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B> % (Blind Source Separation, BSS) #x /& 1 Jutten Al
Heérault PR 500 A 5 70 2 1) /T 6 i — M A BIR 245
ST FINEMSERUE, TERME S LA B IE G % S8R
RAMEOL T, SIS 5 MR EME 5 R B T2 15 55 ok

MST %y 538 (Independent Component Analysis, ICA) F&—Fffi#
RERVEBERS BSS ML STk, ICA FRAEIR(E 5 IS A5 B
RACTE, KNG 5 7 i A T AR AT e Aoz 8 58 4 G T 1y
G5 Ry, KHAEREGE S —Fa Bl . A -, SEL
FKEFH SRS TR E I BN B BRR RN [ A R AR
HIEE ICA Bl AETHERA. HEARE. BEAE S
WA, TSR, WEEEZINARREYFITNNERK, —HET—
YA ReRACEEN B AR R TR, JRIGHALN BSS 4, LA
e IR TERE

TG R BERAL SVAAE iR BSS )R T A7 7E R 22 BRI,
ALAERTIE. RE BSS IRABAGEATIRAN TSR, 1, it
A S ICA HUERE, A TRf% BSS WA, Frid TIEa T HTA:

(1) ¥ o 3 fi A8 4L 5535 (Improved Whale Optimization
Algorithm, I-WOA) N T IEE BSS %ik. 1, ZiEE5i1E4:
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/N AL AR R
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Research on Blind Source Separation Method Based on

Improved Intelligent Optimization Algorithm

ABSTRACT

The Blind Source Separation (BSS) was first proposed by two
scientists, Jutten and Hérault, as a method of dealing with aliased signals
by studying the problem of signal separation. The essence of the method is
to separate the independent source signals from the aliased signals in a
relatively intact manner, when both the properties of the source signals and
the transmission channel parameters are unknown.

Independent Component Analysis (ICA) is a conventional algorithm
to solve linear transient BSS problems. ICA is based on the independence
of the source signals and with the help of optimization algorithms, ICA
decomposes the observed signal into a number of signal components that
are as independent as possible or completely statistically independent,
based on the independence of the source signal and with the help of an
optimization algorithm, which is used as an approximate estimate of the
source signal. On this basis, experts and scholars from various countries
have proposed gradient algorithms, minimum mutual information
algorithms, fixed point algorithms and so on. However, such ICA
algorithms often suffer from problems such as high computational effort,

unstable algorithms, and lack of accuracy. In recent years, many scholars,
11
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inspired by the behaviours of various species in nature, have proposed a
series of intelligent optimization algorithms solved for the optimal value of
the objective function. And integrated them into the field of BSS to
improve the performance of the algorithms.

Aiming at the many shortcomings of traditional intelligent
optimization algorithms in solving BSS problems, the paper integrates the
improved optimization algorithm with the ICA algorithm for solving BSS
problems based on an in-depth study of the mixed model of positive and
underdetermined BSS, as described in the following:

(1) The Improved Whale Optimization Algorithm (I-WOA) is applied
to the field of BSS. Firstly, the method addresses the problem that the
traditional whale algorithm has a more limited random search range at the
beginning of the population iteration, and adopts a chaotic inverse learning
strategy to perform initialization operations on the population to improve
the population richness; Secondly, a Lévy flight strategy is introduced to
perturb the position of the population to avoid the phenomenon of
premature maturation convergence; Finally, the optimal solution derived
from the algorithm is used to adjust the step size of the gradient algorithm,
which somewhat reduces the steady state error of the ICA algorithm.
Simulation results show that the improved strategy has significant
advantages in improving the convergence speed and global optimization
finding ability of the optimization algorithm.

v
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(2) In order to solve the defect of insufficient sparsity of observed
signals in the underdetermined BSS problem, an underdetermined BSS
method based on wavelet packet hybrid optimization is proposed. The
method first decomposes and expands the observed signals using wavelet
packet transform, and removes the redundant signal components using the
value of interrelationships. Next, the number of source signals is estimated
using the singular value decomposition method under the Bayesian
information criterion and dimensionality reduction is performed through a
whitening process. Finally, the spiral position updating method in the
whale optimization algorithm and the Lévy flight strategy are introduced
to improve the grey wolf optimization algorithm, and the improved
algorithm is fused with the ICA algorithm to achieve the separation of
reconstructed positive definite whitening signals. Simulation experiment
results verify the feasibility and effectiveness of the proposed method.

Chenzhi Wu (Electronic Information)

Supervised by Wei Li

KEY WORDS: Blind Source Separation; Intelligent Optimization
Algorithm; Whale Optimization Algorithm; Gray Wolf Optimization

Algorithm; Wavelet Packet Transform
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1.1 ARES=MENX

FEREHE1E EALRARRI 2R, (5 B HEOREAW A K, MR, AIxT
PRI BB A5 B = RO E MHER R T m &R, G SURE, fEC
VA5 S AL AEE RGO T, A8 D8 A BEAT B8 AL P Y U7 AT LSR5 = 1Y
oy BAESS . SR, AR FRIAEE TP AR AE — STk e e A T, R BEURE S
5ERBERMEE . N TAREIAFIKFIE RSN R, 7 2R
RABIE T 0 B EOR, KRG BB G TRk, HHRTTEA:
INBAR R, RIS AR, ARSI, BREX A, BRI SEEL. TAE
A AN B VR A A AL B AH SRR PPIRGL T, FIRSE AT RE 2k &k, BSS 1EAME
AR SO — AN EE T A, W] AR T B RS E R R BB L, A
MME 5w B AT $2 B Pl 75 B A RS S o 1R BEE RR NS 7 A 7 S0 B R R 3 OB
YER, BAEAEMETY . B-idfs. @EHEE P2 s M)z .

HeAh, B2 SEbrig SRR, UG 58 H SOIIE 8 H AR RFF— 3 £
AR B B B W D TR S IEERPIRGL T, B A 5 B IR ) ) & i e R
%€ B J5 7 25 (Underdetermined Blind Source Separation, UBSS)f =35 ] i, 53 4t,
RV S B EHR T RGNS E, TEMROI VB E T ES S
(Overdetermined Blind Source Separation, OBSS)[i] i ,

ICA SZ MY BSS Il UM B WA e e R i) — M2 800735, BRI S5 R fig 5,
G EIRT N )2 o R EE B AE TR B — DL AR, RN 2] 7R
G5 T RN — RIVG LB, K% B Z TR G T ST 1 H A5 5 1R
NS SR, (B2, %% ICA RZEEKEHEELR, FBEEKRME
HETE, FOERBESIRE. b, ICA ARSI, FfFHEE
s sios B2 ie B A = . R, JReE 2 E A se U R N H T
BSS @ik, FERMCA LT AN G, DA SR T SRR

BREMA SR NI R E 2 7 H 2 AR SYMAT AR K, MiREK—

|
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FILF A WESREAAE T o H b eR B DU B SR IBUR LS, AN
T T B R, B TR B AR R BOESME S L R IR 2R, (]
P EAEE 2 RN VG L

EAESCPRoR AT, ARG REAL IR P AF R ISR B8 . ) BN R i i
LR A it o Rt Ja 0 R REDL AL TR T B R, ) DA RO
BSS SLkHIFALYERE, S B ACR

1.2 (AR K & RtaE

1.2.1 SR EMRIIK

£ 5% BSS (IR T — 1128, Jutten, Hérault 2 NMEEE & £ 5T BSS )
S rE, R BSS MIBEAMES, RIhAI R M SLIE S E S IE .
A4, Tong L, Liu R % NPHEH T 3T R0 I 45 i 52 A 6 6 b IR 5
P, RIS SR P AT EE N LLSEe, BRI RS BSS AR i AL
1994 F Comon PBUXT BRI A5 5 73 BS 0] REBEAT SKAFE,  FHReph &2 4 v (1) 3 oy 43
#r(Principle Component Analysis, PCAYBHTY i, $2H ICA FiEREAM S H
B OB R R R A S5 P & 0 =R G sor i, s ee s SRS 5 1
. R R, I T — RALIESE ) BSS HiZ.

Bell F1 Sejnowski P35 [ 2% # WAL T3 B KAGHEN, X H AR sk B0 AT 1)
i, ¥ ICA HFR FE B ERMg &, rERESIES, HT 19954
PSRRI, Amari S5 E A E R IUFFHE RN, 1ERSRIE
SRR, T BAE B RN SRR IR ¥ I L, T 1996
X BEATURA BE SR EAT ik, 2 40 BT B ORBR BE BVEDY, g N T AR R R IR
HAESME. IKE, ZF2HIMAI%E Oja F1 Hyvarinen $ Hy 1 P [ 52 25 5%,
ZEECAE R AR R, R AR A-SUE AR B H b ek 1 st

SR, FESEBR B PR RS B H A S/ N TIRE S8 H, 54 ICA HikA
BEIE N T B R ERE T . 2000 4F Lewicki 25 A\ O %} fif tk UBSS [, T
S IIRMBRTE, R E ARG BT R, SEERE ICA VL MR
RIS R4, Bofill il Zibulevsky"'/fESLEEAl FHEH “PWi2Bvk” EEK A L
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RO R GE T DL MRS A T 5SS BB R . 2006 4, Dohono 55 AN &H%}
ORGE Btk R LB R A RN TR R R IR A5 5, 07 VBT LA 20k o i
ZRIA . 2007 4F, Mitianoudis %5 A PVH]FH S0 1) B HIOR 52 AR 40 WS 53k
TR R, IRI T AT SRAR UBSS 840 bbb R A R R, I
) P S ) e B 0 ) e 7 R HEAT 40 B . %7 T DLHE ST B B A AL IR TR Y
UBSS [, {5 57 i & B (WA A S UK, S B ARIELS 5109
B RE

[ A0 b B BSS [a] 8 (14 70 L IR A e, (H B M R . 1996 4F,
v UG Hebbian [ %% ) HVEMBIA S 2] J5RE, T FH A0S 9 2 1) 77 7 S IR
B9, dk, ENEZFEEHHRNT] BSS b Tt

1998 4, XFE&E NMURE TSI R, R oA (5 B AR A g BLA5
Ba/MUI SRR, Wit BSS BN ekE, SEREE S S . J5 T 1999
FIETE IR R A H AR R, AR S AP, BRI R
PRIV ZRRIT2T, FE ) P Tt PR 0 AT 1 25 5 1 381 43 85 e AT I B X J5A
THIWE . ZINGREVEA ROE SRR, XETH BSS W@ Fi AL ) — & K15
SAE . 2001 4R, SRIEMAE AU3IGE A BEHLAS 5 1Mk 25 R R B0 e A ok SR
i H AR, PR WEE S EM NS AE B H k. ETER
% B SR AT B Al TR A5 5 55 B G TR i ROE SR YRS 5. 2003 4F,
R 22U 2 2 B 7 A0 SR e B TR BE A RIS, B R st R
AN A 3 AT s I P AR SR A DL AUy B Al AL 3 1 AR R B, BRI
T AE St BRI VR S 1) BSS AL i 7 B SIG UE S8 7 v LU gL
VEXT AL BE BSS [ RN PR A% B

2007 4, B/ NS TS KSR T 10 B AR 4, 45 & st b K ik
L, B — T SO SRR SR IR D KR AR T v o T L HUE

S5 R ECEUI AT R AN, ot S S IS SR AR B — g AR TR, HAKSRRE R
FrRAFRRENE . HEE R RKAEE S ICA THERSICR RS, JRE KA
BURBZE . 2012 4F, TRARE % AU H 1B T SOl ki P BF R ICA HVE RIS 4R
N IRRAE RO FE RS R M I, PR U SO . 2018 4%,
SRR, RS Y 2y 25 VR T R B SR R AR T IR AL
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INER IR EE SR, TR S Rkas akeok, HILOKAE BSS
R A IR SRS e s ARSI R R L R RCE, HAESSRRZSRE
RS S R, BEAS PRI Py B A R . [RIAE, SRS, BRAOSEA
(IS5 i FH fi f A A S EAR A Gk B E SR H AR ek B, IR 91 N BE IR
DA E A S U SO 2, I RS 5 RS 15 5 40 BT K

BT UBSS 438, 4= 7235 NG 5 5 2108 5> i (Empirical Mode
Decomposition, EMD)45 RATH &, BRI 2 @EWNES, SEIUE
TITHYE . 1% T RO e Al G AT VT I TR MR UBSS ], 0
T A PRI B R BT S B VG SZ IR BRI . AT, EMD S0 E AT S s R
B2, EOrEas RAMA, mAEVEEE . 2014 F, FER, RkIFEAPRIH
NG T A = BEAT 43 il R FH /N0 0 TR /0N SR O TR DS 5 EE A
SCHL UBSS Il BRI Fe 4, HedE P FAZ SUORURE OG0 A7 D7 508 B A 5 AT 20 5 s
ZHFA BRI T AR YE UBSS 7)o 171 /)5 A8 4 7 B 35 1) 4 oA PR 4 ik
HARA, XS T S B 4 B 2 HER IR

1.2.2 BRI E LRI

B RE SRR AMRIE AR ()5 R A 0 7 aUH8 A AH B B A R, T i AN (R
TR AN [FAT AL S 2 1) H AR s 8, X s () v i s AT . %
KEEFA BRI RS E A &5, B APE KRBT 5, S5 fai B
Gy TR N o AR, B R RIAAE DAL S A AT IHAEAN W A e

B A% 575 (Genetic Algorithm, GA)?'E —Hig N & M & ge A 50 . %5
IR T A B R, ST Darwin LR E EAREREF Mendel #i4%
AR, SEEENESK John Holland FEFEE R it AL . &2 X BRIt FE;
I AWHIE B RS, HAFRBRNMEIT R RE. A2 )E, B
REDRAL VR AE MY FAF 2R BN AT, H I 5]k 3 3 B 2 b R R 4500k FH LA o
(AL S

A 575 (Ant Colony Optimization, ACO) P23 - ISCRE MR T 5 B & I #K
S B W) B R B AR 1 AT T T AR Y — MR R B AR, SRR T AE UL
i, BEWSHEAT IFATIHEL, W RAE R R AR A PR e . ABLZE A R SEBR oR
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R Je 37 5 R ARG I RN, %S SO0 RE ) BB Ik T8 BB A G R 7
RIHUAE, 2450 2 B0k A7 A R o B BN I . D PR R i 8
M. IR R, eI AE 1, 1995 4F, Kenney Al Eberhart B Rl 2% 5
FE3% [ 0322 5K James Heppner R4 22 1) S B SR AR BORUIER B, $2 R FHELAL S
R, 17 SR A TE TR T R AN B U GR IO R AR, RAELAR
e R — Fh e B Re AL ST

LG kL7 BEAR AL (Particle Swarm Optimization, PSO) 5 7E 52 5 F o
AN R IR s, &2 FFH AT 7T, DUAT A H— R AW
BE, REMSBUNA B RE R A R R A ). 2008 45, Kao Ml Zahara K
PSO KiFHH 7 GA &Gk, WYAFHEEATRR, HX—RyIEES
P BB AT MR L 4R GAPSO SEikPYRE s IR MBI R AL /7, 7T LA
1 R RS FESEARAC . Aok, Sun®VE AR HE T BT /AR T
BERE, XFPEERL T R E A RIS 3B e %R LA RO s Fp e i) 4 R 4
RRET), HEGRFREEML, B E AT AR R EE A SOy KRR
MR (AR, W5 0SS B B O — e, e
AR AP RE7S AR SE TS UL R Y SRR < B/ JINY 22 SO A DURE A AP 2] PN
REAL B EOBREG, 2014 4E, Seyedali Mirjalili 25 A2 H A RARAL SIS, K2
R RO NARAG L o X T AT U6 A0 0 B B 4 28 Y TR AN 350 50 (R sk 64
Heidari &5 R34 CAT HE0E 5 ASORMBA VLR, [R5 3 A 45
BRAAIBN A RV A s Rk R, HAR IR M A M a . %
BREIACTE T, S A Bk ok 22 O S B A S TR WA S5 5 R B i
(55K i S V]2 B Seyedali Mirjalili, Andrew Lewis 5281} 2258,
MBI AR IR R0 7 OO 18 R, S — P T B AR R AT S RHE
MRS o BT LAE s 48 B AR M SE PR R T IL BB NS 2. PEBES
R EEM I, HATEREZ 1 G aeEENH T BSS Gitdd. 5
G BEAIEL, T B REL AN BSS iR I T, REms
PA— AN PRI B 7 4 S Y8 1Rl A <343 H s R 8000 S PR

2003 4, Yang S5 NPHRHM—MZ FHIFMTEMARDE, JRGHYS ICA 4
F, BHATEIERE S ZEIE R 2 8] P Ak A7 &7 A8 Xk
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B, W5 AR BT e VR B S R T e W R R AL B R SVE AR
£l 1B/ IR SR 3 NI TEE Ny v Pl o el T R R = N o 125 b e K7 S R 1]
RLR IR A FE i Mb . SEIGR B, SO I B ACR AR T L B R
B, BENE RN RO IR R RCRAGE PR, 2018 4E, FEME. JREESREE A BO)
FERLF R EE IR SR b, SR —Fhsdt PSO 1) UBSS Tk, %754 & K-
means 5%, #IT 5 ACO 15 B & MBS PSO HVEHHTHAL, REWIERUH Y
B IS B AR R SRR R

13 AFERNSSEDNAE

AR F B SR W R (IR SR JFRIEA
TAE, FRER R BEASIATE AL EE BSS n 8 2 I HH R (1 SR a3k A7 R R b At
BT ARt B AT B0 I SO PR A RE ARG SRR AE AL R B S 45 40 B 1 R L RE S A
BRI 7 B RCR s HIE IR A [F) AR R 2, 16 AS [ 1 88 e e A S vk ik
ATXFEC M, BRAIE IO\ P S O R IR A S s o K St S IR
Bk, SR LS BSS I ICA AL &, AT RRMEIES(ES, HHLE
HH PR 526 B AIR B 5 0 ek 00 1 S A MR EAT B0 IE

KRICN ST, FENFWT:

B E: e, FEX BSS MR RN K BIETEET ML, 8k BSS
WA O S B9NEE BSS MO Re AL SE I B A AN ST 100 s JEXS A3
[ 2 2 A 2R % BT ) A A R AT AT B A

82 & JEANEIRETSr . X BSS A SCER IR AR SO OGRS E AT A
e R BSS MR, MIMES ot BRI B fE, BSS 4B R
BB EET A,

803 R SGEMER AL EIASE BSS B T ik, AR T EAS
S H AR, I AR T VR AT IR AR AR . T aEARHI I 5 N VR I
[ % ] W, XoF SRR R g e AR AL SR AT ek, DR R E R T AR
UG, SINSRYE ©AT g, AR mFE T IRE YT dl i A ks AC k) Wi
Sk, FRRMMIE NP, BHEHERE, RS EES. HITESRSy
Prelsn, SO B ARG ENER TSRS, BRSO
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R RARTE .

04 T SURM/NEEEIETE UBSS a8 A 7k . 107 R RN
AR IS 508, RIS S R 4EEEEAT IR, AR A ¢ R BUE 5 BR
JURIIME S 0, UBSS BRI L. 5, (M NHfE B e~ i ar e
RETTEATHRE SHH, B AR E T . R, R m i EIE
R SR RS A AT N SR ME AT SRR S S, xR g A Sk kAT Bt
e, REudE R E KRS ICA M4iE, SEIMEMIEE BESH
I, BRAAFRNRE S BTG T B SRR A REHEAT I, AR
e IE P $ 75 125 A AT AT A R

905 B WGERIr. XARSCAE BSS AR T TAEBET S, JREX
ARSI ] AT e 2
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P2E iR BEMIER

2.1 ZHERDBRE

BSS FRALIE(E 5 S AL E S A5 SRR FIITE DL, DU AE WL 2
B PR P A RUE B — M M S B . B AR S 0 8 R ok
KRZ KM ICA K% MRAEIRAE 5 BRI, 2 AR RS & AL SR, K%
e 3 AR AN = o B A T A L Z TR AT R Ge it SO A4S 5 ey, R AR
NIRAE T B — Rl BTt

B n VR T SO =[51508, 1" » m EREFEAET E@)=(e,e,.e, " » —MLE
PR VR AR .

x (1) ay ap @y, | s(0) ] | el(r)

X(1)= xzz(t) |t e SZ:(t) + ezft) L t=12,..T (2-1)

()] Lam @y G J[50(1)] Len(2)
FETCRE B OL R, BE BSS BN S RIR N X (1) = 4S() » o1, A Ay mxn
PRGN, Zm<n, WERGNRE: Bm=n, NIEERG: Am>n, HHE
ERG . X(O)=[x,%,x,1 Tawm DPWMET,  ABEERFE S . KQ-DH W
a;(1<i<m,1<j<n)RpnFE ARSI 1T. 58 FIKICER.

ICA BE BT R EEEw, BIEE TS so NRNE T X0 H ok,

Y(t)=WX(t) (2-2)

G=wA (2-3)

LA, v M HIEE 5 AT E S, ¢ RRBDNREN 2R, wERN

—ANERAE S EAERE . MARAERE ¢ IO BALERER, Y0 > s, RIME SR
SLIR T AT
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2.2 WSS HI TR IR

BRI LINAE 5 A RE EE AT 0 BALEE, W R 2 S kATt A A
AR, ICA FEIRE S P B R A 2-1 FrR .

i’ i fiée

WAES | & S J oA JR | S
Al 1" (4 Al
2 2

Kl 2-1 ICA Sk AL P 2
Fig.2-1 ICA algorithm preprocessing process

WP S G T R & — @ MARMAMS, TUAMERERES 05
R, R BEETERE, TIA RS 4F 7 AR
(1) Hrofrd e
ol A X O F AN, WESEd PO, BIEGESHEMES
Ry AN A E, BRI, 5T, ZERERRA:

C()=X(t)-E{X(1)}=AS(t)- E{AS(1)} (2-4)

Hrb, o NUIE S EBERNEFEERES

(2) AfbidkE

AR AR AR BRVR 515 5 T 8 e 2 TR I 2R VEAR G, izad R ] DA
ARFEIES: ICA FREUE SRR . 2 aabil)E, F9 &% RKER DTS
ZHEFE AL . 2RI

Z(t) = BC(t) (2-5)

etz WA IR S, B AR U, R AR R 13
SRR T

E(CC")= EDE" (2-6)
1
B=ED 2E’ (2-7)
1 1 1 1
D2 =diag(d " .dy ,..d,") (2-8)

9
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Hrh, D=diag(d, d,....d,) N E(CCT) LT KL/ ift J5 75 32 i 6 1 F0 B o

23 ERIE

) ICA SRIGRSHEFEAT, S oehfiE B 5 S5 e R A br e, 7
IMPGE RS AR, AT RE 815 BIAERA FE @ i 2y B FERE,  RIOMMRRFERE . &
2%, s S S S A B ARV, DI R 0 B H .

MRAEAE SRR R AR, H— B BAE R TR W B SE 1R AR 4R xR .
T U AE T B AR ke i B ST, e Al ) R T R A H A R
AVP A B DR K IR AL W A0 T 5 SO645 5 AR i MRt AT B4k

231 5ER

BA5 BAE N &5 A5 5 B RS B — S B R AR, % R e Ht
B DL A B B AL AR B T R RO AR
MRAE 2 3 X @-9)PR, € XN:

I(y)= KL[p(y),pr(yi)] = [ p(y) 10g,1p&dy:ZH (v)-H(») (2-9)
= | §EZC N
i=1

Hob, y FoR— A BRI, 5 A DDR, p0) TRy MG L

H(y,)=-E-log(p, () » H()=-E-log(p,(») NIF{E S5 HIM, ENWEHET.
I(y)=0, WULH y, Z [AJZR T AHAT,
232tk
B DL IR AR B BENL IR RS, W E N BSS )RR TR H bRk B 6T
&ﬁ*ﬂ’}EEY={yl,yz,...,y[,...} , BN
H(Y)==) P(Y =y)log P(Y = ;) (2-10)
XN TAERIESAR Ry, HBEHE R :

H(y)=~[p, (&)log(p, (£)d& (2-11)
10
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HE B S vl &, 727 ZMEMMILZ RS, SiE S ER K,
H & E 5 R R E S HAWE 5 R RS EEZE, TUEREREWNE SRS
(8] FRg AR ST P B, BER R .
J)=H(,)—-H(,) (2-12)
H(y,.)G)=%log|det2|+§(l+log27r) (2-13)
Sy, RIS, TS ) A BRI, 5 RN
7 25, By, EEamer, Jo) NE;, —BnE, fuEdEf.
PRI, SO ES T FS AR R T 28 = 1) Se B0 R 28 FE SN E I E B, 1
A AR = I G T AN R 2 T T AU A T I A
TO) =k )+ 2ok )4k () =k () () (2-14)
Hp, L,RRNINERE, yMESAAROBN T, BEREEARm
s

ky(y;)=0 (2-15)
ey ()= E{3*} =367 {57} (2-16)

A A A 2R :
J0) =k ) (2-17)

A P e e SRR SO REAT I LA T 0 3 REAS A R G R
FEREAT AT, AR IREAN R

233 IEE
EEE S IEAEM R ICA N T BSS (3Enl, W ENEMIESIER

BRI —Fh e S da 26 A A
M BENLE S » AR E SR R

kurt(y):E{y4}—3-E2{y2} (2-18)
X RAEAS 5 AT ORI AR BRBY, H— ARG S y I ZR 1, ]

11
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T 06 52 ] AT AL A
kurt(y,) = E{v*} -3 (2-19)
XTI W A i = MRS S, MR IR S
THIEN . TEI2-2 N=FE 5 0 A MRS R Bt 2, [ =H 5 5 1 0 A
.

&

X
P 2-2 W A5 2 bR B 2
Fig.2-2 Probability density function plot

M 2-2 Al =M E SRR E, BEREATY 1, w5 s
L WA RBARHEZ RO o AESEBRN R, 356 A2 e i 0 AT RS S A
B, FEBESOUN, AR AR USRS, BEEAR I S R T L e i o0 A
(ERCAIDFIN

2.4 GilRsr B REF B fa AR

FEACLEE BSS [ R A, AEAE 75 208 A — 2 X P W e b A A Y S s ox
FRETEREMISE AR, HEM AT R EIEMIL S E. PPATTIETT 70 9 WA W P

Fft e
FRPPHANE R NRAE B B B IRE, B Pl T IS 5 50 315 5 10
MIARMLEE . A E N R B, 45PN RRE, B FTEE A E

PP HYE N S SR AT 5 B AT .
BUVE LA B A, RS HSLIGas B, X EEHAT e = W,
4 N\oNRZETFPe, HEEBR . £ BSS F1, X THES. WillES LIEES

HERE=F MM THRE, BEIEHAURE. FTH. f5RE. HXREL A
12
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—ACEI T HRRZE T A B A 22 S N DAV o 3 I e WL 45 AR I ) e 4 R
A R P SRS AR SR

2.4.1 REFEMEMITHRENFIBTIEIR

(1) H—HHHiRZE (NMSE), &R (2-20) fis:

> (@, ~a
NMSE(A,A,)=101g| —=— (2-20)
ZZ
(2) fEMmZE (ANG)IHHEAN:
ANG(A, A ) =— 180 arccos( <A A >) (2-21)

A, M AN D ARERFERE AT 55, 4 FoR IR TR G HERE, A8
JFURHITREFERE,  a, , A a, 70 %8 NS Al U (TR B R BRI SRR R R 2R i 4728

JOVERITEER . Ui HISAT AR HEAL 28 7 3R 22 A0 A P A 22 (E Ko, RIS Y
Fe s MRk

2.4.2 RIS SHF B fEHR

(1) ARLL AR EOH T B PR 5 Z I RRIE B, A E B 1, KW
PIRAE AR, HRIEAN:

=1, (2-22)

S

N-1 ’
)Y s2(2)
t=0

i

Kb, o HE S, oy AAEED, NS K. S A R
BT Y1 o PRI A B b, JLEURBEE 1, RO 559 8 (5 SHBis,
43 B AT R

(2) f5TFEL Ry () B

13
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REN (2-23)

Rgy (yi)ZIOIOg

Rgy (yi) i&fﬁﬁj@ %%ﬁ%;&%ﬁﬁ}o
2.4.3 HBEESHFIEERR

(D BHEREMFENEESE S BRI RERr, HHrARIL 0.
LA NGO e 160 )
Cte(t) = {Z{Z ol 1J+Z[Z al 1}} (2-24)

i=1| j=1 mfx|Gik j=1{ i=1 mlfzx|ij
A2 G R RERE G IR AT R IR max| Gy (1) | RN HEFF
G M55 i AT SO XA NI B NAE s max| Gy (1) |1 RANFERE G 15 j H TG AR 2800 {H

R, R A BT 0, U4 B AR

(2) A% 2 MR PR RO 15 5 R VAR AR (0 — R P A b, BT DA
SR RS S A AR e . A R BB, I 15 2 2 A
S BUEAT-1 A 1 200, ELREEE 1, 35S A R e-25)H

N-1

Y X()-XW) ][ Y(k)-Y (k)]
k=0

-1

R= (2-25)
N _ , Nl _
\/ Ylx)-XW] Y [r)-Y (k)]
k=0 k=0
Hrp, FERSIBRECNN, Xk Myk) XN EWNES, H:
N
X(k)= v > X (k)
k=0 (2-26)

1 N-1
Y(k)=NZY(k)
k=0

25 EEERPBEREE

et BSS Jiih 5y % BMEIRSR BRI IR, WIS 5 W BEIRH KRGS
M. EREEHOLN, ARIMRRTT Ry, A B SRR L 2R
SR THAT R, LB B OREF — s MASL I, BT SEIUEIRE SRR .

14
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2.5.1 W5 53 HR

ICA ZHIRMER BSS [ —FiL g%, FHR— ML, RnTEEss
B &y B A E G AL A S . (EH ICA XE(E ST/ BT, H%k,
kA IE R, M AR H bR R B, X5 5 R AR SR REAT R .
O AE ARSI A K H A eR BOEATIAAOR I, B0 I VAR5
PREU B U, RIS feom ) 0 B R R, e A9 2R 5 I iR Rl 1T

XHE AT ICA Z T, HF 2S5 B &%

(1) BRSENE: PIASESERUE 5 er H BARSL 2 P,y (x) = P.(x)- P, (») » RITA

155 B IR 2 2% 8 TR fR 45 1 FL IR % 2 e 4

(2 emltk: EESamEa it KRahE2 56 A28l
i, BUESHRERERNE, AR TE5 MR

(3) FE-PRadeE: 7E ICA R TE S i ZRERN, F 5SS TR
P B I 1A] B ARk

(4) dEAFEE: 16 ICA BT ES M BAER, F5 6N, 48
Z AR AR

4, ICA B HAA AN K&

(1) &5k ICA 5557 BT EAWE ;

(2) &3t ICA Wb 515 5 7 BI04 H IRF A E .

2.5.2 EGMALESE

gt LA SEAE AT G ]+ B AR L HOIRES T 0 e DU A0SR I, T8 ZR
REAF e %, WMBAEKI R Lok HAR R BOES ] . W I RE T

(1) BBREE TR Bk ZEER T 20000 B8 F0es B2 R BRI 7 10 4 R i
(UREAEFEEEEyw ik SN P i U ES A/ (1D Y| AN S R s =&y Wi ERCAY O T
AGBN, R EBEASE . JRERRIT:

OF (w) _

V. F(e) - 0 (2-27)
ow

1) = o) 1) D | =012, (2-28)
w

15
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Hof, agg‘”ﬁmw(n),awa, n(n) REEI 2 ST 2, PGB s b2 2 A

SRR AR S R R, ZFIENSRE R 2 B HOP K, AR R
Z I 2 FE BRI a] A

(2) Pk A—FZIEIICEE, W T KA e B/ ME .
[SES AWASIWAR

_ Fy,) )
% (2:29)

GITEAE R 2 WIEARI ,  REVE AR RO A I TR RO, H T o 24
RNt . SR, T HAEARE T e, SAME R R RER, WS
FAAEIRAUR BRGL I R A

(3) JLHURR L. BEXTFENA T R m, PR SRISR s iE, R
Pa—br e BAEEE R, SRR PR S — RS

(4) HrksBIH I TE: AR W HE TR 2 A QR KA N T4
HORAE N [0 2 A8 B ] R AT SR A

gt DA SRS FE R DR, AT AR RS A I 8] P SRS L A0RS 180 PO e DDA 5
B dE. BRI b, X H AR R BAWHAC. FHREALRLRERS, 1%
LR SR R VIS, LSSl SRR e 1 32 RS AP KA 20 iR RE AL
WEIE T FHHAT R IR IR T, WESCICR B

—_—

26 REGENEEE
2.6.1 R ENH

P53 73 & 73 M (Sparse Component Analysis, SCA)POH 2 3= %3& ] T BSS ik
HESEE/NTIESHIRREBR T, SRS S — 2 P 2R IR .

SCA FEMANBFOHNNLIR: H£—, FHCREEES KMt
vk e A5 5 MR GRS IUFE > BU% (7] A B 2 W BE AR, T E D38 43 Bk
ZIRFE R N T BT, W2 ST — @ R R o A X — 1R
LAk UBSS M. 25—, BT ESHMERANEGESRE, WELT
“PiE”. SCA RAEALIBISHEG RIITEIL T, MREIICE [ B —Fh &2 JUE

16
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BFXE UBSS [a]@AESEFR R N A, D938 s A 5 AR e, 38 ik
N {8 B A5 i (short-time Fourier transform, STFT)PINHE S 3E 4T A8 #e, H400
WA 5 MBS S it B A, AR b i %

Xof =B 5 A8 STFT AL B 5 I Aiiek ik 23 A0 i B 2-3 P :

x3
°

S A b o N »

-600
1000

x2 5 -10 x1 x2 -1000 -1000 X1

(a) iR} S (o) S
(a) Time-domain scatterplot (b) Frequency-domain scatterplot
B 2-3 = BEULIIAE 5 I S A 1

Fig.2-3 Scatterplot of three observed signals in time-frequency domain
21 STFT PG, 155 YRR B 2BLSMT 7 1, MR Es s —e
FEFEHARETE, AHRIHE, SCA BVERHME 5 IR IUECR 1 LR i

2.6.2 INETHR

NN — PR A e, R G SREO e —, HEE AR
RS S NSRS, XS S BRI 7 AT 70 )2 o0 il o 8 F /N ik
AR LIS 5 BEAT A0, IR N A RS /N U R S SRR S
A DASCHL UBSS [l @ 1) 46t

ST —=NEEMRNIE S x(¢), BATNESEIG, 19305 T B R

a;,(k)Md (k). WIEEBRLELHERRPT .

a;(k)= i a;, (mhy(n—2k)= a. (k) * hy(2k) (2-30)

=—0

d,()=3 a_(mWh(n-2k)=a,,(k)* k26 (2-31)
R, a, () Fd, (k) R =1 G R B AR, 73810 T R 505 40

17
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FREG by (k) A0 by (F) R I ARATURT = 9 73 PG I 45 o
HWE, CReEiL RS NG S AT RS m AL, M R IS
KBS S AR R T .

2.7 REINGE

A& FEAG T H K BSS FIHERFEISAR, MFZL MK BSS Hoaisml . i
S SRR, (5505 FEE LW iEs, 25, XHEEMRE
BSS AR B LT IR

18
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BIE ETHHERENHLEENGRT S

BEXFER 2 TR G RIRAE AR Ok BSS IS, ph I DS B A
SRERB, AEIET AT E S/MUHENRIE H AR08, R it e i i 5%
RIHIT BSS 9. H5G, B LGt Sk MRS T L RN L 2R Vu
B Ry PR A I A, SR FH R o [ 2 ST SRS AR BEAT AR AL R A, DASR bR
=, WINEERETE . HIR, SINRYE RAT NS, XAl B BEAT 0D,
AR I N R AR AL, AR RSO R . JE, R st R e e
WHFAFH 2RI, SRR ICA KB, HMmSEIE S, ok
Ryt AL SR TAR SR L, BREEESEE, WCSGE A5 2 W B 3R 7T

3.1 EREMILEE
3.1.1 R L E A

fi f1 4 AL 535 (Whale Optimization Algorithm, WOA) #x ¥] i Seyedali
Mirjalili, Andrew Lewis S8R 225, 52 2] pa Sk i 1) SE RS AT I JE K, AR
Y 1 ANMRAT RFAE, BRG] R BT AR HE I — P RE L . WOA REAULI fint £
B AT N, HEMEE N R A IR B FEIF RN B, BAE PRSI

il USC e o T AR e (o7 B BB AERE SR B, R BEA LR S B R 1T 3
(1) fea L Hl
£ BRI BB, TR TROR RS BARAL A, dik

HRTEE R AR B ARV BRI E, Il I (3-1) AT A7 B T,
B RO B AR . PR B R AU AR T N R

X i :Xbest,i _A'|C'Xbest,1 _Xi| (3'1)
AV A TN 1 Y S A6 SR, s e X1 7= R N A VA= D GRSl S N1
AMERLE : Xy, NAHIN IR AESRAARE . 500, S8 AR C NRKE
&2, HitEAAN:

19
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A=2-a-r,—a (3-2)
C=2-r, (3-3)
a=2-2 (3-4)

m

A s 0,1 VG A BUE I PN BENLEL, e G B s 0 7 RENLYE; 1,
NERIEE WS T o FEIBARE R AN 2 AR a2 0.
PR AAcm i 20 (3-2) FI (3-3) P FF R A 4T

(2) BRJieAr B R
R A Sk i W i@ R A2 SRR AU e 1 SE A AR WK A5 A5 5 3, R A L B T

RN (3-5)F

X = Xpests + e’ -cos(2xl)-

Xbcst,i - Xi| (3-5)

s b s ORISR EE 109 L0 Ve BN BUE R — D EEPLAL.

7 i dn IR R T & 1007 SR I R R, i 2l 4 DAL B P . T
BEAEA B R A, 3 I A TR 0k 6 A 2 FRATL A R e B T AT LA SR ASA
SHREARAT N . BIFEREUGE A B s0% AR AE Dy BRI EL I 3 P A LA o Bl it A
EREYSE

Xbest,i _A'|C'Xbest,i _Xi|9p <0.5

X = (3-6)

Xpesty + € -c0sQ27D):| Xy, — X, p20.5

(3) FEPLES
FETF BT BL, St A A 55 (S e o TR AT R T BE i SHEmes SE LRy i e ffE o

R R R N RSV R, Bt e i S B, ARYE R84 8UE, BENL
HWRHbr. 2 A - EH, SRR S ERAE T, KA BENLE RIS
AT E W B n LERoR O :

Xi+l = Xrand,i _A'|C'Xrand,i _Xi| (3_7)

K X, AR A RO B &
3.1.2 it R G LR R

WOA MLt g B e A TR RCR Bm, BT m R AE /). 5 WOA
20
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TEALFR AT % SR ACERAK I RN, R A 4o R AR PRSI B, 5 H BB N =5 3 e
NI, G AR IURE FEAR, A5 H A O S AR R . DRI, 7E WOA kAR
SEB AL B AT 5L NTR S ) 5 ST S, MR 2 FEE s AEIR AU IS N R4E K
AT, HEREVEN AR TR

(1) VR e [ 2 2] g

e G i fa AR AL SR FH D BE ALK 51 S A RFE 2R VR A B AR 4 . (H%
VG AR A REAE S PR BE AT (R 0830 5), AT Re S 8U fa MATEIE T B
FRIAT] SERBA B 300 A SE I B 1 o, T S USSR B o AR B TR R AR AL
FOEIERIIEIT B PR — B R EE TR, BTSRRI LS 5 % 7] %
SV, LRI A NI, I I A R 2R B B

B SR ARSI TRt B S 7 B S S B e AR s R, R B e 1
RN SUSWAF

{Zn/(l—i), 0<Z, <1-1
n+l:

3-8
(Z, -1+ )/ A, 1-A<Z <1 (3-8)

i, W RoRIRIHAAREL,  z, 2R 5 A IS A o IR A 2 TR TS 7 51 24
H, 282 NIRHESH, FEHREPIERSEEED0,1). —&, 251 8 04
REMSIRAF I 3 I 1, WA TR T PP 41 Z, B 0.152,

R TR S BN, BOSAERE fE, W R o

X, = Lb+(Ub—- Lb)x Z, (3-9)
OX, = Lb+Ub- X, (3-10)

H(B-9)H x, NE i At 22 TR S5 AU A 2 R P I MA LB, ox, vl kA

Yt AL SR, e T op NIRER X NS BT . A
BIRPIAFPRER S BOUFEE, $RBE N R & I B AR R aa ME, IR ORAF
REMAIE

(2) R4k AT g

W AR Gl LA FIRRAR AT FUR B, B SR 0, Al
)24 F B LR L B e, IXARAR A 5 38 Bk AU IR RS S RV AR A, AR
AR Bk, SIAISRYE AT SR HEAT Bt AL B Pz, 25 B i

21
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AR B IF O R UE . 2 P sl a1t P AL SRR i n] R AR P R
[P BENG A NI RN VDN i 55400 R VA =R S T/AS W/

X=X, +a®Levy(s,y) (3-11)
X, X NEARKREBWEFRENE, o NEHIKET, o XKnxNmil.
Levy(s) KR RYE S AT R AL, 111y

y~r(y>-sin<%>

Levy(s,y) = = (3-12)

Horr, y AMERRB 1.5, re) NNtk E. s sR4E RATIE K, tHRAD8:

u

S=|v|l/7 (3-13)
T us VIRMWEEIIEE RN 0, TES A . o MIERS A0
- 2
{u N(0,02) (3-14)
v~ N(0,07)
Hr, Fr#EZE o, Mo, 7 XN
__|_ra+p)sinGyr2) v
T[(1+7)/2]-y- 207 (3-15)

o, =1

3.1.3 R e LB A (T ESLIR

HEIUE 1-WOA WA REMAT AT, 1E+E Sphere. SumSquare. Rosenbrock
A1 Ackley PUANFE v o B0 R WOA HEATPEREMR . FTade B DU /> 2k v pR %
BRI 3-1 s, 1-WOA [Iseie 2 4B B 3k 3-2 s
= 3-1 BRI B F B A G R 3

Table3-1 The four benchmark functions used to test the algorithm

I E A HRIEH PR it e
Sphere [-100,100] A& PR H 0
SumSquare [-10,10] A PR 5 0
Rosenbrock [-5,10] EA- 0
Ackley [-50,50] EA- IR 0

Hrh, Sphere fil SumSquare N EIEIEHEREL, A —EEH, Rosenbrock

22
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1 Ackley NZUEILAERHL, R RXIBINA ZDERMEZ MEEN, Fra i
PRATE R R S A NSRS, AR AE D A A«

% 3-21-WOA KB H
Table3-2 I-WOA parameters

S B X HUE
N Fh AR 50
I, e KIEARIREL 600
b ST HUEESHL 1
A RS 0.4
4 M 230 1.5

TESRIR I R R, FRATTIE FH A% Ge v i f AR AL VR (WOA) . IR S 1] 2% 5]
R W [ 5 0 A A TR (c-WOA) JE T 3 4k K AT HEmE 11 i £ A6 575 (levy-WOA)
A ) B A SE(I-WOA)BEAT S5, JFERFER 3-3 J2 8] 3-1 BRIl seia 4 |
BEAT R LG AT

NAESEIG S5 R BAT P, 3R 3-3 X DA EIRIREAT 30 IREIBLTIE AT,
OB N TR . O R 1 1-WOA 78 VAR B8 Hi s o6 r it 28 52 s lie 84,

FEIRACHIIYI AL RN S 2 H AR eR B e B
% 33 4 MEAR 4 DR BRI AR LR

Table3-3 Comparison of the performance of the four algorithms on four test functions

PR3 i WOA c-WOA  levy-WOA I-WOA
B 1.16x100  1.98x107! 1.59x102 1.24x10°
Sphere 2R 3.017 1.032 2.36x102 6.63x10*
SEHAE 1.357 5.10x10! 1.23x102 2.03x10*
FRUEZE  9.44x107! 1.087 1.04x10! 3.13x10*
B 4.22x100 1.44x107 5.91x10* 4.78x10°
BEM  6.10x10! 1.835 9.16x10° 7.45%x10°
SumSquare i ] )
FHE S 4.92x107! 1.028 3.83x10°3 2.91x10°

FUEZ  1.17x1070  8.72x107! 3.97x1073 3.81x10°
B 6.80x100  2.28x107  3.57x1038 2.42x107
BEM 9.86x101  2.68x10°  2.58x107 2.62x107°

Rosenbrock oy 124x107  2.85x10¢  893x10%  2.55x10°
FrfEZE 8.17x100  9.01x107 3.23x107 0.12x101
wICAE  6.65x107  9.03x10'2  3.34x1012 0
R 1.414 1.92x10""  1.55x10! 9.18x10°12
Ackley

SEME 9.22x10°  1.03x1071T 1.58x10°12 4.34x1016
FREZ 1.34x10°  6.01x1012  6.32x10°12 8.81x1016

1F Rosenbrock PRELITERENIA T, -WOA fEEHKAR] T 10°, +o8EH
Fr R UM AL B L EUE 0. HDYANIR R BUE ) SR BT 1g, 5HAW=AH
L, -WOA HIEVEFIE SR s E, RZELEEA RIFMTLRe

MIBTTERE, 1-WOA BIEM/NT HE=AREEA RIFIREN. B8R
23
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A5, 5 WOA. c-WOA Fil levy-WOA #itt, I-WOA (S IEE e, HHE
SRR A1 55 5] SEYE AT RIS Ui fE, BUEMLR AR ISR T —E RN
BTt o Stk a0 S R BRSSO AT A SR AR R AR T R, T R AR A )

B 7R

- - WoA - - woa
........ CWOA et GWOA
—===levy-WOA| | ====levy-WOA| |
— I-WOA — I-WOA
=~~~
e e s . . e e e s e e AR, Meeceaaes e s et st
i) )
=3 =
U P — =
® - B
B 2l
2l 2l
200 300 400 500 600 200 300 400 500 600
AR IEARUHUR
(a) Sphere R3] (b) SumSquare R
(a) Sphere function convergence graph (b) SumSquare function convergence graph
— = WOoA - - WoA
________ SWOR oo GANOA
ok —-—- levy-WOA| | === levy-WOA |
—— -WoA —— WOoA
o e >
=y =3
= @
P 2 -
2 2 e
jecd 2l =~
200 300 400 500 600 200 300 400 500 600
ISR B AN/ T/
(c) Rosenbrock B (d) Ackley iR %8

(c) Rosenbrock function convergence graph (d) Ackley function convergence graph

3-1 BURRT 4 DN EE R A T S e EE 3R

Fig.3-1 Comparison of convergence curves of four algorithms for optimization of four benchmark functions

MG S 28 B 3-1 FFaT 1, WOA 7EI%ACE AR i i 22 244 T 557 EL AR
A, YHMESN WOA MK R ZE, TIEM B EUF st . X2l T1%
&5 10 it LA AE IS SR LA AN 7 B RS P 22 S5 b, EIR A AR TP R N R
Mo HHPA LI o H ) 1 e IS S 3-1(a) AT 3-1(b) R, R EET c-WOA
levy-WOA 5i%, I-WOA FURW Sl R 2Bk, 2R 51, wd Bl ekt Y

24
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SRR 4 R R AR S IT K AE S BB R A 1 Be S AR R T k.
A A HTE M B 8 3 35 AR5 W P AT B B A B s 28 v S 1) 3 g
3 P AN 22 06 o 5 1) SO0 WL S 2R 1 3-1 () R IR 3-1(d) I EL 8,  T-WOA A LAFE 60
YCISEAR Pk ) ) 0 S pR A, TR Bt o BN B, SBRIERNZA
R

LU, 1-WOA TE VU Pl ik b H0 1 BE A i S0 FE S B A e e e et . )
Ah, c-WOA Fll levy-WOA F B A BH 55 PR ERARE, 2 B3 ot il B9 LU AE 88 WOA
Bk S A B R R, EREANVEEE R, WSO E AR B e R

=]

HH
32 BT RRNALBEENT R E R E

LG REU I HILAE AR ok BSS IR, [ (0 KA 4t ICA SEIE
RS, WESIKERCREZE . ATRIET LR IRE R, AT HEEWIER
PRERE AU T-WOA XA H Ax ef BT AR AR, KR AUORB 2 R
Esh AR ICA KB, Ha SLIIRME 5 AR R

3.2.1 BFRRBRIE

AR rvCo B PR S B, = v B0 B B R v (B0 P SR s B A e o
RIAMSZ RSy o 16 2 T4 2 H AR s B DL A5 5 20 W) (R AR v i
M EAZ BAME BRI AR, Mg T IS B0 BSS HIkH) H bred 4L

1) = 3 H () -Teldet |- () (3-16)
K, H) =] peolog p(r)dx Fon N x MR AR, EWNESHR, N5
RIBAG M S H LR, HMMibsy & EER, K EMENE B
H(yl-)=—].p(y,-)10gp(y,-)dy,- Tor y FIAG5 0, ¥ H) AEB BAE (B2 A1IE

B KL eMfliit

hﬂi”e>_[J;kuﬁzcn)+zgskewnzam)} (3-17)

H(y)=~ D
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EWakmoﬁﬁﬁ%%%ﬁ,mmuﬁﬁé%%ﬁﬁ,ﬁﬁﬁZQ%%ﬁ%
G BRI AME T o X REEAS 5 HEAT 0 — AL AL 3, L3S iU 5 A0 i B2 35
RN

fart(y,) = E{y} } -3 (3-18)

skews(y,) = E{y} (3-19)

MR BA5 B /MU BSS #EN, Wik 1(yy=0, WIHLH] y, Z [BIAH B AHRAL,
I, WS BAR B R BERIATAE Y -WOA S R A0 3 2 B 4

Fit, = 1(y) (3-20)

I(y) BN, RUIEAS 5 10 B RCR B . @ F4K(3-20) b Fir, BB/ ME

BEWE I L B RS o
{45 ICA KB SRR (3-21)i A0 A s B 4 b wr 3k 47 1A 5 3 o

W(i+1)=W(3)+ - W(@i)-[-F@)- )] (3-21)
A, i RIERIKEL,  p>0 WSS, wa) NE i ORI EHERE, FOG)

ANAELME R E, IERE FOG)) =2tan (i) o
FE G FE 5% 5 2 [ e DK e, S8 ICA Bk SIGH B =2 21 B i),
HEM SRS S E R . IR I-WOA Fykst oA o AT R, R4 %

HiA5 5 0 B ] AT FIEAUEE AP K, B G-2D) B B, SOk
FLEREM PRRAE S ICA AR IRE, AREREESHIKE R

322 EELE

I _E 3 S0 i A A SR SR B AR B IR R IE Dy ICA DK, i@idik
REF D BIEREw , BNEERaIRZ, REfkd 1ICA FksusE. M
BN ERE, ¥ -WOA FEN T BSS I8 K kP IR T
YR 1 BREHOWIINE 5 AT AL FEHEAF
IR 2. WIS B REw , BAMIES X0 Vgt -WOA HiLS4L,
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B RERN N, ORISR L, NEURIE RS H 55

IR 3. MRIEQ-2)IE, JSHmEES Yo -

AR 4. B AKG-9) G- 10) I MREREAT T4 TR S ] 27 ST 184 . i
FEFREEERLE Fir, , $0HE LR B /NN AR Ry B AR AL B

SIS HENFUEES E BB, £ p<os RO, 24)4< BB RG-1)%K
RS BT E . Y (a1 MR B RBE LI R B AR, HRGDEH M E. ©

p =05 MITEDLY, SR ARE B AL 3(3-5) BB R B

DR 6 PrAMBE R ARG, LRGN EEIATHY, W H A i
FHRHEIE 22 5N G- 1) BEAT R 4E WATINBhs 5.

DUR T FRUCUE SRR R N AR, T AR PO N R B g, DU S TH A
75 AN B P A o7 2

DIRS: E EE I AR E X, TR A L 2R R (REIE B
/DR B BE B PIAARED) . AR & RSN RIS, S A
3R [ B 4.

P 9: il -WOA SFE T mAUIE K 1 o

N

10 @EG20)EHEEEw, ERER WG+ .

No

11 X4 A — R W= D
"W@+w

AR 120 ZH A AEE NI IES, HIRESUE . W w2
ARWCSEERAT, R a+)—w @) <e, FIEWS, ftwa+n1EAw, SNERED

%3,
B0 13 WERQ)EHRES, Hikss

27



i W N e e 2 VAT

WIS et bR

l

TR [ 22 ST W1 At £ b
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> IEAMEEN A SR B IAMEAE ‘@
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WEEILS S
J
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p<0.5 »> ‘A‘(l
widA3E-5% g (3-1)E
ERIEAL B WA EEAL E
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y

iR G-7)E
WIRP AL B

J
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323 GRS EXW

4ERATIED

3-2 &F -WOA B£H) BSS 75 ERIEE
Fig.3-2 Flowchart of BSS method based on I-WOA algorithm

i i A AR

A 4

AL EAR N
K, R AR
RS BERES

i a(2-2) %
RiEES

NIIE U SVE AT ROV, AR ) = B S S AT 4 B S I 0 Ot
ATAHRLII T o SEIURIRAE R0 5X10%, SREESIFTY 4kHz, BEALEFER AR 4

LI

REJFHIESEE S0 1-WOA.

3‘3 Fﬁ/j——;‘c

0.6797 0.11890 0.3404
A=|0.6551 0.4984 0.5853
0.1626 0.9597 0.2238
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() iRES b)BEES
(a) Source signals (b) Mixed signals
0 1 2 3 4 5 : 0 1 2 3 4 5 0 1 2 3 4 5
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(c) T BEIES(I-WOA) (d) FBEFES(WOA) () FBEES RIS 74
(c) Separated signals (I-WOA) (d) Separated signals (WOA) (e) Separated signals (ICA)
3-3BERSIBEHR
Fig.3-3 Speech signals separation Effect

3-3(e)N ICA HiznBEESHE, 5K 335K 335, &5
ICA SLE BRI . fEEEZE WOA IIALN, TCA [ B2k A5 252 v,
(EARSRAFE— B IR BILR . 1-WOA BN ICA /SR BANE, SIRE S
THEAAAR, JES RS SESBE S, BTN SR AH
LRI, T RES ICA BIkE Rk 1 ICA 5k, MEES5RES
FALG, MEAEAIHES P SRR, X BS50[RS

NEE—B I I-WOA R\ ICA SHACEE BSS il @l R50R, 3% A AR DL R 444

¢, NS T LEIST Ry PRI R AR XS A I 0 B PEREREAT R AP A — 3 (AT

N-1

y;(®)s; (1)

i=leen (3-22)
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:IOIOgLAZ)2 ,i=1-,n (3-23)
Elli=sf)

X, s ABEES, yAnEES. RG22, vARNESIKE. FAE

Ry (Yi)

o FRVEAI EsPERE, HEBBHE 1|, RURGES S EESBIEE, 75K
JEBk . 5T EE Ry (v,) R, 0 BRCRBRGE . 3R 3-4 FIEE 3-5 451 1 ICA,

WOA, I-WOA =Fh & X =BRSS5 0 B IR BUOME . 15 T HEUE &5 53
SEIG AT IZAT 50 K, FEARELH N 500,

= 3-4 EIARKEER
Table 3-4 Similarity coefficient comparison
MELRE ICA WOA I-WOA
) 0.9193 0.9571 0.9918
S, 0.9714 0.9693 0.9935
G 0.9356 0.9873 0.9991

*® 3-5 HIAMETEERELEE

Table 3-5 Numerical comparison of signal-to-density ratio of algorithms

fETE ICA WOA I-WOA
Rey(y,) 79:9034  80.8531 85.6698
Rgy(y,) 450113 47.8820 82.8113
Rey(ys) 30.5417 332582 78.2485

T R A R R, =R LTI I-WOA 19 3 (R AR LR B Bk
i1 fE TS . MM -WOA thT ICA HyEA WOA, XHR{E5 MK E %
R

B 3-4 RENEM HH IR ZEOLG IR R R, BB I-WOA Xt
PG of B SE OB A R . AR T A 5 2 B I PERR IR AR, B & IR ZE Cre(r) I

<>{z(z%]z[2%}} 620

n oA mlgzx|Gl-k
AXG2Y, 6, R RHMEG Hi T8 5N TR m}gleik(t)li%%%EﬁiG
[R5 i 4T J0 R 0B I B K E max | G, (0)| R FE K 6 W28 ;31 0 3 48 X0
B KAE . TERDPIERIRET, B EIRE Ce(r) BUEBPURIS R 0, RIF

MR
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Fig.3-4 Cte convergence curves of two algorithms

I P 3-4 W] 5, PR EVETE 2 IRFEAE, BB RS, (HRAESH A
BT RZBP K RBOR, WSO 2 BIR S, K2 135 A AWS: T
I-WOA [P KBEVEAEIEAT 50 UG SRR ST SoEaS: #am i T I-WOA [
AR ERRSCE BB,  BEVE RV AL A AU SICE FE IR i A . £5 G
SR, BT -WOA AL ICA M A B I Siol B, FLREBEAS LT
st

3.3 RE/NLE

AT AP SR A e AR HE BSS 1) E R MERE, K I-WOA BT
BSS itk . 18 i 75 gt BT A A I BE SN TR ) 2 5T SR, A PR TR 1%
RATIAY KRG, $2mISCEE. 74, 76 -WOA iEARE B B 5 A 34k
RAT SRS, BBREVEM AR G EE Ao I DA IR bR o6t SR AT R DU
SCIGAF Y, SOEE R SV TE MR A BE RIS SO B2 U7 T XY RE R I R AR 35 . &
J&, B RS AET 0 B B A A At . SRIR A R, ARt
SO EE AR L TAE g S, W] DU 4y B R TE B S S BoRe A AR IR S
ICA BhEEEIE T RIS R
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FAZE BT PMEAREMNILHNREGTS RS

BEXFER 2 FPrIRSEPRKAR UBSS I, WLNME 5 f8cE D> TG 5 HEE
SR EIRE REATTHAELH, SCA FFX WG 5 & %M1 7K.
FEMIMNE SR ZMBAVERTE IR, HH ICA FEME DL EHOR R A &, A FR
— AT N IR AU UBSS J7ik. 125 VA0 /N B AR B LIS 5
Y g, R GE M EEAT AL, PR ORI SENE S ICA Bikai &, SINRiE
TS B AT O B SR AT SRS I LA SRR BEAT it o SO SR vl U RO 5
RN ERERERAERES, BRFIORITIRBN R .

I IR TE
4.1.1 RGO IRMAL B K

IRARARAL(Grey Wolf Optimization, GWO) 5% & 1 Mirjalili 25 A\ 52 KRS
AT )8 RAR I — P e A 5. TEDORSFIE AR p, 5 ORI A HoRE e r
BAER . REHR TR D AR FEMBE = AN B .

TEAL B IB B, AR MR AR RS 420 (¥ 7 06 L 7 48 2 2 1) P 10 o7 E A T S
SR, BRI SEAT A ECERL T

X=X, -4C-X,, -X | (4-1)
AHs P ONHRNEAREG X, NHETRORM B R, X, MRS AL E

;A M ARPERE, EON:

A=2-a-r,—a (4-2)
C=2-p (4-3)
a=2-—2 (4-4)

Iter, .

Herpr, gy, JA0,10 G B N UL PR AN BEDLEL,  tren,,, A EORIEACIREL, WSk
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T aBEIEARUEL 3G NS Mgt It AR BRSNS Y B AL B AT AT
Mo IR HFR R B THEL, 1% N AR NIRRT B AR . DA A A
DANWENZANGE 0, pHMSHEX,, » X5 NX;,,
FERBERIAF SRR B, A3 5] AT o B S A A
Xl,l :Xa,i _A1'|C1'Xa,i _X1|
Xy =Xp, —A2'|C2'Xﬁ,i —X;| (4-5)
X3,; :Xa,; —A3'|C3'X5,; _Xi|

X = X+ Xy, + X5,

i+l — 3 (4-6)

@Sy rER 4, 4, 4Mq, ¢, gANSIFET, h@-2)M@E-3)it5E

B2l X, RARKRANMEERFEET5 RN E. EEEMPER,

IRAF AR AL BAG T8 B B RPIRES . R R R S8, 9
B, P o BT U A, S BT GWO BESE 5y B NI = B B MBS

4.1.2 IR R IRIAL TSR

N GAE G GWO BEB AN s, IRmemidRae, sIMEHEF p,
W DA A S 125 5 g e AR A S v MR e O B SE R AT R, SR — PR A K
FRARAL 3% (Hybrid Grey Wolf Optimization, HGWO).

1E WOA i, JESktigt DUB TER I BN 10 7 A S S o et o =K, A
BB A AL i 2 (4-7) R

X = Xpesry + & -cos(27rl)~|Xbest,q - X (4-7)

|
XA, ¢ RonAansAREL X, NS ETMERALE,  p X EUR IR E AL
RNEEAE L BUEBENL S . % T WOA Sk i 47 B 0B B A R, Y
p =205, BRI L AT RN EW S H o AZE, R IIAKYE RITH
W, JFEE S WOA i SR et WA SAT A HEAT A0 B 0T B B RS

X, =X, + " -cos(2rl)|X,,; - X,|xLevy (4-8)

H SRS R 5 IR R LA B Zevy THRE A 0N
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W/z[sl,sl, w8, (4-9)

Si=— (4-10)

K

o, SRS, un vIRAFREZE S BN o, | w2 g, iy
C[(1+y)/2]-y- 207

BRI, 1) R N R

4 p <05, FRAMAIEIBES GWO Skl WER S, 08 5 0 R

(4-6).
413 RETIRMUEESEH

NBAETR & AARIAC LR FACPERE, A3 I 3% 4-1 o B DU A5 v e 2
(Sphere. Quartic. Apline. Ackley)X VR & ARMALE L, a4k 535 RR
PA BV =M SRE AT XS EE . Dy se e a5 SR B A ke, SEi Iy MsTis
1730 %, BEREGEAIREON 600 X, FREEESN 300 IR mAIUHEUE . Sk
A 2 - SA 48 DL R v 22 08 Dy Dk ok B i SO0 45 SR VR AN i, BE RS AT U B

IEHIAERYE S AR E M. HGWO FERISEI SO B N3k 4-2 I
R 4-1 BRI A A A IO Fh B8 R 3
Table 4-1 The four benchmark functions used to test the algorithm

SR WREH PRECRA EIRRILE

Sphere [-100,100] A& PR B 0
Quartic [-1,1] A PR B 0
Apline [-5,10] EA- TR 0
Ackley [-32,32] EALTE 0

% 4-2 HGWO K8 #
Table 4-2 HGWO parameters

ZH EPd BUE
N T A 30
Iter,,,, B RIERIREL 600
b X B e 24 1
4 MR R 1.5

MR 4-3 0T Al A, oI A Il 2 2 I R A I T, SO RS2
&L AR P S AR v Z SR T IR A ) WOA R GWO 5k, HHEIL T3 i
O RYITCINT RGOS R FE M & IEME, HGWO FEBIL T 5 a5
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o HHTE Ackley BREUNAH, HEHR WOA il GWO B i AR AR I i A 2
1071107, +aBar B g R AIE 0, B2 T &2 LU/ INIESIE B 1 5 3 5
P HIGIEAE 300 IRIEATERIN Bk, WM SBCFME . deikZz 8 E A
o WX T HGWO Sk a] DURGE Bk H Rl ae e, I Hae e Pud I 314 )5 i
Hff, MRIEZERT 1012, ToHEaERR R MEE 0. 7E Sphere Al Quartic
Pl B I b, IS AR B AR 0, 2 W SOt SR TE 3 R 0 T R RN A R
KPR IA BTN . LRE4 R H, HGWO Bee A B i v IRFE AR

MR RE T, H R B
% 4-3 3 MEER 4 MR BB S AR

Table4-3 Comparison of optimization results of the three algorithms on four benchmark functions

PR A4 R Eiz2) WOA GWO FGWO
LR 1.16x10-! 3.17x1073 0
Sphere FIE 1.3567 6.35x1073 3.58x10°
PRt 2 9.4x10! 1.01x10° 8.73x107
LR 5.38x10'! 2.87x102 0
Quartic SOl 9.46x10-! 5.13x10%2 5.68x10*
FrifE 2 4.15%102 3.09%x1073 1.47x10°
LR 8.56x1073 2.86x10* 5.17x10°
Apline FIE 1.69%x102 7.53%x10* 6.38x10*
PR 2= 8.42x1073 2.74x10° 2.65%x10°
LR 6.65x107 9.78x107 1.77x10°12
Ackley FIE 9.22x10° 4.53x107 8.31x10°12
PRk 2 1.34x10°5 1.42x10-10 6.15%1014

NEEDWEAN HGWO SRR FRCR, B 4-1 Za it 1 = AR Ae DA Ik
PR BIUSC S 2R 1, AR TR 4 SRR 3

H Sl 26 el 0, AHEE T JR4AR WOA 1 GWO Hi%, HGWO Hi%kik
S 2RI R TR, hZ TP R SOk J5 1 S0 B AR i W SR B AL T
JRAGSR . BRI PR 2 4-1(a) F1 4-1 (b)Y ST 26 P &N, HGWO 7ELAR AT 150k i
LRICABENN, T WOA Al GWO FUETEIER G A Re 1B 2 e fife, HiE
BN UL SR I R T FE A R RE, HEEW A AR EEIEEE. B2
e BRI 250 1 2 ] 4-1(c) A 4-1(d)ISIEa A T LA Y, HGWO S RE G s i Sl
G REAAE, T GWO 1 WOA TEIEAUE HIN i e N iy 9] HGWO 5
DR R R IRE ST . S5 B RTA, SO SRS RERS AT R SR ) S
BE AR
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(a) Sphere function convergence graph (b) Quartic function convergence graph
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(c) Apline function convergence graph (d) Ackley function convergence graph

[ 4-1 MFPEERT 4 B R B T IS R L8

Fig.4-1 Comparison of convergence curves of four algorithms for optimization of four benchmark functions

42 B FINERREMUNXRET RSB R E

4.2.1 INEBE TR

K EE s AR 2% rMmetE, Wik, A EMZEERT
FSCHUE ST R WG 5 3RO SR N A e, AR R BN RS 5 0 i
NIRRT 8y, FESHRSE i AT 70 R, i AR E B i
B A B BB AN LB EG, XHE S 1@ o AR S =
BAT R, RE S A RER, WSS IHERREE, S E T
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CASE G PR SR oK o il N R AR e i) VRGN v S 5 B4R B, 3 AE
PARAR PR I R IR 7> AR S i, BEE A RIREE SR EAEE, &
T RUE B E R i
/NI AHRAR B 1 73 AR B SRR R B R K N 50 (4- LD A (4-12) s -
4 =S b - i

J+1,2z+41 _ j.n
dk - ng—Zk : dm

m

(4-11)

dj* = %hkfzm ST 4 ggkfzm A (4-12)
Horr, g2 Ml g2 N R B, g RN G INBCE AR AN S TR S AL /N A
RE, JANRRE, 1 5m A VBSE, RS, NIOEIE S R
g N EE PE R A R A
NI R B BAR R T B 4-2 s . INEIFRRTRLE S BEE 2 i = E0

s, A5 S AT BT AT > (A R, D FoREM, MARROR
IRIEEO .

X
! v
A D
! } ! )
AA, DA, AD, DD,
AAA; DAA; ADA; DDA; AAD; DAD; ADD; DDD;

B 4-2 /NP BB = B 0 il R 1

Fig.4-2 Structural graph of the three-layer wavelet packet decomposition

4.2.2 XIERIFMAIEFE L

A INBE xS IAE 5 X (0) FRIARATONT g ABERR 73 32EAT RIS 20 0 e, FE 70 e X
W o BTG R . /e m)E, TUREE T MES TR0, 15

Ty B EAR BT R PRI FE AR AT ik, DAY RS DU LA 5 3 4
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FERIVE N, B 7 REEXS B, AL SRR AR AL, B E IR A A G
ARG SRR 55 A ERIEAK R EOHE LR

M M M
MY imfi ()X ()= imfi ()Y X (1)
X (0),imfi ()] = = =1 =1 (4-13)

M M 2 M M 2
MZM&@{meﬂ—-Mzﬁm{Z&m}
t=1 t=1 t=1

Hrr,  xo R FIE AT ERIE T, o Ron il N AR S P15 2
M2 i MBS, v KRR R . B RAEEBOR, R EINE S
5 H oy B A SRk Ry, RIRE R (8 5 A0 45 5 P BE s AR IO 5 (R By
HEHBOR: ez, REUEM/DN, TURME S0 & & HR,

L HAH R RO N AR T A o AT ik, AIER T AR R
BEWREVNMITC R B, REE S BN RO &, AT ik 5 0

MES. pEWEG ARG, HriEbESrELS  MEUNES x, o HE

fE—ikg, LB G M P 4R IWIE S X, .0 » ESLBEAE RN .

7 def

X g o (O =[imfy (@), - Limfp (0,X, (0] = [£O), .- fp®] =F@) (4-14)
23 N AR BN Sy T4y ik JR, UBSS [l @R A OBSS (7]

4.2.3 B¥fHTT

FE 5y BRI S 00 B %R BOIRAE S R H , AT R A7 S A5 1O Oy ik
SRS S8 H AT . HIEABARR, Joilid REAS oy 2250 55 (0 35 18 0 i
RAFRFAEAE, 285 I R 1) 0 A R i e IR 2. BRI -

(D HEFIES FO=[£0. ... fr@] FIPITZEHRE:

R =E{F(), F"() (4-15)
Horp o FoRME R LRI B
(2) N} Ry BEAT AR AR, W4 PaR EAFAEAE MR HES, 155 5 25 A 4

LT S, 3 THER S, THRFIEME DY 0 FOE TR, By L AL A &
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(3) MR 77 A 0 R T A B AR AEAR, 454 DL 05 S Ul o e P A5
SHEH . DR B A 53R 9

L
_L(Lk) dg+k

k
BIC(k):[H/l_/J Ty oL
Jj=1
L
32, (4-16)

J
2 _JjAl
L—-k

k(k+1)
2

Ok

d, =Lk -

Ho, 1<k<r, j=12,..,0, B FHREEERER R K BIC(K)),,,, T8 H X B K%k
FFSE, BENFTb VRS S 4 m, BN BSS Hlar &2 1440

4.2.4 NS5 IEE BB AEE L

AL FER HIL R 215 5 I 4E B0 B 515 S A R A 4E%L,  OBSS [
HH R FE e il AE 5 BSS 1)l AL BB IR AT -

(1) XAz N(4-15) ) J7 ZHRE Ry HEAT R 7 8
Ry, = HAH' (4-17)

HbH=[n.hy, . b)), A=diag[}, 2, .., 2]

(2) HHHEEHERw

W AHT (4-18)
Hordr,
A= diag[(itl —oN) (-0, L, —az)ﬂ
H'=[h,hy, ... ,h,] (4-19)
o’ = ml - 2

(3) BAET 200 =12,). 25 (0),.... 2, O HIFREL:
() =Wk,,,(?) (4-20)
W A G I IE S H B o) VF ST 2 A M B NS 5, 8 SR AR

PEGERE W, TR RIRAE S Il T, B
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§(1) = Wz(0) (4-21)
RS ERE T SRR Ak, DRk 22 10 X ok i 3 1 77 200 kAT Al it
JOV) ZEIGOZ)} ~ E{G (g, )i T (4-22)
Kb, BO BARBMEIEHE, 60 RRIELIEREL EELG() =log, cosh(h) » Vi,
A HE S .
FT R ICA B3R TR R H bR Eod N

1
Fit; = ——
JW)+¢

b, e ABEHLEUS I — MR/ SEE, Bk B0 0 Bt oL, 8id 54k H bR
W Fi R/ ME, BRI BEHERE, Wi SEOLEAE 5 IR .

(4-23)

425 BE SR

ST N IR A AL UBSS 775 30 F
BT MARNE S, BTN
BI04 /N RSB0 (E B 4 S BN B IAE R, IF
HEAT ALY, AR 5 4 B S B A5 5 T AL A BT O (5 2+
SR 3. 4 AR IR SR BIC KM, IR S 0% H -
SR 4 SEER OIS AT AR, RIS 5 e M U (5 B
ST 5. RN E S
SR 6: WAL FORANEER B K HGWO B & 245,
SBIE 7. KRR AR(A-23)HHELE R, F RIS N S AME, BN X,

X, P Xy, JEHE PR R B
IR 8: BEHUERMRE T po M psos i, TARE-8)HEFRETR,
p <05, (LB TR E-6)

DR 9 BRI EAE RGN AR, IS AR B S AUE AT X B
TRAF AL TG N BB BN AR B
ZUR 10: HUFHAARUAEL, KR Sk B IS RE. Wi e, #EAH
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Fig.4-3 Flowchart of UBSS method based on wavelet packet hybrid optimization
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Fig.4-4 Waveform diagrams of speech source signal and observation signal
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Fig.4-5 Line chart of signal's SNR under four kinds of sorting index
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FEbR T REDS 1K BIRIFIIBUR

oL /NI RSy R IS RT LATR] I A5 SIS 5 1 e oy s AR 4 . SRR
FUHEN 6kHz, WRIENRASMIFEE, S =2 NEas s, ST
N 750Hz (6000/8). HHULHI %1, JETiE&E 5 LIRAEBR M ERE T, &
EE AN T P AR B R /N A A3 AR TR R B, B R SR A S B U . R
B INAE 5 BEAT = 2 /N A, 4530 )\ BEBE L A 0 /N R

% 4-4 HETIHIES 5 EMMIE SN ERL R

Table4-4 The number of interrelations between each sub-band signal and the observed signal

e LR ZRH
}Fﬁ = ﬁj’“@/H T SNl f2=
TH S PR TEH/Hz WIEE 1 WEE 2

imf30 0~750 0.7074 0.8123
imf3,1 750~1500 0.7852 0.6545
imf32 1500~2250 0.5348 0.7319
imf3 2250~3000 0.7721 0.5386
imf3 4 3000~3750 0.6382 0.5256
imf3 5 3750~4500 0.3243 0.0013
imf3.6 4500~5250 0.0571 0.2245
imf37 5250~6000 0.1682 0.0534

R 4-4 AlA, geid =R/ NEAR A5 2 ) \AS 7 4 Bl o5 S50 v [l Y 1Y
. SEMIAE S H AR E 2R ES . WAES 1M 2 1 imfis.

imfs.6 1 imfs 7 55 I A5 5 FIAE SR AN, ik e albR . HaR o &0 B R R BUER
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Fig.4-6 BIC value of the signal

JRIIMEZE %
=

—%— BIC-SVD
—&—TOP-sVD| |
—— SVD
. . . . . .
0 50 100 150 200 250 300 350 400

ISR R
4-7 FRIE ARG MR TN E
Fig.4-7 Success rate of different algorithms

i 45 DU B 1 Ay A A TH AR B kA BIC{H, W1 4-6 .
HIE AR 7L, ko 3 BIC (AR R, RUIMETHIALr BAH N 3, G
TV = 2% SR AR5 5 (5 5 I SERRIE oL, RIZ 753 mT DLUIERA A T I8 45 5 104 E .
H1 P& 4-7 Pron Sk bR B I BB AT R, ek A S0 AT M B vy, Rl DABRGEE L HE By
Hu Al v IR AL

44



i W N e e 2 VAT

G R=8ES e N & 4-8 Arn, #RRNES HGWO Hi%:1K) ICA 77
EEMESHITE, 2BES PR WE 4-9 Fix.

R ETAY)

i

L

1
0
-1

0 1 2 3 4 5 6

1

EAEIV
*

Y
I

KA x 10*
4-8 ZREMES

Fig.4-8 Three-way of reconstruction signal
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Vi (4-26)
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FRABEAEAN T ORI 1 208, H RBSET 1, {558
% 4-5 FIESENMR N EES ZEAMEXRY

Table 4-5 Correlation coefficients between source, observed and separated signals

EES WlES 1 WES2 2EES

JEEE 1 03170 0.6130 0.9127
PFEE2  0.5658 0.5612 0.8431
FES 3 02925 0.2766 0.9075

H13 4-5 A BRE 5 AR R BUE A el A, 220 Bod JE AR B 70 B 45
SAEAE T A R R BUEA BTG S, AR, SRR,
ik I SR RENS A R0 1 Y JEUR 15 5 HL 2T B ORI

4.2.7 REEMEMAITRIRES 2B R EE S8

Nt — B RAIE N BIR AR E R A R, EHCNERLES A ST Ay 4y
HT(WP-ICA). /NEALE5 & AR FEVE IS 8053 73 B (WP-GWO-ICA) Fl/N ik
AR G RAG(WP-HGWO-ICA) = Fl BVE R R A S RE AT Al 1o 18 F i An E AL 2
J5 % Z(Normalized Mean Square Error, NMSE)POILL & f J¥ f % (Angular
Deviation, ANG)PTFFH 5 bR 2 L0 F

M N
ZZ(%] a;)
NMSE(A, 4,) = 101g| == — (4-27)
> ay’
i=l j=1
ANG(A,A,)=— 180 arccos("< T |i4>” (4-28)

X, A RoRFEIERMTHR G, A NEWENE, MmN 735 R RIAT
BEINEG  a,; M a, JIH RS AS THRR S FEFEANR S FEFE I S5 0 4728/ 51 L/
TCE o T BB AT H AR AL 35 J7 % 25 A0 A B Al 2 (BRI, 2 B B0 1 AR v M

.
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H R 45 R A 9 21 = b S B A oV 5 R R 20l D

[ 09124 0.6201 0.3862]
WHCA T 0.0271 0 0.2299  0.6722 |
0.9041 0.6109 0.3974]
0.0254 0.2303 0.6854 |

A

WP-GWOICA — |:

A

0.9028 0.6105 0.3922
0.0213 0.2417 0.6731

WP-HGWO-ICA — |:

7 4-6 EIERITNHEIRRTEE

Table 4-6 Comparison of evaluation metrics for algorithms

i P m22/° NMSE
ANG(4, A,) ANG(A, 4y)  ANG(A4, 4)
WP-ICA 0.6735 0.8202 0.5403 -36.5182
WP-GWO-ICA 0.5815 0.5066 0.3136 -38.3468
WP-HGWO-ICA 0.3238 0.4365 0.1907 -44.7174

IT R 4-6 TP Fabrxt LR B, /NI A R SEE A th 1) B B et
RAMHEME . Boh, BB LB &1, WP-HGWO-ICA 9% i 4518 45 bn B 2 1)
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Fig.4-10 The three algorithms separate the signal waveforms
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KNI G SILR] BSS TNk a] By e /> SRR M0E 5, HAehs
I BB I R

it — P = P A X AL EE BSS (AR, 3 AR AL, R8s = Fh o
Ay B REHEAT IR, D RIR(E S 5 0 B E S L M AR B . AL R KL
FEARE AR

N-1
2 vi(k)s; (k)‘

k=0

N1 N1 ’
JZyﬁmZkﬁm
k=0 k=0

i = i=l-n (4-29)

K W REDEGT, s0FTAEES. HMEOBREEE 1, RPRES S5
B SRAHRL, o BAE RS R . SEERMOLIZAT 50 IR, R 4-7 45 3 FhEEARL

RHER
47 3 FRECKOIRIL R B R L

Table 4-7 Comparison of similarity coefficient values of three algorithms

Bk MR 2EES 1 28EET2 T8ES3

i=1 0.6109 0.7041 0.7577

WP-ICA i=2 0.8565 0.8753 0.5931

i=3 0.6929 0.607 0.6090

i=1 0.8447 0.7472 0.7451

WP-GWO-ICA i=2 0.9004 0.8289 0.5308
i=3 0.8980 0.7557 0.5467

i=1 0.9483 0.9764 0.9591

WP-HGWO-ICA  i=2 0.9661 0.9275 0.9908
i=3 0.9352 0.9185 0.9872

WX R 4-7 GEREIHT, DBARHT, Sia AORMATIER BSS Tk
B =45 5 SIRE S AR AR BB A g, 2 BERCRAEE T EN
B . HGWO 5 ICA Hik4i &5, nBEESHMUARSEL LT 1, &K
BEJE SRS B R T AR PR O . e el A, e AR R
TrEREEE, HAREE sl S &

4.2.8 HFE(E S M SL58

RE— BN TR A A SRR S M, R U ARG & 1 XU R
HEVR TR A R ERN M E ARG SE R %, KA 20kHz B AE 53T
KRE. o, SZISAE AR 3N 1500r/mine  1%45 S I I RIS 41 B 4-
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Fig.4-11 Time domain waveform of fault signal
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Fig.4-12 Frequency domain waveform of fault signal
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Fig.4-13 Separation results of wavelet algorithm and improved methods

49



i W N e e 2 VAT

1P 4-13(a) RIS Z0 BT T A, BT AR 38 20 B 45 5 A0S Pl v T v S e s i
UEAE 5 (RRSRARAAIE , PRI /NI R N A 5 20 B VB MR R AN (s T oS0t 1 vk
K F/INBELTR A A2 PT LUK 65 5 1) s SO AT 40 7, R B RS B
(K BRAE . BRI R S AEATE ] 4-13(b)h: &/ NEEIR G I RS
B (PR PR A5 5 S by DU R B s A . 7EE] 4-13(0) ISR — Ik BEE S
i, A 256.4Hz Je HURAT R 1275.8Hz LRSS, 1 1532.2Hz A thn] LLE 3 —
ANNIUEEAR, 6 ST BB ATAR ( — 5 A, 7ERE] 4-13(b) P AR IR S 5,
FEP WA LA R H R AR I A AT DL ] e BT S e . 2R T,
B H /0N i R A AT AL B TR A TR A 5 A AR AT 4 B AR, T AN
LA R PR B R AR A B o

4.3 RE/NGE

BEXT BSS HFRGE R, AEIUA RO FEEA L, AT SR I AN A
SRAEMAR) ICA MEGHITE. 1ZJ5FEd M A, FNE S &R
BREAT 73 M B BRA R R BBV TR B, 5 RG5O AL 6 i
Z RIS 5 o PR T 3 S o A <3 DL B4 B v U i KAl R R R Al
THEESEH, A AR ERPNE S 4R, LB R RBINIE
YRS T OVRAE S E R EORRR— Bl R S0 HGWO Hk 5 ICA Hik
iy, MUEMESKE. JIHRRREREY, E=2/N i N EH L
R R BRI 5 0 B B RO B . AR AT/ N AR SIS
%1 UBSS JHARENS A R R IGE I, MR S EIRILIRfE S, RE%S
FLAEREARARAE P IEALRFE—3 2k HGWO Sk RE A R0k G 4 b N\ R 0 5
Pt teF R Aa Sk S O0E P, R s Hooudtja i Sk AR b T el
Bk, rErERe AR, WCSCE L DURE AT IR T, BENE S A R SEIE S Y
HOBERFAL -

50



i W N e e 2 VAT

52 REERE

5.1 B4

ARSCRIBEAH T A K BSS A KCHES FIR AR L ST G 5
FEEAKAR I FE T AETE 5 2 BIWIME 8] 5 25 K S5 5 MR WS SIORE P8 RV I 2 11 ] e i
ATRACK AR HE 0L G B Re AL BB AE M BSS il A AE1E (AN R dEAT L5 ik
W B RS S ICA Bk gs S A, LU YIE. K€ BSS i .

A EEG R TAE R

MR RAL G R AL VL AE AL HE BSS W FRIN A7 AE 105 2 s, 4R — Pt
T 1-WOA 1) BSS J5i%. %7 VEMSE T O PR ERE, J T HA5 BAE H b5 R4,
FESEIEATH AL B AT 91 NIRRT S ) 5 5] 5 hg, SR mMhiE £ w s RS
SINGEYE CAT ARG, b FIERAN R et o I A SCsE R AL S AT tH 1K 42 R i
PfRIEN ICA K, BRTH 5 B, BHUMES ICA TSR, G HVEN
WSS B, 3 TS B U 1 40 B R o I LT PO A JH vh o Kk A7 SR T e
B, A G HH ek SR A O E R T AT M o TR A SN A5 S AT o B kb R
SIS AT, kIR RO BE SRR BSS RN R, AT ROE JR
PSS

ST AL GRS (AT o AT ) VA TE AR U UBSS [ R, BT R B 6 FR i fE A
B EER, T SBUE VG FESZ PR R PR R, SR T R TN AR
161 UBSS J7ik. &5 F/NEEEE S MG S, FRAHE ARG R EUEXT
B9 0 EAT ik, KRB TG UBSS FALRGHE M, JLkgs & il
WS BUEN, R B S AE A R A TR G S 80H @i A R AT B 4
WhER, G EAE S 5IRE S B H R, #E BSS [ MiEE 0N IE € i
. ffE, EPAEEAR GWO Bk G MN BRI s, 51 NI WA ST
N IR AE AT SRRSO IORAA SR BT 250t s IR B0 1 HGWO 5% 5 ICA 5
waiE, ATAsEMNIEE ANES, AMAENRE S Tt el
RELH, 1E= RN A S T A ELAH DG SRR AR AT 5 40 5 1 2 IR SR B

51



i W N e e 2 VAT

ASCR M JHEAEALE UBSS [RJEI, ARESE m, o BEEREE A, HOGEm
HGWO FiEA LT IR 5%, Iio e mia e il 7 — e R

5.2 REE

H AT <8 R A S SR O B AE. BSS A B ARAE B D R R B B,
VIHAFAET 2 R R 5, ARRWTFC AR AT LA SR LN B 2E AT T

ALBEE 7 B 1R EAE 2 U O MR IHAE BB S TR 3E 4T, XA A T
%, AXCHFEFRREZ R — N, IEPEERE, FES 5RAEE
SHSIRFPAE, FEOCIEIE G 5 M. RS, BERAESRINIEHE
P, ERUSFE RN, HAEME A T, SRS S R AR S R R,
B EE S KRR ERFER. ik, EBnESHREE, XoBREESS5H
JAE = 55 AH 5¢ 23 I8 75 50 AE BSS o (0 B MBS 4K SE0T 7T

AR ARSI R, AAEBRE. RPRAEE. T TR
SETEOL T 20 8 1), I SR IR S PERESZ IR o 5 SRR XA 5
50 B AT R IR Ty T R DU BL 28 AT

FEPT RS T, AR BOE E 15 5 UL (S 5 53T 0 BAL B, BeEr
BER R SR A . SRR T, A DRIy BE RGBS
ROV RS & RIESE . BRGSO, NA TR mgERE. EmE
2RI SEBR T o

52



i W N e e 2 VAT

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

S 3Rk

Ehsandoust B, Babaie-Zadeh M, Rivet B, et al. Blind source separation in nonlinear
mixtures: separability and a basic algorithm[J]. IEEE Transactions on Signal
Processing, 2017, 65(16): 4339-4352.

Tong L, Liu R, Soon V. Indeterminacy and identifiability of blind identification[J].
IEEE Transactions on Circuits and Systems, 1991, 38(5): 499-509.

Brendel A, Haubner T, Kellermann W. A unifying view on blind source separation
of convolutive mixtures based on independent component analysis[J]. IEEE
Transactions on Signal Processing, 2023,71:816-830.

Bell A J, Sejnowski T J. An information-maximization approach to blind separation
and blind deconvolution[J]. Neural Computation, 1995, 7(6): 1129-1159.

JiJ Q,Kong X J, Zhang Y J, et al. A new adaptive variable step size natural gradient
BSS algorithm[J]. Journal of Intelligent & Fuzzy Systems, 2021,41(1):57-68.

Fu W, Bai X, Shi X, et al. Mixing matrix estimation algorithm for underdetermined
blind source separation[J]. IEEE Access, 2021, 9: 136284-136291.

Bofill P, Zibulevsky M. Underdetermined blind source separation using sparse
representations[J]. Signal processing, 2001, 81(11): 2353-2362.

Huang S S, Li Z N, Wang C J. Core consistency blind source separation based on
compressive sensing trilinear decomposition[J]. Measurement Science and
Technology, 2024, 35(5): 56116-56125.

Yin W, He K J, Xu D, et al. Adaptive low light visual enhancement and high-
significant target detection for infrared and visible image fusion[J]. The Visual

Computer, 2023, 39(12): 6723-6742.

(101 . 13 56 W5 SR E 75 [J]. T 53R, 1996, 24(7): 87-92.
[11]X0FE, M R, R, —FEE 52 E E BEW A AR KA

SRBFERR), 1998, 33(4): 40-45.

(12105, R, £RH, 5. — Mk AR AR VR A AT 22 2% 5 U800 88 75 1

53



i W N e e 2 VAT

[J]. R R S22 (B AR RL AR, 1999, 34(3): 298-303.

[13]5K A M, S2 218, —MUE RS 5 E 20 & 8 AU R[], BT 224k, 2001,
29(10): 1392-1396.

[14]1 1% %. BT T FIE N E D B HEIEP D). T ER BRI, 2003,

(1514 AL, A/ F. SO RS T 204 & N A B 2R B6 B IR B AT, e Rt
K Z 22 (H AR RR), 2007, 35(10): 18-20.

[16]5K T, M IR, 5T itk PSO-ICA HYM AR 5 £ WA T]. A ek ) 22 )
8, 2012, 47(1): 56-62.

[17]5K KB, T 5 5%, 38T, %5 T GA-AW-PSO 134 B I8 7 B il 7 b G
WA [T]. RG5 B4Rk, 2018, 30(6): 2306-2314.

[1814 sl SL, BRAL, B R g, 5T ook gt AU AL S0 B0 8 VR 0 B 7 VA, R0 S 42
224, 2018, 40(5): 76-81.

[19175 %30, 5K 22U, ARt i, 55, kI B b B R GE 15 5 5 70 3 B e R ki B
[J]. HUBk T2 2448, 2014, 50(18): 14-22.

2012 EAR, 5KIF, . FET/NE-KCCA FIARER R E B 7 B 75 7L 0], AX
SR AR, 2014, 35(3): 601-606.

[21]Sohail A. Genetic algorithms in the fields of artificial intelligence and data
sciences[J]. Annals of Data Science, 2023, 10(4): 1007-1018.

[22]Chandrashekar C, Krishnadoss P, Kedalu P V, et al. HWACOA scheduler: hybrid
weighted ant colony optimization algorithm for task scheduling in cloud
computing[J]. Applied Sciences, 2023, 13(6): 3433-3456.

[23]Gad A G. Particle swarm optimization algorithm and its applications: a systematic
review[J]. Archives of computational methods in engineering, 2022, 29(5): 2531-
2561.

[24]Kao Y T, Zahara E. A hybrid genetic algorithm and particle swarm optimization for
multimodal functions [J]. Applied soft computing, 2008, 8(2): 849-857.

[25]Chen Q D, Sun J, Palade V, et al. An improved Gaussian distribution based
quantum-behaved particle swarm optimization algorithm for engineering shape
design problems[J]. Engineering Optimization, 2022, 54(5):743-769.

[26]Hardy L. Quantum mechanics, local realistic theories, and Lorentz-invariant
54



i W N e e 2 VAT

realistic theories[J]. Physical Review Letters, 1992, 68(20): 2981-2984.

[27]Chen Y, Xi J, Wang H, et al. Grey wolf optimization algorithm based on
dynamically adjusting inertial weight and levy flight strategy[J]. Evolutionary
Intelligence, 2023, 16(3): 917-927.

[28]Rajmohan S, Elakkiya E, Sreeja S R. Multi-cohort whale optimization with search
space tightening for engineering optimization problems[J]. Neural Computing and
Applications, 2023, 35(12): 8967-8986.

[29]Yang J, Li B, Zhuang Z Q. Multi-universe parallel quantum genetic algorithm its
application to blind source separation[C]//International Conference on Neural
Networks & Signal Processing. Nanjing, China: IEEE Press, 2003: 393-398.

[30]1 7542, TREG AR, X H . J TR 7 REEE R JOE B IR0 B AN ]. BHAROR S
TF%, 2018, 18(15): 123-128.

[31]Tripathi N, Singh R, Pandey U. Effective independent component analysis
algorithm (EICA) for blind source separation of mixed images for biomedical
applications[M]//Proceedings of Trends in Electronics and Health Informatics:
TEHI 2021. Singapore: Springer Nature Singapore, 2022, 311-327.

[32]Gopi E S, Palanisamy P. Maximizing Gaussianity using kurtosis measurement in
the kernel space for kernel linear discriminant analysis[J]. Neurocomputing, 2014,
144(20): 329-337.

[3317F 154, JeT-Hudt PSO [ 5 ) [l 445 5 ST e 70 A S % 18 e SR X D]
R TR, 2016.

[34]Tang M, Ren C, Xin Y. Efficient resource allocation algorithm for underwater
wireless sensor networks based on improved stochastic gradient descent method[J].
Adhoc and Sensor Wireless Networks, 2021, 49(16): 207-222.

[35]Guastadisegni L, Cagnone S, Moustaki I, et al. Use of the Lagrange multiplier test
for assessing measurement invariance under model misspecification[J].
Educational and Psychological Measurement, 2021, 82(2): 254-280.

[36]Ourdou A, Ghazdali A, Laghrib A, et al. Blind separation of instantaneous mixtures
of independent/dependent sources[J]. Circuits, Systems, and Signal Processing,

2021, 40(9): 4428-4451.
55



i W N e e 2 VAT

[37]Lu J T, Cheng W, He D, et al. A novel underdetermined blind source separation
method with noise and unknown source number[J]. Journal of Sound and Vibration,
2019, 457(29): 67-91.

[381IE 4, AR%E, MRERAE. @l & /NB o MY Lasso YEARIF iy BUIN ¥4 1], HE M5 2
HiBEHR, 2023, 21(5): 9-16.

[39]Joshi S K. Chaos embedded opposition based learning for gravitational search
algorithm[J]. Applied Intelligence, 2023, 53(5): 5567-5586.

[40] B R, £ —h, B RHRH. —Fisodt i 22 70 #EALS0E 5 i R A8 2 B9[]
HL IR AR, 2021,44(22): 56-61.

[4115K 55, W /R 28, fIRERE, 55, JE TUR BN 0N T BEOLAL IR 25 55 B[], $5 41
ik, 2021, 36(9): 2218-2224.

[42] 0, B0, 0, &5, BT IRTHR SR ENE B B BT[] SRsh 5 b
i, 2018, 37(17): 63-71.

[43]5K ik, fREr. B85 50 B [J]. L T54H), 2001, 29(21): 1766-1770.

[44]Liu S, Wang B M, Zhang LY. Blind source separation method based on neural with
bias term and maximum likelihood estimation criterion[J]. Sensors, 2021, 21(3):
973-999.

[451frTB2E, XUWI 55, FriEsd. BIEIE AE 555 72 B AU AF 75 20t 7L 0]
ALK R, 2018, 39(8): 34-42.

[46] RAELE, AT 2, PNL. — PR A5 5 (0 E U BALBE D59 )], oD S5 A s
3R, 2019, 33(9):144-153.

[47]Ahmadi B, Younesi S, Ceylan O, et al. An advanced grey wolf optimization
algorithm and its application to planning problem in smart grids[J]. Soft
Computing, 2022, 26(8): 3789-3808.

[48]Nanmaran R, Thirugnanam G and Mangaiyarkarasi P. Wavelet packet transform-
based medical image multiple watermarking with independent component analysis
extraction[J]. International Journal of Medical Engineering and Informatics, 2020,
12(4): 322-335.

[49]Li H, Lin W, Zhao D. A single-channel BSS method based on ICEEMDAN and

FastICA and its application in EMI analysis[C]. IEEE International Conference on
56



i W N e e 2 VAT

Computer Science & Education (ICCSE). 2019: 780-784.

[50]Yi C, LvY, Xiao H, et al. Research on the blind source separation method based
on regenerated phase-shifted sinusoid-assisted EMD and its application in
diagnosing rolling-bearing faults[J]. Applied sciences, 2017, 7(4): 414-432.

[S1]Huang L, Xiao Y, Liu K, et al. Bayesian information criterion for source
enumeration in large-scale adaptive antenna array[J]. IEEE transactions on
vehicular technology, 2015, 65(5): 3018-3032.

[521 RSN, FAR, RUBT . 5T SRIAH A 22 YRR B8 H T D0 /N B g 23
[1]. 18 2 5, 2019, 48(1): 57-64.

[S31% K, ZEEAK, L. FET/NEE—VBICA HIRGE B IE B 7 iEm L[] %
BT 5415, 2019,17(9): 154-155.

[54]Sun H, Guo J, L, Fang L. Improved singular value decomposition (TopSVD) for
source number estimation of low SNR in blind source separation[C]. IEEE Access,
2017: 26460-26465.

[551 W Hs, PNAL M, B i A=, 55 /N 00 20t BB R R R A 5 [ VR [D]. LT
& 54X A5 4, 2018, 32(4): 134-143.

[56]LiY, Nie W, Ye F, et al. A mixing matrix estimation algorithm for underdetermined
blind source separation[J]. Circuits, Systems, and Signal Processing, 2016, 35(4):
3367-3379.

[57]Ma B, Zhang T. Underdetermined blind source separation based on source number
estimation and improved sparse component analysis[J]. Circuits, Systems, and
Signal Processing, 2021, 40(2): 3417-3436.

[58]He PJ, Liu GY, She T T. Research on monitoring of aircraft structural components
based on blind separation of single channel AE signal[J]. Chinese Journal of

Scientific Instrument, 2018, 39(8): 34-42.

57



i W N e e 2 VAT

BigFMEAE L RAOFARILILBF

[1] RIRZ, 2, b, &5 5T/ NEEIR S IU I R e B IR 73 B8 7 VR[] -l &
Y 282441, 2023, 37(09):213-224.

[2] Wu Chenzhi, Li Wei and Q1 Yu, et al. Blind Source Separation Method Based on the
Improved Whale Optimization Algorithm, 2023 42nd Chinese Control Conference
(CCC), Tianjin, China, 2023, pp. 3127-3132.

58



i W N e e 2 VAT

B

TR, SRR, B 5N R AR AR B, [ R X
B, B NIRRT 2B, AR 4 T

U R BEWE =5, 2Pt @il BUBOT, R AT R
R AL 3 R i B D BRAT TR A — AN AR AU [ 5 > AT A G

S BEE R SURIIR N, RIRIEE N — i (a0
Tif. A ARSI ANREN. EZIMETMRET T, KEmRZ.

SRR T S o A& ARAT T3t B B R UK USRS TR, 37 38 DA SR (0 35 B A s il »
AIRDFNBHIRIE . A E ST LRt A ERZE R, WUTERAR 51T,
RGO 2 BIUEAAGE — AR H PUR IS .«

WA S SRR R AR A R I 1

M EEWRE ., SEROED A B, SRR RN e, 2Zibi14
FACPR MRS, LEB AT LU 55 BiOHh [ /iy 55 5

USSR R AN WRT B OIS, SPAEAD, DRSS ERkEEDE,
BT ST, 4R8HT, ARMmE .

LA TEWIE, RIDGRZ AR FEN, WaREFRE: Bk
Rz, BERTRZ, 1EIRAENS S INTORS B 5 M DS AR R K .

JUidfe, BAFE. BiHEE, T,

59



5%

i B 0T e

T (P

APt prof
o g =R
- ]




