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Abstract: Direction of arrival (DOA) estimation uses sensor arrays to identify the direction of sound sources, while
traditional DOA estimation methods ignore the sparsity of sound sources in spatial distribution. The penalty function used
by current convex sparse DOA estimation methods and non-convex sparse DOA estimation methods do not consider the im-
portant scale invariance feature of sparse ¢, norm, which cannot accurately describe the spatial sparse structure of the sound
source, and it is difficult to obtain high DOA estimation accuracy. For this reason, firstly, the scale-invariance norm ratio
function is used to approximate the £, norm and characterize the spatial sparse structure of the sound source in this paper;
Secondly, aiming at the non-convex property of the norm ratio function, a smooth approximation function is constructed by
using the idea of smoothing; Then, the scale-invariant £,-over-£, regularized sparse DOA estimation model is constructed,
and meanwhile an optimization algorithm is developed for it. A lot of simulation analysis demonstrate that the proposed al-
gorithm has higher DOA estimation accuracy and better performance under different SNR and snapshot numbers than the
popular multi-snapshot DOA estimation algorithm. The analysis results of S5 events in SWellEx-96 sea trial experiment
verified the effectiveness of the proposed algorithm.
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Horr, A =28 (%), [V o 2 0F R 46 B, DA Al LS X
(40) % 48 oAy /N2 J32 T 190 A6 A SR 3 R REL B 1) i B, D
SESRARANT /N B AR M R

(I+A447 A4")z=44""b (42)
HETTAG 2 5 Je B e AT R 2 5
X=A"b-A" A" (43)

AL T SPOQ-SDOAFEE. FUALRIIETIL 1 TR
Hik1 SPOQ-SDOA Eik
BN BN B p(0), BUE 2 r, o°=0.2, f=5x107, n=40,
p=0.25, g =25 FIERWEL w28 1k tol = 107
Mtk DOATHA AL 0",
ARG (S) T B 7 2 R0 4 1 2 A e 3T 0000 S8 45 R AL 3T 5
TA{H X0 H AMr
2forw=1,2,..., Wdo
3. WREEK29). EN)AG2)IH X IFEST sR B GARYE
(36 CHL PR EL 1Y Hession Fi 5 B
4. WX b =A"r+ 1(Bx" - G)
5. EREORIAT b = 4B b
6. i B=B" A" WA ]
7
8
9

{1 LU 43K i (1+AB) s = b" Hfigt s
TOH i X =x" — Bs"”
L e g o R0 AR e A X i KA 2 ) ) /M
10, if @"*' /NTFiE I tol BEE 1)/ IME then
11. kAR, L el x " =x" "
12. FARE " AIEAE IR X R B DOA ALY £ 0
13. endif
14.end for

4 fFESHSH
AT FHELHE SPOQ-SDOA F VL tEfE . % E—1

eI H M =16 H Tl A UK I 5140 . A
TN 4 i M DA SR B MERE , AR SR F FEHLE S AR
REAT D5 BT . BEHLAE S8 0 T o R 2Ok Ak
PRSI B LR (55

s(n)=a(n)+jb(n) (44)
Horp a(n) F b(n) S XYIE R 0 HJ7 25 0 1 = 34346 B Bl
BLEL, 2 B0 IR A5 5 2 6 0 VRS 5 5 B s(n) =
(5, (0),55 (1), oy (m) ] A 200 A A Ak 1) 432 i
fH5:

y(n)=As(n)+ e(n) (45)
Horbr A Ry 5 1A B e(m) A MR 31 175 16 X6 As(n) TR0 EY)

FET MR . 2875 18 DOA AT AR B RS a1k
LT e ME B A € AR A 0=
[-90°,-89°,---,90°] H . LA ¥ J5 AR % 2% (Root Mean
Squared Error, RMSE)E RSB RE P EAR FE A

RMSE = /iﬁW (46)

Hob, 0, 05 kMBS B SEBR T 0148, 0,(i) J %t 0, B9 i
UARTHE, PR SRR R 2 BRI .
4.1 AESHpM¢BEHE R MERENTLL

B AFAE 3 REH R VRS 5, AT R A 4%
SR [=3° 00 2001 [ 5 UL AL A v (@) B 15 MR E
SNR =0 dB, #i b P15 7=50. 83 B T AR S %p
Hlq W41A T SPOQ-SDOA Bk iy ik 1l . an &l 3 fr
7N /N p 2 S B0 O R TR, NG Ik S
—3° 1 0° BN AHAR 7 U5 5 15 K 1Y) p 2 T8O (3% B B
PEASIE I T e 5 1 P e R R R R A 55, G0 e A
=3°H10° I AHEB R IR . /NI plg =X (21) e 4k
I ¥ (x) LR 2230 | r— Ax ||§ DI o S R VAT R AT
VR B T K 1) plg B 22301 - Axe | LEIE DU A
T () B o 32 S A, DS (S Pl F s 1

4T ARG LR S8 p Ml g 4B % SPOQ-
SDOA HyE 451 RMSE (52 . (i B S B 5 13
— B, SR P BRI S P=200. WE 4 R, p Al
q FOTE$R 35 5 45 JL 1 RMSE,, 53 K p Al K plg
SEOT G R AR B E S, 25 R RMSE #8K . i
/N p R /N plg T B0 71 PR B e i R ARl
5L RMSE 35K . itk , 2%k p Fil g 94145 %) SPOQ-
SDOA B35 1 7 (Vi 3% Pl Fy 5 i (8., 5 AR 4l S B
KR, HIE4TH, S8 p=0.25, g=2 i, SPOQ-
SDOA 51 25 B 1) RMSE A8 X} HeAth 2 5% & i 5 3
FasE T UM E#E ) p=0.25,g=2.
4.2 52Z#ZIRIADOA HitE R MERENTEE

R T 5 BT 2 A SPOQ-SDOA 32k i)
AE . HFHL 5 CBF 3L MVDR 353%™ \MUSIC 535 A1
L1-SVD B AT e . B8 3 AN RE LA ] (4 2t 7. Y5
S X AR R (=30 00 200 ], BB WL K
I p()) B9 151 L SNR = 0 dB, #Fs et 7= 50. KNI
25 09 05 6 3 LG e AN TR S i . AE L 5 (a) (B S (b) A
5 (e) Hr, BT —3° 1 0° (1 A TR AR 5 B4 o) Bl £ 3 ok
/I, CBF 3% \MVDR %75 Fl MUSIC 5807548 TG 15 ff Al X
PIASAHAR RS 5, HRB AT B PR . CBR BRI
PR T BE AL R 102°/M = 6.375°, KT =3° H1 0° (Y A
FEAR IR 5 4 £ B 1B 30, BT LA CBF 4403 TG L i b 30
100 4 S AHAB IR (55 . MV DR 53015 52 B 85 50 114 M 7
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RMSE P SNR A9 384 M s/ . CBF 5374 52 21 % o 58 B
F4) B 1) JC 125 A R —3° 11 0° A AN AHAB RS 5, MVDR 4
T 2 B I M 7 A /D (A BRFAESRE i), T 1 R A A 4
B T AN VRS 5, BT s 1 i Ak A o RS R A



306 H, T

EE ¢

RMSE/(°)

(a) fFME L0 dB

(b) f5MEEL 4 dB

Fl 4 ARREMEWEL T S8 Mg LR SPOQ-SDOA B 45 5 i1 RMSE 45211

fE/dB

FARA

50 0 50 50 50 -50 0 50
FHIEEN®) FAE/C)
(a) CBF (c) MUSIC
20 0
0 - CBF
. —50 MVDR
g ] | MUSIC
g 20 il LLSVD
i i ) ~100 SPOQ-SDOA
—40 v -k FOH
* x
—150
60
50 0 50 =50 ) 50
FHIEEN®) FHIE/C)
(d) L1-SVD (e) SPOQ-SDOA

K5 50 L0 dB N AR ST: B 5 (il 1 HE

MUSIC B 3ETE D AT 5y 52 W8 75 i sl DRk 25 2
(1) RMSE Fifi SNR $ K 1iij Ui/ . L1-SVD Bkl ¢,
T ENE R AT R B, JC N B 1 A 7 TR 0% 25 Sl R i 4
Fy S BOH T 2 E R M AS T H AR D7 47 . SPOQ-SDOA
SR A RO v AT O ) RO AN A ) SPOQ S £5 #3875 R
1) 225 Sl B 25 ), A S AR TR A A RS B A v B
. FE6(b) MAHTE R 0.6 IEIES N AR ES R
RMSE Bfi A~ [7] SNR (AR fb T 45 . AR AH OGRS = (i 5
2 DOA A T1HE B3N, AS [R50 (1 R BB A0 s B T AN T)

PRI (1 T W, 1B 2 SPOQ-SDOA B vE Iy M BE AR U T H:
LROR A= *7

XiF EU N TR B A0 0T AS [R50 0 1 B . 19 20 00
B p(0) 115 M L SNR = 0dB, SR8 b %k T L) 10 K
8] B A 20 78 A6 2 100. 8 6 () JR BT A [\) B vk 45
f) RMSE BEAS R FAF0) A8 1 i £ . R —3° 1 0° 1Y
FHSR VAT = () B2 [ B/, BT A CBF 35 \MVDR %5
R MUSIC 33032 Al RS B2 10 Bl R0 80 38 i
B & R % . L1-SVD 2 ¥ F SPOQ-SDOA % 1k R 77 175 bifi



F AR EH IE WA 5 DOA AT

307

f--=- CBF -~ MVDR - —¥ — MUSIC L1-SVD =-—E-=- SPOQ-SDOA
N, T i e * T %
N X | - . “% -5 -
101 EL\ \k‘ * * \, Sk\ k] X 101 *.\* ¥* —¥ ~%
N, [ o] —
h! P10t B xS % o et
A > \N e ~n X N ‘~+——+
\ ¥ \ ~k-%
€ m ‘\
< . \
2 N A m,
2 100 N \ b1
\
4 - N\\ N
~| \
B“EL \ 0 h“\
.ﬂ\ ‘\E,/E‘ 10 E——ﬂ\
N\,
10°} =B N\
\‘ AY
e N I O A O e iy - Y O O B L= "W
-10-8-6-4-20 2 4 6 8 10 -10-8-6-4-20 2 4 6 8 10 20 30 40 50 60 70 80 90 100

SNR/dB

(@) 757 75 RMSE i SNR 22 1k,

SNR/dB

(b) #1575 RMSE [l SNR 724k,

S [Ek
(¢) RMSE BfidngAs 1k

Flo S ESR A RMSE BEA [A] SNR FIHAE A2 Al th 2k

PATECY B Z A TR B B2 =, OF B SPOQ-SDOA %
2 245 R 1Y RMSE 76 AT o] P4 50 T &R AR T HoAx 4 Fh
5 BEFEHIEER

8 e S RO 0 I T R R A S PR PR E
S 56 K 9 A SWellEx-96 ¥ 2 52 1 (http < //swellex96.
ucsd.edu) H S5 F 1 1T ALK LR B (OB 2 e
A 1 488 m/s. SEEGAT AU AT B R S8 (AODS) 7E 16
JiE 3 B b 7K SF- 28 4 (HLA North) F1 B 7K £k 4 (HLA
South) , Fo45 [8] 43 A 40 1 7 if 7, B8] B4 8 2R B (A4
IR A7 AE AR AR 4 e a) B A K i 1) ) 4 S Bl 4
TCIK T2 W 1) D R PR A A Ao 1 55 T4, S i
A R BE AU AR B B N PE B AR5 S~14 >Rt 3
10NFETC . R FEACTY 3k e 7K 726 B4 14 DA PG 1) 4R 56
2~13 NBETT, 3612 A BT . A% AR B SR AR AR N

140

3276.8 Hz, FFT [ 5 %k J = 512, Bl bedri ¢ 7= 100. 1
YRS Y5 BN PR A IR TE 45 m IR TR
PR FIE O m MR AR VR . 7 IR & BT S S 450K N
50~400 Hz. P ii{5 5 B A6 16V v s v ELa IR
SONRE P PR AT MR ER, T AT HE A 150~350 He
B A5 5 21T DOA A T1.

43 9 K FH CBF %595 . MVDR %5 7% . MUSIC %5 %= |
L1-SVD 3 F1 SPOQ-SDOA 5432 Rk S 5 BOHE gt ] 1] 7
PEie AT . B 8 Sy b K P-4 B 1 AN ) B %) B [
fridsk . & 8(a)ky CBF L BB [a] 7 i 5%, thF CBF
FAEE A 0] 43 W R, BT LA G285 SR ) 3200 o ) 4 5, [)
BF DR R FEAE MR 75 1 g ), S B 25 5 rp 35 S5 MR 7S L Eh
P I . &I 8(b) S MVDR S5 B2 (I ] J7 73 5%
T MR ) RE RS, MVDR B8 B AR U H S R
A7, AF 2 2 B A AR B 7T S e MR IR . K8 (e)
MUSIC 5 % i B 1] J7 47 48 5%, 38 22 /9 e 3 5008 3iE

_l.
120 +_|_+ {700
ol o —40t g
_+_
++++ —60F +
8or —80f +
£
£ #
6ot —100}
+ —120f J%aqu
40f et T+
+ —140F +
4+ +
201 + +
e —160F +
et : : : ~180 : : : +
0 50 100 150 200 0 50 100 150 200
#/m #/m

(@) AEIRF LR B 14 2 ] o3 A1

(b) HE K- LE W 925 J) 0 A

[ | 5 TR i



308 H, T

2024 4F

A [al/s

=50 0 50 =50 0 50 =50 0 50 —-50 0 50 =50 0 50
FHIEN®) I/ FHIEEN®) ) I
(a) CBF (b) MVDR (e) MUSIC (d) L1-SVD (e) SPOQ-SDOA

8 dEsKFLe B R ] J5 710 %

MUSIC &4 BYPERE , I I MUSIC B9 19 45 1 478,
I H XM 7S A By i il ae 07, B LA B A5 75 TR L
A . (HE  MUSIC 3303 06 15 S5 W s i 0 6 3 S AN
JE . B 8(d) K L1-SVD BvE M ] Jr i ic s, L1-SVD 5
AR A P R, SRR B 28 SVD Ak B 9 A
S R I B — B 2 T VR I A O [ i v R A L
DL R AEAE W 0 T %, [A] B L1-SVD ffi FH A €, Y 4k
AN L RUBE AR AR | L T0 7 W5 10 1 8 7 VR 1) 28 Sl i
SERE S ECL1-SVD A 45 L v O TR AN 15 5 MRS A 77

& 8 (e) iy SPOQ-SDOA Bk i B (8] J5 437 ic 5% , 1 T
SPOQ-SDOA 12 {fi I 4 SPOQ Y %k BL AT KL AN A5 il
S AT R PR R IS SRR Y [R] B RS B Al A 7S TR
1) 25 S R B 25 4, R b RC 285 S v H AR B R, MR A
55 H A 4 Fh B AR 1, SPOQ-SDOA 832 1Y H A 7 I B
T BT, X 5 S M B RE ) R . B9 SRRk
N RN =R R N TR VA Tae = E2 e | ) S 123
45 FIAME—3, I H SPOQ-SDOA 4.7 (1 st ] J5 70 3%
THBE T 7E 0° BHE— 255N BH B AAE T AL VR

160 160 nl.0
140 109
4 0.8
120
0.7
] 100 -
2
= 80 0.5
60 0.4
0.3
40
0.2
el 0.1
-50 0 50 -50 0 50 -50 0 50 -50 0 50 -5 o0 so
) FIE/C) FIEIC) HIRE/C) HIHE/C)
(a) CBF (b) MVDR (¢) MUSIC (d)1.1-SVD () SPOQ-SDOA

B9 R I TE) 5 (T %

6 it

ARSCHE T RO ASAS 5 L IE U B A DOA 31
Jrk - ART7 ik B A R AP 19 SPOQ Y 4K

SR 1T BRAE 1) €, FEE AR P HO W P R B, R P
12 BB ACR I [a] B, RS B 8 38 T 75 YRR 55 R 43 A 1)
B D5 EAIE T . (1) SPOQ {EE RIS K p Fl g



o1 M

R AR A AL T B DOA 5 3 300

B4 A XF SPOQ-SDOA B2 1) 5 57 i ) 52 1) k2%, 7%
BRI S PR LR B HEREE R p=0.25 F1¢=2;(2)
5 CBF 53 \MVDR .3k \MUSIC 5 ¥ Ml L1-SVD %
AH G, AR SCHE Y SPOQ-SDOA B (1 5 o7 135 1] v EL 552
P8 77 035 W, ANAELEONIR T4, JF HA SCHE Hh i S 7
ANTR] SNR FITPRAAECT A B4 19 DOA Ak 185 B 18 4
B R ILPERE . [RIIF, SWellEx-96 12t 52 56 v (1) S5 354
SPMTEESRAE A T, S AT 4 R AR AT, A SCR
SPOQ-SDOA 5332 iy B[] 77 3 12 s A7 H 4 1 Wi % 2 4R
rf, W 2 R N B P A 3l I L0 T R S 06 5
UE, BB DOA Ak 3 F A 5 570 728 571 R A5C7E SR T LOKS
SRR SAER , B INAT SOhIE UL €, 3050, H DOA AT A
25 SR A S S A L T A0 e] SRR N8 I £, YE A AR
BAEST PRBUR AR TAER N . (E2 B i A 5
X PR B 2 (8] o BERE A2 TR E RN R A —
A T2 B R R P IR A A SR B 45 A R AR TR WRR
FELE  Hi b B ARG S0k B JC Ik A T RS 9 DOA Al 15 28
TS R R 7S SR AR 1 A EE TR B | RE UR AH <8 A BE
B B3k /0N, TG A IR A5 P o, s i ) B T
R RORS BE A DOA kT

5% Sk

[1] LIUY L, CHU Z G, YANG Y. Iterative Vandermonde de-
composition and shrinkage-thresholding based two-dimen-
sional grid-free compressive beamforming[J]. The Journal
of the Acoustical Society of America, 2020, 148(3):
EL301-EL306.

[2] TRABATTONI A, BARRUOL G, DREO R, et al. Orient-
ing and locating ocean-bottom seismometers from ship
noise analysis[J]. Geophysical Journal International, 2020,
220(3): 1774-1790.

(3] BRESF, B0, i, 55 . T FE5) 5 E BER A MIMO

T 15 4k DOD Hil 4 DOA Bk & i 31 [J]. T4k,
2018, 46(9): 2270-2275.
CHEN X Z, YANG X, FANG H, et al. 2-D DOD and 2-D
DOA estimation in bistatic MIMO radar based on blind
identification of array manifold[J]. Acta Electronica Sini-
ca, 2018, 46(9): 2270-2275. (in Chinese)

[4] BIANCO M J, GANNOT S, FERNANDEZ-GRANDE E,
et al. Semi-supervised source localization in reverberant
environments with deep generative modeling[J]. IEEE Ac-
cess, 2021, 9: 84956-84970.

[5] &5, X, Wi, 45 . MIMO 7 44 7 il 23 1)
PG PRI (T]. 172441, 2013, 41(10): 1964-1968.
JIN Y, LIU X X, HUANG J G, et al. Subspace fitting
DOA estimator fast algorithm by MIMO sonar[J]. Acta

Electronica Sinica, 2013, 41(10): 1964-1968. (in Chinese)

[6] KRIM H, VIBERG M. Two decades of array signal pro-
cessing research: The parametric approach[J]. IEEE Signal
Processing Magazine, 1996, 13(4): 67-94.

(7] Z=uoK, BN, sRET i, S5 . 3852 B BRI O] 1k
JRAL BRG], AR, 2020, 45(1): 1-14.

JIHR, MA X C, ZHANG S H, et al. Power constraint con-
ventional beamforming post-processing fitting method[J].
Acta Acustica, 2020, 45(1): 1-14. (in Chinese)

(8] F M, BRI, i, 5. B K T &3 61 T e/ I
22T AR ], AR, 2021, 46(6): 1050-1058.
WANG C, DA L L, HAN M, et al. Single vector hydro-
phone sparse asymptotic minimum variance bearing esti-
mation algorithm[J]. Acta Acustica, 2021, 46(6): 1050-
1058. (in Chinese)

(9] BRAETE, INEA, 2% . S8 DOA i 1192 MUSIC i
TEEARET]. L2740, 2011, 39(6): 1257-1260.

CHEN Z F, SUN J C, HOU H. MUSIC-like beamforming
method for wideband DOA estimation[J]. Acta Electronica
Sinica, 2011, 39(6): 1257-1260. (in Chinese)

[10] Hv42, s B, WABR, 5 . KA (55 A 31 b s i 3
FNEE K FHT]. B TR, 2021, 49(9): 1840-1851.
FENG X, KOU S W, TAN W J, et al. Sparse representa-
tion theory and application in underwater acoustic signal
processing[J]. Acta Electronica Sinica, 2021, 49(9): 1840-
1851. (in Chinese)

[11] DONOHO D L. Compressed sensing[J]. IEEE Transac-
tions on Information Theory, 2006, 52(4): 1289-1306.

[12] GERSTOFT P, MECKLENBRAUKER C F, SEONG W,
et al. Introduction to compressive sensing in acoustics[J].
The Journal of the Acoustical Society of America, 2018,
143(6): 3731-3736.

[13] GORODNITSKY I F, RAO B D. Sparse signal recon-
struction from limited data using FOCUSS: A re-weight-
ed minimum norm algorithm[J]. IEEE Transactions on
Signal Processing, 1997, 45(3): 600-616.

[14] MALIOUTOV D, CETIN M, WILLSKY A S. A sparse
signal reconstruction perspective for source localization
with sensor arrays[J]. IEEE Transactions on Signal Pro-
cessing, 2005, 53(8): 3010-3022.

[15] EPLE, T4 5 . 3T g AR BRI K 1 B fi DOA Ak
HIrED]. BT 515 5540, 2020, 42(3): 589-596.
WANG H Y, YU R N. Sparse and low rank recovery
based robust DOA estimation method [J]. Journal of Elec-
tronics & Information Technology, 2020, 42(3): 589-596.

[16] LIUL T, RAO Z J. An adaptive Ip norm minimization al-



310 H, ¥

EE ¢

2024 4F

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[26]

gorithm for direction of arrival estimation[J]. Remote
Sensing, 2022, 14(3): 766.

LIU Q, SO H C, GU Y T. Off-grid DOA estimation with
nonconvex regularization via joint sparse representation
[J]. Signal Processing, 2017, 140: 171-176.

YANG Y X, DU Z H, WANG Y, et al. Convex compres-
sive beamforming with nonconvex sparse regularization
[J]. The Journal of the Acoustical Society of America,
2021, 149(2): 1125-1137.

T, B, A, A5 AR B 24 R 2 R TR 4
OB H TS5 15 B2, 2022, 44(6): 2071-2079.
DING F L, CHI C, LI Y, et al. Multiple-snapshot com-
pressive beamforming with non-convex sparse constraints
[J]. Journal of Electronics & Information Technology,
2022, 44(6): 2071-2079. (in Chinese)

DONG Y Y, DONG C X, LIU W, et al. Generalized €,-¢,
minimization based DOA estimation for sources with
known waveforms in impulsive noise[J]. Signal Process-
ing, 2022, 190: 108313.

CHERNI A, CHOUZENOUX E, DUVAL L, et al. SPOQ
€,-over- €, regularization for sparse signal recovery ap-
plied to mass spectrometry[J]. IEEE Transactions on Sig-
nal Processing, 2020, 68: 6070-6084.

YANG Y X, ZHANG Y H, YANG L. Wideband sparse
spatial spectrum estimation using matrix filter with null-
ing in a strong interference environment[J]. The Journal
of the Acoustical Society of America, 2018, 143(6): 3891-
3898.

REPETTI A, PHAM M Q, DUVAL L, et al. Euclid in a
taxicab: Sparse blind deconvolution with smoothed €,/ €,
regularization[J]. IEEE Signal Processing Letters, 2015,
22(5): 539-543.

GOLUB G H, VAN LOAN C F. Matrix Computations
[M]. 4th ed. Baltimore: Johns Hopkins University Press,
2013.

I8, B, REH . —FE T MEA R R EE
SO REED]. BT SE R, 2020, 42(2): 445-451.
WANG J, WANG T, WU J X. Iterative multiple signal
classification algorithm with small sample size[J]. Journal
of Electronics & Information Technology, 2020, 42(2):
445-451. (in Chinese)

SHEN Y N, PAN X A, ZHENG Z, et al. Matched-field
geoacoustic inversion based on radial basis function neu-
ral network[J]. The Journal of the Acoustical Society of
America, 2020, 148(5): 3279-3290.

EEEN

EZAR H19974E9 FIE TV Ml
7. 2020 4F B TR RHE R AU 1 e
H AR . FEOFr 0 A S5 S b3 i
IR TAE.
E-mail: 18862639622@163.com

RS o, 19884E 12 A AT AR
BRI . 2017 473K P4 22 383 K2 WL T F2 22 B
2 BRI KA TR LA 2 B I 2
FEWIE T AR AR T AL S AL TR
> MU A W 5 A2 R

E-mail: zhanghan@chd.edu.cn

MEEE 55,1985 4F 9 H A T U4 i
MITT . 2017 4F 3P4 24 5830 R AU T e 24 B
bz OV Tk REA £ BRI Bz . 3
BT I AL o ) RO B LSRR
KHAU R AR 5 ARSI 5 5 Ab

E-mail: duzh@nwpu.edu.cn



