt,A):E(;yt|Xt,A):/o u( ‘7;]{/ e nk2t> _ ke

v 2V/371

Suppose that the probability Pb = 0.2; according to Theorem 1, the following conclu-
sions can be drawn:

E(Xi — Xi11[Xt) i
— P(A)E(X; — Xy11|Xe, A) + P(AVE(X; — Xp11|Xe, A)

= (1-02) X E(X; — X;41|X1, A) +0.2 X E(X; — Xp11]Xe, A) (37)
_ ki ki dky/n+ky2n
=08 x 2\/5—1-0.2>< 2am = 10v6r

The algorithm starts from the origin at initialization, ¥ = (0,0,...,0), ie, X; = na.
According to Theorem 1, the upper bound on the expected first hitting time is derived as

na
E(T.|Xp) < 1+/ 10vé6rmr =14 10\/67'mg_ 10vé6mr f. N (39)
e dy/n++2n 442k 4yn+V2nk

Theorem 6 indicates that for BSO-II, if its mutation operator Z obeys U(—%, %),

the computational time complexity of BSO-II for the equal coefficient linear function is

E(Te|Xo) = O(v/n).

3.2.3. When z; ~ U(-1,1)

(1) If Pt/ > Pb, the result is the same as the case in Section 3.1 with no disrupting
operation. The average gain is

_ .k
E(X; — Xp41|Xp, A) = E(| X1, A) = \/\g. (39)
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(2) If PV’ < Pb, and the mutation operator obeys U(—1, 1), the distribution function of #;
is represented by Lemma 6.

Lemma 6. If the mutation operator of BSO-II Z obeys U(—1,1) and Pb' < Pb, its distribution
function F(u) = P(n; < u) of the gain 1y is

0, u<0
F(u) ={ 3 LU= 0, (40)
_ 32
\/[%fi’we w2t, 1 >0

The proof of Lemma 6 is based on the same principle as Lemma 4. The proof is given
as follows, which is used to support the proof of Theorem 7.

Proof. According to the definition of ¢, = 0,1, ...,
O I fF) < f(F), e =0.
Q) IfI) > f(3),ne = k[(Ax) + Axh + ..o+ Axh) + (2 +2h + ...+ 2L)]

Since z; ~ U(—1,1), Ax; ~ U(-1,1), and zq, ..., z, are independent of each other,
Ax1,Axy,.. ., Axy, are also independent of each other. f(Z!) obeys N (0, %nkz) according to
the Lindeberg-Levy center limit theorem.

Hence, the 7; distribution function F(u) = P(y; < u) is

(1) Ifu<0,F(u)=0.
2 Ifu=0,F(u)=Plp<u)=Pl=0) =3

_
(3) Ifu>0,F(u)=Pnp <u)= % [ e oty

O

Theorem 7. If the mutation operator of BSO-II Z obeys U(—1,1), the upper bound on the expected
first hitting time to reach the target fitness value na is derived as

5\/671115_ 5vé6rmr €
442k  4yn+V2nk

E(Te|Xo) <1+ (41)

The proof of this theorem is based on the same principle as Theorem 5. The proof is
given as follows.

Proof. According to Lemma 6, we have

+o00 u 2
E(Xt—Xt+1|Xt,A):E(qt|Xt,A):/O u( V3 / e‘ﬁfk2t>:kﬁ. 42)

Varnnk J—c vV 37T

Suppose that the probability Pb = 0.2; according to Theorem 1, the following conclu-
sions can be drawn:

E(Xt — Xe41|Xt) )
= P(A)E(X; — X131|Xe, A) + P(A)E(X; — Xp41| X, A)

= (1-02) x E(X; — X41|X1, A) + 0.2 x E(X; — Xp41|Xt, A) (43)
_ ky/n kv dky/n+kv2n
=0.8x \/6?+0.2>< ST 5ven

The algorithm starts from the origin at initialization, ¥ = (0,0,...,0),ie., X; = na.
According to Theorem 1, the upper bound on the expected first hitting time is derived as

5vér x_1+5\/67mg_ 5vér €
4/n++/2n 442k 4yn+V2nk

E(Te|Xo) < 1+/M O (44



Biomimetics 2024, 9, 117

14 of 19

Theorem 7 indicates that if the mutation operator of BSO-II Z obeys U(—1,1), its
computational time complexity for the equal coefficient linear function is E(T¢|Xy) =

O(vn).
3.3. Summary

Overall, we summarize the theoretical analysis results of the running-time analysis
of the single individual BSO in solving the n-dimensional equal coefficient linear function
in six different situations. The theoretical analysis results are shown in Table 1. The
time complexity of the single individual BSO in these six cases is O(/n). However, the
coefficients in the display expressions are different.

Table 1. Analysis of the running time of BSO in six different situations.

Algorithm Mutation Operator Z Display Expression for E(T:|Xp) Time Complexity T (n)
N(0,1) E(Te|Xo) < 1+ V2mni — (/22 £ O(y/n)
BSO-I u(—%, %) E(Te|Xo) < 1+2/67mn? — Nf??% O(v/n)
u(-1,1) E(Te|Xo) <1+ Vemnd — /52 ¢ O(v/n)
52 52
N(0,1) E(Te|Xo) <1+ 2284 — 4ﬁ%,§ O(Vn)
5 11 10vérna _ _10V6mr ¢
BSO-II u<_§,j> E(Te|Xo) <1+ 102 oYt O(y/n)
u(-1,1) E(T|Xg) < 14 5Vorma _ _5vér_ e O(V)

442 kst k

Table 1 shows the correlation between the expected first hitting time, the dimension #,
the slope k, and the parameter a. The upper bounds on the expected first hitting time of
BSO-II are lower than those of BSO-I. This means that the performance of BSO-II is better
than that of BSO-I in solving the equal coefficient linear function. The disrupting operation
in BSO helps to reduce the running time of the algorithm. Moreover, the upper bounds
on the expected first hitting time of the algorithm using the standard normal distribution
mutation operator are lower than those of the algorithms with the uniform distribution
mutation operator. In addition, the upper bounds on the expected first hitting time of the

11

algorithm using the U (— 3 i) mutation operator are approximately two times higher than

those of the algorithm using the U(—1,1) mutation operator.

4. Experimental Results

In Section 3, we obtain the theoretical analysis results of the expected first hitting time
of single individual BSOs through the average gain model. To verify the correctness of the
analysis results, numerical experiments are presented in this section.

As the number of samples increases, the arithmetic mean will gradually approach true
mathematical expectations based on the Wiener—Khinchine theorem of large numbers [58].
The Wiener-Khinchine theorem of large numbers is introduced as follows.

Suppose that Xj, X», ... is a sequence of independent and identically distributed
random variables with E(X;) = y; for any € > 0, the following equation will hold.

1 n
Ei;Xz‘_V

lim P( < 8) =1 (45)
n—00

The Wiener-Khinchine theorem of large numbers indicates that if the number of
samples is sufficiently large, the mathematical expectations are approximately equal to the
mean of samples X, X», ..., X;. Therefore, we use the arithmetic mean of the first hitting
time of multiple experiments to estimate the actual expected first hitting time.

In this section, the parameters of the proposed approach are set as follows. The fixing
error is € = 1 x 1078, the initial individual is x° = (x(l), xg, ..., x9) =(0,0,...,0), the slope
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is k = 1, and the target fitness parameter is @ = 10. The problem dimension 7 is set from
10 to 280. BSO-I and BSO-II are conducted on the n-dimensional equal coefficient linear
function for 300 runs for each dimension. The termination criterion for each experiment
is that the error of the optimal solution should be below a predefined threshold ¢. Table 2

shows the numerical results of the practical expected first hitting time E(T;|X,) and the
— 300 7 .

theoretical time upper bound, where E(T;| Xy) = 2[3:(%0% ,and Ty; is the first hitting time of

the e-approximation solution at the i-th run.

Table 2. Comparison of the estimation of the expected first hitting time and the theoretical upper

bounds.
Algorithm F n 10 40 70 100 130 160 190 220 250 280
NOA) 144 /27-[”% _ /ZT"% 80.27 159.53 210.72 251.66 286.80 318.07 346.51 372.79 397.33 420.44
E(Te|Xo) 79.65 15957 21251 25209  287.14 31684 34561  373.66  398.08 41875
1+2v 67‘[11% — 2‘\/;,7 i 275.59 550.17 727.49 869.32 991.04 1099.35 119790 128893 1373.94  1453.98
BSO-T  y(-1,1)
o2 E(Te|Xo) 275.81 54863  727.97 86867 99057 110296 1198.00 128883 1373.06 1455.95
1) 1+ V6rni —/ 6771 £ 138.29 275.59 364.24 435.16 496.02 550.17 599.45 644.96 687.47 727.49
E(/Tz—&o) 137.27 275.45 363.95 435.81 498.34 553.30 598.41 641.36 685.46 72391
5v2 521 ¢
NO1) 1+ 4+\7i” % — W\’;ﬂi 74.20 147.40 194.68 232.49 264.93 293.81 320.08 344.35 367.01 388.35
E@O) 7297 145.55 193.03 232.77 262.05 294.26 318.51 347.10 365.51 387.87
1+ Wvémna _10ver_ e 254.58 508.16 671.91 802.89 915.30 101532 1106.33 119040 126890  1342.82
a2 kT aymrvan k
BSO-II u-115
E(/TJ\XU) 251.80 505.49 674.53 804.58 915.61 1014.22  1103.21 1190.82 1271.88  1342.12
1+ v 4— 5v6r £ 127.79 254.58 336.45 401.95 458.15 508.16 553.67 595.70 634.95 671.91
u(-1,1) 442 4/n+v2n

E(Te|Xo) 128.10 253.61 334.30 400.20 458.07 507.69 554.34 594.77 634.45 669.75

The points larger than the theoretical upper bounds are highlighted in boldface.

As shown in Table 2, the experimental results strongly fit the theoretical upper bounds,
indicating that the error between the theoretical upper bounds and the actual value is
within e. The points larger than the theoretical upper bounds are highlighted in boldface.
The arithmetic mean of multiple experiments is used to estimate the expected first hitting
time. In the real case, only the arithmetic mean of 300 experiments is used to estimate the
expected first hitting time, which allows a certain statistical error. According to the central
limit theorem, the results obtained from 300 independent experiments follow a normal
distribution. The null hypothesis Hy means that the mean value of the expected first hitting
time in 300 experiments is less than or equal to the corresponding theoretical upper bounds.
The corresponding significance level « is 0.05 with the T testing. Moreover, as shown in
Figure 1, the actual expected running time is followed with the estimated result based on
our proof. All the detailed results are shown in Table 3.

Table 3 provides the numerical results, where / represents the hypothetical result,
p represents the p-value of the test, and ci is the confidence interval. As shown in the T
testing of Table 3, h = 0 and p > «. The null hypothesis Hy is accepted at the significance
level & = 0.05. Therefore, the analytic expression of the running time of BSO obtained
based on the average gain model can characterize the actual upper bounds of the running
time of BSO in these six BSO variants.
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100

Figure 1. The curve of the expected and the actual running time. The six figures, arranged from

top to bottom and left to right, depict the three distributions corresponding to BSO-I and the three

distributions corresponding to BSO-II, respectively.

Table 3. Statistical results of hypothesis testing.

Algorithm zZ n 10 40 70 100 130 160 190 220 250 280
0 0 0 0 0 0 0 0 0 0
p 0.80 0.48 0.06 0.38 0.41 0.81 0.72 0.31 0.34 0.83
N(01) - 7841 157.86 210.57 249.84 28476 31452 343.03 370.82 395.13  415.87
“ Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
h 0 0 0 0 0 0 0 0 0 0
peor u (_ %’ %) ’ ZS; 13 52;5729 7gf i9 82;1621 9265 ZZ 10%;(;2 11%?950 120é§196 1306.?75 14(1';(2)762
“ Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
h 0 0 0 0 0 0 0 0 0 0
p 085 0.54 0.57 0.36 0.10 0.07 0.69 0.95 0.81 0.94
u(=11) - 135.64 27305 361.29 432.88 49538 549.76 595.05 63779 68173  720.20
“ Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
h 0 0 0 0 0 0 0 0 0 0
0.95 0.96 0.93 0.42 0.99 0.38 0.83 0.06 0.81 0.61
N(0.1) 7171 14386 191.16 230.52 259.89 291.83 315.84 34426 362.73  385.06
“ Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
h 0 0 0 0 0 0 0 0 0 0
peo- u (_ %' %) ’ 22.9927 5829 §8 626151 8802 39 9(1).1420 100(;553 10(32654 1102;2487 1206.2844 13(5920
“ Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
h 0 0 0 0 0 0 0 0 0 0
0.37 0.77 0.92 0.84 0.52 0.60 0.37 0.66 0.59 0.83
u(=1,1) - 12653 25147 331.78 39734 45524 504.80 551.07 591.02 630.94 66597
“ Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
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5. Conclusions

The running time of six BSO variants for the equal coefficient linear function is an-
alyzed in this paper based on the average gain model. The additivity of the normal
distribution and the Lindeberg-Levy center limit theorem are applied to deal with the
superposition of the normal distribution mutation operator and the uniform distribution
mutation operator, respectively. Furthermore, the full expectation formula is utilized to
deal with the problem of individual replacement with a certain probability in the disrupting
operator. This paper also concludes the upper bounds on the expected first hitting time of
the single individual BSO in equal coefficient linear functions.

The analysis results show that the time complexity of BSO-I and BSO-II is O(v/n)
in the equal coefficient linear function. However, their coefficients are different. In the
linear function with equal coefficients, the upper bound of the expected first hit time of
BSO-II is smaller than that of BSO-I. In addition, the single individual BSO using the
standard normally distributed mutation operator expects a lower upper bound on the
first hit time than the corresponding algorithm using the uniformly distributed mutation
operator. The upper bounds on the expected first hitting time of single individual BSOs
with the U(—3, 1) mutation operator are approximately twice those of BSOs with the
U(—1,1) mutation operator.

In our future work, we will analyze the running time of the population-based BSO in
the equal coefficient linear function. The running time of population-based BSOs in practical
optimization problems is also an important topic. Moreover, it is crucial to extend our
research to practical optimization problems that are encountered in real-world applications
with complex constraints, non-linear relationships, or high-dimensional spaces.
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