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PRAERL T UE A i UKL 7 2T I, DB BRE LA E, JF B/ ZOR KL T4 REXS AR 2 1 R Gt AT HE
fltivh, BRI A PERE. BERIZ IR, ASCHR I 1 R i SR R RR T B B S, A TR
TR A, RO B R A IR, R R R B o JEE b A R B B 2 T e UL
TAEMR ) TP BEAT AR, JF AT CABh A PR A R R KR AR R AR TR e, 3T B R B A 1 o R AN A
e B BRAh, OESEASIN Levy WAT SN, M8 G ) M ARAE A AN RV 51 . SR8 R WL UK 5 I 5 ¥
PR TR T SRR RSB TS FE, RIS K FRAR 10 AR R G AT RS T P 7 BORE 7 4.

SKERIA): KL TUEE, WRIE SRR, BT 2 AR, RS
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JELRIE R G VZAFAE, H HAE RGHHIE v B AT
FEARm e 7 | I L IR 2 AR TR /R 2 BB HE
BRI H R I S v R (2. LT 9B (particle
filter, PF) Bl & —Fh Ik F 52405 & AR SR AR,
H T FOPRAS B0 ORI oR H00% A R ek Al
Wi, BRI I PT DAAS 52 R G AR R P A0
TR PR E AT UE B A CA 2 M
T 2 bR LARGU, 140 5 ARERER . SHUH]F R
AW MR S8 RGEHHRE. FHx
R JE I B R A 1] R, 7T AR FH 2 SR 77 2 3
AT e 1B B R SR R AU R A 6]
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RESE, B 5 S EORL T BUE IR 16, SCHR [10] 32
B E R AR T BB I, 125 VN R B
BEATHAE R AL, 3R TR 2 AEE. SCHR (1]
SEH T HINURL 78, AR AN [T s R Gk £
ST I ELRAE T i, (A RLTIEIE HSfE. H Bk
PIRN T IR I T GE B R IUAESE, R BE AR
AR _EA AR T 2T 7] e

BT R Be A AR PF 2 BLACKE 1B
AR 287 39 0 R 7 1) 120 KR i U T Y
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St T BT NEBTHOR R AR BT DB ISR,
AR T 2 R I SRR T ) 2 AR PR AN S R
73, M R 3 B8 B IRE 2. SCHR [16] 5 hL 71
DA SRR AN ORI AL B2 i 0 Ak B AR 3L (R4 ) 21
FLT U8B AR A ST o, SRBLRL T 2 [AlfE B3t =,
MG 5% 1R 4R SHLRE . SCHR [17] St 1
I RLRL RO SOEERL IR I E, B & MR
il SR EORL T OB, 3R 1R A A B R g
PHIREL.

Wi iE 535 (bat algorithm, BA) 8] gy &I#f A 2%
Yang 4% T 2010 4F4 i, 38 o 450 5 7l 20 4T
T BEAT B N fE T, MR TR B —
B, Wi 505 R T REAR I BE LI R AL, (HIX
AE T R B ) BE AL B R R b i B0 LAY
ST AU SO FE AN SRS 2. Rl N AMR 2 23 U8
WO AL BV L 10 A% SRvk RADLIR K B R 7 R
WELEAE S PF Rl T i 5024 v s 9 R REAR
BREMAM IR L —, ST I My R b Tk 2B B
B, HA T ¥ H S PR T AL & R IE B D,
Bk (18] SLAIE R, Wi 550325 0 A AR R RE I I0 T-HE 7
REVCAL SRR L WOREIU AL SR 55 L AR RE DL AL 7
V2%, DR B R i R S LTI AT S A, )
X HEAR R R T UE M RE RO RE — P e e AR

BT 5T 45 B i S 1 R A i B AT
WL LA RZRL- IR FA) A %o i i G025 1) o7 5 B
75 BEAT Bk, JRE b i S50 3k FORE 5 8 AT
B, PR T R RE AL A KL T B (bat algo-
rithm optimized particle filter, BA-PF), 7E3 ik
TZREPERIFIN, 320 7R T IR IR L.

2 A FIRB A%

T D £ 5% B S P — 4L AL 0 B
WUBEA 2, = {arh, wi )Y, S0 1A (U5 6 1
g 119,

P<$k|y1:k)
N
~ Pn,(zkly1n) = Zw26<wk —xp), (1)
i=1

A, a2 R ZIEIREAE, g1 1K I 20
IE, w9 kI ZPRET 0 AL, O(-) AR5 bR
K. 2 (1) B LU 3 9 BRI, BRI A REA

A AR JR 5 7R AR A I B0 5 2 58 pR B0 AT
R ISSE, TSRS BNy Z Al v (200,

3 HRUEE %

g 2% A AL 1 SR S s o R — o R
SRR it e Bt Y M BEALIE R 5L, BA 2R
Ji SR Foh B R 9 N P W S R RS A D 4 )
A ) N P ASATAT R, KA A R A0 4 R Ak
e A A A i R AR T A P R A I A
T IV bR AR A e BT AL B AR S, AEARAE
R 2 R PSR, AR L A e
R T R e R DN A ) B G B e
TEA DL R R

1) BT i i A A #1832 FH [ 75 5 A7 2 J% R
B, [EIEE A A dE I — Rk 10 5 SO S A
SRAFREATIX 47

2) Wil AE A7 B X, AR V; B RCRATEE, UL
] 8 AR frnin~ ATARAL IR N S JE A K4 R
Yy, R AT DURSE H br4 5 B GRS K/ B 3dE B
b T RS H B A, 7R RE T A I T R G
LI URINETILRR

3) fB5E K S Fik (vl B R A B KA Ao B[] 2
B/ME Anin Z VAR ). SR IEE [ fonin, fmax) FT
Xof N PRI BN [Aimin > A, SR AR, KK
J, TRAT HE S R

4 bR R R R UL TR U
4.1 EBFMIHRIE

A G RLT D I8 1A R 7 i B 1o B /NS
AR/ S ik VAR v VY i SRR LSS U 2V ST v
Ja, 2 BRI B4 AL

BT DAL i A, AT M) i 592 0 )
BeREAT LA, SRS BN Rk A £
A, AR BUAS [F A kb 0 R 4 R e o
B R AE R AR IS A 2R AR AR M e 0 AT
Rk b R AT R R, W 4 R RITAE
WORL T HPRAS, 210, B S AT R R, /£
PR R RENLIE TR, A IR 0 T R R MR
{198 a Iy PR VA AT SE - S E RIS E L3 W TipES
AR ZI ) e DU, s P A A TR, 38 1
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TR R ATURE ek /IS Jik b 55 . 38 3ok D Ak T A e o
WP REAT ELA, A RLTHE AR T [ 4 2% 2 () 1)
WAL B S, M HE kT R AR A i R .
3 R P TR R R, T A R A
N SR R e T 52 T i o B R

£ BA-PF {5 B2 BALHI H, ol risw B
Wi B AR R EITH AR, R AN IEART I R R
H A5 B BB S 0 A B A R SR 3R AT 0T BB BT,
AT A5 210 22 T 8 9 B 221 BT AR i 8 3 1Y) 4 ) A
AR, R4 R ARES &SR 3T E B,
N SE B A% Ja) St B i A

4.2 BA-PF BfrE#GEIT

% 18 B R RN T JE AR RS L, 75 5 U
(1 B & B FIAT N R SN BOET RO, R it
1 H b e B L

1

2Ry,
Hl, 2New NIBB AR RHT WA, 2prea IEP AR
TR AL, Ry, Jy e dlng 75 5 22, A\ H b ek B0
TS AT UE ), HFe o kA 784 2 5ol
DE S FAE B N B4R SR .

I=exp|— (2New — 2Pred (1)) | (2)

4.3 BA-PF 2FE#EZEARRIT

b 0 7E HY R RO, S5 TR R P
FE AR 5 £ W 1 T A0 7 B T4 R K b A R AR
ATAT 8. AR R B, 24 i 0 R R DA AR
JE F AR BT 51, B = A R K LA R 42 i AN R R
NINITES B U I E A LR EiiB U Ko i S v A
PARES N SR K3 b TR A WL /A E i B VA R
¥, BA-PF 2 H B8 S5 K AR, W52
TEBHIFEE.

BEXTIZ I R, ASON 4 R 1 R o AT ek,
FIN Lévy ®AT A AR b g A ) AT R AT
N ZHRE R FIH T Lévy ©AT L W BEHLIEE
Rk, B TR R AR b Lévy ®AT 277 AR BRIk
R HL 5 17 28 R SURI AR, TR R DA 2Ac8E S i i 1
PR R BB R R 51 R 4. 2t J5 i) BA-PF &)
R AKX

fi = fmin + (fmax -
vi(k) = vi(k) + (Tpest (k)

fmin) X B, (3)
—zi(k)) X fi,  (4)

i(k) = xi(k) + vi(k) @ L(A), ()

Hor, g0, Z A BEALEL, f ki1 IR
BRI AR H fi € [fmin, fmax), 25 (k) AR T ifEk
B ZI B R AL B, vy (k) KT 75 kB ZI 16 3
Tpest (k) NP FHELE kLI 2| 2 R s LA B, L)
N Bk R 2D KR Lévy 23 A 7 BE HL 3 R 1) &
(B T4 2 2 AE kI %0 34T 1 7 & AT 9, Bk
1 (1) A1 (5) AR LI k)

M (3)—(5) AT LA H, #R Bk A2 g |
1R 2 B, 5l 0 A8 RAT N — L R4,
I Lévy RATH PRS0 7R ), fei
FETFEXRL 20 A AL R

4.4 BA-PF BEpEE AN

FE M SRR, 75 SRR k0 R AN iR
R e 4 R RS B s X, FESR T Ik
BA-PF i 7~ Byl FE 4R b, AT E i BA-PF )
R AT

Frand < r;, N

i rand > r;, N
2;i(k) = Tpest (k) + A(K), (7)

Horb, rand B 3 AT KIBEALEL, r; NBKIPEE, e
N[—1,1] Z I IBENLEL, A(k) A kI %0 R 1 1)
PSR M (6) 3R (7) AT LAE IS 1) S
AT NAH A, BA-PF [ vy 8 T 8252 5087 5 Ar
BRIMER, T A(k) & T A HALE f5RT H
BB

4.5 BA-PF EEMEERREIHERIILT

W S AR AE SR RS VDRI, RT46B BOR SE

FE R 0 SR AR HAE AR, XA A AR

W R R R TR, — BAR B 7Y, B

i/ N ok o5 5 S 1 P ek AR OB, AR T HE AR

FRAE A (B AL B, I e ) SR PR 1 R RE AT

KN Ty LD R 1Y UL S I P AR £ )

XA R A R AE T H @ NOR AT, B TR
e IR B~ 3

Ai(k) = ad;(k), (8)

ri(k) = ri(0)[1 — exp(—7k)], 9)
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Hop, a AR R, 4 RN R AL Bk E
0<a<1Hy>o0 WEHH, BEHEKKYEM,
Ay(k) 2B BN, T r; (k) 23R8 vy (0), 75 A
i i 1) 3 DEAT .

4.6 BELE

1) 76 ¥ 46 i %1, K AEN A KL T {2:(0),1 =
L NHMEABEERWIER 5. x;(k) Tk N E 2L
P RE BR B

zi(k) ~ q(@;(k)|zi(k — 1), 2(k)). (10)

2) FLALL I 1) 42 R 4E AT N, FIH (3)—(5) =X
BRI R

3) LA ) R R AT N, RO A
i W BENLEL rand, % rand < r;, WHAT (6) X; &
rand > r;, WHAT (7) 2.

4) AR — ML BENLEL rand, # rand <
Ai(k) H I(zi(k)) > I(xh(k)), WIHRLF 248060 E A
z;(k), BWRLF A BTALE N o) (k).

5) WL 1 = 4 2 AE 70 3k AT R, R
(8) 2 (9) 2T 7 Fik e 45 AR P v

6) THEIFXTEL H bR ek Bl TR 4 R A,

mbest(k) S {xl(k)va(k)7 e a'TN(k)’I(‘T)}
= max{I(z1(k)), I(z2(k)), -, I(an(k))}. (11)
7) R G BOE RS A e I, Ul kLT
O 48 70 A AR SR R, B0 8 31 d KR AR EL
I, s R A, S0 NP ER 2).
8) T H VAU
wi(k) = wi(k — Dp(z(k)|zi(k)).  (12)
9) BEATIH—1L:

N
wi(k) = wi(k)/ Y wi(k). (13)
i=1
N
B(k) =Y wik)a(k). (14)
=1

ERBETE A 7R TR A S L,
AR FRL T Bk H R A e D, e SR AR BRI B AE IR
SHRUAW R, SRR EZ M H AT
K5 P 2% AR BRE e i IR A, A BOE R E ek
ESANVE o i R ST B ey & S ]

RO FEAR R D7 TH, %07 AT ARSIk 1 2
FEME, AT B2 SRR A (1) i =

PR T8 R A FE 5 BA-PF R AR
EEwWE 1 E 4R,

ML VB 2 H AT U, AR i ) R
PSR EEE R T /ABUER T, X RBUE R T 3T
S ERAEERERE, B TS, K2t
A, KR — I 2GRS FE

A S O
O Eﬁﬁ*ﬁ? // O \\\\ O
e O
@) N D
Ll
. o . o
O O o
O
© O
© o o

1 BEREERTR T 2010

Fig. 1. Particle distribution before resampling.
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Fig. 2. Particle distribution after resampling.
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Fig. 3. Particle distribution before BA-PF optimization.
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Fig. 4. Particle distribution after BA-PF optimization.

ME3 B AR LR Y, 7£ BA-PF 1, {IRBUE
Wi s R 7 R 82 3, e AR S BB AR %
R IRLT BT Lévy ©ATHIMER SAETT A E I
BEALFE B, B ARt bl 25 A OB AREAT BE AL RS B)
—. B E T IRAER ST, LT Bk 15 5w o
SRIX I B, B U4 R AR A I B Bt i, BEAS
LT3 A B A 2.

5 BA-PF ¥ &4
5.1 US>

W BA-PF I R 2 [E N S, IR H Lebesgue
MEE KT O/, BIIS] > 0. SRS 18] Rypest
52— > Borel 15, [F]FE M5 f 1 B & A0 ¢ 2 1)
Rpest 178 XATHN, [[Rgpest] > 0, HA

T10 — ik (Reest)] = 0. (15)

k=1
Forb, ug (+) NE k OGEAREE RAOHE R IIE.
MR F ik 545, i F. SOLIS 42t i RE L% &
SECSIE I, A

lim Plz" € Rgpest) = 1, (16)

k—o00

Hrp, Jim Pl € Rgpest] FREH kBRI o7 ¥
B Rypest BAIMEZRAE N 1. HER UL — & 1%
IR EE, g SR AR 7 I L R R T &
BFAXIK Rypest T, BT AERL T HEF LR THLT
BRAEALE, 10N () 5 R 7 B wpes (k) XAE LR
7S [A] Rgpest . #RE BA-PF BIERMER, DS ik
AR, BT B 7 A 1A e DO R B, B A WSt
BRI, AT SEB 4 R A8l

BA-PF X 7 #0747 4 &, 7T DL
ISR N 2 XK. R, BA-PF BE&RIE
TAMERER, X RE T & RENERNRS, 5%
AR ER T b 0 SV AR SRR S 1 2 A SR B &
SPATIAR A BA-PF 76 334 R S AL (E I 1R 2850%
w1 PSO-PF, WIARAE A, = 0 o, = 1 B4
H & M ARk, H84 BA-PF 238745 4 PSO-PF. [Ait
e RRERE AT LLIA N BA-PF /& PSO-PF Hi i /&
Ik b 4 1 0 e AR R I — b i A

fHF BA 16 S0 RO AR G B, R TR AT
BA-PF &AM & v I 75 Z B2 1) 15 BA-
PF 764 — I % Ak A s A Se 0 T e s, 84
B KL PR U LA b, mi 2 FRARA:
K Z e, TR SRS BIE RS 2) BA-PF
SEP R A SIUR DU 2 BRI BN R 1, X 2
B0 I L I8 B A B 5 T I RV I 8
.

DR, BATIE I A AR IR B s AR &k
AR () 7 2R AT 45 ROk 7 1) L R, 75 BA-PF
H RR AR 1 et DO SRS a5, (A 2k
B4 SRS, M T B AR BA-PF 76K B A1 3 5 7 1]
.

5.2 BEEZESHT

5 bR AR IR B A L, BA-PF BN T H & B
TP IR, Wb T ERHED R kTR
NN, B REARRECN M, X B s 5S4 i
.

1) H@RIEACFIER 7. AR AT N,
RSB AR B ] BN 3 < O(1); fE)7
IR ERAT A, BEARLIRS B IR R R 2% 5N
2 x O(1); BLAb, 25 18 21 5 ik v 4022 R K e o B2
MIZ2HERERN2 x O(1), M—WEARH kT
AR 45 S TR DS A0 7 x IV x O(1). Bl cik
ARREL M i, WAF H & ROE AR 7 B8 SR A
NO(Tx M x N). HTHELIERERAFE, R
Z I ZIV AR IF A S IE B H RIRE M, PR 7™ 4% oK
¥, HENBETNE s FE RN TET
O(7x M x N).
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2) ECKBEER . LT E A E R AR IR
WRBIRFRIAZEXN, R HEEEREN
O(N x N).

2% Lo, ShRdERiTIE AR, BA-PF 30
MEHEREREANOT x M x N), B HEHE
HIRFENO(N x N). fESEhRMEH T, BT KiE
AR EFN 2 1 BE % E, BA-PF &Rk —
A SIR % A BA-PF A8 G40 14 78 55 R ke
IEFEAREL, VR Rns . R AR B R A Is B
] I, BA-PF 020 & F PF 1), X5 F X
FLRES AT

6 THELR

SR A S A S /K 15-4200U AL ER 4% 8 G
WA, AR5 matlab2010b, 1% B AR & i
IG5 R R A R AR AT R AR AR

R Y

B - 25 (t — 1)
x(t) = 0.5z(t — 1) + TR
+ 8cos[1.2(t — 1)] + w(¢), (17)
LAY
()2
z(t) = ;to) + v(t), (18)

A, w(t) Mo(t) NEDEETEES. BHTIZRS
FE ARG, I HABLAA bR i 2 X0k, PRtk %
GURIPEP T IR A TR R G W RGN 2%
Q=1MQ =10, EIMMEET 2R = 1, JEHIS[A]
HHON B0, KKK E Ry = 0.5, i KIkib & &
Ao = 0.25, fin = 0, fmax = 1.7, RERIREHN
15, I PF, PSO-PF. XC#ik [22] 5%, BA-PF X1%3E
BNt RGEFAT RS A VAR ER.

TESERR N H FRATTAR A SR AT 4R B 221] () 1 A
B, K2 RE/LIE DS HAREWE, XK
BYME— R EAREN. N7 555N A
¥, EASCHPRS WA ¥ B, FRATTHE B E 1) 5
fili o b — e R EE A BE AL 22, AT SRARIRAS Al 1
WA 2B AL R Z2 1) K /N T 117 T — 22 21 1) 38
WMk REA BOR M, (BT IE BA — 1 R AL
], AT ZI TR 22 2 2 58 TN — i 2 18
W 5 DRI AR R 22 5 T i THI B 220 (1) 308 00 A

Wi AN K. L A 3RATT e B A0 463 e 2 B AL 3% 22 L BR Oy
2.5, JFAEFRBOIRASWIME 2 HITE A IR 70 A 3K

PSRRI Z LT B
B = AN
1 T 1/2
RMSE = {T > (@ — :it)Q] : (19)

t=1
6.1 EEMR

1) BRTHN =20, Q = 1, fFEL RN
Kl 5 B 6 s,

2) BRFHN =50, Q = 1, 1FHEL R
K7 & 8 .

3) BRTHN =100, Q = 11, 7 EH L H 40
Ko B 10 s,

TG H TARITER SR EE R L.

20 T T T T T T T T T
— BN - - PEHONM | SCHR[22] 7R A
15} PSO-PFHilli{E —— BA-PFHili{E
10+
5 -
o
k0
ESS

0 5. 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 50
fif ) 4 <
5 (MTIRE) RN (N =20,Q=1)
Fig. 5. (color online) State estimation of filter (N =
20, Q = 1).
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Fig. 7. (color online) State estimation of filter (N =
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Fig. 9. (color online) State estimation of filter (N =
100, Q = 1).
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Fig. 10. (color online) Absolute value of filter error
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Table 1. Comparison of simulation results model.

ZH RMSE IBEIR I /s

PF PSO-PF  X#k[22] BA-PF PF PSO-PF  X#k[22] BA-PF

N=20,Q=1 65381  4.6833 4.5329  4.4270 0.0937  0.1270 0.1127  0.1115

N=50,Q=1 56093  4.2659 41974  4.1428 0.1128  0.1561 0.1405  0.1389

N=100,Q=1 47167  4.1642 4.0952  4.0231 0.1302  0.1819 0.1719  0.1686
N=20,Q=10 79260 54358 5.1635  5.1046 0.0941  0.1287 0.1183  0.1171
N=50,Q=10 62514 5.1572 4.8620  4.7652 0.1184  0.1635 0.1464  0.1454
N=100,Q =10 5.3629  4.6981 4.5936  4.5331 0.1267  0.1884 0.1821  0.1761
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OB BE BT, RO T B AF 2R G TR RE, X2
K9 BA-PF {£ PF &AM b, A0 > 1 K 4K

IR, 5k B AL R T 8 B
FHEE, BA-PF 0] LT & R R AR R H
) RIIE A B YA o T ) | s L O N = A 9B
RRELTE TR, - T IEB AR e AR, A
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Fig. 11. (color online) Particle distribution when k = 10.

15
10} ° o6 °
o
5 L
[ o
@ O} = PRRTIREM @
b7 o BA-PFRI TR
X 5l HIUH °

K12 (MTIRE) k= 25 BR IR A E G

Fig. 12. (color online) Particle distribution when k = 25.
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Abstract

Particle filer is apt to have particle impoverishment with unstable filtering precision, and a large number of granules
are required to estimate the nonlinear system accurately, which reduces the comprehensive performance of the algorithm.
To solve this problem, a new particle filter based on bat algorithm is presented in this paper, where particles are used
to represent individual bat so as to imitate the search process of bats for preys. In traditional resampling process,
particles are directly discarded, the improved algorithm adopts another approach and solves the problem of particle
impoverishment. It combines the advantages of particle swarm optimization algorithm and harmonic algorithm perfectly.
New particle filter has capacity of global and local search and is superior in computation accuracy and efficiency. By
adjusting frequency, loudness, and impulse emissivity of particle swarm, the optimal particle at that time is followed by
particle swarm to search in the solution space. The global search and local search can be switched dynamically to improve
the overall quality of the particles swarm as well as the distribution rationality. In addition, the improved particle filter
uses Lévy flight strategy to avoid being attracted by harmful local optimal solution, it expands the space of research
and further promotes the optimization effect of particle distribution. Using the useful information about particle swarm,
improved particle filter can make particles get rid of local optimum and reduce the waste of iterations in insignificant
status change. Based on the number of valid particle samples, it can improve quality of particle samples by expanding
their diversity. In information interaction mechanism of improved particle filter, the method in this paper sets scoreboard
of particle target function to compare the value of particle target function at each iteration sub-moment with the value
of target function on scoreboard to gain global optimum of all particles at current filtering moment. Taking information
interaction between global optimum and particle swarm, the guiding function of global optimum is realized. The process
of particle optimization is ended prematurely through setting a maximum iteration or termination threshold. There is a
tendency for the whole particle swarm closing to high likehood area without global convergence so that the advantages of
improved particle filter in accuracy and speed will not be damaged. In addition, convergence analysis and computational
complexity analysis are given in this paper. Experiment indicates that this method can improve the particle diversity
and prediction accuracy of particle filter, and meanwhile reduce the particle quantity obviously which is required by the

state value prediction for nonlinear system.

Keywords: particle filter, bat algorithm, particle diversity, state estimation

PACS: 05.45.Tp, 05.40.-a DOI: 10.7498/aps.66.050502

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61501521, U1330133, 61473153) and
the China Postdoctoral Science Foundation (Grant No. 2015M582861).

1 Corresponding author. E-mail: chenzhimin@188.com

050502-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.050502

	1引    言
	2粒子滤波算法
	3蝙蝠算法
	4蝙蝠算法智能优化粒子滤波
	4.1 整体改进原理
	4.2 BA-PF目标函数设计
	4.3 BA-PF全局搜索公式设计
	4.4 BA-PF局部搜索公式设计
	4.5 BA-PF局部搜索能力调整策略设计
	4.6 算法步骤
	Fig 1
	Fig 2
	Fig 3
	Fig 4


	5BA-PF性能分析
	5.1 收敛性分析
	5.2 运算复杂度分析

	6仿真实验
	6.1 精度测试
	Fig 5
	Fig 6
	Fig 7
	Fig 9
	Fig 8
	Fig 10
	Table 1

	6.2 粒子多样性测试
	Fig 11
	Fig 12
	Fig 13


	7结    论
	References
	Abstract

