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Rolling bearing fault diagnosis method based on DBN optimized by ISFLA

QI Hong-fang', HUANG Ding-hong’
(1. School of Intelligent Manufacturing, Wuhan Huaxia University of Technology, Wuhan 430223, China;
2. School of Mechanical and Electronic Engineering, Wuhan University of Technology, Wuhan 430070, China)

Abstract: Aiming at the problems that the traditional fault diagnosis model was easy to fall into local optimality, the model generalization a-
bility was poor, and the fault recognition accuracy was easily affected by the quality of artificial feature extraction, the fault diagnosis method
of rolling bearing was studied. Firstly, a fault diagnosis model of rolling bearing based on deep belief network ( DBN) was proposed and the
hierarchical adaptive feature extraction capability of DBN model was studied. Then, an improved shuffled frog algorithm (ISFLA) was de-
signed to optimize the number of neurons in each hidden layer and the learning rate of reverse fine-tuning algorithm. Finally, the bearing data
set of Case Western Reserve University was used for experimental research without any feature extraction of the data. In the experiment, the
original time-domain vibration signal was extracted, and the fault features were analyed and compared with the BP, DBN and PSO-DBN algo-
rithms. The results show that ISFLA-DBN has the highest fault recognition accuracy, the fastest algorithm convergence rate, and the best
model generalization ability.

Key words: rolling bearing; fault diagnosis; deep belief network ( DBN) ; improved shuffled frog leaping algorithm (ISFLA)

N HEIRS FEHE BT B B BT 0 AR T Bt 5
0 5 = MRS L TR e 2 B S OB b i 2 B

?/fﬁzgji‘ﬁhﬁ{/ﬁ%ﬁ}%%*ﬂ*ﬂﬁ%é@i%ﬁ?%ﬁ{*,;H\:@ IE’%L’E//{?E/‘J tt’fﬁUé{]ﬂg 30% - o ﬁt,ﬁﬁ%—‘ﬁ%;‘{ﬁ N

Wr#s H#8:2020 - 04 - 18

EETE WAL B RBAE A B H (2019CFCOL L) 1AL 5 25 AL 75 vh 75 4 B HE Q5T 41 BA T S B¢ B3t F (T201837 ) ; s 4 L ¥R 122
e RBHIT R 42 ¥E BT H (18016)

PEER N FFU T (1977 - ), 55 1AL IRDON Wi, B B2, =BT SEHE i B AR I T BHFST . E-mail : hf1212@ hxut. edu. cn



514

St , 45 AT ISFLA (AL TRIE AR 0 2% (7R sh R B B2 7 I - 63 -

FOE AT R YRR L 2 B ik SO LB AR SRR
BEISWI 15 K 2 R A B AR e /N s e 2
BRI S S A B AR R W B B 17
T NN RAAE ORI LR, SR )5 i A 2 0p Seds b AT
BRSPS T M T A BRI SR 280

TRIBEE AR M 45 (DBN) A1y 28 it (1 TR S5 2 ) 3 3%
Z—  FATSR KR 8 D A A R AR T AN 2
AbHREE F7, AT B R I SR B A5 5 2R AT K Ak
B DRI IZ B T LR S R AR
(e Ji {23 T

M T A S RO £ 75 & BEX DBN Rk e BUE
HEREEMIER], 7 H AT BT, X T DBN R
B R T RO B O 27 2 R R, R
Z MRG0 NN AT 4% . R & ik Bk AR 3k (SF-

1® @ --- @] own

N 1 Sy S
o 0 @ - - @
I

(e S —

(a) DBN {45

Ve A —EI B g — EH B §— 16

LA) &R TREA BRI R I8 R ARk, HE G T
LRk ROk L AL B3 (particle swarm optimiza-
tion, PSO) By i1, AT 4 Jr 8 R Al S i MBI
P T Bk Ry AR A A S A

FET LI BN A SO — B T ki %) SFLA
Ak DBN Wi Ri2 WA A |, K TR 3l R 1l
FEiZW

1 REEEMLS

TEL5 K F, DBN J2& 1 24> 32 BR 37 IR 24 2 Bl (re-
stricted boltzmann machine , RBM ) HEZ 1] il 1 2 ba & )2
DBN HERIZEA AN A 1 iR

(b) RBM %5 1)

E 1 DBN #ERIZE
v—IIN B sh — % — T8 B h,— 5 — 18 A B h,—% = 184 & output—#r & & B Soft-

max 43

DBN (45 F) 2 8 3 24045 - i A JE 2 oo 8
i 1y 2 P 2T B R ORI SR 2 ) R SRR
%, LUK RBM1 \RBM2 1 RBM3 &5 R M2 0140

DBN YIIZRm i fe o0 h miA~ B Be: (1) AR )2 3 i
JZHY RBM JC i &z 2 Wl gl £ 5 (2) th s 2 22
4 B T it =~ s 7

2 ELF ISFLA {4k DBN A8 %l 7 il

1L A
2.1 ISFLA E:RSH%%

St %o SFLA %539 75 52 R B b A7 76 T Bl 83 v 30
4, ZHANG 2 N0 PSO Bk MR g ) b
FIE SFLA w1, BT 34 5 2lcste SFLA AT 4 H 11

PR I B TR e R 1 (TSFLA ) B8 MU 2 F =X
JIF R -

>R 5 o—TAEAY E U h—Ta 8 B E T

s =r(U,-U,) +r,(U, -U,) (1)
Ko, —[0,1] ZERBEHLEG U, — JRfB i 22 1
U,— AR otk s U,— 2 Rifscilk
BEER AP T3 s

min(s,S,..) s=0
= 2
{max(s, -S.) s<0 (2)
:T:EEF‘:S_ E;E‘@%ﬂ}ﬁo
BT B AT SRk
v, =U,+S (3)

b U, — SRR 7

ISFLA J&—Rh T M R R UR0% , NI, 90 4R
TR A S R B0 ) 18 R P RE AN L R 2 ) s Pl
FEATA TS o A AN B 2] I R BRI R I R L 2
) A PR , DI oI35 1 22 SR R BE ) o LI
EN'CIEN S alaie Sl AT T F T,

MRYESCHR[ 14 ] 25 2% 5, ISFLA 2500k



- 64 - HL H, T % 938 %
Banze 1 s, TR T3/ N
&1 ISFLA SH75I% FHE ) 43 Bean F s

:;%5%‘%: BRI SHY b = 2(n+1-) J=12.m (4)

ELERuN F, 100 n(n+1)

R m 10 e n— FHEEBRE NG p,— 5 ) R EMAGE LY,
FRETT NS g 7 A |
UM L., Is 2.2 ISFLA-DBN Hais i B
2SR R A Gier 40 ZE4 R ISFLA X DBN 4% 255 J2 0P 48 o0 /4> Bl
R B ER A K 250 P, 0.5 Adam AL L 22 2 RTS8, DU s AL Y
R T PR IR T A 0 2 R, BT kB A R T2 WTPERE

I, BB AL RS ¢ Rl Ay a1 RE M, B, X FLF ISFLA {4k DBN A9 &l A i 12 st 7Y 4 &
I B R Y T e T T 8 K A R, 38 (B3 /N Y 2 fiRs .
! (T [= | it , @
4&;‘% \~_§-—/ ﬁ |[ IOQ. . .Ol 1| RBMI . Q'
jj“ﬂ i ;;Al |:———#4——4————ﬁl .“ -
3 2 Q0@ - @ -
R\ \ £ :L——*—‘——r—'——I[RBMZ E‘I -
= # 1 e
wER .. mTII...,‘: A il
; B R i S sk Sttt T
. = % | RBM3 R ool
PONIE SgiRIET 008---®) || | =i
?r) (>— b % ‘iﬁ' o o o Soft-max ) 'iiilllli;?_'1
- ;Aﬁ ' (0@ - @ s

| wosrmmesns ||

ISFLA-DBNURIE A FESRI | |

ARl

K12 JET ISFLA ffifk DBN Ay K i i i2 s £l

AR BN 3 AR IR SRS 5 R A
B R IR B ORI B 11

AR RN

(1) PR 5 R A o R o ok B 2 e ot il
BEE R UEA TR N5 5 SR 4R, I 44 I — 8 I SR P 2B K
FIREASRAE . R 31 ok 78 2 22 1] ) o 40 R 800 ) 1 3
M) , X AREAS HEA TR AL BR , SR S B R A e IR — Y L
FNI 53 RN ZRAR (0 UE AR R A 5

(2) W BRARAE SR I . 1 58 , 1 I 2 4 R0 iF 4 4L
i A28 ISFLA {4k () DBN #58 o i 77 )11 25, fifi
45 B )2 TR) A 328 22 A5 T A ok B R IR A8, 42
15 DBN S LG B A5 5 vh 9 [ 38 Ry 4 AiF 44 B R
AT A 380 o A I 25 488 2k 15 25 R 42 v U1 08 B 1 E
FR 5 SR, K I A 5000 iy A B R g AT i B R A
PRI

(3) HeBE R, H% DBN 355 — A B )2 S 3
FARAE 1] S 5 A E] Soft-max 432K 28 th i F 78 2%,
FERG oA S B (bR 50 HE17 LR, 155
WA B, TR 25 R IR T nT AL A B

3 SLE KR

3.1 HERBEREARNS

SRR IERR A (0 S5, AR SR 95 E LT P ik
FREIRSE " TR IR

SEEG AN 3 R

3 RRSER G

Bl 3, FRAAHE— RS AL BRI N
PR AR RS A AR AL Rt o oy Ik JRE A% SRl ] o 7
XS H LR - AL b SRR EE12 kHe,

EH IR 1797 v/ min FAFTH 1 hp FEE
51772 v/min sk 2 ph BR800, S35 Gl R N



514

St , 45 AT ISFLA (AL TRIE AR 0 2% (7R sh R B B2 7 I - 65 -

Pl e it e Ay P AR R L
Bl 7 A P R A B A R P v B R R A M T T
TR VR SRR B | 7 sl A T B R TR B 4™
HCRRE | DL B I 8 Sl R R AR S 10 i B 2 78 1) B3 4 3l
HEFTSEBGAITSY 5

HLA00 AN SRAE 50 — A FEA K B, AR T 00 R
150 ASFEAS, M| A Pl B S B LA 300 AMFEA, 10 Bl
Bt 3 000 ANMEEAS  H2HE 3 2 1 < 1 [ H BRI o il e
S BGUELE V FIHALE T,

3.2 IgXfrbERIME

AL EE A 3 AR (1) EBCR LR
DBN #5745 ISFLA-DBN BRI FEFTXF L 5 (2) EEH L BP
SRR W2 W 2% 55 ISFLA-DBN AR £ 47 X L 5 (3)
¥ PSO-DBN 5 ISFLA-DBN #8475 H

BRI .

(1) ISFLA-BP f7

FIH ISFLA X = )2 BP # & W 4% ik 17 S 5 1k,
2 AREAR BB 14 248 K0 LA R 7 5l T R i s 2 531 ]
BP o1 22 [0 2 i A )2 R H 2 0 28 5044500 1) R 400
F110; F 4] ISFLA X BP it 28 [ 2% v i 5 J2 A 22001
Bon F2E 2] 5 g AT SHUR AL, 15 20 1% BP fl 2 0 2%
ZEF R :400-164-10 , 22 3] %% 0. 038 425 5.,

(2)DBN f5i#!

R % 93 08 1 77 XU R E DBN (45 S
5, G — 2T EUN TR — E 2048t
NFEA B 1 AE B TR BN AR SRS, DL R 3 ik
Jr=, A LR G DBN A5 5 25 44 Sy ; 400-300-200-100-
10, Adam % 3:2: 5] %4 0. 001 ,

(3) PSO-DBN #&i 71

FIFH PSO #iykt T %) DBN # R fr 4 B i 24 200
AL, DA K Adam BEA ) R TS 50T0, 4595 DBN
(IR TR 254 oy - 400-812-558-422-10, Adam {1 fb & 32
SR H3.698e4,

(4)ISFLA-DBN #&i1

FIIH] ISFLA Xt DBN #5284 fa 5 )= 280148, DA
B Adam PiAb S 2% 2 21T 280, 15 5] DBN fY
R 254 A : 400-956-628-384-10 , Adam B 724 5] 3Ky
8.634e4,

3.3 ERomEiTie
3.3.1 DBN % ISFLA-DBN s} b 447

V245 PG IFEAE [, DBN F1 ISFLA-DBN #i%1 ()
WER R AL R A 4 FFR .

A 4 AT E 56 R4 I, ISFLA-DBN 45 7 (1 i
T LG SO AR B a1 AR B T 5 A s ARk B

1.0 ) AT PP ATPEE SIS AT
y T o i W Sy
Y o R g
[ A
0.8 [F
X ]
¥ 0.6 £
= ¢
4 &
0.4
{ -+~ DBNiIZAEETF
0.2 H ~ DBNUIEHEHE
H —e— ISFLA-DBNilllZ4: i %
i — ISFLA-DBNJEHHE %
0 100 200 300 400 500
EARIREL

4 i A A th 22 5]

g - DBN #1.
BRI N S

-+~ DBNiJIZSESE
\ e DBNBRIEHEA
2.0 A\ —e— ISFLA-DBNiJlIZ#4i %

1 —» ISFLA-DBNUSGE 44515

0.5

0 100 200 300 400 500
HERKEL
B5 kiR 2k Al
& 5 o] %0 RS UE4E I, ISFLA-DBN A5 7Y (1) 5
PR2E BT DBN L&Y, AR ] ISFLA %§ DBN &5
FSHHA AL, AT A R A A B B2 B fE
3.3.2 ISFLA-DBN % 2 #4242 BUAE
TR Bl Al AR A A £ 4l B2 A1 ISFLA-DBN #5254
B — B A 2 PRI A FRAE 4B, AR o] AL
g2, N TAET#E— 2L PFAl ISFLA-DBN A5 A REAIE 4 X
REJT, B4 X RE AR B 42 F1 ISFLA-DBN A5 v % [ 25
JZE 0 A R C 3 A BEDILE SR i AR TE 2 2 55
B TR A T AL B
IR B PTG AR a1 6 s .

1.0
L]
0.8 1 ‘e
LA R
= ! LOAS N 2
WH\- 0.6 ’,’::v‘ 2
" ‘.g“‘. A v 4
® 0.4 P00 > .5
) . g " .6
30 .7
0.2 . M g
. v 9
VRS
r
O .
0 0.2 0.4 0.6 0.8 1.0

F—FET
Fl6  Jsthh ddls T ML AE



- 66 - L

™ & 938 &

HIPE 6 n] 1. 10 Foh il B £ 5 9 R AR AR 22 4,

AT 2K
R E LR E AN 7 Bs
1.0r ,,j e
t YN $e
ALY ¢
sty . .o
;c.ur‘:{'." ‘0 0
,:’.\..A. 0 } X’\lev 1
R0 ' S V44 2
¢ . e ‘il’ 3
{. Lagied "':7;7:;;‘: 4
e . s
"{3‘ Aud oS
maé 3 i A
0.2 e @ 9
2t
ol .
0 0.2 0.4 0.6 0.8 1.0
F—ET

7 R R A AR

M 7 AT R 25— )= RBML RRfib 42
B2, 10 B eals 5 i iR RLJC I PR IF I A
ROt IR T i

S R 2 AR IE E A 8 B o

1.0
» &
0
a1
12 0.6 ‘ <2
H - /\'? :
] 3 % oy e
® 04 P
L
w .8
0.2F e + 9
0 -
0 0.2 0.4 0.6 0.8 1.0

H—FT

K8 o R )2 AT RHE 5]

HiP 8 HI . 22 ad 2 R 2 RBM2 FRiEfR
J5i 10 RO REAR S HEAS b AR B Tk
o =R 2 AR AR E A 1E] 9 B o

1.0 6
0.8}
0
1
1R 0.6f ‘ x 2
H 3
1 vid
® 0.4 Tl
- e ¥
L o3
0.2} ' 9
0 [ "
0 0.2 0.4 0.6 0.8 1.0

F—EIT
[ St S kY R R RE

HIPE 9 Al Z20d 25 = 0 /2 RBM3 FFAESE

J5 BT RIS B L S IR A TR A |
B4R H] T ARG BURF AR R

£ bl i, ISFLA-DBN #5470 B 65 A7 280 3o Ji 4y ik
SRR BN (E S AR TS R AE S A, i T AR el RS
W7 95 N R B MR i i, (4532 Wi e

et
3.3.3 ISFLA-BP DBN.PSO-DBN #= ISFLA-DBN s}t
5HF
4 P RILE N AR T Al I 288 vy 242 A i 46
(X A 10 B o
1.0 v v '
0.8
0.6
R
=
# 0.4
0.2 —e— ISFLA-DBNIZHEfERR
-~ PSO-DBNilIZE R
- DBNIIZHE R
0 —e [SFLA-BPiIZ8EHEH%R
0 100 200 300 400 500
TR EL

K10 iRt 2

A& 10 7] 1. ISFLA-DBN . PSO-DBN #1 DBN3 F
BEAVFE Y 2R L (1050 8 43 2 v B R R R A 1) 99% L)
s Horp  ISFLA-DBN (i SIGH B e b, Sk TR
ik I s A QR Bl b ; ISFLA-BP BERIAE I 2548 111
R 2R R s R 92% Fetq, HE R TRaE
I B4R 250 A A

PRGN 11 PR,

—+— ISFLA-DBNIIZSEHR |

2.5 -== PSO-DBNIZHA
v DBNiJIAEM
2.0 -~ ISFLA-BPUIZSNR |
fan| 1.5{
p
X
w 1.01
0.5 AN
e W
oo | ;‘""’o—v'-o'-"-'-»c-.-o-.-.-r' .ooe
ol Mg = SN e
0 100 200 300 400 500
BARIEL

B BiRiR A 2 IA]

Il 11 AT 1. ISFLA-DBN 7EI 254 I A iR 22
/]y, PSO-DBN (451 2 15 22 I 2, ISFLA-BP (1451 2% 15
ZER

FESSTEAE 1,4 FhAS A 550 B 3 28 o 1 S5 Rl 2
[E] (4 10 YGa A T45 R FHME ISR 2 Bk,



St , 45 AT ISFLA (AL TRIE AR 0 2% (7R sh R B B2 7 I - 67 -

R2 10 RIEITHER

BILAR HERRP M6/ % IR )/ s
ISFLA-BP 82.93 78
DBN 93.19 186
PSO-DBN 97.32 472
ISFLA-DBN 98.57 528
H1ZE 2 Al

(1)ISFLA-DBN 7EGUFAE I i ik B 70 25 ME A 32
PIEfEr (98.57% ) , W &5 T PSO-DBN(97.32% ) , &5
F DBN(93.19% ) il ISFLA-BP(82.93% ) ;

(2) H T ISFLA-DBN [ 4% 25 4 5 o 52 2% , FLll %5
I 6] 223 A T DBN Fi1 ISFLA-BP, % 5 T PSO-DBN
3.3.4 ISFLA-DBN A% 32 {4k 55 H7

itk — 2Tl ISFLA-DBN A58 (1)3Z fb 1 fig , BV A
IR R AR A6 L 0 R o 2R R ME I R B
MEREE e T oy A 21 28 1| 5 48 5 ik 42 B s U1 2 dr
(14 ISFLA-DBN #81 vfr | 3 51 R 4780 s 43 28, 54 00 3k
R EE R LUREH RN, A 12 B

ER A M0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00

AR A% 1 e i oooooo 0.00 0.00 0.00 074 037 259 000

I v s | 0. 00 o.oomo.oo 0.00 | 0.00 | 0.37 |0.00 0.00 | 0.00
A ™ e | 0.00 | 0.00 | 0.37 EZNEIN 0.00 | 0.37 | 0.00 | 0.00 [1.11 [3.33

1A P 4 b i 0.00  0.00 | 0.00  0.00 m 0.00 0.37  0.00 0.00 |0.00
3; 1A B o R b 0.00  0.00 0.00 333 0.00 H 0.00 | 0.00 0.00 | 1.11
N 1A B 7 s 0.00  0.00 0.00 0.00 0.00 0.00 m 0.00 ' 0.00 | 0.00
R BN A2 s | 0.00 1 0.00 0.00 0.00 0.00 0.00 0.37 0.00 | 0.00
VR B4 v BE s | 0.00 | 4.07 10.00 1.11 1 0.00 0.00 0.370.00 0.00

S E k= E ks | 0.00 | 0.00 | 0.00  0.37 |0.00  0.00 0.0 0.00 OOOW

X & @& & & & $ & & &

P

G ST S
F P FE S FEF
AR R R

o) et 2% 31

P12 I e o 7 TR A R 1

b2 5

H ] 12 AT ISFLA-DBN BERSFE ISR b i
WA 97.96% .

G TE AR A 7 B R TR o A 4 F
100% , &Rl v B2 i Py Rl e el e TR Sh AR il o
DA R B S U3 il A 5 99% L L, 1
B ol o R A L v B K TR 3R 20 33 g 96. 30% A
95.56% , 41l ™ B i B MR Bl U T B e B R R A
1%, 435010 94. 81% F1 94.44%

FH T UL, ISFLA-DBN SERI7E R R B 46 B iz
ferERess, B —E i TR I E.

4 SERIH

ARSCE R G B2 Wk MOl T— & T R A
RS b B AR, LA K DBN 25k 5 P 25 )
P T —FhHEE T ISFLA fliAk DBN (2K 5 vk, 28
R HNIZIT ¥R, 3R A ISFLA 4 e 48 22 RE 75 e sk
R 5y Wk SR TR (E AR 0 A, % DBN 4549 2 40
1734,

SLHG KA A SRR

(1) ARXS T JZ BP i 28 00 285 g B RU3RG 2 19 ~F-
PofeL, ISFLA-DBN 5% 10 i o 18 5105 J3E 9 F 34 (L i i1
15.64% ,FAXTT AR A AL DBN g B 5 510k 2 i) -
PfE i 5. 38% , A Xt T PSO-DBN A5 7Y i e R
JE I e 1.25% 5

(2)ISFLA-DBN #5E 7Y ft) Wi S0 B2 e R 40045 28R
U TER AR L ARz A PERE

2% 3Lk ( References) :

(1] 5 A&, RS, WF, 55 JET Morlet /N AR H 1R 5)
R RS SR IO ST [ )] AR 41, 2013 ,34
(4):920-926.

(2] Zl— WSV, 2 K 0 4 (R o L AR e A 7R
sl RE 2 W e L] b L TR, 2018 ,29
(10) :1166-1172.

(3] % EBIE, TAM. S TR N i i
IS W L] AR 41, 2018,39 (11) . 79-
86.

(4] THPC, PREBUNG, B2 97,55, kTR0 R a0 i AR B 4
FRBHEE RO 28 94T LG R R R W7 1 L) ] MU T A 2
#%,2019,55(7) :9-18.

[S] WEwEve 4T 5, RH5E. JET CEEMD & IMCKD (7 5)
RS2 [T ], HLE TR ,2019,48(10) :11-
15.

(6] ¥ B, FEH, KW, 45 JET Stockwell 7246 1) 7% 5
BRSSO T ] P ,2019(4) :92-96.

[7] HINTON G E, OSINDERO S, TEH Y W. A fast learning
algorithm for deep belief nets[ J ]. Neural computation,
2006,18(7) :1527-1554.

[8] TAMILSELVAN P, WANG P. Failure diagnosis using deep
belief learning based health state classification[ J]. Relia-
bility Engineering & System Safety, 2013 (115): 124-
135.

[9] SHAO H, JIANG H, ZHANG X, et al. Rolling bearing
fault diagnosis using an optimization deep belief network
[J]. Measurement Science and Technology, 2015, 26
(11).:115002.



- 68 - Lo om T R %38 %

[10]  BEBAZ, XN 48,55, W B 15 M 45 10 1 48 B algorithm: a memetic meta-heuristic for discrete optimiza-
Wt R LT, B E ML T, 2019,30 (2) : 205- tion[ J]. Engineering Optimization, 2006,38 (2) : 129-
211. 154.

[1L] &, 0E, RIvIE, . 5T PSO-BP IR 1< [15] 5KPET, [ i, R — R A A g 1) 2 K%
PR RLR S S RO BT 5 kTS [ ] TRARBLM, TER SRS R W b B [T ] P22 5808 A4,
2017,45(11) .10-16 ,4. 2018,52(7) :1-8.

[12] ZHANG X, HU X, CUI G, et al. An improved shuffled [16]  WOEAT, Bimim , XN, 2. LT DBN (1 B4 1iF £ Bt
frog leaping algorithm with cognitive behavior[ C].2008 7th FazWi =g [ )] AN 2741k , 2016 ,37(9) : 1946-
World Congress on Intelligent Control and Automation. 1953.

IEEE,2008. [17] TOAN CRISTIAN TRELEA. The Particle Swarm Optimiza-

[13] DV IRAMEBVE IR D]. Fi% . P FRHE K
2ETHEHLN AR 2= ,2013.

[14] EUSUFF M, LANSEY K, PASHA F. Shuffled frog-leaping

A5 g

tion Algorithm; Convergence Analysis and Parameter Selec-
tion[ J].
317-325.

Information Processing Letters,2003,85(6) :

[ 445 1D BLAE ]

FRUED, BE . BT ISFLA PR ALVR BE A5 4% (14 TR Sh 3RS B2 Wi ik 5E [ 1] . HLA TR ,2021,38(1) 162 - 68.
QI Hong-fang, HUANG Ding-hong. Rolling bearing fault diagnosis method based on DBN optimized by ISFLA[ J]. Journal of Mechanical & Electrical Engineer-
ing, 2021,38(1) ;62 —68.

CHLH TR Y 24k :http ://www. meem. com. cn

(L35 54 )

[2]

(3]

[10]

T B g LR S RG] LR T
A 2019,48(3) :93-95,154.
o oBEER R RS TR M AL Timoshenko 32
RIS [)]. LR HARBI 24/, 2019,25(5)
786-795.
T m A E L R A R G 2 ks Sy 2k 05 B
[D]. 25 2 & FE IR 2AHU TR 2% B ,2014.
S AL RERREL, BN B SR EE R RSN
By )], RS SRBh R ,2012,32(4) :63-67.
# st EAVE S m MR R R AR R G sl S0y
Ml D] W IR W R Tolk K2 ML TR ,2010.
A Vi AR s R R SRR B B s i O o
(D] RBL A P R R MR 24 5 TR ,2018.
N EER, TR B R AR AR R SRS
FetEmrgE[J]. #R8h 5 s ,2016,35(10) :225-230.
T B s VR AR R AR R AR Sh A R A5 [ D ]
IL7 R T RAAHUE T AR 2B, 2016.
A X BERLT OIS I B B R R
GEPRFNAFIERTSE (1], R HL TR 224R ,2016,56(5)

[11]

(12]

[13]

[14]

457-465.

PERTSCH A, SAWODNY O. Modelling and control of
coupled bending and torsional vibrations of an articulated
aerial ladder[ J]. Mechatronics,2016,33(8) :34-48.
ZHANG L, ZHU Z, SHEN G. A finite element for spatial
static analyses of curved thin-walled rectangular beams con-
sidering eight cross-sectional deformation modes[ J]. Ara-
bian Journal for Science and Enginerring, 2015, 40
(12) :3731-3743.

ZHANG L., ZHU Z, SHEN G. Free vibration analysis of
thin-walled rectangular box beams based on generalized co-
ordinates [ J |. Journal of Vibroengineering, 2014, 16
(8) :3900-3911.

JANG G W, KIM K J, KIM Y Y. Higher-order beam anal-
ysis of box beams connected at angled joints subject to out-
of-plane bending and torsion [ J]. International Journal
for Numerical Methods in Engineering, 2008 ,75(11) :
1361-1384.

[ 4R4E 1D B |





