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Abstract

With the increasingly serious problem of global climate change,
carbon emission trading as an effective means of carbon emission
reduction has been widely implemented in the world. As one of the largest
carbon emission trading markets in the world, China's carbon price trend
has an important impact on carbon emission reduction and economic
development both domestically and internationally. Accurate prediction of
carbon emission trading price can help the government to carry out macro-
policy regulation under the "dual carbon" target plan and help enterprises
to make more accurate production plans. Therefore, it is of great practical
significance to establish a carbon price prediction model with higher
prediction accuracy.Based on the existing research results in the field of
carbon price prediction in China, this paper takes the carbon price
prediction of Beijing, Hubei and Shenzhen carbon exchanges as examples.
The main research contents are as follows:

(1) This paper proposes a prediction framework of synchronous multi-
decomposition method, and verifies the feasibility of synchronous multi-
decomposition method by comparing with the prediction results of a single
decomposition method. Firstly, the historical carbon price sequence was
decomposed by EMD, OVMD and SSA simultaneously, and the LZ
complexity value of each decomposition subsequence was calculated, and
cluster reconstruction was carried out according to the elbow rule. The
reconstructed sequence was predicted by Ada-Elman model, and nonlinear
integration was performed by BP.

(2) This paper proposes a carbon price prediction model based on
multiple data information. Firstly, relevant influencing factors were
screened according to the existing research literature on influencing factors

of China's carbon price, and the data set with the same decomposition
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subsequence was obtained by input of multiple empirical mode
decomposition (MEMD) together with the historical carbon price. The
multi-scale walking entropy (MDE) of each subsequence was calculated
and reconstructed into high frequency and low frequency. The important
influencing factors were selected by Lasso for different frequencies into
the prediction model, and the superiority of the model was verified by
comparison.

(3) This paper proposes a prediction model that combines multiple
decomposition and multiple decomposition methods with Baidu search
information. As the largest search engine in China, Baidu's search index
can reflect the attention of carbon price to a considerable extent. First of
all, the paper selects the Baidu search index with the relevant influential
words of carbon price, and makes a GBDT model to rank the importance
of the influencing factors of other markets selected by the literature review.
Secondly, the selected factors and historical carbon prices are input into
multiple empirical mode decomposition and multiple variational mode
decomposition (MEMD/MVMD) for decomposition, and the
decomposition sequence is reconstructed into high frequency, low
frequency and trend terms. Then Pearson correlation coefficient, principal
component analysis (PCA) and Granger Causality were introduced to
further filter the sequences. Finally, the filtered sequences were input into
the convolutional neural network (CNN-BiLSTM) for prediction. The
superiority of this model is verified by comparing with other models.

According to the work done in this paper, it can be concluded that: (1)
the carbon price prediction based on market influence factors and Baidu
search index is reliable and effective; (2) Synchronous multi-
decomposition method can improve the prediction effect of carbon price

prediction model; (3) When exogenous factor input is added to the carbon
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price prediction model based on decomposition and reconstruction
framework, secondary screening of exogenous factor sequence is required,

otherwise the prediction effect of the model will be affected.

Keywords: Synchronous multi-decomposition; Baidu search index;

Multivariate decomposition; Carbon price prediction
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w22, JTREHT Bt A T 8B AT 7T o

1.3 HRARSEHS

1.3.1 fI"AR

B A% PR A TN UG 2 WL R B HE IO 2 R G A P A 7 1 R4 R
A EEE S AR A RN A R TR 7T, B ARG =4

(1) 2T Py SRR 542 22 3 it (R e AN A

Z I TR RR YR 7 T A A G5 AL RN = ANAE 5 BT ) SRR AN b A
FEE R RS 7 EMD. OVMD. SSA =F o rik, EHHE &A%
fift 73 1) Lempel-Ziv {H J5 , HR4 5025 004 2 RS0, FIA Adaboost-Elman
RS B 7 AT T, B A TS Rt BP AR RS 2. Tl &R
MAE. RMSE. SMAPE #47Ffk

(2) BT Rl TR 3R I 2 02 SRS 23 R BB A A Tt

2B TR TT N T AN PR R BB AN A% 2R AT T, G AT I
B TR 2% BB A R FREIU SR R K S A ], e B 1ok B TR B s« L s 4 il 7 3
REVR T A SR IABE DU AN b 38 15 MR R, XM R R 5 0 it
JL[E AT MEMD 73, 1530501 5 5 BR R B 20 il e 1 . 58 AS T )
() MDE {8 Jf EM i ARSI A1, AEBRUT A A I R R A i, AR 4R
d1, FIH Lasso [RIEFHIEAHICTES. HIBRTICR T, Fms A A pies 2 .
B¢ Je T 15 38 (0 S M D) 3R A N B TN e AT R, B ARSI A ik
AT FIUIN B A FH AN ] ) PN RL EAT T30, FerhA045 BP. ELM. Elman. KELM 4§
FERRIAN GA AL & BB AR B, T 45 S B MAE. RMSE. SMAPE i
1T VFAG .

(3) T RG22 BB 510 2 43 fFHE 22 10 e 4 A Tt

2 AERIR VR TT H NN T BRHEBAH G B B R H 7 A, JhEd KEE
[5e) CL A O FU B AN A% SR R 3R O SRR, 7E B # « [E NSh Rty . A A1
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VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

REMETIT . AUFIRIR . AR TR 5 I FE R 3R 21 A, 3L 28 MAMERIER.
HSEH A GBDT AU AN [FIBRAN A (145 0 K 2 AT EEMEHE Y, A BR 2/
T 1%WEE. ¥ GBDT Fiikfs 2RI R 5 Py Lk iig 721 3L S MEMD A
MVMD 43 fi#, tH5E5ANT 55 ¥) MDE {E I E A A AR SR I . H ksl
N JET%E, 5 Pearson. PCA. Granger Causality =/NFRTT, 3 5k 1) 7 51
A LLEN CNN-BILSTM HEAYBEAT T, 5 ¢ &5 LR FH B M [ml VA AR iR A2
MR MAE. RMSE. SMAPE #4734 .

1.3.2 BFT =

ARSI RIH 2 AAE T LU JLA:

(1) 75— J7 SR B VR PR A T A002R, KC FH 22 i AS [ 70t s 2 )
Gy B D5V T AT O3 i, G T B — 3 i DV A s SR 1 2 R AR B E B
FRIIAEE, AT K SME S IE A0 R o 8 SRR, FEA LS
PSS E UL E SRR

(2) B E K SRR 25 34T MEMD 2R, £ c4RiES o matd a
TR RERS U RIS oy AL B AR PR S S it s, FIF MDE £ REEHK
AT IP AR, 2 REERUmE AL BAA 2 REERHE R I 8] 7 51
IR, BERE A AR IO [F R R

(3) ¥4 BEIE RAGHGI NBRAN A T A BH TR, 455 2 RUBE 43 A A 22 Jl
IR FEAT 20 iR, 51N Pearson-PCA-Granger Causality it i 7725 i S K]
RITH, ARIE T GRIE I AT

1.4 HREERHEE

ASCIRSCHESR N 1.1 s, SRS Em AR A8, 205008

FHowmNGlE, ERAACHIFIEE S AR EPNANCERERE, BL
LA SCH) BN DL R SCHESR o AR 3 32 BT T B — Iy S i s 1 [ P9 o
AT L 3T 2215 2 AR TN A0 I - o) 235 2 A S A A A% LI = A>T T
[ P9 AR SCIRBEAT 9 . N RBLILE W SL A R 2 Ak, S ARSI 7 A8
o



VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

RN AR . EE A T ARSI B B R BE SR T SR
Z LA RNE NI R G R. LZ Bk, 2 REERUmE . RER
SIHL IR BHILMLE . &M boosting LR . BAEAALELIL . Lasso fifik .
BN G N 2 F1 KA I AZ AN 2 0 48 2560 72 7 1k

S = RONEE T RID 2 45 A BRI 7 1 (R BN R T o BT B — 1) g S
A& HE , A %K EMD\OVMD\SSA [R5 #4743 f# , 715 MDE {8 J5 3847 544,
fi )\ Adaboost-Elman ERYHEAT M, TS5 RAEIELIEEERL. FH M — 7
V5N BB TR R AR

VTR L TR R T 2% BT 5 R 3R B A% Tl o A T [ BB A4
[ bRzl . BEVE T I A BRI BE K R ST, MEMD 43 f#fl MDE
WEAETES, S5 H Lasso J7VEXS BRI 3 7 FIREATIRGE, 49 3B & R TRI4ES R .

SEIEONERD 2 REOR A S T HE T %1% 2 B BB R T . A
S = BRI SR DY B SR 25 B At AT Bk — 2P e . E BV T TGN T E
JEZRIREAE kA AR R MR R, I GBDT BEAUHAT R &R ik .
TEMRTTE EXINT MVMD Jrffi@iE, JEEMDNEM. . B3I, 5N
Pearson-PCA-Granger Causality i JEx K 2 /7 #1lidk— D A7 ik, 2 FH CNN-
BiLSTM A5 A HEAT IR o (0 5 o AR ASE B S8R L

FANTENG WS RS RISCH TAESMT B4, FRE XS AS [ 0 7000 )y 2
g, BRI AR AR BRI L B ) ) R R



VRPN 2 = DA Z M RBOR A & I T — R I A B A A% S

BFREZIMBEATUSGET
AP AT

BRRSHBETEEHIRERN
BRANETR

|

REEERBERESTEF IR
it 2 R (S R ROBR AN FE TR

’E&%Ei\

1.1 &3CHESE
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VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

2 MARFE
2.1 SB5%

2.1.1 RRHEEFEEMD)

LS EMD)E — R X ARZe k. AR AR R 8] P 21 145 5 A 3
Jride JRI(E 54, EMD 4B, i cE TN TE S R AR AL N A RUE
AR M E(IMF) . [FI, EMD 205 1015 5 @8 Fatt, HEr 7 2R
TG EE R ) 1) . EMD FEARRAR AT

DR WIRIRF IR s(t), K =R E IR TR s() ™ R H R R =UAT
WME R, BBFEIEFII b T L () A L () ;

AR HE BRGNS AL

Linin () + Lnax (1)

m(t) = 5 2.1)
BR=: R
h(t) =s(t) —m(t) (2.2)
AR BEDER=, XMh@)iL, BEEoMHKES PR
BT W2, F s k A IMF Fisk R 7y &, (k)
ry(t) =11 (t) — hy(2)
r3(t) =1y .(t) — hs(t) 2.3)

r () =1 1 (&) — e (D)
B UGB

s@) =D () +hi(t) 2.4)
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VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

2.1.2 BEHEESHEVMD)

VMD (Variational mode decomposition) M@ —Fh E &M K] 584 Ik I i
BAMASTIITE. UGB B B B IIEERME R RN, K HAE A
s BTN AR H . VMD R LU R 46 574 B 2 i i 2 AN T 1, BRI
TPUAERE, B T TRRG BE o 1 1 23 R BB 0 15 B S AR RE SR PR A 14 43
flT 4, RIS AR it 2 0 O 8. Li 4 (2022) $HVK 7 Z 5Tk
LT K AR, Sl T LIS 22 DUk A A A 1) — i A 3 25 43 i D7 2
OVMD.

BEE S R E K AN WTIG R, S5 R0 A B s SR AR AR A R A BRI
ZETTRREE o« FT LA R I AR B SN 7 51 7 ZE Dk la TP 20, BL E—A
T IR 2O iR . B IRINT

AR ¥ K=2 WE VIR R AL, 3E1T VMD 50 fiR, 153150 fR 3 &8
{my, () } (k=1,2,....K);

W A RN EK = F(m(6)*) — F(m, (8)) * 15, 54 B8 75 2%
Dy» He F(my (8)%) A% R NSRRI, F(mi (1)) N5 K A BRI HF
s

BR= R RTBII T 2 DT

AN kG — M aENTERIRER S BT RE, R RE, B
K=K+1, R —. A& TRoE, W K-1 Am& a4

2.1.3 FRIESTW(SSA)

A 3 T (SSA) (2002) 2 Jk T~ I 18] 77 21 B4 1R < 6 B 1) 2 e 2 M
(SVD), HF ME Z= k8] 7 51 sp 2 BRI 4 B AN R R oy, i i ss . A
HAPEB SRR S 45 . SSA 7R JEE IR

WUR—: WGP . AR N FIERES AP 5l 2, = (21,20, .., 2x) o
T EERE L<N/2 W& DK L, K4 BRI (] 5 51 347 A 5 HE 2143 BP0 8
B, & K=N-L+1, WHLHHFEX N L x K ] Hankle [
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VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

xl x2 cee {;CK
Ty T3 " Tr+1

X= : : . : (2.5)
Tr Tp+1 0 TN

B WA (SVD). ¥ X £om L A& M, By
L
i=1

BOIHERE X, i =1,2, .., L) BN 1, @5 VA =V = 2V . s
HERE X, (/25 SR, v IR RE X, (07 25 S 0 B S ) ) 2 SR I8
RTINS, LS BT S BE I7 R, REIRUEh T3 517 5
EE

W= . BB w GUREL T p< D AEIE, MIAZCAT A ST
aps

P
Xo=Xi+Xot .. +X,= ) VA" 2.7)
i=1

o X, HEAT R P54k, SR K X RPN ARE Hankle 20F%, SR EHR4E T 5,
HI AT A 1G] w 275

1 2
Zmzlxm,ierl 1§i<L*
1 &
?;xm,imﬂ L'<i<K" 2.8)
1 N-K +1 .
1 . K'<i<N
N—i+1 m;*ﬂm’””’”“

2. 1.4 ZLRRERESH BMEMD)

MEMD (2013) & EMD £ 0P, Beus oo Ak 48 7 v b [ A S AN UL
o). 2423 MEMD 4345 2 1) IMF 7] 745 2% S i N5 5 I I 3 vk, iR
B 2 JZ U . MEMD ) B AR 3840 R
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VRPN 2 = DA 2 O PR BRI & B FE T T ORI A B A A T

W 1: RA Hammersley JF9SRREIE n — 1 HEBRIE L 0HAT SAERRE, 3K
191 K L7 1 R

B0 A S (v()) Ty 78 K 47 e EBgE (p™ ()X,
o (@) o= {v (0,02 (), 0, ()} KRB E 0 MBEM L TS,
o’ = {af,zh, - xk ) AP — 1 R B 7 1 Oy = {01, 0h0, -+, O 1) 1 —
Y5 T [

R 3. SRELGAE D" (O} 1 A AT IR 1) 2 {8}

B 40 X800 (60) BT E AL T A% ML O F

S SR T R il R i i m ()

1 K e®
m(t) = ¢ kzle (2.9)
: 4IRd(t) =v(t) —m@) 3Ed@), 7 d(E) kR &1,
M N R YET IME, S5
% Fl MEMD S S 5 v (8) AT/, 3748 0 AR EJZ K IMF, a2
(2) Fiw:

v(t) =Y e () +7 (@) (2.10)

K:e, @) TR Fm D IMF; T () IR E.

Z U AR o R AE AL B AR PR AR e M B B AT W AR, ROy E RS
I T2 1t B B 00 ) AL E AR s T AN 75 MR e O ) 22 e i A . Oy
1, SCHF R A MEMD SRR U 4% 7> 51U A2 0 X 251 81 BEAT 70 il » 345 2 /2 IR 1K) IMF

2.1.5 ZRESBESHEMVMD)

VE RS RS R 2 0B, MVMD (2019) 4k7& T VMD 2054
Y, AR FE R T 28 EEE 2 RSB, B AR R
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VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

ARy WS I it AT — R EeliE o A IR AZ 93 D5, ISR AL R AL, B & Nt
PRAHE 5 I EREAZTTIRAE MBS R NG S AR, =2t 17—
AR SR TE B NARAE I . MVMD I EEHARZ NS C M EdEE
E R BN AR x() P AR BT E L K A2 oo i H IR e B w () B

z(t) = [2(1),22 (1), ... zc (O] HA

z(t) = Zuk () 2.11)

Hw (t) = [ul(t)aUQ(t)v"'auC(t)] °

Z Ao R, BIERR MRS AR — AR A FRATSE AT T, SR K
AMEES BB, E TR RS Al T 58 AR, AR N P RS IR A A
LN R

MVMD 2SR ) @an T

min {; Z 0, [utc(t)e ™'] |§}

st. Y Nue.(®) =z @) |,c=1,2,..,C (2.12)
k

SRAFAZ 7y 10 75 2 5N IR BRI o MRS B SRV T N, B AR 7y
[ RRAR il — N TC IR AR 73 vl j, oo o T DL GRUEAE A7 7E e 0 75 FR 175 00 T 04T

=0 ARG RE, A AERS B (K 1 20 SR B (14 B B ) BB
L{ur b {wid, A) =a ) > lla [ub e ™13

+3° 2+ Z<)\c,xc(t) - Zuk,c(t)>

SRIG, SRHIAZE T MR IE R K AR LA LA 73 A ] ADMM, K 58 il
[l 7 g — R ANIEACT AL i R B A i, () IR, AR5 n AR 5
JE UL AR i) 7

(2.13)

z.(t) = > g (1)
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VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

J

2o — Y ) + 2

ui'S' =arg, min {a”@t [ube(t)e '] || o+

(2.14)
DA _E 1 B /AR T 8] DUE A3 R 455 A 45 280 i TR AE ATUB N 1 BE B R m

L m@ W)

n _ i*k

Uk (W) = 1+ 2a(w—wy)? (2.15)

N7 B O w, T IR AR A UL ARAL 7] 7R
w;+1:nwy%nﬂn{jijnaiufc@)ej%ﬂ|@} (2.16)

HCEE wi AT AR XU ST, b T TR A AR S T e i 1

Z/mw‘@(w)‘zdw
— Jo
> [

1 __
witt=

2.17)

2.2 RARFmERE

2.2.1 BERAERRKMIEE (GBDT-CART)

A GBDT-CART AL i i i (4 5 Wil 8] 2R H5cal R HEAT SEZEVE AP
e NGED = {(z,y) y i1 Kbz e x SR, x NWEGIZN], g, €Y SR, i
KR Lo

IR WA FL (), Al 2k s U MU By, IR R
e A — PR SRR

E(@:mwmmniiL@“ﬂ (2.18)

ol i

DR WHEAI=1,2,..om, TR AR
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VRPN 2 = DA 2 o3 AR R 2H & T T R 1 B ) ks TR

ry=- {(% (,, F =) (2.19)

OF (z.) }ﬂmmlm

R = R (z,r), 0 =1,2, .. om, UG —BRENER, 1521E ¢ BRI
MIXI R, =1,2,...,J;

BRI WA S XA R, =1,2,...,J, HHEREME X IR, 3155 5 H0R

MU B TRINAE v, -

vy = argmin Z L(y:, F,1(z) +7) (2.20)

7 mEeR,

DAL 3 RIAR IR R UG BB -

N

fi(z) = Z’)’tjl (z€Ry) (2.21)

No

RN HOB AR IB AN A Y .

Fi(z) =F,_1(z) + f,(z) =F,_1(z) + Z’yth (zeRy) (2.22)

SPGB R ST 58

T

F(z)=Fr(@) =) > v,I(z€R,) (2.23)

t=1 j

2.2.2 Lasso [EY3

ASCHR A Lasso 8] U9 3F 47 $i8 b 075 3% DA 50 AR 48 A 8] Y 22 35 3 28 4 1) @
Tibshirani (1996) #2%H —FE4a 1t 11 Lasso M4, HAZE/MR N

argmin {Z (y —a— Z ﬂjwﬂ-) +A Z w} (2.24)

7=

St o, W, u VB, (3 —a— 300,0,) WHETIHI2

o NBERIL, 6, N IENA F L AZI@I?’?@%IE, HADONESIZH, BRI
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RIS

2.3 ZRE#S#HE(MDE)
HHEEZ PG5 BRERRER T, #Ui (Dispersion Entropy, DE) f%
f VLR AN B2 AR5 5 R AIE I S U R £, DE RIEAN:
DE(z,n,c,d) == > P (o0, )i (P (o0, ) (2.25)
=1
Z RIEHAA RS (Multiscale Dispersion Entropy, MDE) (2019) i#id X} J5{5 5
HATHRAL AL B, 33T N2 RIEE S, FanlitEH DE ER2]. MR %
HIXHR A N BRI 5 5z, (1< j < N), @i Faigr D RERE 5751

n_ 1 -~ N

y== ), wl=j=_ (2.26)
i=(G-Dr+1

ST =1,2, HRER T, F7=1, WARAIELES; 4> 10, 5
AU 5 MBI AR FEA N/ HOHLRALF 51
X BT T MBSy, 5B ST, 1) MDE #5505

MDE (z,n,c,d,7) = DE(y],n,c,d) (2.27)

2.4 TRMRE

2. 4.1 ¥IRSHEZMLEIETE (Elman)

Elman #ZeRI%% (1996) &3k T HAMRR ) W 48 45 H AN Bl 45 15 Ab 2R g
VR SAPAE N 2852 — R R (B AR T (2%, EAE BP AL 2% (L4l |,
I — A AR R (WHOY B SORBURE R D RS P 5245 B iz At
il
MG AN ANE. BRE. REREMRHZE . NS ERE
BTt 2%, T B = A0 4 R I AR B R IR S A, BEREIERZ B .
AR R ARG R 20 W 28 B S Bt A SRR, T DA s A 2
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B sS4 AL

FEREAT I I, L7 2 A 2 A 4% AR FH Sfc 110 a1 0 =4 i A DR JE R R =4 i
Rt o AR ZAEE 1 FJRAT NI R A, A TSI IR, A
73 2% ] DAALERIN (8] 7 SR, X ARR IS AT I . = 1% 3 pR 25N
R s, — 0y Sigmoid pREL, fay i Z VR NE KL, RIKZE B NEE P
.

y(k) = g(w’z(k)) (2.28)
z(k) = f(w'z. (k) +w*(u(k—1))) (2.29)
z.(k) =z(k—1) (2.30)

S,y A o G4 5 I A oIBR8 TE B o o AT
B e A R IRAS 1 i w0 Ao ) 2 B0 2 U w0 A A B e 2
FE AU w' 7R B o 8 2 AU g (F) o i 22 e A i bR B, 2
o JE AR e L f (F) Db AR AR T K A 3 B B, R S B

E(w) = Z(yk (w) — Gi (w)) (2.31)

2, g (W) BRI ] B o SR B I 4 10 PR S 58 0 £ A 1 i T oAk
BASEEMRES . BN I3 22 SURFAE T 2 M 2% (0 S B ke, B4
B NIEIR L FLR A S M2 Te H RAREE o IXR B BTHIL 1S R 48 RE S AR A 5T
AR R B B s, AT A 23 A AR 1 H o

2.4.2 BENRAEERLEI/RSIER(Adaboost-Elman)

AdaBoost 5% (1996) J&— Mt R 73 8%, RROGERG H & it B
R R  IZ VR NAZ O AR I T M R I ZRREAR, AT AN IR 55 T
ar ISR, ARG IERLL S T asEE Sk ok, MR — N SR RTINS . Oy T iR
BRI G RE, 72T — UOE ARG I AT — JOE A R = I ZRREAR A 46
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BUE. &), B2 I90RBANEE, R Domr8Es, SCHHRAIMER M
BARIETT

Adaboost F& —FE SR, AT LRI 5 1K) 7 5ROR B ARG 1, 20 g
T i RN G 2R R . AdaBoost A EA BT AL AL S5 S 5T
BRI EARREIR R, LM @ B Oy sE TN & . AR D SR AN

DB FEARILEF. WA P REHLER m ZOIIZRFEA, n
A BREA o AR ANNREE 73 ATBUE D, (i) =1 /m » ARYES 480 ) 1) 48 0t
ML LR HESE AT E

AR SIS TN . IZRER ¢ DI T A, PN ZRECE I 2585 T 4%
FEAMINZRE R (i, SRS I ES TR Ze, , HOFTNZRREARBUE, o) N

i%%et‘Zﬂ]o
e=>» D,(i),i=1,2,..,m (2.32)
He) #y, g) NTMLER, v FRAE TSR,

D= TR ABE . RIS g (1) TS B B R 22 e, R FAE AT 51 1Y
BE, HAEIFEAA:

1 ]. - et
= 5n (2.33)

€
ARV MR A SR A R . AR B S 28 B0 7 5L a, R IEE
T MY A A

D, (2
D, (@) = #*GXP [~a.y:g: (z;) ] (2.34)

B,z MA—AE T, AR ERBUEZ A 1.
AT T AR ARE . LTI T KNSR 7 T 4155 e

Flg®),a @), HAETTBEHLN LT SRR A h(z):
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h(z) = signlz a;- f (gt,at)] (2.35)

t=1

2.4.3 BEFZNHRREIRE(GA-Elman)

GA BALHIE (1992) B —FBA R IAT M BENLIEAIE ML 4 R R
Bk o BRI A JRAE R Be 8 R AR 2 HARAL . A BR A AR
PG AR SR T2 N TN SR B  BETH 4 S5 AR TR R A 2 )
DR BRI, AW FUR % S A Elman #2848, Al Uop 28 0 2 5
PR AR A L, B T4 Elman #6128 W28 147 46 B AR

GA-Elman [ EZRFE AN : D E AN 10 IS5 R, Ll 204
2) Elman #1485 W £5 [RIRTUR1L , Zms WA A B AN SIAR s 3) 643 45 36 P00 7 JE 1R 4
4) TR X, BRAPEATHE, HIEARMEMRIE: 5 RETH.
KEREMHEFML, REMSLENR. W 2.1 k.

GABiE Eim
_____________ | o T
A TR BRI
ST Elmanig£2Ri25)
SRS 0E, REVRE

I BB
SRR w e

A 2.1 GA-Elman £ M4 ERRFE E
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2. 4.4 HBREIJVRB(ELM)

ELM #A (2006) A& Fhdk T B E JR AT BT 4 X 2 g 5k, MBE 4
PSRN G ISR E - B 5 AN R R VAR5 1R FLELM. HAT I 25
HEEPR . T REANEIL R . MR BE N AR N R 5 R Z 1] R
BB Bl /2 #H 2 T IR AEL, R 75 80 B RRUUR #oh 22 e B0, 15 I R 58 A i vT 15
B 4 R AU

KELM (2011) ##Z% 51N ELM it b w] LS 35 /NP7 A0 fid e
T ELM SEBENIAIAAG IR @ . KELM 7] LLE 3l a0 20 A 4 1 Hodhs, R LA e 2
LSS N A 2 1 A5 vy A ) 2 T A AR AN T ) 2 T o S A A e A S 1)
AR 73 X {8143 KELM AHE T ELM {EACFE S J B HE R Giix KR4

P 1) B AL
KELM Hifi i sk
F(z) =h(2) 5=h(a:)HT<HHT + %) 7 (2.36)

A x ARSI B N FIBUE: h(z) ARFIEBR

FINAE [ A% B B

{ QELM:HHT 537

Q0= h(z)h(z;) =k(w,,) (237)
k(xv'EI) 4 1 1

f(x):{ E ](QELM+E> T (2.38)
k(z,,)

2.4.5 EFHEMLE(CNN)

CNN BRI (2021) 2FREZII P HIET T Z AR, 22— H
T TR R FTIR BE AR X 2%, HIE AR B IGERE . WL EM 4 EREE . CNN
) =5 T A i A R U N B A ) B R AR, AR5 X SRR AR I B 5 SRR
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CLEAT B e 20 B AR AN SR . —HEGRAARE T 46/, — 4 RUE i &4
TR FP A AT, R — AR R85, JF 5 —4eG AR AR I B2 At
WIS, G ARER R A SO RS T2 0!

‘Kf:f<§:;xf1*Kf+bf> (2.39)
1€EM,

HAMINENL —12; X7 URERRE, A j MHE B EN LK N
BINEHE £ N ReLU WG BR2L .

R A Z AT HE R e o — gk &, i — D OR B G ARE I i S R L,
i 5 SR B AR 2, AR E X Z AT FRUZ B AL 2 BT B (R34 T
&, SNEEHRUE, SEIR AR

2. 4. 6 WEKFEFICIZHEMEIRE(BILSTM)

LSTM (Long Short-Term Memory) B Kz A2, T & T Ak AT TR0 i 18]
B F T Bl AR A A8 K P B LA e ) AL e DA T RN T T VI 1D
B TR TR T AR B, AT TR R L e R AR R A
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BiLSTM % H H1 954> J7 ) B BeBUR A P T AR -

F£ BILSTM (2021) 1, [l LSTM M 51 (2 46 o B 31 45 Az B AT 1E 1)
AEER, T A LSTM I M5 51 ¥ 45 SR A B B a6 0 B EAT A A0 2] o 3X R, A
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Mt R

PR 1 i R R R EMSR

X5 B EmRE =2 A
JestA i 1,2,3.4 5,6,7
Ea)eess 1,2,3,4 5,6,7
NYMEX RKASHATR A 1,2,3 4,5,6,7
KK =¥ DESARA 3 /15455 1,2,3,4,5,6 7
ARG RR I i A SR HR B 1,2,3,4 5,6,7
IPE JERFFHE R A SR AN 1,2,3,4,5,6 7
e w7 R 0 B R 2 CRB 1,2,3,4 56,7
FrifEE R 500 FE%L 1,2,3 4,5,6,7
FEx
RRPHITHETE 50 a4k 1,2,3,4 5,6,7
EUA 1,2,3,4 5,6,7
SHIBOR 1,2,3,4 5,6,7
PR 300 FEEL 1,2,3,4,5,6 7
FICILHE 1,2,3,4 5,6,7
A iy i 1,2,3,4 5,6,7
Wi IR 12,4 3,5,6,7
AT R R 1,2,34,5 6,7
AR A% 1,2,34 5,6,7
I 7 25 1,2,3 4,5,6,7
NYMEX KRS A SRS 1,2,3,4 5,6,7
KK = DESARA 3l /115455 1,2,3,4,5,6 7
Wik AR I I B R SO 1,2,3,4 5,6,7
IPE JERFPHE R A SR AN 1,2,3,4,5,6 7
v o F 7R W B Fe £ CRB 1,2,3,4 5,6,7
PR 7R 500 485X 1,2,3,4 5,6,7
BRI BTHE 5 50 5% 12,3 4,5,6,7
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g&1
5B M ER =2 (i1
EUA 1,2,3,4 5,6,7
SHIBOR 1,2,3,4 5,6,7
PR 300 FEEL 1,2,3,4 5,6,7
ik FE il % 1,2,3,4 5,6,7
A% v Uk 1,2,3,4,5 6,7
Wi R 1,2,4 3,5,6,7
WRFIHETR 1,2,3,4 5,6,7
IR 1,2,3 4,5,6,7
I 7 75 1,2,3 4,5,6,7
NYMEX FRARSIA TR W 1,2,3 4,5,6,7
KK =4k DESARA 5l /7145 % 1,2,3,4,5,6 7
ARG RE I i A SR HR B 1,2,3,4 5,6,7
IPE JEARFFHE R I B AN 1,2,3,4,5,6 7
P BT 9T R 1 DR 454 CRB 1,2,3 4,5,6,7
PR /R 500 $E%L 1,2,3.4 56,7
el
BRI BTHE 5 50 5% 1,2,3.4 5,6,7
EUA 12,3 4,5,6,7
SHIBOR 1,2,3,4 5,6,7
PR 300 FEHL 1,2,3 4,5,6,7
EIuilF 1,2,3.4 5,6,7
A iy i 1,2,3,4,5,6 7
MR 1,2 3,4,5,6,7
R F LR 1,2,3.4 5,6,7
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PR 2 MEMD M TR RER MR R 2B FFIEM SR

MEMD EmER =7 (i IR
JestA i 1,2 3 4,5,6,7
Tl s SRt K 1 2,3 4,5,6,7
FIEZRETREL 1,2 3,4 5,6,7
KK R HE AL AT (EUA) 1,2,3 4,5 6,7
A i i 1 2 3,4,5,6,7
R S AR, 1,2 3,4 5,6,7
e EI/ NIRRT 1 2,3 4,5,6,7
K = DESARA ) JJBEFE % 1,2 3.4 56,7
I 100 F54; 1,2 3 4,5.6,7
ik (HRIBHO 1 2,3,4 5,6,7
it (HZIBHO 1 2,3 4,5.6,7
TRENEAE (RO 1,2 34,5 6,7
Rik&s (EREED 1,2,3 4,5 6,7
WACER 1,2 3.4 56,7
FIEZRETREL 1,2,3 4,5 6,7
i R HECA(EUA) 1,2,3 4 56,7
SHIBOR 1,2 3,45 6,7
Koo/ N 1,2,3 4 5,6,7
I 2 o5 1,2 3 4,5.6,7
i
ATAG R I A B2 H8 Bl A 1,2 3,45 6,7
GRS G LE):IPE  JEAF PHE R 1,2 3 4,5,6,7
B 100 53¢ 1,2 3,4 5,6,7
FrifE R 500 83K 1,2 3.4 5,6,7
KR E 5e 50 5%k 1,2 34,5 6,7
WRF LR 1 2,34 5,6,7
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&k 2

MEMD M ER [=7 ] B
A (R AREO 2,3 1,4 5,6,7

BeHE (ERARHO 1,2,3 4 5,6,7

#ik

WAL o EEAREO 1 2,3 4,5,6,7

ik ERIBHO 1,3 2,4,5 6,7

IR 1,2,3 4,5 6,7
ERIZYINEESI SN 1,2 3 4,5,6,7

il VR M 22 B AR 2 1,2 3.4 5,6,7
ARTIRZSEEi=E 1 2,3 4,5,6,7

KK R HE AL A (EUA) 123 456 7,

CSI300 1,2 3,4,5 6,7

| YT N 1,2,3 4 5,6,7
I 7z 1,2 3.4 5,6,7

ATAC R I ik A SR F Rt A 1,2 3.4 5,6,7

PR /R 500 FE4L 123 456 7,

AN (A 1,2 3.4 56,7

B A (R ARHO 2,3 1,45 6,7

27 (L ZRARHO 1,2 3.4 5,6,7
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PR 3 MVMD 7 TR tas R IR R R MR 5 B SR

5B R =7 7 REFI
AEHRR G 34,6 257 1
Tl SRt K 2,4,6,7 3,5 1
FIURZRE TR 3,56 2,4,7 1
DR B2 HE TS C AT(EUA) 4 2,3,6,7 1,5
AR i v 4,6,7 2,3,5 1
R i A 4,6,7 3,5 1,2
JEx EIu/ AR 347 256 1
K =7 DESARA 3l /1846 % 2.4 3.5,6,7 1
B 100 fa%k 234,67 5 1
fikik (FRIEHO 4 2,5,6 1,3,7
e (HREIRHO 2346 5,7 1,
REIRHE GERRIBHO 4,7 2,3,5,6 1
fiRiRZF (G RIBHO 2,7 3,4,5,6 1
WAEBRAN H% 4,5,6,7 3 12
FURZEE TR 5,6 3,4,7 1,2
BR B HE AL AT (EUA) 4,5,6,7 3 1,2
SHIBOR 4,5,6,7 3 1,2
OTINEHGE 4567 23 1
[ g7 4,5,6,7 3 12
¥ik|a ATA A S 1 D H Bl 4,5,6,7 3 1,2
FATR AN G SR):IPE R PHE R 4,5,6,7 3 1,2
HI 100 H5 4k 5,6,7 3.4 1,2
PRAEYF R 500 85X 4,5,6 3,7 12
BRI FE 5 50 454K 56,7 3.4 1,2
R EE TR 56 3.4 1,2
B A CERIEED 56,7 3.4 1,2
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VRPN 2 = DA

2O IR A T FE T R R B A A T

8% 3
25 Fr Fom R R (=7 7 FEEZ M
WA FERIRED 4,6,7 23,5 1
¥iri|n WAl s (HERIBHO 4,6,7 3,5 12
ik (HRIBHO 4,6 3,5,7 1,2
TRINBRAN K% 4,5 3,6,7 1,2
Tl SRt K 4,6 3,57 1,2
il VR I 22 B R H 3,4,6,7 2,5 1
FIEZEE TR 5,6 3,4,7 1,2
KK R HE A A (EUA) 4 3,5,6,7 1,2
CSI300 45,7 3,6 1,2
wI STINEHGE 4,5,6,7 3 1,2
[ 7z 4,6,7 3,5 1,2
ATA AR S5 A B2 8 Bl A 4 3,5,6,7 1,2
PRAETF R 500 R4 5,6 3,4,7 1,2
R EEATRE 6 3,4,5,7 1,2
B A CERIBED 7 4,6 1,2,3,5
e (HRIRHO 3,6 4,57 1,2
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BUE R AR A B MR ES R EERR

[1] E&F. 5T [P 2 5 4 5 mill o7 v A B r o B0 (07, H i 4
fih 2023,(12):35-40+8.
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B

I [] AR AT AE N RIS 25 B A A, GO R 18 530S BB 7y, Jk
FpE AR AR A FUAE I 3 4, AU 2021 SRR 3 HERTIN N T . BFE
AR 3 AERTI A &, U2 H1E T, (H2u57E 3 455 IR SL A A
FEd T NAE R At 2RI 3 4 BT T, xRk AR TFEAL, #H
P& IR TEN RN

TR IR SEZ I INEIT, TR AT Y 2 B A 0 U8 SR AL 7E O L AN H Ok
Tz e H SR B R AL T, 3 SR TCECA AN, FRABE PR K
N TR A 24 HREEAE R L B SO R R — A7, B
—MEEGINE T A B, B AEANE ORI T R
EWE R, AR REEAZ ORI A, R TR S BT R Y L RK
B IR RN “HANKMEZT 7, B EBCERAT “MAFZIN 7.

LRI T 7 - HEI IR Z MR, WEE RGN B A # A R
() TAIE o SX TC5E R = AR B R MR AL 7 48, S BLGAT LI AT 0 o
SIENZ, BTN A fe iz BRI, RS T —REMA RGOk 7 —#F
NI B FEHEERIE R Sk — Bk DU R A BKIE MR RE R . AIBAMRIX
B XAL A R EZEA NS, 3 PR EGE R -BE, R LG R, EER
NIV &R T .

JRUHE X BB R ) — DN, BRI T A R A R — N . U ERE
T A RHER SRR AL S, REACHNETERRENE . &
M NAEHESE A — D HE BTG 2, BOVEER M S, AREEHERR.

JREAE, B,
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