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Remaining Useful Life Prediction for Rolling Bearings Based on Convolutional White-box
Transformer

ZHANG Yu, SUN Yu-Lin, JU Wen-Jun
(College of Computer Science and Engineering, Shandong University of Science and Technology, Qingdao 266590, China)

Abstract: Vibration signals from rolling bearings exhibit nonlinear and non-stationary characteristics. To improve the
ability of remaining useful life (RUL) prediction methods in simultaneously capturing long-term dependency and local
degradation information, this study proposes a convolutional white-box Transformer (CWTR) model for RUL prediction
of rolling bearings. Firstly, a subspace attention mechanism integrating dilated causal convolution is designed to expand
the receptive field of the attention.mechanism-and enhance the modeling ability of local dependency relationships in
signals. Secondly, a multi-scale coﬂvoiutional module is constructed to improve the interactive modeling ability of
channel features under different time scales, allowing for finer extraction of local features at different degradation stages.
Additionally, a Pearson correlation coefficient-based method is introduced to quantitatively assess the health status of
bearings. Finally, an improved loss function is applied to optimize network training. Experiments are conducted on the
real bearing dataset and the prediction results are compared with those of other prediction models. The root mean square
error and mean absolute error are improved by 27.88% and 27.85% respectively, verifying the effectiveness of the CWTR
model.

Key words: remaining useful life (RUL); rolling bearing; convolutional neural network (CNN); white-box Transformer;

Pearson correlation coefficient

@ RIS TE]: 2025-04-24; 1520 T8]: 2025-05-15, 2025-06-03; S AT [8]: 2025-06-09; csa £F 2% H iR 8] 2025-09-30
CNKI [ %% & K []: 2025-10-09

242 W FH K Research and Development

© EREERREST  hup/iwww.c-s-a.org.en


mailto:juwj@sdust.edu.cn
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
http://www.c-s-a.org.cn/1003-3254/10010.html
mailto:cas@iscas.ac.cn
http://doi.org/10.15888/j.cnki.csa.010010
https://cstr.cn/32024.14.csa.010010
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

20254F 5343 111

http://www.c-s-a.org.cn

i H AR SN A

RN AR A2 B AE TR % e FE AL 24
PR BN A, FLAR R S 2 0 e 4% I Is AT R
iz A = AR ELB 2. B 3 K B [R]E AT R e B3
AR, 7R 0P B A T JkE G kb 2> 6 5 I TR) 1 4 F% 08 T
AR, e A R S EOR ALY BN ST
PR TN 5 {5 BE (prognostic and health manage-
ment, PHM)™ M35 3 ARSI . lsis . F 4 d
F 754 (remaining useful life, RUL) Tl &5 /5 vk, it
V£ B GE kAT I 5 4 B, DA AT e HH B
B I AT B A AR XPER SRR EAT RUL PR Ay
R AR 2 —, A BT S IUA R T 4E 3, A
T — 2 ARAUE T & AT SE M 22 4 k.

AR, Bl A AR AR BRS¢

AP R, Tk 4508 47 50008 11 R 4R 5 17 it e
RN T BEETE. SR, TR B il AR e B AR P A% O
O, HUEAT IR b e AR M 5 B R
Rtk 55 RA R S 5 S HE A 454 G5 7 17
DA 2B B AR AR A Y OGBS B, 5 0K &
Kt b (IR AR S BoR B R 1290 5 R . R Y
N, A G 5N TR R BRIk sh 7 ik, 3
B 24 IR0 [ B 2 SRR sz B
ZRVE.

HO B B 57 VE R SR HEB) TR Bl AR R R 5 A
(RUL) T+ AR 38, HoA 3£+ Transformer 7R
S BRI R P & WL Transformer
BRTE P B A o B & W AL % — R 4R ik
TR AR S IR T A GG A 45 R E KT 51 A 3 1) M R

By, — RS R IFAT TS AE R, AE SR TH AR RE IR |

[F I s 1 A ARSI k. AR Ak ) e s AR AR 42 Y,
Liu % AU T 4B Bt 3 2 X P A
il E ORAIE O(L) IS BRERG AT 42 T~ & Je 7t 1 &
I A R R e ). Peng 25 AL T R A TR R
FIRUH K B 1A] 5 B X 4% (TCN) 5 85 5 3l (SE) 1%
= ST LG, 38 G Transformer 9 FVE 2 AL
T T HEARRE /7. AT, Transformer A8 5 [« 22 &5
P 3 EURE SR BOL FEAN IS 35 B, 7770 Bk = ] il e MR 55
) AL Yu 28 NP I R R R BRI — H AR TR S
etk, #ES HR T —ANEREE 52 TR (A & Trans-
former TR & W 25 3844 R 1% 7 7% B AT AE B 5 ek
3 BIGF, (H AL AL AT R 25 R O b R e
BRI AT AR REEIT R R AL TR K. AR B E R AL

PER e $08 4 5 R A7 T R T 25 08 95, PL7E R
T A 4 Ui — 5 Bk o 73 17 2E e B P AR —
7 T 8 B 7R R AT B KRR R
HERE S, 5 T S8 0K B 42 SR 05 R A
HE AR LR 5. ek — UL R, A SO T
Transformer 224" 23Rl B, $2H1 T —Fh 835 (B0
H & Transformer fE 7Y,

U IR0 BB BLLE 3 MR THL: %k, B3
DN DR 5 BT M 4 Sk 7 2 D B AT HL, 22 (R
H R BT P I TR R SR TR R AL
{50 1) F SRR FOER RS 73 3L, it T — A AL
B TR RUTERIBLA SRR 12 R,
SHRLG I IR 5 TR G s 5, A SO £ i
AR A 5 BR8P 8 e 7
B il 7 SEBRIB AL AR, 76 PHM2012 drifk i 4 1
FO S B B UE 22 D, TR AR T 4 R e 3%
PR ASEAR 95, [T 41 5 46 Y W S B S il ARCIR A I 4
3 A

1 RUL T 75 %
11 SEERRSRIS
VB AR TF 3 TAE KBTSy RS2 36 AT
R 75 50 BESERAS . SR 13 13 3ok 52 36 W % TR
sy 2 R B R0 P A % 7 e
B R AR AW B e T IO T AR K
PE 23 A AR AR St 1 B AR . SR, Pearson AH
5 ZHAE T I T R 5 506 8 55 72 B (B b,
0 T 0 4 S T S A SR R P R A 0
B RE ST, ASCHINE RAE SR (SVD) J7 A A9 (E T
R B, AR ERAS B o 2 A (A 98 9 1 59 R 4R
e 75 A
10 TR BRI B, B %6 5 25 5 A 4R (SVD) X %L
ARMEAT AL ET, 759 ) 25 SR AR
x=vuzv?t (1)
HRIRRT kA7 5 A S 2 1) 25 O A A
FATE, VL6 1 (4 6 BB
si = diag(Z) .y € R* @)
FATHRLAGRS 211075 FAE R IR IR A B %
(8 Speps BEHTHSLAT — I 2 5 R RA IR HO A 06 R B 24
I ZH p T W2 TR IR MELENT, ST IR AL A

Research and Development fiff 70 & 243

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

20254F 53445 9111

o(t) = cov(St, Sref)

T s " O speg

k - —
Zi:l (St,i = 5)(Stef,i = Stef)

k ) k -2
Zi:l (st,i )] Zi:l (sref,i — Sref)

1.2 =B8R RSEH

AR B 3 MO FI G B & Transformer
FAEN . 2k T ARG BT R RN RE %
R, BARZERI ] 1 o,

3)

**************

| srien 4

VT ! ETECS
' B HICRATE-1 |
LayerNorm - . Linear
3 . LayerNorm
L
A 1 I
Add&LayerNorm - | i ;
H + ! : R
2 - R HEHCRATE-N
[N A . B ]
Lol ReLUMGE | | s -
' i3 A L | |
' /-~ BacthNorm o g &
T 4
1 : | - S [,
R 1 1
v il R S
Add&LayerNorm<~ | | c-=-----o- R
| - Il sl HBICRATE-2
D EBKTERBBAEES | | |
o
N

1 CWTR P& 45H
RN I NALE G it LSRN B ST B 7 (S
BB, EIEHSAE 3 MEOAM: 2 k7 EEM
EREN=WALI =S HBEN SNl INil ol S L T PO
5 R OC R AR R 75 2 RS
s AN [R] B () ROBE R B TE R AR AC ELRE ), SRS it Y

AR B S5 847 4iE; ISTA (iterative shrinkage= |

thresholding algorithm) FEAE Ay A G L Al ZAA Y — T
55, RIS sEM B R . R A B AR 5 52 1
Gk e, *ﬁﬁ%l‘ﬂ%ﬁ%ﬁfa%ﬁ%%%ﬂﬂ*%%%. B,
(] =1 45 T 7 I TR P b ) ST 350 it A 3 VR o) 4 JR R AL
BT A, FE4 IR Bl 1) 76 R 75 i TIME.

1.3 HZE Transformer EifZ25)

CRATE (coding rate reduction Transformer) /£ N
ANEZE R BTt R & B0 AT R VE ) Transformer 42
oy, otz AR UL g R 6 oA B, 51 S =
J353 A7 B 3G N 5 AR T OB RRAIE X 35k, AT SRR AR
2% B ff) R 4% E R 5 R IR AR AT B R U i X =
[xl,xz,m ,xN] € RP*N CRATE 1) H 1l 25 i 36k
BNt WINSENREZ = 2,22, 2N e RN,

244 W5t JF K Research and Development

H, d< DX X W EgE T (4) Fow.
max Ez [AR(Z; Ujiy) - AllZllo] =

max Ez [R(Z) — R (Z|U) = AllZllo ] C))
Hr, Z = f(X), 2 ARHACIE IR, 955 R (Z) 2 1F H
e WS AR G B REAE 2 BRSPS e (IRUERELZRTE ¢ Z )
JIT T LIS 2 LR B (MU ), 171 RE(ZI U ) W R s
FRE z B2 BN F 23 8] b, IR BIRE P & TR AP LL
FrEL Upg AR R Z 466 R YE T 75 1) 12 48K it 7
B B B AL S, X PTER A3 0 IR L T AE H AR (1)
PTG AR T RE(Z] Uy) 035 /MR 7 42
1551 5 R TFINZE Azl - R(2).
13.1  JE%: 2 9575308 B ) (multi-head subspace
self—éttention, MSSA)

KH Z kT2 HiEE J) (MSSA) #4m N 95 4%
B K MR YE T A 8], R 4 e BT A B bR
RE(Z|\Upyy). IS FEHA AR (5). Horh N oNEHIESERE, PR
T 4EE. 1X B MSSA 5F5#E Transformer H )%
kEERNEFHERAED, A2 E oKV & tHE T
B E NS TEEME, WQ=K=V=U],.

14
W[Ul,“',l]k]

(U12)Sofimax((U32) (U;2))
5 ()
(U,’:Z) Softmax ((U :Z)* (UZZ))
o P R A SR 2 e RN IR BA R (6)
. Srie0, T G 55
ZL‘\\-‘I/Z = 7!~ xVzR¢ (ZI|U[/<])

MSSA(Z|Uyy) =

1w P ! p
~(1 K (N+1)82) NanaMSSA@UW) (©)

1.3.2  HMiagi: AR 4E B E 5% (ISTA)
FRERAT I T AR Ak H AR 2 1 A11Zllo - R(Z), TEIX B
WATBIN—AN AL 22 2] [ 42 ) IEAS 7 i D et 2172
HEAT AR AL,
Zl+1 — ReLU<Zl+1/2 + r]Dl (Zl+1/2 _ DlZl+1/2 _ 7]/11))
= ISTA(Z!*'?|DY) (7
Ho, 2 WRMEACIENT, n AP, 1 R84 1 M. 4
4 MSSA Ht5 ISTA i, FA #4527 #.4 CRATE &
NHEZR, — AN 58 25054 ] iR ) A &2 Transformer 4844,
{z“”zﬁzl +MSSA(Z'|Uf,)

®)
Zl+1 :ISTA(Z1+1/2|D1)

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

20254F 5343 111

http://www.c-s-a.org.cn

i H AR SN A

{EAFVER 2, CRATE FIHCE AT iRt - B sm i
BERILE T B HaE B S TR R k. R7E AR
Pt 2 rp Oy 1 AR S bR IRINAE 55 Hh ) AT AR AL, AT 5 2L
SEETERI AN WIE N RS T BO AT R B AT 2 AT
14 ZLFZEERBIEEIRR

iz i R S 45 #1 (dilated causal convolution, DCC)
gia 7RG IK G A BRI, BEORERR 1 I 8] FP
FUR R A, SCEE SN TR 7 e 1B Hix
HEG AR, AZ G AE F BEURZAIR N 5IN 145k A
T d, 15 5% LATR € (8] B R RFAE A1, T2 35
KEESZEF. WKl 2 FioR, 4 )2 DCC 5, 2 B
KA 2, IR AR 1. 24 4. B BRI
RFFE RS, N — BRI 2 RE R se iy

HIT A 221 B L 2 i I 18] 25 BORPAE. DR DR e — Bk, 18

Padding #{F H 500 5 51 22 M HAAT S 7S,

Yo N Y2 Vi 8 Vi -
LTI
\ B d=4
o o T

K2 EARERGH
%Sk T A BRI, AR ey ikl
A B R Q. B & K RIE R & v, {3
27 1R fE S R AR IR A LR AR R, '
HUm I PRI RE 1 2 IR, N, BATRIZ 5 B TE
BB B OB E R AL i 3 R, SR

ERNELER O Ky ViIX 3 A E KA LZKE

BB 2SS F R R 55 R a2 B fe /L, It e 2
AN AR Z1/ %A% s HE, AN B T A0t 4
Ry i St E"J%%ﬁ.j\jﬁ%‘%éﬁ*ﬁﬂﬁ‘]ﬂﬁﬁﬁ'fﬁ, %
RS O KV VIR S AT 5 06 7 2 ]
PRFF—3, BAARI N

ConleEl,d)(X) =0,=K;=V;=U" ©)

EEZES EEZEE

(C zxrrmamgsn ) C ZRrERAEEN )

'Y

O000@BOOOO
B3 HHEE R L 5B RE E L

giv X (5) &, AT FRoR A

. p
MSSAX|Upq) = ——— Uy, U
XUn) (N+1).92[ 1 1

(ViX)Softmax((Q1X))*(K1.X))

(ViX)Softmax((Q1X)* (K1 X))

15 ZRELZRRR

(10)

SRR SRR O R (5 5 2 R IR AR e
H, ARSI T —FIAT SR — e B, TR
52 RS ) M BRHAE. L, SR 2 o 347 3
BHEBRA 138 5 GHE, LI EE 2 S
S (4 TP B Fhetof, e BB o T
Il AR AE BRI, K R 45 B A B T
195 ]SS . 4 5 B B R LR 0 B
2 2 P HE AT R A, SIS R 1 R i
A TLEAE, AT T I 0 5 25 35 B G e i B .

Output = torch.cat(Outputy, Output,, Out puts, Outputy)

(11)

FIF AL 05 L 1 S 9 S 4 3 92 45 A
BRSO, TR 26 2 R I I 4 AL A 1
B FTR. AR B 55 b T R RSB 4, BT
B RR T 540 S0 B 4 AT LI 2. A, ol
2 ) R 5 5 A2 ) 7 2 T (55 40 B — 3
SIN T RSF X575 (branch poal), JE7E B 3o
J9 D1+ Dy + D + Dy = D. 303 a5 4 i A5 1 ] 4

ﬁﬁﬂﬂ%%ﬁ&%d%ﬁ%f

K4 ZREEBH
1.6 1EEN)IZTIE
Wl 5 o, BRI ZRIRE G0 - B 58, KA

Research and Development fiff 7L & 245

© TEREBIK R

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

20254F 55343 111

SHAE PR RN SRR A5 5 AT FAC B, B J5 2 AT @ Bk
VPG, FELEEEA L, R I GREEATIR SR, 70 T
B SRR S5 PERE TS . b, Weibull 45725 B 02
— S S A K R R, RS kA R R A A A R
R TR ZRo A e, Rk st (12) fros.

n n

Lyeibun (.5.7.7)= % PR ,1% D U(Fay-F (Ti))z
i=1 i=1

(12)

Horb, g R ASARRE, fR WA, T, /& SEhrfhR CE
I 8, 77 9 Tl 7 A PRI 180, 2 L 5 LU S

Hd AL 3 I B

[REEEEN | ZCWTR

> | THERAE fﬁ*@

FF?’??* Weibull Fi% | -)
AL i f 3] o
/D - -

.\ N N
T - “ 4
BRSNSy s ey
L FAMRUL
T 0 - PRl FE bR

Bl s Frdr B E
Ohy A A U B A AR A AR PR AR 2 VR ARFAE,
H4 Weibull 45125 b6 25 5 fil AR (i BOIRZS X1 4 75 A 454
AR R BB A I 17 A 4 L R 2l 2 TR R IR 2 0 A
() IR A Y B PR BB, AT 388 T8 2 0) 1 2 30 5 R
FEARII A X 73 BE 7, A6 kg e B N P R Y SR
GAIKES

2 SEERIGE
2.1 BURENAR : -

A SR () PHM2012 Btk 40 1 4 36 Fr 42
th 7. AR 4 D RO A P PRONOSTIA ¢
SR AR E B R, K 6 BR, % A
WERE RSy . OB S B A A L. TR, S
FEI I P e TR S 2R 25.6 KHLz RSRRESE X R BN 15 2
AT TRE. BMUCRRER A 0.1 s FLRBERIFE A 108, iX
ERE FIFE 10 s KT 2560 4> s FIFEA.

S B 122 L 6 P A R AR 2001 5 1 e
i 20g (I B7R 52 40 KAk, g o B RE). (Kt 0
SRS ALEAE 3 AE S T 004 PR T SR 10 A A iR ah 15
B, AT

T 1: B 3E 1800 rpm, A 1] 12K 4000 N, XJ B
7 MMl (Bearingl 1-Bearingl 7);

246 T 72 H K Research and Development

T 2: %53 1650 rpm, B G130 4200 N, b
7 ANl (Bearing2 1-Bearing2 7).

T 3: ek 1500 rpm, B[R 14K 5000 N Fg 3 A
MK Bearing3 1-Bearing3 3.

TN E R A S B 2 AN AT g et 5L\ — E 1E ST
Fadk, sl (RS AR (B 30, 1X 5 52br TR S,
KB TR BEEE) . EE RSN BN IR

FAU. Oy T BRI AR AL AT JE £k RUL B A 520, A
AR ANl et AR 75

iﬁiﬁﬁﬁiﬂ*ﬁﬁﬁﬁ&%ﬁﬁ%ﬁ{ﬁﬁxﬁ

FEIE AR AV T3 R ﬂE?%%iE g

fif IR 10 S@‘ T Ak RE AT
-

L

EEHLRE 1, AT 2%
B R PR A7 T S .

6 PRONOSTIA “F&

5 RN 07 s Svk 4046 sk be 10 il A 5 SE AR T,
PRONOSTIA # #5808 TR £ KRz 17 i A2 v R 4R
f 1 SRR AL A B0, CWRU SR s i 7
(DTN s Mk F, PRONOSTIA #
2 930 A AN ey B 1 4 51 0 2 £ 5
ii@i@%%?ﬁ%fbiﬁﬂﬁ&ﬁﬁ*El‘]iE%?ﬁﬂ.%)”uﬁ@,

CHEGETHRHIE SR AR S TR R R 0 AR R
it 2. i 7 Fian N Bearingl 1 HRZNE 5 #h 2k, K
W og RORE IR B 7 el g R B S
SRR AR XS AR e, Bl S A28 IR A 38 KRN I B 1 o
HE R, SR P AR S R BRI 0 REAE. X RPR
AR A B2 TR N R IS TR 1, A
B T4 FH B AR SRR 55 A 0 B 80R

T SRR A A 5 AT, AR SCHEAN R T
BLAAE TN K 2 S AL g kil e skms. Tl 1 AT 7
I PPN MR RE, ARV 7 AR AE 4R, R
YERNINGREE; T 2. T 3 AR AT AR T 00 264
R N, AR HE SCHER[191 8504 B2 R o SR, T 2 ik
#% Bearing2 1. Bearing2 2. Bearing2 4 {F AR,
HARMERIIZREE; T 3 %4+ Bearing3 1 /E 9IlIR4E,

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

20254F 5343 111

http://www.c-s-a.org.cn

i H AR SN A

HARANE N IR, AL A S5 S PyTorch 1.9 5K
W, Hi4T TR 444N Intel(R) Core(TM) i5-9300H
CPU. 8 GB RAM HI NVIDIA GeForce GTX 1650 it
HHL L.

40 |
20 +
2
~ 0
E@
i
-20
—40
0 1 2 3 4 5 6 7 1E6
PREFS
K7 Bearingl 1 &FHfriRahdE
22 HEREDIFE N

T SO PRI SR 1 L L A
YR A S A2 0g Il AR 2k 3k, TRk, AR AR
5 SRR 7 M (root mean square, RMS) {F Fyf
R A BER A (46 bR T 8 T4 i 4 AR R T
Bearingl 1 P4 2 J51 RMS 5 Pearson #K &
. MNEIF T LUE H, F2 e RES T Pearson AHK REL IR
FERasE, 1024 RMS 2Rl ETHI, H52 R B2 T .
XK | Pearson A1k RERE AL I8 (5 5 N S AH 4
ARSI R G MERE B AL, (AR I, A
R s N, B — 0 R FAE , f
T 4R T R 7 BB A R

5 | — Pearsonff X Z 4L [
—RMS :

4r I

|

3+ |
g !
£ 2 |
L |
m@,ﬁ |

0 ko . . L

0 500 1000 1500 2000 23500
AFIE] (x10) (s)

K8 Bearingl 1 f@FtR&RI4>
R, ASCK Bearingl 1 FEIE 55 70 firh & B A AH ¢
R p=0.9 BN PHM2012 H4f 4 5 Sl R B (IR 2
R g — bRk, 03 1 BT, SR FH A BB 1) 25 il
ARG 135 i Stk PR Sh R ACIRES R 73 5 v Pl
B AAREE S

* 1 HRIEIR &

Bearing TEIR A Bearing TFEIR
Bearingl_1 27400 Bearing2_3 4500
Bearingl_2 8270 Bearing2_4 7400
Bearingl_3 22430 Bearing2_5 4430
Bearingl 4 10870 Bearing2 6 6850
Bearingl 5 24100 Bearing2 7 2220
Bearingl 6 24140 Bearing3 1 4890
Bearingl 7 22110 Bearing3 2 1430
Bearing2 1 8700 Bearing3 3 3100
Bearing2 2 7210 — —

B, T LK R 1) RUDERES 5 197505,
Horp TR G, T, 9 SERAE 6], ¢ 4 B 1)
FUSEAR A RU L) = T~ T,

PO FBRAR A : RULypia () = T — 1.

SN T R B B AT R SO 532 AL B ),
FATH RUL 1H— [0, 112 8], B 9 fE7x T Bearingl_4
R MEIRBNE S . Pearson A28 R E 2k DL & VA —14k
JF5 09 RUL 7 fir 1 2%, LW R 7 1R A5 4 40 1 2
P T, 7E IR SRS, TRENS S R A )
TR ETE, BB SR A SRR AT A, TRATTE
ZA AR AR P 223, BT Pearson #H5% 2R
K 1R R B 25 5 MU A I8 40 A A8 A 6 P — . i
OB G I SEB AR 0 T EEAE IS B R I 5 S bR ko
AR B

_ fREiRE
on
z
E
ES
L.
a® =
W&
K
junng
=<
0 200 400 600 800 1000 1200 1400
] (% 10) (s)
&
#e
=2

0 200 400 600 800 1000 1200 1400
IFA] (x10) (s)
9 Bearingl_4 MEROIRARI 5 RUL 758
ik — P IRAIE Sy R ey AE AR 2 (8] H 1 BE A,
AICH] N t-SNE (t-distributed stochastic neighbor embed-
ding) AELEVERELE 7150, K e e REAE MG 55 o 2 ]

Research and Development fJf 72 7T & 247

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

it H LR S

M H http://www.c-s-a.org.cn

20254F 53445 9111

4 1El 10 Jiro, t-SNE WAL 45 R Xl 7 s il e AR A AE
R[] 2B R (IR . I — RS
R T IR R 73 A v 4 2R s 23 1) o (A 2, gt —

A2 I JUART A 52 BIIE 17 AH G ZR 8001 40 1 6 B A
20 s o
b « &
P .';"gﬁ ) %&',. S0
10 "?o.m:: %Eﬂ:%..w%."?;"g @.oﬁ'?g!:
3 RN L it
$5 27 o i
B I e
0 e [ @, « “ ® os%%0
E et il
o 8 o ri':'?g‘.{..?“ “oid
r ol X
2% g S A
8, % TRS Wl ¢
& o'e® * - k]
20 « Stable
) -Deg.raded

—-60 —40 -20 O 20 40 60

-~

0.07
006 L T
005 | [ F T
= L 1
= ——
0.04 — [
0.03 -;_ —
0.02 . o .
3 5 7 10
(a) DCABRZ KN
0.08
007 b+
0.06 | .
2 0.05 u
0.04 — J_
\ . ] x
L 003} = f
. 0.02 . . . 1
1 3 5 10
OEXENE

K11 A RS Ho R i i pe

e
B 10 t-SNB E:é;‘éﬁ%éﬁ

¥

23 iHiERR 0

N7 T P A AR B, R I TR ZE (root
mean square error, RMSE). “F¥J4 5 H 1% % (mean
absolute error, MAE) LA S VP73 bf £5FH R A 5 TG 5

1 N, 5
RMSE = \[+ > Gi=)

1
N

1 N
Score = N Zi:l A;

e—ln(0.5)~(Eri/5), if Er,~ <0

MAE = —19; - yil

Hr A = { MOSHER0) if s ()

24 BEHKE

TE 0 25 45 g R, RIS 0 A 48 R vk e

5
BRI S, TRER R E A7 A FH A, A5
I AN S S R B R S Ak B DCA

E A PPN I TEZ 8 58

1) K R R GRS B R RS N IK R
RAERNE R Y 1) O S, 0 1 R
FR. AR E BRI RN 3. 5.0 7 10, I
T2 R ER LY. 2R WE 11 fios, &g
B RUZ R /NN 7. BIGR A, & UG RNE
B3R B AL R R A A5 B R SRR 7T,
Tk KB /N 152 D AT R 51 R A R Ok, R T

DAL

248 7L H K Research and Development

2) EARIRHRIE: AR SR A T R4 0
Fa, FOR MO T B RUL BONKEFE 5 e i 50
KA TS AT IS IR SRR 1L 3.
5 F1 10, JFHAT T 2 HE R, REHEEECN 5. 5
Yok AR 11 o, 4 R, TR R FE R T4
Th— s P B, (FLET 4 9 4 2 RO LA RSN 0
SR, T FL AT TR0 525 0 T AR

3) 4 1 Skt 2 R % 2. % 3 R

JETR. y L ) -
RN TS
BEH Z Yt K SR
A Y 192 PEERJE A 150
[E LN [30, 177] HEK AN 256
)R 8E—4 ERE 0.1
RIS Adam B 4

K3 MBS

Pz Eit )R ZH s
Embedding Input 177x192 Batch sizex30x192
Embedding 1x30x192 Batch sizex30x192
DCA QKV_conv  192xinner size Batch_sizex30xinner_size
Attention_out inner sizex192 Batch sizex30x192
Conv_1 192x48 Batch_sizex30%48
MSC Conv_5  (192x64), (64x48) Batch_sizex30%48
Conv_3  (192x64), (64x64)  Batch_sizex30x64
Branch_pool (192x96), (96x32) Batch_sizex30x32
ISTA Grad 192x192 Batch_sizex30x192
Mean_pool 30x1 Batch_sizex1x192
Regress .
Output 192x1 Batch_sizex1x1

© EREERREST  hup/iwww.c-s-a.org.en


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

20254F 5343 111

http://www.c-s-a.org.cn

i H AR SN A

3 LA 50
3.1 FUNER

AL Bearingl 1. Bearingl 2. Bearingl 3.
Bearingl 7. Bearing2 1. Bearing3 1 Fiill4h B u17
7w, G 12 s, BAREEE R 4.

FEE 12 da] DU, JRATHE ) 7 57 2 B

1.0
0.8 |
ﬁ?; 0.6 + — THMIRUL
e -~ Al K FLSERUL
LT i
=02t
0
RMSE=0.0094
2000 2 100 2200 2 300 2 400 2 500 2.600 2.700
i JE] 25
(a) Bearingl 1 -
. ne
1.0
08 |
fﬁg 0.6 | — TMIRUL
o --- 7KL SERUL
K04 gz
To02
0 .
RMSE=0.0177
0 500 1000 1500 2000
IR [ 25
(c) Bearingl 3
1.0
08 |
;(g 0.6 - — FHMRUL
b . g~
& 04| E%ﬁ%RUL
= -
= 02
. i=)
RMSE=0.0310 TV
0 200 400 600 ™ 800

¥
e
% " (e)Bearing2 1

HRPEAR LA 3] T WUR R BOR, X 5 1 AR K
ot AR R 28 I G T ) i HD ) it o o A PR T 1) R 7
B R TS Tl A TR 4R 2 ORI O, R
FEAE T LA R 2 8] ot 22 S R ROK, AR &
BUIN, BB TE i R b 22 B 58 0 1045 B R S
B

1.0
08

& 06 | — HURUL

i - B FTSRUL

& 04 itz

=3

0\‘ RM.SE=0;0101. . . . . .1"

0 100 200 300 400 500 600 700 800
R 25

(b) Bearingl 2

1.0
0.8
;(g 0.6 r — TMRUL
; 04 + 7 ﬁh%E%RUL \
$ - |
=02 b
0 |
RMSE=0.0066
02 £ . . . . . . .
1500 1 600 1700 1800 1900 2000 2 100 2200
I [
(d) Bearingl 7
L
1.0
08 t
;ig 0.6 | — TRMIRUL
< --- H K L SERUL
$ b [ RE
T 024
0 |
- RMSE=0.0368
_02 1 1 1 1 1
0 100 200 300 400 500

I )22
(f) Bearing3 1

K12 AR B AR

3.2 FUMERERTIRAL

SNI6IE AT HH AR TR St O BB AR AE 1 $R e T
FLAE TR 55 24 v 1R AT AR, A SCHR I Y B BT
RV ARREA T 2 1] Uy 55 FE B U SRR
(BP Rt geE & 1 R — R R 1 3k g 1550, % T
DA B 14 B 70 B R AT AT A4 2 M. & 13 B,
PATERLT Bearingl 3 FEARTERE BLIIEE 1 AN 1]
AL IR RO A5 T (OFEAR. R385 1 AMFEAR Y, Bhizk

AbF FHAIE AT B, SRR HEAS B R, DR s R 7 A
] T AR RS B T 7E 0B s MR REA R, 1 )
N JE B2 (R B IR A2 5 IR AL BY) T’ T
TS R R B, SRR B R T R ARCIR S
AR IS .

N T HAE CWTR 54 CRATE & ¥ 1)#it H¥x,
BATEAAL B AR (1) (i FEgh Rt ATl Mk, Heh s
JE45 2 )5 (¥ RE 2 FORS 5 2 ) (1 |[21+172)|. JArI g )

Research and Development fiJf 72 7T & 249

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

i E RSN

http://www.c-s-a.org.cn

20254F 55343 111

3 A DA AN 36 A A I o R R AT T AT AL fR R
(PEARSR T 10 J2 W0 2% 224 LA 5 ] AAL RO, 36X

P B AR A AR R BT AR BEAT T3S B (R 1Y
382k B H—HLX).
£ 4 ISR

. cot?" MTCT!! cpet™ ATk
T, TR bR
RMSE MAE RMSE MAE RMSE MAE RMSE MAE
Bearing] 1 0.0134 0.0125 0.0229 0.0222 0.0159 0.0129 0.0094 0.0075
Bearingl 2 0.0167 0.0123 0.0363 0.0323 0.0648 0.0398 0.0101 0.0064
Bearingl 3 0.0199 0.0152 0.0506 0.0418 0.0329 0.0236 0.0174 0.0130
Tl Bearingl 4 0.0423 0.0356 0.1237 0.1179 0.0659 0.0535 0.0416 0.0335
Bearingl 5 0.0197 0.0140 0.0385 0.0245 0.0377 0.0211 0.0143 0.0105
Bearingl 6 0.0112 0.0069 0.0365 0.0260 0.0252 0.0097 0.0&2 5 0.0075
Bearingl 7 0.0170 0.0125 0.0391 0.0300 0.0618 0.0572. \9.0 6 0.0036
Bearing2 1 0.0529 0.0269 0.0566 0.0515 0.0459 . 100225  0.0310 0.0210
T2 Bearing2 2 0.0499 0.0294 0.0507 0.0470 0 05&6 _0.0454 0.0382 0.0215
Bearing2 4 0.0338 0.0242 0.0564 0.0525 0\755 . 0.0553 0.0233 0.0169
T3 Bearing3_1 0.0550 0.0499 00702 0.06§p 0.0647 0.0532 0.0368 0.0313
-
0 JEELRSE IR R, S04 BRI & X R N 4
5 o ,
. - 0.050 —RIEAE . B S W EREY B TR
g 0.045 HEE G E, LA E S T B S B AR gk
10 0040 KE. AN AT LAE R, 72 5 |2 2 5 R4 U T B 40T
s 12 " X s . .
§ 14 UEV- 2%, WL IR 2 S Re JJ5e FHER, Xt — Pl 1 N
= 16 0.035 . S L L
Z s {7249 R R SR AL S B, DAL AR IR 8.
20 0.030
22 95 28
24 90 26
2% 0.025 ¥ 85 24 ¢
o o 80 2
&' 75 20 =
30 0.020 £ 18 2
0 2 4 6 8 10121416 1820 22 24 26 28 30 E 6 16 =
\ = 60 14 &
i} [ Token 55 12
. 50 10
First batch
(&) First batc ‘2\3 405 6 7 8 9 10
\ Al
- 0.25 ‘. 3 - KE  —e—WIFE
-} ¢ (a) ANIR] 2 2 8] ) 47 5
0.20 0.50
£ 5 045
g oy
K 0.15 ¥ 040
H
= & 035
= =
0.10 £ 030
£ 025
2 3 4 5 6 7 8 9 10
0.05

02 4 6 8 10121416 18 2022 24 26 28 30

I 7] Token

(b) Recession point batch
K13 vERIRE AL

Kl 14 Bon 7R B IR AN R R AE AN [F) )2 H 2 T)
AR AR, FATRK LS (a) 5 MBI (b) &

250 7 H K Research and Development

JZR S
—= BIEE e TSR
(b) AN JZ 2 ) A R I3

K14 AL H AR AT AL

RIS, g " SE B b 2R A2 o) ¢ b et ) 20 A R X, 3R
fITLA Bearingl 3 A, K 1. 5. 10 JZ ) &b H 2+
[T GERELAT 50 BIRFE) #ET R,
W 15 s, B R AE AR A BOR B i B R 251

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

20254F 5343 111

http://www.c-s-a.org.cn

i H AR SN A

Pl S RRER W) T MO TR L5 2 L
U S LRI I T 2818 U . 7 2 I B

- 25
2.0
8
é 1.5
=
=
1.0
0.5
0
0 3 6 9 12151821242730333639424548
W IR
(a) VEFRHER T
-4
q_:) '3
vl
[=}
(=
=
= -2
- 1
-0
0 3 6 9 12151821242730333639424548
IR S
(b) SIZHFHER T
- 25
2.0
8
S 1.5
]
[_1
=
=
= 1.0
0.5
0

0 3 6 9 12151821242730333639424548
RFAELE
(c) 10/Z4FEIA T A

B 1s U RO
3.3 FERMESIHMER
N T #E— B FRORAR 2% B PR BE, 7E AR [F) IR0

B MTCT!, CcOTEY. CDCT! 148 5k 3t Fim) 5 12
AR SR O AT LR RN O T PR R AL AR AN [
T3 5T & R RE 7, FAT9r AITE T 1 (=i
flRfER) THL 2 (FPEGE. ) AT 3 (kF:
L R E) BT ST, 4R VE LR 4.

5 COT M LLi 4 SRR, IR N R 36 AU o8 17
T L P SR SZ Y R T R S AT, R T
%F RUL RIFRIASE. 5 MTCT 5 CDCT i HL 45 51
K, %)ﬁfiﬁiﬂﬁﬁ%ﬁ%@ﬁ%ﬁxﬂ@%l‘ﬁﬂﬁ%ﬂxiﬁé
DAL, P8 T I BE A 1] B RS (TCN) S544 [ i
) 27 L) R SRR AR E R MY, S, 7E 4
T, i 097 Ve RMSE 55 MAE F¥3IU T Bt
PR, Fo 5 S0 T 5700 R 5z Ak RE

BEAh, BABEIRTL T B8 b AR5 RUL
TR 5. AR T FER ) CRATE FERS, FRA T T 18
KR RERER S (DCA). £ REEHR (MSC) Sk,
PRSI VK Weibull 332K B ES AR 26 PR RGR (b Hh 2 45
A JHELSZIALRS: 1) DCA XA 520 2) MSC i
RAIFZ; 3) Weibull 452 B FOG AR ) M.

x5 BN T A RE RO SR 45 R R AT
w0, TEAE IR AT, 3 FhsScdE 77 ARG 5 1 W 4%
HITRI 1 e =3 A& 7RIS T st i F 5 2R,
T AT HEEAE & RUL B 35 &% 7 BB A

BURIIER. \
£S5 HEhSEY:
B \‘ RMSE MAE Score
BRI 0.0157 0.0117 0.9363
“DCA 0.0181 0.0275 0.9034
“IMSC 0.0298 0.0234 0.8848
~Weibull 0.0349 0.0268 0.8963
4 HEPGE

AW T — MBI A & Transformer 178 3l il
AR A T A AR Y, mls K R R B AR R 2
JREBF (DCA-MSC) HiAR. BAAK B R A& E R ST
I ML WAL Il S A A Ve [ E N
i R385 7 AS [ B 1] R RE TS 3830 R A 119 52 AR A R
77, XA B 5 b A R R 1) K IR S R IR
FHRFIE. RO, AR SO BT B ACIRZS PS5 5 Weibull
TR KBRS G, i T EALIZR. £ PHM2012 £ T
B AR 5R se i 45 R W, %7k EE cOoTPY,
MTCT!" R CDCTY ) RMSE 73 5P MK T 27.88% -

Research and Development W 7 & 251

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

i E R %N

http://www.c-s-a.org.cn

20254F 55343 111

58.85% H1 56.18%, 7o 4k B T A SO VAAE 7R ol 42 5
i T A5 ) 1

RUEFT IR A RS T R A TR, H B A
Flh & 2 IR SHL. BIT RN AEER, S8H
RS T B A B AL K, IX AT B R R B2 (1) 72 4k,
A&7, ASRBIH L@ 5] NIERS 2 S SR, ik — 2
P& = A58 Y 7 Kb HR A () 24 T A R 0 ) ) B R L LB AR,
BT A FH () PHM2012 SRS SR A SR A IR, HAKTE
IR & R A, AR — € I TAERH = B . PRk,
N2 TAENG B0 T4 i 7 v B T R A il 7 £
A5 b Tl serh, DA T VR AG 52 7 7E P R

SE 30k
Zhao HM, Liu HD, Jin Y, et al. Feature extraction for data-
driven remaining useful life prediction of rolling bearings.

IEEE Transactions on Instrumentation. and Measurement,
2021, 70: 3511910. [doi: 10.1109/TIM:<2021.3059500]

2 MREBR, MR ZR, de Olivira IV, 2. 5 B 2% =] 75 1 % i il
5 i R e PR A8 4 R AR, 2019, 40(9):
206-226.

3 Zhao MH, Kang M, Tang BP, et al. Deep residual networks
with dynamically weighted wavelet coefficients for fault
diagnosis of planetary gearboxes. IEEE Transactions on
Industrial Electronics, 2018, 65(5): 4290—4300. [doi: 10.
1109/TIE.2017.2762639]

4 TRIEAR, ZBTHF, B0 S BT 2 RHERL G WAL R B
TR A TN, THENL RGN, 2023, 32(3): 95-103. [doi:
10.15888/j.cnki.csa.008958]

5 Xiang S, Zhou JH, Luo J, ef al. Cocktail LSTM and its
application into machine remaining useful life prediction.
IEEE/ASME Transactions on Mechatronics, 2023, 28(5):
2425-2436. [doi: 10.1109/TMECH.2023.3244282]

6 JEH:, B R 3T E2E Deep VAE-LSTM [ 4 & 3B 1L 3 1
LB FE. T SALS B 9T, 2022, 39(7): 2091-2097. [doi:
10.19734/1.issn.1001-3695.2021.11.0676] %

7 Lei YG, Li NP, Gontarz S, ef al. A model-based method for
remaining useful _life prediction of machinery. IEEE
Transactions on Reliability, 2016, 65(3): 1314-1326. [doi:
10.1109/TR.2016.2570568]

8 BRMEFY, FA &, TRAE-T. BT RP LR & ARSI 08 1R L 27
TR IS T EHLR SN, 2022, 31(8): 345
353. [doi: 10.15888/j.cnki.csa.008630]

9 Zollanvari A, Kunanbayev K, Akhavan Bitaghsir S, et al.
Transformer fault prognosis using deep recurrent neural
network over vibration signals. IEEE Transactions on
Instrumentation and Measurement, 2021, 70: 2502011.

10 Liu SZ, Yu H, Liao C, et al. Pyraformer: Low-complexity
pyramidal attention for long-range time series modeling and
forecasting. Proceedings of the 10th International Conference

252 i FH K Research and Development

11

12

14

16

17

18

19

20

21

on Learning Representations. OpenReview.net, 2022.

Peng HC, Jiang B, Mao ZH, et al. Local enhancing
with
mechanism for bearings remaining useful life prediction.

Transformer temporal  convolutional attention
IEEE Transactions on Instrumentation and Measurement,
2023, 72:3522312. [doi: 10.1109/TIM.2023.3291787]

Yu YD, Buchanan S, Pai D, et al. White-box Transformers
of the 37th

International Conference on Neural Information Processing

via sparse rate reduction. Proceedings
Systems. New Orleans: Curran Associates Inc., 2023. 413.
Mao WT, He JL, Zuo MJ. Predicting remaining useful life of
rolling bearings based on deep fea%ure'representation and
transfer learning. IEEE Transactiens on Instrumentation and
Measurement, 2020, 69(4): 1594-1608. [doi: 10.1109/TIM.
2019.2919735]

Yl.\léYD, Chu TZ, Tong SB, et al. Emergence of segmentation
with minimalistic white-box Transformers. Proceedings of
the 2024 Conference on Parsimony and Learning.
Cambridge: PMLR, 2024. 72-93.

Weibull W. A statistical distribution function of wide
applicability. Journal of Applied Mechanics, 1951, 18(3):
293-297. [doi: 10.1115/1.4010337]

Von Hahn T, Mechefske C. Knowledge informed machine
learning using a Weibull-based loss function. Journal of
Prognostics and Health Management, 2022, 2(1): 9—44. [doi:
10.22215/jphm.v2il1.3162]

Nectoux P, Gouriveau R, Medjaher K, et al. PRONOSTIA:
An experimental accelerated
2012 1IEEE
International Conference on Pr()"gn(;'stics and Health
Management. Denver: IEEE, 2012. 1-8.

Smith WA, Randall RB. Rolling..élement bearing diagnostics
using the case. Wéstern Reserve University data: A
benchmark  study. Mechanical
Pro'cessing, 2015, 64-65: 100-131.
Jiang L, Zhang TA, Lei W, et al. A new convolutional dual-
network  with
concatenation for remaining useful life prediction of rolling

platform for bearings

degradation tests. Proceedings of the

Systems and Signal

channel Transformer time window
bearings. Advanced Engineering Informatics, 2023, 56:
101966. [doi: 10.1016/j.a€1.2023.101966]

Chatzimparmpas A, Martins RM, Kerren A. t-viSNE:
interpretation of t-SNE
projections. IEEE Transactions on Visualization and
Computer Graphics, 2020, 26(8): 2696-2714. [doi: 10.1109/
TVCG.2020.2986996]

Ding YF, Jia MP. Convolutional Transformer: An enhanced

Interactive  assessment and

attention mechanism architecture for remaining useful life
estimation of  Dbearings. IEEE  Transactions on
Instrumentation and Measurement, 2022, 71: 3515010. [doi:
10.1109/TIM.2022.3181933]

(BT T 5K HE)

© TEREBIK R

http:/fwww.c-s-a.org.cn


https://doi.org/10.1109/TIM.2021.3059500
https://doi.org/10.1109/TIE.2017.2762639
https://doi.org/10.1109/TIE.2017.2762639
https://doi.org/10.15888/j.cnki.csa.008958
https://doi.org/10.1109/TMECH.2023.3244282
https://doi.org/10.19734/j.issn.1001-3695.2021.11.0676
https://doi.org/10.19734/j.issn.1001-3695.2021.11.0676
https://doi.org/10.19734/j.issn.1001-3695.2021.11.0676
https://doi.org/10.1109/TR.2016.2570568
https://doi.org/10.15888/j.cnki.csa.008630
https://doi.org/10.1109/TIM.2023.3291787
https://doi.org/10.1109/TIM.2019.2917735
https://doi.org/10.1109/TIM.2019.2917735
https://doi.org/10.1115/1.4010337
https://doi.org/10.22215/jphm.v2i1.3162
https://doi.org/10.1016/j.aei.2023.101966
https://doi.org/10.1109/TVCG.2020.2986996
https://doi.org/10.1109/TVCG.2020.2986996
https://doi.org/10.1109/TIM.2022.3181933
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

	1 RUL预测方法
	1.1 轴承健康状态划分
	1.2 模型总体架构
	1.3 白盒Transformer基础架构
	1.3.1 压缩: 多头子空间自注意力 (multi-head subspace self-attention, MSSA)
	1.3.2 稀疏: 迭代收缩阈值算法(ISTA)

	1.4 多头子空间卷积自注意力模块
	1.5 多尺度卷积模块
	1.6 模型训练过程

	2 实验验证
	2.1 数据集介绍
	2.2 分段寿命标签
	2.3 评价指标
	2.4 超参数设置

	3 实验结果与分析
	3.1 预测结果
	3.2 预测过程可视化
	3.3 结果对比与消融实验

	4 结束语
	参考文献

