AT % T it =) L 2 % Vol. 47 No. 7
2024 4 7 H CHINESE JOURNAL OF COMPUTERS July 2024

—HMETRALEINBEN ZMHANTERFT IR

A#Ed FIHY mILB? ERKRY ZERY
DL RS HHEALE R TR MA  330022)
D (VTR R BF S8R i 710126)
D ALPEIT RS OB & 330022)

B OE BN RS A TR AR — A S F B R AR TAE R EREMBEER BT R
— AR IR I L R 5 22 WA [ 26 B0 AR A RE R i EL AN AR AR M RE IR A — s SR BRIk AR A AR
A2 33 42 HAE AN A2 U S B 2 AR S 1. K Rl RE b 0 S AR RR AR R T T A T AR S F RIS A B A L
FH 4 FiAS [ RFAE 9 40 34 0 T4 A AR Sl 2 b, 22 5 2R FH Q-learning 75 ¥ AR 418 A~ 44 1) 2 il 1 0 o HC 19 38 7 6 %
R 4 3040 b 2207 A X F LA B — 4B I, T RE TR 4 R HE S RSB BUE B Sk M R 5 SR L
CEC2013 Hl CEC2017 W& M 4L L K WA 52 bR Ak [ B8 b R AT 7 K 5086, 5 4 Fh &R SsAE 5C ABC Al 4 Bl A1 45 2
i ABC B A7 T MEREXT . 45 5 26 WA 1% 30 1k (0 Wi SSOKS T R 5 ¥ A O g SR B, T A A R A 3 N T R AL L 1
1 e

KEEIW O TERBE N TR AR SR AL 2R T AR R Fh
hEESES TP311 DOI 5 10.11897/SP.J.1016.2024. 01521

Adaptive Multi-Neighborhood Artificial Bee Colony Algorithm
Based on Reinforcement Learning

ZHOU Xin-Yu"” YIN Zi-Yue” GAO Wei-Feng” TAN Gui-Sen” YI Yu-Gen?”
Y (School of Computer and Information Engineering , Jiangxi Normal University » Nanchang 330022)
2 (Department o f Applied Mathematics,» Xidian University, Xi’an 710126)

3 (School of So ftware, Jiangxi Normal University , Nanchang 330022)

Abstract Neighborhood topology is an effective way to enhance the performance of artificial bee
colony (ABC) algorithm. However, for the existing related works, they mainly focus on a single
neighborhood topology at the population level. This way overlooks the complementary
advantages of different neighborhood topologies, and limits the algorithm performance to some
extent. To remedy this issue, in this work, we propose the multiple neighborhood topologies
mechanism at the individual level by combining the reinforcement learning. Specifically, the
individuals in the population as considered as agents, and then the state and action of the agent
are designed based on the neighborhood topology. After that, four different types of
neighborhood topologies are used to construct the neighborhood candidate pool, and then the Q-
learning method is employed to adaptively select different neighborhood topologies for the

individuals according to their rewards. Compared with the existing methods of a single
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neighborhood topology, our approach can make full use of different neighborhood information in

guiding the algorithm search. Extensive experiments are conducted on the CEC2013 and CEC2017

test suites, as well as two real-world optimization problems. Comparative results against four

neighborhood-based ABC variants and other four well-known ABC variants demonstrate that our

approach shows better performance in terms of both convergence accuracy and speed, and it can

significantly improve the performance of neighborhood-based ABC.
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F19 1. 15E-01£ 1. 36E-01 1.59E-01+1. 37E-01 2.59E-0141. 89E-01 3. 74E-0141. 70E-01

F20 1. 24E+01+2. 06E+00 1.22E+01%2. 24E+00 1.23E+01+2. 12E+00 1.23E+01+1. 56 E-+00
F21 2.84E+02+6. 94E+01 2.76E+0216.40E+01 3. 02E+02+6. 67E+01 3. 06E+02+8. 60E+01
F22 1. 74E+02£7. 55E+01 1.49E+ 0214, 27E+01 1. 50E+02+4, 49E+01 1.55E+02+4. 95E+01
F23 3.27E+031+3. 99E+02 3.46E+03+3.70E+02 3. 77TE+03+4. 03E+02 3. 86E+03+4. 38E+02
F24 2.29E+02+7. 14E+00 2.27E+02%7. 01E+00 2.33E+02+6. 16E+00 2. 45E+02+5. 54E+00
F25 2.84E+0246. 61E+00 2.82E+02%6. 55E+00 2.89E+02+3. 22E+00 2.91E+02+4. 44E+00
F26 2.00E+02=%2. 97E-02 2.00E+02210. 00E+00 2. 00E+ 0214, 69E-02 2.00E+02+£7. 12E-02
F27 5.25E+02+1.26E+02 4. 62E+024+1. 09E+02 4. 48E+024+1. 07E+02 4. 01E+02%7. 73E-01
F28 2.93E+02+3.59E+01 2.95E+0242. 73E+01 3.00E+02+1. 74E-13 2.88E+02+4. 45E+01

3

13

13

5

8




1532 it =N N 2% Eird 2024 4F
PR I R 7 R 0 S8 T 2B 3N 1Y e A AR W 2H S

SR b R ARE 3 /)N, R A AR A IR A /D, i A
B3N 1 B AR R AE— R 58 E A AR 25 R
AN JOVE R 4 R R A 0 (A B 2B A
B ERAORE R N P R B R AN R
JIN S T DAAS SO i AR (19 1% & SN = 60. [A] 1Y,
M SN 2 30 il 60 B45H AT & . 76 P 3 2 oK LA
ARG R 4 DR L SN=60 AT 7EH PR 3 A4
PR BT SN=30, Xt 0] i B SN =60 B Ji
GiE TER 7T A T X 4 M EUEE 3 Friedman
AR B HEA 0L, i H SN=60 HEFESE —1i7.

33F 3.25
3.0k
2.71
251 aa
¥ 20F 1.82
ﬁ
1.5F
1.0F
0.0
30 60 100 200
PRI A

P 7 AR SN AR UE Y SF- 24 HE 2 13 B

4.3 REEERERIE
4.3.1  Z BB HN R W B0 IE

Shy B0 IR AR SCHRE HE 1 22 A0 S A D SR s 1 A s
FATE T W 4LXT e S2 88 . (1) 5 B4R 30 $h 4 1
1o 56 22 S8 3R FD A A RO 5 (2) 5 H A2 A ) £ 485
AT E A 50 5 Ak 2 2] O U A Ak, TR A A X

A5 1 452 b, DL RLABC ¥ XY 4 Fh 48 5%
AN T LT R e
(1) RLABC-1: & T/ A 4B FMY RLABC
(2) RLABC-2 . 5 T FHL&F Bl $h ) RLABC
(3) RLABC-3: 4 T IE 4P 4 Fh ) RLABC
(4) RLABC-4: B F ol #F 4 i RLABC
R A BT SR Y SR T R AR SR L B R
P8 RLABC H i — Fp &8 38046 $1 , R B M B T 3+
S A2 2T 1 3 N 22 48 B AR N B 43, B B H A
535 RLABC 5842 # [R] , B e ] 56 UF 22 40 38 4 b 3
W& (A b, 2 CEC2013 MR 4E b A7 92 56, I
PRELHERE ) D=30. & 4 4518 T RLABC 5 Lk 4
Tt bl B 7% B4 S 56 4 SR i e SR R 7Y B
M 4 1) Wilcoxon & F1 K 56 45 R v] F i,
RLABC 78 T 53 1 v 38 9 5 4 » Ui W 22 <8 4l 41 b
RESE AR, BIRMF, 5 RLABC-1 il RLABC
— 2 X PP A A T R BB 7 B R4 4 I Bk A
b RLABC 43 546 9 A~ F1 8 Ak pi £ 1 U As T
ot 45 B U F10 B g 22 F RLABC-1. 5
RLABC-3 1l RLABC—4 X Wi Fl 45 4 5 B 44 58 71 /Y
BRI PN R A e L RLABC 547 58 KA 3, 40 il
FETASH 9 A ek B B T g A 25 R T
RLABC-3 fil RLABC —4 {{fE F14 1 F17 L F
RLABC. B2, 5i% 4 B B4R B4 Fb (19 XF L 535 125 A
Fo, Sz 25 B2 W] T RLABC 19 22 4B 5 4 $0 5 0 1L
PAARI RN I %, B/ 8 45 H T 3@ it Friedman 4
WA RN S MELEWFYHEAEN. TE G
RLABC 4 f 4t . Oy RLABC-3.

R4 SHDBEHAHANLHIEER

AL RLABC-1 RLABC—2 RLABC-3 RLABC—4 RLABC

Fol 7.58E-15+£3. 48E-14+ 3.12E-14+4.22E-14+  0.00E+00£0.00E+00=0.00E+00£0.00E+00=  0.00E+00£0. 00E+00
Fo2 3.84E+06+2.39E+06= 4.10E+06+1.12E+06+ 4.35E+06+3.24E+06+ 4.75E+06+2.78E+06+  3.77E+06X1.27E+06
Fo3 1.53E+07+1. 01E+07= 1.45E4+07+1.02E+07= 2.31E+074+1.17E+07+ 2.76E+07+1.03E+07+ 1.43E+0719.61E+06
Fo4 2.52E+0443.08E+03= 2.51E+04+4.20E+03= 2.63E+04+5.22E+03= 3.11E+04+4.91E+03=  2.41E+04+3.24E+03
FO5 1. 14E-13£0. 00E+00= 1. 10E-13£2. 04E-14= 1. 14E-134+0. 00E+00= 1. 14E-1340. 00E+00= 1. 10E-13 2. 04E-14
Fo6 1.65E+0143. 21E+00= 1.78E+014+4.54E+00= 1.68E+01+3.22E+00= 1.63E+01+4,44E+00=  1.61E+01%x3.45E+00
Fo7 3.95E+01£5.47E+00= 4.36E+01+5.95E+00= 4.42E+01+7.37E+00= 5.21E+01+£7.75E+00+ 4.50E+01+£7.70E+00
Fo8 2.09E+01%4.87E-02=  2.09E+01+£5.74E-02= 2.09E+01£5.28E-02= 2. 10E+01+£4.47E-02= 2.09E+01+£5. 54E-02
Fo9 2.65E+01+3.34E+00+ 2.48E+01+2.93E4+00= 2.67E+01+£2.27E+00+ 2.69E+01£2.02E+00+  2.46E+01£2.95E+00
F10 5.21E-01£2.85E-01— 5.96E-01£2. 17E-01= 7.25E-01+2. 63E-01+ 8.27E-01£2. 15E-01+ 6. 75E-01+£2. 85E-01
F11 3.79E-15+£1. 42E-14+ 6.63E-02£2. 48E-01+  0.00E+00£0.00E+00= 0.00E+00£0.00E+00=  0.00E+00£0. 00E+00
F12 3.64E+01+7.03E+00= 3.45E+011+6.71E+00= 3.97E+01+9.62E+00= 4.40E+01£1.03E+01=  3.95E+01+£8.18E+00
F13 6.00E+01+1.52E+01= 5.92E+01%£1.31E+01= 6.06E+01+1.09E+01= 7.62E+01+1.27E+01+ 6.52E+01+1.88E+01
F14 9. 71E+00+2. 24E+ 01+ 6.40E+00+2.48E+00+ 2.12E+00+2.56E+00+ 1.34E4+00X1.31E+00- 3. 15E+00£2. 95E+00
F15 2.90E+03+3.50E+02= 2.97E+03+3.07E+02= 2.97E+03+2.66E+02= 3.04E+03+3.20E+02=  3.00E+03+3.16E+02
F16 1.19E+00£1.25E-01+ 1.19E+00£1.56E-01+ 1.11E+0041.72E-01= 1.09E+00+1.76E-01= 1.07E+00+ 1. 64E-01
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()

PRAL RLABC-1 RLABC—2

RLABC-3

RLABC—4 RLABC

F17 3.05E+01%6.94E-02=  3.05E+01%4. 17E-02=

F19 2.43E-01£1.67E-01+ 1. 71E-01+1. 23E-01= 1.84E-01+1.85E-01=

F20 1.15E+01%2.23E+00= 1.22E+014+2. 28E+00= 1.16E+01+1.84E+00= 1

F21 2.78E+02+7.23E4+01= 2.99E+02+£8.30E+01= 2.76E+02+£8.06E+01= 2

F22 1.65E+024+4.53E+01+ 1.73E+024+4.57E+01+ 1.64E+024+4. 15E+01+ 1

F23 3.41E+03+4.10E+02= 3.26E+03%3.57E+02= 3.35E+03+4.02E+02= 3.89E+03+4.18E+02+
F24 2.28E+02£6.81E+00= 2.28E+02£7.51E+00= 2.28E+02£5.08E+00= 2

F25 2.96E+02+7.60E+00+ 2.98E+02+7.77E4+00+ 2.82E+02+8.05E+00= 2

F26 2.00E+02£3.85E-02+ 2.00E+02+t4.38E-02+

F27 4. 78E+02£1.11E+02= 4.76E+02£1.00E+02= 4.80E+02+9.44E+01= 4.84E+02+1.27E+02=
3.00E+02+1.28E-13=2.93E+02%3.59E+01= 2.96E+02£2.03E+01l=

F28 3.00E+02+1. 14E-13=

+/=/— 9/18/1 8/20/0

3.04E+01£1.09E-02—
F18 7.12E+01£6.30E+00= 7.03E+014+7.17E+00= 7.05E+01+£5.62E+00= 7.75E+01+8.13E+00+

2.00E+0214. 48E-02+

3.04E+01£1.73E-03— 3. 05E+01£5. 54E-02
6.92E+01+7.16E+00
1.59E-0111.37E-01
1. 22E+0142. 24E+00
2.76E+0216.40E+01
1.49E+0214. 27E+01
3.46E+03+3.70E+02
2.27E+02%7.01E+00
2.82E+0216.55E+00
2.00E+02£0.00E+00
4.62E+021+1. 09E+02
2.95E+02+2. 73E+01
9/17/2 -

1.63E-01+1.05E-01=

.25E4+01=£2. 19E+00=
.89E+02+6. 33E+01=
.57TE+02£4.45E+01=

.31E+02+5. 63E+00=

.85E+02+4. 90E+00=
2.00E+0214. 43E-02+

7/20/1

10k 3.05 3.04 203

50 222

0.0

RLABC-1 RLABC-2 RLABC-3 RLABC-4 RLABC
ik

B8 2 AR AT L B AR 3 b 10 2 e 44 1 0

TESS 2 LI, 25 G A SCHE Y 2 4B B3 b
WG B R B T AR 3 Ah 2 19 22 4B S 4R 1 X
IR A7

(1) RLABC-5. 2 TR #LiL £ 1) 2 4838 RLABC

(2) RLABC-6: 4 T Iy 12 2 50 (1) H 38 1 2 <6 3k
RLABC

(3) RLABC-7: % 3 Fh4R3# b iy RLABC

TE RLABC-5 H1, 7 #% T Ak 5 ) 1y 7 =X, T
2 LB AL 7 2o A R DA 35 1t o 328 5 — > SR Bl
., 7E RLABC-6 H, # i T7—Fp 2k T 5 b
2RI 7 2Ok H S W B 2 AR i NS &
SaDE Sk M, R 2 BRIE . (D FIRw G I, L
BE ML 7 3R A R 3 AR 80 $h 5 (2) & BIE L fE
R R A 2] TR L A0 ik e A SR Bl A E — AN R
PR R 2L B AE Y S AR A IR e LR — AR AR
DI (OTET — WA Y T2 A S 4B 35
P Fh B BE B ME R, DL SE B A GE N ok PR AR TR T
RLABC-5 1 RLABC—6, RLABC-7 4k 444 84 T 54
fe2 23 B 5 20 AH R A 3 AR AR 33 1 - BE L AR 3

I AR L K 70 i 40 358, 3k 3 o 408 B 4 It 7 i SC
FERIH) ABC-ANT! HR T, PR AT 3 5 RLABC-
7 SSRGS 4 Fh AR IR AR N, BN A AR B, X AR
1k e B R A TR,

IR R B 4EE D=30,% 5 4511 T RLABC
5 Bk 3 Al A B AE CEC2013 Mt 4E Ay 5256
S B A SRR, . AT B RLABC 78 17
AR L ARAT T SR a5 A = T A O BB P 1
TR 1 4 3 6 B AR SCHR MY 10 35k 158 k24 2T 1) 2 4R 3
N R W L A 28 R 1Y 22 48 AR Fh 3R W T AF.
Wilcoxon Fk 14 %6 45 2R 7] F i, 5 RLABC-5 Al
RLABC-6 # b ., RLABC 435I 7E 11 4~ F1 8 4~ %L I
BEE; HEE A, RLABC RAEAE— R % |3
22T RLABC-5, HAXFE 1 >R % L% 22 T RLABC-
6, XA M IE T i WA S
RLABC-7 # kb RLABC [F] #f K 75 AT — oFi %% b
22, HAE 3 A pR B B RO, X SRWIHE I iy 565 4 b &8 5
AN B R R R B R A TTER Y. & 9 45 i T
it Friedman #5615 5] 1Y 4 FE LK FHEA 0] B
th RLABC 44 fc 4, H & RLABC-6 ,RLABC-5
M RLABC-7.

AN, FATAER 10 i T RLABC 78 3 MR
F M R A PR AL FO4 206 PR EL FO8 LA KA 5 1R
B F23) b2 &8 S Hh F 8 A . N E rh ] A
TEAb BB UG RSN, T SR BE 07 5 1 /Nt S AR A
IS0 Bt AL A0 S I ) ofF P A0 23 B T R T 22 0 (]
B RNE A [R]85, #4% AB T 5 8 1) B 08 <8 S8 40 $1 F1 ot
I 08 Sl A ) T P AR U B g ot A L T AR A
PR AL, R B — & S F A A A I
(15 B0 X E — 25 B0 4IE T 3% T 3R 4k 2% > 19 [ 58 N
22 4 Sl A W 1 AR
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L1 S [}

o
&

i 2024 4F

5 S5HMESSEHAITHENIRER
PRI % RLABC-5 RLABC—6 RLABC-7 RLABC
Fol 0.00E+00=£0. 00E+00= 0.00E+002£0. 00E+00= 1.52E-14+5, 67E-14= 0. 00E+00=£0. 00E+00
Fo2 4. 40E+06+7. 49E4 05+ 5.56E4+06+1. 44E+06+ 4.34E4+06+1. 21E+06+ 3.77E+06£ 1. 27E+06
F03 2.37TE+07+1. 64E+07+ 3.51E+07+1. 97E+07+ 1. 63E4+0741. 32E+07= 1.43E+0719.61E+06
Fo4 2.41E404+4. 68E+03= 1. 51E+04%4. 19E+03- 2.48E+04+5. 33E+03= 2. 41E+04+3. 24E+03
F05 1. 14E-13+0. 00E+00= 1. 02E-13+3. 41E-14= 1. 10E-13+2. 04E-14= 1. 10E-13+2. 04E-14
Fo6 1. 63E+01+2. 59E+00= 1. 63E4+01+1.58E+00= 1.57E+01%2, 34E+00= 1. 61E+0143. 45E+00
Fo7 4. 54E4+01+6. 11E+00= 4, 64E+01+7. 42E+00= 4. 67E+01+£6.31E+00= 4.50E+01£7.70E+00
Fo8 2.09E+01+£5.31E-02= 2.09E+01£5. 24E-02= 2.09E+01+£5. 68E-02= 2.09E+01+5. 54E-02
Fo9 2.62E+0143. 25E+00+ 2. 47TE+01+2. 90E+00= 2.64E+01+1.54E+00+ 2.46E+0112.95E+00
F10 8. 44E-01+2.51E-01+ 1. 42E400+1. 82E-01+ 7.81E-01+42, 85E-01+ 6.75E-01%2. 85E-01
F11 0.00E+00=£0. 00E+00= 0.00E+002£0. 00E+00= 3.32E-02+1. 79E-01= 0.00E+00=£0. 00E+00
F12 3.87E+01+9. 23E+00= 4. 05E+01+7. 34E4+00= 3.98E+01+6. 04E+00= 3.95E+01+8. 1SE+00
F13 7.35E4+01+1. 33E+01+ 6. 74E4+01+1.51E+01= 6.64E+01+1.47E+01= 6.52E+01%1.88E+01
Fl14 3. 01E+00+2. 50E+00= 1.99E+00+t2. 47E+00= 2.29E+00+2. 10E+00= 3. 15E+00+2. 95E+00
F15 3.20E4+03+4. 01E+02+ 3.20E403+3. 02E+02+ 3.07E403+3. 64E+02= 3.00E+03+3. 16E+02
F16 1. 16E400=41. 38E-01+ 1. 08E40042, 16E-01= 1. 10E40041. 90E-01= 1.07E+00=£ 1. 64E-01
F17 3.05E+01+2. 76E-02= 3.05E4+01+5. 13E-02= 3.04E+01%1.01E-02= 3.05E+01+5. 54E-02
F18 6.74E+01£6. 65E+00= 7.53E+01+7. 14E+00+ 7.04E401+6. 74E+00= 6.92E+01+7. 16E+00
F19 1. 65E-01+1. 08E-01= 1.21E-01%8. 95E-02= 1.53E-01+1. 05E-01= 1.59E-01+1. 37E-01
F20 1. 38E+0142. 32E+00+ 1.31E+0142. 18E+00= 1. 26E+0142. 28E+00= 1.22E+01£2. 24E+00
F21 2.85E4+02+8. 44E+01= 2. 71E4+02+7.45E+01= 2.68E+02+£5.86E+01= 2. 76E4+02+6. 40E+01
F22 1. 69E+02+4. 13E+01+ 1. 76E+02+4. 45E+01+ 1. 66E+02+4.54E+01= 1.49E+02%4. 27E+01
F23 3.69E+03+4. 82E+02+ 3.68E+03+3. 35E+02+ 3.49E+03+3. 42E+02= 3.46E+03%3. 70E+02
F24 2.28E402+6. 04E+00= 2.28E+02+5. 83E+00= 2.26E+02£3.96E+00= 2. 27E+02+7. 01E+00
F25 2.83E4+02+5. 04E+00= 2.80E+021£7. 49E+00= 2.82E402+6. 08E+00= 2.82E4+02+6. 55E+00
F26 2.00E+02+3, 78E-02+ 2.00E+02£5, 44E-02+ 2.00E+02+£3, 38E-02= 2.00E+0220. 00E+00
F27 4.28E+02+£8.51E+01= 4.57E+02+1. 07TE+02= 4.67E402+1. 24E+02= 4.62E+02+1.09E+02
F28 3.00E4+02+1. 14E-13= 3.00E+02+1. 46E-13= 3.00E4+02+1. 14E-13= 2.95E+02%2. 73E+01
+/=/— 11/17/0 8/19/1 3/25/0 ——
N (1) RLABC-8.: 3R F I fit 2 44 i B 19 RLABC
i P (2) RLABC-9; 5 I SUKS #5482 4 s iy ABC
25f XF L5 RLABC-8 2 ¥ RLABC 1Y BURE 9 48
20 179 RIS JFUA 1 115 8 MEE,FH?%EEXX%E%
3.l WERE M RLABC TEBERY 20, RLABC-9 J&¥ 2
ol i ABC 5 XURS S 18 RN JEA 7455 Fﬁﬂﬁﬁw@
' %?%%%E%E@ﬁaﬁlﬁ. [F] BsF o Sy 5 5 %) L, B 25 i
o ABC E R tb BRI A SRR L. 36 5 45 iy T
Bl RLABC-5 RLABC-6 RLABC- RLABC Ry 4RSIk CEC2013 TSR BRI B4 R
A7 PRIERAE Sl D=30.
B9 2 40BN R W 00 E T o 0 P e 0 M6 ML R T L 5 RLABC-S AT E

4.3.2 UK S48 R IR IS IR UE
TE RLABC L, 5] AT BUK 3218 & 5 ms T 2k
T 2 e By B by B0 IE % 5K i X RLABC 4 BE [ 5%

ma, FeATTBEI 1T RAR 2 o H B

RLABC 7€ 18 o4 b i 45 F 22 F AR, AU AE 4
A PREI 1 W 22 L 3 U I DU 48 2R 5 LU R B i g%
W4 B B 1 i AL 40 B Ak 5 U8 A R T RLABC, BE

R B v L . RIS, 5 RLABC-9 B9 X He i BE 2% 1
UK T2 18 2R M AT 3 i, o b 5 P B X L
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WREMS B — N E B E58 , W25 5 £ 488040 $h 3R g sEm, L E R E AR RE. B 11 A s P
HIRURS 948 2% 5K s fig F — 25 42 & RLABC T 6E, X 4 T AR B HE 44 18 D0 AR a] i — 25 B0 IE TR B S
TR Fh SR BE ) 25 6 A 2 5 55 % 0, 1 & 22 7 A B Y 55 Hr.
A SR B e FEPLABIATTS s MR SRS | ERk s E
28%  27% 22% 249

(a) FO4 (b) FO8

K 10 RLABC 7 3 A ok 8 1 A% 4540 38 30 1 14 8 FH AR

(c) F23

6 WHERHRFEBBIEMNIRER

BRI ABC RLABC-8 RLABC—9 RLABC

Fo1l 6.37E-13x1. 23E-13+ 2. 27E-1320. 00E+00+ 0.00E+00£0. 00E+00= 0.00E+00=0. 00E+00
Fo2 1.42E+07+£3.52E+06+ 1. 08E+07+£2. 45E+06+ 6. 87E+0642. 50E+06+ 3.77E+06+1. 27E+06
Fo3 8. 64E+08+4.81E+08+ 2. 28E+0841. 22E+ 08+ 6.30E+0745. 13E+07+ 1.43E+07£9.61E+06
Fo4 7.08E4+04£7.51E+03+ 6.15E4+04£7. 31E+ 03+ 2.01E+04%4.21E+03- 2.41E+04£3. 24E+03
Fo05 1.04E-1241. 66E-13+ 2.50E-13+4.55E-14+ 1. 14E-1340. 00E+00= 1. 10E-1342. 04E-14
Fo6 1. 50E+01+£3. 86E+00= 1. 73E+01+£4. 45E+00= 1.49E+01+4. 08E+00= 1.61E+01+£3. 45E+00
Fo7 1.17E+02=£1. 52E+01+ 9. 06E+0149. 56 E+ 00+ 7.81E+0141.18E+ 01+ 4.50E+01%7.70E+00
Fo8 2. 10E+01244. 87E-02= 2.09E+01+£5. 03E-02= 2.09E+01+£5. 33E-02= 2. 09E+01%5. 54E-02
Fo9 2.96E+0141.55E+00+ 2.86E+0141. 28E+ 00+ 2.86E+0141.42E+ 00+ 2.46E+01%2. 95E+00
F10 2. 75E+0045. 94E-01+ 1. 65E+00E£2. 24E-01+ 1. 83E+00=£3. 78E-01+ 6.75E-0112. 85E-01
F11 1.88E-1346. 75E-14+ 4.93E-14+1. 93E-14+ 0.00E+00£0. 00E+00= 0. 00E+00=0. 00E+00
F12 2.55E+0242. 88E+ 01+ 9. 13E+0141. 74E+01+ 9.88E+0141.26E+ 01+ 3.95E+0118. 18E+00
F13 3.04E+0242. 97TE+01+ 1.51E+02£1. 98E+01+ 1. 49E+02£2. 45E+01+ 6.52E+01%1. 88E+01
F14 5. 11E+0042. 39E+ 00+ 7. 60E-0214. 04E-02— 2.93E+00%1. 52E+00= 3. 15E+0042. 95E+00
F15 4. 00E+03+2. 96E+02+ 3.89E+0342. 96E+ 02+ 3. 65E+0343. 25E+ 02+ 3.00E+0313. 16E+02
F16 1.62E+00=£2. 03E-01+ 1. 73E+00=£1. 83E-01+ 1. 14E+00=£1. 73E-01= 1.07E+00+t 1. 64E-01
F17 3.06E+0144. 96E-02+ 3.04E+0118. 56E-03— 3. 06E+0145. 62E-02+ 3.05E+0145.54E-02
F18 3.38E+0242. 38E+01+ 1. 75E+02E£1. 56 E4+01+ 1.23E+02£1. 17E+01+ 6.92E+0147. 16E+00
F19 9.28E-01+2. 75E-01+ 8.33E-0219. 05E-02— 2.58E-01+£7.03E-02+ 1.59E-0141. 37E-01
F20 1.45E+01£2. 58E-01+ 1. 42E+01£3. 87E-01= 1.29E+01=£1. 52E+00+ 1.22E+01%£2.24E+00
F21 2.03E+02+£1.85E+01- 2.84E+0246.94E+01= 1.92E+02+1. 71E+01- 2. 76E+0246. 40E+01
F22 1.31E+02£1. 56E+01= 1.55E+02£4. 60E+01= 1.24E+0214. 88E+00= 1.49E+02+4.27E+01
F23 4. 78E+03+2. 72E+02+ 4.30E+03+4. 19E+02+ 4. 29E+0345. 05E+ 02+ 3.46E+03+3. 70E+02
F24 2.89E+0244. 65E+00+ 2. 78E-+0243. 98E+ 00+ 2.54E+0247. 17E+ 00+ 2.27E+0247.01E+00
F25 3. 06E+024+4. 82E+ 00+ 2.95E+0243. 77TE+ 00+ 2. 94E+024+4. 17E+ 00+ 2.82E+0246.55E+00
F26 2.01E402+£1.78E-01+ 2.01E+0241. 68E-01+ 2. 00E-+0241. 19E-01+ 2.00E+02210. 00E+00
F27 4.00E+02+2, 52E-01— 4.00E+ 0214, 83E-04— 4.54E+0241. 58E+02- 4. 62E4+02+1. 09E+02
F28 2.30E+02%6. 64E+01- 2.93E+0243.59E+01= 2. 72E+0244. 412E+01- 2.95E+02%2. 73E+01
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FeA S R B 3 Fh 4RI #h. AR F ABC-MNT,
ABC-ANT SR H T —Fid 5 B #b I 53 B 76 Fh e )2 1
A 2 AR N, 56 FIX 4 B H B B 24
WL SHARTCE 2 1R T AR 4y

SRy R S 38 R X L Y 2 S L AT B R BT
KW AILSHCR A THEI RS, . FERh
SN=60. 8 kL L4 MaxFEs=10000 « D, H'&
PR R A 2 000 e B TR SC Tk ) B A (L AT . oK
¥y BIAE CEC2013 F1 CEC2017 W52 i ik 48 [ iF
A1 M R B4k 3 o D= 30, T 11 4 I3 4R 51 43 B A
FRIE X e L
4.4.1 AE CEC2013 {5 FXf kb

RTHWMT 5 MHE P CEC2013 Wil 4
D =30 S5 45 5, Horp S o 25 R FDRLAR Y . AR
i e — 4T 19 Wilcoxon #k F1 K 56 4% 5 ol & 1,
RLABC 78 K43 il ph B E i 25 2 T 4
Foxt b 5. BAR BT an T

(1) 7E Bl 8] f8 | (FO1-F05) , RLABC 7E fT &
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[ R AR T R MERE . 5 RLABC ME4r A 1, BB 7E
TARE B, A 2 AR LT 2 AR
i, ABC-ANT 1 RLABC #if 2 H i I £ 455k ABC,
PR M 7 M R R 2 A5 I R SR B T A Mg
{2 RLABC 7EAKRJZ K 19 A 18 R 38 2 s A T Fh
2 LA IE B ABC-ANT. % & 21 i 9 2% 1] i |-
(3% AP BE L, RLABC (908 345 fin 1] &b

W T S 2 SRR AR 2 R Ay, FR AT AT
TERE RN LB ABC-ANT MM REIR % A 35 4 /1.
XF ABC-ANT 1 & He[FFE R T T A 38 0 2 28 540
MR H 5 AR SCH ¥ RLABC AR & B A
FRREZ K 2B 2 4B 1, JF B 2L FDC $ R 5k 52
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ANT HH[FE #) 3 PP # b, X & B Wilcoxon Fk
ARG 56 45 5 2 RLABC-7 78 14 DR % 2 B #14L
F ABC-ANT, ML 7E 4 4> pR & B 2% X LB RP

ff RLABC R AR 8 3 Fl 4B 4 40 Fb . Ho 1k RE AR 9K B 4y
F ABC-ANT., i —25 B T RLABC R #)5%
A2 ) A PR e AT O vk,

£7 54883 ABC £ CEC2013 Mk & FRYSSIR &R
PREL NSABC ABCNG ABC-MNT ABC-ANT RLABC
Fol 4.55E-14+9. 10E-14+ 4.02E-13+9. 64E-14+ 2.27E-13+1.01E-28+ 3.79E-14+8. 47E-14+ 0. 00E+00£0. 00E+00
Fo2 7.93E4+06+2.80E+06+ 1.61E+07+4.09E+06+ 6.15E+06+2.46E+06+ 3.81E+06+9.29E+05= 3.77E4+06%1.27E+06
Fo3 9.84E4+07+1.12E+08+ 1.54E4+09+7.81E+08+ 3.66E+07+3.66E+07+ 1.12E4+07+1.21E4+07= 1.43E+07+9.61E+06
Fo4 3.82E4+04+9.42E+03+ 8.15E+04=+1.46E+04+ 1.66E+04+3.67E+03- 2. 19E+04+5.19E+03= 2.41E+04+3.24E+03
Fo5 1.06E-13+2. 84E-14— 4, 7T4E-13+7. 22E-14+ 1.74E-13+5. 67E-14= 1. 17E-13+2. 04E-14+ 1. 10E-13+2. 04E-14
Fo6 2.07E4+01+£6.37E+00= 2.28E+01+4.95E+00+ 1.54E+01+4.03E+00- 1.64E+01+3.67E+00= 1.61E+01+3.45E+00
Fo7 6.35E4+01+1.21E+01+ 1.11E4+02+1.50E+01+ 4.64E+01+1.32E+01= 5.19E+01+7.79E+00+ 4.50E4+01%7.70E+00
Fo8 2. 10E+01+4.59E-02= 2.10E+01+6. 11E-02= 2. 10E+01+4. 60E-02= 2.09E+01+£5. 09E-02= 2. 09E4+01%5. 54E-02
F09 2.87E4+01+1.05E+00+ 3.00E+01+1.45E+00+ 2.21E+01%4,09E+00- 2.66E+01+2.52E+00+ 2.46E+01+2.95E+00
F10 1.47E+00%+2.61E-01+ 4.67E+00+1.54E+ 00+ 2.33E-01+9.31E-02— 2.87E-01+1.31E-01— 6.75E-01+2. 85E-01
F11 3.32E-0241.79E-01-+ 1.12E-13+1. 03E-14+ 5.87E-1441.02E-14+ 3.79E-1541. 42E-14= 0.00E+0010. 00E+00
F12 6.90E+01+1.41E+01+ 1.99E+02+3.01E+01+ 7.71E+01+1.44E+01+ 4.13E+01+9.74E+00= 3.95E4+01%8. 18E+00
F13 1. 04E+02+2.13E+01+ 2.32E+02+2.71E4+01+ 1.33E+02+1.93E4+01+ 7.44E+01+1.51E4+01+ 6.52E4+01%1.88E4+01
F14 1.08E+00+7.41E-01— 3. 02E-01+2. 66E-01— 6.03E-0141.05E+00- 3.18E4+00+£2. 67E+00= 3.15E+00+2. 95E+00
F15 4, 13E4+03+5. 77TE+02+ 4.36E+03+2.22E+02+ 4.05E+03+4.02E+02+ 3.19E+03+3.72E+02+ 3.00E4+03%3.16E+02
F16 2. 08E+00+2. 99E-01+ 1. 46E+00+2. 23E-01+ 1. 35E+00+2. 06 E-01+ 1.03E4+00+1.37E-01= 1. 07E+004+1. 64E-01
F17 3.05E+01+3.96E-02+ 3.04E4+0112.49E-02— 3.04E+01%1.80E-03= 3.05E4+01+4. 86E-02+ 3.05E4+0145. 54E-02
F18 1.23E+02+1.12E+01+ 2. 40E+02+2.57E+01+ 1.39E+02+1.08E4+01+ 7.61E+01+7.64E+00+ 6.92E4+01%7.16E4+00
F19 2.89E-0142. 10E-01 5.91E-01+1. 88E-01- 9.41E-0141. 80E-01 1. 80E-01+t1.57E-01= 1.59E-01%1.37E-01
F20 1. 18E+01+2. 63E-01= 1. 19E+014+2. 13E-01= 1.16E+01+3.71E-01= 9.36E+00+4.27E-01— 1. 22E+01+2. 24E+00
F21 3.47TE4+02+6.18E+01+ 2.90E+02+3.30E+01+ 2.97E+02+1.83E+01+ 2.43E4+02%+6.38E4+01= 2.76E+02+6.40E+01
F22 1.01E+02+4.51E4+01= 7.38E4+01%3.73E4+01- 9.32E+01+3. 75E+01- 9.86E+01+4.09E-+01- 1.49E+02+4. 27E+01
F23 4. 65E4+03+6.31E+02+ 5.06E4+03+5.00E+02+ 4.83E+03+5.64E+02+ 3.81E+03+4.66E+02+ 3.46E+03+3.70E+02
F24 2. 78E4+02+4.92E+00+ 2.81E4+02+6.46E+00+ 2.40E+02+1.19E+01+ 2.29E+02+5.87E+00=2.27E4+02%+7.01E4+00
F25 2.78E+02+3.25E+00- 3.02E+02+7.01E+00+ 2.81E+02+9.75E+00= 2.80E+02+9.17E+00=2.82E+02+6.55E+00
F26 2. 00E+02+£2. 09E-01+ 2.01E+02+3. 00E-01+ 2. 00E+02+6.40E-02+ 2. 00E+02+£2. 49E-02+ 2. 00E+02£0. 00E4+00
F27 6.34E4+02+3. 10E+02= 4.63E4+02+1.85E+02= 6.64E+02+2.49E+02= 4.48E+02+9.70E+01= 4.62E+02+1.09E+02
F28 3.00E+0240.00E+00= 3.03E+02+4.68E+00+ 3.00E+02+0.00E+00= 2.90E+02+3.92E+01= 2.95E+02+2.73E+01
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R 2024 4F

mxfF ABC-ANT, & H 7 Fol 1 Fo5 LWL F
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T HE N B MRS R NRPRE—1TH
Wilcoxon Fk 1 £ % 45 2R ok &, RLABC 43 5 7 10
A 14 ASF 10 A PR AL L4 TR 3 B AT 3 A
BVEALTE 3 ARk b T RLABC; %4 . RLABC

FE K 2 BR800 1 A T 3O Y T 0 e Bk b 2R I e
I ABC-ANT, {U7E 4 4> eR ¥ [ #g 22 F ABC-
ANT. LT L, RLABC 7 CEC2017 Wit 4 I 7]
FEA AR & B0 Mtk e O0 B 13 45 iR T i
Friedman £ 56 15 2] f F L SE W HERZ B 0L, v F B
RLABC 1 ABC-ANT RJHE£ HH 4.

£ 8 LE4REHH3% ABC 7£ CEC2017 M & PR STIR & R

FRAL NSABC ABCNG ABC-MNT ABC-ANT RLABC

Fol 3.06E+02+5. 06E+02- 95E+02+2.69E+02-  3.68E+02+3.72E+02- 1.54E+03+3.27E+03- 3.00E+03+4.33E+03
Fo2 9.60E+04+1.96E4+04+ 1.06E+05+£1.94E+04+ 2.63E+03£1.20E+03+ 2.21E+04£5.90E+03+ 1.60E+04£3.58E+03
Fo3 1.14E+01£1.85E+01= 5.17E+01£2.89E+01+ 4.59E+0143.03E+01+ 2.56E+01+3.29E+01= 1.87E+01+3.06E+01
Fo4 2.54E+0143.62E+00+ 4.79E+0148.44E+00+ 5.14E+01£7.83E+00+ 1.59E+01£2.67E+00+ 1.47E4+01+4.56E+00
FO5 7.20E-14£9.51E-14— 3.60E-13+£1. 58E-13— 1.67E-13£5. 67E-14— 4. 17E-14£5. 48E-14— 9.20E-01+5. 21E-01
Fo6 5.45E+01+2.25E4+00+ 7.94E+01+£7.44E+00+ 8.84E+01£6.07E+00+ 4.63E+01+2.74E+00= 4.57E+01£3.18E+00
Fo7 2.62E+014+4.52E+00+ 5.37E+0146.99E+00+ 5.87E+01£7.75E+00+ 1.65E+01+2.68E+00= 1.60E+01%£2.57E+00
Fo8 1.10E4+0041. 28E+00+ 2.72E+02+1.20E+02+  6.63E-01+6.57E-01+ 3. 06E-02+8. 89E-02= 3.50E-02+£6. 38E-02

Fo9 1.95E+03+1. 93E+02+

F10 9

F11 3.82E+05+1.51E+05+

F12 1. 44E+04£1.29E+04= 7.46E+02%5.75E+02- 1.06E+04+1.04E+04=
F13 4. 79E+04+3.07E+04+ 1. 19E+05+8. 28E+04+

F14 5.78E+03+6.37E+03= 1.15E+02+6.37E+01+ 5

F15 4.57TE+02+1. 17E+02+ 6.65E+024+1. 59E+02-+

F16 8.05E+01+3.71E4+01+ 1.53E+02+£7.16E4+01+ 1

F17 2.07E+05+9.12E+04+ 2.55E+05+1.27E+05+ 9

F18 6.80E+03+6.45E+03= 7.10E+01%£6.14E+01- 9.41E+03+8.30E+03=
F19 1.03E+02£5. 68E+01+ 2.09E+02+7.58E+01+ 1

F20 2.27TE+02£1.69E+01+ 2.41E+02+3.62E+01+ 2.

F21 1.00E+021+0.00E+00= 1.14E+02+£7.03E+00+ 1
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F26 4,69E+02+1.11E+01- 5.15E+02+4.82E+00+ 5.09E+02+6.46E+00+ 5.03E+02+3.97E+00= 5.02E+02+4.81E+00
F27 3.15E+02+£2.85E+01- 4.08E+0243.31E+00+ 3.45E+02£4.56E+01- 3.61E+02£4.26E+01- 3.93E+0241.85E+01
F28 4,24E4+02+5.71E+01- 5.49E+02+£5.80E+01+ 5.47E+02+5.23E+01+ 4.59E+02+4.84E+01= 4.55E+02+3.23E+01
F29 3.55E+03+2. 0SE+03- 7.78E+0342. 90E+03- 6.45E4+0342. 90E+03- 5.55E+03+2, 34E+03- 1. 08E+04+4. 18E+03
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S EE R R R — 4T 1) Wilcoxon Bk FIS 5 45
ROTE L RLABC 78 R840 oK £ b i P AR R B
FEOLT A BT B . HROk U A PR 0 R)
(FO1-F05), RLABC £ 4f T i 3 5 ¥ ILABC,
CGABC Ml iqABC, & BETE 4 4> o8 B b BUAS B 410 4%
L0 MGABC 5 RLABC 783X 26 pR % | 26 P 4.
TEZ W R | (FO6-F20) , RLABC A4 5 i B 5 59 4
PN HOET 3 R L EEE D 8 AR IR T i
GREE LM HAE 11 SR R R T
MGABC, ix % B RLABC B8 T A5 %4 M fi# e £ 16 |7)
B AR A T (F21-F28) , RLABC 7E 5 /> ek %k
U T IR AR A 1A R g 2= T A4 R XS
WAL, 25 b XT3 =25 [n) @, RLABC #5838 28 i
TAR SR,

X CEC2017 M4 , 4 10 45 ih T 52 g 45 1.
Mz FR R F L, 7E BRI A) R £ 0 [R] B (FO1-
F09) ,RLABC 7£ 5 1> bR &0 b WU 1 S 4 25 21, 17 4
FfoxT b B TE ERALAE 2 A e 1 RE A T RLABC.
X TR A A4 A [ (F10-F29) . RLABC fg#

x99 BHHM4Z % ABC 7£ CEC2013 fIlit & FRISTIE & R
PR iqABC CGABC MGABC ILABC RLABC
Fol 4.32E-13+6. 84E-14-+ 0. 00E+00£0. 00E+00= 7.57E-144+1.07E-13+ 2.19E-13+4. 07E-14+ 0. 00E+00£0. 00E+00

Fo2 8. 19E+06+2.61E+06+ 1.58E+07+=5.21E+06+
F03 3.09E+08+3.27E+08+ 4.05E+08+3.22E+08+
Fo4 8.36E+04+1.23E+04+ 8.84E+04+1.64E+04+
Fo5 6.33E-13+£8. 15E-14+ 1. 14E-134+5. 05E-29+

Fo6 1.27E+01£4.35E+00- 2. 38E+01+1.21E+00-+
Fo7 1.07TE+02+1.51E+01+ 1.17E+02+1.49E+01+

1.01E+06+4. 60E+05-
1.41E+08£1.51E+08+
1.96E+04+£2. 32E+03-
1. 10E-13+2. 05E-14=
2.03E+01+2. 15E+01+
4.81E+01+1.89E+01=

1. 14E+07+3. 79E+ 06+
2.01E+0841. 69E+08+
7.31E+04+8. 58E+ 03+
2.65E-13+£6. 12E-14+
1. 84E+0143. 61E+00-
9.55E+01+1.18E+01+

3.7TE+06=+1.27E+06
1.43E+07%9. 61E+06
2.41E+0443.24E+03
1. 10E-13+2. 04E-14
1.61E+0143.45E+00
4.50E+01%7.70E+00

Fo8 2.09E+01+£6.18E-02= 2, 11E+01+5. 99E-02+
F09 3.07E+01+1.57E+00+ 3.22E+01+2. 50E+00+
F10 1.57E+00+3. 10E-01+  1.35E+00+2. 29E-01+
F11 6.25E-144+1. 72E-14+  0.00E+0010. 00E+00=
F12 2.71E+02+3.54E+01+ 8.69E+01+1.99E+01+
F13 3.21E+02+3.61E+01+ 1.50E+02+2. 64E+01+
Fl4 2.36E-0143. 04E-01— 4.17E-01+6. 23E-01—

F15 3.56E+03+4. 18E+02+ 5.22E+03+8. 63E+02+
F16 9. 69E-01%1. 40E-01— 2. 90E+00£6. 58E-01+
F17 3.06E+01+6.70E-02+  3.04E+01%£6.63E-03=
F18 2.99E+02+3. 70E+01+ 1.21E+02+1. 63E+01+
F19 4. 12E-014+1. 06 E-01+ 1. 11E-01%7. 87E-02=

F20 1.19E4+01+4, 00E-01=  1.25E+0144.33E-01=
F21 1.65E+02%3. 62E+01- 3. 07E+02+2, 49E+01-+
F22 3.01E+01+1.15E+01-  1.03E+02+2. 98E+01-
F23 4. 81E+03+5. 19E+02+ 5.85E+03+8. 83E+02+
F24 2.89E+02+6. 90E+00+ 2.85E+02+5, 54E+00+
F25 3. 14E+02+6.55E+00+ 2.83E+02+5. 75E+00=
F26 2.01E+02+4,00E-01+ 2. 01E-+02+3. 34E-01+

F27 5.80E+02+3, 14E+02+ 4.13E+02%5. 05SE+01-
F28 2.37E+021+9.26E+01= 3.02E+02+8.39E+00+

+/=/—

19/3/6

18/6/4

2.09E+01%5. 63E-02=
1.96E+0113. 86E+00-
2.03E-01£9. 22E-02—
1. 14E-14+2, 27E-14+
1.22E+0242. 62E+01+
1.56E+0242. 33E+01+
2.26E-01+£2. 72E-01=
3. 74E+03+6. 44E+02+
2.26E+00+2. 63E-01+
3.04E+0111. 80E-02—
1.21E4+0243. 17E+01+
1.41E+00+5. 45E-01+
9.95E+00+6. 84E-01—
3.20E+02+4. 00E+01+
1. 15E+0243. 39E+01-
3.96E+03+£5.91E+02+
2.29E+02+1.18E+01=
2.73E+0219.51E+00=
2.00E+0210. 00E+00=
6.92E+02+1.03E+02+
3.58E+02+2. 76E+02=
13/8/7

2.09E+01+5.47E-02=
2.89E+01=+1.62E+00+
2. 16E+00+5. 59E-01+
4.17E-144+2.51E-14+
1.16E4+02+1. 46E+01+
1. 68E+0243. 17TE+01-+
2.13E-01£ 1. 94E-01—
4.37TE+03=£4.08E+02+
1. 85E+00£2. 42E-01+
3.04E+01£7.11E-15—
1. 94E+0241. 88E+01-+
2.75E-01£1. 06E-01+
1. 19E+01£3. 39E-01=
2. 14E+02+3.37E+01-
1.80E+01%1.80E+01-
5. 13E4+03+4. 05E+02+
2. 73E4+02£7.51E+00+
3.01E+02+5. 56 E+00+
2.01E+02+1.80E-01+
4. 28E+02+1. 30E+02-
2.99E+02£5. 21E+00+
21/2/5

2.09E+0115. 54E-02
2.46E+0142. 95E+00
6. 75E-01£2. 85E-01

0.00E+00=£0. 00E+00
3.95E+01+£8. 18E+00
6.52E+01£1.88E+01
3. 15E+00=£2. 95E+00
3.00E+03+3. 16E+02
1.07E+00+1. 64E-01
3.05E+01+5. 54E-02
6.92E+01%7. 16E+00
1.59E-0141. 37E-01

. 22E+01+2. 24E+00
.76E+402+6.40E+01
.49E402+£4. 27E+01
.46E+03+3.70E+02
.27E+02£7.01E+00
.82E402=£6. 55E+00
.00E+02=£0. 00E+00
.62E402£1. 09E+02
.95E+02+2. 73E+01

S I S N S A




1540 it =N N 2% Eird 2024 4F
£10 SEHMIMEZMH ABC &£ CEC2017 MiX&E FH SRR ER
PR iqABC CGABC MGABC 1ILABC RLABC
Fo1 9,25E+01%+1. 02E+02- 7.54E4+02+8.56E+02- 1.76E4+03+t1.49E+03= 1.03E+02+1.70E+02- 3.00E+03+4. 33E+03
Fo2 1.07E+05+1.54E+04+ 1.06E+05+2.26E+04+ 5.79E4+02%5.56E+02- 1.05E+05+1.38E+04+ 1.60E+04=+3.58E+03
Fo3 2.45E40142.65E+01+ 2.26E4+01+9.52E+00+ 1.53E4+01+2.54E4+01= 3.79E+01+2.37E+01+ 1.87E+01+3.06E+01
Fo4 7.49E4+01+£9.48E+00+ 3.37E4+01+£8.53E+00+ 4.62E+01+1.19E+01+ 3.96E+01+6.72E+00+ 1.47E+01%4.56E+00
Fo5 6.45E-08+3. 92E-08— 0. 00E4+0010. 00E+00- 1.00E-124+3. 37E-12— 0.00E4+0010. 00E+00- 9. 20E-01=£5. 21E-01
Fo6 9.90E4+0149.92E+00+ 5.04E4+01+5.45E+00+ 7.10E+01+1.32E+01+ 6.56E+01+5.61E4+00+ 4.57E4+01%3.18E4+00
Fo7 8.29E4+01+1.02E+01+ 3.34E+01£8.96E+00+ 4.56E+01+8.46E+00+ 4.16E+01+6.03E+00+ 1.60E4+01%2.57E+00
Fo8 5.91E4+02+3.16E+02+ 2.16E4+00+1.99E-+00-+ 2. 44E-0143. 00E-01+ 2.19E+01+9. 31E+00+ 3.50E-02+6. 38E-02
Fo9 2.18E403+1.87E+02+ 2.55E403+6.62E+02+ 2.17E+03+4.18E+02+ 2.05E+03+3.03E+02+ 1.22E403%+2.43E4+02
F10 3.35E4+02+2. 79E+02+ 2.04E+02+1.58E+02+ 4.09E+01+3.43E+01= 4.28E+02+3.18E+02+ 3.16E4+01%+1.32E+01
F11 3.28E4054+1.99E+05+ 7.20E4+05+4.44E+05+ 6.07E4+04+4.07E+04- 4.26E+05+2.92E+05+ 2.26E+054+1.41E405
F12 4, 08E+03+4.16E4+03- 1.14E4+04+1.12E+04= 1.34E+04+1.11E+04= 9.19E+03+7.56E+03= 1.05E+04+1.16E+04
F13 5.18E4+04+3.87E+04+ 2.51E+05+2.34E+05+ 9.74E+03*1.17E+04- 1.12E+05+6.08E+04-+ 2.22E+04+2.99E+04
Fl14 6.85E+02+7. 73E4+02- 3.60E+03+4. 26E-+03- 3.72E+03+4.37TE+03- 4.10E+03+3.62E+03= 8.79E+03+1.04E+04
F15 6.00E4+02+1.24E+02+ 6.26E+02+1.83E+02+ 4.80E+02+2.09E+02+ 5.64E+02+1.18E+02+ 3.27E4+02+1.18E+02
F16 1.61E+02+6.74E+01+ 1.94E+02+1.36E+02+ 1.11E+02+9.38E+01+ 1.06E+02+4.38E+01+ 2.42E4+01%1.52E401
F17 1. 21E+05+4.54E+04+ 5.88E+05+6.74E4+05+ 1.21E+05+6.56E4+04+ 2.05E4+054+9.33E+04+ 8.20E4+04+4.59E4+04
F18 7.72E+02£8. 12E+02- 4.79E+03+5.81E+03= 4.87E+03+4,98E+03= 8.40E+03+5.93E+03= 7.07E+03+7.58E+03
F19 2.26E4+02+8.63E+01+ 2.42E4+02+9.94E+01+ 1.19E+02+5.31E+01+ 1.77E+02+5.96E+01+ 5.70E4+01%4.99E+01
F20 2.47TE4+02=+£7.04E+01+ 2.39E4+02+1.04E+01+ 2.46E+02+9.66E+00+ 2.20E+02+4.67E+01+ 2.13E+02%2.34E+01
F21 2.72E+02+6.37E+02+ 1.00E+02+3.50E-01+ 1.00E+0240. 00E+00= 1.00E+02+5.39E-01= 1.00E+02%0. 00E+00
F22 3.99E402+4.37E+01+ 3.81E4+02+1.05E+01+ 3.99E+02+1.36E+01+ 3.77E+02+4.52E+01+ 3.63E4+02%+4.67E4+00
F23 4.61E+02+1.93E+02+ 5.38E+02+3.15E+01+ 4.85E+02+1.94E+01+ 4.48E+02+1.11E+02- 4, 53E+02+7.86E-+00
F24 3.84E+02+8.84E-01+ 3.78E4+02%1.05E4+00+ 3.91E+02+1.09E+01+ 3.86E+02+1.18E+00= 3.85E+02+1.53E+00
F25 2.42E+02+8. 16E4+01- 8.58E+02+3.42E+02- 1.40E4+03+5.65E+02+ 3.41E4+02+3.10E+02+ 9.79E+02+3.68E+02
F26 5.21E4+02+7. 10E+00+ 5.00E+02%£0.00E+00- 5.18E+02+6.62E+00+ 5.13E+02+3.97E+00+ 5.02E+02+4.81E-+00
F27 4. 01E4+02+2.56E+00+ 4.93E4+02+5.52E+00+ 3.11E4+02+3.16E+01- 4.07E-+02+3.72E+00+ 3.93E+02+1.85E+01
F28 6.24E4+02+6.46E+01+ 3.97E+02+7.40E+01- 4.98E+02+8.63E+01+ 5.24E+02+4.01E+01+ 4.55E+02+3.23E+01
F29 5.57TE+03+1. 60E+03- 1.05E+03+6.88SE+02- 4.67E+03+1.99E+03- 5.66E+03+1. 29E+03- 1. 08E+04=+4. 18E+03
+/=/— 22/0/7 20/2/7 16/6/7 20/5/4 ——
13 AR A AR F ILABC 1 CGABC, 7£ 15 4~ iR 4L 40
EEF igABC. 78 11 4~ & 5 14 F MGABC; ifii Xt 3SHER?
Ho B 3k o 35 00 0 19 MG ABC (X 7E 5 A B 80 1 11 20}
F RLABC. 25F = 228
SN UL T L Bk 5 R AR AE W E NN & ﬁ 20k =
ROREARPERE I/ 14 A T B LA FEHHERBE . N 15}
ZE R E B, RLABC 16/ & i 4 1 68 s Lot
HE4 55— 10 0 1% %%, MGABC B H J5 . ILABC #l 05F
CGABC XA R 1M igABC W 7E fe ) |
. N . igABC CGABC MGABC ILABC RLABC
4.5.2 ZHEER i
M/ S g 55 R AT i RLABC A2 31 B 10 SR MO ABC 2SI AE | 0T 4

R PR AE B R D= 30 B RE IS HE H AT 38 4 1 W
E. MAkLEPEfE RLABC PERE . 764 /N Y Hole 46 30 3
BAEVIFNAS TR 48 B T A BB B0 L 43 il & D=150 Al
100, 5256 7F CEC2017 M4 L 1T, Bk A= ML 2%
TS 401 37 15 AR AR AR ).

XF D=50,3 11 45 71X 5 F Rk 0 S 00 45

WAEBL. 5 D=30 I, PL 2 BE T A n) 205 i &2 2%
{3 RLABC 7£ K Z B0k £ L A58 B 1T B dp 45 28
HYEReIFBA BT R, Bk UL, 72 5 ILABC 19
XF I, RLABC 78 23 /> oRi 28 I 8 T ILABC, I
D=30M£ 7T 3 PR%. 155 CGABC #1 iqABC HY
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XF e RLABC 20 978 17 AN 121 A &% B4 T
BAT B D=30 Bf /T 3 NF 1 A REHTE
ITAELF T RLABC B pRECAE B 43500 1 2 A~ F3
AL iX R B RLABC JF %A DR A 4 B2 38 i ifi 2 25 %F
XA B #. £S5 MGABC 1 Xt L
RLABC 7E 17 o %8 AL T MGABC, It D=30 £
T 1AL S8 KF RLABC 7 D=150 RHRR A
A H L 1 PE RE.

SR (A5 7 A S 7 CEC2017 TR 46 (Y TR
AR (F10-F19) |, #% Wilcoxon Bk Fll A 5 45 5 5k
FH .MGABC 7£ 4 MR T RLABC, MifE 3 4~ R

x 11

¥ 155 F RLABC, It MGABC 7R & R 8 1 1Y
PEREZL NS 4 T RLABC. 32 % Ji H 2 X 2 1R 4 ) J
FIT IR A B sRECS AT BIE X1 L i . F1o YR A T 3 Fl
PR 8 ( Zakharov B %% . Rosenbrock iR (. Rastrigin
PR , FLrP Rl 2 bR S 2R oR AL TR A L] B
60 % X F MGABC X # 1 2R A I ¢ 50l 5 1) 5505 8
AAL M T F11 B2k, KA F11 [
BT 60 Y0 By LI pR KL SR, RLABC 48 68 71 56 fin
BJA o T H80 44 R0 T 2R SV 45 A, R O AR ) A
RO, A 1) o SR i X B B R Y 4 A5 ) A (F20-
F29) B2,

SHENKP D=50 WETRER

PRAL igABC CGABC

MGABC ILABC RLABC

Fo1 1.53E+03£1.78E+03= 1.97E+03+2. 75E+03=
Fo2 2.32E+05+2.55E+04+

Fo4 1.80E+024+1. 54E+01+

Fo5 8. 96E-08+4. 82E-08— 0.00E+0010. 00E+00-

Fo6 2. 14E+02+1.67E+01+ 1.03E+02+1.04E+01+ 1.74E+02+£2.66E+01+ 1.35E+02£9.70E+00+
L78E+02+£1.85E+01+ 8.58E+01£1.64E+01+ 1.35E+02+£2.66E+01+ 9.69E+0141.09E+01-+
Fo8 3.03E+0349.02E+02+ 2.25E+01+1.36E+01+ 3.85E+00+4.83E+00+ 2

.28E403£8.29E+02+ 4.10E+0345.28E+02+ 4.00E+03+4.42E+02+
8.80E+01+2.06E+01- 1.98E+03+1.43E+03+
6.95E+05+2. 82E+05-
. J4E+0343.48E+03= 2.59E+0312.99E+03=
4.21E+ 0412, 44E+04-
L02E+0441.10E+04= 8.60E+0345. 34E+03=
.07E4+03+2.61E+02+ 1.03E+0343.57E+02+
L08E+03+2.78E+02+ 8.45E+02+2. 19E+02+

Fo7

—

Fo9 3.88E+03+3.74E+02+ 5
F10 1.03E+03+6. 23E+02+ 2.01E4+03+1.04E+03+
F11 1.90E+06+9. 10E+05+ 4.54E+0642.32E-+ 06
F12 2.62E+03+2.83E4+03= 3
F13 6.30E+05+4.02E+05+ 2.63E+06+1. 97TE+06+
F14 7.00E+0344.37E+03= 1
F15 1.20E+03+1. 69E+02+ 1
F16 8.60E+02+1.55E+02+ 1
F17 6.32E+05+2.97TE+05+ 3.73E+06+2. 50E+06+

2.22E+03£3.51E+03-
2.52E+05+3.50E+04+ 1.05E+05+7.07E+03+ 2.04E+05+2. 22E+04+
Fo3 3.70E+01+1.32E+01= 3.21E+01%£6.91E+00= 5. 90E+01+4.41E+01= 5. 01E+01+1.74E+01+
8.50E+01+£1.80E+01+ 1.36E+02+£2.37TE+01+ 9.31E+01+£1.11E+01+
3.69E-07+6. 26E-07—

2.01E+05+8.37E+04-

5.67E+02+6.55E+02- .39E+03+£5.52E+03
.09E+04+8. 03E+03
L59E+0142. 28E+01
.32E+01+4.31E+00
1.37E+00+6.45E-01
8.20E+0114. 60E+00
3.57E+01£5. 70E+00
5.07E-011£6. 04E-01

.81E+03+2.79E+02
L16E+024+1.43E+02
.36E4+06+£5. 18E+05
L07E+0346.52E403

w W

0.00E+0010. 00E+00-

L05E+02+9. 24E+01+

IS
[SCIE ¥

A8E+0649. 81IE-+ 05+
.45E+03+3.25E+03=
.96E+05+3. 27TE+ 05+ .38E+05+1. 28E-+05
L99E+03+2.95E+03= 6.78E+03+6.48E+03
.14E+03+2.11E4+02+ 7.73E+02%2. 16E+02
4
3

— ol W
S =

o0

L93E+024+1. 44E+02+  4.62E+02£1.26E+02
L03E+06+5.41E4+05+ .69E+05=E1. 53E+05

—

F18 5.96E+03+3.91E+03- 1.46E+04+5.19E+03= 1.47E+0448.04E+03= 1.48E+04+4.89E+03= 1.50E+04+1.12E+04

F19 6.71E+02+1.42E+02+ 9.38E+02+3.37E+02+ 5
F20 3.84E+02+4.59E+01+ 2.93E+02+1.63E+01+ 3
F21 4.41E+03+1.22E+03+ 3.62E+03+£2.98E+03= 2
F22 6.30E+02+6.20E4+014+ 4.69E+02+£1.59E+01= 5
F23 9.57E+02+5.73E+01+ 8. 13E+02+5.97E+01+ 6
F24 5.13E+0241. 99E+01+ 4.31E+02+3.40E-02— 5

F25 1. 30E+03=£1.49E+03- 1.23E+031+1.67E+02-
F26 6.91E+02+4.07E+01+ 5.00E+0210. 00E+00-
F27 4.88E+02+1.28E+01+ 4.98E+02+6.39E+00+
F28 1.08E+03+1.30E+02+ 6.90E+02+1.55E+02+
F29 7.15E4+0544. 61E+04-
+/=/—

~N e O o

21/4/4 17/7/5

.08E+02+1.87E+ 02+
L15E+0242. 11E+01+
.73E+03%2.52E+03=
.52E+0242. 79E+01+
.58E+02+£3.06E4+01+ 7.52E+0243.00E+01+
.69E+02+3. 03E+01+
.56E+034+1. 01E+03+
L59E+0245. 03E+014+  6.51E+02+£2. 07TE+ 01+
L98E+0242.86E+01+ 5.04E+02+1.34E+01+
.84E+02+2.33E+02+ 8.22E+0241.07E+02+
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these kinds of problems, the traditional mathematical
optimization methods face great challenges, especially for the
gradient-based methods. In this scenario, the swarm
intelligent optimization ( SIO ) algorithm is a good

alternative, which almost has no requirement on the problem
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properties. As a representative paradigm of the SIO
algorithm, the artificial bee colony ( ABC) algorithm has
attracted much attention for its simple structure yet good
performance. Therefore, how to improve the ABC algorithm
or use it to solve real-world problems is a hot research topic
in the community of SIO.

As an emerging idea of improving the ABC algorithm,
the neighborhood-based ABC variants have been shown
promising performance, which aim to utilize the
neighborhood information for guiding the search. However,
for the existing related works, only a single neighborhood
topology is used, resulting in limited algorithm performance.
In this work, we attempt to use multiple neighborhood
topologies for the neighborhood-based ABC variant, so that
the complementary advantages of different neighborhood
topologies can be fully taken. To reasonably assign the most

suitable neighborhood topology for different individuals, the

reinforcement learning is used by considering the individuals
as agents, thus the neighborhood topology with the highest
reward can be chosen. To the best of our knowledge, our
work may be the first attempt to use multiple neighborhood
topologies at the individual level in the community of ABC.
Extensive experimental results confirm that our work can
effectively enhance the performance of neighborhood-based
ABC variant.

This work is supported by the National Natural Science
Foundation of China under Grant Nos. 62366022,
61966019, 62276202, and 62062040, the Outstanding Youth
Project of Jiangxi Natural Science Foundation under Grant
No. 20212ACB212003, the Jiangxi Province Key Subject
Academic and Technical Leader Funding Project under Grant
No. 20212BCJ23017, and the Jiangxi Provincial Natural
Science Foundation under Grant No. 20232BAB202048.



