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Fig.1 Flow chart of whale swarm algorithm
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Fig.2 Random movement under the guidance

of the“better and nearest” whale
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Fig.3 Random movement under the guidance of the
“better and nearest” whale when 1 =0
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11; T X RIS N E (X))
12 if f(X') <f(£,) then
13 0, =X;
14, 0,.c=0;
5. else
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x,  f(Ax; + By)) = f(«x)).

HHF:A=1-rand(0, 2),B =rand(0, 2).

PR AT 3 o 73R E(A) =0,E(B) =1,
D(A) =D(B) =-E(AB) =1/3.

F1 WSAICHZERES

Tab.1 Analysis of the algorithm complexity for WSA-IC
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BLUE B WSA-IC F ki s, ik B = (2) ik
S, EDE & AR 22 B SE R AT
E(x") = E(Ax] + By)), (3)
E (x"")" = E (Ax] + By})". (4)
T AB Sy ME S,y W] LR SR E
1, (3) . (4) ATE T AT
E(x") = E(A)E(x)) + E(B)y!, (5)

1 t+1 E(A) B _ .
B ) T g EE) =y, (6)
E(x")” = E(AM)E (x)” + o
2E(AB)E(x)y; + E(BY) (yD)".
! E(A) = ! ¢ A Ao s 4
gt ~ g = O M EGe) MO

fHA =E(A) =0 < 1,K it E(x;) W8k .

B (5) (7)) H#EH

D (x") = E(x")" -E' (&) =

E(ADE (x)" = E*(A)E* () +

2E(AB)E(x;)y; = 2E(A)E(B)E(x})y; +

(E(B*) -E*(B)) (y)". (8)

D (x"") - E(A*)D(x}) =

D(A)E*(x]) +2E(AB)E(x))y; -

2E(A)E(B)E(x))y; + D(B) (y))" =

D(A) (B (x}) = 2E(a)yi + (9D). (9)
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4.5 WSA-ICHZWSHILE

WSA-IC FvEAL 5 4 D28, RIVR P i U5 5 B2
Po EI R n FREEBAE T, LA KSR 9 E
T, HA p, Flm 438 B 2 F1 O T, 3 5 IA
5 45 B3 R R 25 (BIORS B ) AH S, YRS R
S it T E R 1.0 x 10 7% 3 TR 5 45
LT, B — FRCIAC B RO BE 1 100 £
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KT 6 A2 WA 46 58 2 VE X B3k
locally informed PSO (LIPS)'®" fitness-euclidean dis-
tance ratio PSO ( FERPSO)'"' | speciation-based DE
(SDE)"™  crowding DE ( CDE) """ speciation-based
PSO(SPSO) "™ UK WSA. A5 & vk #F 2 7E Microsoft
Visual Studio 2015 H1H] C + + 4 Feif & SC8, 76 A ]
(IFREE T Iia 17 45 1k 550352 CPU AR ]
4.6.1 X &4

D R ECR Y 15 4> CEC2015 22 1 J o ) 4k
PRI, A S BNER 2 fis. £ no, 0, 5751
FoR R BYE FE A JRy SR A A A L DR B A A A
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Tab.2 CEC2015 multimodal functions for the experiment

giiz PR B 44 R n o o,
F1 Expanded Two-Peak Trap 5 1 15
F2 Expanded Five-Uneven-Peak Trap 5 32 0
F3 Expanded Equal Minima 4 625 0
F4 Expanded Decreasing Minima 5 1 15
F5 Expanded Uneven Minima 3 125 0
F6 Expanded Himmelblau’ s Function 4 16 0
F7 Expanded Six-Hump Camel Back 6 8 0
F8 Modified Vincent Function 3 216 0
F9  Composition Function 1 10 10 0
F10 Composition Function 2 10 1 9
F11 Composition Function 3 10 10 0
F12 Composition Function 4 10 10 0
F13 Composition Function 5 10 10 0
F14 Composition Function 6 10 1 19
F15 Composition Function 7 10 1 19

4.6.2 HHKEKE

HEN EES RO EMNSR 3 £ 4 PR 53R
3, m, /m, e WSA-IC B3k B9 R E R /N He A
SRR /N, CPU HHEEIS [ L) s Sy Bz iy T
WSA-IC vk A A 7 v ] DUA Ul Jf: Bk
O 28 4R B A 1 A5, PR 0k AT L8 A X /0N £ A
TERURL, LA AR Sk i3 R R

&3 CEC2015 ZIEMXBHEXSHNIEE

Tab.3 Setting of parameters associated with

CEC2015 multimodal functions for the experiment

RBY S WEMERE m,/m, CPU/s
F1 OE -08 40/200 6
F2 0E -08 60/200 200
F3 OE -08 50/2 000 1500
F4 0E -08 30/100 180
F5 OE -08 40/800 80
F6 OE -08 40,200 20
F7 OE -06 30/100 30
F8 OE - 04 100/1 000 1 500
F9 OE -08 500/3 000 1 800
F10 0E -08 500/1 000 500
F11 OE -08 100/800 800
F12 OE -08 400,600 800
F13 OE -08 50/300 260
F14 OE -08 400/2 000 500
F15 OE -08 100/600 1 000
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Tab.4 Setting of main parameters of seven algorithms

Bk 28
LIPS w =0.729 844 ,nsize =2 ~5
FERPSO x=0.729 844 o ==4.1
SDE CR=0.9,F=0.5,m =10
CDE CR=0.9,F=0.5,CF=m
SPSO x=0.729 844 |, =2.05,¢, =2.05
WSA o =2
WSA-IC po=2,m=0,T =100-n,T, = ¢,

TE 0 N BUE AU ; nsize S 48 A %5y W A 1
P JFH CR 9 52 SUMEAE S F Sl 50 A F s NI KN CF
AIEHT 501 .00 JREL

4.6.3

B4 46 45
DA AR H B 0 28 T P , 5 B 3 7 44 Wk
RS THEZEVNLEY LRSBH ANOFES5 ZHRBER

Tab.5 ANOF of seven algorithms on test functions and results of Z-test

Jo B TSI B =T T Ok R R Bk A PEE
4.6.4 FHBERL5HH

(1) SR ik 4 5 B S A o A0 ik 250 o 5 T Y
22 P03 I S B B AL AR 81 (average number of opti-
ma found , ANOF) f 5. 5. 35 i) ANOF {H A i & Pk
JKF-2h0.05 I Z KB 45 R WL 3R 5. 3R avg + sd
FORBILIASH) ANOF Y8 + bR 2256 Fm 2 ¥
WA, AT S +7 (% = 7) Fon WSA-IC /L
FRMT (L T)MLEEHERDE 5 ="
Fen WSA-IC Sk A e B 45 1 1 22 5 AN B35
BRE R A5 -7 B 1A, 55X o)
PO A5 55 + TR 5 280, IR R WSA-IC
ARG BRI b T HAR A

PREL WSA-IC LIPS FERPSO SPSO SDE CDE WSA

F5  avg+sd avgxsd &  avgxsd § avgxsd § avg = sd ) avg + sd 8 avg+sd )
F1 10 0.22+0.41 + 0.67+0.47 + 0+0 + 10 = 0+0 + 0.12+0.32 +
F2 32 x0 21.02+£1.80 + 7.43x1.42 + 00 + 13.77 £1.55 + 00 + 1.96+0.74 +
F3 6250 257.98 £8.81 + 148.14 +7.32 + 0+0 + 163.73 £212.52 + 1.94+1.31 + 10.06+1.42 +
F4 1+0 0.33+0.47 + 0.43+0.50 + 0.33+0.47 + 0.80x0.40 + 1+0 = 0+0 +
F5 125+0 82.82+4.21 + 84.29+4.36 + 0+0 + 15.65+1.54 + 0+0 + 6.22+0.89 +
F6 16 =0 14.16 £0.85 + 11.39+1.36 + 0.20+0.40 + 4.37+0.48 + 16 +0 = 2.73+x0.79 +
F7 80 5.24+0.92 + 2.73+1.07 + 0.24+0.42 + 7.47+0.70 + 80 = 0.51+0.50 +
F8 216 +0 86.28 £5.51 + 70.29 £4.23 + 11.31+£3.54 + 23.53+1.67 + 204.59+3.86 + 10.84=1.41 +
9 4.22+1.13 1.04+£0.82 + 3.55+£1.05 + 0+0 + 0+0 + 0+0 + 2.59+0.69 +
F10 00 00 = 00 = 00 = 00 = 00 = 00 =
FI1 0.80+0.40 0.16+0.36 + 0.10+0.30 + 0.35+0.48 + 0.67+0.46 = 0+0 + 0.39+0.49 +
F12 0.14+0.34 0.20+0.40 = 0.02+0.14 = 0+0 = 0.82+0.38 - 0+0 = 0+0 =
F13 0.94+0.24 0.77+0.42 = 0.96x0.19 = 00 + 1+0 = 1+0 = 0.04+0.19 +
F14 00 00 = 00 = 00 = 00 = 00 = 00 =
F15 1+0 1+0 = 10 = 0+0 + 0.98+0.14 = 0.12+0.32 + 0.06+0.24 +

(2) Fe e A 04 o Bt o 30 3k BUAS 1 o A0
T VAR IR 2 100 5 41 B oR BT 5 IR, i
I A B 1) o 010 e 24 0 (A o 22 ) B Z K B 46
w36 Fron, il H avg(sd) fl 6 F£oR. B4,
o s =TGR D TAES S + T =T R
i, Ul W] WSA-IC 503k BOAG 1 4w 19 4 10 i
R

(3) W SIUH BE . 76 e 8 3R00E R A 28R I, LU
AR I pR B F14 B A W St 2 O 451 BE AT 2y
B, QP 4 B s A A A5 O PR AN U, DA AR O B
15 22 R SE B 4R B B 4 4 SRy fee 0 Ak 3 VR 4 (L

i T FERPSO I WSA i b n] BE 2> i 7 Wi Soimi
15 1R IR A, W FESEE AN B AR X AN SRk A 4 ]
VLA W, A T A58 3, WSA-IC 3 k7 Fl4 |
DA B PR P T R A S50 B

£ LTk, WSA-IC 395 BE i A0t 18 R 3]
Z WAL, X E BT a5 T X WSA #9751 19 2
BE B R AL, i WSA-IC 553 7 (R IE
ZA T BRI B[R] B DR 35 R B 4 R BE 5
= AR AR R R R O Bk 2 4R B B M
A JIE WSA-IC 703k 1) 4 Jay d A0 i Wi 85, IR ml
AE Hb £ v 580 1 10 4 Je 1 R i
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Tab.6 Quality of optima found by seven algorithms on test functions and results of Z-test

E¥  WSA-IC LIPS FERPSO SPSO SDE CDE WSA
ia= avg(sd) avg(sd) ) avg(sd) ) avg(sd) ) avg(sd) ) avg(sd) ) avg(sd) )
gy O-00E 400 5.39E +00 1. 33E +01 3. 66E — 02 3.62E - 10 4.32E -01 5.73E +01
= +
(0.00E +00) (1.30E +01) (1.89E +01) (7.61E -02) (1. 80E -09) (2.95E -01) (3.19E +01)
- 1.39E-16  5.86E -12 6. 11E - 14 2. 60E - 01 5.51E =10 2.40F - 04 6.75E - 01
= = + = = +
(9.85E -16) (3.28E -11) (6.71E - 14) (2.71E -01) (4.50E - 10) (3. 04E - 04) (4.77E +00)
g ¥PE-14 LRE-10  241E-12_ 3.57E-03 _ 252E-10 _ 1.10E-08 _ 0.00E +00
(1.83E-13) (4.36E-11) ~ (9.77E-12) ~ (1.8E-03) ~ (5.00E-10) ~ (3.29E-09) ~ (0.00E +00)
- 3.34E-15 2.51E-02 7.23E - 02 2.39E -01 2.11E -02 1.45E - 14 1. 29E +00
= + = = = +
(1.75E -14) (3.47E -02) (8. 17E -02) (9.09E -01) (4.59E -02) (2.48E - 14) (5.35E -01)
i 2.12E-15  1.35E-10  2.58E-12  5.49E-04  3.26E-10  8.58E-05 _  0.00E+00
(9.89E -15) (8.79E-11) ~ (1.51E-11) =~ (3.72E-04) ~ (3.66E-10) =~ (5.74E-05) ~ (0.00E +00)
. 2.55E-14 6.71IE-12  469E-14  237E-02  3.56E-10 _ 3.32E-11  2.69E-11
(5.29E -14) (3.52E-11) =~ (6.00E —-14) =~ (2.84E-02) ~ (7.27E-10)  (1.15E-10)  (1.13E-10)
- 5.58E -07 5.64E -07 5.58E - 07 1.22E -2 6. 15E =07 5.58E - 07 1. 79E +00
= = = = = +
(3.34E -15) (2.59E -08) (6. 06E —14) (1.61E -02) (6.42F - 08) (1.29E -14) (1.97E +00)
i 2.36E-08 3.85E-06 2 12E-07 _ 6.38E-05  S.92E-06 _ L3IE-06 _  3.02E-06
(6.89E —08) (1.61E-06) ~ (3.95E-07) ~ (9.64E-06) ~ (4.10E-06) = (5.85E-07) ~ (3.47E-06)
o 6.86E —14  1.12E -07 1.47E - 10 1. 53E +00 1. 53E +00 1.53E +00 5.21E - 10
= = + + + =
(5.99E -14) (3.98E -07) (4.23E - 10) (3.57E -09) (7.90E - 14) (2.31E -09) (1. 00E -09)
F10 3.71E +01  3.00E +01 4.95EF +03 1. 26E +04 3.41E +01 5. 10E +01 9.30E +03
- + + - + +
(1.27E +01) (3.58E -02) (6. 63E +03) (4.06E +03) (1.03E +01) (1. 13E +01) (6. 54E +03)
ey HUE-02 6.87E-05  _ 2.65E-02 _ 452E-02 _ L64E-0l _ 6.55E-02 _ 3.11E-03
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Tab.7 ANOF of WSA-IC with different values of T
WH)FE T.=20n T.=40n T.=60n T.=80n T =100n T =120n T =140n T =160n T =180n T. =200n
F1 1 1 1 1 1 1 1 1 1 1
F2 32 32 32 32 32 32 32 32 31.98 32
F3 472.94 586. 94 622. 20 624.92 625 625 625 624. 96 624.90 624. 96
F4 0. 69 0.92 0.96 0.98 1 1 1 1 1 1
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F15 0.94 0. 80 0.92 0. 88 1 0.92 0. 65 0.67 0.71 0.55
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Tab.8 Experimental results of WSA-IC and other algorithms
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A Multi-swarm Artificial Bee Colony Algorithm for Function Optimization

WANG Shouna'*, LIU Hong'*, GAO Kaizhou®

(1. School of Information Science and Engineering, Shandong Normal University, Jinan 250014, China; 2. Shandong Provincial
Key Laboratory for Distributed Computer Software Novel Technology, Jinan 250358 ,China; 3. Maritime Institute, Nanyang Tech-
nological University, Singapore 639798, Singapore)

Abstract ; A multi-swarm Artificial Bee Colony( MABC) algorithm based on the segmentation of population was
proposed in this paper. It was applied to function optimization to overcome the drawbacks of slow convergence
and low computational accuracy of conventional ABC algorithm. In this algorithm, K-means clustering algo-
rithm based on Euclidean distance was introduced to divide the bee colony. In the subpopulation, a method
was introduced to update the location of nectar based on global communication to accelerate the convergence of
the algorithm; and the fitness function based on local communication was introduced to expand the diversity of
the solution. The simulation results of six standard functions showed that the MABC algorithm could attain sig-
nificant improvement on convergence rate and solution accuracy, and show better performance in function opti-
mization problems when compared with the ABC algorithm.

Key words: Artificial Bee Colony algorithm; segmentation of population; nectar location updating; fitness

function; function optimization
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Improved Whale Swarm Algorithm and its Application in Steelmaking Continuous

Casting Scheduling

ZENG Bing, WANG Mengyu, GAO Liang, DONG Haozhen

(School of Mechanical Science and Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: A new swam intelligent optimization algorithm named whale swarm algorithm ( WSA) was studied.
The principle and essential procedures of WSA were introduced; and the characteristics of WSA were presen-
ted through comparison with other classical swam intelligent optimization algorithms. For multimodal optimiza-
tion, the iteration rule of WSA was improved, two parameters namely stability threshold and fitness threshold
were introduced, and thus WSA with iterative counter ( WSA-IC) was developed. The experimental results
demonstrated that WSA-IC showed good performance in terms of the number and quality of optimal solutions
and convergence speed. Then WSA-IC was applied to the steelmaking continuous casting scheduling problem,
and proved to have good optimization ability and strong stability through the experiments. Finally, with the
above research results, it was summarized that WSA had much value in practice, and further research of WSA
could be carried out in theoretical study and practical application.

Key words: swam intelligent optimization algorithm; whale swarm algorithm ; multimodal optimization; steel-

making continuous casting scheduling



