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Fusion of Degradation Feature Information and Remaining Life Prediction
for Rolling Bearings

ZHANG Jianyu® WANG Liuzhen XIAO Yong MA Yanan
Beijing Key Laboratory of Advanced Manufacturing Technology,Beijing University of Technology,
Beijing, 100124

Abstract: To address the demands for remaining life prediction of rolling bearings, a prediction
model was proposed based on SAE and BiLSTM network. Taking the full-life vibration data of rolling
bearings as research object, a degradation index set was constructed by developing a hyperbolic inverse
transformation-based health indicator and a frequency-domain harmonic degradation factor. The SAE
was employed for feature fusion to extract key features and eliminate redundant information. Mean-
while, the BILSTM model was utilized to capture temporal dependencies and achieve full-cycle life
prediction. Experimental results demonstrate that the proposed model outperforms support vector re-
gression, extreme learning machines, and convolutional neural networks in terms of smaller predic-
tion errors and stronger generalization capabilities.

Key words: sparse autoencoder(SAE) feature fusion; bidirectional long short-term memory(Bil.-
STM) network predictive model; rolling bearing; inverse hyperbolic characteristic index; frequency
domain harmonic degradation factor

0 =& mode decomposition, EMD) 43 #f {§ 5 ; NIKO-

TR Bl il 7R = DL ke 2% 1) T B S AR AR, LAOU 5 % J /D % £ 722 2 (wavelet packet
REXFE SR E s T E LTS BWAMRMF 4 transform, WPT) M5 5. Rl LRk qE
T IO A YT LA SR 2 i e 2 Wl 8 F 5 AR R I3 M AR 5 10 A AR AR M 22 () A A ) e

AT I 52 2 T A7 2004 I Al 7 ) 3B A R i i 52 B A5 0 9K 5y KR K 0 2 A i S ) B SE
AT Y OCBE . AR, RRAE SR AR R e B, B AR S HOORS i A9 B AR L (E A DL 4
X L2 S T 4 B ) T PR L AT S W 52 2% T 000 5 5040 K 8l e e L i 2~ B0 52

C. A BIF 5% 7 R AF £ IR 75 i 000 7 v b A PLTII R I R R LT & 3 F iRk
TR, WANG % SR ¥ 5 AR 46 iif 1048 R REGATRI A A5 A W0 LT S0 4R a2
Prffi B A 2 JIANG S50k UG BUS AR I ol 220 v 1 62 250 ok 52 B30 4 75 A T30 5 CA.O 4500 )
A0 S5 4 AIF s ZHANG 45 35 ) T2 A4 8 3R 1k Al TCN-RSA ¥ 47 # B2 ok 52 B & #w 1 005
FHIE s WANG S DBE 4R sl 5 5 % 4y RS 2 HGR RATAORE 4817 5% Y 3% T v 2 7 /9 X 1) K 56 25
B0 B RAT 200 | FH 48 5 #2285 43 f# (empirical it #Z (bidirectional long short-term memory,
Wim A 2023-12-18 f&m B #2025 -02-17 BILSTM) [ % 41 & #5414 (9 1 0 B J1: WANG
ESWA HF HAREIES (51675009) LEDV B — Fh B T Z R AE S 1) Pearson-KPCA

+ 1553 -




R EALAE TR 45 36 & 55 7 2025 4E 7 A

R Sk T V& sl il AR J Al A . © A BESYGE
aeb B 3 AR | IS AR S B B R B 2 2] O s 4R BUIR
AR, I 2R A58 784 8K 2y a5 54 9K 3l 5 125 47 7%
A O, 4 S T TOIORE B Rz Ak fg T, AH A
PE T 5352 B RS- 4 v 5 SO T T AT AT
TEPRAK .

BEXF b3 ) A, A SCHR H — Rl g5 A ge it iR 1k
T bm 5 0 BUREAE B Bl A REAY e, R T RO
75 o R S0 RO M A R S XU AR B SR i A bR . SR
Jii » 5 B R AR T RS U RE A Y AR A B g R B
WD R T, 8 ad FBE B 3h g 69 2% (sparse au-
toencoder, SAE) fill & 1B L F8 bR ETH R TUAR G B »
JF4h & BILSTM [ 28 4ilf 1 I P 45 AiE  Bie 28 52 BLIR
Bl R i) 4 ] 19 A O

1 3R g % 7R A HpAE 38 A7 & oY A 3%

1.1 XJTU-SY £ 5B &EE T

IEH TO0T TR shil K 5 i il 3 K HLoA &
BCPE . AR SCBIF 2 09 1l 30 5000 22k 1 4 42 22 38 K 4
L5 S BB 28 w2 W] 52 B VR Sl il 7R 0 B 7 ik
BBEAE R XJTU-SY im0 & s i

FLBIL L v Sl AL S ] % e T SR AR I
ARG AFH R WA 1B
B h

shhL b [ e
Pl 2 CgE)

pILRER S

o

o A kA
GKED

B1 XJTU-SY REHAZRAE
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Tab.3 Cosine similarity between the inverse hyperbolic

degradation factor and the RMS value
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Fig.4 Envelope spectrum waterfall diagram of
rolling bearing
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Fig.6 FHDI factor trend chart of bearing 1-1

T T b R Y A R R 16 I (FH-
DD 54 2 {H (RMS) B9 R 52 AU 0.86. FH-
DI RETH Wi B B R sh R foIR S B #2085
RMS 12 B3 9 AH S

2 HF SAE-BILSTM Hy % 4 F 0| #£ &

2.1 ETF SAEHYFEmEER

& 3L &1 6 mT, S XU AR 5k 42 T F FH-
DI ) & SU@ A $2 78 20 il & 19 R A8 1R Ak BURAAE B
ORI AR I SRR BT {5 B B IR IR A
BEXHRRAEFE A O AU 28 4 G2 1HE 1 FHDD #E 47
Wee 2 b 2,

H % % %% Cautoencoder, AE) A] 52 31 ¢ #% &
a5 RRE RS AR A R R = . AE
I o 4 2 S AR 2 R ) EE A R 25 S A
AR AL .

A SR T W B 1 4 B 8% TE AR Gt G B — i B
B FEAT b, 51 AR P 2 AR IR KL R R i B
JE O ARG P (O FSEBR I Q (G B AR
(R
P (i)

QD D

De.(P Q) = > P()ln

Kb RRKE HET.
A S i B A7 0, 412 v B2 1 R 4R M

K FHAR BT 2 T 2 5 BB T0 R 1E 35 s 5 1O B
HEALRUT

DfstrfEmis, %M 1.2 9 .1.3 ik,
XoF VR B B R AR S v (8 B LA S T B OB i AR 4
14 8 (R0 A3 S8R 3 0 i 2 R, O 3k T 28 R AIE
A 2 ME AR 1] . WA 1] 4 Y A — 2 BB ok
ATV — Ak 34 B L DA SRy A5 (1 4 A 1] i

DFHEERAE Bl A . 87 10-2-10 4%
P2 H 4 A5 A I 25 R, o B A2 10 A
Xl R 10 REAE AR AR B B4 2 AN HROT,



REFOKA BRI BRS SRR Fa Bl —kd T E8E H

B A

20 10 ASFRITX R 10 AN ARRIE . AR
K R BUE SCOR 2 5 2 T 1 5 A 2 R A
[a] B 2 J7 1% 2% (mean squared error, MSE), 5] A
i g 1 240 T IS A % )2 I B R . AR
Fifm B AL R Adam B8k, DL B /MBI K bR
LA IRER T
3) R B 2 £ A VIl R AR IR L PR OB AL 1Y 2
215‘—54‘3' EZHOMERRLE S W RAESE b5 TS
Zep AR A B . P 7 AR 1-1 28 SAE FE4E)5
?@J 2 A RlETEbR R, BRI A
BT 4 LU 4 32 47 8 S A AR 2 B v A5
(9 AL RE T RSN AS B2

0 P 4EHEAE L

m
el
e
> 20
=
E 3 8 A 2
40, 25 50 75 100 125

18] ¢/ min
B 7 AR 1-1 B RE 45 R i 2
Fig.7 Characteristic curves of bearing 1-1 after
dimensionality reduction
2.2 EF BILSTM K #F &y Tl 4E 42
WP 8 FTR , BILSTM #2928 11 by 1 53 3%
M E Y 2 K10 12 (long short term mem-
ory, LSTM)BIRIN 4] pt ., BiILSTM #4555 4>
LSTM FAICHA 5 48 55 18] 8 W AE FT 78 A 45 48 —
=, @%ﬁ RIS PNREE
AR — 2 R RS € ARy

IJEHL?'JQIHH’QUV< o TR B A 4R e st
STTHBOE R E TR AT

@) =ecWH, , +Uix, +bp) (8)
Ao x) 2y Sigmoid BTE PREW s TH ¢ — 1 B
ZIMBRZIRSE Hoo MAEREGU MBS ¢ %)
PR 2, MAEE R h, Rt 1) I A

HEHA (O EBHEIZIREE R a (),
WHEH T o) 259N

i(l):O'(W;H/ |+Uil‘/+/7g) 9)
a(t) = tanh(W,H,, +U,x, +b.) (10)
o(t) =c(W,H, ., +U,x, +0b,) an

Kf W W, W SRS R AT TR T B
OH, L AR R BGU UL U, 5805 AT i TR
FRAEAR G B P o, BACTE B0, b, b, S35 REATT
ﬁlﬂﬂ%ﬁhﬂkh*m%ﬁﬁ

SRR A TR 25 AL FAE A T b —
Tﬂ%%wﬁ*c”g@ Tﬁ%“ﬁ%%ﬁﬁ
LA ZI B AT RS C, .

B2V

(®

Yy ————y"

@

B LSTM AR i 3 4 45 4

B 8 BILSTM [ 4 5 T2 &
Fig.8 BiLSTM network schematic

C,=COf)+i(t)®alt) (12)

K. © %% Hadamard B,
M PR 22 4 i f 28 T R S ik, KL B4
%%ﬁ%ﬁﬁHJﬂWﬂ?Mwﬂéwﬁﬂ%W

ZInRA C, SR

H, = 0(t)©®tanh C, (13)
B A2 BRRAE ) i x, B A S BILSTM #f
2 W R R AT YIS, ALY Eh [ ) R0 18] P AN T
B AL L 43 59 T b B 6] 90 060 14 BEAE H, R

B RAE H
H =oc(W,, x1+W// 1+ by) (14)
H 70'(W/ x1+W// 1+1 +b/ (15)

Aax, HBFZ ¢ S ARRAE 7] W, W 43 318 A2
R 9 2 A1 5 960 2 8] A AT JE B 5 b, M O B 1)

WO R o () TSI AR MR . B il i
FHIE H, RS )RR H, .

H, (H, ) (16)

iTm
;ry

—

H, (ﬁ » an
iWamﬁﬁAﬁﬂ%Hw*wwmjmﬁg
XLTa) LSTM it 25 ) 2% (1) i ok
v = o W,iH, +WH, +b,) (18)

A A] UL, B 1) LSTM K IR 42 BUIE 5 1F
) H, 5 J5 1 LSTM R Y T A 591 0 3965 45
E S5 H, . SR B H, FUH, 355 4
T B RRAE 675 . BILSTM 55U GE 5] i il 412 15 ] ¢
G TS MO G R L i 19 4F BB 20 B RR RS B
. 1557 -



ohE ML TR A 36 % 45 7 1) 2025 4R 7 H

U T B RE, WBE S H AR . Xt
TR BNl R (14 4> 75 i J 91 T0I0 L AR 408 B 220 Bk 2
SR PR & BILSTM (1) 45 %1 45 #g 47 B T 42
15 A5 i T ARG B

A SCH ST Y SAE-BILSTM 75 iy 15 1 455 % (%)
BT BT .

D @&l gegE 54, w4 Rsh
TR ) 42 77 B AE I 2R 4R L AR s 75 o RS R B
ASEAR G BE X R 4 Bk 28 5 3 B ) — 4 4 75 A BB
FE R0 3K 4, IF F 2  T 3K FE AR 43 BE A B Y
W,

2) KR FALFE , FE IR 2.1 5 5940 AL R 58 K
Y254 55 4R I 48 A A8 3 F SAE R AR Rl G, B
OB L B P RE A TR 46 2 4 A ) 6,

3) $#5## SAE-BILSTM Fil il # A , iZ 4 A0 iy 3
JZ BiLSTM JZ .RelLU #iG )2 .1 B2 ®EE)ZM 1
FERIHZEH R, A2 RockcE 5IR shlAn &
A JE 6 L BILSTM R X 4544 . A I 25
A8 58 B RL I 25, o 0] 05 A 25 5 0 A 5 19 1 O
HR 5 25 1 45125 PR, 8 3k Adam 57k 58 B A5E Y
At

4) RS R B 75 A O, AR A Y
A2 00 TIE S R ) T 45 R, i RS AR A o T v,
HE MRS vy, B4R E E o A5 R 3%
25 E quse A2 HEPEAN R AY 5 15000 M GE

1< .
EAE=72 \y,*yf ‘ a9y
i=1

1< )
ERMSEZW (20)
i=1

3 FaBHNE RS

XJITU-SY Bl %608 15 410k 45 fr ik 46 4%
L Ho AR 1-5.2-4 .35 19 %5 4 B 4 O 5[] —
TN B 75 4 43 A R AE L il 7K 3-1.3-2 52 80 i A
(298 2 I URFAIE o B I HE IR 3 5 A il 7 1) B4
. FIARM 10 ABHEE D BlR 1-1 (14 a8
Pt NN 4E . N EGIE SAE-BILSTM #55 B ) 3%
T P 0 AR A T R AT

D3 1-3. 544 Gl 1-D A FHF T
BL(CL) , HH s 2 B AR ] COM 1B R %0, T 56
IR A A ] 000 AR ) 2 380 =X iz A g

2) R 2-2 . 51 25 46 1 5 2 R A [ (A R
RO AB T U E (C2) , T PP AG A8 AE A 6] T
o0 N OB RAA

3K 3-3: SUNGEM T A (C3), Hil
B S AR ) (P B2 R0 1 T 2 20 AU 7E ) Bisf AR

. 1558 -

e T B0 R e A () TN i
AR SC T B A 18 RN AR R fE Bk 4
.
x4 REHEENELRER

Tab.4 Basic information of selected datasets

HhoRALS T2 PR FEA R R AT E
1-1 Cl1 123 SRl
1-3 Cl 158 Pl
2-2 C2 161 4Pl
3-3 C3 371 N

R 2R W AR SRS AL B9 BIF 5T A0 {8, & SE X 1
fe4s RMS N 25 5 5 SAE B2 15 AR 19 45 21
w9 frs.,

100

T RMS B—1RIRH
BiLSTM Tl

FIxHFAa L/ %
5 8 8

Do
S
T

SAE-BILSTM Fi#ll

40 80 120 160

0
8] ¢/min
() 75 iy 00 &5
0.4r _
T RMS B—I5H7H
BiLSTM Tl
ﬁ 0.3}
H
% 0.2}
§
B 0.1k
0 20 8‘0 120 1é0

B 18] z/min
(b) T30 5% 2% il &
B9 H&I3MTMNER
Fig.9 Predicted results of bearings 1-3
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Fig.10 Predicted results of bearings 1-3
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Tab.5 Error statistics of bearing 1-3 prediction results

[ Emvag Ermse
SVR 0.110 31 0.121 95
ELM 0.170 34 0.192 28
CNN 0.124 56 0.133 57
LSTM 0.134 53 0.179 65
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Tab.6 Error statistics of bearing 2-2 prediction results

Predicted results of bearings 2-2

A Ewvae Ermse
SVR 0.181 11 0.233 60
ELM 0.150 98 0.181 76
CNN 0.151 08 0.178 94
LSTM 0.150 52 0.182 51
SAE-BILSTM 0.093 74 0.118 10
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Fig.12 Predicted results of bearings 3-3
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Tab.7 Error statistics of bearing 3-3 prediction results

T 4 Bk Ewvax E ruvise
SVR 0.223 46 0.242 90
ELM 0.159 65 0.173 68
CNN 0.125 62 0.155 90
LSTM 0.149 01 0.173 70
SAE-BILSTM 0.097 01 0.107 85
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