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Abstract: In order to address the challenges of unclear spatial concentration distribution and uncertain
future evolution in high-pressure large-diameter gas pipeline leakage scenarios, a predictive model for gas
leakage dispersion was proposed by integrating machine learning-based dimensionality reduction and time
series forecasting methods. Firstly, a multi-condition dataset of gas leakage concentration fields was
generated using computational fluid dynamics simulations. Subsequently, the dimensionality reduction
module and time series forecasting module of the predictive model were separately optimized and trained
using this dataset. Finally, the model’s predictive accuracy was evaluated on an independent test set, and
the prediction errors under various forecast horizons were analyzed. The results show that the model
achieves a mean absolute error of 0. 000 5 and a mean absolute percentage error (mAPE) of 6. 82% on the

test set, with the mAPE remaining below 14% across different prediction time steps.

# SCEEGH:1003-3033(2025) 12-0154-10; Ui H I .2025-07-12;  f&45 H 11.2025-10-21
s SEIEVER A 3 (1995—) , 5 AL HBER A Tt DU, 3225 3 i 1 57 AR AR 5 T 99, E-mail : xutong@ cumtb. edu. en,



%12 3R M i ORI AR A T Yl ) RO e S A A - 155 -
Keywords: high-pressure large-diameter gas pipeline;  natural gas; leakage and dispersion;
temporal prediction; reduction model
0 3| = P, 2B B M T i R A e A T e
=

UTARSR | B XU -5 A H AR A WAL, K
IRANE N — i i Rl RE DR, ORI B H
TP ST s T, T sk i 52 B E
AL S b TR A T AR A A R
FlO R BN 2025 4R TR PG AR I
AT 51 A M, T U N B T S
P, PRI, PR T T g T i e S R
IR E T o3 A e i S ™ HIGS 3, sy R 11 A
i = M SO B B P A R S

VR, R Hs DR A2 i i = i s 7 BIOBIE 5
BRI K AR R RO W [ ) 23 o R R X
S - KA A X A R KRR, RARRAE
98 PP A XA S A U
Yyt WKL i AR vk R
TRIRTAE IR Iy o R SR, AR A
R AR T TE 8 e e DR AR AR T Y T s o
IR RERAAE - 38 r i B IF [ et DR L 7
RUAPRIT R AR AAE KA o)t B B R, Y
T, B0 St = Y O 114 T 9 3 B4 R AR A Y
e HLBE BT -5 R B IO A5 TR S50 5 T Y
BFFER D, A GEREAL | w0 R B Pl A A T
SR JRE SR SN, {EKE B2 AT BIR M L o B S ik
SR T B SURY WU T, IR S O ik
SO RE R, (BRI RS LA RS L A 550 TR
MEE FH T R E MR S R SRR R AR,
TRIE A ) BOR PR S Ji | e 3k SRS T O i
XERBHRAL T ik, — 2RIk TREH L,
A RAREAE R A 2 PR 2 AR
BRRL (AL 45 7% ) MO F R S B R B M i 2
AR ABLEAL B 2 S sl i 7 R AL+ R IR E AR RR
AGEERY (AN TE 70 i vL A5 ) TG 8 SO P2 i O
R, 8 A 3 WO B KOs 3 R A A e R B A
LTS Gy 205 1 R R 0 A A el 2 1A
VBN A Bh A | 22 ML g o > AR TR A 3P o 22 0 2%
TR LS00 et 28 ) 245 7 0 37 T v o B R 47 2
SREBTEL BRI, L3RBT 2 M (] a2 ) By
T A MR AR S g i, RS BE AR XA,
H AR RORIE T 2 AR AR i, X LUK B
SY e 4R

PG, U — R s A R G S I T 7k Y
FERR 150Gl ST R R I AR A e
BOBUE AR S 2 T oL A A T TR AN )
Tl 2 TR 2 > B 4 s AR S5 5 A8 00 A 2 s
FELERIAY 55 TimesNet AL | #) Ay U IE RS
Tk D TR R i PR e 24 K0 Ak B8 s P00
A5 i I, G- A 4 X R 25 R R R 25 45 S A
Pk e Z2 i 8] 25 (4 20 25 03K, 361k 94k J32 37 T 00 A 1
KR SR T, IS LR AR itk I Je — 4R 2 37
AT

1 SEXAZEHSEERFEY S
&

e R K I AR A T e R T A A I 5 T
SREHE R, SR, A 50 T A 5 42 2k BR
il LA KRS R | L3 50 W 000 5040 s o, e A
TR, YN ZRIR B 2% ) O A % £ T
0 S s A T BT AOL 0 B, ) v TR K 1 AR
SEE MY HOR GBI
1.1 SEXARBRSKEEMRY SEEE

Sl = e R 1 AR A i e, R A A
KR GIMRE R AR BAEAE R T 2, s K AR AAE
IR L A TE B S R AR AR S . TR
KOREIEIBZFTESTE 4~ 12 MPa Z[8], 2445 1 /)N
FLHH IR F5 , e He 2 PR I 5 3 2 i I ik s 1 L
O B EFF ORI T Ry IR SR
DA 1) 7R XU 3t 2l 5 A i O 2ok A% AT 5 4k R #E
Hi IR FAR TR A B 8L

LA R ORI R B AR B ) ) ikl R T
IR NG B A R, E LK 30 m, 58
10 m /5 40 m A9 = 4E 3o, Ho  SHim A
T B MRFLIE EJ7, i 1 R,

1.2 SEXARBRSEEMRY SEEER

Shy TR A e e K I s A <04 T R 22 4 5 i
B LT B - 200 R AR AU Ik il A v A 3 800 L PR
FfL e R e PR U S R E A, AR
W 54 8T o E o i i s e O R B ST e
D5 R Wy s R A B AR A AOIR A5 O R S S AR
il AR, BRI



S EINES O O = N S S 4 H35%k
- 156 - China  Safety Science Journal 20254F
__<"> T BT EEHE  RFMBIE k—e TRRm 22 554 i i
—  — Hoi | %R R S e ks A RUR e His iR
30 0 S Sl 32 4 3 il N N N
" ; ST AAT g, W B v, o LUF 7 Rk ]
e | | R ; £ TR s s i R S SR TR T A A
Il = || UF
- e | C,()
‘ I L v, = (7)
- 5m e
« Haj sy A0 . L 2 U Ak
FASHRAD L €, HERHEL
'Iﬁlm’ 13 EHRE
! ] . 152
e ::l:ii :l:ii: =N SRS = A > = Y - M FEL S
A i :ﬁ fr R K I A i U T R AR AR ) G Rk
bi D| = i S Ny NI R ~ S, ~
uﬁ' BT FRARFRIL (B EA L R i, i R

E1 SEXAEHSEERREY R
Fig.1 Physical model of atmospheric leakage and
dispersion of high-pressure large-diameter

gas pipelines

0
£+V-<pvi>=o (1)

v,
poy e s Vv == Vp +pViu +5 (2)

d
E“M) +V « (pev,) == pV - v, +
V- (EVT) +® + 5, (3)
J
E(pw) +V - (pwv,))=V - (pDVw) + 8§,

(4)
pV =nMKT (5)
K.p MIRAERWREE keg/m’ o, WIREGSMATE
XY Z s B, m/s;e MEFE], s5p AR
J1,Pasu WIRESIKRII SIS  Pa - 58, F XY,
Z W 1) AR AR AR LA ANES 1 5e S AARE )/ ke
T AT Kk WIS R R @ R HEFER
PREL, W/m’ s D AT TR, m*/s5 VO SRAE
L,m’ sn HYIBAY & mol ; M R 46 7 ; K S FRAR
SREE, )/ (mol - K)

AN, 25 B IREE K X AR S w4 #oe i, 3

b JZ PRI X o 3 e v e X 4 s R

"

a(d) =ul(dj (6)

s a NFEIXGE , m/s s d S HBIRT = BE , ms @, A
d, 5 BE ARS8 RGE, m/ss mo O &R B S0
fE 0.2,

7 i U T D RO A s R e e
G 3 i T U I AR R I it e R D v

i N RERAAEA B Ak, e 5 3 B2 2 IR 5 ¢
F R BN 58 1E 14 F B3 40 1322 m A
B AR S OR M AR E P SR . X TR A
300 A R AT i B 8 B, LA ik s ) Al A RS
BEAUI [E] 25 K B 2 0.05 s, S BTl 15 s,
TIOR8540 AL 7N T R A%, RO s RO i
/N3 0.05 m fz K 0.8 mo SAHS B 4 U I X
Sl P e 3 U 2l 5 i DA 4 A A it T 10 BRSPS A R
2 m B8 2 m &5 m YRR RS I I, AR A
SEAF T3 A0 Y DX T i O R A
BEE MR R U X T EA T4, 75 I
FEHOIA 2 m DA WSEHZ S RHIE . BRibiimoh,
O T Xy g s g HR T Bt e YRR FH T i e i
FRERAFREIN, LS R e g e A M H i A

=B TE M I Y RO R RIR A 2
I SO T M L b 8% R W TR PR
T WA A BE R I S, SN U AR B 4
SE TOLTIA JCHisc i i 90 ah e s , Al e v <A
A BEAE A, P Bl R R AR il AR,y LS
ik JE I Y B0 3 s AL B R 5 e AR T R
JIIRENY W, AR T OUBANZE HUS o 5
PR3 O 378 1 2 3 SO R 2. 07 PR A% T
JR SR BTN BRI g S 50k, Blnde TS 80k
oA AR o I RS PR KGR S S
it 724, WK 1,

®1 BREEHFEBEEILSE

Table 1 Operating conditions parameters of gas pipeline

leakage dispersion
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Fig.2 Prediction model architecture for atmospheric leakage dispersion in gas pipelines
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Fig.3 Dimensionality reduction model architecture based on variational convolutional autoencoder for concentration field
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Fig. 4 Reconstruction results of concentration field via dimensionality reduction model



hoE e B o e $35%

- 160 - China  Safety Science Journal 20254
AN, BB e, WS IRREHG oy 32 FOURESR

FAYEIRSEG P, JEAS ] e o D1 55 i T I A R ke B

b AT 22, AR IS SR R AT 2 AL . 6 Q=

d A RIEEL 510,20 .30 .40, 8 4 Sk H 107
1072.0.04.0.1.0.5.1 I E ., 1€ B-VAE 1, E
FARE 5 5 s [ %) ik 0] 20 1k S R B SP-A 1 3 v
FARE 5 25 5 3B ] 1) fiff 4] 28 1k AR AR, mT LA ol 9
WA d 5 B HTH . L6 HIREMRE
JIFERZS Bl B ff ] gk i $F d = 20,8 = 0.04 1E
MRS, FEAERAIR AT Adam DEAL ARV 2551
55 RSP 5 Aok 2] R A, BRI AT
251 000 K, PTG 2 %4 0. 001, K sREZE & T
AR KL BUE , DLV 8000 B A e 4 (6]
i ENE, 7RSS E N, 4 TOUBRL E i F 341
IKE] 94, 42% , EAERI AL T AAS FE B =, R 45 AR it
FHOCHERRAR , Bazs Rl fif 2 2Vt 814 2 L=10
em Q=6 kg/s u=8 m/s PMHK T-HL T 25 B 21 7 45 14
TR 8505 8 4 50 0 R RRL 0 50T it s 11 v 0 2 D0 1
K, IR S 48 X7 15% 22 ( mean Absolute Error,
mAE ) VE IR B B0R 22, 205 Z1 T iZ R B 5
T FR IR ZE/NT 0.015, F 5 MiZ T FFaasa)
] A DGR TT T8, 25 A8 A DG PR i 7E 0.2~ 0. 4
Z (8], Bz (8] 1) o (R AH DG RAIC, S00E T R AR 1)
W A RE

R AR A 25 58 U, SR BUE R SRR
Fazs [l )i, P4 T A9 2 TimesNet A5 8Y B 7 4L
Pk . Bl o> (N ZhdE  Huk e Iil4E ) 51
G AR B R AHR) , TimesNet £ R =0 25K
AL A PR TN e A B AR AR % R K
5, i SRNAR S R 5 22 3T 38 X R
LS E, BIRSHOL & 2, TimesNet #5551 %
A3 WA TSR AT U 25 iz e S i E i A
TV R 27 2] 0 MO SO B I R ER e 1k 1%
X500 WK, B4R 2T 3K R 0. 001, 451 5% oA £ A T
Feas () 4% 5 BE M P 3 iR 22

#& 2 TimesNet &8 S %

Table 2 Parameters of TimesNet model

SRR il
LN D 8
TR e 16

[ERIEY 2

FEH A% 32
JE A i 5
HE 28 4E 1 024

6 kg/s,u=8 m/s,L=10 em,Bf[E] 2 (1.2.2.3 4.5,
6 s) T ISR AR AT H50S 0 (AR R4 H5 ) T ) % H
T e b PN R LN AW & Grike = BIUB T NS UTBIL
(5 16 DTIE ) 255 "I LUK B, RN AL
ST S (] 2 (4 AR R A3 005R 25 AR T B s
D A i 2 B ol R R SR S
T v 25 A MR 355 7 3 B R AR A AR A0 B30 A i T
FUBERIE DL SE A MR . BEA, TROIASE 7R X itk e
TRF B T AE T AR RER A3 . BT X% 100 F
A T A A AR A S T A AR R TR T
YilE ) mAE A 0.000 3, F ¥ 46 %F 7 43 LR 2=
(mean Absolute Percentage Error,mAPE)} 4. 14%

Rk — A VA R R AR R[] 25 1 R TR wf e
IHF T AL TH(Q=6 kg/s L=10 ecm w4 5~10
m/s) AN B[R] 25 4 3000 A R 43 5005 S B AR L4y
2 [ mAE 5 mAPE {H, H#, mAE “F ¥ {E N
0.000 5, mAPE “F-¥J{HJ 6. 82% , A5 1E KL obig
IR Bk AR A B 25 T 4R 258 T i, {H
FHXF 152 22 BB AR 26 B P I A X R, e e T 93
TSR b B[] Ytk U T 000 B iz Ak e A
S BR AN FOIN SAAY BSh A RRAE

IR

R u=.- O .= 10
3 ll- ]

o o lll I - \ 0g

.II..
7

o N EE . l
9 .!LIHI n Il 0.6
u

N |
cER mm ==I*Iln 04

15 4 IIEI [ | el es
7 EEEET EECCH = m I°2
] | ]

5

2 AA R

K

1 3 5 7 9 11 13 15 17 19 =N

=
H

55 RTETEHEXERNER
Fig.5 Heatmap of correlation matrix of the latent

space variables

BEAR  PEAG T AR RIAEAS [ 00 A5 F0RS B
K 8.16.32.64 .72 X 5 Fh AU A K 15 (B —
T st i) 25 5 Bt S R FE R R 2P AR A ) o 4
BN, b B0 A K B8, TimesNet T80 455 A4 SF- 1



512 1

FHT ST R R R AR

ot >

TE R B T A - 161 -

mAE B ( 7F 45 Ui %5 10 °F 1 3) 5

>k 64,8,

FFAE 14% LA, PEINASE Y7 AN [ FU 00 i 1] 85 12 T 24

89.9.101.9.122.8 .124. 9, H7E 72 W4 K 37 5¢
T BRI AR SR T3 BT (1) F- 22 mAPE {EL &%

I B P RE

WAIREEH
40 - 40 40
35 35
J& 30 —30 30 Rk
i 25 25 B
% 2 0.040
i3 20
Y15 15 0.035
§ 1(5) 10 /f 0.030
s
0.025
0 0 :
0 51015202530 0 51015202530 0051015202530 20 51015202530 0075 101520 2530 [ 0.020
40 40 40 g'gig
35 35 35 :
i 30 30 30 0.005
W 25 25 25 0.000
g 20 20 20
315 15 15
4 10 10 10
5 5 ‘ 5
0 0 0 0 0 .
0 51015202530 2 0 51015202530 0 51015202530 0 51015202530
RIS RS s Sk
M8 M8 E‘ﬁﬁ ﬂ“ﬁ‘ﬁ E‘ﬁﬁ E’ﬁ}ﬁ
40 0.02 0.05 40 0.0d 40 0.05
% ;(5) o0l 0.02 35 0.04 3 0.04 33 oo ;(5) 0.04
0.03 3 3
7 s 0.00 002 . 2 0.03 s 002 25 003
20 0.01 20 0.01 20 0.02 0.02 5 50 0.02
R 1 15 0.01 001 15 001 s 0.1
g 10 0.02 0.00 19 000 0.00 10 0.00 1o 0.00
s 003 5 001 S 5 0oL 5 -0.01 5 001
N o 001 o

0 5 10 15 20 25 30
2s

0 510 15 20 25 30 0 510 15 20 25 30

1.2s

E 6

0 5 10 1520 25 30 0510152025#0 051013202530

NS KRB ES X RIRERR

Fig. 6 Comparative analysis and error evaluation between predicted and actual cross-sectional distributions

yE

=A

4 i

1) BT i F R I A2 A A=A i e e, ) A —
ool T 7 B SR AR R S o8 4 T A 78
IZBL T A B KR 2 A Sz I 4R B D
F0.015,

2) FETHA MR AR 55 0 5 A R | T ey
FER A AR5 T R 5O R AR5,
74 mAE 5 mAPE {43527 0.000 5 5 6. 82%,
T IR ASE Y AT A 4 T v 4 L S 3k 37 T

3) W’ﬁﬁa‘ﬁﬁﬁfﬁlwﬁﬂxﬁgﬁ?ﬁ%ﬂl i [ 55 g L
A&, TE 8.16.32 .64 .72 3% 5 RN A KT A
RIS mAE {54351 4 64.8.89.9.101.9,122. 8,
124. 9, H £ R T s [ 255 B AR SR AR o0 E5 i iy
mAPE {H¥)/NF 14% .,

4) 3 FEBEAR A B RO AR A
15 B OGS B AT B T ARAS I 25 10 th 2 32
EHT EIRSHOEE RS Beah, KRR 7
DNPKS B AA 27 Hoph P28 (CAniR R 80 s IRIE S 2
SR M X T B IR ARG .

2 % X o
(1] Z=FL, . BHBSARSEBURT AERMAR)]. PELERNFFR, 2024, 34(3) . 63-69.
PENG Shanbi, LUO Xue. Numerical simulation of leakage and diffusion in buried hydrogen-blended natural gas
pipeline[ JJ. China Safety Science Journal 2024, 34(3) . 63-69.
(2] ZFTF, KRX, WM, F KRSEEXELMRSIURITEENRLI]). PELZERNZFR, 2020, 30(9):
149-154.
LI Yuntao, ZHANG Zhenyong, LIU Yuqing, et al. Influence range of full bore rupture accidents of natural gas

pipelines [ J]. China Safety Science Journal, 2020, 30(9) .

149-154.



- 162 -

hoE T e B ¥ % iR H35%
China  Safety Science Journal 20254F

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

[14]

[15]

[16]

(17]

YAN Yuting, DONG Xiaoqgiang, LI Junming. Experimental study of methane diffusion in soil for an underground gas pipe
leak[ JJ. Journal of Natural Gas Science and Engineering, 2015, 27, 82-89.

BONNAUD C, CLUZEL V, CORCOLES P, et al. Experimental study and modelling of the consequences of small leaks
on buried transmission gas pipeline[ JJ. Journal of Loss Prevention in the Process Industries, 2018, 55. 303-312.
WANG Xuemei, TAN Yufei, ZHANG Tiantian, et al. Numerical study on the diffusion process of pinhole leakage of
natural gas from underground pipelines to the soil[J]. Journal of Natural Gas Science and Engineering, 2021, 87.DOI.
10. 1016/j. jngse. 2020. 103792.

BU Fanxi, LIU Yang, LIU Yongbin, et al. Leakage diffusion characteristics and harmful boundary analysis of buried
natural gas pipeline under multiple working conditions[ J]. Journal of Natural Gas Science and Engineering, 2021, 94,
DOI:10. 1016/j. jngse. 2021. 104047.

5, &Eoh, EIA, F. TEASRESORSLRY 8EEED[)]. BERZZR. BRRNZFM, 2017,
57(3): 274-280.

WANG Yan, HUANG Hong, HUANG Lida, et al. Numerical simulations of leakage gas dispersion based on soil and
atmosphere coupling[ J]. Journal of Tsinghua University: Science and Technology, 2017, 57(3) . 274-280.

2N, UEE, TEE, & B FTTEEBE T ARIWRY BEUEENL1]. REEARSTE, 2023, 23 (22).
9 746-9 753.

CHENG Fan, FU Ming, LI Yuanzhi, et al. Numerical simulation of natural gas leakage and diffusion in soil and
underground space coupling[ J]. Science Technology and Engineering, 2023, 23 (22): 9 746-9 753.

F@apB, 3=, T, & BENRSEBURT BIIRREED]]. PELEZRZZIR, 2018, 28 (2).
45-50.

WANG Xiangyang, DU Meiping, WANG Tong et al. Numerical simulation of leakage of gas from buried pipeline and its
diffusion process[ J]. China Safety Science Journal, 2018, 28 (02): 45-50.

Ik, BN, &, & SRESE8URY 8IS E8INMTERE[)]. PELERZZR, 2016, 26(5):
118-123.

HE Mo, TANG Yu, LI Yi, et al. Multiple-puff superposition calculation model for release and dispersion of sour gas form
pipeline[ JJ. China Safety Science Journal, 2016, 26(5): 118-123.

WANG Binbin, CHEN Ligiong, LIN Wanxin, et al. Research on gas diffusion of natural gas leakage based on Gaussian
plume model[ J]. Arabian Journal of Geosciences, 2022, 15.DOI. 10. 1007/s12517-022-09922-6.

PADULA G, GIRFOGLIO M, ROZZA G. A brief review of reduced order models using intrusive and non—intrusive
techniques[ J]. Proceedings in Applied Mathematics and Mechanics, 2024, 24.DOI. 10. 1002/ pamm. 202400210.
HASEGAWA K, FUKAMI K, MURATA T, et al. Data-driven reduced order modeling of flows around two-dimensional
bluff bodies of various shapes[ CJ. Fluids Engineering Division Summer Meeting, 2019 DOI; 10. 1016/j. ijheatfluidflow.
2021. 108816.

GEELEN R, WRIGHT S, WILLCOX K. Operator inference for non-intrusive model reduction with quadratic
manifolds[ J]. Computer Methods in Applied Mechanics and Engineering, 2023, 403. DOI. 10.1016/j. cma.
2022. 11571.

EIVAZI H, GUASTONI L, SCHLATTER P, et al. Recurrent neural networks and Koopman-based frameworks for
temporal predictions in a low-order model of turbulence[ J]. International Journal of Heat and Fluid Flow, 2021, 90.
DOL.; 10. 1016/j. ijheatfluidflow. 2021. 108816.

HE Xu, KONG Depeng, YU Xirui, et al. Prediction model for the evolution of hydrogen concentration under leakage in
hydrogen refueling station using deep neural networks [ J]. International Journal of Hydrogen Energy, 2024, 51.
702-712.

HE Xu, KONG Depeng, YANG Guodong, et al. Hybrid neural network-based surrogate model for fast prediction of

hydrogen leak consequences in hydrogen refueling station[ J]. International Journal of Hydrogen Energy, 2024, 59.



%12 FhF P55 b e K DR S T e R T AR - 163 -

187-198.

(18] RAJ N A, TAFTI D, MURALIDHAR N. Comparison of reduced order models based on dynamic mode decomposition and
deep learning for predicting chaotic flow in a random arrangement of cylinders[ J]. Physics of Fluids, 2023, 35.DOI.
10. 1063/5. 0153186.

[19] SOLERA-RICO A, SANMIGUEL C, GOMEZ-LOPEZ M, et al. -Variational autoencoders and transformers for reduced-
order modelling of fluid flows[ J]. Nature Communications, 2024, 15.:DOI; 10. 1038/s41467-024-45578-4.

[20] GB 50494—2009, JWEMSEAMELS].
GB 50494-2009, Technical code for city gas[S].

[21] PETERSON E W, HENNESSEY J P. On the use of power laws for estimates of wind power potential[ JJ. Journal of
Applied Meteorology and Climatology, 1978, 17(3): 390-394.

[22] SHIHT H, LIOU W W, SHABBIR A, et al. A new k-g eddy viscosity model for high reynolds number turbulent
flows[ JJ. Computers & fluids, 1995, 24(3) . 227-238.

(23] OLIVEIRA P J, ISSA R 1. An improved PISO algorithm for the computation of buoyancy-driven flows[ JJ. Numerical
Heat Transfer, Part B: Fundamentals, 2001, 40(6) . 473-493.

[24] EIVAZI H, VEISI H, NADERI M H, et al. Deep neural networks for nonlinear model order reduction of unsteady
flows[ JJ. Physics of Fluids, 2020, 32,DOI; 10. 1063/5. 0020526.

[25] EIVAZI H, LE-CLAINCHE S, HOYAS S, et al. Towards extraction of orthogonal and parsimonious non-linear modes
from turbulent flows[J]. Expert Systems with Applications, 2022, 202.DOI . 10. 1016/]. eswa. 2022. 117038.

[26] KINGMA D P, WELLING M. Auto-encoding variational bayes[ J]. arXiv Preprint arXiv, 2013 DOI; 10. 48550/ arXiv.
1312.6114.

[27] WU Haixu, HU Tengge, LIU Yong, et al. Timesnet: temporal 2d-variation modeling for general time series analysis[ J].

arXiv Preprint arXiv, 2022.DOI:10. 48550/ arXiv. 2210. 02186.

BB/ HTFF  (2001—) , 5 L N B0 5E A BFSE O 1) il A 2 4
Al R IR S . E-mail ; ziqihan0610@ 163. com



