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A HYBRID MODEL BASED ON TWO-LAYER DECOMPOSITION

AND IQPSO-BILSTM FOR WIND SPEED PREDICTION

ABSTRACT

With the continuous growth of society's demand for energy, traditional fossil
energy is increasingly depleted and causes severe environmental pollution. Therefore,
China is actively promoting the development of clean and renewable energy. Wind
power generation, as a clean, renewable and economically resource, has become one of
the key areas of global energy development. However, due to the highly fluctuating and
random nature of wind speed, the uncertainty of wind power can have significant
negative impacts on the operation, dispatching and cost of the power system during the
grid connection process. A large number of studies have shown that accurate wind speed
prediction is of crucial importance for the development and utilization of wind energy
and the safe and stable operation of the power system. Therefore, this paper constructs
a new wind speed combined prediction model based on secondary decomposition and
IQPSO-BILSTM. The main work and research contents are shown as follows:

(1) In order to solve the problems of poor initial population traversal and fixed
shrinkage-expansion coefficient of the traditional Quantum Particle Swarm (QPSO)
algorithm that cannot promote population diversity and the local optimal problem of
strong population aggregation in the late iteration stage, the traditional QPSO algorithm
was improved to obtain the improved QPSO. Firstly, the Tent function is used to map
the initial population, so that the initial particles traverse the search space more
uniformly, and the candidate solution is improved. Secondly, the shrinkage-expansion
coefficient adjustment method based on the dynamic change of the objective function
is used to make the coefficient adaptively adjust according to the characteristics of the
problem, so as to enhance the adaptability of the algorithm. Finally, the Cauchy
mutation operation is introduced to perturb the position of the particles in the iterative
process, so that the particles jump out of the local optimal solution and enter the space
of other candidate solutions, which can significantly improve the global search ability
of the algorithm.

(2) In view of the modal components with large permutation entropy generated
by the Adaptive Noise Complete Ensemble Empirical Mode Decomposition
(CEEMDAN) method in the decomposition process, variational mode decomposition
(VMD) is used to decompose the modal components with large permutation entropy to

reduce the complexity of the modal components with large permutation entropy. VMD
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can effectively separate the noise and effective information in the signal, thereby
reducing the entropy of the arrangement of the modal components and improving the
effect of wind speed decomposition. Through secondary decomposition, the noise
component in the wind speed can be eliminated, which can effectively improve the
prediction performance and stability of the prediction model.

(3) In order to improve the ability of Bidirectional Long Short-Term Memory
Network (BILSTM) to capture the local features of wind speed and pay attention to
important wind speed features, the one-dimensional convolutional neural network (1D-
CNN) was used to extract the local features of wind speed data. In addition, the attention
of the model to important features is improved, and the BILSTM output value is
weighted by the attention mechanism, and the features that have a greater impact on the
wind speed prediction are automatically paid attention to, so as to improve the
prediction accuracy of the model.

(4) In order to verify the newly built wind speed combination prediction model in
this paper, the measured wind speed data of wind farm in Inner Mongolia province were
used to test the prediction model and compare it with other typical wind speed
prediction models. The experimental results show that the combined wind speed
prediction model based on two-layer decomposition and IQPSO-BILSTM shows high
prediction accuracy and stability regardless of single-step or multi-step prediction.
KEYWORDS: Wind speed forecasting, Secondary decomposition, Improved

Quantum Particle Swarm Optimization, Deep learning model, Hybrid models.
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HH|, HRABHBESE (VMD) BRIGE SR AZ IS &, Sk
(WOA) *t VMD WZHudk AT sk, LAE VMD 7 )i =24 i
R R H (ISSA) HIFEBN T, $#&& LSSVM Tl &, kE+ EpEluHhX
(R SEBREAE AT T, B0 0E TR A At . STHR[S3 1K Sk il A4 (BSO)
A L4 %R (CS) BIEML G, MEAHS (CC) 4T A1 Re M & [EH (SVR)
S HAT I, IR A SCIRAE B AR B G S A 00 G0 DA [ X 3 M e
Fiy DX TR S R TR TN, SR AR I, SR AT DASRAS L A RORG B AR
S R e 1

A A SR 2H A R R AR R A B S5 M R HEAT O . SCHER[SATRE — R
(1 B VE R I RS RN 4 (SATCN) 5KFHHILIZ (LSTM) FHZE G, AT AR >k
R id . R A SATCN DL £ #b ¢y 5Tk 35 K I HF1E . #£ SATCN 2 J5 f#
FI LSTM S ik — 25 4 tl 4R A0E R0 4y HH 2 AT (R0 e B, DA A SR ) KU . SCRIR[SS]
I A A O PR AR Adam ARAL 28 (Ls Adam) IE A KT HH1EAZ(LSTM) I 2% .
i F I 22 AR AR A A5 EOE AR BE 2 50 5, 149 LSTM Refg LASE DIl gk Ja
HAFHE TR E . SCHR[56] 45 1 S AL (RIME). 28 73 535 73 fi
(VMD). Z:kHVERJ] (MSA) HLEIFIKEIHICAZ (LSTM) #EAT KU TN . 15 5%
FIH RIME 4t VMD BN 51240, ARG HEEET MSA HlflH 2 LSTM
R GRS A, 8 ReLU BREVE AP 48 6 WO B . 45 SRR, B
P B AR ZE T, PO AL PE T . SCHR[S7]8E T T8 T (EFFG)I1



TR R A2 18

AU R TN DR ZE PRI LSTM A7, i th A 2R R Y S0 15 S B i 22
B BB B T B AT 9D BT I 220 90 FN R 22 0 B XS TR EE (1 5
M, i ety RGO TR A

5 —RRIAR LY, XM AL TG B0 T 25 RE 8 B L 4 4 X AR Ak 1 2 2
AUAHENE, NRGETRINGEAL 7 S v ke rf i 25 R

1.3 FF5 IR 54

Ao R P AR Ak 2 27 3 AT DT S0 A5k RO AN IR AIE 7, RS S ) ) 7
BRI . Gl B, GirH R, LA IR DL R A IR
L B, R SN 0 3R TR R 2 R R R S S B, 1 CNNL RNN,
LSTM LAJZ GRU &5 #1248 0 2% [ B T IXGE SR RO 7 rr o 36 8 0 3 S0 RS AR 1)
IR A TH AT T AW IR N SR A T BB AR, T S AT DAIK 4 25 ) B A5
RUREERT, AW AT ORI e, SR e XU T i) P AN AR E 1k

ARSCUARBEE ) R N, SR AR “ o - A -Tol- S 7 1) SR
X REBEAT T . H BT, X XGEA >, K#ERHA VMD. EMD. EEMD %
I3 RSN KGR BEAT — RT3 A 0 A TT V25 R AR R AU AL 5 it 10 XLk 25
SIRRNERTFETIRY, AR, FEFRIAaEESRNER, X1
F7 50 2 AR X T FRORS 2 o [RIE, R SR ] IR R SR, X S 2% 18 1 57 41
ZAT R, SRETRIAS B . ASCR A BILSTM #h 22 B AR 9 TR AL .
SRIM, ALSEH) BILSTM 4R W B ASE R E T Joy AR AAE (14 B HURI B R RRAIE ) DG T3
AAE. Bk, KA CNN X EHAFFESEEL, attention AL ICVE B SURFE, Ak
ks BILSTM FRUMIASE AL frHs BE AR e M o VR B2 2 S BB I S B B 46 2 > 3
LRE RBEREMETTANEE, BB T XSS HIE R 2 IR 250 1 HE .
AR KA QPSO, MXLEESHUHATIENT M. JRMT, A ST 1 A AL 4
NEIR, LG QPSOE Z N Rl . Bk, ASCK 2% QPSO#E4T i,
HEG QPSO B N SR I, Fi e R TR AR BA B

LAAREABRRETRHA

R S 3 L G A T A AT R AT, MR R T IR R AN IQPSO-
BILSTM FYJXGE ZH & TRMAR Y, 5 78 ) 38— PR 22 g 0 G 2 & T AR Y, D
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$i v B FIUAR BE o ASC - BERFFE N AU R

(MR IR 53 fif 5l . CEEMDAN J7VALEXS KOs B 34T 20 i iy, 274
FEA B RS 4 B e SRR — 00, R SOR FH IR O3 il e EAT XU 40 il o
% CEEMDAN 73 fiftJa 77 AR I HES IR R OB AS 70 &, SR VMD #E4T IR0
BE— RS A B, M 75 B SE AR AL, R RGEE HHE F) R 42 B
RS

(2)%: T BILSTM B! RGBT : & 5%, SR CNN Ml 1 3 41
JRRAFAE, R BB R P 1. R)S, JEId BILSTM [ B A 1 ] 1 i
A1 TR TR 51, Sk 5 (R B PR AR AR EA T . J s, SR Attention HLAI, %A
[ R I 3 R AR IR T AN [ B, 3R TSR T 5 A5 R RV

(3)QPSO ¥ uidt: QPSO TER MR E 2 1) 2 W [ JRU , 4R MG LK, B 5
NJRiBE . N T R, SR Tent BUR X WIGAFIHEEATWILG1L,
DA s B s AR5, ARAMAIGE RIEEME, BOE SRR R
— AR T EE R A R AR R B IR R AU SRR T s B JE . SR FHART AR S LA B
PRk R R A, IR R R, EE e R R A

AR E AT 2R

BT W ATENIEMA T RGETIAT T s S = i E R A
A7 R R TN BRI FE AR o XA SE IR BEAT 7047, R IE T~ — IR 4 AT IQPSO-
BILSTM (1) KU 2H & TR, I R 4 SO S5 A A 25

B SO E TR TR ARFATN QPSO #HATHE. Ik, RHT
Tent LRI WIUARIHEFEAT A . SRJ5, AR H AR ek H1)5E B AR R 58 3T W 4 - I
FH wJa, ACHINT R S HAE, R T . KA Sphere.
Rastrigin. Ackley 1 Schwefel I/ & 200 IQPSO #EATEHIE, AR FHEH
AN TR R EEE XS H

5= FET R IQPSO-BILSTM FY R ZH & Pl AY . AEmFyee |
— T IR iR IQPSO-BILSTM [ RGEAL& TN . KA CEEMDAN-
VMD 4373060 SR RGBT R i ¥ o a i B R o I 2R 4
B UESE LA SRR . RS H T I 25 22 ) CNN-BILSTM-Attention FRMIAR A .
IQPSO il it 5o iiF £ 1) H 5 iR 0% CNN-BILSTM-Attention TR A (2% S % %
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A4, BILSTM B8 JE A0 o8 LA Je & R AT T . B3 il i B0 iF AR
CNN-BILSTM-Attention TR HEATI0UE, % H A 24 1A Tt 4
VU SIS R AT N T SRR AR (M KU TR B A e AR e 1, R

FH N 5y 5 XL g sk KU B, 6 3T R 3 i Al IQPSO-BILSTM . () XUE
AR AT, IF5 IQPSO-CNN. IQPSO-LSTM. IQPSO-BILSTM %57
MBI HEAT L. RASEHR Z ST R2. RMSE. MAPE LK 7 Z1E NiEM 15
b, KRR AR 1 AR A T VA

BHE BAERE. BTN TAE, B0 SR g XU
MAGBRAEEARL, HRESEH T .
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FB2E WHAEFNTFREE

AT AR RERAC S, 38 RO &R 502 (QPS O) SR - 572
(PSOYHVEH R T FAIL 5 RT HFE IR B R, & PSOMABRILIEL. S5k
4t PSO BLLMLEL, QPSO HA#EMIZHUD . WHK TEEA R, 4ilyfis H4a
JE i R AE ST E AR . (H QPSO BEME E MRAL VL —FEAFLE “ B s
(I, R HRAR S 24 vl T, T QPSO WRSIGHE DL, TEIEARE ASLI R
2 FEVERRIR, (AR SRS, TR Rl i i . R, N TR
QPSO MRALEREFIBEAR VL “ BLAMEIS” mTRedE, X QPSO BT it
S, RAT Tent WU R EBOSHILEFHEAIUAIL, LAARTH QPSO SEHIAAFIHELE H]
SRS (B 3 Pt s FLUR, SRR T H bR ek AR E S A Sh 2 T B 8-k &R 4
BN ARG - K Z2 5008 G 13 B AN [ ) RBSR s s, O T IR M A
NI, SINT AT S e P RT3, Bk R, it
ANFE AR, R R R REE . A VRIS S QPSO A
Rk, KA Sphere. Rastrigin. Ackley F1 Schwefel PU-/Mli 58 $06) PSO. QPSO
A1 1QPSO #H 47 BeHIE »

2.1 NFEEIRTAEIRTE

bi 7 BEE%(PSO)H Kennedy A1 Eberhart T 1995 4E42 %8, H RBKIE T
B MBS AR RER, XA ol B A SR T F R B . Hod,
PSO Bk — MR FRELE — R GE—% M, FRIBERZWEVWHNIN
24 H bR o

BT RESLVR PR T g sh L an i 2-1 Fros . AR T B AL B A,

A REAL B A SRR MR B . TEX NIRRT, Z BRI RIRI AL 2 A
FISEIR . AR AN T8 R B A B 1 b O B (M i) Ao N En AR B
AR B 00 B U 7 B (& R ) @ AR R R R A R i, kLT REAS
W B AL E, TSR E R AR
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/ . T

5] 2-1 i F iz i n s K
£ N e[ — R T, B8Oy m, B35 i KL 1, JLAE D 4E Al
HIBLE N x=(xir, xi2=+xip)s Fo VATIEEEN vim(vinvizsvin)o KL T HINMETAR Poest
AN Ry A gheseo FLT~ FAVTEE L SE AN BB 3 (2- D) AN (2-2) T s«

Vi (t+1) =V (t) + CU; (Poest — % (1)) + CU 5 (G — % (1)) (2-1)
X (t+D) =x(t)+v;(t+1) (2-2)

A, G NAMEINERE S, Co AbssiNAIRE ST, U U ATEIXTE] [0, 114
rIBEHLEL .

LI Rt HA 2N R AR A 8, £548 PSO BIETEALFL 5 Ik
) 2 I o] RS BN R e R, OV BNE s A . 9 7 i veax /el &, Shi
A1 Eberhart™ 0448 PSO W Z G TIRVER T o, XRL77E 4% ) s B2 47
PR . IMARYE R J5 PSO i+ 1 B A A7 B 58T an =0(2-3) F1 (2-4) B

V (t+D) =WV, (©)+ CU; (P =% D)+ CU, (G — %, (1) (2-3)
X (t+D) =X (O +v,(t+1) (2-4)

AV R {68 459 L 7 B 38 R I AN A AN AR I s B PR AN 42 JRy de £, G B ik
T ISR XFOES N T PSO Hik e RN RGeSy, BRBAREEML, M
M B 7 A48 PSO SRR AL T 2 W [ B AN 2 o IMNABE I X1 1) PSO SRR
NFREPSO Sk . FRdERL T HEFE KRR B 32 R . BRSSP 8RS

(DWIEEA PSO kS 4. AFEF I HF C1LA C2, MHAE o LUER F 5
FIFIEEECH o Q)T B AR RBIE R EEAE . G)RE N RL T 1038 R B AN AN
T Poess AR B hess LATECBL, QIR TGS EEEER T Pest B gpests W
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B AR R 2 R Rl (4HIBR S 2 2R 5600, WERAN 2 28 1R 551
WU SEHRE 3 RO EE A B s SR A 2R AR5, MUl R AR 2R

( 7& )

T

AT B
fngzsa

|

TEEFBEuEREE.
ERfifemHit

RS ESLRRR SR TES
MEE, E F—REFEDE

o4

/

AN
.«

LR E R
AEFRRE

( &% )

A

B 2-2 FrAEbL T BT R

22 ETFRIFRBEATIERE

£ PSO Bk, iy HPRZS AL AL B AN B A SR T eAg o R (R T I
ARTCIRKH, BEAE N IRHER, HE XK. XEWER I REE
BLREAL, REZD BN RERIL, TIERIEE 1 B T HREIRIME . T
B IX — kB, FMVMREEAAE PSO B ESI NETHRHERR I T &2 TR T #F(QPSO)
Hik. AR TEET, HRriEshny, Hhof a2 Skl . 8
ARG, SRR B sh B, B ORRL T RE S, RIS R S AR RE
M EMIBR R LR, IR e E, R& TR RBEHLE,
MTTHE N 550925 4 S e Sl e Ao tol

fEE T, KA BRI, KRR o(X, )&k 1R,

N
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Ho X KRk AR ALE, TR & 745 (B A B A2 a0 2 28
(2-5)F7s:

|\P|” dxdydz = Qdxdydz (2-5)
A Q RoRMER R, HRB0H 23— F, AKX Q2-6)FR:
_[7 [W[” dxdydz :.[:0 Qdxdydz =1 (2-6)

R AR B E w5 T R e, AR Q-T)HR:
ih%‘P(X,t):H‘P(X,t) (2-7)
b ONEBECRAL, SRR R, AOAREEE T, WARQ-8)FIR:
H :-%vz +V(x) (2-8)
A m WRF R, vRRSREA, V)RR TS,
BRAERE— R TR AT, —ERFEEE NG R p, WA ZR T4
Delta i b i) &7 R4S I A :0(2-9) s :
¥ = e (2-9)
XA L2 Delta BBHAMKE, Y=X-p, HINHERZE KK Q AR (2-
10)fr7:
QUX) = Pe(X)[ = =2t (2-10)
R P AR 4 85 A ) ;!ﬁzizn/\ﬁ(zu)ﬁﬁT

u=e M (2-11)

A w0, 1) ERIBENE Wk IA B A R(Q2-12)FT s
X = pi%ln(%) (2-12)

Y e, Ry i e j 48 B B A A (2-13) s

X, (T+n=p, =2t (@), inch (2-13)

XE@-13)F, L ESKEFER TR, DA SRR, B
BN TP RIFALE Mpesr, WA (Q2-14) 7R .
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M

1
best = M :1 —best (t)

N Pivese IRLT i BARALE, KT i ST I AR (Q2-15) PR

I:)ij = ﬂ’. I:)i—best (t) + (1_ l)gbest (t)
T ghess A R BRAKE T
L a2 X (2-16) .

L = 204{M,., —X(0)

FARLHPRLFAL B A1 A K Q2-17)FTR -
X (t+1) = Py + 0| Myq =X (1) In(%j
A o -5 K T, BN a<1.781, RORIESEIEL
23 WA ETRTEEL

(2-14)

(2-15)

(2-16)

(2-17)

QPSO fEALEE K J% % 0 ] FUN HAT R M 2 R R fe /), (HEBAAE—
Ao B, QPSO FLiRHIBEHIHIAE AL M HIAa R 20 A o IX A5 9 B AR ]
FER, (HAFAE—E Bkt . KL T BENL AT I 2-3 P, #E—AN0, 1]H) 47
i E, 100 /MR HRENLRI A1, MEXER T oM B A H, —Shira
I A PSS X, TR AT XA, R A A R R D AR

$E B A s A U RN B 7 L P N | ST = RS o

1

1~
o © o0 o
09 o° 00 ©
osf © o o g ©
o o §
07 5 @ g
P © 00
o o
06 [0 00 R o o
Po o
> 05 200 o o
e}
0.4 o ° (o)
o =]
of gl
o
02 o °o o ©
o o] o
0.1
(o]
0 o
0 01 02 03 04 05 06 07 08 09 1
X
v e , \ %
Bl 2-3 K7 REAL A B

N T i QPSO FIRAERL T WAL 23 JR PR TR X3, AR Tent ik

S RATEEA QPSO WM /3 Ao Tent B A X (2-18) 7 :
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X,

—- 0<x, <7
X =1, (2-18)
Lor<Xx, <1
1-7

X o RFPFIREEME, r AT 081 1 Z 18] 1 2.

] Tent BREFHEAT R 7 REWTIAAL S, LT A9 ATINE 2-4 Pros. AHXS TRl
PLRIERAE, KA Tent RIS J& B T3 BOFE 22 7] L i) o0 A ORI 2] IXRRAIER L
BEAR 1 SA M AR 8], IR 3RTT 1A S RE

1 ~ 5
° o

o © o
o o
09 o o 6
o o
o]
0.8 o o ©
oo
o © [} g
079 o o )
o o
08, o o Ooo o o o
e)
> 05 o e
o © o 5 S o
o e}
0.4 o o0 o
o c o047 0 %o o o
o o @ o
031 o )
8 o
0.2 8 o ° 6 00
° o
0.1 ool o eS|

0
0 0.1 02 03 04 05 06 07 08 09 1
X

2-4 Fi¥ tent BLE 73 A [
HIR QPSO HH 2t ki /D S ok B HT I A -k 3.8, i R B ke —
TWENNEERNZH. EHhiEmARQ-19H7R:

(amax — amin) X (Imax — In)
i

max

o =CQu, +

(2-19)

A imar ABRIERIEL 1 N RTERIREL oomar ALK R EHTUG 1
Oumin FINCAR- MK Z B AL

H 2 @2-19)a AL SR o 8K, RABRENEREREN. FIEAKR
W oo BN, BABGRKRAERET) . R, fESLhbriz g, Ky rAL E R
PLE, VPR IR ], SREBIR RN R EIL, K o EED,
TFEafTERER, KBEREM. HIt o FBE 0 ZRI A BN 2 )5
UL ERWE , A SCHR AT H b ef ) AR 3 S 2 e - IR R 5 8T
I i -2 Ak & Bt 22 58 (2-20) s«

[1_ 0]
_ gbest(t)
o= amin +€

A A2 B AR R B E B A

j (amax — Qi ) (2:20

18



S YN 1 e AT

H1 2 3 Q2-20)FT &0, 5 R 7B B I UG, WO- IR R BROR, R
RO, BN R RICAR. R T EE B ARG, W 4E- IR R BN,
FORAPRERERS WS, WX M7, R 1A 2 R 2 8 ) AR A 2R R

e, IR, K72 BB R X, 8 1Bt B A 2T
B UAR 94 Ry B L, A T ] 7 A S o 7 A 7 1 i R B BE LA B o AT D A
RN, EIRAR, XRPIHAE ™ A E RRsN, A Bh skt =
AR BRI TP AR S A A (22 D s :

X:.; = Xoq +Cauchy(0,1) (2-21)

KA cauchy(0, 1) bR HER] 78 5347
i B SE T EST QPSO Bkt T o, fiE T BEEM R R
St 5 &R BE(IQPSO) By T AE B an B 2-5 o

SHE: BB, KT
YR, WK R BGE

TentW S MG AT 2
|

Y

P& R A

FEH - IR R

i

TR T H b oA B EE A

FUVRTIGAE 564 2 T Qe
(e
}

BB 2 d I Poest

|

W HE AR Obest
/I\MSHE)IZ{E |Di-besl

s

B 2-5 Dt BT T R SR TR IR
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2.4 IQPSO HiA MR

R T EAE 1QPSO FyLAMFLNERE, ASCIEHL T Sphere. Rastrigin, Ackley
FI Schwefel PUA™ #2210 bR 50 AT SEEG B0 UF «  JGHJE Rastrigin A1 Schwefel &
AR 2y, HRellEENE R ). 1EH PSO 1 QPSO 1k L %

#* 2-1 MR

EAY N PRHCRIE Lb Ub fmin
Sphere f.(x)= Zn: X7 -100 100 0
Rastrigin f,(x)= iZ::[xf —10cos(27x;)]+10n 512 512 0
Ackley f,(x) = —ZOeXp[ -0. 2@] exp[ anl 0S(27; )j+20+e -5 5 0
Schwefel f,(x) = 418.9829n — Z % sin(yf[x|) 500 500 0

MRS B SR 2-1 Fion,  Lb Al Ub 4r BN RS B 1) R A B 5,
finin T ZREBCME . WEREHAT EENAR, ESHOKE T, =R
)R IR E . PR RN 2 (R 4 B B OR 3T — 3. AR m ek g0 I MR
i, SR H windows10(64 £ #1E 248, WA 5K MATLAB2023a #4, AT
S EE RS FAAT B Gt b7, XA FAENNR BN AT 10 K, )5
Gt AR, N TR BT IQPSO HL MRS, KA LL T IUANER:

SEYE (mean)TH AR (2-22) FiR:

mean = %Zm:besti (2-22)
i=1

PRt ZE (std) TR A (2-23) FiR:

std = \/Lzm:(besti —mean) (2-23)
m-1=%

e /ME(min)it B AR (2-24) FiR:

min = min{best,, best,,-- -, best,} (2-24)
B KB (max) THE WA (2-25) Fios:
max = max{best,,best, ,---,best } (2-25)

—FhEVEXT Sphere. Rastrigin. Ackley PAA Schwefel 10U B8 4 1) 47
ARGt 4R IR 22 fion. ROy =MEIEFIET 10 T2 8- A1E
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(mean)~ AUEZE (std)~ B/ ME(min) A i KA (max)

R 2-2 =FMEAI SOLPEREXT HLEs R

It R 4 RAEERD PSO QPSO IQPSO
brifEZ 4.9813E+02 6.3355E+01 9.1958E+00
FHME 1.7138E+03 3.7704E+02 5.0710E+01
sphere RORAE 9.1577E+03 3.5695E+03 4.4187E+02
B/ MH 5.3023E-08 1.1806E-20 1.5245E-35
bk 3.7085E-01 2.6698E-01 8.7972E-02
FHME 1.5432E+00 6.1666E-01 3.9599E-01
Rastrigin
RORAE 9.5264E+00 2.6586E+00 3.1496E+00
¢ /ME 5.0200E-07 1.0200E-10 8.1700E-14
brifEZE 1.7051E+00 1.2262E+00 2.0115E-01
HME 3.5700E+00 3.4987E+00 9.6339E-01
Adkley N 1.4808E+01 1.4636E+01 6.7074E+00
/M 1.2782E-04 5.7500E-10 4.4400E-16
FrifE % 3.27E+00 2.58E+00 2.25E+00
P 5.96E+00 5.60E+00 5.02E+00
Schwefel
Nl 4.60E+01 4.13E+01 2.74E+01
HR/ME 3.22E-02 1.14E-02 2.55E-05

9T SEANE M B IQPSO BLEAT PSO LUK QPSO U SIGH B Al ks
. B 2-6. KB 2-7. & 2-8 FE 2-9 A=FpEENH EIR 4 FhAS[ER 6 £ S

25 SR BR B R LRSSt 26 5

2-6 (a) Sphere =4t/
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T T
—_—ps0 |
———QPso
= 0PSO

ji|Eas

I I L L I L L I I
10 20 30 40 50 60 70 80 90 100

f(x.y)

| M

. J\“' ll | I "’»/’ 1070F

y 5.12 512 . 10715

Tt

w1
P 2-7(a) Rastrigin = 4K (b) Rastrigin S Hh £ K
10° I I
——ps0
———QPsO
15 ——1aPs0
100
10
g ﬁ 10°
5 &
"l"l
0 10-10 L
5
\// 5
0
0
10-15 | | | | | | | | | J
y 5 5 X 0 10 20 30 40 5 60 70 80 %0 100
JES 4
& 2-8 (a) Ackley = %K (b) Ackley Yt Sl 2 5
10? ; I
——ps0
———QPsO
' ——IQPSO | §

2000

- ‘ 4 10°F
“AM M MEAL L .
500 ‘““ ‘ “‘ ‘ r%w*z-

vV — L

0 4 h
500 w
\'Y"/\ 500 el

fxy)

Y 500 -500 X 108 * * * * - * * ’ *
] 10 20 30 40 50 60 70 80 90 100
AR
P 2-9 (a) Schwefel =#K] (b) Schwefel Uit &5 i £&

Kl 2-6 (a)ffizn, Sphere HEUNAN RA — A2 )mm/ME, HEEIGZE—A4
(BRI, 3 TR B UE BRI SAORE . IQPSO 1E Sphere bR % L HI45 21
W/ MEINY 1.5245E-35, 1&fik T PSO K& /IME 5.3023E-08 F1 QPSO K /IMHE
1.1806E-20. 1] Rastrigin iz ok £ 7E 25 7] vh B3 Z2 AN /il IME, B R Bk

22



S YN 1 e AT

MEZE I R /ME . W 2-7 (FTR, ZREBIEBRUT &S, BAKE
IR 2S . W 2-8 (a)is, Ackley BIEUEA —AN4 &/ MEMZA R ET
WME, BEERLTBIMK. Schwefel B%EAI Rastrigine Ackley 2Bk, BA—4
LR B NFIZAN R e, BRI AR e M T R A 2. W 2-9 (a)
7, Schwefel BRALEIME R ILBIRGE M o K 8 B 2 0 25 g 110 I o 50 mT DL
T A B B 4 Rl sise 7y . 4N IQPSO FEVALE Schwefel + Rastrigin B
J Ackley iR & B0 H B /ME 4> 7N 8.17E-14. 4.44E-16. 2.55E-05. (T
QPSO BN PSO BVRAE R e H b B B /IMEL. IXAKTL 1 1QPSO fEALFE R
2% e RN LA B (4 S 4 R AR R R

2.1 RE /N2

REH AT PSO HikLLL K& QPSO Hyk TEEME; Hik, 4% QPSO &
SECS A, 4 QPSO #EATERHEE:  (1)>R A Tent Wi b8 )41k QPSO #I4k
FEE,  tent RS ok B AR TR B 5 76 45 2 2% 1) P SE D350 & 3 A A g 1k, 3k 4
TR I BRI PRI ()R T H Am iR 00&E B AE B A A 4 - K &
#, {43 QPSO HERETEA R R HABURIIRRAL ), XAETE R il & A
A 8w RS BERIUSCSIOE R 5 (3)38 3 T 7 AR R SRR SRR B M BT R AL, Ak
H R AR, HEAFCE AR AR, AN A RS R &G, Eil
Sphere. Rastrigin. Ackley 1 Schwefel PNl p& Z06F PSO. QPSO LA /2 IQPSO
BEATIR . SEIRZE R, 54 PSO #1 QPSO AHLL, 1QPSO BA ALK 4
TR e 7RI ARSI B2
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£ 3E MEET = x5 EF IQPSO-BILSTM RIXIR
B TR R

ARFEE T —FhHET KRR IQPSO-BILSTM [ XGE 2 & TR, &
FESE WO TR P e M RS E 1. 5%, KA CEEMDAN b Ji 46 XU #4s i
AT R, SHHERIRE BRI B HET VMD IR0 R, BREEERME 4. K,
£ BILSTM HE7 5] X7 CNN F1 Attention, % CNN-BILSTM-Attention Tl
A, $EF BILSTM X T R #AFAE (B2 HLAE 7 LA Jn) B BERHAE O . B
K IQPSO %f CNN-BILSTM-Attention #ER! i S HEAT T4, T $2 mp A
e PE AN e

3.1 MR #RHE<IEIR
3.1.1 BEARZESS R

EMD /235 #5005 AT 1998 (R4 M5 5 /0 # /71, EMD J3 i n] LK — 47
5210 RGE KA B ) /R — B PR TP 41, X 2815 41 ] DA B XU
HAE A o T SR IR — R RSO AR AR R DL A 4 2SR o 1 41
B, B TGN IEF AT o R AN, EMD SRR e 3-1 R, iR
WIRWR
AR HANE T xOWINAE RIE SR e ORI ME R Ain(2), I IS (B TT
12257 IRIE B LR miman(0) T ELER R mmin(1)

IR 2 T BN RKLHFIIE m@) A RG-1)FR:

m(t) — (mmax (t);mmin (t)) (3_1)

N

N

B3 W55 (O EX—PIE m(r), AR BN —ADWIE RS 2 & h(t).
mﬁ¥ﬁﬁmm%,mﬁﬁmmm%¥ﬁ@mm$ﬁo,Mﬁ%LLyWOWQ
RGB-2)FR:

h(t) = x(t) -m(t) (3-2)

BB 4. B2 A, (55 RR v TS = IMP) M — AR &
nt). WMr(B-3)s:

r(t) = x(t)—h(t) (3-3)
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R 5: FUSTHRA B (ORI RSE RS, R,
ﬁﬁ@%%‘émm IFRHRA A, WA RIS 5 20, K
AT SR

Tk

U £ Ex(t)

|

Bl Jed SRR AR Jeg B AR /ME

SRR AL S 2R K I E m(t) x(Y)=h(t)
l A

iz _
h(O=x(t)-m(®) X@=r(®

A

o

BEAIE h(t) A2 75 il
JEIMF2 A

RI: rt)y=x(t)-h(r)

ol

TIEr(t) 7 P

A BRI

K 3-1 EMD 4 fig i A2
SR1M, 7E EMD Zrffid fE, JEek IMF I RAR 5 rmEr, naea &k
HEZMIERNE S, N1 5k EMD 73 g AEESIR BN R, HHRERE T2
Ff EMD FISGESE L, HA CEEMDAN J&—FHh & HA 20 7 i),

3.L2E§ﬁ£r_ 5%%% EEZX‘AEiu»5}ﬁ¢

CEEMDAN 73 fift A& —F 3T EMD 43 i & J& i SR 1 75 7%, 1E e o3 A
IR EMD 73 T EAFAE AR AN VR & ) J100), [RIIF CEEMDAN fE 73 it i 72
I EMD J3fi# e i) IMF 38, DU s o i HER ERIRR E M. ConARs 70
M558 x, ERTINE A EEE wn) JH A R G-4) 37 7 iF

x® = x+eE (w") (3-4)

X Ei()N EMD PAERIEE—I ST B, e NE i A KI{EEEEL,

w() AR . TR B ZE n A RG-5)PR:
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h= % i“"{ﬂel-a[w“)]} (3-5)

AT MRS 5 R M T

BRI E S I BRI, BRI MRS AR, ARG
N

imf, =x—r, (3-6)

TERE r RTRIINERS, 7355 B B RIRES R, ARG R

== Y M e IO T} (3-7)

imf, =r, -1, (3-8)
CACSHE, SRATEE kBB iR 2 A o &, A (3-9)M(3-10)F7n:

= M e E WO} (3-9)

imf, =r,_, —r, (3-10)
CEEMDAN 73 fiff J& B)ZR SR A 1l vl e 2 B ORI ARSI E,  IX R
XA B R LR, BUR AL A TS FE AR . O T pRaX— 1A,
ASCRIL VMD X CEEMDAN 73 fiff Ja 7 A2 i B A BORHES IR (525 7 B kAT iE
— B iR
3.1.3 BRRE D

Ay RS iR (VMD)AE 2014 £E4% Dragomiretskiy #2 Hi i —Fh 5 4 A8 7 1
Hm o i T, B — 4S5 0N K MRS E(AMF), S5 IMF #5EA F
ORI FE . T VMD 73 A e il i AT I B 7 VAR 2 A IMF [0
B, A KA IMF f s fd N . 25 KAERON, BWE A IMF B B0k,
SER-EEZEFEE, 7 KMERK, 24 IMF B0 m K NMEE, 24
WM, Rk, 7 EARE O R E KK/, VMD 2S5 i A

B-11) s
0, Kc?(t) +lj*uk (t)}ej"’kt
it

2} (3-11)

Kb SR E S,k NDBANEL {wy WES TR, (o NTOIE. N
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KA ARME, GO RGO SR W H e, i (3-12) R

L({u} )az {( j Zu < ufm-;wm> (3-12)

X AN EHIRT, o RETSH, FIHAZE T FRTIE(AMMD)XY A
NB-12)ZATIECKAE, 15255 AX(3-13):

f (@)-24 (@) + A(w) ]2
1+2a(w-o,)°
[ ol (@) do
[7lar (@) do

A Hw) = A" (@) +y( f () —Za:“(w)j

ejw

OLHI (C()) —

n+l
=

(3-13)

X n AIERIREL o WHRIE, y ARFEREE. e A G-14)1, ik
Re& k.

An+l AN 2
U~ — Uk 2
——f<s (3-14)

AN

Uy

2
A e NSHEZE .
X+ CEEMDAN 4t ja PR T 751, R VMD AT k5 fé,
R AU BHRAS S H E 2e b, IR E A TS 2

3.1.4 HEF kS

FEFE(PE) 2 — Fi F T4 & I 18] 3 ) 52 2 FE IR AR Gt D7 v o R 270 A P 4L
HAT ORI 1 200, [HEEHE 0, FRoRE 7 AR, 5 RT3 m WUE
TR RS (R s TERREEIT 1, ORI )7 R A 2%, S5 PRI A Fi )
LR LS HEF R S i) BB 3R R .

%1 o3 iR fa RS 7y s i AR A ) A AT AR BB RO R RS Y, A a((3-15)

F7R:
XD  x@+t) - XL+ (m-=Dt]
x(2) x(2+t) -+ x[2+(m-=-1t
Y= x(j) x(j+t) - x[j+(m-Dt (3-15)
X(K) x(K+t) - x[K+(m-Dt
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¢ AR ], m R ANZERL, K=n-(m—)t.
LR 2 WA Y AN E R =R IR T E R A RS R A A
(3-16)FT7:

r(@) ={i I in}k (3-16)
X g=1, 2, 3.0, H n<m!, PrafFIERIEH mIM A fE
SR 3 Gt A RS P AR, A RG-17)FR:

P())={R.R,.--R} (3-17)
A PRI S H B AL
AR A THEABRE, A G-18)FR:

k
Hp=-2 PInP (3-18)
j=1

DYR 5 N TR S IRNGEEETE R, T BAEAT b AL AL B AN 2 S (3-19) B

hye = —~ (3-19)

3.2 HEFRREZ LK

B RARHZ W 28 (CNN) & — A T RFAE SR B PR AL R TR JEE 22 SRR, B
FIBETE RIBRIET AW RS, JUHRMRE H s n a4, il 3-2 pr
N, CNN W EESGMEFEMAZ. GRE. Wz, SERENUEHE, X
SR IEIE PR AR, BENE A ROh SR U A Bl BRRE, R RS R 1
MEEFAESS

=
NI

itz
BRI EE
Kl 3-2 BRI Y 2
7t CNN i h 38— Zt 2N E, FH THi N\ 75 Z A0 B G . X248 AMY
REMS N —4EEUE, eV LRI 4t B 2 4R . N E AR S IEA AT

N
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AT, SN R AR R X S Bl A3 45 R SR B AR AT A 2E
ERUZZ CNN 07y, B SRR N JE 3 S Bt 3047 =) 1 Jak
FIAVRFIESEI . R HdE o — 4l e a1, B RUR AR R 3-3 o

T

1*M FFAEHE AL AR RN

HREIK
& 3-3 ID-CNN T.4E 53

— BRI WS IR EIR R i i0 T AT 3, RO SR —E P, 1t
FRANMLE ERBRER, X RN 7 A A E R ERAE . R
RAE SR IS 2 W0 BR O AT AR ARt . B A Z R IE SR I N 22 2X(3-20)
I -

feature = p(W" ® x +b™ (3-20)

X, C)RBIEREL whs x B b 43 SRS AZ AL R 7 1) &= %
e WNTHI R ) AR 2 ), OR BB H.

WO BRBUR FRAR = CNN B R ARVERF I, 3L RE IS SR IR 2% HOARFALE
an RG> EOE B BN S R R S RN G . W I BOE iR
Sigmoid RAEL. XK 1E V) R %(Tanh) DL & 28 14 #4302 B (Relu)

(1)Sigmoid B %

Sigmoid ¥ B AR IE R WA RG-2) P, FHERIAE A (3-22)
F, 5 ek G S RS a0 ] 3-4 FTs .

f (x) = Sigmoid (x) = ﬁ (3-21)

£(x) = (ﬁ)’ — f(0- f(X)] (3-22)

A x 4 Sigmoid A BRELHIHI -
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> ©
n @
X

Sigmoid(x)
o
d(Sigmoid(x))/d:

K 3-4 Sigmoid BRI FHOREE

Sigmoid # 5 A x B ZI[0, 17T N . Sigmoid J5 B £ & U ] 3-4 1 €4
AP, & —%MN0 21 KFE Sz, & x Bl TIELT N, Akl
x BT ﬁ%ﬁﬁvﬁﬁ.?”)S®MM¢ﬁ.%m.34QQE%%$,%

— 2k HRAI S I 2R . 2 x $50E 0 B, Ax) S EEIT 0.25, Hxim® 0 i), )T

& T 0.

(2)Tanh B %1

Tanh 3 R BB R IA RN A RE-23)FR, SHEERER WA G-24) A7

J o B G AN 3 B R N ] 3-5 P

g(x)=Tanh(x) = =5
e’ +e

(3-23)

9'(x) =1-(g(x))* (3-24)

tanhix)
- = = dftanhx)yidx | 1 0.9

d{tanh(x))/dx

FEl 3-5 Tanh B ¥ J 3t SHUR

Tanh BRECH Sigmoid RS YE BBl A0, 11808 T [-1,1]. Tanh JE R ZE an & 3-4
WEMZRR, 2% -1 3] 1 E STEIIZ. 4 x Bl TR, gx)E
T 1 x BIETRESR, gx)@irT-1. Tanh SEEGUWE 3-4 @iz
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AN e sk ESGRE A . G xBET 0 B, g SEUERIL 1, HxImE 0 I,
gx)FHEILT 0.

(3)Relu B %

Relu ¥ AU 2E R E R A R GB-260) R, FHERER WA RGE-27)0r
s R R EEAT EE G anE 3-6 FTR

X, x20
h(x) = Relu(x) = -
() = Relu(x) {0, (<0 (3-25)
1 x>0
h'(x) = {nude fined x=0 (3-26)
0 x<0

ReLU(x)

= = —d{ReLUpx)yicx | 1 0.9

d(ReLU(x))/dx

K 3-6 ReL U bR #i b L B =

ReLU JR ek H & an1El 3-6 i Ze R, & —2%%& —RAEFEHDy 0. 1E2F
HONREEY 1 MHEZL. B xBEiETIERSnN, aeEix FIEss: <@k T ik
FimF, h(x)—HEN 0. ReLU FHEMRINIE 3-6 ZLEOHIL TR, &AL FHNy
0. IEFHN 1 KL, 2 x BIETIELTH, hx)SEH—EN1; xBiET 7
TEFHE, h(x)FEH—EN 0.

Sigmoid PREH M HETEEZ 0 2] 1, @&l TZ M #. H Sigmoid BT
£ x I REGL /N, BRESRAIERE NEESHR, R MK IR
%8 . 5 Sigmoid REAHLL, Tanh BRECLERSEEVE R B M & EA Prgzfg. H
Tanh B H)THE E R TR, SRR NS INGRBNSEE . ReLU #£ x KT 0 I,
BOIETE Y 1, XA RO 1R R, Ntk 7 Ha Ml ghiE . HAv,
ReL U 7EIR L 2 > thAF AT

Ak = R T PR 4E AR AR T 0k o B XGE TN o, AR AR T LA 2K
MR DR IE B RO AR, DR B B R B HOARAE, RN BT SRR R, Pk S
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A B A B A A 53 A U0
AL

7
~

AR

[l 3-7 BRI AP35 S

R RMAG R i AL f 12 S R ) 3-7 o o okt Ak di i (B Jm i 2
PR ERORAEL, 80 1R B 2 R AR e RE 7, R oI RAE, RE
el o0y 540 35 TP ITHSECET N RSP SME, DR e R R, JE P
B, 2R EEE 0 340 2, Rl E AL, AT DUEEE g E S
g HRARRYERAFE, 2 KGR EE T Ko sl T B SGTE B A (122
WS, A7 BT i R S A L

o HERMBREE, SEANEERE. SERE T EEHEZRENER
ANBAL JZ S BRIk R i ) e 2% g o 2 ) o AESX— SR, A 0 e Ok
SINARLANE, (ERME M REN L& E R RN B R M — 5%k
Dropout) K B I 05 o FEALBEXGEEAR N, 2345 )2 ] DURE S B XT3 AL
5 RGEFNAE 2E AT SC R . oy tE 2 2 Bl A TG 25 2R o A2 U AT 55
Rl B AN RS, R TN ARG

3.3 MEHKFE AT 12 4%
3.3.1 fEINRLE 4% JR TR

TEAFPLE 48 (RNN)E — R EAG AL N LM, T 485
. SEGRTEATAMSG AR, RNN 257 258582 14 AU R T
21 TP 20 N T2 A N BB 3 R P 2 i B S ) s A kU0, RNIN
H AR RN 3-8 Pn, x AZHETINZIBAN R, s O H RN ZIBSR)Z, o N
AT 200 2 s T — I 2Rz -
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0
Ot-l ot Ot+1

v
N T
w
Tﬁf‘—"

S

—’O Q Q—’<: "
LT I

Xt-1 Xt Xi+1 X

K] 3-8 RNN L1k
RNN 7E ZI| ¢ BR5ERJZ R WA R (3-27) s :
s, = f(ws,_, +Uux +b) (3-27)
A s BT Z ¢ RRRCIRES, x BRZ t EIN, fRBUEREL u w2
HHRE, b NWED fHE oA (3-28) i R:
0 = g(VOSt) (3-28)
X g BBUE R, v IBEFRERE,
3.3.2 WEHCFEERIC 12 4%

RNN 7EAEFR K (BT, P RE 2 HH I i 2R Bl B P RN 1) . B
TR 2 8 RNN W2 Bt RS EERE R, s BRI ENR K LT 3kE R,
P e e 48] o PR AR B ) TR B2 O 1 fifiX — ) @, Hochreiter ££ 1997 4
PRI IZ N 2 (LSTM) R T 541 il Rt 7207 LSTM (1 AR i 2 4
Kl 3-9 firw, LSTM BSR4 19 7 i 715 B, ffk
RINN #1229 6 1) 85 Y 20 AT BE I e

htﬂ

tanh

tanh o

Q
Q

ht-1

i

a
.
.
.

!

3-9 LSTM 4544
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BRI 2w e WAL T 1145 R RLZ M2 3 eHh B3, BT 1At
(3-29)Fi7:
fo = oW, [h_,x]+b;) (3-29)
X o & ReLU BIEBREL, Wit s I I AL FE, Ay 2 E— AN RS )
BRsgCRAS xR AT TR N
BN 6 BT U TR (45 B I N B AZ e . BN T A 5X(3-30)
FARG-3D)FTR:
i, =oW,e[hy. %]1+b) (3-30)
G = (W, 1, x1+b,) (3-31)
APe diZ B NRE, RoaBE BNREERE. LM TIMEEE,
RN MBS R RS B
I BT E B I A R (3-32)Fin:
c, =f oc ,+iO¢ (3-32)
X e MIBIZ R IOIRAS .
B 1 1100 70 B e TR A JRK AN PR AS R iyt S R AE Dy 4 T R 220 F B R
WA Fh T T A (3-33) A (3-34) FiR:
0, = oW, x1+b,) (3-33)
h =0, ©¢(c) (3-34)
AT e 2T I () 2 R BEBOIR S o
JRGER 14 A8 A AN AT 25 ) 200 0 XUEAT %, 35 R 1 RGBT 6. LSTM A
RU0] LAAT RO A2 HURT — I %0 0 B RR AR, B0 CVR RIS SR R E . DR G AE
LSTM BAY [ HER B4 th 1 — M) KA I AZ(BILSTM)RE Y, 1245 7Y 40,25 i
ANJE. IER LSTM &, [In) LSTM BUR i =02, 4nfs] 3-10 R, £ BILSTM
i, HHRTI LSTM B HHE VR, JS 17 LSTM (K% Hi(E Rt , S 46 iHt =
[ht, ht]-
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H, H, Het H: W2
\ \ | \
LSTM; |« \ LSTM, |€----\- LSTMy e \ LSTM, JELSTM/)Z

LSTMy f--f-vve-- > LSTMy LSTM, HIALSTMZ

T

LSTM;

A

NZ

3-10 BILSTM %14

3.4 EENNHIRE

= JIHLH (Attention) & Y5 T AKX T 5 AUE BIFEEL. 1 AT K
REEER, SHAOGEEZERS, ST IS 2 S 28, DLUkigEE
EAC BB AR L), #E BILSTM 1, W] LLidId Attention Y%A [RIRHEALE,
F T EBERRHE, 2 THRRIRCE, —RIRHER THRANIRE, ZHRTR
RFIEFIRLE . Attention Z5 U0 3-11 BT, Attention EARIE H W R BT

H eI tanh BR OB AN H R AR OGHE S, A (3-35)

S, =Vtanh(WH, +UH, +b) (3-35)

X HONBRERS A, vV, W, U, b AEETESH.

HIR, Xt Sy 247 sofimax H—AA33] an, WA (3-36) 75

exp(S,)

S exp(s,) (3-36)

FFHERJIBE a, % BILSTM %0 m) S e AT IR AT, 15 2055 25 3,
WA RG-37)FiR:
F=>" axH, (3-37)
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Attettiot Value(F)

a.2 < at' 1 [

$oftmax

g P S
g U g g S

1
|
|
|
|
|
1
|
|
|
|
|
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

=1

H; Hy r Hi1 H:
& 3-11 Attention Z514)

3.5 fEET X9 R F0 IQPSO-BILSTM B XLiER LA & Tl 1R £y

AR IEET IR RAT IQPSO-BILSTM f XU ZH & PR A, EL A4yt
FEanpE 3-12 F1E 3-13 fow, APIRIFR:

AR 1 BAETALIE . S AR KU EHE T R AR R B R . N T R
BRI, FREXEBEERIEATIEGE, JHWE B R A T VKA 42 6k
SRBE o XTSI R AR R R R RO B, AT RLUE B [A) S S — B )
RSP 3ME, RN AR B B il T B B2 1 K123 2 B T AL 3 v ) 5%
PP IR, W I HAE R O . IR AR . ISR T A
gk, SRR TIRBBA NS4, DA A T R &Pl B R Rz A R
JJe AR 85%MIBHARIENNZLE, 10%MEIE NI, S%MEHRIE )
M. XA 5y 77 sRE WS B ORASE BT 206 OB 2R AT I R, R AT — g Ll
151 PR B8 FH T S0 AE T o

B 2 WHRGEHHRLAT K iR. CEEMDAN & —Fhif i EMD J5i%,
RESH R It 5t EMD ISR S M@, #id CEEMDAN 73 fi#, [5G XU
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HARWE R ZATIRH, AT IR 1A E I 8] R i KGR AR AR .
BRR, UWEEANTIRIINHETR . HE51005 2 — P & I8 (8] 7 51 52 2% BE i) 46 4,
WAE R RIS PP FI I S 8 PRk, BRE LA o sl vk S AN 1 2 B4R B 6
A AR S5 R A7 e 70 oo SR AR 52 1) S T S M fe oK. R, HEB RS B
T A H AR S R BEN LRI AR, X 28 7 51 (1 2 AR RS B TROIKS 2 . A
Tt B AR EIE AR, SR S R TSR VMD BEAT IR
VMD & —Fpde T4 3 R IS 50 i 7%, Be IS R E S a2 BA
ANE O ARER FEAS . I VMD 2, HEF G B e 0 SR — P R
ZA R AT, WIS 7 HE ST

AR 3: 1% CNN-BILSTM-Attention Tl #5%! . CNN-BILSTM-Attention 4%
N 3-12 fos. B2 MANZ . A ARE#E v4id CEEMDAN-VMD
SMRIETREA. 852N CNN 2. @i 1%3 BN 2 B0 0 B 347 5
AR AIRFAESR A,  JFKH] ReLU WOk B #d2 5 CNN B EAEZ IR . @il
R AL, NEE R B P R R B R AR RE. B=EN
BILSTM Z. 1ZZHA N KR T CNN ZHEHUH R HBRE, @Al
I TR R Tk S RS, G A AR N R R 2R . i
BILSTM F¥J A [e1) 45 14 of 5 4hs B I PR PR kAT i 92 . SEVUE N EFHE, MILEFH —
S22 o0, BRI A . SETFE N Attention JZ . 1ZJZ RN BILSTM B&
= P, 8 Attention FREVH BEEAF R, ZRSICRAGE, HEmTumiEi Ay r
KRR EYE. SBNENSERZ . WMIEXT Attention |2 7 WL 13 1) e &
TR . B-EEAmHE, e .
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BNJZ

BRI AL R

T .

Dropout

Attention)Z

EIERR

i =

] 3-12 CNN-BILSTM-Attention £ &

IR 4. K 1QPSO Hikx%t CNN-BILSTM-Attention Fill#E A S Hudk 471k
. TIQPSO HIMAL B A5 A2 de /MU IS UELEE 113575 1R 2 (MSE), WA X (3-35) 7R o
TR SR S A 2 [ W5k 4-1 Fow
13 2
MSE = — =Y
Nt (3-35)

A NOANEFEARR R, i RGESERRME,  yn S RGETIINE -
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R 4-1 BAE S ARG

FHESH AR e
S ES [0.0001,0.01]
BRI [0,64]
BILSTM K& B £ 03 [1,256]
TRE [0.1,0.5]

)RR OBE PRI S, Yo TR BE YIS R i Sl
P FIAR EPETY . BN BRE T R 22 I 2 of XU Ja) 3 RS AIE HE L) g
751, BILSTM K&t & JZ A48 Je Rtk 1 A2 I S 0t T XUT I P S B
FRB W7 1L E W 28 1 LA B —Fh B WL 7732, @ E I SRl B2 P B AL 57
— e, R AR X S HGEE N AT R, TR BRI S
DA R A (10 v A e R e

WA BRI R, 1QPSO AeH | —HE M S, #15 CNN-
BILSTM-Attention 17 7E 56 iF 45 b (KR BLIA B e fE, AN [ (1 I 4232 AR IR
Mg, BNTRAISHREARNSHEAE. RERRHSHEHAE, HT
M AR P TIAT 55

AR5 BRI IR ) CNN-BILSTM-Attention JHII AR 56k A0 N1 15 41 1)
DR FEAT T, I % 00 45 5 BN, 45 31 fe 24 1 XU PNl &5

AR 6: W TSR BAS A EAN R e PEAG S . 1 SR 2 PR AR AR, W
B 77 R ZZ(RMSE) T340 5% 22 (MAE) LA K Yt 52 22 BU(R>) A2 () i e 24T
5 . RMSE X KiR ZHABUK, 7T LA B S MU AL () T 226 e, n A =X
(3-36)fT7~ . MAE B3 R T 12 22 13K 7, A RG-37)Fir. R* H
TUPE R R A ), BRERAT 1, UGB AL O I R R g, A
(3-38)Fi:

1 N
RMSE = [—> (Y,

N (3-36)
YA

MAE = — Yi—Y
N (3-37)
Z(yl yh)2

R? —1—;1— (3-38)
2.y,

i=1
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X NARGEFEARS &,y IRGESEEME, yo ARTETAE, i A RTEF 51
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= 0.9085 0.9957 27.7750 0.9422 0.6076 10.6125

WK 4-16 £E 421, # 4-6 MFE 4-7 fi/n. CEEMDAN-VMD-IQPSO-
BILSTM ol 458 54 1A% S ) 2 (4 458 3 o A Tl 20 B0y 38, Pl ui A 284 pp o 3%
IR T, EFEA A 1, CEEMDAN-VMD-IQPSO-BILSTM HUBHilll ) R? A
0.9798, RMSE }0.1950m/s, MAPE 44.9379%. 7 — Tl &1 R? f#K T 0.0623,
RMSE #2151 0.6757m/s, MAPE #2751 9.338%. A SCHJEERIBAIIEREA A 1) H
AT H R, RMSE, MAPE 73515 0.9846. 0.1813m/s\ 3.6667%. TEFEAS A ]
=B R?, RMSE, MAPE 4514 0.9564. 0.5920m/s. 7.4213%. fEFEA B
=B H R?, RMSE, MAPE 7314 0.9422. 0.6076m/s. 10.6125%. A L,
AR SCHIEE LT RS A IQPSO-BILSTM F JR 5 2H 45 Tt A 70 F ks 25 34 v
F CEEMDAN-VMD-IQPSO-BILSTM. [Klitt, 1M A ST 5 ) S0 A BY 15 AN 18 A&
BRI A 22 55 TR F 35 R R 2 v P TS
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4.4 LI REBFIEMIGIE

NSRS SCHEE 12 T R0 iRl IQPSO-BILSTM (1 XU 28 £ F 5 3 1,
EHEmMREEE, AZFELITFHE IQPSO-CNN. IQPSO-LSTM. IQPSO-
BILSTM. EMD-IQPSO-BILSTM. CEEMDAN-VMD-IQPSO-BILSTM % % L. fi
RITEREAR A FOREAR B SUDTRIN, —DIR0IN CA R =B 300 5 22, 45k 4-8
P

FEG T AT AR () A AT B HORE BT . AR RGE T R 7 2 RN B R
BT SRR (A e It o SAFEA DT ZE ORI, R BB A 1, AR R e
BZ: RZ, BREARTTZEEUNY, B, R NS5 RO E
A EEEE

£ 4-8 FAEB M T7 2 (m/s)?)

TR AT =BT
TR

HAA MHAB HAA HAB MHNEAA FAB
IQPSO-CNN 0.6984  0.5993  0.8865  0.8342  0.9008  0.9118
IQPSO-LSTM 0.5204  0.5586  0.7855  0.7961  0.8762  0.9042
IQPSO-BILSTM 04593  0.4654 05428  0.5396  0.7618  0.8755
EMD-IQPSO-BILSTM 0.2067 02047 04975 04623 07242  0.7514
CEEMDAN-IQPSO-BILSTM 0.0816  0.0830  0.2031 02128 04135  0.5543
CEEMDAN-VMD-IQPSO-BILSTM 0.0402  0.0398  0.1196  0.1514  0.2804  0.3241
AR AR 0.0314  0.0269  0.0885  0.0761  0.1561  0.1486

MR T IEAR P LAE Y, AR SCRERLZE BB RO, B RO DA R = Tl
IR T EBGE IR E M. BRI, ASCEIBAEREAR A RIREAR B T 7
Z 558 0.0314(m/s)* Al 0.0269(m/s)*, KT H AR, 41 IQPSO-CNN [
0.6984(m/s)*> F1 0.5993(m/s)?>, LL K& EMD-IQPSO-BILSTM HJ 0.2067(m/s)* Al
0.2047(m/s)?s IXFKBIIET IR 4R AT IQPSO-BILSTM R 414 T AR Y 7F F.
AT R E . AE B =B, BEAE SRR, &R TR A A
ffa e PEER T 46 R B . 91U CEEMDAN-VMD-IQPSO-BILSTM fEFEAR A f)
M=, 25 MEFZE 0.1196(m/s)> 1 0.2804(m/s)>. CEEMDAN-
IQPSO-BILSTM TEFEA B ) — B Al =Bl vh, 7 25 43 R F+ 28 0.2128(m/s)> Fl
0.5543(m/s)*. A SCHIM R I ALAEREAR A FIREA B B =220, J7 2%
3N 0.0885(m/s)>. 0.0761(m/s)>. 0.1561(m/s)> Al 0.1486(m/s)?. iX— 45 K H,
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B TG K 80, T R A1 IQPSO-BILSTM i) XU 2H & TR A 7Y 475
SNEEF R E IR E .

4.5 RE I

AR SR FH P 58 3 U3 2018 4 7 H AT 12 F 1 Sl XU 5t ol i g XU 7
SRS PR Aff 1k B U AN AR E MEEAT IR E . B 5%, fH CEEMDAN % i 46 XU# 25
AT TR i, IS AR BRI . 5 T HEF BRI ARES
Sy, SRH VMD BT HE— B 1) ki, il oD AR E iR E R B,
K TS BN 5 i N ) A ) R AEXT L SREe T, SRA T 2 R
fE N Xt BB 4, A # IQPSO-CNN. IQPSO-LSTM. IQPSO-BILSTM. EMD-
IQPSO-BILSTM. CEEMDAN-IQPSO-BILSTM L\ & CEEMDAN-VMD-IQPSO-
BILSTM. i#id R2. RMSE. MAPE DL 77 75X & A0 (1 R PR AAS E PR AT P
flio GEREW, T WRAEA IQPSO-BILSTM R 4L A TR AR 7 HLA7 5 v
(I TIINAR B A e v, AR TR R AT R

58



o N 2 T e A 'S

FL5E FLERE
5.1 A&

JRRE K HL AN RE % T AE AL AU AT RE IR T SR DR 3 A8, 18] DA gk AE 2
e BE A % . | T XU BE I BENLYE RS 2 Pk, A7 B 0 TINS5 A A v 1
ROHEAT RO TN o PRI, ARSCRA ORIl VR B o ST B DL R A R0 9 B i
FLfl, MBIET IRMEA IQPSO-BILSTM ) RGE L& FAERS . 385d — ko
fife kot R BEAT B M 4 fif, BILSTM 454 CNN 1 Attention & HUXGEAFAE, IQPSO
FOEEIE AT, WE TR FETERSRIT,

(1):XH CEEMDAN-VMD 5 Jii 46 XU 24 1247 70 . CEEMDAN 43 fif g %
A RfE Y EMD 43 fif = A S IR B IS, 7T LUK KOS 4 73 i 2 A6 U
75, I FEARERE 2 sk #25E, KA VMD 73525 CEEMDAN
O3 G I HE R = 1) T e AU kAT B — B A i, B PR B s 1 T A I B
J:FE. 18id CEEMDAN 1 VMD [ E 7, v LA AN 755, A
T4 AR AR 1) RO A

(2K FHCNN. BILSTMUEL K AttentionH 45 & ) TRINAR AL . 38 i CNN#& HUX
A B R R REAE . R FHBILSTMI AN T] L 38 5 T 1At 11 R4% 145 2 1o
By, AREE XL 45 KA R IRUTE O 1 B M AT A 4 . 38 I Attention 2 B H HE B
B RESTERAGE, SEm TN AL RS A AR e 1 .

(3) R HIQPSOH %X CNN-BILSTM-Attention Fll 5 A S K347 AL . 15 %C,
K F Tent B35t bR HHT 46 1 QPSOWI LA TN, {3 I BE A% £ 48 2 7% [|] N SE 43 2] 73 A1
A [V, G T ORI R R AR R T REME . SRR T H AR B HE N B AR
el gi-IE K R %0, {13 QPSOBE RE7E 4> R 1 R I BA BUR IR R e /1, X HeAE
Jei i 1 2R s LA O e R P RS SIGEE T o 3 3o A P AR S SR SR B 24 Wik AL
B, HBH R, SENE R AR, SR EE I A R A R R
¢ J5, #idSphere. Rastrigin. AckleyHlSchwefelJU > it 7Y p& %5 5 IQPSOFK) 4 J=)
R A ISR AT IR . WL IQPSOXT FN B AL (B S H ik AT ik, CN
N-BILSTM-Attention TRl PEREFF B [ 3 — 4Tt

(AFIH A S F R 2018 45 7 AR 12 A K RGESEE T BB L2510
Tl f£/ RMSE. MAE. R? LA J7 ZE WAL AL RS 1 RO AR PEEAT VPG . IF
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PAIQPSO-CNN. IQPSO-LSTM. IQPSO-BILSTMZ: Fiilll #5 Y /E gt WA 4H . 5246
GESRFH, AR T IR R AIIQPSO-BILSTMAE H A5 B vy 1) TR A

R
52 T1ERE

AR T HT RS R IQPSO-BILSTM [t XU 2 A AR, 5@l R
[ 5 SR 30 AE T B (R AR P . (BRI R B e . AR I
FE 77 1A R E AR

(1)CNN-BILSTM-Attention #5254 /£ 1% 30 s AT, 3% FH B2 B2 BRI RT3
TERREL, SR R U R B 2 s AR A R AR . IR E IR B e 2%
JE B 22 (B0 R A

()R 52 2R T AN s RO B sE i, 82 B R BEEHE
SO, ROR 7R R 2 (R KU R 3R

(3)AR SCI R XU Kt ok N 5 S XL, AR T R A b XU B AT AR T
NFEE . KRR R EATE 2 T

B

=
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