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Table 1 Parameter symbols and definitions of model
1 E X
L= iy ,dy, 0,00, b BN I 19 T AR RS
M={M My, M, | BRI s A
0,=10,,0,,05,,0,1 THi THES
T B T
M= | M, My, M, TIF o, HLE A
s T o, fEHLEE M, L HOFF T )

ijh

TIF o, TEHLEE M, L 105E T o]

» T o, TENLES M, 194 FE 5 o]
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¢ T o, Y52 TR
PR R TIT o, EHLE M, L

T 1, R 2% 0
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S =min(max c,) ; (1)
Y ox, =15 (2)
k=1

c; =5, + Tt L (3)
Py

Sijen) = €53 (4)

Sip = €0 (5)
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Figure 1 Flowchart of LRA-BSO for solving FJSP
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TR R AR SR T T R R B AL 4
Mg 07 vk, i or Xk 2 i, &2 PECFE
L-LARFE AR 1S 1 E T 55 2 9037 0 1 17
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TRFHA A L — G Bl & n] DLE R, B I L A% 16 75 2
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HIEE kAL
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Table 2 Coding method example

TF Bl T Gl
1-1 M, 3-1 M,
2-1 M, 3-2 M,
1-2 M,

B UF -1 R LA TR LIE TR Hlds M, &
7R MGE TR RN LS M
2.2.2 R

TR fi7E A J2 i 2 AN (] 1% 9 5 R D e % 2 g ]
PR BT 58, TEMRAS I R b e AR A R
I B 0 A 3 TR AR R B O SR b R I U AR S
AR A1 HIL 45 2 45 2 B2 0 o T TP O AL e e %

TE A R v A SOR H S48l A i 7 2 1 1R
TR SN ZE B A AR AT HEFF , Ak 1 B

BiE1 SUAER A

%Aﬂ‘)\*/l\ﬁjﬁiﬁ@,

Bt AR S BRI AT A
@ Fori =1to total _op_num do

Q@ ARBCYHT LY o, FrEbLE: M 123 IR ] BB =
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@ it o, 1 FF A ] < 25 PR ]

o WY TT R I [] = b 1Y TT 4y ik 8]
o, W58 RN 8] = b, 1 I 4R I (8] +o0, 1Y
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end if
® end
® end
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FhHE T 4 T TR W 52 1) R 2 4 B30 1) SR A 350 R
KA . X T FISP RN &, FhRER) 46 AL A
1 TF 7 5001 1 AL FAL 28 7 51090 bR 4k .

(D) L& FFAIIAG AL . Bl 7 5 190 46 b J7 %
LG 42 R R R FR A FE A BE ML L B | A SCH) 46 AL Fib
RS 3 b A BRI BT 4 L] 43 33 8 0.6.,0. 3,
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A7 B 34 S PE SUARIE T R R 2 AR

(2) TSP R i, TERZBM 5T, TF
J7 90400 46 A — R T BE LA B 7 =X 7 AR e
RE DAL B 12 0400 fa A RE S, 4 1 Tent JE 3 B S5 7T 1A
EFRN S, A TR EENERE
T AR SO A AR TR A B B R A Tent IR
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x(1) ,0<x(t) < ay

x(t+1)= 1 - x(0) (6)

1 -a

X a —EEUE R 0,1], %5 2R TLR I AIE , 4% 50
P a =0.499,
2 ETREAEEMRETHELRERRE

BSO B 75 K 4= 45048 3R 5 vk rh g AHE AR Y A8
BLREME —ERE LM R EL, HE T
FJSP J& T NP-hard [n] 8, >R F 2 fig 00 4k 55 1 oK
B G AR TR . AR SCHE T R 1] 48 4 3R 4
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AT RN RS I B AR SR 8% 8, Bir R
ARG PR R I R AR B s, 52
IR BB RGEARIREL KA AN 1A 1Y 3 B AL B
a1 N
v,(t+ 1) =wv,(t) +cr [ (p;); (1) —x,(2) ] +

e, [ (py) (1) —x,(1) ] +eré(t)s (7)

E(1+1)=8(1) b+ sign(f(x,, (1)) -
EODE (8)
wy(t+ 1) =x,(8) +v,(2+ 1), (9)
S e, e, P2 50 IRDR T BE R W i I T
—RELL0,2] se, MINHIE T £(0) HINFTT i 57, |
ryory J900,1] ERIBEHLEL ;0 WAR MR
w W B 7 2k

va<«x(t) <1,

_ @ T Wi
0 =0, " T X 1o (10>

A T e REARE e A HTERREG o,
W, 53N s PR R Y R R A R /IME A S
w,.=0.9, 0, =0. 4, XF%ESHE LT
FLEAE KW RGE, A ERRECE N, o
B D R A R AR SR AT R R R
2.4.1 Rk Kok

FER RE A kAR AR b R 2 MMl 23 Bl
& VAR B 8 e 0 SRR AR
TR AR O VA R B e R L. A T P A (]
R 38 2 1) 3 R R T BENLEE Bl , LS 0 R R Y
ZREME, HAt AU

- l,rand < 0.5;

= 11
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NN 4 o NG 1197 o 1 TV N 7 o AN S P2 2 R =
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HEAE AT W 1Y BE BIL A I8 R K A BE SR O L L BE
AR5 B BSO FLak 4R FARAE Y S kAT

B2 RAF 5 3 4 A
s = Ll; (12)

| vl?

I'(l1 +B) X sin %’8
o, = —~r (13)
F(l ;ﬁ) X B % 25T
o, =1, (14)
K ip ~ N(0,0,) 50 ~ N(0,07) ;B HHELL S,
18 3 3 A AT SRS B 1] 48 28I A SRk Y
EVSEL T -V I N S N DR VAR LR TR/ W)
w(t+ 1) =y x (a;(t) +x,(¢) DLevy ) +v,(t + 1),

(15)
2.5 ETENEERGENEXRSHIEERE
2.5.1 A BE-FoyiEE R

A P T 5 (5 (7)), ey (1)
R AR T A A, R F ¢, A
R 1 £(1) 55 A A K 252 43 W 00 26 95 1o B4 3 B
BEAMT S L R T e, AN T AN 2
0 o I T B (7 R 0
B IR TR, AP A 5 Bt R A 1
IE Sy s A NN S L PN
SRR, SO0 R T 74 0 4
S T AR T

e = ) = fu)

s s f = S
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¢;.f < favg o

SO e, e 400 h DA B TR A 60 05 A I

N (= YN RN N S 1| SR [N S N N IR R A S
(6 R A A die /N ok 7 JBE L L R A4 i i R 7 2 A R
ERETEE Y A

A LM PR R A A AR 4 3 72 A 24 R A 4 4
T LB A A 2% R A AR B A B RE N DV %
X JHE SR FH B R DA R DR ok 1 A HG 4 JR 48 R g
Bz, v/ N AR PR 1 DABRIE A 4 BE A8 7 LA A
FEDHS 048 2%, SR I B33 4 J) B (I i
2.5.2 MET KA KIS IAE K%

HI T LRA-BSO ik 2 K2, AL RE ) i )42
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RAK KA B8 R BE 3 DL KA X I A 5 8 3R 5L
A A A R A K Bk b S R A
SRR

A BSO T 5 Kyt I, 25 5 4l B 12 4 i i
S, B A JR B S e il AR SO S I N R (R 15
(25 K AT IR L SR WS SR N A, B AN
B 2, 45 0 A KR BB Rl Ny R U A 4
FAK, BRIEHHEMFL 2 PR,

Hik2 WHERLKMEREE,

BN YRR A R B 3E N EE £ AR AR R
F S Y BEE A, 8() \d (1) ;

i RN REK 6(1+1) BEEE

d(t+1),

D if  f<fo, /BTSN d ASBEHR I N E
S(t+1)=m, x8(t);
d(t+1)=m, xd(t);

@ else

S(t+1)=6(1);
d(t+ 1) =d(1);

@) end

3 &EixEmhig

ASCIEI 6 Fh vz N T R A SRk M me DU
TR AR I PR, 3 e X 3K S bR SR A IR O e
A LS 2 A B A A AN B S B A A, X T R
LRA-BSO B35 A & i M e #E 171744

2 3 frow,6 Rl e Kb, f, A £ Sk B0
WRERELLf f, L f R 20 it ok B, £, R [ 0
I3 R KR X T [ A 45 0 AR 0 T R AR B A i
T SEA B0 R A AT LA i B B R 5
I BE T3 B 1 SRR

BB AT ) Winl0 #2/E R 58 .8 GB INFE .
Intel Core(TM) i7-1165G7 CPU 2.80 GHz, * &%
LRA-BSO H 3L R HT BSO ik iy —FhBE R B,
I BSO W Z7E BAS i FEfili I 51 AL B ABE 8 17 44
AT B S 1 , AR SOBF LRA-BSO 5 BSO KL T
PEALF 1 (PSO) #EAT P A, 25 B30k 1 b B LSS 1 3K
BN 50, e REEAKEL T=1 000, LRA-BSO 5k
Bk E N 0,.=04,0  =0.9c=¢,=1.79,¢;,.. =
2,¢50m=10

FABHT 30 RIS EL LI T 3 FhS 2T
25y LI 0 R KR ) SR 5 R HE, HE e AN ] R B TR
3 AL A SR L A5 SR B R, o BSO \PSO 1y 1
HEER SISk 11] .

H & 4 W7 LA 7R 6 i i ofi ol 5000 K 52 55 v
LRA-BSO B L3 5] 1 4 Fhl i ok B0 f f 25 51, H
W e YRR T I R B B e L A Ab
B R AL £, f, BT, LRA-BSO 5 BSO PSO HiL A
EAE WS RE ) ik A7 25 08 {H & LRA-BSO B3k P
RESE N AS E o 76 Ak 3 22 0 (8 DU 3k oK 51/, oS, s B
LRA-BSO Fik iy ERE I AR T HAL SR L, L5 4
FE AR SCHE Y A T R W 45 LRA-BSO ik e
A ARk S B AR PR R UL . R AL S A U PR ER £, B
LRA-BSO B3EAAGE R T HOS I (e, 1 B 5 HAh 2
FPFVE A L, LRA-BSO 5303k i M e B RS e

LR 5 3 PO [ 28 8 A 3 ek Bk, AR S AR
1) LRA-BSO %3 5 AT 5 4 W S5OKG B R 4658 ot 1) A
M RRAE Bk R T A S LB B A R
) SR J1 SR i 52 2% FISP ] 8 HAT A 3%,

4 FRBIIE

KM Brandimarte 3 #i 8 f7]"*" ( MkO1 ~ Mk10)

F£3 MK EE
Table 3 Test function
W R 7 18 iy AR 4 R IS R
filx) = X« 30 [-100,100] 0
fo =Y (X)) 30 [-100,100] 0
fi(x) = Y = xsin( /7, 1) 30 [ -500,500] ~1.256 9e+04
filx) = Y, [x} = 10cos(2mx,) + 10] 30 [-5.12,5.12] 0
l <, L x;
fi(x) = m;xt - Hcos(f) +1 30 [ -600,600] 0
10
fo(x) == X[ (x-a)(x-a)" +¢]" 30 [0,10] ~1.053 6e+01
i=1
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Table 4 Comparison of experimental results of 6 test functions

o /i B g
aver best std aver best std aver best std
LRA-BSO 9.593 6e-08 1.820 le—14 2.815 6e-07 3.454 8e-08 8.185 6e-14 5.478 3e-08 1.088 6e+04 -1.240 2e+04 8. 192 0e+02
BSO 0 9.360 0e-76 0 3.310 0e-72 ~1.790 0e+03 1.733 5e+02
PSO 0 0 1. 670 0e+02 9.128 7e+02 -1.400 0e+03 8.574 8 e+01
o Ji Js e
aver best std aver best std aver best std
LRA-BSO 2.294 4e-10 0 8.514 0e-10 3.355 0e-09 0 1.760 9¢-08 -1.053 6e+01 -1.053 6e+01 1.260 0e-02
BSO 4.311 0e-01 9.305 0e-01 1.267 0e-01 8.490 0e-02 -9.106 9¢+00 2.411 le+00
PSO 5. 178 5e+00 9.005 7e+00 1.348 0e-01 9.260 0e-02 -1.216 le+00 6.276 0e-01
o | ANSEBRFE B XA SR B LRA-BSO Sk 4.1 fREEGIRIE
FISP TR [R) A Hh i o A7 A AR il , &id £ LRA-BSO ,BSO ., PSO iR & K AR AL AL 535 (HG-
WSHER B LRA-BSO Bk S8 T BRIl WO) ™ Bk Ok L5325 (TALO ) ) Btk 22 45
B 50, | RERRE T=1000;0,,=0.4;0,, = o 5 AL Sk (IMMBO ) ' 46 8 4 Bl AR 1k 33 12 oK e
0.95¢,=¢,=1.79;¢,,..=23¢5,..= 1, MkO1 ~Mk10 FY45 R I3k 5 fros .,
% 5 Brandimarte ¥R/ E 531tk
Table 5 Comparison of Brandimarte benchmark studies
Bk MkO1 MkO02 MkO3 Mk04 MkO5 Mk06 MkO7 MkO8 Mk09 Mk10
LRA-BSO 40 28 204 62 176 70 144 523 312 237
BSO 40 30 204 67 182 74 155 523 321 244
PSO 46 35 212 71 185 98 176 557 345 251
HGWO 40 29 204 65 175 79 149 523 325 253
IALO 40 28 204 67 174 73 149 523 323 234
IMMBO 40 28 204 66 173 72 144 523 325 257
HI3% 5 g0, A L T AR SR BR TSR MKOS | 25 L ik SR i FISP 245 [a] i, A SO Y

MKk 10 24161 1 25 S 0% 2% LRA-BSO B vE7E K i Hi 4 8 LRA-BSO ik 7E F- L RE S M SIGE B F BA — &
B 25 B T e R T AR . WL, % A, SR e H R 3 s,

YR AR SR P FISP [n) )y 2 A P ®6 LHIMLLER
4.2 LHILEIE Table 6 Compared results of the instance
KR SCHk [2] By FISP 52 ) % A SC 42 By ik R K 5E T i i)
LRA-BSO Bk b 174 Rt 56 UE , I 5 Hogh Wt 47 % LRA-BSO 5114 35
M. fEI%SCHIR 6 A TR 6 A HLER En T, 4 5 BSO $hik 37
S LRA-BSO BSO PSO L J% st AR BESE1: 2 4351 o %
X 2 3 17 SR SR 45 0 6 . th % 6 SR AR i sl
AT, LRA-BSO 55 1R #1551 19 ik 56 B il “ —irasso
35,0t T HAS % \ BSO
%I [ LRA-BSO . BSO I PSO % 7 [/ 2 45 T - e
LRA-BSO . BSO PSO X 3 5 1 76 3K i 1% 5 91 1 £ “’éwm
VEfRZ . P 2 W4, 4E 20t A8 I, LRA-BSO A P
BT BSO B ¥E M PSO Bk 7 i Sk B | V7
LRA-BSO 53k 48 73 ARk, T BSO Sk Hk T u . , , ,
PSO B3k, HAR PSO BILTE 15 MRSk, (Hiz A ik 0 230 %:é);ﬁ 730 1,000
TR, BB A R AL, % 6 Bon Hig K5 B2 FEEEEAHZ

T A R 38, F LRA-BSO CRTSE Figure 2 Iteration curves of different algorithms
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TR
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Figure 3 Gantt chart for LRA-BSO based FJSP
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Improved Beetle Swarm Optimization Algorithm for Flexible Job-shop Scheduling

DING Kai, ZHAO Xinyue, LYU Jingxiang, ZHU Bin

(Institute of Smart Manufacturing Systems, Chang’an University, Xi’an 710064, China)

Abstract; To solve the flexible job shop scheduling problem ( FJSP) , a hybrid Levy flight, reverse search, and pa-
rameter adaptive adjustment strategy improved beetle swarm optimization ( LRA-BSO) was proposed based on the
beetle antennae search algorithm which could simulate the foraging behavior of beetles in nature and the swarm in-
telligence optimization theory. Firstly, a FJSP model was established. Secondly, the initial population was genera-
ted based on the Tent chaotic mapping, which would improve the quality of the initial population. Then, the Levy
flight strategy and reverse search strategy were used to improve the global search ability of the LRA-BSO algorithm,
and the search step size and the search distance of the beetle swarm were adjusted through fitness feedback to avoid
falling into local optimum. Finally, the optimization ability of the algorithm was validated through 6 multi-dimen-
sional standard test functions. In addition, the applicability of the LRA-BSO algorithm in FJSP was verified by 10
standard test cases and 1 practical case. The test results showed that the algorithm performed better or equal to oth-
er intelligent optimization algorithms in eight standard test cases and demonstrated good optimization ability. In the
practical cases, the improved algorithm had a 48% improvement in convergence speed compared to the original bee-
tle swarm optimization algorithm.

Keywords ; flexible job-shop scheduling; beetle swarm optimization; Levy flight; reverse search; adaptive parame-

ter adjustment



