Complex & Intelligent Systems (2024) 10:655-675
https://doi.org/10.1007/s40747-023-01181-6

ORIGINAL ARTICLE l‘)

Check for
updates

A novel three-stage multi-population evolutionary algorithm for
constrained multi-objective optimization problems

Chenli Shi'? . Ziqi Wang'2 . Xiaohang Jin3* . Zhengguo Xu'2® - Zhangsheng Wang?’ - Peng Shen®

Received: 3 November 2022 / Accepted: 7 July 2023 / Published online: 31 July 2023
© The Author(s) 2023

Abstract

Lots of real-world optimization problems are inherently constrained multi-objective optimization problems (CMOPs), but the
existing constrained multi-objective optimization evolutionary algorithms (CMOEAs) often fail to balance convergence and
diversity effectively. Therefore, a novel constrained multi-objective optimization evolutionary algorithm based on three-stage
multi-population coevolution (CMOEA-TMC) for complex CMOPs is proposed. CMOEA-TMC contains two populations,
called mainPop and helpPop, which evolve with and without consideration of constraints, respectively. The proposed algorithm
divides the search process into three stages. In the first stage, fast convergence is achieved by transforming the original
multi-objective problems into multiple single-objective problems. Coarse-grained parallel evolution of subpopulations in
mainPop and guidance information provided by helpPop can facilitate mainPop to quickly approach the Pareto front. In the
second stage, the objective function of mainPop changes to the original problem. Coevolution of mainPop and helpPop by
sharing offsprings can produce solutions with better diversity. In the third stage, the mining of the global optimal solutions is
performed, discarding helpPop to save computational resources. For CMOEA-TMC, the combination of parallel evolution,
coevolution, and staging strategy makes it easier for mainPop to converge and maintain good diversity. Experimental results
on 33 benchmark CMOPs and a real-world boiler combustion optimization case show that CMOEA-TMC is more competitive
than the other five advanced CMOEAs.

Keywords Constrained multi-objective optimization problems (CMOPs) - Evolutionary algorithms - Coevolution - Parallel
algorithm - Staging strategy
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can be defined as constrained multi-objective optimization
problems (CMOPs) and expressed as follows:

min  Fx) = (fix), /2(x),.... fux)T € F
st. xeS

gix)<0, i=1,...,p

hix)=0, i=p+1,...,q,

ey

wherex = (x1,...,x D)T is a D-dimensional decision vector
in the decision space S, F(x) represents M objective functions
that need to be optimized simultaneously, F is the objective
space, p is the number of inequality constraints, g;(X) rep-
resents the ith inequality constraints, (¢ — p) is the number
of equality constraints, and /;(X) represents the (i — p)th
equality constraints. The degree of constraint violation of x
at the ith constraint is calculated as

max (0, g (x)), ifi<p

CVix) =

[ = 1,2,...,q,
max (0, |h; (x) — 7)),

.
otherwise

@)

where 7 is a sufficiently small positive value (e.g., n = 10™%)
for relaxing the equality constraints to inequality constraints.
The overall constraint violation value of x is calculated as

q
CV(x) = ) CVi(x), 3)
i=l

then x is feasible if CV(x) = 0; otherwise, it is infeasi-
ble. Suppose two feasible decision vectors x, and Xx,, if
any fi(x,) < fi(xy), and there is at least one dimension
fi(xy) < fi(xy), then x, is said to Pareto-dominate x,,
denoted as x,, < X,.

A feasible solution is called Pareto-optimal when no other
feasible solution dominates it. The set of all Pareto-optimal
solutions in the search space is the Pareto set (PS). The image
of all Pareto-optimal solutions in the objective space is the
Pareto front (PF).

Compared with unconstrained MOPs, CMOPs are more
challenging and have received more attention in recent years.
The critical to solve CMOPs is to effectively balance feasi-
bility, convergence, and diversity [19]. As a result, a number
of novel algorithms have recently emerged. A common fea-
ture of such algorithms is the transformation of the original
CMOPs to make better use of the potential information in
the search space and to avoid the difficulties encountered in
solving the original CMOPs directly [19]. Some scientists are
motivated to solve CMOPs using multi-stage evolution meth-
ods. They tend to promote different performance at different
stages of the algorithm, generally achieving fast convergence
before considering feasibility and diversity, proposing algo-
rithms, such as ToP [20], PPS [13], and CMOEA-MS [31].
Some scientists try to preserve infeasible solutions in the
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search process and extract useful genetic information from
the infeasible ones to generate more diversified solutions.
Along this line of research, many CMOEAs with multi-
population cooperation methods have been proposed; for
example, C-TAEA [18], CCMO [30], and Bico [21].

However, these algorithms also have certain drawbacks. It
is difficult to design an effective transformation technique to
guarantee the equivalence with the original problem. [14, 19]
If the problem transformation mechanism is not reasonable,
the algorithm performance will degrade dramatically due to
the deviation of the transformed problem from the original
one. The specific indication in multi-stage algorithms it that
it may cause populations stuck in local optimums, especially
when feasible regions are narrow or poorly distributed in the
search space. In the case of multi-population algorithms, it is
that too much attention to the transformed problem may lead
to the waste of computational resources and poor feasibility
when the PF of the transformed problem differs significantly
from that of the original problem.

In this paper, to fully and efficiently explore the solu-
tion space and to better balance convergence and diver-
sity, we combine multi-stage strategy and multi-population
strategy, and propose a novel constrained multi-objective
optimization evolutionary algorithm based on three-stage
multi-population coevolution (CMOEA-TMC). The main
contributions of CMOEA-TMC are listed as follows:

1. To address the problem that the single population is
prone to fall into the local optimum, we propose a
multi-population method that includes both parallel evo-
lution and coevolution. (1) The main population, called
mainPop, is divided into several subpopulations that
evolve using the coarse-grained parallel algorithm to
speed up convergence and perform global searches and
(2) the helper population, called help Pop, is to better
maintain diversity by providing information of infeasible
solutions with main Pop during offspring generation and
cross-evolution.

2. Anovel three-stage strategy is designed to improve search
efficiency and ensure solution feasibility. In the first stage,
it focuses on fast convergence and global search by divid-
ing subpopulations. In the second stage, it focuses on
the independent evolution of subpopulations, which can
maintain the diversity of solution sets. In the third stage,
extreme value mining is performed to find global optimal
solutions.

3. A novel algorithm named CMOEA-TMC is proposed.
The combination of multi-population and multi-stage
strategies allows the transformed problem to be as con-
sistent as possible with the original ones and results
in better overall performance of the algorithm. System-
atic experiments on three sets of benchmark functions
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and a real-world case demonstrate the effectiveness of
CMOEA-TMC.

The rest of this article is organized as follows. The section
“Related work” overviews the state-of-the-art evolutionary
approaches developed for CMOPs. The section “The pro-
posed algorithms: CMOEA-TMC” describes the details of
CMOEA-TMC. Afterward, in the section ‘“Experimental
research”, we compare CMOEA-TMC with five advanced
CMOEAs on 33 benchmark problems and a real-world boiler
combustion optimization problem, showing the competitive-
ness of CMOEA-TMC. Finally, the section “ Conclusion”
concludes this article.

Related work

In the early days, scientists first focus on multi-objective
optimization problems (MOPs) without constraints. The
optimization algorithms for MOPs can be classified into two
categories: traditional algorithms and intelligent algorithms
[10]. Traditional algorithms include the weighting method,
the constraint method, and the linear programming method
[10]. For example, the weighting method refers to assign-
ing appropriate weighting factors to the different objectives
in a multi-objective problem according to their importance,
and then summed up as a new objective function. Traditional
algorithms always transform a multi-objective problem into
a single-objective problem, in which only one solution can
be obtained in each optimization, resulting in poor diversity
[3]. Intelligent algorithms mainly refer to evolutionary algo-
rithms (EAs), which iterate in the unit of population and can
handle large, complex search spaces. These methods pro-
duce a set of solutions in a single run and are better suited to
multi-objective optimization needs [4]. Considering the high
robustness and broad applicability of EAs, it has been recog-
nized as an efficient approach to solving MOPs [32]. Over the
past 2 decades, many EAs, such as genetic algorithm (GA)
[6], differential evolution (DE) [27], and particle swarm opti-
mization (PSO), [11] have been applied, and multi-objective
evolutionary algorithms (MOEAs) have performed well in
solving various MOPs. Many scientists have studied MOEAs
and made some improvements, such as domination-based EA
[9, 36], decomposition-based EA [16, 37], indicator-based
EA [35, 39], etc.

Over the last 2 decades, many constraint handling tech-
niques (CHTs) have been proposed for constrained problems.
They are constrained dominance principle (CDP) [9], penalty
function methods [34], and e-constrained methods [28]. Of
these, CDP is the most widely used one because of its effi-
ciency and simplicity. These CHTs are usually utilized to
solve single-objective optimization problems and can be
used to solve CMOPs by extension or modification. For

example, Deb et al. [9] proposed the famous NSGA-II-
CDP, which incorporates CDP into NSGA-II for environment
selection. Fan et al. [12] proposed an angle-based CDP algo-
rithm (MOEA/D-ACDP), which takes advantage of classical
Pareto to compare infeasible solutions within a given angle.
However, these methods still have some limitations, because
they use relatively simple constraint information. They also
have difficulty in achieving good results when dealing with
types of problems, such as low feasible domains, strong con-
straints, and discontinuous PF. Therefore, there is a need
to propose improved algorithms that are more applicable to
CMOPs.

In recent years, to solve CMOPs more efficiently, many
researchers try to transform CMOPs into other problems,
such as multi-stage optimization problems or collaborative
optimization problems. This can assist the population to dis-
cover some potential information during the evolutionary
process and to converge better.

Multi-stage optimization generally involves dividing the
optimization process into multiple stages, with different
CHTs or different objects being optimized in different stages.
Back in 2013, Miyakawa et al. [25] proposed a new CMOEA
based on a two-stage non-dominated solution ranking. In
the first stage, the degree of constraint violation for each
constraint is considered as an objective function, and the
whole population is classified into several fronts by non-
dominated ranking based on the constraint violation values.
In the second stage, each obtained front is reclassified by an
undominated ranking based on the objective function value,
and the parent population is selected from it. Miyakawa
et al. claimed that feasible solutions with better objective
functions can be found using this two-stage non-dominated
ranking. Liu and Wang [20] proposed a two-stage frame-
work called ToP for dealing with CMOPs with complex
constraints. ToP is divided into two stages, the uniqueness of
which is its first stage, where the CMOP is transformed into
a constrained single-objective optimization problem using
a weighted summation method. CDP is used to deal with
the constraints, aiming at finding promising feasible regions
and fast convergence, while the second stage is solved using
common CMOEAs, such as NSGA-II and CMOEA/D. Fan
et al. [13] embed the push—pull search (PPS) framework into
CMOEA/D. PPS is also divided into two stages: in the push
stage, only the objective function is considered for the search
to approximate the unconstrained PF; in the pull stage, an
improved CMOEA is used to pull the infeasible individu-
als obtained in the push stage to the feasible non-dominated
regions. Tian et al. [31] devised a two-stage evolutionary
algorithm, called CMOEA-MS, in which one stage helps the
population to reach the feasible regions and the other stage
allows the population to spread along the feasible boundaries.
Furthermore, according to the status of the population, the
algorithm can adaptively switch between the two stages.
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Coevolution refers to the evolutionary technology in
which multiple objects carry out the collaborative search
through certain mechanisms and strategies, such as multi-
population, multi-algorithm, and multi-strategy integrated
evolution. When applied to CMOPs, multi-population and
multi-constraint processing is mostly used. Li et al. [18] pro-
posed a two-archive evolutionary algorithm (C-TAEA). It
maintains two archives simultaneously: (1) a convergence-
oriented archive (CA), which optimizes constraints and
objectives, and (2) a diversity-oriented archive (DA), which
optimizes only objectives. The two populations cooperate
with each other in the mating selection and environmen-
tal selection. CCMO [30] is a coevolutionary algorithm that
simultaneously computes two objective problems, the origi-
nal problem and the helper problem. Typically, the original
problem in CCMO is solved by population 1. The helper
problem is defined as the original problem with constraints
removed and is solved by population 2. Coevolution is
achieved by sharing offspring between the two populations.
Liu et al. [21] designed a novel bidirectional coevolution-
ary algorithm using both the main population and archive
population. Specifically, the main population maintains the
feasibility of the solution set and moves from the feasible
side to the PF, while the archive population uses the angle
information to maintain the diversity of the solution set and
approach the PF from the infeasible side.

In view of the effectiveness of multi-stage algorithms
and coevolutionary algorithms in dealing with CMOPs,
some optimization algorithms that combine the two strate-
gies have been produced recently. Fan et al. [14] improved
CCMO by proposing a two-stage coevolutionary constrained
multi-objective optimization evolutionary algorithm (TSC-
CMOEA), which switches to the second stage when the
rate of population change is too small during coevolution,
discarding the helper problem and keeping only the main
population evolving, thus saving computational resources
and enhancing the convergence of the population. Ming et
al. [24] proposed a new method with dual stages and dual
populations, called DD-CMOEA. Specifically, the dual pop-
ulations are mainPop and aux Pop, which evolve with
and without considering constraints, respectively. The dual
stages are exploration and exploitation, focusing on extensive
search for solutions with good objective values in the explo-
ration stage and convergence to the true PF in the exploitation
stage.

The proposed algorithms: CMOEA-TMC
Main framework of CMOEA-TMC

To overcome the current CMOEAs’ difficulty in effectively
balancing feasibility, convergence, and diversity, this paper
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proposed a novel algorithm—CMOEA-TMC. As outlined
in Fig. 1, the proposed CMOEA-TMC has three stages:
fast convergence stage, diversity maintenance stage, and
extremum mining stage. It is worth noting that the pro-
posed algorithm contains two archives: the main population
(called main Pop) and the help population (called ielp Pop).
main Pop is used to search for the constrained PF through-
out the process, and help Pop searches for the unconstrained
PF in the first and second stages.

Algorithm 1 Procedure of CMOEA — TMC

Input: a CMOP, the number of optimization goals M, the subpopula-
tion size N, the current number of function evaluations F E, and the
maximum number of function evaluations max F E

Output: the final main Pop

: Pop(k) <~ RandomlInitialization(N)

: mainPop < Pop(1)U...U Pop(M) U Pop(M + 1)

> helpPop < RandomlInitialization(N)

: while FE < maxFE do
if CMOEA — TMC is in the first stage then

Problem <« Transform a CMOP into (M+1) single-objective

optimization problems according to Eq. (4)

R

7: fork=1toM + 1do

8: Produce Off (k) from Pop(k) and help Pop using DE
operators

9: Update Pop (k) using the constrained dominance principle

10: end for

11: mainPop < Pop(l)U...U Pop(M)U Pop(M + 1)

12: Produce Off (help) from help Pop using GA operators

13: Update help Pop using the fitness evaluation strategy

14:  elseif CMOEA — TMC is in the second stage then

15: Problem <« Use the original CMOP

16: fork =1to M + 1do

17: Produce Off (k) from main Pop and help Pop using GA
operators

18: Update Pop (k) by discovering the non-dominated feasible
solutions

19: end for

20: mainPop < Pop(1) U ...U Pop(M) U Pop(M + 1)

21: Produce O ff (help) from help Pop and main Pop using GA
operators

22: Update help Pop using the fitness evaluation strategy

23:  else

24: Produce Off (main) from main Pop using GA operators

25: Update main Pop by discovering the non-dominated feasible
solutions

26:  endif

27: end while
28: return main Pop

Algorithm 1 gives the pseudocode of CMOEA-TMC. In
the first stage, the algorithm transforms the CMOP into mul-
tiple single-objective problems by setting different weight
vectors, so as to achieve task partitioning of the complex
problem. The detailed transformation process is described in
the section “The first stage: fast convergence”. main Pop is
also divided into multiple subpopulations and evolves using
the coarse-grained parallel algorithm which has strong global
search capability and achieves fast convergence. In addition,
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Fig.1 The framework of

CMOEA-TMC Initialization
First stage:
—>
Fast convergence
No
Switching

_condition 1

mainPop converge to
small regions

Yes

Second stage:

w oo

Switching
condition 2

Function evaluation
process is 60% complete Yes

Third stage:
Extremum mining

|

End

the guidance information provided by help Pop to main Pop
ensures that the population can maintain good diversity. In the
second stage, main Pop changes to use the original CMOP as
the objective function, which is beneficial to obtaining more
high-quality feasible solutions. Meanwhile, the subpopula-
tions in main Pop maintain independent evolution, so that
all candidate solutions obtained in the first stage continue to
converge to more promising feasible domains, maintaining
the diversity of the solution set. In the third stage, the indi-
viduals of all subpopulations in mainPop are aggregated
together to optimize for the global optimal solution. And,
help Pop no longer provides additional information, as we
consider it more important to focus on the constrained PF
in this stage. These three stages are further explained in the
sections “The first stage: fast convergence”—"“The third stage:
extremum mining”.

It is worth emphasizing that to compare the performance
of different solutions, CDP is applied to the environment
selection. The definition of CDP is as follows. Given two

Diversity maintenance

Comparison based on the feasibility rule

¥ |
mainPop
Pop(l) —>  Off1) —> Pog(f;()f]md
Pop(M+1) —>  Off(M+1) —» POg(f?’(I;qlJr)le)md
L Guide A
helpPop ——> Off(help) —> P"I(’)(f‘f‘(ehlsl)p;nd

4 J

Comparison based on the fitness evaluation

Comparison based on the feasibility rule

k> |
mainPop
Pop(1) and
Pop(l) — = Off(1)  — Offsprings
Pop(M+1) and
Pop(M+1) —»> Off(M+1) —> Offsprings
Guide
RN
Pop(help) and
TR VTG p— G

A J

Comparison based on the fitness evaluation

Comparison based on the feasibility rule

v |

Pop(main) and
Off(main)

mainPop — > Off(main) —>

decision vectors x,, and Xy, X,, is said to constraint-dominate
X, if one of the following conditions is satisfied:

(1) both x,, and x, are infeasible, and CV(x,) < CV(xy);
(2) x, is feasible, yet x,, is infeasible;
(3) both x,, and x,, are feasible, and x,, < X,.

In general, CDP can motivate the population to approach
or enter the feasible region promptly, because feasible solu-
tions are always selected before infeasible solutions in
environmental selection.

The first stage: fast convergence

Considering the fact that CMOEAs need to balance multiple
objective functions, the convergence speed is inevitably slow,
which presents a major challenge for solving CMOPs with a
wide objective space. Therefore, this paper considers trans-
forming a CMOP into multiple constrained single-objective
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optimization problems by weighted summation, and solves
it using the coarse-grained parallel evolutionary algorithm,
that is, a subpopulation in main Pop focuses on one of the
single-objective problems. Handling with a single-objective
optimization problem with constraints is much easier than
handling with a multi-objective optimization problem with
constraints. Although each subpopulation can only approach
some local solutions in the PF of the original problem, the
global search ability and convergence performance of the
population are significantly improved. Setting appropriate
weight vectors and ending conditions can keep the algo-
rithm with good convergence and diversity, and provide
high-quality initial solutions for subsequent optimization.

Thus, a CMOP with M objective functions is transformed
into (M + 1) constrained single-objective optimization prob-
lems

f,;(x) — 140+ D) fi )4+ fu (X) Ck=1,....M

min f;(X)=m”+”M%+,w k=M+1

st. x€S 4
gix) <0, i=1,...,p
hix)=0, i=p+1,...,q,

where w is set to 2 based on the sensitivity analysis in the sec-
tion “Sensitivity analysis of parameters in CMOEA-TMC”.
Since we only change the objective function and keep the
constraints unchanged, Eqs. (1) and (4) share the same fea-
sible regions.

The benefits of multi-population strategy are explained
below. As shown in Fig. 2, candidate solutions of single
population are likely to be distributed in the center of the
true PF, which leads it to potentially ignore solutions at the
edges of the PF. As shown in Fig. 2, candidate solutions of
multi-population may be evenly distributed across different
locations of the true PF, which makes the expansion of the
population distribution easier.

Next, the implementation details of the first stage are
explained in two parts: (1) update procedure and (2) switch-
ing condition.

(1) Update procedure In the first stage, for mainPop,
we need it to converge quickly to the true PF, so differen-
tial evolution (DE) is considered as the search engine. The
pseudocode is presented in Algorithm 2.

We employ three popular generation strategies to generate
offspring:

(a) DE/current-to-rand/1:
W =X; + F*x (X1 —X;) + F o (X2 — X,3). (5)
(b) DE/rand-to-best/1/bin:

Vi = Xp1 + F % (Xpest — Xr1) + F % (X2 — Xp3) (6)

@ Springer

Algorithm 2 Evolution of subpopulation of main Pop in the
first stage
Input: Pop(k,t)=(x1, X2, ..
Output: Pop(k,t+ 1)
1: Poptk,t+1)=0
2:fori=1:Ndo
if rand < 0.4 then
Generate the trial vector u; according to DE/current-to-rand/1
else if rand < 0.8 then
Generate the trial vector u; according to DE/rand-to-best/1/bin
else
Generate the trial vector u; according to DE/current-to-best/1
end if
0:  Employ the feasibility rule to compare u; and x;, and store the
better one into Pop(k,t + 1)
11: end for
12: return Pop(k,t + 1)

., XN), helpPop(t)

(%)

VRN

—

v;j ifrand; < CR or j = jiand

u; = @)
X;,; else.
(c) DE/current-to-best/1:
help
U =X + F ok (Xoq — Xi) + F x (X1 —X2), ®)

where v; is the ith mutant vector, u; is the ith trial vector,
ri1, r2, and r3 are three mutually distinct integers chosen at
random from [1, N], Xpest denotes the individual with the
smallest objective function value in the current subpopula-
tion, X}I;Z?t) denotes the best individual of help Pop, rand;
is a random number in [0, 1], jrang 1S @ random integer in
[1, D], F is the scaling factor, and CR is the crossover control
parameter. In addition, as suggested by [20] and [33], F and
CR are randomly chosen from the scaling factor pool (i.e.,
Fpool =[0.6, 0.8, 1.0]) and the crossover control parameter
pool (i.e., CRpool = [0.1, 0.2, 1.0]), respectively.

In DE/current-to-rand/1, x; learns information from other
randomly selected individuals, which facilitates the expan-
sion of the global search. In DE/rand-to-best/1/bin, informa-
tion about the best individual in the current subpopulation
is used. Note that Xpes in Eq. (6) is determined based on
the transformed objective function f,é. Before the population
enters the feasible region, Xpeg 1S similar to the randomly
selected individual. After the population enters the feasible
region, the population can be guided toward the optimal solu-
tion by Xpest. In DE/current-to-best/1, information about the
optimal individual in help Pop is used. In general, help Pop
converges more quickly to the unconstrained PF, and if
there is an infeasible region between xgif and mainPop,
main Pop has the opportunity to cross the infeasible region
and be led to a more convergent feasible region. Overall,
these three variants make good use of information about local
and global optimum, allowing the evolution of populations
to better balance convergence and diversity.
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Fig.2 Extending the
distribution of main Pop using
different population settings

The Feasible

f Region
2

The Pareto
Front -~

The Feasible

f Region
2

The Pareto
Front -~

(a) Single-population

For help Pop, we use the GA operator for optimization
and environmental selection based on the fitness evaluation
strategy proposed in SPEA2 [41].

(2) Switching condition If we perform a large num-
ber of fitness evaluations in the first stage, all individuals
in main Pop are likely to converge to the optimal solution
of the transformed single-objective problems, which would
result in the lack of diversity. To obtain high-quality feasi-
ble solutions that are close to the PF of the original CMOP
but maintain good diversity, we have designed the following
three conditions to ensure that the evolution of subpopulation
can be terminated early.

(a) Feasibility condition: Following the suggestion in [20],
the feasibility proportion of the current subpopulation is
larger than 1/3.

(b) Convergence condition: Suppose that fiax,j and fuin, j
represent the maximum and minimum values of the jth
objective function among all feasible solutions found in
the current subpopulation, respectively. Then, the jth
objective function of each individual is normalized as

fj - fmin,j

fmax,j - fmin,j )

fiG) = C))

Subsequently, we add up all the normalized objective
function values

M —
[y =) f). (10)

j=1

Finally, we rank the feasible solutions from smallest to
largest according to f "(i). The convergence index (8¢on)

is defined as the maximum difference of f'(i) among the
first 1/2 feasible solutions

8con = f'(median) — f(1). (1D

If Scon is less than 0.2, the convergence condition is
regarded to be satisfied.

f f

(b) Multi-population

(c) Diversity condition: Suppose that fiedian,j and fmin, j
represent the median and minimum values of the jth
objective function among all feasible solutions found in
the current subpopulation during evolution, respectively.
The diversity index &giy is defined as

(Sdiv — min fmedian,j - fmin,j ' (12)
fmin,j + le™5

If 84iy is less than 0.1, the diversity condition is regarded
to be satisfied.

The purpose of the feasibility condition is to ensure that
some feasible individuals have been obtained. The con-
vergence condition indicates that some feasible solutions
gradually converge to a small region, and the diversity con-
dition indicates that some feasible solutions are relatively
dispersed, rather than having converged to a small point.
Therefore, for each subpopulation in mainPop, the first
stage should terminate when the feasibility condition is sat-
isfied and the convergence or diversity condition is met, thus
ensuring convergence of the feasible solution and preventing
loss of diversity.

When all subpopulations satisfy the above switching con-
dition, the first stage of CMOEA-TMC ends and the second
stage starts.

The second stage: diversity maintenance

Although we have found promising feasible solutions in the
first stage, the performance of the population still needs
to be improved. On the one hand, since we only use part
of the feasible solutions in subpopulations of main Pop to
measure the termination conditions in the first stage, it is pos-
sible that some individuals are far from the Pareto-optimal
solution. On the other hand, due to the lack of an explicit
diversity maintenance mechanism in single-objective opti-
mization, the population is slightly less diverse across the PF.
As shown in Fig. 3, the set of candidate solutions in Pop(2)
is far away from the constrained PF, and some solutions in
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Pop(2) are dominated by solution A in Pop(1) and solution
B in Pop(3). Without diversity maintenance, these solutions
may enter the region where Pop(1) or Pop(3) is located, as
circled in Fig. 3. We expect the diversity and convergence of
main Pop to be further enhanced in the second stage, with a
distribution as shown in Fig. 3 in the ideal state.

Therefore, in this stage, we consider using the original
CMOP to further optimize for the high-quality candidate
solutions generated based on the first stage, to obtain a series
of feasible solutions that are well distributed and converge
well. Drawing on the ideas of CCMO [30], the coevolution
of mainPop and help Pop is carried out in a weak coop-
eration by sharing the offsprings, to enable them have the
opportunity to jump out of the infeasible region and evolve
toward the global PF. The pseudocode for the second stage
is presented in Algorithm 3.

Algorithm 3 Evolution of mainPop and help Pop in the

second stage

Input: mainPop(t), help Popt)

Output: mainPop(t + 1), helpPop(t + 1)

1: mainPop(t+1)=0

2: helpPop(t+1)=0

cfori=1: M+ 1do
Parent1 < Select 3N /5 parents from Pop(i, t)
Parent2 < Select N /5 parents from the remaining main Pop(t)

except Pop(i,t)
Parent3 < Select N /5 parents from help Pop(t)
Off1 <« Generate 3N /5 offsprings based on Parent] using

GA operators

8: Off2 < Generate N /5 offsprings based on Parent2 using GA
operators

9:  Off3 < Generate N /5 offsprings based on Parent3 using GA
operators

10:  Populationl < Pop(i,t) UOff1UOff2U Off3

11:  Pop(i,t + 1) < Select N solutions from Populationl by the
environmental selection

12: end for

13: mainPop(t+1) < Pop(1,t+1)UPop(2,t+1)U...UPop (M +
L,t+1)

14: Parent4 < Select 4N /5 parents from help Pop(t)

15: Parent5 < Select N /5 parents from main Pop(t)

16: Off4 < Generate 4N /5 offsprings based on Parent4 using GA
operators

17: Off5 <« Generate N /5 offsprings based on Parent5 using GA
operators

18: Population2 < helpPop(t) U Off4U Off5

19: helpPop(t + 1) < Select N solutions from Population2 by the
environmental selection

20: return mainPop(t + 1), helpPop(t + 1)

SR

A

In addition, we also set a switching condition for the sec-
ond stage. When the number of function evaluations reaches
60% of the set maxFE, the second stage of CMOEA-TMC
ends and the third stage starts.

@ Springer

The third stage: extremum mining

After the second stage, we have obtained a series of well-
distributed and convergent feasible solutions, but the inde-
pendent evolution of multiple subpopulations has led to the
possibility of some dominant solutions among the generated
feasible solutions. Therefore, in the third stage, all subpopu-
lations of main Pop are combined and compete together for
extremum mining. It is worth mentioning that because the
helper problem can no longer support main Pop well, we
discard help Pop in the third stage to save the computational
resources.

Dynamic 1] strategy for equation constraints

For equation constraints in CMOPs, we introduce a very
small positive value era to relax equation constraints to
inequality constraints. The value of 1 has a large impact on
the convergence of the algorithm. If 1) takes a larger value, the
convergence is usually better, but it also leads to a large dif-
ference between the optimized solution and the true solution.
if n takes a small value, some infeasible solutions that are par-
tially close to the feasible region may be discarded, because
the equation constraints are not satisfied, thus affecting the
convergence. Therefore, a dynamic 7 strategy is used, with n
taking a slightly larger value in the early evolution, relaxing
the stringency of the constraints on equations in the expecta-
tion of finding more promising solution sets, and gradually
decreasing to an accepted value in the late evolution.
The specific dynamic adjustment formula for 7 is as

0.001 — (10g 14 FE)
n = 1 x(0.001 —0.0001), FE < {maxFE (13)
0.0001, FE > imaxFE,

where FE represents the current number of function eval-
uations and maxFE represents the maximum number of
function evaluations set by the user.

Effectiveness analysis of CMOEA-TMC

To analyze the effectiveness and mechanism of CMOEA-
TMC, we show the early, middle, and last population dis-
tribution of CMOEA-TMC on 2-objective MW 11 in Fig. 4.
The gray surfaces denote the feasible regions of the problem,
and the black and red lines denote the unconstrained PF and
constrained PF, respectively.

As shown in the first column of Fig. 4, the population
of ToP converges quickly but can only converge to a single
feasible region in the early generations and cannot spread to
the other feasible regions at last. For MW 11 which has three
small feasible regions, ToP with only one population has a
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Fig.4 Populations in the early, middle, and last generations of ToP, CCMO, and CMOEA-TMC on 2-objective MW 11

lack of diversity maintenance. CMOEA-TMC and CCMO  TMC converges faster in the early stage, which greatly
behave similarly in the early generations. They both have  helps mainPop to perform global search and thus main-
two populations, one considering constraints and the other  tain diversity. Population2 of CCMO converges slower
not considering constraints. However, help Pop of CMOEA-  than Populationl, which may lead to the inability to pro-
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vide useful information to Populationl during coevolution,
and therefore, offsprings are mainly generated based on
Population].

In the middle generation, CMOEA-TMC evolves inde-
pendently in three small feasible regions while generating
offsprings located in infeasible regions. This indicates that
mainPop and helpPop collaborate effectively and that
CMOEA-TMC has the opportunity to spread across infea-
sible regions into feasible ones in the presence of dispersed
feasible regions. In contrast, although CCMO also carries
out cooperation between the two populations, the offsprings
are mainly generated based on Populationl, and thus, it has
difficulty in accessing the previously missed feasible regions.

Throughout the evolutionary process, CMOEA-TMC
explores the search space more fully. Finally, CMOEA-TMC
obtains well-diversified final solutions and shows its strong
performance.

Computational complexity of CMOEA-TMC

For CMOEA-TMC, there are three stages: the first stage is
DE evolution of subpopulations, the second stage is GA evo-
lution of subpopulations, and the third stage is overall GA
evolution. Let us denote the subpopulation size, the number
of subpopulations, the population size, the number of objec-
tives, and the dimension of decision vectors by N, M + 1,
Q,M,and D, where Q = N x (M + 1).

(1) Time complexity In the first stage, for each sub-
population, the time complexities of evolutionary variation,
crossover, and environmental selection are O (N D), O(N),
and O (N), respectively. Thus, the overall time complexity is
(M+1)x(O(ND)4+O(N)+ O(N)) = O(MN D). In the
second stage, for each subpopulation, the time complexities
of mating selection, genetic operators, and environmental
selection are O(N), O(ND), and O(MN?), respectively.
In general, O(MN?) > O(N D), so the overall time com-
plexity is (M + 1) x O(MN?) = O(M?*N?). In the third
stage, the entire population Q undergoes GA evolution. The
time complexities of mating selection, genetic operators, and
environmental selection are O(Q), O(QD), and O(M Q?),
respectively, where O (M Q?) is usually the largest. Thus, the
time complexity of the third stage is O (M 0%) = O(M3N?).

In summary, the time complexity of three stages of
CMOEA-TMC is O(MND), O(M*N?), and O(M>3N?),
respectively. Some comparison algorithms that use GA oper-
ators, such as CCMO and C-TAEA, usually have a time
complexity of O(M>N?), so the proposed algorithm has an
advantage in the first and second stages and can result in a
smaller time cost.

(2) Space complexity The memory consumption of
CMOEAs is concentrated in the storage of the parent
and offspring populations. CMOEA-TMC needs to store
mainpop and offspring population, each of which takes up
O(DQ) space. In the first stage, the transformed single-
objective problem is used for performance comparison, so
the space used to store the objective values and constraint
violation values is O(Q) and O(Q), respectively. In the
second and third stages, the space used for storing the
objective values and constraint violation values is O (M Q)
and O(Q), respectively. Considering the different stages
together, the overall space complexity of CMOEA-TMC is
O(DQ)+ O(MQ) + O(Q). The space complexity and the
population size are closely correlated, because the different
algorithms mainly store the parent and offspring popula-
tion information in each iteration. When the population size
is fixed, the differences in space complexity among differ-
ent algorithms are small. For CMOEA-TMC, no additional
storage content is introduced, so its space complexity is
approximate to that of the comparison algorithms.

Experimental research
Test sets and parameters setting

To systematically evaluate the performance of CMOEA-
TMC, three benchmark problem test suites are employed
to compare CMOEA-TMC with other four CMOEAs. Test
suites are DOC, MW, and CF. To be specific, DOC is a
recently proposed test suite that contains both decision and
objective constraints, and it also contains both inequality and
equality constraints. MW is also a recently proposed test suite
that covers various features, such as small feasible regions,
high dimensional decision space, and so on. As a classic test

Table 1 Parameter settings of

the test sets Test set Objective number Population size maxFE
DOC DOC1-DOC7 2 150 300,000

DOCS8, DOC9 3 200 300,000

MW MW1-3, 5-7,9-13 2 150 300,000

MW4,8,14 3 200 300,000

CF CF1-CF7 2 150 100,000

CF8-CF10 3 200 100,000
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suit, the CF test suit has nonlinear, discontinuous PF. The
detailed description of these three test suits can be found in
their original paper [20, 23, 38]. Table 1 shows parameter
settings of the test sets used.

For CMOEA-TMC, we set w, 8con, and 8y to 2, 0.2, and
0.1 based on parameter sensitivity experiments in the section
“Sensitivity analysis of parameters in CMOEA-TMC”, and
these values showed the best performance. For performance
comparison, we consider five advanced CMOEAs, which
are ToP, PPS, CCMO, RVEA, and C-TAEA. The parame-
ters of all the compared algorithms are set as suggested in
their original papers [2, 13, 18, 20, 30]. For the ToP frame-
work, it is embedded with the constrained NSGA-II where the
first phase ends when the feasibility proportion P is larger
than 1/3 and the difference § is less than 0.2. For the PPS
framework, it is embedded with the constrained MOEA/D,
where the parameter settings are « = 095, t = 0.1,
cp = 2, and I = 20. Among these algorithms, ToP, PPS,
and CCMO use DE to generate offspring solutions, while C-
TAEA and RVEA employs the simulated binary crossover
[7] and polynomial mutation [8] for generating offspring
solutions. Besides, all the experiments in this paper were
conducted on the PlatEMO proposed in [29].

Performance indicators

To measure the performance of different algorithms, two
widely used metrics were employed in our experiments,
which can measure both convergence and diversity.

(1) Inverted Generational Distance (IGD) [1]: Assume that P
is the set of feasible solutions obtained from a CMOEA,

and P* is the set of points uniformly sampled along the
real PF, IGD is defined as

1
| P

IGD(P, P*) = Z distance(z*, P), (14)

z*eP*

where distance(z*, P) is the Euclidean distance between
z* and the nearest point in P, and | P*| is the total number
of points in P. It can be seen that calculating IGD needs
to know the real PF, and the smaller the IGD value, the
better the performance of a CMOEA.

(2) Hypervolume (HV) [40]: HV measures the volume
enclosed by P and a specified reference point in the objec-
tive space, and it is defined as

HV(P) = VOL ( | J1Ai). 201 x -+ x [fur(x). 21 | -

5)

xes
where VOL indicates the Lebesgue measure, and 7" =
(CAT zﬁ,I)T is a user-defined reference point. In this

Table 2 Mean and standard deviation of the IGD values obtained by TOP, PPS, CCMO, C-TAEA, RVEA, and CMOEA-TMC for 30 independent runs on the DOC test suite

CMOEA-TMC

RVEA

PPS CCMO C-TAEA

ToP

Problem

4.5688e—3(2.52e—4)

1.8480e+-0 (1.41e+0)—

NaN(NaN)

5.0599e+2(2.22e+2)—

NaN(NaN)
NaN(NaN)

6.2519e—2(2.83e—2)— 5.3043e—3(5.71e—4)—

4.6096e—3(3.19e—4)~

NaN(NaN)

DOC1

4.5574e—2(3.50e—2)

8.0586e—2(1.64e—1)—

9.6971e—2(1.22e—1)—

6.2604e—

DOC2

2.4830e—1(2.41e—1)

5.9039e+2(1.50e+2)—

4.5965e+2(2.96e+2)—

(3.78e—1)—

2.5907e—2(6.53e—3)

1.1700e+0(4.78e—1)—

NaN(NaN)

2.4408e+2(4.80e+2)—

NaN(NaN)

2.6142e—2(3.02e—3)~

(4.18e—2)—

1.5739e—1(1.55¢—1)

3.3503e+1(5.65¢e+1)~
3.9353e—1(2.58e—1)—

(3.83e+1)—

1.6149¢e+0(1.88e+0)— 2.1758e—3(4.55e—4)

7.1870e+4-0(2.25e+0)—

3.2767e+1(2.99e+1)—

NaN(NaN)

(4.36e—2)—

6.2402e—2(1.28e—1)

1.9610e—3(1.21e—4)+
2.6182e—1(8.28e—2)—

(1.37e—1)—

— = = =

3.5952e+1(7.60e+1)—

DOC3

2.5332e—

6.7212e—2(5.79¢e—2)~

DOC4

1.2918e+
5.1047e—
2.7610e—

1.4047e+1(3.97e+1)—

DOCS5

4.1585e+0(1.43e+0)—

DOC6

4.8121e—1(1.78e—1)—

DOC7

2.1950e+4-2(5.75e+1)— 1.7235e—1(1.73e—1)

4.3720e+2(1.53e+2)—

1.2585e4+2(3.64e+1)—
2.7110e—1(1.71e—2)—

4.9400e+1(2.00e+1)—
0/9/0

DOCS8

5.0322e—2(1.07e—2)

1.2820e4-0(1.93e—1)—

0/7/0

7.8976e—1(1.74e—1)—

0/5/0

7.8181e—2(1.18e—2)—

1/6/2

2.0245e—1(4.57e—2)—

0/6/2

DOC9

-1~

The best results are highlighted in bold
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Fig.5 True PF and final solutions achieved by each algorithm on DOCI1, DOC6, and DOC8

Meanwhile, to verify the effectiveness of the dynamic n
strategy, the static n strategy and the dynamic 7 strategy run
30 times independently for the three problems of DOCS3,
DOCS, and DOC7 with equation constraints, respectively.
The mean and standard deviation of the obtained IGD values
are calculated, and the final results using the static n strat-
egy and the dynamic 1 strategy are presented in Table 4.
The bolded data in Table 4 indicate the solution with the
smaller IGD value obtained under the same algorithm for the
same test problem with equation constraints, in both cases
with static n strategy and the dynamic 5 strategy. It can be
seen that IGD values of compared algorithm decreased with
the dynamic 7 strategy, except for the case where no feasible
solution is obtained resulting in an NaN IGD value. After per-
forming the two-sided Wilcoxon rank-sum test on the data,
the IGD values of the static 7 strategy are usually worse than
or similar to the IGD values of the dynamic 7 strategy, which
means that the convergence and diversity of algorithms are
improved after adopting the dynamic n strategy.

Based on the above analysis, we can see that the novel
multiple subpopulation parallel evolution method and three-
stage strategy of CMOEA-TMC have good results on the
DOC test set, and that the proposed dynamic n adjustment
strategy for equation constraints has some generality and can
improve the performance of CMOEA for CMOPs with equa-
tion constraints.

Experimental results of MW and CF problems

To further verify the validity of CMOEA-TMC, we used MW
and CF test suites for performance testing. Table 5 shows
the average and standard deviation of the IGD values for 30

independent runs of ToP, PPS, CCMO, C-TAEA, RVEA, and
CMOEA-TMC on the MW and CF test problem sets, and the
HYV results are presented in Table 6.

As shown in Tables 5 and 6, CMOEA-TMC achieves
the best results on 11 problems with 6 for C-TAEA, 4 for
PPS, 2 for RVEA, and 1 for CCMO. For the MW test
set, CMOEA-TMC and C-TAEA perform better, probably
because most of the MW functions have scattered and nar-
row feasible domains, so algorithms that are more concerned
with diversity have better results. CMOEA-TMC maintains
the uniform distribution of solution sets around the objective
space through parallel evolution of subpopulations, and C-
TAEA uses a diversity-oriented weighted vector method to
keep the diversity in each direction, both of them focusing
more on the maintenance of diversity in different directions.
For the CF test set, the algorithms with DE operators (PPS
and CMOEA-TMC) outperform other methods, because the
CF functions have low-dimensional decision variables and
discrete feasible regions, and DE may help to maintain good
diversity.

Figure 6 plots the performance of the six CMOEAS on the
three test problems MWS5, MW12, and CF6. The red points
are the true PF, the blue points are the final solutions obtained
by each algorithm, and the gray areas represent the feasible
regions in the target space. For MW5 with discontinuous and
small feasible regions, CMOEA-TMC shows better diversity
performance than other CMOEAs. For MW12 with feasi-
ble regions separated by infeasible regions, CMOEA-TMC
crosses the local optimum and evolves toward the true PF,
shows better convergence performance than other CMOEAs.
For CF6 with true PF in segments, CMOEA-TMC can fully
explore the target space and exhibits powerful performance.
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Table 4 Mean and standard deviation of the IGD values before and after 30 independent runs of adding dynamic 7 strategy on the DOC3, DOC5, and DOC7

DOC7

DOC5

DOC3

Dynamic n

Static n

Dynamic 5

Static n

Dynamic n

Static n

Algorithm

3.5952e+1(7.60e+1) 2.7751e+1(5.14e+ 1)~ 1.4047e+1(3.97e+1) 8.2471e—1(4.74e—1)— 4.8121e—1(1.78e—1)

1.8171e+2(2.31e+2)—

ToP

3.9156e—1(1.18e—1)— 2.7610e—1(1.37e—1)

1.2918e+1(3.83e+1)
3.3503e+1(5.65e+1)

5.3718e+1(6.54e+1)—
NaN(NaN)

6.2604e—1(3.78e—1)

1.0851e+0(1.10e+0)~

PPS

1.9610e—3(1.21e—4)

NaN(NaN)

2.0435e—3(1.50e—4)—

NaN(NaN)

3.8690e+1(6.00e+1)—

NaN(NaN)
NaN(NaN)

4.5965¢+2(2.96¢+2)

NaN(NaN)

7.1600e+2(4.57e+2)—

NaN(NaN)

CCMO

C-TAEA
RVEA

7.1870e+0(2.25e+0)

8.1398¢+0(2.71e+0)~

NaN(NaN)

5.9039¢+2(1.50e-+2)

6.6408¢+2(2.29e4+2)~

6.2402e—2(1.28e—1)

1.4447e—1(1.89e—1)—

0/4/1

1.5739e—1(1.55e—1)

9.0523e—1(3.90e+0)~

0/2/2

2.4830e—1 (2.41e—1)

6.8325e—1(4.68e—1)—

0/3/2

CMOEA-TMC

-1~

The best results are highlighted in bold

Therefore, it can be concluded that the proposed CMOEA-
TMC has better overall performance than compared CMOEAs
when solving the benchmark CMOP, being able to bet-
ter balance convergence and diversity, precisely due to the
coevolution method and the three-stage algorithm design.

Sensitivity analysis of parameters in CMOEA-TMC

In CMOEA-TMC, there are three parameters (i.e., @, §¢on and
d4iv) that have an impact on the performance of the algorithm.
w determines the weight of different objective functions when
converting a multi-objective problem into a single-objective
problem. A large value of w may cause subpopulations to
fall into local optimum, while a small value of @ may cause
overlapping search areas. dcon and dg4;y determine when to
switch from the first stage to the second stage. A small value
of 8¢on OF 8gjy may result in the feasible solutions clustering
in a very small region. However, with a large value of §¢op
or 8giy, the solution set may be far from the true PF when
the first stage ends. Therefore, we conducted the sensitivity
analysis of above three parameters.

We tested the performance on six test instances: DOCI,
DOC6, DOC8, MW5, MW12, and CF6. Their PFs have dif-
ferent characteristics and therefore can provide insight on
various aspects. We chose five different w values: 1/2, 1,2, 3,
4; four different 8o values: 0.1, 0.2, 0.3, 0.4; and four differ-
ent §gjy values: 0.05, 0.1, 0.15, 0.2. The average IGD values
of the algorithm over ten independent runs were used as the
evaluation criterion. The test results are shown in Figs. 7 and
8.

‘We can observe that, overall, CMOEA-TMC exhibits bet-
ter performance with = 2, §con = 0.2 and 64y = 0.1.
Therefore, in this paper, w is set to 2, §con is set to 0.2 and
Odiv 18 set to 0.1.

Experiments on computing performance

To verify the computing performance of CMOEA-TMC, the
average computation time of five comparative algorithms was
counted. All experiments were performed on the computer
with an i7-10510U CPU, on the PlatEMO built in MATLAB
R2021b. Table 7 shows the average computation time spent
by each algorithm running on the test problems in each test
suit.

As shown in Table 7, for DOC and MW test suits,
CMOEA-TMC has the shortest computation time except for
RVEA. For CF test suite, the average computation time of
CMOEA-TMC is slightly larger than that of ToP and RVEA,
but much smaller than the other three algorithms. Therefore,
the proposed CMOEA-TMC is computationally efficient.
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Fig.6 True PF and final solutions achieved by each algorithm on MW5, MW 12, and CF6
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Fig.7 Average IGD values provided by CMOEA-TMC with different @ on DOC1, DOC6, DOC8, MW5, MW 12, and CF6

Experimental results of real-world boiler
combustion optimization problem

After testing CMOEA-TMC’s performance in solving a
series of benchmark problems, this subsection examines
the performance of CMOEA-TMC and four comparison
CMOEAs on a real-world boiler combustion optimization
problem.

Power plant boilers have generated a lot of valuable his-
torical data over many years of operation, which can be used
to model the relationship between operating variables and
performance indicators. The model can be optimized under
specific constraints and the optimization results can provide
guidance for adjustments to the boiler combustion process,
thus improving the thermal efficiency and reducing the gen-
eration of pollutants.

@ Springer
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Fig.8 Average IGD values provided by CMOEA-TMC with different combinations of §¢on and d4;y on DOC1, DOC6, DOC8, MWS5, MW 12, and

CF6

Table 7 Mean time consumption (in seconds) of CMOEA-TMC and the peer CMOEAs on DOC, MW, and CF test suits

Problem ToP PPS CCMO C-TAEA RVEA CMOEA-TMC
DOC test suit 67.40 105.42 162.86 611.80 8.09 38.60
MW test suit 44.76 74.95 159.88 446.87 8.53 25.20
CF test suit 5.47 26.67 25.69 131.33 3.41 9.63

In our experiment, the gradient boosted decision tree
(GBDT) is used to model the operational data generated
during boiler combustion. The inputs to the model are 19
non-adjustable operational variables and 16 adjustable opera-
tional variables, corresponding to variables, such as coal feed
and damper opening in boiler combustion. The outputs of the
model are four max—min normalized performance indicators
corresponding to the outlet temperatures of air preheaters A
and B and the NO, content of the inlet flue A and B. For the
training process of GBDT, we used 5466 offline historical
samples with the training data set of 5466 x 19. Adequate
historical data ensure the accuracy of GBDT, and an addi-
tional sample is used to test the performance of CMOEAs.
The training and testing process is performed offline.

The demand of the power plant is to reduce these four per-
formance indicators as much as possible to improve the coal
combustion efficiency. By analyzing the historical data, it was
found that the dampers opening corresponding to the 2nd,
4th, 9th, 12th, 14th, and 16th operating variables fluctuated
very little, so the constraint was set to limit their optimization
range to within 1% above and below the current sample value.

@ Springer

The boiler combustion optimization model is as follows:

f1 =GBDT(v,x)
. f2 = GBDTz(v, x)
i — GBDT3(V, X)
= 3(v, (16)
fa = GBDT4(v, x)
st. xXe€S
gi(x) <0, i=2,4,9, 12,16,

where v is the non-adjustable operational variables, and X is
the adjustable operational variables.

Table 8 lists the HV values obtained for the six com-
pared CMOEAs, where each CMOEA was run ten times
independently. The population size was set to 100, maxFE
was set to 10,000, and the reference point for calculating
HV was set to [1,1,1,1]. From Table 8, it can be seen that
CMOEA-TMC shows better overall performance than other
CMOEAs in boiler combustion optimization, obtaining the
best HV value. Figure 9 shows the results of some compared
algorithms on this real-world problem, where four objective
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Table 8 Mean and standard deviation of the HV values obtained by TOP, PPS, CCMO, C-TAEA, RVEA, and CMOEA-TMC for ten independent runs on boiler

combustion optimization

Problem  ToP PPS CCMO C-TAEA RVEA CMOEA-TMC
Coal 1.0705e—1(1.44e—2)— 1.2200e—1(4.00e—3)— 1.2516e—1(6.17e—4)— 1.2593e—1(6.16e—3)~ 1.2394e—1(4.05e—3)— 1.2899e—1(3.05¢—3)
+/—/~ 0/1/0 0/1/0 0/1/0 0/0/1 0/1/0
The best results are highlighted in bold
200 205
PPS PPS
* C-TAEA C-TAEA
* o o d * RVEA * RVEA
198 %ae *. ® CMOEA-TMC 204 ¢ * ® CMOEA-TMC
(")A (’)A
= * s *73 *
°
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1S S ° ¥ *
~ e * * *
@ i . x %
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f1(°C) f2(°C)

Fig.9 Final solutions achieved by compared algorithm on real-world boiler combustion optimization problem

functions are reverse normalized to their actual values. The
solutions obtained by CMOEA-TMC converge better and
have smaller objective function values, which is more evi-
dent for the objective functions f> and fs4. Therefore, it can
be concluded that the usefulness of CMOEA-TMC is also
demonstrated in the real-world problem.

Conclusion

In this paper, a novel algorithm named CMOEA-TMC is
proposed for solving complex CMOPs. The combination of
parallel evolution, coevolution, and staging strategies better
balances the feasibility, convergence, and diversity of solu-
tion sets. In the first stage, the subpopulations in main Pop
evolve independently to achieve fast convergence. When the
subpopulations all converge to a small region, the algorithm
switches to the second stage, which enhances the collabora-
tion between main Pop and help Pop to maintain population
diversity and promote convergence. When the number of
function evaluations reaches 60% of the set maximum, the
algorithm switches to the third stage to find the global optimal
non-dominated solutions.

The broad effectiveness of CMOEA-TMC is verified by
applying on the DOC, MW, and CF test suites as well as a
real-world problem in comparison with five advanced algo-
rithms, namely ToP, PPS, CCMO, RVEA, and C-TAEA.

Experimental results comparing with two-stage algorithms
ToP and PPS show that the proposed three-stage strategy
can help obtain solutions with better convergence. Experi-
mental results comparing with multi-population algorithms
CCMO and C-TAEA show that parallel evolution strategy
and coevolution strategy proposed in this paper can well
avoid populations from falling into local optimums. For
CMOPs with complex constraints, such as the DOC test suit,
the performance indicators of the proposed algorithm are
significantly better than that of other algorithms, and the com-
putation time is shorter. Therefore, CMOEA-TMC has good
performance in CMOPs and can be applied to real-world
problems. In addition, since good experimental results were
obtained on the various test problems, the same population
size specifications can be used for the new test problems. For
test problems with more than three objectives, a larger num-
ber of population size and iterations are likely to be required,
because more solutions are needed to cover the entire PF.
As the efficiency of the offspring generation improves, the
proposed algorithm will also have promising applications in
many-objective optimization problems.
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