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Abstract

In Cooperative Coevolutionary (CC) algorithms used to optimize an objective function with a high-dimensional
domain, the subproblem selection task serves to restrict the solution space in which the sub-optimal solution is
searched, thereby significantly affecting the performance of the solution search. Therefore, it is important to identify a
subproblem that can significantly contribute to finding an optimal solution by balancing exploration and exploitation.
Accordingly, in this paper, we propose a subproblem selection method that utilizes the sliding window-based
non-stationary UCB-Tuned algorithm to effectively maintain the exploration-exploitation trade-off in the subproblem
selection task. In the practical experiments with 1,000-dimensional benchmark functions, the CC algorithm with our
subproblem selection method exhibited the best performance in terms of optimal solution search.
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Table 1. Pseudocode of the basic CC algorithm

Algorithm basicCC

* |nputs: An objective function f : R"— R

= Parameters: Number of individuals e, max FES
P < Initialize an m X » population matrix randomly;
bestind < arg min; 4/ (P);

bestFit < flbestind); FEs < m;

V}» s Vi < ProblemDecomposer();

FEs < FEs + "FEs used for Problem
Decomposition”;

while FEs < maxFEs do
for i < 1to K do
P[:, V] < Evolution(P[:, V]);
FEs < FEs + "FEs used for Evolution”;
bestind «— arg min; 4/ (P);
bestFit < flbestind); FEs < m;
end
end
return bestind;
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Table 2. Pseudocode of proposed UTSWSP algorithm

Algorithm UTSWSP

* |nputs: &isRoundRobin, &Cll, i, K, 41, IT, =l

if isRoundRobin = True then
1 — 7+ 1
if - = K then isRoundRobin < False end;
else
N < sum(n[]);
for £ < 1to K do
u <—sum(dlk,:];) | nlkl;
v, < sum(I[k,:]s ) [ nlk] - %

v — vl+\/(21nN)/n[k]:

P — J((InN)/nlk]) x min(0.25,0) ;
Cle] < u + P
end
i < argmax;(C);
end

return 7;

+ The notation "&" means that the variable is handled by
the call by reference.
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Table 3. Example of utilizing the UTSWSP Algorithm in
the CC framework

Algorithm example CC with the UTSWSP algorithm

* |nputs: An objective function f : R"— R
» Parameters: m, maxFES, a, t, o

P < Initialize an m X n population matrix randomly;
bestind < argmin; ;/ (P);
bestFit < f(bestind); FEs «— m;
V}s s Vi < ProblemDecomposer(f);
FEs < FEs + "FEs used for problem
decomposition”;
W< [axmaxFEs /((p+1)mK) ]
C, T.n < Initiglize K—-dimensional vectors to zeros;
4,I" < Initialize K x W matrices to NULL;
isRoundRobin < True; 7 <« 1;
while FEs < maxFEs do
prevFit < bestFit;
Pl:, V.] < Evolution(P[:, V.]; o);
FEs < FEs + "FEs used for Evolution”;
bestind < arg min; 4/ (P);
bestFit < f(bestind); FEs < m;
Tli] <« Tl + 1;
j < Tl mod W ;
if /=0 then j < W end
Ali,j] < (prevFit - bestFit) / (prevFit + c);
I'lij] < 4lij1%
it 7] > W then nl[i] «<w;
else n[i] < nli]+1 end;
i < UTSWSP(&isRoundRobin, &C, i, K, 4, T, n);
end
return bestind;

+ The notation "&" means that the variable is handied by the
call by reference.
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Table 4. Names of the CC algorithms utilizing each of
eight subproblem selection algorithms

Subproblem selection algorithms C.C

algorithms

Proposed subproblem selection algorithm

(UTSWSP) UTSWSPCC

UCB algorithm-based subproblem

selection algorithm (UCBSP) [18] UCBSPCC

UCB-tuned-based subproblem selection

algorithm (UCBTSP) [18] UCBTSPCC

Round-robin-based subproblem selection BasicCC

nethod [9]

Random subproblem selection method [9] |  RandomCC

s—Grgedy—based subproblem selection BBCC

algorithm [19]

Contribution-based subproblem selection

algorithm (Version 1) [20] CBCCT

Contribution-based subproblem selection

algorithm (Version 2) [20] cBCc2
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performance evaluation results of UTSWSPCC based on the configuration of the sliding window’s

Func.

Measures

UTSWSPCC with the parameter @ = 0.1 to 1.2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

UCBT-
SPCC

Mean

6.33E-05

6.71E-01

6.00E-01

1.65E-01

1.89E-01

1.46E-02

4PE-04

4.86E-04

4.96E-05

489E-05

2.80E-05

2.57E-05

2.33E-05

fi

p-value

5.07E-07

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

8.73-07

1.34E-06

3.00E-01

1.00E+00

WL

L

L

L

L

L

L

L

L

L

L

T

T

Mean

4.10E+02

393E+02

3.88E+02

3T1E+02

3.74E+2

3.12E+02

2.28E+02

2.25E+02

1.20E+02

1.21E+02

1.21E+02

TA7E+02

1.19E+02

fo

p-value

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.00E+00

1.00E+00

1.00E+00

1.00E+00

WL

L

L

L

L

L

L

L

L

T

T

T

T

Mean

6.76E+09

1.27E+10

1.20E+10

261E+10

4.78E+10

5.24E+10

1.49E+11

1.91E+11

361E+11

9.22E+11

1.00E+12

1.01E+12

1.50E+12

Iy

p-value

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

9.38E-08

5.95E-03

9.14E-03

475E-02

WL

W

W

W

W

W

W

W

W

W

W

W

W

Mean

2.36E+08

1.85E+08

1.98E+08

1.43E+08

1.29E+08

1.37E+08

1.51E+08

1.52E+08

3.22E+08

342E+08

343E+08

331E+08

3.18E+08

fs

p-value

1.84E-06

1.60E-08

3.69E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.00E+00

4.13E-03

7.39E-03

6.42E-01

WL

W

W

W

W

W

W

W

W

T

L

L

T

Mean

1.11E+01

9.77+00

1.09E+01

1.10E+01

1A7E+01

1.18E+01

1.27E+01

1.12E+01

1.24E+01

1.26E+01

1.26E+01

1.25E+01

1.38E+01

fe

p-value

221E-02

3.19E-04

221E-02

1.20E-02

1.60E-01

384E-01

1.00E+00

3.70E-02

1.00E+00

1.00E+00

1.00E+00

9.90E-01

WL

W

w

W

w

T

T

T

w

T

T

T

T

Mean

4.14E+01

1.82E-04

3.89E-01

2.64E-02

1.76E-04

1.82E-04

1.49E-05

1.84E-05

141E-05

2.10E-05

1.38E-05

1.74E-05

1.57E-05

f2

p-value

1.60E-08

1.60E-08

1.60E-08
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1.60E-08
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L

L

L

L

L

L

T

T

T

T

T

T

Mean

3.22E+05

6.38E+05

6.38E+05

4.78E+05

7.97E+05

3.19E+05

7.20E+05

4.79E+05

5.48E+07

5.90E+07

5.96E+07

5.00E+07

3.87E+07

Iy

p-value

1.60E-08

1.58E-08

1.58E-08

1.59E-08

1.57E-08

1.60E-08

1.50E-08

1.60E-08

1.11E-03

2.69E-04

2.60E-04

944E-04

WL

W

w

W

w

W

w

W

w

L

L

L

L

Mean

7.05E+06

7.83E+06

8A44E+06

1.01E+07

1.286+07

1.48E+07

1.48E+07

2.04E+07

245E+07

2.66E+07

2.63E+07

2.66E+07

2.50E+07

o

p-value

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

7.83E-07

9.90E-01

1.00E+00

1.00E+00
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W

W

W

W

W

W

W

W

T

T

T

T

Mean

3.68E+03

3.53E+03

344E+03

348E+03

3.46E+03

344E+03

3.46E+03

3.56E+03

3.65E+03

3.60E+03

3.68E+03

3.65E+03

3.71E+03

S0

p-value

1.00E+00

444E-03

1.66E-06

7.74E-05

1.11E-04

8.57E-06

5.73E-06

1.81E-02

1.00E+00

2.86E-01

1.00E+00

1.00E+00

WL

T

w

W

w

W

w

W

w

T

T

T

T

Mean

1.08E+01

1.07E+01

1.05E+01

1.11E+01

1.12E+01

1.10E+01

1.13E+01

1.15E+01

1.12E+01

1.14E+01

1.14E+01

1.15E+01

1.16E+01

fll

p-value

6.44E-02

3.06E-02

1.52E-03

4.44E-01

1.00E+00

5.87E-01

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

WL

T

W

W

T

T

T

T

T

T

T

T

T

Mean

5.50E+00

1.30E+01

1.77E+00

6.38E+00

3.56E+01

1.26E+02

1.24E+02

1.64E+02

712602

5.95E+02

5.25E+02

543E+02

5.62E+02

Sz

p-value

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

1.60E-08

2.29E-08

1.50E-02

1.00E+00

1.00E+00

1.00E+00

WL

W

W

W

W

W

W

W

W

L

T

T

T

Mean

5.96E+03

401E+02

4.35E+02

4.96E+02

5.28E+02

6.14E+02

6.00E+02

7.371E+02

7.04E+02

7.16E+02

7.09E+02

7.14E+02

7.26E+02

f13

p-value

1.60E-08

4.156-08

467E-08

2.08E-07

9.47E-06

1.70E-02

1.81E-02

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

WL

L

W

W

w

W

W

W

T

T

T

T

T

Mean

2.95E+07

2935407

3.05E+07

2.80E+07

3.04E+07

2.90E+07

2.94E+07

3.05E+07

3.00E+07

3.07E+07

3.04E+07

2.95E+07

3.13E+07

f14

p-value

1.99E-01

1.22E-01

1.00E+00

447E-02

1.00E+00

5.87E-01

6.83E-02

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.09E-01

WL

T

T

T

W

T

T

T

T

T

T

T

T

Mean

5.54E+03

546E+03

545E+03

540E+03

5.43E+03

540E+03

5.30E+03

5.31E+03

5.37E+03

5.38E+03

5.29E+03

5.29E+03

5.39E+03

f1s

p-value

1.60E-01

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

WL

T

T

T

T

T

T

T

T

T

T

T

T

Mean

2.39E-01

2.28E-01

1.11E-01

1.936-01

2.526-01

1.27E-01

1.77E-01

346E-01

2.63E-01

1.11E-01

3.75E-01

3.55E-01

f16

p-value

3A4TE-02

457E-02

521E-02

3.82E-02

3RE-2

5.53E-02

4.19E-02

143E-02

2.36E-02

1.00E+00

1.00E+00

1.00E+00

3.38E-01

WL

W

W

T

W

W

T

W

L

W

T

T

T

Mean

2.60E+02

2.55E+02

2.68E+02

231E+02

4.20E+02

3.68E+02

247E+2

1.78E+02

1.30E+02

1.23E+02

1.25E+02

1.27E+02

1.27E+02

S

p-value

1.60E-08

8.36E-08

1.60E-08

3.26E-07

1.60E-08

1.60E-08

1.60E-08

745E-08

1.00E+00

1.00E+00

1.00E+00

1.00E+00

WL

L

L

L

L

L

L

L

L

T

T

T

T

Mean

1.13E+03

1.08E+03

1.13E+03

1.12E+03

1.11E+03

1.15E+03

1.16E+03

1.18E+03

1.17E+03

1.12E+03

1.16E+03

1.16E+03

flS

p-value

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.00E+00

1.13£+03

WL

T

T

T

T

T

T

T

T

Win (W

7

10

9

10

8

7

8

7

Total

Tie (T)

5

3

4

3

5

6

6

6

Lose )

5

4

4

4

4

4

3

4

+ Win (W): The proposed UTSWSPCC achieved better optimization results than UCBTSPCC.
+ Tie (T): Both the UTSWSPCC and UCBTSPCC showed statistically equivalent optimization results.
+ Lose (L): The proposed UTSWSPCC produced worse optimization results than UCBTSPCC.
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Table 6. Optimization performance
subproblem selection methods
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evaluation results of the CC algorithms utilizing the UTSWSP algorithm and other

Func.| Measures | UTSWSPCC UCBSPCC UCBTSPCC BasicCC RandomCC BBCC CBCC1 CBCC2
Mean 6.71E-01 1.50E-05 2.33E-05 342E-02 9.39E+06 1.70E+07 3.36E-02 347E-02
h p-value - 9.33E-09 9.33E-09 1.13E-02 9.33E-09 9.33E-09 1.13E-02 1.13E-02
WIT/L - L L L W W L L
Mean 3.93E+02 1.17E+02 1.19E+02 1.18E+02 6.83E+02 5.03E+02 1.58E+02 3. 11E+02
fz p-value - 9.33E-09 9.33E-09 9.33E-09 9.33E-09 547E-08 9.33E-09 567E-07
WIT/L - L L L W W L L
Mean 1.27E+10 3.43E+12 1.59E+12 1.00E+13 1.17E+13 1.02E+10 401E+12 7.69E+09
f4 p-value - 9.33E-09 9.33E-09 9.33E-09 9.33E-09 1.00E+00 9.33E-09 5.04E-02
WIT/L - W W W W T W T
Mean 1.85E+08 3.57E+08 3.18E+08 3.96E+08 4.09E+08 1.09E+08 3.14E+08 1.78E+08
A p-value - 9.33E-09 9.33E-09 9.33E-09 9.33E-09 9.33E-09 1.19E-08 1.00E+00
WIT/L - W W W W L W T
Mean 9.77E+00 1.42E+01 1.38E+01 1.53E+01 1.53E+01 1.79E+01 1.54E+01 1.21E+01
fs p-value - 3.12E-05 1.86E-04 1.70E-07 7.72E-08 9.33E-09 1.70E-07 1.29E-02
WITIL - W W W W W W W
Mean 1.82E-04 3.43E+07 1.57E-05 2.15E+09 6.00E+09 5.05E+03 1.56E+08 5.18E-03
f7 p-value - 9.33E-09 9.33E-09 9.33E-09 9.33E-09 9.33E-09 9.33E-09 2.15E-08
WIT/L - W L W W W W W
Mean 6.38E+05 6.32E+07 3.87E+07 227E+08 141E+11 4.84E+05 7.05E+07 4.78E+05
f8 p-value - 9.25E-09 9.25E-09 9.25E-09 9.25E-09 9.23E-05 9.25E-09 1.56E-05
WIT/L - W W W W L W L
Mean 7.83E+06 3.12E+07 259E+07 3.79E+07 5.79E+07 1.03E+07 3.61E+07 1.80E+09
A p-value - 9.33E-09 9.33E-09 9.33E-09 9.33E-09 7.02E-07 9.33E-09 9.33E-09
WIT/L - W W W W W W W
Mean 3.53E+03 3.62E+03 3.71E+03 4.20E+03 4 58E+03 340E+03 4.10E+03 3.98E+03
1o | pvalue - 1.84E-01 259E-03 9.33E-09 9.33E-09 4.10E-01 9.33E-09 2.42E-08
WIT/L - T W W W T W W
Mean 1.07E+01 1.18E+01 1.16E+01 117E+01 1.17E+01 1.14E+01 1.19E+01 1.23E+01
f11 | pvalue - 3.73E-03 1.79E-02 2.59E-03 1.53E-03 1.00E+00 3.36E-04 2.84E-05
WITIL - W W W W T W W
Mean 1.30E+01 1.99E+03 5.62E+02 5.28E+03 2.31E+04 4. 74E+03 457E+03 1.60E+04
f1z p-value - 9.33E-09 9.33E-09 9.33E-09 9.33E-09 9.33E-09 9.33E-09 9.33E-09
WITIL - W W W W W W W
Mean 4.01E+02 8.92E+02 7.26E+02 1.32E+03 1.11E+07 3.67E+03 1.23E+03 2.03E+03
fis p-value - 1.19E-08 242E-08 9.33E-09 9.33E-09 9.33E-09 1.19E-08 9.33E-09
WIT/L - W W W W W W W
Mean 2.93E+07 3.00E+07 3.13E+07 3.02E+07 3.74E+07 4.84E+07 3.27E+07 7.33E+09
fi4 | pvalue - 1.00E+00 7.10E-02 1.00E+00 4.10E-07 1.09E-07 3.00E-03 9.33E-09
W/TIL - T T T W W W W
Mean 5.46E+03 5.25E+03 5.39E+03 5.34E+03 595E+03 548E+03 542E+03 5.90E+03
fis | pvalue - 1.29E-02 1.00E+00 4.67E-01 7.10E-05 1.00E+00 1.00E+00 2.79E-03
WIT/L - L T T W T T W
Mean 2.28E-01 1.58E-01 3.38E-01 4 40E-01 1.96E-01 8.46E-01 3.04E-01 3.45E-01
f16 p-value - 2.03E-05 267E-02 3.58E-01 240E-03 2.23E-03 2.76E-02 7.56E-04
WITIL - L W T L W W W
Mean 2.55E+02 1.33E+02 1.27E+02 1.34E+02 8.36E+02 1.46E+04 1.95E+02 1.55E+03
f1 7 p-value - 1.70E-07 4.83E-08 7.72E-08 3.06E-08 1.19E-08 4 23E-02 9.33E-09
W/TIL - L L L W W L W
Mean 1.08E+03 1.16E+03 1.13E+03 1.19E+03 1.22E+03 3.46E+03 1.15E+03 1.45E+03
fis | pvalue - 1.67E-01 6.80E-01 2.45E-02 5.33E-03 1.19E-08 2.03E-01 3.30E-07
W/TIL - T T W W W T W
Win (W) - 9 10 11 16 11 12 12
Total| Tie (T) - 3 3 3 0 4 2 2
Lose (L) - 5 4 3 1 2 3 3

« Win (W): The proposed UTSWSPCC achieved better optimization results than the compared CC algorithm.
+ Tie (T): Both UTSWSPCC and the compared CC algorithm showed statistically equivalent optimization results.

+ Lose (L): The pronosed UTSWSPCC vielded worse optimization results than the compared CC alaorithm.
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