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Strategy Self-adaptive Differential Evolution Algorithm Based on
State Estimation Feedback
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Abstract Inspired by the idea of closed-loop control, a strategy self-adaptive differential evolution (DE) algorithm based
on state estimation feedback is proposed, the stage of individual can be self-adaptively determined by designing the state
judgment factor, and achieve the feedback adjustment of mutation strategies. Consequently, the algorithm can get a
trade-off between the exploration and exploitation. Firstly, the estimation model of evolution state is established based
on abstract convex theory, from which the underestimation information is extracted combining with the evolutionary
information to design the state judgment factor, so that the evolution state of the current population is estimated.
Secondly, according to the feedback information of the state judgment factor, the strategy in different evolution state is
adaptively selected to guide the evolution of the population. Therefore, the searching efficiency of the algorithm can be
improved. Additionally, experimental results of 20 benchmark functions and CEC2013 test set show that the proposed
algorithm is superior to the main-stream differential evolution variants and non-differential evolution algorithms mentioned

in this paper in terms of computational cost, convergence speed, and solution quality.
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Table 1  The parameters of benchmark functions

Eh e Fik HH (N) HUETE R AR/ ME
N
Sphere fi(z) = 2 30,50  (—100,100)N 0
i=1
N
SumSquares fo(xz) = Y ix? 30, 50 (—10,10)N 0
i=1
N N
Schwefel 2.22 fal@) = 3 |zl + 11 |zi] 30,50  (—10,10)N 0
i=1 i=1
N
Exponential fa(x) = —exp(—0.5) z?) 30, 50 (-1, )N -1
i=1
N
Tablet Fol) = 10%2 + 3" o2 30,50  (—100,100)™ 0
i=2
Step fo(@) = 5 |z +0.5)2 30,50  (—100,100)™ 0
i=1
N N N
Zakharov Fol@) = 3 22 + 5 (0.5iz)? + 5 (0.5iz,) 30,50  (=5,10)Y 0
i=1 i=1 i=1
N-—1
Rosenbrock fa(x) = X [100(zis1 — 22)2 + (z; — 1)?] 30, 50 (—30,30)N 0
i=1
N N )
Griewank fo(®) =1+ 5555 2 =7 — I cos(E) 30,50  (—600,600)N 0
i=1 i=1
N-—1
Schaffer 2 fro(@) = 3 (22 +22,,)° 5 (sin?(50(a? + 22,,)°1) + 1) 30,50  (—100,100)N 0
i=1
N .
Schwefel 2.26 fu(@) = — % zisin(y/Ta]) 30,50  (—500,500)F —12569.18
i=1
N
Himmelblau Fra(@) = N-1 5 (* — 1622 + 5z.) 30, 50 (—=5,5)N  —78.3323
i=1
N-—-1
Levy and Montalvo 1 fis(®) = & (10sin*(mya) + 2 (v — 1)?[1+
i=1
10sin® (myi 1)) + (yn — 1)2), g =1+ (2 + 1) 30,50  (—10,10)¥ 0

N-1
Levy and Montalvo 2 fia(x) = 0.1(sin®(37z;) + Y (x; — 1)2[1 + sin?(37w;41)]+
i=1
(zn — 1)2[1 + sin?(27zn)]) 30, 50 (—5,5)N 0
N
Ackley fis(@) = —20 exp(—O.OQ\/N*I S 22) — exp(N-1 30,50  (—30,30)Y 0
i=1
N
> cos(2mz;)) +20+ e
i=1
N
Rastrigin fi6(x2) = 10N + 3 (22 — 10 cos(27z;)) 30, 50 (=5,5)N 0
i=1
Penalized 1 fir(z) = £{X2 Ny — D21 +sin(myi1)] + (ynv — 1)+

(10sin?(my: )} + SN, u(zs, 10,100, 4),

yi =1+ ”i4¢
k(z; —a)™, T >a
u(zi,a,k,m) =1 0, —a<zi<a 30, 50 (—50,50)N 0

k(—z; —a)™, =z < —a

Penalized 2 fig(z) = 0.1{sin?>(Bmz1) + X 5 (25 — 1)%[1 + sin? (3mzs41)]+
(zx — 1)?[1 +sin?(2rzn)]} + XN, u(es, 5,100, 4) 30,50  —(50,50)N 0
N N
Neumaier fio(®) = 3 (x: — 1) = 3 zimiq + w 30,50  (—900,900)" 0
i=1 i=2

N
Alpine fao(x) = X |zisinz; + 0.1z, 30, 50 (—10,10)N 0
i=1




A M ST ARA R0 o0 R L 759
# 2 SEFDE 1124 K #&%E N T-H R 0TI R B sl =
Table 2 Average numbers of function evaluations and success rates of parameter settings K in SEFDE
K=2 K=3 K=4 K=5 K=6
Fun N
FEs SR FEs SR FEs SR FEs SR FEs SR
f 30 1.51E404 1.00 1.19E+404 1.00 1.26E+4-04 1.00 1.21E404 1.00 1.18E+4-04 1.00
fo 30 1.17E+404 1.00 1.14E+404 1.00 1.19E4-04 1.00 1.06E4-04 1.00 1.14E4-04 1.00
fs 30 1.85E4-04 1.00 1.76E4+04 1.00 1.73E+04 1.00 1.75E4-04 1.00 1.83E4-04 1.00
fa 30 7.88E+03 1.00 7.89E+03 1.00 7.85E+03 1.00 7.83E+03 1.00 7.87TE+03 1.00
fs 30 2.94E+04 1.00 2.97E+04 1.00 2.93E+04 1.00 2.91E+04 1.00 2.90E+04 1.00
fe 30 8.94E4-03 1.00 8.61E+03 1.00 8.56E+03 1.00 8.28E+-03 1.00 8.45E4-03 1.00
fr 30 1.46E4-05 1.00 1.45E4-05 1.00 1.46E4-05 1.00 1.46E4-05 1.00 1.44E4-05 1.00
fs 30 1.24E405 1.00 1.20E+405 1.00 1.21E4-05 1.00 1.22E405 1.00 1.21E405 1.00
fo 30 1.28E+4-04 1.00 1.26E+04 1.00 1.25E+04 1.00 1.27E+404 1.00 1.24E+4-04 1.00
fio 30 1.00E+4-05 1.00 1.09E+4-05 1.00 1.10E4-05 1.00 1.07TE4-05 1.00 1.09E4-05 1.00
fi1 30 4.43E404 1.00 4.34E4-04 1.00 4.57E4+04 1.00 4.40E+404 1.00 4.48E+04 1.00
fi2 30 1.24E4-04 1.00 1.71E+04 1.00 1.74E4-04 1.00 1.64E+404 1.00 1.70E+4-04 1.00
fis 30 1.26E+404 1.00 1.24E+04 1.00 1.26E+404 1.00 1.27TE404 1.00 1.26E+04 1.00
fia 30 1.18E+4-04 1.00 1.19E+04 1.00 1.20E4-04 1.00 1.22E4-04 1.00 1.19E4-04 1.00
fis 30 2.02E+04 1.00 1.95E4+04 1.00 2.01E+04 1.00 2.02E+4-04 1.00 1.98E+4-04 1.00
fie 30 5.60E+04 1.00 5.44E+04 1.00 5.62E+04 1.00 5.34E+04 1.00 5.66E+04 1.00
fir 30 1.90E+4-04 1.00 1.96E+04 1.00 1.91E+04 1.00 1.92E+4-04 1.00 1.98E+4-04 1.00
fis 30 2.32E+04 1.00 2.29E+04 1.00 2.32E+04 1.00 2.30E4-04 1.00 2.29E+04 1.00
fi9 30 1.72E405 1.00 1.70E+05 1.00 1.67TE405 1.00 1.70E+4-05 1.00 1.68E+05 1.00
Je0 30 3.62E+4-04 1.00 3.75E+04 1.00 3.13E+04 1.00 3.48E+404 1.00 3.47E4-04 1.00
AVE 4.41E4-04 1.000 4.42E4-04 1.000 4.41E404 1.000 4.40E4-04 1.000 4.41E4-04 1.000
£33 REOCFH YA R
Table 3 Compared data on function evaluations and success rates
Fun N DELU SHADE EPSDE CoDE SEFDE
FEs SR FEs SR FEs SR FEs SR FEs SR
f 30 1.22E+4-04 1.00 2.35E+4-04 1.00 1.67E+04 1.00 4.02E+4-04 1.00 1.21E+404 1.00
f2 30 1.07E+04 1.00 2.16E+4-04 1.00 1.51E4+04 1.00 3.63E+404 1.00 1.06E+404 1.00
fs 30 3.15E+04 1.00 3.42E4-04 1.00 2.32E+04 1.00 5.64E4-04 1.00 1.75E+404 1.00
fa 30 7.98E+03 1.00 1.67E404 1.00 9.36E+03 1.00 2.24E4-04 1.00 7.83E4+03 1.00
fs 30 2.55E+04 1.00 2.67E404 1.00 1.83E+404 1.00 4.13E4-04 1.00 2.91E+04 1.00
fe 30 1.16E4-04 1.00 1.19E4-04 1.00 8.33E+03 1.00 2.01E+04 1.00 8.28E+03 1.00
fr 30 7.71E+04 1.00 5.98E-+04 1.00 1.33E4-05 1.00 7.80E+04 1.00 1.46E4-05 1.00
fs 30 7.09E+04 1.00 1.09E+405 1.00 1.16E+405 0.87 2.37TE+05 1.00 1.22E4-05 1.00
fo 30 1.54E+04 1.00 2.56E+04 1.00 1.76E+04 0.83 4.39E+04 1.00 1.27E+404 1.00
f1o 30 9.78E-+04 1.00 1.08E+405 0.97 1.13E+4-05 1.00 1.73E405 1.00 1.07E+405 1.00
fi1 30 1.34E+04 1.00 9.67TE+04 1.00 3.71E+04 1.00 6.00E+04 1.00 4.40E4-04 1.00
fi2 30 1.98E+04 1.00 3.35E+04 0.97 2.33E+04 1.00 3.56E+04 1.00 1.64E+04 1.00
fis 30 1.05E+04 1.00 1.67E4+04 1.00 1.30E+04 1.00 2.63E+404 1.00 1.27E4+04 1.00
fia 30 8.71E+03 1.00 1.71E404 1.00 1.15E404 1.00 2.70E+404 1.00 1.22E404 1.00
fis 30 2.65E+04 1.00 3.21E+404 1.00 2.32E+04 1.00 5.68E+404 1.00 2.02E+04 1.00
fie 30 5.94E+04 1.00 1.24E4-05 1.00 6.40E+04 1.00 1.30E+4-05 0.97 5.34E+04 1.00
fi7 30 9.17E+03 1.00 1.92E4-04 1.00 1.29E+04 1.00 3.03E+4-04 1.00 1.92E+04 1.00
fis 30 1.52E+4-04 1.00 1.50E+04 1.00 1.59E+04 0.97 3.54E4-04 1.00 2.30E+04 1.00
fio 30 1.68E+405 0.97 1.09E+05 1.00 NA 0.00 2.69E+05 1.00 1.70E+05 1.00
f20 30 NA 0.00 NA 0.00 1.00E+05 1.00 NA 0.00 3.48E+04 1.00
AVE 4.96E4-04 0.95 6.00E+4-04 0.947 5.36 E+04 0.934 8.59E+-04 0.949 4.40E+04 1.000
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Table 4

Compared data of 30 D optimization results on DELU., SHADE., EPSDE., CoDE. SEFDE, Mean (Std)

DELU SHADE

Fun N

EPSDE CoDE SEFDE

Mean error (Std Dev)

Mean error (Std Dev)

Mean error (Std Dev)

Mean error (Std Dev)

Mean error (Std Dev)

fi 30  9.25E—19(2.99E—36)"T  2.87TE—19(2.31E—19)*
fo 30  2.56E—32(4.00E—32)T  4.40E—20(3.25E—20)"
fs 30 1.46E—11(1.23E—11)"  4.98E—10(2.39E—10)"
fa 30 0.00E400(0.00E400)~ 4.07TE—17(5.44E—17)F
fs 30 1.65E—20(4.70E—20)"  1.97E—18(2.27E—18)~
fs 30 0.00E+00(0.00E+00)~ 0.00E+00(0.00E+00)~

fr 30
fs 30

1.82E—04(3.39E—04)
1.28E—04(1.36E—04)

3.57E—04(1.00E—03)~
1.81E+01(1.11E+00)~

fo 30 0.00E-+00(0.00E+00)~ 2.47E—04(1.35E—03)%"
fio 30 2.03E—02(6.76E—03) 3.56E—01(5.96E—02)"
fi1 30 0.00E+00(0.00E+00)~ 1.75E+02(5.85E+01)%

fiz 30
fiz 30

0.00E+00(0.00E+400)~
2.19E—30(2.11E—30)"

3.14E—05(1.02E—07) "
5.53E—21(5.00E—21)"

fia 30  1.36E—32(3.13E—34)T  4.07E—21(6.03E—21)"
fis 30  2.42E—10(1.35E—10)"  1.19E—10(6.88E—11)"
fis 30  1.99E—06(2.50E—06)T  2.30E+401(2.38E+400)*
fiz 30  4.57E—26(7.30E—26)T  2.85E—20(4.26E—20)"
fis 30  3.80E—21(4.03E—21)"  3.51E—19(3.01E—19)"
fio 30 3.67TE+02(4.24E402)” 6.53E402(6.50E+02)F
f20 30  2.20E—01(1.67TE—05)"  1.60E—02(1.92E—03)"

+/~ /-

10/5/3

16/1/3

3.87E—31(9.46E—31)"

5.52E—31(1.94E—30)"

1.29E—16(2.15E—16)T
0.00E+00(0.00E+400)~
8.85E—30(1.75E—29)~

0.00E+00(0.00E+00)~ 0.00E+00(0.00E+00)~

1.42E401(2.25E4+01)
8.61E400(2.09E-+00) ~
6.57TE—04(2.50E—03) T
2.35E—01(1.31E—01)"
0.00E+00(0.00E+00)~

0.00E+00(0.00E+00)~ 0.00E+00(0.00E+00)~

2.91E—29(1.14E—28) "
1.75E—32(9.04E—33)
6.04E—15(1.66E—15)"
5.48E—02(1.39E—01)"
6.02E—32(1.48E—31)"
3.66E—04(2.01E—03)"
9.64E402(4.81E+02)"
1.38E—03(1.06E—03) "
12/4/4

2.16E—10(1.73E—10)"
2.83E—11(2.61E—11)T
3.86E—06(1.32E—06) T
1.30E—14(1.13E—14) "
4.04E—10(3.04E—10)"

5.69E—04(7.53E—04)~
1.97E+01(5.80E—01)~
2.47TE—07(7.34E—07)"
1.97E4+00(4.24E—01) "
1.66E—02(3.13E—02)T

1.80E—13(3.36E—13)
1.31E—13(1.51E—13)*
3.75E—06(1.88E—06) T
3.30E+01(5.81E+00)"
1.44E—12(1.26E—12)*
2.45E—11(2.36E—11)"
6.92E402(8.00E+02) "
1.75E400(1.47E+00)*
16/2/2

4.01E—38(5.05E—38)
5.83E—42(9.48E—42)
2.03E—23(1.62E—23)
0.00E+00(0.00E+00)
1.06E—15(3.87E—16)
0.00E+00(0.00E+00)
3.59E+01(1.12E+01)
2.54E+01(8.26E—01)
0.00E+00(0.00E+00)
1.84E—01(7.45E—02)
0.00E+00(0.00E+00)
0.00E+00(0.00E+00)
1.57E—32(0.00E+00)
1.35E—32(0.00E+00)
4.00E—15(1.02E—15)
5.18E—07(1.12E—06)
2.09E—26(1.95E—26)
2.48E—21(4.41E—21)
6.23E402(5.05E+02)
2.07E—13(2.86E—13)

,/,/,
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Table 5

%5 DELU, SHADE. EPSDE. CoDE. SEFDE % 50 i s 2 b 45
Compared data of 50 D optimization results on DELU, SHADE, EPSDE., CoDE. SEFDE, Mean (Std)

, FIME (hRifEE)

Fun N

DELU
Mean error (Std Dev)

SHADE
Mean error (Std Dev)

EPSDE
Mean error (Std Dev)

CoDE
Mean error (Std Dev)

SEFDE
Mean error (Std Dev)

2.52E—-50(7.95E—50) "
1.80E—51(3.75E—51)~
5.63E—29(1.68E—28)"
1.33E—16(4.68E—17) "
3.04E—50(7.79E—50)~
5.00E—01(7.07E—01)"
2.22E+02(6.11E+01) "
2.72E401(1.81E4+01)~
2.46E—03(5.69E—03)"
3.12E—03(4.16E—03)~
0.00E+00(0.00E+00)~
0.00E+00(0.00E+00)~
9.46E—33(6.47TE—35)"
1.40E—32(8.62E—34) "
1.14E—-14(4.97E—15) "
4.42E4+00(1.09E401)F
1.00E—32(1.96E—33)~
1.10E—03(3.47TE—03) "
1.26E+04(1.65E403)~
2.80E—01(4.22E—02) "

4.94E—21(5.74E—21) "
4.46E—22(6.24E—22)"
6.05E—12(2.77TE—12)"
0.00E+00(0.00E+00)~
1.01E—20(1.21E—20)*
0.00E+00(0.00E+00)~
2.80E—04(3.97E—04)~
5.16E+01(2.64E+01) "
0.00E+00(0.00E+00)~
1.11E—01(7.80E—02)~
0.00E+00(0.00E+00)~
0.00E+00(0.00E+00)~
4.76E—25(4.46E—25)T
1.06E—24(8.10E—25)T
8.59E—12(4.34E—12)"
4.27E4+01(7.39E400)*
9.53E—24(4.52E—25)"
1.29E—22(1.22E—22)"
1.09E+04(1.44E403)~
3.20E—01(4.22E—02)"

2.30E—57(2.91E—57)
1.59E—42(2.13E—42)
5.52E—29(4.63E—29)
0.00E+00(0.00E+00)
1.50E—27(1.66E—27)
0.00E+00(0.00E+00)
9.43E+01(9.34E400)
3.73E+01(3.74E+00)
0.00E+00(0.00E+00)
2.19E—01(2.67E—01)
0.00E+00(0.00E+00)
0.00E+00(0.00E+00)
1.44E-33(1.11E—33)
1.33E—32(0.00E+00)
1.04E—15(3.89E—15)
1.96E—07(1.10E—07)
1.68E—26(3.74E—26)
1.71E—24(3.73E—24)
1.66E+04(2.24E+03)
0.00E+00(0.00E+00)

fi 50  4.24E—42(4.13E—42)"  2.05E—53(3.34E—53)7
fo 50  1.92E—32(4.01E-32)T 1.35E—53(3.43E—53)~
fs 50  T7.87TE—29(9.66E—29)T  2.22E-27(1.67E—27)%
fa 50 0.00E+00(0.00E400)~ 9.99E—17(3.51E—17)%
fs 50  7.64E—21(8.52E—21)" 1.03E—52(1.07TE—52)~
fs 50 0.00E4+00(0.00E+00)~ 0.00E+00(0.00E+00)~
fr 50  1.77TE—04(9.11E—05)" 8.22E—07(1.80E—06)~
fs 50 2.59E—06(1.29E—06)" 1.34E401(1.83E+00)~
fo 50 0.00E+00(0.00E+00)~ 0.00E-+00(0.00E+00)~
fio 50  2.28E—02(1.14E—02)"  5.45E—02(3.68E—02)~
fi1 50 0.00E+00(0.00E400)~ 1.19E401(3.79E+01)*
fiz 50 0.00E+00(0.00E+00)~ 3.39E—01(3.95E—01)"
fiz 50  9.42E—33(1.44E—48)"  9.42E—33(1.44E—48)T
fia 50  1.35E—32(2.88E—48)T  1.35E—32(2.88E—48)T
fis 50  6.13E—15(1.95E—15)"  7.11E—15(0.00E400)"
fis 50  2.45E—07(1.58E—07)T  1.84E-01(5.31E—02)*
fiz 50  3.25E—30(1.48E—30)" 9.42E—33(1.44E—48)~
fis 50  3.08E—32(5.23E—33)" 1.36E—32(3.90E—34)~
fio 50  8.90E+03(6.05E4+03)" 1.04E-+03(6.24E+02)~
f2o 50  2.7T0E—01(4.67E—02)*  2.60E—01(5.16E—02)"
+/ = /- 9/5/6 10/2/7

12/2/6 12/5/3 )/~

ol 3, R R A X R B fa, fe, fua,
Jiz WIACACPE RE S A S A A I, 2 B oR ) B YA
DELU, SHADE. EPSDE. CoDE 5 SEFDE &3
Bte bS8 &R Horb, XFteR L fio,
Jair, fro IS RA & DELU, {H SEFDE .5
TSR B4, SEFDE %feR%L f5, fr, fs 0L E
HRFE, TR T R B T DA B SRR AR AU A AR
(1), e, T EPSDE fRAFEAR A A 1 AR 53 A0
SR, XT fs (Schwefel2.22 7] @) 3X I8 BASEpR £
ARSI F5; {5 EPSDE X f; (Zakharov [
&) Bfifk5 SEFDE 45 A R — 8, A
DELU. SHADE, CoDE; fs (Rosenbrock [ )
MHAERRT 3 BNAS h 2 AR £, B4k SEFDE
REMB AR P4k 21 SRy 8 e U0 A, (EL 2 | 1 ek gkt
WA Z o HEL A W, S5 2tz Fa N s i st
M4 FR[PAE W, BT DELU 53k RS EE
GIAAG VA 4545 R A B4 A1, HoAth S A e 5L 56
WS AR B R A, OF B BIEX fr, fs PR
TR ARIRF] 107° [RAE L.

AT Bk P $E SEFDE 5535 5% 15 4 oR 500 O
ke, 28 BIXTIX 5 BB E R4 50 4 g AU AR 1fE
W3k bR B A B2 B, Al 25 R AR R AN AR Nk
5 fn, TEAHE 20 AW B A 12 SRk
&5 AL T HoAth 4 FhAA, F B SEFDE Xt 50
4E R E A AL ROR R FE AL B A& 2. DELU X

AL fr. fsv fros firs fiss fro WIDGALSS R EFT
SEFDE, {H SEFDE £ 9 4~ & £ 1 1k 45 R 47
T DELU, 35X} H 4 o 50 e 15 31 42 Jey o fI0 i
SHADE A 7 MR E kg R 47 F SEFDE, %k
s 235 SR A L v A R B A AR MR RE RS, {HA 10
R L &5 R i T SEFDE; SEFDE Xt 5% £
Jov f5+ fs Jros firs fio WIRALEE Rith T EPSDE,
TENL B M ARMHE A 12 AR BRI &S R4 T
EPSDE, X% fi1+ fio BALRCRARIE; SEFDE
5 CoDE Mk, —#FA 5 MBI SR AT, %t
12 AR B AL T T CoDE, XTeR%K f7. fio fio B
AL 2%

2.2.3 UKSLIERE

B, R sE )% ok 2w SEFDE 53945
TP YIWCHGE B 7 T L %, 1B 4 S A R
WIERKEREL f1, fo, fis, fro 22 P39 UCSI0h 2k K E
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Compared data of optimization results on CLPSO, CMA-ES, GL-25 and SEFDE, Mean (Std)

GL-25
Mean error (Std Dev)

SEFDE
Mean error (Std Dev)

Table 6
Fun N CLPSO CMA-ES
Mean error (Std Dev) Mean error (Std Dev)
f1 30 9.13E—14(3.33E—14)" 1.97E—29(2.07E—30) T
fa 30 9.79E—15(5.44E—15)" 3.75E—28(4.61E—29)*"
fs 30 4.48E—09(1.48E—09) " 2.03E—14(9.76E—16)*
fa 30 3.37TE—16(7.98E—17)" 4.81E—17(5.60E—17)"
fs 30 9.33E—14(6.40E—14)" 1.50E—24(2.15E—25)*
fe 30 0.00E+00(0.00E+00)~ 0.00E+00(0.00E+00)~
fz 30 4.73E4-00(1.20E+00) ™ 2.95E—27(4.82E—28)~
fs 30 1.95E401(2.62E4-00) 2.66E—01(1.01E+00)~
fo 30 2.40E—09(3.67E—09)" 1.40E—03(3.70E—03) "
f1o 30 1.54E—01(2.09E—02) ~ 2.50E402(1.23E+01) "
1 30 0.00E+00(0.00E+00)~ 5.19E+03(6.07E+02) "
fiz 30 0.00E+00(0.00E+00)~ 1.30E+01(2.50E+00) "
fis 30 1.13E—17(6.31E—18)* 9.13E—01(1.06E+400)*
fia 30 5.94E—17(3.31E—17)" 1.10E—03(3.35E—03) T
fis 30 9.76E—08(2.38E—08) " 1.93E+01(1.97E—01)"
fie 30 9.41E—07(6.48E—07) " 2.20E+02(5.64E+01)T
fi7 30 3.49E—16(1.59E—16)" 1.73E—02(3.93E—02) "
fis 30 2.52E—14(1.22E—14) " 2.20E—03(4.47TE—03)"
f1o 30 6.26E+03(9.93E+02) 5.59E—10(7.36E—11)~
f20 30 2.33E—04(9.49E—05)" 8.96E—02(1.46E—01)"
+/~ /- 15/3/2 16/1/3

4.78E—87(1.69E—86)"
2.66E—78(1.25E—77)"
2.98E—28(1.12E—27) "

0.00E+00(0.00E+00)~

4.38E—85(2.40E—84)~

0.00E+00(0.00E+00)~
3.14E—02(8.77TE—02)~
2.21E4+01(6.19E—01)"
1.61E—15(4.55E—15) "
2.95E+00(1.00E+00) "
4.46E+03(1.36E+03) T
3.14E—05(3.97TE—14)"
8.82E—31(4.10E—30)T
1.28E—30(5.05E—30) "
1.09E—13(1.91E—13)*
3.07E+01(2.71E+01)T
1.26E4+02(1.09E4-01)"
1.97E4+03(1.93E4-02) "
2.49E+403(4.07TE+02) "
3.55E—04(9.33E—04)"

16/2/2

1.26E—103(2.39E—-103)
2.40E—-112(3.36E—112)

3.68E—60(3.36E—112)
0.00E+00(0.00E+00)
2.42E—45(2.29E—45)
0.00E+00(0.00E+00)
2.66E—01(2.28E—01)
2.19E401(5.02E—01)
0.00E-+00(0.00E+00)
1.30E—01(6.42E—02)
0.00E+00(0.00E+00)
0.00E+00(0.00E+00)
1.57E—32(0.00E+00)
1.35E—32(0.00E+00)
7.55E—15(0.00E+00)
0.00E+00(0.00E+00)
1.57E—32(0.00E+00)
1.35E—32(0.00E+00)
5.60E+02(1.36E+02)
1.23E—10(2.47E—10)

,/,/,
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Compared data of optimization results on SHADE, IDE, ZEPDE, SinDE. SEFDE, Mean (Std)

ZEPDE
Mean error (Std Dev)

SinDE
Mean error (Std Dev)

SEFDE
Mean error (Std Dev)
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Table.7

Fun N SHADE IDE

Mean error (Std Dev) Mean error (Std Dev)
Fi 30 0.00E+00(0.00E+00)~ 0.00E+00(0.00E+00)~
F» 30 2.66E4+04(1.13E404)" 1.68E+06(4.23E+05)~
F3 30  8.80E+05(1.96E4+06)T  1.38E+05(1.85E+05)"
F, 30 1.61E—03(1.41E—03)” 6.85E4+03(1.10E403)"
Fs 30 0.00E+00(0.00E+00)~ 0.00E+00(0.00E+00)~
Fs 30  4.28E+401(5.52E+00)"  4.34E+01(2.62E—04)"
F; 30  2.33E4+01(9.32E400)~  3.18E+00(1.55E+00)~
Fs 30 2.09E+01(1.68E—01)T  2.11E+01(2.44E—02)"
Fy 30  5.54E+01(1.98E4+00)T  3.56E+01(5.54E+00)"
Fio 30 7.3TE—02(3.67TE—02)"  4.38E—02(2.17TE—02)"
Fi1 30 0.00E400(0.00E+00)~ 0.00E+00(0.00E+00)~
Fi2 30  5.86E+01(1.11E401)~  6.89E401(8.82E+00)~
Fi3 30  1.45E402(1.95E+01)"  1.34E+402(2.28E+01)"
Fi4 30 3.45E—02(1.93E—02)" 1.17E402(8.38E+01)"
Fis 30  6.82E+03(4.41E+02)t  6.54E4+03(5.91E402)"
Fig 30  1.28E400(2.07E—01)"  1.59E-+00(2.36E—01)~
Fiz 30 5.08E+01(4.27E—14)T  5.92E+01(1.41E400)"
Figs 30  1.37E4+02(1.29E401)~  1.68E-402(1.27E+01)~
Fi9 30  2.64E4+00(2.83E—01)" 2.24E+00(3.66E—01)"
Fyo 30  1.93E+01(7.70E—01)"  1.93E401(4.47TE—01)~
Fz1 30  8.45E+02(3.63E4+02)"  7.32E4+02(3.82E402)T
Fy> 30 1.33E401(7.12E400)~ 6.88E401(2.03E+01)~
Fo3 30  7.63E+03(6.58E+02)T  7.32E4+03(6.92E402)T
Fby 30  2.34E+02(1.01E+01)*  2.02E+02(1.14E+00)~
Fos 30  3.40E+02(3.09E4+01)T  3.03E+02(1.09E+01)*
Fas 30  2.58E402(8.08E401)" 2.23E+02(4.46E+01)~
For 30  9.36E+02(3.07E4+02)" 3.58E+02(3.30E+01)~
Fos 30  4.58E402(4.13E+02)*
+/~ /- 14/3/11 13/4/11

0.00E+00(0.00E+00)~
1.97E+05(7.53E+04) ™
1.50E406(2.07E406)*
7.66E—01(4.78E—01)~
0.00E+00(0.00E+00)~
4.34E401(3.18E—13) "
1.37E+01(4.88E+00) ~
2.11E401(1.17E—01)*
3.74E+01(5.85E400) "
1.37E—01(6.96E—02) T
3.65E—01(6.12E—01)"
6.04E+01(1.76E+01) ~
1.32E+02(3.62E4-01) T
4.83E+00(2.70E+00) ~
6.59E4-03(9.36E+03) "
7.82E—01(6.7T4E—01)~
5.11E4+01(1.60E—01)T
1.03E+02(1.19E+01)~
3.71E400(7.55E—01)~
1.97E+01(7.88E—01)~
6.33E4-02(4.48E+02) "
4.23E4-02(5.75E+02) "
7.02E+03(8.73E+02) "
2.35E402(1.09E+01) T
3.23E+02(1.31E401)
2.27E+02(6.20E+01)~
9.38E4-02(1.40E+02) "

4.00E+02(0.00E400)~ 4.00E+02(0.00E+400)~

15/3/10

2.27TE—13(1.563E—28) "
2.66E+06(8.33E+05)~
1.01E405(3.77E405)
8.28E+03(1.54E+03) "
1.14E—13(7.65E—29) "
4.34E401(1.44E—14)"
6.10E—01(5.97E—01)~
2.11E+01(3.59E—02) "
3.48E+401(4.34E+00) "
7.93E—02(3.57E—02) "
5.92E+00(2.86E400)T
5.61E401(1.41E401)~
1.39E+02(3.41E401) T
2.34E402(9.23E401)~
6.80E-+03(1.00E+03) "
2.08E400(3.66E—01)~
6.52E401(3.47E+00) T
1.41E+02(2.27E+01)~
4.85E4+00(8.82E—01)~
1.92E+01(7.52E—01)~
5.84E+02(4.22E+02) "
3.51E+02(2.72E+02) "
6.59E+03(8.47E+02) "
2.00E+402(1.34E—01)~
2.97E4+02(1.33E+01) T
2.76E+02(5.96E+01) ~
4.75E4+02(1.55E4+02) "
4.00E+02(0.00E+00)~
16/1/11

0.00E+00(0.00E+00)
2.85E+07(4.18E+06)
5.80E+04(3.74E+04)
3.13E+03(1.12E403)
0.00E+00(0.00E+00)
1.52E+01(1.95E—01)
2.80E+01(7.96E+00)
2.09E+01(2.78E—02)
3.04E+01(6.01E—01)
2.71E—02(1.69E—03)
0.00E+00(0.00E+00)
1.21E+02(9.62E+00)
1.24E+02(1.29E+00)
5.85E+00(2.05E+00)
5.95E+03(2.37E+02)
1.02E+02(1.66E—01)
4.21E+01(6.06E+01)
3.01E+02(9.05E+00)
1.03E+02(1.58E—01)
1.12E+02(9.46E—02)
5.03E+02(4.03E+01)
2.41E402(1.24E+01)
6.38E+03(2.25E+02)
2.32E402(1.18E+00)
2.58E+02(1.05E+01)
3.02E+02(1.90E—01)
6.11E+02(1.62E+02)
4.00E+02(0.00E+00)
,/,/,
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