
SUPPLEMENTARY MATERIALS FOR

Enhancing the search ability of hybrid LSHADE for global

optimization of interplanetary trajectory design

Zhe Tang, Lei Peng*, Guangming Dai, Panpan Wang, Yuwei Zhao, Haozhe Yang,
Zhuoying Pu, Mingcheng Zuo

ARTICLE HISTORY

Compiled December 12, 2021

1. Difference from LSHADE SPA CMA

CMA-ES strategy is also used in LSHADE SPA CMA. But there are still several
differences between LSHADE SPA CMA and HLSHADE.

• LSHADE SPA CMA uses LSHADE and CMA-ES in parallel. It divides the pop-
ulation into two sub-populations using LSHADE and CMA-ES for evolution.
CMA-ES is employed as a global optimizer in the whole search space. How-
ever, HLSHADE employs LSHADE SPS EIG as a global optimizer to find an
optimal solution, then uses CMA-ES as a local optimizer to enhance the local
exploitation ability around the optimal solution.
• HLSHADE uses interior-point method to strengthen the local search ability

while LSHADE SPA CMA does not. The interior-point method is an algorithm
for solving linear programming or nonlinear convex optimization problems. It
is found through experiments that after the interior-point method is added,
the convergence performance of HLSHADE in the later stage is significantly
improved. This is also one of the major differences between HLSHADE and
LSHADE SPA CMA.
• HLSHADE proposes the adaptive strategy to control the two important trigger-

ing parameters which is different from LSHADE SPA CMA. HLSHADE pro-
poses two triggering parameters to adaptively control the evaluation times
of LSHADE SPS EIG and CMA-ES. If LSHADE SPS EIG or CMA-ES in
HLSHADE can successfully update the optimal solution, it is awarded more
function evaluations. Otherwise, it is punished next time to reduce the number
of evaluations.

2. Comparison with LSHADE and its variants
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Table S2. Results of the multiple-problem Wilcoxon’s test for HLSHADE, LSHADE and its variants at

α = 0.05 and at α = 0.1 significance level based on the mean values.

HLSHADE vs. R+ R− p value at α = 0.05 at α = 0.1

SHADE 28.0 0.0 0.015626 + +
LSHADE 27.0 1.0 0.031260 + +
LSHADE SPA CMA 27.0 1.0 0.031260 + +
ELSHADE SPA CMA 28.0 0.0 0.015626 + +
LSHADE SPS EIG 21.0 7.0 0.204894 = =
LSHADE EpSin 26.0 2.0 0.046880 + +
LSHADE cnEpSin 26.0 2.0 0.046880 + +
LSHADE RSP 26.0 2.0 0.046880 + +
JSO 25.0 3.0 0.078120 = +
LSHADE PWI 27.0 1.0 0.031260 + +
DISH 27.0 1.0 0.031260 + +
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(d) Convergence graph on Rosetta
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(f) Convergence graph on Messenger
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(g) Convergence graph on Messenger-full

Figure S1. Evolution of the mean objective function values derived from the twelve algorithms versus FES

on GTOP benchmarks

3. Comparison with CEC competition algorithms
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Table S4. Results of the multiple-problem Wilcoxon’s test for HLSHADE and six CEC competition algo-

rithms at α = 0.05 and at α = 0.1 significance level based on the mean values.

HLSHADE vs. R+ R− p value at α = 0.05 at α = 0.1

UMOEAsII 25.0 3.0 0.051913 = +
EBOwithCMAR 25.0 3.0 0.051913 = +
MVMO 19.0 9.0 0.352542 = =
HSES 28.0 0.0 0.014248 + +
GA-MPC 27.0 1.0 0.022494 + +
PaDE 28.0 0.0 0.014248 + +

4. Comparison with algorithms in PyGMO

To further verify the efficiency of HLSHADE, eleven algorithms from the software
platform of PyGMO which is provided by ESA-ACT are selected. PyGMO includes
GTOP benchmarks and a number of well-known algorithms, which is a recognized in-
terplanetary trajectory test platform. The eleven algorithms include Differential Evo-
lution (DE), Self-adaptive DE (jDE), Particle Swarm Optimization (PSO), Simple
Genetic Algorithm (SGA), Covariance Matrix Adaptation Evolution Strategy (CMA-
ES), Artificial Bee Colony (ABC), DE-1220, Monotonic Basin Hopping (MBH), DE
with p-best crossover (MDE pBX), Monte Carlo Search (MC), and Improved Harmony
Search (IHS). Because Messenger benchmark is not included in PyGMO, six GTOP
benchmarks are used. The basic parameter settings for each compared algorithm in
this paper are as follows, and more details can be found in PyGMO.

• DE: PopSize = 100, gen = 1,500, F = 0.5 ,CR = 0.5, variant = 2, ftol = 1e-030,
xtol = 1e-030;
• jDE: PopSize = 100, gen = 1,500, variant = 2, self adaptation = 1, memory =

0, ftol = 1e-030, xtol = 1e-030;
• PSO: PopSize = 100, gen = 1,500, omega = 0.7298, eta1 = 2.05, eta2 = 2.05,

variant = 5, topology = 2, topology param = 4;
• SGA: PopSize = 100, gen = 1,500, CR = 0.95, M = 0.02, elitism = 1, mutation

= GAUSSIAN(0.1), selection = ROULETTE, crossover = EXPONENTIAL;
• CMA-ES: cc = -1, cs = -1, c1 = -1, cmu = -1, sigma0 = 0.5, ftol = 1e-030, xtol

= 1e-030, memory = 0;
• ABC: PopSize = 100, gen = 1,500, limit = 20;
• DE-1220: PopSize = 100, gen = 1,500, self adaptation = 2, variants = [1, 2, 3,

4, 5, 6, 7, 8, 9, 10], memory = 0, ftol = 1e-030, xtol = 1e-030;
• MBH: gen = 1500, Compass Search stop = 1,500, perturb = 0.05;
• MDE pBX: gen = 1,500, percentage = 0.15, meanexponent = 1.5, ftol = 1e-030,

xtol = 1e-030;
• MC: iter = 150,000;
• IHS: iter = 150,000, phmcr = 0.85, ppar min = 0.35, ppar max = 0.99, bw min

= 1e-005, bw max = 1;
• HLSHADE: max eval = 150,000, PopSize = 18×D.
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Figure S2. Evolution of the mean objective function values derived from the seven algorithms versus FES
on GTOP benchmarks

7



T
a
b
le

S
5
.

E
x
p

er
im

en
ta

l
re

su
lt

s
o
f

H
L

S
H

A
D

E
a
n

d
el

ev
en

a
lg

o
ri

th
m

s
in

P
y
G

M
O

o
v
er

2
5

in
d

ep
en

d
en

t
ru

n
s

o
n

G
T

O
P

b
en

ch
m

a
rk

s.

B
en
ch
m
ar
k
s

P
ar
ad

ig
m

D
E

jD
E

P
S
O

S
G
A

C
M
A
-E
S

A
B
C

D
E
-1
22
0

M
B
H

M
D
E

M
C

IH
S

H
L
S
H
A
D
E

C
as
si
n
i1

B
es
t

5.
32
00

5.
30
34

5.
30
62

5.
76
91

10
.9
96
5

5.
78
88

4
.9
3
0
7

5.
51
74

5.
30
34

15
.7
19
0

11
.5
96
0

4
.9
3
0
7

W
or
st

11
.0
42
6

10
.9
96
5

12
.5
78
1

21
.5
35
6

17
.3
02
7

10
.9
02
0

17
.2
67
3

17
.1
29
6

16
.7
11
6

15
.7
19
0

28
.1
17
9

11
.0
32
0

M
ea
n

5.
75
24

5
.4
9
4
3

8.
07
15

13
.4
50
6

15
.8
65
7

7.
33
62

8.
58
11

9.
47
62

9.
82
29

15
.7
19
0

19
.6
87
1

5.
73
08

S
td

1.
08
56

1.
02
17

2.
80
08

4.
04
83

2.
01
56

1.
25
43

3.
90
57

3.
72
52

3.
44
81

0.
00
00

4.
33
15

1.
59
34

C
as
si
n
i2

B
es
t

15
.2
78
9

16
.0
01
8

11
.2
89
9

14
.2
18
6

18
.6
83
5

13
.7
02
8

9.
30
85

21
.0
51
5

16
.7
18
5

54
.5
69
6

36
.8
58
9

8
.8
1
0
1

W
or
st

24
.2
90
1

25
.5
08
5

23
.3
03
1

30
.2
83
2

25
.9
04
8

23
.9
78
8

25
.3
77
3

39
.9
88
2

23
.6
30
4

54
.5
69
6

53
.7
47
4

15
.9
93
2

M
ea
n

20
.7
68
2

20
.5
34
0

17
.5
79
1

23
.8
49
5

22
.7
29
4

18
.1
52
0

18
.7
38
4

31
.8
08
7

19
.2
99
4

54
.5
69
6

45
.9
34
9

1
2
.0
2
3
9

S
td

2.
15
18

2.
08
51

2.
67
61

3.
67
36

1.
94
82

2.
24
00

4.
31
05

5.
20
69

1.
51
47

0.
00
00

4.
10
98

2.
23
53

G
to
c1

B
es
t

-1
03
74
49
.8

-9
96
62
2.
0

-1
27
49
40
.2

-7
36
41
8.
9

-1
18
91
60
.1

-8
88
31
6.
8

-1
38
83
82
.1

-5
61
04
7.
2

-1
27
98
36
.1

-1
34
59
.3

-1
46
65
8.
8

-1
5
7
6
1
4
3
.0

W
or
st

-5
25
98
6.
0

-4
26
33
2.
7

-4
72
59
0.
0

-1
36
32
.7

-6
82
83
.3

-3
87
09
4.
4

-5
25
44
4.
0

-1
73
57
8.
6

-5
35
41
6.
7

-5
46
3.
5

-5
77
9.
6

-9
01
53
1.
2

M
ea
n

-7
03
42
1.
6

-6
50
89
1.
3

-8
86
61
5.
3

-1
94
01
4.
3

-7
44
22
7.
4

-6
36
52
0.
1

-8
74
15
6.
3

-3
65
04
8.
0

-9
33
25
5.
7

-6
00
5.
7

-2
43
73
.7

-1
1
9
3
0
3
3
.1

S
td

10
52
99
.2

13
00
67
.8

20
62
51
.4

22
22
98
.7

27
90
24
.6

13
56
91
.2

21
58
42
.0

11
89
28
.2

18
66
42
.1

18
70
.6

29
79
8.
7

15
12
51
.4

R
os
et
ta

B
es
t

5.
98
84

4.
80
21

2.
12
47

4.
94
63

2.
39
74

5.
28
28

2.
35
99

8.
06
50

1
.3
4
6
8

31
.4
98
4

22
.0
35
1

1.
55
28

W
or
st

11
.4
57
6

11
.1
57
1

9.
59
85

17
.4
16
5

8.
33
25

9.
77
75

13
.4
38
3

21
.0
92
7

8.
01
88

40
.5
91
0

34
.1
85
7

4.
09
74

M
ea
n

8.
89
06

8.
32
65

5.
91
76

11
.0
30
4

3.
87
62

7.
95
11

6.
28
08

15
.5
27
1

2.
53
05

39
.5
05
6

27
.4
36
1

2
.4
9
6
7

S
td

1.
53
59

1.
65
38

1.
76
02

3.
62
39

1.
10
50

1.
14
40

2.
73
74

3.
18
41

1.
44
60

2.
49
50

2.
83
82

0.
68
57

S
ag
as

B
es
t

33
9.
74
81

21
8.
31
13

78
.5
85
8

33
1.
59
02

92
.9
50
2

32
.2
40
0

99
.6
09
4

82
2.
40
27

33
4.
23
83

19
75
.6
65
0

14
01
.9
60
9

1
8
.5
8
2
6

W
or
st

99
8.
40
01

98
7.
78
64

98
0.
58
72

16
85
.2
88
3

14
31
.8
45
3

93
4.
82
73

99
0.
16
73

16
09
.1
57
4

99
8.
22
44

20
51
.1
17
5

24
52
.0
39
2

97
0.
12
47

M
ea
n

72
1.
51
20

66
3.
88
32

79
3.
55
63

10
76
.3
67
1

73
0.
96
69

37
5.
54
39

74
8.
31
94

12
04
.4
71
7

95
4.
21
62

20
48
.0
99
4

19
16
.9
47
4

2
8
1
.7
7
3
0

S
td

15
0.
06
81

22
7.
38
71

27
7.
54
40

28
1.
93
95

38
2.
84
95

21
2.
83
17

31
3.
59
75

22
5.
95
11

12
6.
89
73

14
.7
85
6

24
3.
73
74

29
4.
79
37

M
es
se
n
ge
r-
fu
ll

B
es
t

13
.3
50
4

15
.9
52
1

12
.9
23
4

11
.9
52
5

12
.6
51
5

12
.3
92
8

10
.7
86
1

18
.3
94
2

13
.0
60
8

47
.8
90
3

37
.9
87
0

5
.2
1
8
5

W
or
st

25
.5
57
4

24
.6
54
8

20
.2
48
3

32
.5
25
1

20
.4
09
2

21
.8
73
7

18
.6
56
5

45
.2
74
2

16
.7
89
3

47
.8
90
3

61
.1
43
3

14
.2
40
8

M
ea
n

20
.1
81
3

20
.1
60
3

16
.4
13
4

19
.3
90
8

14
.3
43
7

17
.5
67
4

15
.4
15
7

30
.6
20
9

15
.2
33
9

47
.8
90
3

51
.6
81
5

1
0
.5
3
4
4

S
td

3.
11
19

2.
14
56

1.
85
79

4.
62
69

2.
13
23

2.
40
39

2.
49
69

6.
90
45

1.
04
70

0.
00
00

5.
06
22

2.
51
58

8



Table S5 shows that DE-1220 and HLSHADE obtain the best solution (4.9307) on
Cassini1 benchmark, at the same time, the average performance of jDE is better than
the other algorithms. On Rosetta benchmark, MDE pBX obtains the best solution
(1.3468). Except that, it is evident that HLSHADE is superior to the other algorithms
in both best value and mean value on Cassini2, Gtoc1, Sagas, and Messenger-full
benchmarks.

Table S6 and Table S7 also present the statistical analysis results according to the
multiple-problem Wilcoxon’s test and the Friedman’s test, respectively. It can be seen
from Table S6 that HLSHADE obtains higher R+ values than R- values in all the
cases. Furthermore, the p values of all the cases except jDE are less than α = 0.05.
The Friedman’s test results in Table S7 indicate that HLSHADE obtains the best
ranking (1.1667) among the twelve algorithms. In summary, the above comparison
clearly demonstrates that HLSHADE is significantly better than the competitors.

Table S6. Results of the multiple-problem Wilcoxon’s test for HLSHADE and eleven algorithms in PyGMO

at α = 0.05 and at α = 0.1 significance level based on the mean values.

HLSHADE vs. R+ R− p value at α = 0.05 at α = 0.1

DE 21.0 0.0 0.03126 + +
jDE 20.0 1.0 0.06250 = +
PSO 21.0 0.0 0.03126 + +
SGA 21.0 0.0 0.03126 + +
CMA-ES 21.0 0.0 0.03126 + +
ABC 21.0 0.0 0.03126 + +
DE-1220 21.0 0.0 0.03126 + +
MBH 21.0 0.0 0.03126 + +
MDE-pBX 21.0 0.0 0.03126 + +
MC 21.0 0.0 0.03126 + +
IHS 21.0 0.0 0.03126 + +

Table S7. Average rankings of the twelve algorithms according

to the Friedman’s test based on the mean values.

Algorithm Ranking

DE 6.1667
jDE 5.3333
PSO 4.3333
SGA 8.8333
CMA-ES 5.6667
ABC 4.8333
DEA1220 4.8333
MBH 9.3333
MDE pBX 4.6667
MC 11.5000
IHS 11.3333
HLSHADE 1.1667

5. Experimental analysis of control parameter

In order to determine the initial values of parameters ρ1 and ρ2, the parameter sen-
sitivity experiment is done. The experiment tests a set of values of ρ1 and ρ2. The
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values of ρ1 are set as {5, 10, 15, 20, 25, 30} and the values of ρ2 are set as {3, 5, 10, 15}.
The experimental results are shown in Table S8-S9. The smaller the Friedman’s test
ranking value is, the better the corresponding setting is. It can be seen from Table
S8-S9 that ρ1 = 20 and ρ2 = 10 are the better choice parameters to HLSHADE.

Table S8. Average Rankings of the HLSHADE settings with

different ρ1. These ranking values are obtained by Friedman test
in terms of best result among 25 runs on GTOP problems.

Parameter setting Ranking

ρ1 = 5 5.8571
ρ1 = 10 4.5714
ρ1 = 15 3.5714
ρ1 = 20 2.1429
ρ1 = 25 2.4286
ρ1 = 30 2.4286

Table S9. Average Rankings of the HLSHADE settings with

different ρ2. These ranking values are obtained by Friedman test
in terms of best result among 25 runs on GTOP problems.

Parameter setting Ranking

ρ2 = 3 2.5714
ρ2 = 5 2.4286
ρ2 = 10 2.2857
ρ2 = 15 2.7143

6. Experiment analysis of each part of HLSHADE

To further confirm the effectiveness of each part of HLSHADE, HLSHADE
is compared with LSHADE SPS EIG, LSHADE SPS EIG+CMA-ES,
LSHADE SPS EIG+Interior-point on GTOP. In Table S10 and Table S11, it
can be seen that HLSHADE performs significantly better than LSHADE SPS EIG,
LSHADE SPS EIG+CMA-ES, LSHADE SPS EIG+Interior-point on 5, 6, 5 test prob-
lems. HLSHADE obtains the 2 similar results with LSHADE SPS EIG. HLSHADE
is worse than LSHADE SPS EIG+CMA-ES, LSHADE SPS EIG+Interior-point on 1
and 2 problems. Moreover, the results shown in Table S12 indicate that HLSHADE has
the best ranking (1.7143) among the four algorithms, LSHADE SPS EIG+Interior-
point and LSHADE SPS EIG+CMA-ES are ranked second and third, respectively.
In general, the above comparison clearly demonstrates that the different parts can
effectively improve the search performance of HLSHADE.
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Table S11. Results of the Wilcoxon’s rank sum test between HLSHADE and different parts of HLSHADE over

25 independent runs on GTOP.

Benchmarks LSHADE SPS EIG LSHADE SPS EIG+CMA-ES LSHADE SPS EIG+Interior-point

Cassini1 = + −
Cassini2 + + +
Gtoc1 = − +

Rosetta + + −
Sagas + + +

Messenger + + +

Messenger-full + + +
5+/ 2=/ 0− 6+/ 0=/ 1− 5+/ 0=/ 2−

“+”, “−”, “=” denote that the performance of HLSHADE is respectively better than, worse
than, and similar to the compared algorithms according to the Wilcoxon’s rank sum test at
α = 0.05.

Table S12. Average rankings of between HLSHADE and different parts
of HLSHADE according to the Friedman’s test based on the mean values.

Algorithm Ranking

LSHADE SPS EIG 3.4286
LSHADE SPS EIG+CMA-ES 2.8571
LSHADE SPS EIG+Interior-point 2.0000
HLSHADE 1.7143

7. Experiments on CEC2017 benchmark suite

To further test the performance of HLSHADE on the CEC benchmark suite, more
experiments have been done to examine it on CEC2017 benchmark suite. HLSHADE
is compared with the five algorithms including LSHADE, LSHADE SPS EIG, PaDE,
DISH, and LSHADE PWI on D=10, 30, 50. As for the five algorithms used in the
comparison, the corresponding parameter settings are the same in the recommended
settings on CEC2017 competition when conducting algorithm validation under this
test suite. Each of the six algorithms under tests is executed 51 runs with respect to
the test functions. The parameters of the experiment are set as follows:

(1) LSHADE: max eval=10, 000×D, PopSize=18×D, MinPopSize=4
(2) LSHADE SPS EIG: max eval=10, 000×D, PopSize=18×D, MinPopSize=4
(3) PaDE: max eval=10, 000×D, PopSize=round(25× logD×sqrtD), F = 0.8, CR

= 0.6, MinPopSize=4, pmax=pmin=0.11
(4) DISH: max eval=10, 000×D, PopSize=floor(25× logD × sqrtD), pmax=0.25,

pmin=0.125
(5) LSHADE PWI: max eval=10, 000×D, PopSize=18×D, MinPopSize=4
(6) HLSHADE: max eval=10, 000×D, PopSize=18×D, MinPopSize=4

HLSHADE is compared with the performance of these five algorithms in Table
S13, Table S15 and Table S17. Table S13 shows the results of Wilcoxon’s rank sum
test between HLSHADE and the compared algorithms on D=10. It can be seen
that HLSHADE performs significantly better than LSHADE, LSHADE SPS EIG,
PaDE, DISH, and LSHADE PWI on 12, 12, 10, 14, and 12 test problems respectively.
HLSHADE is worse on 9, 8, 12, 8, and 10 test problems respectively. Furthermore,
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HLSHADE obtains the 8 similar results with PaDE, DISH, and LSHADE PWI, and
the 10 similar results with LSHADE SPS EIG, and the 9 similar results with LSHADE.
From Table S15 and Table S17, it can be seen that the performance of HLSHADE is
worse than other five algorithms on benchmark functions at D=30 and D=50.

To further analyze the performances of the algorithms, the experimental results
on CEC2017 are discussed according to the following 3 categories: simple functions
(F1-F10), hybrid functions (F11-F20) and composition functions (F21-F30).

On ten simple functions, it can be seen that the performance of HLSHADE is worse
than other five algorithms at D=10, D=30 and D=50 from Table S14, Table S16 and
Table S18.

On ten hybrid functions, in Table S14, HLSHADE is better than LSHADE SPS EIG
and DISH in 5 and 6 functions respectively, while it is worse than LSHADE, PaDE,
and LSHADE PWI in 4, 6, 5 functions at D=10. Moreover, from Table S16, the per-
formance of HLSHADE is similar to LSHADE SPS EIG and LSHADE PWI, but is
worse than LSHADE, PaDE, and DISH on ten hybrid functions at D=30. From Table
S18, it can be seen that the performance of HLSHADE is better or similar to the
compared algorithms at D=50, except for DISH.

At last, on ten composition functions, it can find that HLSHADE is much bet-
ter than other five algorithms on ten composition functions at D=10 from Ta-
ble S14. HLSHADE is better than LSHADE, LSHADE SPS EIG, PaDE, DISH,
and LSHADE PWI on 9, 6, 8, 8, and 9 functions respectively, while it is worse
than LSHADE, LSHADE SPS EIG, PaDE, DISH, and LSHADE PWI on 1, 1, 2,
2, and 1 at D=10. In Table S16, HLSHADE is better or similar than LSHADE,
LSHADE SPS EIG, PaDE, and LSHADE PWI, respectively. In Table S18, the per-
formance of HLSHADE is worse than the compared algorithms.

At the same time, according to HLSHADE’s analysis results on GTOP benchmarks,
it can be seen that HLSHADE has better than the compared algorithms including
LSHADE, LSHADE SPS EIG, PaDE, DISH, and LSHADE PWI.

Based on the above experimental analysis, it is interesting to be found that
HLSHADE has better performance on GTOP benchmarks and composition functions
at D=10 and D=30 on CEC2017 test suite, but it has poor performance when solving
simple functions and partially hybrid functions on CEC2017 test suite, especially for
the 50-dimensional functions.

There are several reasons for this phenomenon and the future of work has been
found:

(1) HLSHADE is designed to solve the interplanetary trajectory optimization prob-
lem. Based on the search space characteristics analysis of interplanetary trajec-
tory optimization on GTOP, this type of problems have the characteristics of the
extreme non-linearity search space, a large number of locally optimal solutions,
and sensitivity to initial conditions. So, the global search algorithm without lo-
cal search is difficult to find the optimal solution of interplanetary trajectory
optimization problems. It can be seen that the hybrid global and local search
algorithms (such as HLSHADE and UMOEAsII) are more conducive to solving
the interplanetary trajectory optimization problems.

(2) Since the local search strategy of HLSHADE consists of two steps, they consume
a lot of function evaluation times in local search, which is a waste for simple
functions on CEC2017 test suite. Therefore, HLSHADE has a poor performance
on simple functions and partially hybrid functions on CEC2017 test suite.

(3) DISH has good global search on CEC2017 test suite, especially for high-
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dimensional functions. This inspires us to make hybrid improvements based on
DISH and its variants in future work to solve the interplanetary trajectory op-
timization problems.

Table S13. Experimental results of HLSHADE and five algorithms on CEC2017 benchmark suite at D=10.
LSHADE LSHADE SPS EIG PaDE DISH LSHADE PWI HLSHADE

Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
F1 0.00E+00 0.00E+00 = 1.18E−06 5.45E−06 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00
F2 0.00E+00 0.00E+00 = 6.34E−07 2.14E−06 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 7.61E−06 3.75E−05
F3 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00
F4 0.00E+00 0.00E+00 = 4.58E−02 2.21E−02 + 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00
F5 2.40E+00 9.78E−01 − 3.22E+00 1.09E+00 − 2.42E+00 8.72E−01 − 2.17E+00 7.63E−01 − 2.64E+00 7.40E−01 − 4.23E+00 9.51E−01
F6 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00
F7 1.22E+01 7.85E−01 − 1.33E+01 1.04E+00 − 1.23E+01 8.13E−01 − 1.20E+01 6.03E−01 − 1.22E+01 6.68E−01 − 1.44E+01 1.50E+00
F8 2.56E+00 1.09E+00 − 3.05E+00 1.01E+00 − 2.39E+00 7.73E−01 − 2.05E+00 1.06E+00 − 2.48E+00 8.76E−01 − 4.29E+00 1.13E+00
F9 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00
F10 2.30E+01 3.83E+01 − 4.75E+01 7.04E+01 − 3.80E+01 5.23E+01 − 4.65E+01 5.66E+01 − 3.28E+01 5.14E+01 − 8.75E+01 7.32E+01
F11 2.93E−01 6.54E−01 − 1.24E+00 7.10E−01 + 6.33E−01 8.17E−01 − 2.53E−10 1.80E−09 − 3.29E−01 6.63E−01 − 9.36E−01 7.01E−01
F12 1.96E+01 5.02E+01 + 3.40E+01 5.32E+01 + 2.15E+01 5.16E+01 + 1.44E+01 3.88E+01 + 1.21E+02 7.03E+01 + 7.35E−02 1.09E−01
F13 3.20E+00 2.48E+00 + 4.66E+00 2.75E+00 + 1.45E+00 2.28E+00 = 3.15E+00 2.28E+00 + 3.54E+00 2.51E+00 + 1.86E+00 1.21E+00
F14 1.30E−01 1.46E−01 − 1.20E−01 1.51E−01 − 2.91E−01 4.92E−01 − 8.16E−01 2.77E+00 = 1.33E−01 1.59E−01 − 5.65E−01 4.65E−01
F15 2.08E−01 2.09E−01 = 3.88E−01 4.15E−01 + 1.29E−01 1.87E−01 − 2.77E−01 2.20E−01 + 1.82E−01 2.09E−01 = 1.75E−01 2.58E−01
F16 3.84E−01 1.91E−01 = 4.35E−01 1.95E−01 = 3.75E−01 1.70E−01 − 8.24E−01 4.24E−01 + 3.66E−01 1.60E−01 − 3.98E−01 2.72E−01
F17 1.27E−01 1.37E−01 − 8.33E−02 1.25E−01 − 1.36E−01 1.75E−01 − 1.05E+00 2.84E+00 = 1.30E−01 1.40E−01 − 7.08E−01 6.45E−01
F18 1.90E−01 2.09E−01 + 4.07E−01 4.04E−01 + 2.39E−01 2.04E−01 + 2.88E−01 2.15E−01 + 2.20E−01 1.96E−01 + 7.12E−02 1.60E−01
F19 1.23E−02 1.62E−02 − 1.67E−02 1.02E−02 − 1.22E−02 1.06E−02 − 1.30E−02 1.28E−02 − 1.30E−02 1.06E−02 − 2.80E−02 1.94E−02
F20 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 1.13E+00 3.92E+00 + 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00
F21 1.83E+02 4.01E+01 + 9.80E+01 1.40E+01 = 1.45E+02 5.11E+01 + 1.39E+02 5.06E+01 + 1.00E+02 2.93E+00 + 1.00E+02 1.01E−08
F22 1.00E+02 4.04E−08 + 9.17E+01 2.57E+01 + 9.67E+01 1.69E+01 + 1.00E+02 6.24E−02 + 1.00E+02 4.01E−02 + 4.27E+01 4.59E+01
F23 3.03E+02 1.48E+00 + 3.05E+02 1.57E+00 + 2.96E+02 4.23E+01 + 3.02E+02 1.57E+00 + 3.04E+02 1.35E+00 + 2.88E+02 7.27E+01
F24 3.08E+02 6.93E+01 + 2.12E+02 1.17E+02 + 2.65E+02 1.02E+02 + 3.12E+02 6.25E+01 + 3.11E+02 6.32E+01 + 1.00E+02 2.83E+01
F25 4.14E+02 2.21E+01 + 3.98E+02 1.49E−01 + 4.13E+02 2.16E+01 + 4.06E+02 1.75E+01 + 4.14E+02 2.20E+01 + 3.98E+02 7.11E−02
F26 3.00E+02 1.11E−13 + 2.94E+02 4.20E+01 + 3.00E+02 0.00E+00 + 3.00E+02 0.00E+00 + 3.00E+02 9.09E−14 + 2.00E+02 1.43E+02
F27 3.89E+02 1.54E−01 + 3.89E+02 6.99E−01 = 3.93E+02 1.86E+00 + 3.89E+02 1.97E−01 + 3.89E+02 1.89E−01 + 3.89E+02 7.48E−01
F28 3.64E+02 1.23E+02 + 2.76E+02 8.15E+01 = 3.17E+02 6.74E+01 + 3.31E+02 8.77E+01 + 3.76E+02 1.31E+02 + 2.82E+02 7.13E+01
F29 2.34E+02 2.95E+00 − 2.38E+02 4.27E+00 − 2.34E+02 2.87E+00 − 2.34E+02 3.00E+00 − 2.34E+02 3.10E+00 − 2.41E+02 6.06E+00
F30 4.01E+02 1.67E+01 + 4.76E+02 5.29E+01 + 3.98E+02 1.31E+01 − 3.95E+02 3.47E−02 − 4.23E+02 2.26E+01 + 4.01E+02 2.66E+01

12+/9−/9= 12+/8−/10= 10+/12−/8= 14+/8−/8= 12+/10−/8=

“+”, “−”, “=” denote that the performance of HLSHADE is respectively better than, worse than, and

similar to the compared algorithms according to the Wilcoxon’s rank sum test at α = 0.05.

Table S14. Comparison between HLSHADE and five algorithms on three types of functions on CEC2017

benchmark suite at D=10.

Algorithm LSHADE LSHADE SPS EIG PaDE DISH LSHADE PWI

F1-F10 0+/4−/6= 1+/4−/5= 0+/4−/6= 0+/4−/6= 0+/4−/6=
F11-F20 3+/4−/3= 5+/3−/2= 2+/6−/2= 6+/2−/2= 3+/5−/2=
F21-F30 9+/1−/0= 6+/1−/3= 8+/2−/0= 8+/2−/0= 9+/1−/0=

“+”, “−”, “=” denote that the performance of HLSHADE is respectively better than, worse than, and

similar to the compared algorithms according to the Wilcoxon’s rank sum test at α = 0.05.
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Table S15. Experimental results of HLSHADE and five algorithms on CEC2017 benchmark suite at D=30.
LSHADE LSHADE SPS EIG PaDE DISH LSHADE PWI HLSHADE

Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
F1 0.00E+00 0.00E+00 = 4.37E+02 5.82E+02 + 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 5.43E−06 3.84E−05
F2 0.00E+00 0.00E+00 − 1.26E−06 2.17E−06 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 9.34E+10 1.18E+10
F3 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 1.45E−07 8.13E−08
F4 5.86E+01 4.57E−14 = 8.50E+01 4.83E−01 + 5.57E+01 1.42E+01 = 5.86E+01 4.18E−14 = 5.86E+01 4.62E−14 = 5.63E+01 1.11E+01
F5 6.40E+00 1.51E+00 − 2.34E+01 4.69E+00 − 8.55E+00 1.71E+00 − 6.51E+00 2.07E+00 − 6.20E+00 1.56E+00 − 3.51E+01 5.60E+00
F6 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 1.88E−08 8.22E−08 − 1.07E−08 3.72E−08 − 1.41E−03 9.86E−03
F7 3.73E+01 1.23E+00 − 5.57E+01 4.66E+00 − 3.86E+01 1.86E+00 − 3.73E+01 1.52E+00 − 3.75E+01 1.37E+00 − 6.93E+01 7.42E+00
F8 6.99E+00 1.62E+00 − 2.52E+01 3.82E+00 − 8.80E+00 2.03E+00 − 7.06E+00 2.14E+00 − 7.10E+00 1.57E+00 − 3.70E+01 9.31E+00
F9 0.00E+00 0.00E+00 − 5.65E+00 4.41E+00 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 1.98E+01 3.76E+01
F10 1.41E+03 1.92E+02 − 1.29E+03 2.49E+02 − 1.53E+03 2.03E+02 − 1.52E+03 2.27E+02 − 1.46E+03 1.83E+02 − 1.71E+03 2.67E+02
F11 1.67E+01 2.17E+01 + 1.08E+01 3.21E+00 − 1.68E+01 2.34E+01 + 6.21E+00 1.40E+01 − 2.21E+01 2.62E+01 + 1.48E+01 5.06E+00
F12 1.04E+03 3.74E+02 + 5.03E+02 2.52E+02 + 1.03E+03 3.84E+02 + 1.18E+02 8.61E+01 = 1.09E+03 3.51E+02 + 1.59E+02 1.24E+02
F13 1.59E+01 6.51E+00 − 9.92E+01 5.38E+01 + 1.36E+01 6.47E+00 − 1.86E+01 4.53E+00 − 2.60E+01 8.48E+00 = 2.38E+01 5.30E+00
F14 3.26E+01 6.24E+00 − 3.46E+01 1.22E+01 − 2.19E+01 3.44E+00 − 3.48E+01 5.66E+00 − 3.33E+01 6.39E+00 − 4.66E+01 1.24E+01
F15 3.66E+00 1.71E+00 − 1.63E+01 6.45E+00 + 3.06E+00 1.68E+00 − 1.29E+00 9.52E−01 − 2.45E+01 2.60E+01 + 5.61E+00 1.76E+00
F16 5.20E+01 5.57E+01 − 2.11E+02 1.17E+02 − 8.94E+01 8.59E+01 − 3.55E+01 4.83E+01 − 4.17E+01 4.29E+01 − 2.91E+02 1.08E+02
F17 3.22E+01 6.82E+00 − 3.66E+01 1.30E+01 − 3.01E+01 7.24E+00 − 3.77E+01 6.66E+00 − 3.22E+01 6.37E+00 − 4.64E+01 1.38E+01
F18 2.18E+01 1.11E+00 = 2.72E+01 6.43E+00 + 2.17E+01 1.07E+00 = 2.05E+01 2.88E+00 − 6.04E+01 3.01E+01 + 2.19E+01 2.80E+00
F19 5.72E+00 1.88E+00 − 1.29E+01 4.60E+00 + 5.18E+00 1.42E+00 − 6.06E+00 1.92E+00 − 7.95E+00 2.09E+00 = 8.67E+00 1.74E+00
F20 3.37E+01 4.76E+00 − 3.55E+01 3.71E+01 − 3.71E+01 7.76E+00 − 3.27E+01 7.21E+00 − 3.17E+01 6.43E+00 − 6.35E+01 4.23E+01
F21 2.07E+02 1.32E+00 − 2.28E+02 4.40E+00 + 2.08E+02 1.57E+00 − 2.07E+02 1.81E+00 − 2.08E+02 1.38E+00 − 2.21E+02 4.51E+01
F22 1.00E+02 9.20E−14 = 1.00E+02 1.11E−13 = 1.00E+02 1.00E−13 = 1.00E+02 2.11E−13 = 1.00E+02 1.17E−13 = 1.00E+02 2.88E−07
F23 3.52E+02 3.42E+00 − 3.71E+02 5.68E+00 − 3.45E+02 3.29E+00 − 3.52E+02 3.39E+00 − 3.52E+02 2.39E+00 − 3.84E+02 6.15E+00
F24 4.27E+02 1.64E+00 − 4.45E+02 5.14E+00 − 4.21E+02 2.28E+00 − 4.28E+02 2.09E+00 − 4.27E+02 1.71E+00 − 4.67E+02 7.01E+00
F25 3.87E+02 2.61E−02 + 3.87E+02 2.00E−02 + 3.87E+02 3.00E−02 + 3.87E+02 7.84E−03 − 3.87E+02 2.50E−02 + 3.87E+02 4.20E−02
F26 9.45E+02 4.68E+01 = 1.19E+03 5.22E+01 = 8.73E+02 4.24E+01 = 9.62E+02 4.45E+01 = 9.51E+02 3.66E+01 = 7.15E+02 5.85E+02
F27 5.05E+02 4.58E+00 + 5.00E+02 3.49E+00 = 5.06E+02 7.10E+00 + 4.98E+02 7.04E+00 = 5.04E+02 4.34E+00 + 4.99E+02 4.63E+00
F28 3.11E+02 3.36E+01 + 3.00E+02 1.98E+00 = 3.17E+02 3.95E+01 + 3.02E+02 1.45E+01 = 3.34E+02 5.48E+01 + 3.00E+02 8.87E−12
F29 4.34E+02 7.13E+00 = 4.06E+02 3.70E+01 − 4.32E+02 7.47E+00 = 4.39E+02 8.98E+00 = 4.34E+02 6.91E+00 = 4.27E+02 4.46E+01
F30 1.97E+03 3.65E+01 + 2.26E+03 2.40E+02 + 2.05E+03 6.17E+01 + 1.97E+03 1.50E+01 + 2.10E+03 1.20E+02 + 1.95E+03 6.44E+00

6+/17−/7= 10+/15−/5= 6+/17−/7= 1+/20−/9= 8+/14−/8=

“+”, “−”, “=” denote that the performance of HLSHADE is respectively better than, worse than, and

similar to the compared algorithms according to the Wilcoxon’s rank sum test at α = 0.05.

Table S16. Comparison between HLSHADE and five algorithms on three types of functions on CEC2017

benchmark suite at D=30.

Algorithm LSHADE LSHADE SPS EIG PaDE DISH LSHADE PWI

F1-F10 0+/7−/3= 2+/7−/1= 0+/7−/3= 0+/7−/3= 0+/7−/3=
F11-F20 2+/7−/1= 5+/5−/0= 2+/7−/1= 0+/9−/1= 4+/4−/2=
F21-F30 4+/3−/3= 3+/3−/4= 4+/3−/3= 1+/4−/5= 4+/3−/3=

“+”, “−”, “=” denote that the performance of HLSHADE is respectively better than, worse than, and

similar to the compared algorithms according to the Wilcoxon’s rank sum test at α = 0.05.
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Table S17. Experimental results of HLSHADE and five algorithms on CEC2017 benchmark suite at D=50.
LSHADE LSHADE SPS EIG PaDE DISH LSHADE PWI HLSHADE

Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
F1 0.00E+00 0.00E+00 = 2.52E+03 1.43E+03 + 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00
F2 0.00E+00 0.00E+00 − 1.29E+03 3.90E+03 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 1.96E+11 1.94E+10
F3 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 0.00E+00 0.00E+00 = 5.45E−07 5.74E−07
F4 6.36E+01 4.90E+01 + 7.65E+01 2.86E+01 + 7.51E+01 4.73E+01 + 5.94E+01 5.07E+01 = 5.26E+01 4.88E+01 = 2.87E+01 9.47E-01
F5 1.20E+01 1.81E+00 − 5.82E+01 9.33E+00 − 1.71E+01 2.50E+00 − 8.86E+00 2.98E+00 − 1.13E+01 2.32E+00 − 8.48E+01 1.38E+01
F6 4.14E−05 2.12E−04 − 9.50E−06 6.89E−06 − 1.29E−03 3.27E−03 − 1.28E−07 1.91E−07 − 1.18E−05 8.09E−05 − 1.93E−02 4.03E−02
F7 6.32E+01 2.14E+00 − 1.04E+02 8.43E+00 − 6.48E+01 2.10E+00 − 6.25E+01 2.30E+00 − 6.28E+01 1.64E+00 − 1.46E+02 1.25E+01
F8 1.09E+01 1.94E+00 − 5.58E+01 7.04E+00 − 1.75E+01 2.48E+00 − 8.73E+00 2.59E+00 − 1.15E+01 1.77E+00 − 8.13E+01 1.49E+01
F9 0.00E+00 0.00E+00 − 7.30E+01 2.89E+01 − 5.27E−03 2.13E−02 − 0.00E+00 0.00E+00 − 0.00E+00 0.00E+00 − 3.86E+02 4.32E+02
F10 3.17E+03 2.67E+02 = 2.74E+03 5.28E+02 − 3.13E+03 3.27E+02 − 3.39E+03 3.42E+02 = 3.19E+03 2.99E+02 = 3.28E+03 3.88E+02
F11 4.85E+01 9.69E+00 = 4.74E+01 5.01E+00 = 6.45E+01 1.25E+01 + 2.42E+01 3.71E+00 − 5.05E+01 1.06E+01 = 4.91E+01 7.13E+00
F12 2.19E+03 5.07E+02 + 8.65E+03 4.03E+03 + 2.18E+03 4.96E+02 + 1.41E+03 3.68E+02 + 4.56E+03 1.83E+03 + 1.18E+03 3.01E+02
F13 6.54E+01 3.40E+01 + 4.60E+02 4.31E+02 − 5.37E+01 2.49E+01 = 3.24E+01 2.11E+01 − 1.13E+02 6.20E+01 + 4.93E+01 1.91E+01
F14 2.41E+02 7.67E+01 − 3.65E+02 1.45E+02 − 3.03E+01 3.64E+00 − 2.75E+02 1.18E+02 − 2.51E+02 8.03E+01 − 4.27E+02 1.22E+02
F15 4.14E+01 1.13E+01 + 1.29E+02 4.77E+01 + 4.36E+01 1.07E+01 + 2.15E+01 2.15E+00 − 2.87E+02 5.95E+01 + 3.25E+01 4.91E+00
F16 4.26E+02 1.24E+02 − 5.96E+02 1.17E+02 = 3.70E+02 9.51E+01 − 4.46E+02 1.38E+02 − 3.89E+02 1.19E+02 − 6.45E+02 1.34E+02
F17 2.37E+02 7.35E+01 − 3.71E+02 1.33E+02 − 2.79E+02 5.15E+01 − 2.36E+02 8.40E+01 − 2.59E+02 6.68E+01 − 4.72E+02 1.05E+02
F18 4.29E+01 1.60E+01 + 6.08E+01 1.84E+01 + 4.12E+01 1.32E+01 + 2.31E+01 1.34E+00 − 1.95E+02 5.87E+01 + 2.74E+01 3.28E+00
F19 2.37E+01 4.50E+00 + 3.60E+01 6.71E+00 + 2.88E+01 8.57E+00 + 1.30E+01 3.07E+00 − 7.71E+01 1.72E+01 + 2.03E+01 3.24E+00
F20 1.64E+02 6.61E+01 − 2.47E+02 1.34E+02 − 1.64E+02 6.45E+01 − 1.42E+02 7.02E+01 − 1.82E+02 7.58E+01 − 2.93E+02 9.37E+01
F21 2.13E+02 2.64E+00 − 2.62E+02 7.89E+00 + 2.18E+02 2.28E+00 − 2.11E+02 2.78E+00 − 2.13E+02 2.64E+00 − 2.90E+02 1.13E+01
F22 1.89E+03 1.81E+03 + 6.47E+02 1.21E+03 = 6.04E+02 6.04E+02 = 2.72E+03 1.65E+03 + 1.92E+03 1.82E+03 + 6.05E+02 1.29E+03
F23 4.32E+02 4.10E+00 − 4.80E+02 9.13E+00 − 4.27E+02 5.86E+00 − 4.31E+02 5.69E+00 − 4.32E+02 3.88E+00 − 5.16E+02 1.16E+01
F24 5.09E+02 2.44E+00 − 5.41E+02 7.81E+00 − 5.04E+02 5.03E+00 − 5.11E+02 2.68E+00 − 5.09E+02 2.53E+00 − 6.07E+02 1.80E+01
F25 4.83E+02 1.18E+01 + 4.81E+02 5.65E+00 + 5.02E+02 3.01E+01 + 4.80E+02 1.62E+00 + 4.82E+02 1.17E+01 + 4.80E+02 5.03E−03
F26 1.18E+03 4.79E+01 − 1.70E+03 1.00E+02 − 1.11E+03 7.46E+01 − 1.18E+03 4.85E+01 − 1.17E+03 4.35E+01 − 2.10E+03 1.03E+02
F27 5.44E+02 2.15E+01 = 5.21E+02 1.55E+01 − 5.40E+02 1.19E+01 = 5.18E+02 1.11E+01 − 5.33E+02 1.23E+01 − 5.41E+02 1.19E+01
F28 4.78E+02 2.39E+01 + 4.59E+02 2.80E−05 = 4.98E+02 1.96E+01 + 4.59E+02 4.30E−13 = 4.74E+02 2.27E+01 + 4.59E+02 3.49E−09
F29 3.51E+02 1.05E+01 − 3.78E+02 1.92E+01 − 3.51E+02 1.10E+01 − 3.68E+02 1.49E+01 − 3.53E+02 1.07E+01 − 4.42E+02 6.70E+01
F30 6.85E+05 1.04E+05 + 6.89E+05 7.55E+04 + 6.20E+05 4.39E+04 + 6.17E+05 4.39E+04 + 6.59E+05 7.53E+04 + 5.93E+05 2.38E+04

10+/15−/5= 9+/16−/5= 9+/16−/5= 4+/21−/5= 9+/16−/5=

“+”, “−”, “=” denote that the performance of HLSHADE is respectively better than, worse than, and

similar to the compared algorithms according to the Wilcoxon’s rank sum test at α = 0.05.

Table S18. Comparison between HLSHADE and five algorithms on three types of functions on CEC2017

benchmark suite at D=50.

Algorithm LSHADE LSHADE SPS EIG PaDE DISH LSHADE PWI

F1-F10 1+/6−/3= 2+/7−/1= 1+/7−/2= 0+/6−/4= 0+/6−/4=
F11-F20 5+/4−/1= 4+/4−/2= 5+/4−/1= 1+/9−/0= 5+/4−/1=
F21-F30 4+/5−/1= 3+/5−/2= 3+/5−/2= 3+/6−/1= 4+/6−/0=

“+”, “−”, “=” denote that the performance of HLSHADE is respectively better than, worse than, and

similar to the compared algorithms according to the Wilcoxon’s rank sum test at α = 0.05.
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