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Prediction of RUL and application of the integrated squirrel search
algorithm with adaptive mutation chaos for LSTM

He Jing Gao Jian Zhang Changfan

(College of Electrical and Information Engineering, Hunan University of Technology, Zhuzhou 412007, China)

Abstract: A squirrel search algorithm with adaptive mutation chaos (AMCSSA) is proposed in this paper to improve the learning rate of
LSTM and the prediction pattern of its decay factor. This is to solve issues of the tendency of local optimal for optimized parameters and
the decay of LSTM prediction efficiency during the optimization of LSTM with SSA. By calculating its time complexity, AMCSSA is
proved to be able to increase the searching efficiency without increasing the complexity of the algorithm. AMCSSA adopts Chebyshev
chaotic map to generate the chaotic initial population, and switches to use a nonlinear decreasing for the predator probability. The
positional greedy selection strategy is used to continuously update and keep individuals of more advantages during the iteration of
algorithms, then the adaptive T mutant is introduced to improve SSA’s exploration capabilities in searching space. AMCSSA optimizes
the parameters for the learning rate of LSTM and their decay factors, thus the predictive ability of LSTM is further improved. This is
verified by experiments on the remaining useful life of rolling bearing. The results show that the prediction accuracy of LSTM optimized
by AMCSSA increased by 1.05%, 7.61%, 8.4%, and 7. 73%, respectively, compared to those optimized by traditional SSA, particle
swarm optimization (PSO) , bat algorithm (BAT), and firefly algorithm (FA). With the proposed algorithm, the number of iteration
required for the optimized LSTM to complete the convergence is also reduced, so that the prediction efficiency is increased.
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Fig. 1 Technical framework of the integrated algorithm
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Fig.2  Modeling procedure of the integrated algorithm

SRR AT O IRAE , — 3 3 N ERAE T HURIYTE
SR E A 8.4 mm, fAFEH 151717, T A HAE N
715 mm RSN IA B 16 4>, R Shi R B B
# 1R,

TR, T BB B AR Sh IR R ;0 A ok Rl
B,k LB RR AR 2 1 S SC BB
2.2 KIGHE

V5 190 Dy il 7 4 7o S B4R B 5 A 7 ek
55 RMS $2HL, RMS AR AR 10 min, SREEAECH
984 A, HI BSREERFE]) Jy 9 840 min, A& 3 Fs, Bl ik
BEdhR o W5 SRR IE R RCE We Sk, 13 RO
th RMS {6 23 Bl R B ek 34k A7 28 Ak, T DLULSR

x1 HWEREEGEAPRIBEFEEEER
Table 1 Specific information of bearing

Life-Cycle vibration data

e 1 B 2 BandE 3
JHIAEL 8 4 4
SRR AL 2156 984 4 448
WSS W1, W2 W3 W4 W5 W6 W7 . W8 W9 WI0 Wil WI2
MR W3-1,W4-B W5-0 W11-0

FEIE i VRT3 S0 B s 09 | e 0 s it 309 L % e
BRI o RMS A2 A0 4 0 AN TR T i
5 000 min, BI55 500 454 5, RMS 4 0. 060 459 5, % HL
H5 B 7R 1 2 S 18 L 18 S AR 5 500 AN S RMS 1Y 3
fib 22 47, BIVER 9 640 min AL, L AL K55 964 Bk s,
RMS {4 0. 182 316,

0.50

045 R ZARMS
040 IETHI7KRMS

H
035 H
& 030 i
2%} &
S o025}
~
020 f
015} .
0.10 I %

005 :4-__...-,..,._.,,.,4.,....A_.»‘_n...w...‘...........--' “

D D P SO PP
Bl A
K3 EshRIRSh B RMS £k

Fig.3 RMS curve chart of rolling bearing vibration data

T
AR

551 NV L S R TR Il e SR W IE 2 A £ A
SO I DA WS e DA = B AN N TR
MG T SSA Y FF TR ) A2 2% B B DR R () e )
IREARAE,

55 2 U AP P AR R AR U TR R R R 4
H. itk 28 eS8 LR RSB T R K
LSTM £ AC W 5k, 2% ) BT R A A e & oo ¥ H
AMCSSA-LSTM JIF B & A IS8, andk 2 s,

553 B A BUAL B 2 05 1 R RMS B, 8 i
AMCSSA-LSTM Xf H AT 150
2.3 KRS

1) X E S5

XF H S BAACR LT 4 AL, PSO (kLT #EL 1L
$3) -LSTM  BAT ( i 8 2 Ak 593 ) -LSTM | SSA (b
BU% R EE) -LSTM FA (&2 K HUAGAE5E ) -LSTM

Ph AR R R 1070, AF 16 G BUEE , CPU
A Intel (R) Core(TM) i7-8750H CPU@ 2. 20 GHz, Win10
PEE RS MATLAB R2021a {f ELAK 1 F 817,



55 3

B 1A 3 I S YR A RS 2 F LSTM 55319 RUL T J5 3 K JH)

.03 .

# 2 AMCSSA-LSTM &S %
Table 2 Parameters of AMCSSA-LSTM

s s RASE IRAESE RSB 1STMiE iR ER ¥R ISIMEE
HAORE FriEsE %H 5 THE MRS IR TRET OTRAN oulHE
AMCSSA-LSTM 10 10 2 0.8 0.000 1 500 - - 75 256

SFBIARXS A 4 Hﬁﬁeﬁ( mean relative percentage error,
MRPE ) {5 PP 16 b e 45 B 775 W 4t S B BSE TR F B0
EXIT

1 & | RUL, - RUL, |
MRPE =—Y ——— " x 100% (19)
T & RUL,

FRAI SRS, N3 3 R, R 45 2R 5 A —

TN FE AR ST 75 ARk, W 4 s Bir
7, Hor BRI 90% W BE SAE ISR IR 10% 1
B AR AR | 38 A X B 0 S0 A K 3 2 0
IF IS 7 £ RMS -5 52k RMS i3 4] b R 750 500 ) o
WK, AARL T 45 5, gk 4 TR, AT AWER
AMCSSA BIRAEAL LSTM J5 FOUINRS B L K 31 00 24 5
W R T 5 A 4 Rk,

®3 J/EBSHIRE

Table 3 Parameter setup of each model

g efesie: ki ez ks ks LSIM % #ilRe# FIET R LSTM F
) HAREL FPEEECEH B BRSO BRAR ks % [ R ok JE1 1 GESM
AMCSSA-LSTM 10 10 2 0.8 0.000 1 500 - - 75 256
SSA-LSTM 10 10 2 0.8 0.000 1 500 - - 75 256
PSO-LSTM 10 10 2 0.8 0.000 1 500 - - 75 256
BAT-LSTM 10 10 2 0.8 0.000 1 500 - - 75 256
FA-LSTM 10 10 2 0.8 0.000 1 500 - - 75 256
030 .
T 022f —— VIgEE
025 o20b T BB )}g(g)l(,;g;g?
X 965.946 o181 I
m 020 Y 0.182316 a O10r
g i S 0.14+
= 015} 2 o1zl
010}
0.10 0.08}
0.06 e -
o A S S
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Bl s B A
(a) AMCSSA-LSTM (b) SSA-LSTM
020r
ETZ S ﬁﬁﬁﬁ yorasol & 018F :ﬁﬁgﬁ ¥ 0182316 |
0.16 |
g ol g
= 012} e
0.10 |
0.08 |
0.06 s -
0.04

0 100 200 300 400 500 600 700 800 900 1000

Helig 5
(¢) PSO-LSTM

0 100 200 300 400 500 600 700 800 900 1000

B A
(d) BAT-LSTM



- 94 - B E S AR ERYEC
0.201 X 974.944 ﬂ
o1sh Y 0.182316 }
0.16}
0.14}
i
[22)
< o012t
0.10}
0.08}
0.06
0.04 —
0 100 200 300 400 500 600 700 800 900 1000
BHE A
() FA-LSTM
RMSE=0.054 592 RMSE=0.057 984 ~
021 ? 02Ff
0.1 0.1}
0 O, NS NM\ % Q. 0 =2
-0.1 0.1t
02 U <20 S —02¢
0 10 20 30 40 50 60 70 80 90 100
B A
(f) AMCSSA-LSTM (2) SSA-LSTM
- RMSE=0.067 088 7» 03 RMSE=0.068 922 .
0.1 %
=R

20 10 20 30 40
%ﬁﬁﬁ/f\

0.3

. T W@%WW%
f,{‘“”,g -0.1- uﬁ 0.1t g
02+ 02t
50 ‘

0 10 20 30 40 50 60 70 80 100
BdE A

(h) PSO-LSTM (i) BAT-LSTM

021
0.1F
@ 0=
4
o -0.1}
-02F

-0.3

- - -BAT
--- PSO

TN A

RMSE=0.067 259

() FA-LSTM

K4 BRI 45

Fig.4 Prediction results of each model

— AMCssA MK 4 FiZ% 4 A LLOWELE], AMCSSA By FiiDKS B L

— FA

AR A FOUINORG P2 AR i, X UE I AMCSSA A % ik
RS0 ERE, JF H RMSE S, X AEAZIE ] AMCSSA &
BB AR AR E A A T M 4 AR, B TR

. 6] Lok i TASTE B UL T B R 5k Z 6] 1y iz

ATHFA 22 5 s R, BV | PSO 1 BAT #4347 i) [a] 5%
D FA BB T A B K, AMCSSA B3z 1T a] b SSA #4
K, B AR RIS A9 5] A GE Y80 T B s AT

], BT 2 [l ) 22 S A S B 7 P o ml DA 2280 AN, Xl

ERRH

s 9 10 Wil T AMCSSA FIERHER SSA HIHL , I A 0 i £ 1
HETTE, BE— KL T AMCSSA A fE#e:

P 5 AR RH [l 7 Rk AR 22 M ST i AR KL MRS o W52 5, 7] — 35 B B (T 04 3% F I
Fig.5 The number of.iterations required for each AMCSSA 8 FF s B g e A OB R B /b i, X e T
model from the same fitness value to convergence VETE SR ) e o TR T e 5 W ) B AL R R



55 B 1A 3 I S YR A RS 2 F LSTM 55319 RUL T J5 3 K JH) - 95 -

x4 BEBETNERILR

Table 4 Comparison of prediction results of various models

Bk AW RMSE MRPE/% BUNEE/ % 58 IS 1 AR KB BT i8] /s
AMCSSA-LSTM 0. 054 592 1.67 98.33 6K 0. 042
SSA-LSTM 0. 057 984 2.72 97.28 8 K 0. 040
PSO-LSTM 0. 067 008 9.28 90. 72 8 K 0. 025
BAT-LSTM 0. 068 922 10. 07 89.93 7 0. 025
FA-LSTM 0. 067 259 9.40 90. 60 7 0. 088

B ANEE > A1 S 24, D2 i B o e A i i 4 -
SRUR T N Ew A ENENY R N R €A | o B R
B , BEAS [ LA SR T & 5 R i e vh A5 1) P17
NIRRT I - PRI IS ) Wi i B (1B 0 K DN (VA R 37
PR W — URE AT 7 A A B B AT L AR B
BRI AR, T 45 B TR A SR AR, SSA
PSO FA BAT 15t S5 it 2k Bifi 5 325 1 1k 550 i) 184 o 328 7 °F-
9 A ML B AR, B A R B AR, T AMCSSA i
S Z AW B R 20T B, 3R B35 0 T 4310 48 3R B
BEME S Bh VA S Bk 1 R 0 e IR S, Ak 248 R Tk
e

Zi I, AMCSSA (1) 545 5 01 AR T HAh 5% ik B
AMCSSA 55 A5 K0y S RE T, IF HA & H =R
WSRCR L, RS UE I 12 A A 7R VR sl 4l 7k RUL T
HEA R W

2) VH S5

Tl S 56 EL AR FH 01 2 ok e SR s 1) O ik A T L
B (1) 24T S F IR SR, (2) bRk
T E A MR ENS, (3) o3 AIE R T 4340 742 5 R

(4) B B o A Ve e R e, L [A] — 3 N {F T #h 2k
AR, S8 OCSIOTT e 2 A QU K I P i e A, A 6 A
KSR,

&
2a 5 s i 9 4 s

2280
20 1
()
@ 1o |
W14k
oyl
L S
08 | N \
0.6 | \\ \
04t 3 N
02t mamemun s
0

1 2 3 4 5 6 7 8 9 10

Pl 6 FAniA [l et SR e AR [F) 3 17 P {1
ARSI AL
Fig. 6 Number of iterations required from the
same fitness value to convergence after

removing different improvement strategies

K5 KETEBHREEOTNERE LS

Table 5 Comparison of prediction abilities after removing different optimization strategies
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