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RESEARCH ON LIFETIME PREDICTION TECHNOLOGY OF
MOLECULAR PUMPS IN EAST DEVICE BASED ON DEEP
LEARNING

ABSTRACT

As a critical component of the vacuum system for fully superconducting
tokamak devices, the life prediction of molecular pumps plays a significant role
in ensuring the stable operation of the vacuum system. In the complex operating
conditions of the vacuum system, molecular pump life prediction faces two
major challenges: first, models struggle to accurately predict the remaining
useful life of molecular pumps; second, the scarcity of degradation data limits
the predictive capability of models. To address these issues, this study proposes
a deep learning framework based on Transformers, enhanced with convolutional
neural networks and Kalman filtering, which significantly improves the model's
prediction accuracy and robustness. Additionally, to tackle the data scarcity
problem, a time series generative adversarial network-based degradation data
generation method is introduced, combined with Weibull distribution
optimization to enhance the quality of generated data, effectively expanding the
dataset scale.

The study initially constructs a deep learning model that leverages the self-
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attention mechanism of Transformers to capture global dependencies within time
series, addressing the issue of gradient disappearance or explosion in long-term
dependency modeling. On this foundation, a CNN module is incorporated to
extract local features, efficiently capturing local information in vibration signals
and complementing the limitations of Transformers in local feature extraction.
Furthermore, to mitigate noise interference in the operational environment,
Kalman filtering is employed to refine prediction results, further enhancing the
model's robustness and reliability of predictions.

To address the scarcity of degradation data, a time series GAN-based
degradation data generation method is proposed, optimized with Weibull
distribution to improve the quality of generated data, providing ample support
for molecular pump life prediction. Experimental results demonstrate that
models trained using both generated and actual data achieve outstanding
performance in molecular pump life prediction, with root mean square error and
mean absolute error reduced to 0.067 and 0.048, respectively, significantly
outperforming other life prediction methods.

To further realize the practical application value of the research, a client
software based on LabVIEW is developed, enabling real-time prediction and
monitoring of molecular pump life. Through case analysis, the system accurately
captures degradation trends and abnormal states of molecular pumps, issuing
maintenance recommendations when the remaining useful life falls below a

predefined threshold, significantly improving molecular pump health

v
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management.

This research not only provides a new technical approach for molecular
pump life prediction but also offers valuable references for life prediction studies
of other complex devices. In the future, efforts can be made to optimize the
computational efficiency of the model, explore multi-dimensional data fusion
and feature extraction methods to enhance its applicability and stability in

complex industrial environments.

KEY WORDS: remaining useful life prediction, deep learning, data generation,

molecular pump, LabVIEW
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955 BITR T k& kA, T SEme4r 1R A 47 5 an b AT T 45
.

556 BT SCHAT VR4S, IR AR LT I
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F2EF T RAFGTMAIEILEA

ARE ARG Transformer H78 ., AL RIS LU ARIR PR IR, N
JRELETT R BT SO AL 7 B

2.1 Transformer {28! [RIE

2.1.1 Transformer ZE 4 Y B A R I8

Transformer & —FP 5T B VER SIHUEIIREE S I 580, Byl T B
A ERAUE, PO B T R T B AT A TN AR 55 . LA R
FAET RENS m REH PP 5Bk 2 RS & L JFITILEE . HARFAIK
JERIRR S,k 2-1 frox.

Gt

LR AE A

Rz EIA— 1k

BN LE M 25

REYEH—b

BRI
HI P22 R 2

8

Nx Nx
BRI RENEIE L
Ll EE ﬁ?ﬁ%é’/%ﬁﬁ_;@:
AN
137 B 4B @ @ fir B it
LIPN

TN
K]2-1 transformerfi£ 42

Transformer A5 3 52y 2 A 255 A1 A S 2L A, e r 2 B 45 0 5 s B N 21 ik

SF B A YERFE A ], A hth 25 AR S S i) 2 H 10 45 R AE i H by 51 e
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Mt as 2 M FE RS A, RN EEAMN, ST
Wph 2%, BES NI TSRS A R B R ARGV, flAe 4 i
HIOC R B N 2% B J2 S AR A0 — AN ARG RS sR U e, TR =
i AT AR A A e, P IRAUE R DA H T AR E bR A,
{BAEZG A PWATE 55, gt T DA E R T AR 55, DRI g At 25 & 70 AT 1
HEA B

H T Transformer A% & ANH & AEFFFIRFFIRE ST, PR 251 A7 B 905
RN E RSN TFE B ZIH— A S ZEREH T s I ol 12 9112
B RS E I, Heh R ZE R R AR AR TE W R R R, R — A BT
IS

TEY TRt AR5, SNSRI 3 5 2 eI P ReAiE, FHLRAT S 2R10
FELE AN KPR B MR A C R o Transformer 33 3 1 E 7 A7 HLH Be i A AU L ix
REAIE 2 (B 4 Jm S0 I, (RIS B 2w b ATL ) b B PP 31 RIS PR e e o L IRAT ARt
SRS S A AR B o R A BRI T s, M ks B L bk (1
A TR R SR A 7 B S .

222 BABDNSIREKRE

H VR JIHLZ Transformer FIAZCALAF, HTAREHE WA 2-2 s, R
WURLE I AT 7 P R 5 R, 35 T BRI M5 B Re ). 23k
FEERAER SIS R, BT E AN ER Tk, BRI A
JZ R RISk B OS5, & E i P v A ok 2
Ak A A — NG RN

% Sk FIE R AIMLE] B LA B B BEL AR, AN BRSO 1 R
AN R 43 o

B, Sk AR AN TAER I SN R BRI A i
AE A, ST EANEESE kL, WX2-1), 2-2), 2-3)Fin:

Qi =W’ (2-1)
Ki = fwi (2-2)
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Vi = fw/ (2-3)
RGBSR HAT B RGE R TR, WA ERE R S,
RQ-4)FiR:

KT
Attention(Q,K,W) = soft max (Q\}Z_l WV, (2-4)
k

B, FETA SR IR — e, ORISR A, ns(2-5)
P
MultiHead(Q,K,V) = Concat({head}!_ ) )W° (2-5)
XH, WOWXwY BRSNS HAER; d R B AERgEE, woRE
I AP LR

—_———— _ -~ T —
/ $ A

( | \
| | | S A |
: ST | : T |
T T | b |
| | |
I Softmax | I T I
5 | |
| | <=} Hiic- B 1 N
|| |
1 e ! | |
‘ | | I | —\ _J |
o | N[ s | s LR, |
T T T  — |
| #0 w O I it fi |
\ _______ JooN_ .

Kl2-2 HyERE P
Transformer 578 f [ Rk = AL B2 PP FU BT (R R 77, AT E AL B 2 R A 5
ANEORE SR AL T IHAE A AR R B, (AR e 8 RN R I o o B b
it fEn=2-6), (2-7)Fs:

Ppos.2iy = Sin (o) (2-6)

Pipos,2iy = €08 (o) (2-7)

FERXMIEIL T, pos o AL I IALE, dRRAERERSG], (R0 B %

12
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i e RS
AT 22 X 2 R A T A MR 3, B — A ReLU R EUVE S ek 4, X
(2-8)FT7n
FFN(x) = W, - ReLU(W,x + b)) + b, (2-8)
Horb, Wy, Wy, byl by SR ] o A R R R i 22 I

2.2 HERMEMZHERRIE

BRI W 2 Bl A — RSB ZE . WL EME2EEZ, W
K 2-3 Fliose

EHE

\ 4

A\ 4

i R KL b=

A 4
a
i
R

K2-3 BRI M 4R R
HREHEREHRZ LR, BREF @AM AEE B sh— A ar ik
ruEseas, THEEMIE RS INBOR, M A SEREE, i 2-4 s, iX—
AR RE 6 470 312 21 A Bt P R 52 1 B AL

BRI
X1,X2,X3 o || wiLw2ws3 Yl
X2,X3,X4 o || wiw2,ws Y2
X1,X2,X3=-Xn YLY2Y3Yn
o~ X3,X4,X5 o || wiwaws i1 44 FE 5

Xn,Xn+1,Xn+2 |Z| WILW2,W3

Kl2-4 BRIEHIRE
5 B N P 5 X B K FE Nk AL [ B W RN BB, (L E S
P H Y TR Q-9) R
Y(£) =Y iXx(t+1) - W@ +b (2-9)
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Horb, YRR E AL B ARAEEIE, WORRERNERIAE,
X(t+ DFRROEe + ERHNTIINE. bRmEEME. kBRI,

A2 B R Ik R AR 7 B A B, AT BT S5 B A AN 1l 30
I(2-10) 7R

P = Pool1D(Y(t)) (2-10)
8, NHReLUBIE A, WNQ-11)s:
A = ReLU(P) (2-11)
SR E W NI 25 = E, TR SHES, nae-12)fR:
Y=W-A+b (2-12)
23 RIRBIEH
RIREUEP AR — M EE, B AGTEhE RS RPIR SRS IE T %

IR MR FE IR o R R G HPIRAS AT DA 2R I B AR AR R iR, I Hog
FE A e T 40T X2 IR 2 A SRR A 0 75 (1 A AN o R R B B I A i)
AP BR A F55 T 1 SR B B

FEFMIBT B, 7K 8 PRI FE T 56 B APRZS A TH A2 4\ 000 24 HinIR S A
o7 25, n2-13), (2-14)FTR:

Xejk—1 = AXpe—1je-1 + Buy (2-13)

H

N

Pyjk—1 = APy_qk—1 A% + Q (2-14)
FERXMEOLT ) Rigpe—1 278 RGUAE IS (A K FPRESAG T 5 Ry— g e A TA) R AL B T3
?)H“j]‘jj%, Pklk_li%ﬂj‘l‘ﬁ,lk - 1%%?&"%\'”7‘3‘%7 Qi%/j—‘—\‘ﬁ EEH;T%)—EEATJJ‘ﬁ%DO

FESUHBT B, R R R A A5 P 000 38 ) B A R T, R K = 4 28 4 (2-
157K

-1
Ky = Pk|k—1Hl’€(HkPk|k—1le +R) (2-15)
RS HH I (2-16) iR

Xie = Xijk—1 + Ki(z, — kak|k—1) (2-16)
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P ZE N QR-17)FR:
Py = (I — K Hy ) Prejie—1 (2-17)

HA K RonR/R W at, RETWIBIFIGE R IT 725 Ry 2 T8 kAL FRPIRZS

EHAG s Py e I T8 R AL ST B 7 22

2.4 KREBING

ARE B IRN S HT Transformer. CNN FlI-R/R S e IR, N TR
T R B e 7 RS LA, N e S E T i AE G S SR T R T ES
PELE

15
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$F3I= ET Transformer BURE F R84St

AFESI T BT Transformer R FE S SRS S0, @I SLIe i e
TR FEESE, DUAGHAT SEE 50 IR A Z P B AR R T A5

3.1 &-F Transformer HIFE G FUMAR LA 53

Transformer 275 B AEAHAR 42 R I ARG, EX =) R RFAE (IR 3045 5 1 1
ST | R SRS PRIUEE S AN A s T HR— CNIN A2 BB K R B RR A S L, &0
M LA 7 51 R IR Ak % . ik, ARFERTH T —Fh Transformer-CNN-Kalman
TR 1A, B Transformer-CNN-Kalman (1) T4 Jf B 0] L4324 CNN JZ . Transformer
ias = RRZIEBIE, WK 3-1 Fios:

fit
C fﬁ\';ﬂ.fxﬁ‘lﬁ )
( MTW )
e ( HEE&};U -t )\

7 §
]

[( i IR 2% )

A

N '
¢ 5&%&}?3 A )
( £ Sk B LR )
S 1 J

{37 ¥ S ity

TN

K3-1 P TAR A = A
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3.1.1 $FEIRBERIZIT

fEr TR AN, Bt CNN ESRFIESR HUZ HIK R B J o Bt
R ERFAE, WiB 3-1 P . @A CNN, 707 RZARENE 5 B s iE o
& 73455 o B R Sk pe sh A5 B I R AAE, By mTiE I CNIN 3 30 i L A 200
Po IR ERRFAE SR EL RE 1545 CNN S SSIE Bt P A1 384k, JhJe 84

JRIRFALE S B 5 it

N T HE BB RN, o725 ar i 1) RMSE,MAE f/MEA
SEAeRR, RIER AN 3X1,5X1, 7X 1, BREEE: 8, 16,32, HHM
AR R FTA W BER S G, IIGBRIC IR e br . SN SHA 1
BERIHEAT VR, BB EATITE SRR R ASE IR, e 3-1 R, IRHURAR

IR RN, I N TSR B (1 77 i AL 55

#3-1 CNNS Uik 3%

BRMMERE BB RMSE MAE
8 3x1 0.135 0.102
8 5x1 0.142 0.108
8 7x1 0.148 0111
16 3x1 0.117 0.091
16 5%1 0.128 0.096
16 7x1 0.132 0.097
32 3x1 0.125 0.093
32 5x1 0.139 0.101
32 7x1 0.145 0.105

B, BRI AR X i B-1)Fs, CNN A7 53 S U [R]
Fe 9 B RRAE, SRR B S AR 5 S5, nsX(3-2) s, CNN ) AR
I 2.2 A2 I 2% H) B AR SR P

Input = X

CNN_Output = CNN(X)

17
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CNN IPESAE T2 USRI T S B IR SR BOAE 41 R R RE T - Sl 30
B AL, CNN BESAE A 3 B INTH A AH A BT, SR 1Y) = R -

3.1.2 HRB E KA

234 CNN ACHR )5 HRFIEEOE Bl 5 A% 845 Transformer #5i8k, F T @A 4
ARG 2R, AR I S 22 ) B] RUOBE () SR BRRRAIE , Transformer BEHCEAR T AF
RN 2.2.2 HERIVLHIH A R

Transformer YT 2 Sk HiE A UG, BERE AN 1] 27 H0cdls v 1) 4 )
W R o AE T2 75 N R b, £ 2 R BR 4E RE S E A A B D Iy
&, KH Transformer s E AR 344, AT DLIEE S0 o 400G (1) (R S 1T A%
#; Transformer ¥4 m bl $€ A6 7)1 15 FLAE AL B AT R () I [] o 51 4 s 2 20
. SEGIEHRMPE MM, Transformer H A R IEATHERE S, RElg
AN B R BB o e Ak, A B gD LA, Transformer BERERHNLLEST
FING P EARE J1 BRI E, AT BE G A BN 1] P 2 s H (R I P Ok &R

A7 B G A I i ) B s AL B A R, AR GRS TR A 1 A
R G3-3) iR

Position_Encoding = PE (3-3)

¥ CNN it 567 Bl s &, BRES M ERE BN ERR, G-

Encoded_Input = CNN_Output + Position_Encoding (3-4)
%23k HE R INUHEE 2 AME R IR IRAT A B, e il A AN [F] 5
R, YRR B 4 R AN ¢ R B AERE /1, s B-5)
MultiHead_Attention = MH(Encoded_Input) (3-5)
R H—AE L 4a N F AL B A WD im NS 23k B R AL )
TR ZE 1S, ORI SOR B, SRR Y e i, ansX(3-6)FTs -
Residual_Norm_1 = LayerNorm(Encoded_Input + MultiHead_Attention)
(3-6)
R0 P 222 DX 248 30 3 4 e 1 5 ARG BR B, NI — A0 J5 AR AE EAT AR R 1t AR 4

18
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PEHCHE G AR RAE RS, SRR Rk R ), = (3-7)
FFN_Output = FFN (Residual_Norm_1) (3-7)
B R IE— R B — R Z A — A S AFIE S FEN 1% 3R AT iR 2 i He A
H—4, SRRl iE, WsG-8)fimns:
Residual_Norm_2 = LayerNorm(Residual_Norm_1 + FFN_Output) (3-8)
1E4 3T Transformer AbF 5, R PME7ARHu@E I A 2 20 H — 10 )5 RRIEHEAT
LR, BRARAFAELERE, AERUE & G SAT S HIRE &, (3-9)FTn:

Linear_Transform = Linear(Residual_Norm_2) (3-9)
3.1.3 IAERIEEEHEMANZIT

PRI REE B 70 1 R B H = S BB =5 A i s i Bz AT A2, L
G ) S0 SR 45 2R AT e 2 tH AR E R BT A 1)l o Dy 17 AR 3K 8 i
TR /R SR B A THIN 45 S0 A BRARER . 5 7R 2 I ik e 1o s A SE LA
RENE BN VR BE S 45 AL, AT 32 T F50I 73 diy (1 SERPEATHER I . D9 T H IR KR 2
TEBAF AN U (A R, 8 S Xt R G8 ER AR BRI 75 1) v 37 0 A s P 3EAT
I

RGN AR B A S0 UE I 1T 72 70 B AT AR DS R B W SE Bl BB BRANE -
AR E T, THRIRZE R B AR R ZE I E A S RBUEREIR 1 )R 18
T T, WERRZE N AR, Rt e & EB.

FREMBEXEBE (ACF)

1.0

0.5
% ! i

: a Py . T L d s !
;!.n|§00 — ¢ *°] 1 ¢ 13
*
I

—0. 571

-1.0— u w . :

0 5 10 15 20

R

K13-2 T 7 5 2R Bdle A R i 22 B AR % o
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LR 3-2 fron, BRZENATRENLEE W s, SN B AR R TR
1 DJa i T% . X R ARG 2 MBI, R/R S USSR R 26 F5 LA
T /21071,

W7 P e T o A R PR R L R BEU A AT Q-Q BT REATIRIE . HAR
SEWE: Q-Q Bar#fr, Ll ZEEN Q-Q B, WA H L st 45° HL A,
WA IR RS 04 . SRIR 45 KRR, AR S EE0 A E Rif, WA
3-3 s, Q-Q EIS Bl i 45° BT RIS 2 i Ao, %
UE TR /R S U8B AT DA FHAE 201 = 73 e TR A v

5% ZHJQ0[E]

AL

-2 - 0 1 2
it ik
€133 43T S B A 7R %Q-QI
Transformer AU (T &5 R R IR ISR ARAAT IR AL HE, BT

TR ZE, PR TP, AEPAE R A e ATl 5, s (3-10) -

Kalman_Filter_Output = KF (Softmax_Output) (3-10)
e, ARSI B P A e, naG-1DFTR:
Output = Kalman_Filter_Output (3-11)

32 RENZSSHKE

321 P FRIBUCBIERE

P 3.1 W BT 59 20 1 ZR AR A A A5 i T (0 AR P G 1] 3-4 s
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| Hdh R A |

I

| Hfis A1 |

EACIN i

| i *ﬂ.%‘;wﬁft |
u|

| fllE2 R |

AR

R 225

adam 7T 0

v

| A5 Y |

A 4

| W |

l

E FIR It
) 7
| VA |

i T

gk
K3-4 BRI ZRifiRE K

B ZRIR RS T B A4 5 R AR AT TR A 2R | FH P H VR AR RS 25 1) 130 4T
Wk, DL e 2% 300 A% 158 T A7 o 00O AN DAl o

Iy T AR AL i e O U TR At E R RIE AT, KA R B T
B AT — AT R 4g M s . Se5e-F- 6 an i 3-5 B

SEROHT, B TR A 2 — NI AL R, ARk AL
MU RV Y, a8 7R U RIS EIE1T, RISITIT 52
MR 70 TRAEW [ TIRZATIT I L T 4k 2RiaqT . BERFERE Y 1 kHz,
ISR 7 TR IsAT e, fTF B2 W E 2kt i 0ry, 3R 3-2 124t 7 VR4H11)
IV E SIS
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i

LAzl

K3-5 T REIERET G

R3-2 5 7R EEREAR A SN ik

I iR
1 i
2 I 1]
3 felkds X
4 ket Y
5 fRI&a% 2

2oL RS, BE 0 T R AL R 25 AR T i nT LB AT A 360 3B [
B T TREFFarhegs, LIRS — e TR G ar 4108 359 7r%h, BEJE &
R ot DORXMOT licdE T 2 AR, IR 4:1 I ELE o DI ZREE AT
M SR A SRR BRI 3-6 s

0 10000 20000 30000 40000 50000
FHT

K3-6 R&ED TREFEREH
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3.2.2 BIETALIE

b a7 I SSRGS 24 NS = NI B £ 4 i B 4 PN TR N S S M S 1
#L LE Bz B AR, N (3-12) s

Xi_

Xmax—Xmin

Xi—Xmin

(3-12)
X e 1 AR i) AR AR U
X H ¥ 77 #R 1% Z (Root Mean Square Error, RMSE) V- 4 4 %} i% % (Mean
Absolute Error , MAE){ % 445 F 73 i TR0 23 (0 vPAk Fa bm » 32 Hh B PP A 4R A
K3-13), G-14)T7n:

RMSE = Zlﬂ%m—yl)z (3-13)
1 onN ~
MAE = 3 Y21 |yi = 3l (3-14)

Horpy A () R A A A TONAE, 92 5 AR I (14 S s 3 A% A5 7 i
6, NZWME RS

3.2.3 BfEIZKEHE

TEIRFE 21 h, W28 8o B3 s P 1 e s 5 S AR JFG o0l 14 Re o P
BT BOVR B R 2% (R 2 8o A2 TR 80 A 06 1 A i I, 75 S DI T P 1) 5040 v S B
IMERE: BRI, D6 200 & I ) F7 B R K BE e AR BT T 25K mT DA S T His
HPEECEE 2 (15 2, (eI 2 I, JIZRE B AT A2 R0 H
G . PR B 3-4 F5 A TRINAE , AF 50 LI 1 AN [ [R]85 KT 7 424 P
75 i TR P P RE

TENZRIS FE 2 >0 St 15 B R B2 [ml U R B, SREPE R0 IRk AR B P 43
REAEEE, FARPAORM. B, HREDREEN 1. 2. 3. 4. 5. 6.
7. 8 19, FEAM AP KAEFFE BB EE#HTIL 10 IR A5 RMSE
A1 MAE F8 b5 R EAl T 435 S 96 4245 FH 77 i B RUCR

K 3-7 Bon T RFEI A K )7 RMSE f1 MAE. 45 BR8], 2iED K
918021, RMSE &8 &, XRWBNIEZKEMEREEANL, X5
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PRI LS R M LU S HE R R IO AR s o5 T R K8 m 3 3. 4 A1 5, RMSE #
MAE Z#iFFAK, THINESE A E B ff,  1X R B A B I (] 25 K AT LASR e AE X
HERIE R .. S EE KA 6 I, RMSE M1 MAE f8bRiA B H i, 748
AERA TINS5 L, I B (B 20 KOG RS- T T M5 B AR1T, (a8
Kz 7. 8 A1 9 I, W%EH| RMSE 1 MAE BEA G0, XRFS K I F51]
RE PRI (IZ AR T o BRI, S8 G I PR BT IR) 25 Kot T 3R 15 B0 4 1) Tt 225 2
FOREE, A, TR RPPK A 2 REERAGYIZRN (A EXFEN T, 5
FE TR0 B AN GRIsER], B B K B 6.

I RMSE
1.2 MAE

0.8 1

&
H
H

0.6 1 ==
0.4 A R =

0. 2 1

0.0

I Ji] 25
F3-7 a2 ik EE

3.2.4 HENZEBHHE

FEI [R) 5K 5 B FEAE b, PO T AN IR S i 25 2 R0 737 22 30 A A FH 75 i
MR . FERTHE H TR E 2 IR v, HEB (1 C-Transformer J2 1R TV %
BN 2, BEPKEER 6. EIIZRS A, Adam FE 15 3] R0 B Y FE
[ml & %Y. C-Transformer FIHES ZHAE, 2Rl EN 2. 3 M4 F, FAEC
B EE 10 K. K 3-8 R [ AR Y &2 1) 35 RMSE 1 MAE.

— MR, HERMMGE ZRERE, BWRAE RS TG /g, H4
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RFBCERINZRS A, 21, & 3-8 s g R Y], 4 C-Transformer HEE
JERECE N 2 EINE] 3 I, IR 3R e A R AN B . BhAh, 2 C-
Transformer Hi& /2 4R 3 SGINE] 4 BF, TR RESEhR BERFE T . ax etz
R, RRESRIE R TR C-Transformer JZ 1N FREER, TR 2 ZHHE
o S B G0 v 2 P 55 ) RO ARRE » DT o AR A A5 P 2 iy SO0 ) o4 i
.

0.8+ —
0.7
0.6
0.54
0.4+
0.3 1
0.2+

0.1 RMSE
MAE

0.0 T T T
2 3 4
e A I 24 S B

KI3-8 Mk i 25 = H ]

HEAL, 2T o B A [ E AR AR, RS BRI
7. ST EAKIEA GG, BRI GEE BRI RL, (HAEN L
ERIIAE . AEIXAIEOLR, R BT EREAT I ZRI 6], C-Transformer X4 &
JRHBEE N 3.

BEJE B E T TR H IR SR S8, UM EIRZE . =R C-
Transformer /21—~ F T HU0 ) e 24 4% )=

3.3 SLIGIGUE S Hh

FEARTT Y, A A R 25 1F R 0 T R IB B AR VP0G 1 IR VA AL
o LK 3-4 RER R REHET TNIZRAEAE, v 1R R, AT
W7 I S IR A RAR T ORI P M . 3R 3-3 S 1 AR IR LR
SCIRAE R . WEFLAE KRR, AT TN AR SR MR S EHUS T i
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-2 R RE
3-8 AN TIINAR R R 25 SRS B
G WIRES RMSE MAE
Hybrid deep RNN without 0.1464 0.1044
Kalman_filter
LSTM without Kalman_filter 0.1348 0.0964
Transformer without Kalman_filter 0.1316 0.0961
C-Transformer without Kalman 0.1252 0.0952
Hybrid deep RNN with Kalman_filter 0.1248 0.0864
LSTM with Kalman_filter 0.0909 0.0657
Transformer with Kalman_filter 0.1152 0.0852
C-Transformer with Kalman_filter 0.0804 0.0576

N T SE LA BN R R T £ T 4 A A i 5 SRR AR S A,
3-9 FIAAL T AR SCHR H 0 75 2 A T 7 2 1 25 SR L

N T AR ELEL R AP FRATTN F A =R O iR R T 5 SRR T R OR B R
TER G ERAR R . 45 R, ASCHR ) C-Transformer 5254 GE 8547 2 HE IR 1L
T8, FOPIm g BB, SR IE T %5 2 i sk .

Ak, N T UEBIAINE] C-Transformer H (KIS0 40 W 46 REIE S B S5 A4 (14T
M, 4 C-Transformer (T AE S Transformer [RIFRIIMEREREAT T HLie . a0
3-9 AEE 3-10 i, RWAE, C-Transformer HIVERER] B AL T Transformer, X3
HA R 22 I 44 5 ) 1) 25 KRR i 1 T e

TEFIRFF M TOAT 5, A2 AR HE CndiRz) . k1) BEALE s s (R
B , MR KBS (AR D o CONN I Sh T D HLHE
GHUZI IR ENBE 71, A RERBUIRENE 5 8 w3 3 A /015 5 10 ) S e ige
. 16X3X1 HBRENRRSHHAEGRMN, &G R AEE SR 1
{5 B 415 45 AE (0 [7) B 38 %6 3 & . Transformer 383t £ 3k [ ¥ & S LI,
Transformer #mf#fi#e 70 F IR P Z R R ERKB R, 5 LSTM
SEARIABAUAHLL, Transformer [IFATTHERE ) RFIRT T KF AL B AR
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CNN-Transformer [ BB TR T SR — B LR o -4 R R e Ak & B AN 2 (l
Transformer X "2 F AU, CNN MEDLE KA

4001 —— Hybrid deep RNN with Kalman filter
350 —— LSTM with Kalman filter
—— Transformer with Kalman filter
300 1 C-Transformer with Kalman filter
&
4= 250 A
\
45
i 200
B
#
& 150
100 4
50 -
0 4
0 50 100 150 200 250 300 350
IZATHS 8]/ 43 8h
KI3-9 AN[FI 57 ar T be
400 1
Hybrid deep RNN without Kalman filter
350 A LSTM without Kalman filter
Transformer without Kalman filter
300 1 C-Transformer without Kalman filter
By Hdr
i 250
o~
45

{ i
100 RS ‘
\
S ) /
50 #*My '
0_
0 50 100 150 200 250 300 350
IZATHT 8]/ 40 Eh

F3-10 R/R S JER X L E

wJa, KRR INE S B R/R 2UEB MR JNERAT 7 IR ik 3-9 A1
3-10 o, RIRZUEPA 5 v 1 TAG i i 2 O nERf PEA R e P IR
oAt YR DR AR R 2 I A S SEHTIRAS Al T O BE 7T, AT e AR A TN L
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RE AN I T 25 2, AT A5 S s A3 i BE %L
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