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Research development of fatigue life prediction and damage
analysis model of fiber-reinforced composite

CHENG Xiaoquan® , DU Xiaoyuan

(School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China)

Abstract. With the wide application of fiber-reinforced composite primary structures in many fields, fa-
tigue has become a critical problem in composite structural design and analysis. Based on the development of
fatigue theory of composite materials, many theoretical methods and numerical models for life prediction and
damage analysis have been proposed by scholars. The current composite fatigue performance analysis models
can be classified as fatigue life model, phenomenological model and progressive damage model. The develop-
ment of these three kinds of models is reviewed and compared and their advantages and disadvantages are ana-
lyzed. The theory of fatigue life model is relatively simple, and the model is suitable for the life estimation of
engineering structures. The mathematical relationship between residual strength/stiffness and fatigue cycle
number is established in phenomenological model, which can predict the structure fatigue life and material re-
sidual mechanical properties. The progressive damage model can not only predict the structure fatigue life and
material residual mechanical properties, but also analyze the fatigue damage mechanism of structures. Finally,
the development trends of these fatigue performance analysis models are discussed. It is pointed out that reduc-
ing the implementation cost and improving the generality are important problems of these models.

Keywords: composites; fatigue; life prediction; phenomenological models; progressive damage
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Fig.1 Schematic diagram of ship’s heave motion measurement



57 3

FRIEAE BT IMU 5 UKF 095002 sl B & 5 ik

1325

AR AL ARG 0 32 B 3 Sl iR AR, BT LLA]
TP I AT K 2 R MEAS B ) G A A
Ciioy o T1HN -5 7KF 9 UE S 7 2014 A A 3R 1 4%
A LR g

A
ST
s R B AR AR bR 2R A R I A EE
EHGC HERME C, W3 1T &,

RIS RGN D RN
p o= Cfo,— QCw, + w),) xv' +g" (9)
" NERARTEM PR R TR EE ;8" A E
JrimE#EEAE AR R TR ; Qo) + w),) X
v' S HIER B AR AN, ] Z RN T

A (9) e

x C' (8)

v' = Cifi,+8 (10)
AR DO B ] DA R N
a, =v"(3) (11)

X" (3) MR v B K T
T B 2 i 0 R P S5 2R 2 T

XA AR ZE W T UUM A e, KRB
15 20 MR G THOUAL B AL B, o T 0 B AR 5 AE A
TR 25 LR S B A B 1] 7 4 8% 25 20 580 Hb O 25 %
AATHUTALAS A B2 . W 2 R, B IMU SR
LWIRBIT- & FHULZ 3 {5 B, # 1 AA 8 5
LA bR 2R R FHUU N B, 6 TR B is AR B
Ui M4k . I 2 ha] DLFE I, T R 408
A 3, B A 0 00 A AR DAL A B R 22 TR
K,

Sk T A0 B S O I o 3 2 e % A A0 350
iz 25 B A 52 L 38 6 IMU i b {5 B k4T
IR A SR8 0 b R AT B LA FHUTIS B R EER
5% 41 1t , A5 B AR LA 15 B .

MR DLE AT AR R R 3 s, B

3.0

— - HASR
25+ —BUMIH

TR #/m

.
N

5I IIO 1I5 2IO 2I5 30
i} [a]/s
B2 SRR DAL RS

Fig.2  Strapdown calculation of ship heave displacement

55, % IMU A7 B 1 I BRI 1 58 22 bR
g2 (7) A (8) o i 0 AL i s B A Ak 3
1551 5 45 11 52 A 4 75 I , 38 1o o 3 AR T B T
I {3 B A7 A B A 4575 5 S AL R R R A
AATHTTINEIE @, ORGP PE A58 10 77 11 K B o
TR BE (55 @, Dessk i L5 6 (FFT) | {3
E AT LUK I 0 THI0IE B 32 3 A R A
S, py AT L A5 ) O S BE A U R
A (o) BIABLHE ¢ (o), INTITARHE 2 (5) Ak (6)
15 B0 T1 0% B 0 T U0 B 5 6, G 0 A ) 50
K A ) T 5T 57 % R FH U S 5 4 W R 3 AR i
B T A AT E 5 0 R 0 B A 1R LA
SEREI SR N, TN E] N, AR AR
8% T X (9 B A, TSR o, FIHIGL @0 H
F FFT 15 ] 1 {5 182 16 — B i 1] 3 [ 79 4% 2 80
(249 L 0 AR (30 30 A8 LA S [ B 45 4%
e A 58 2 I R 1) 2% A A5 1k, S g L
i3k 3 2 (L 3ok 26 2 50 AT LA F 0 0 A R AR &
VEWES . Gt R UR B UM 2 UR B AR,
R WIA /N, A RE AR A BRI 2 0, DA TG 75 3065
(AR THI0IZ B 1% B

ST 07 LA A T TR 15 L, 9 %
A7 FET, [ 4 g 0 TH U053 3l 0 0 35 3% , 06 11 K
U 25 T LA O S i e £ R R B A . T A
B EIE A 2 A R R, BN, =2,
U (A W 0 0 0 ) 5 AR B B IR EL A, AR G451

AR )
et Fobome) "
FFT
| wiitio) mipeo) |
|
| )90 40) 00 |
eff )

| Itk JHifms=o |

B3 AR T Uas s Al T ik i A

Fig.3  Ship heave motion estimation algorithm flowchart



1326 Jb 5B AL R K ¥ ¥

0.8

0.6 H

T {E/m

0.4 H

0.2 H

0 1 2 3 4 5
A /(rad-s™)
4 BRI T DS Sl i A 2%
Fig.4 Amplitude frequency curve of simulated

ship heave motion

w0, LA W 0 B AL w, 1 FFT 45 5 [ )
WA B A @,

g T A0 M A 0 A T U35 B B 6 4 2
o A5y 2 AR A0 08 1 A 90 ) i
RN Sy 1 IO 4 952 20 6 725 Al 6 25 4 [ 2 G
I 5 8 97 30 7 0 K

2 ET UKF BfRfRFniEzshilE

2.1 fRMAFREHREE EEE

A (1) S MR T+ LB B Y, 20 B D08 3
(9 B A AR G i Y R % ER AT DL U
T (12) iy
(1) +wz(t) =0 t>t,,j=1,2,- N,

(12)

WIUR I 20H 2, () 2, (1) Fl 2,2y ), 43 3% B
55 7AW i A SR U A RS L R RN R T
IR GRS

T AR A T 02 Bl A v i A R R T
3o (] 2 B 8] 8] F Y FET 45 3], B 2H AR AR iz
B JE 3 53 B g BG In Ss D # R LR G L R S
RO SRS g 002 Ak AT M R . HOh FEFT
75 3 1) A% 52 B AR AE A 2R 8 TE — B i ] 3 [ 9
MR, HREB TR W06 Ak R 45, BT LUK R AE 43 32
w; VEN RGE s AT AT, O B AL (AR
w, =0 (13)

BT RGERRA ] 5
Y=y oz ow] (14)
[rp X, B IR RGORS 5, H AR
A3 R AR B 2R % 5% 0% 6 A | B R AR AIE A
FLOVMAEH FFT 32 S 80THE5 3,

A (4) A X (10) 15 30 & 40 1R A 25 6]
B Sy

Xj = [xl,j Xy xS,jJ

{ X =[x,

(15)

VIS D O WITAC AN IO B b SR A ORI |
HEE
2.2 MRMAFIMIEZHNENREFTE

R4 IMU H 4 3 5575 30 59 7+ 30 hn 28 52 o %%
G35 AR S BTN SERE R () ERE % b R N
Z i AR P, 15 5
a. = Y (1) +b +¢, (16)
b, Sy THUT I R e G R
w385 85 . Ry THIT I 3 R 0 e T

1 IR T 3 R A X Tz Bl 4 S
SR REI G N N b, VR O AR B8 AT HE
AT 45 (14) 15 3 B A M RGORS 524
X, =[x, X,, - X,, b,]" (17)
K

(18)
Z BRI, 15 B R GRS T RN
A, 0 0 0 0]
0 A, 0 0 0

X, = DXL e, (19)
o 0 0 A, O
Lo 0 O 0 I -
e
1 T 0
Aj=|-w,T 1 0 j=12,.N, (20
0 0 1

Hor T g R 25 T IR B w, N R 4 o
MR RGN T BN Q, =E[w, w], B
U0 R AL R 0 1 R A 1 B ) S L
2.3 BRAAFHITUIE BN 8 AW 7 R
2 (15) 75 21 2 8 i 00 5 7y
Y, =a,, (21)
P ra, N kI 2 M B A AR R T B TR0
HE
W (15) Fak (16), 30 (21) 28 H ik ib
T, RS Oy A
CCx,, T
9
+4., (22)




%7 JIIEAESE BT IMU 5 UKF A AN iz 20 5 8000 5t 07 i 1327
A 2) B ) HEH .
Cj =[- wik 0 0] (23) X:k/k—l = f‘(Xj,k—l)

R Oy MR R, = £, TN - < v

ST L [ =i o X = z Wj/\/j,k/k—]
JEE ) e PR A A =0
2.4 TiEFREEHE ; & s .

B - , . Px,k/k—l = z W,‘ (Xj,k/k—l - XA»/A-J) * 26

2.4.1 RiEF R G EABER = (26)

{XA- :f<Xk—l) + W, (24)

Y, = h(X,) +v,

A X, eR" 4k B2 ARG HRIS 0 &Y, e R”
kI 2 2R G0 B LI [k B fC - ) SR n A ] B
BREGR (- ) MR m ZEm) & R EG (- ) M
h( - )X H B AR BN 5 HS AR LR s w, e R" O
RGH MR WO I 22 @, =0 M E K
P T sy, e R™ Oy RGTHY BN MR 75 38008
Ji 75 R, >0 WS (E i i AR S
2.4.2 RIEAFRZIEMR B

AR DTz ST T AR AR RL, 10045
ATl azs g B9 3 Ay 5 o iR I 2 B ARy, T
FET 13 3 1 £ 4 3% 1 3l B9 4503 | 8 (6 R AR 7 48 A
HA S, EA X e S Bt MG 2 R
Xy, UKF @& FARLE RS, M LT EKF, i
B T AR T5 R LM A A ™ A Y R 22, X R Y
A g Al T A PR RO B PR LA AR T LB 3
LU R 7

X T e R 00 A5 B ) T2 Bl R
YE FET, 155753 3 38 3 A% 9 IR S0 h B X, , BOE
MR P 22 QRN MR 7 22 R, M) R T
T ZEHWE Py (19) A= (22) 23051 R 58 r9 AR
507 FRAEE I )5 A UKF #ES ot BT,

1) S R X, | Ry 2505 P, %
Jilg sigma = X N
Xjk-1 =

(25
A on HREMEOYEE ;o T sigma '5)\
TEFIME X, 3T 9 4 A5, 18 % /1N 00 43 A 36 FEL ik
N, V3 B 7 R A £ 7 SR R PO AR R 4
%wmﬁm@wm”~u(nhqxﬁﬂn,
I A 51

<X]’Tk/k—1 =X, )+ 0,
Mo = h(Xuor)

2n
~
m
Y, .. = z W,’ N1
j=0

A
n 1 . 1 2 .
W]- =1—j,Wj=2—j—a +B,]=O
o o
n . 1 .
Wi =Ww = 5,7 =1,2,--.2n
’ 2na

(27)
Horbra gy Je 0 S B, v A i e O AR 2
Xjkk-1 =

Xk/k—l Jj=0

X + a(/\/ (n+x)P,,_ )
X - a(/\/ (n+x)P,, )

J

j=n+1,n+2,---2n
(28)
Ak N HO B R T, RS A T T R B 0

( A nﬁk/k—l ) ‘ A ni’wwﬁ’%ﬁ*ﬁ%ﬁ%ﬂ’ﬂﬁjﬂo
3) &I

2n n
c
P},If/k—l = z Wj(nj,k/k—l - Yk/k—l) .
j=0

(nj,k/k—l =Y )T +R,

R LT
c
PA_y,l:/k—l = z Wj (Xj,lf/lr—l
j=0

~

- Xm-q ) °
(29)

<1'j,k/k—1 Y )T

~

-1
K, = Px),lr/lr—lpy‘k/k—l

)A(k = &k/kfl + Kk<YI.- - AYk/k—])

P, =P, - Kku,k/k—lKg

s X, P, 5 30h 7 G0 4R 25 0 U A R X
DN R BI JT 25 I o

3 FERIE
FF IMU 1 UKF 2 8600 & #5071 Ul sh 3




1328 G| AN T N N = 4

e R

2021 4F

BT B P AL T AT LA B 2H ST ITE 3y 32
RTG53 E B THT A T A
BAG B o TS IEA SOy A ok, A O B
ok AT AR . D7 ELASPEAT AR T UL iz 2l
PEWB N 0.05 ~0.2 He , BERIZHU N, =4, FHIL
o B by AL LR R S R R g
IR 75 B 0T A, B SR AR AR S 50 Haz, TR
TN 0.05 m/s” (&S g TN ) B
SLHRE . PIIEUE B S EN T S R =T
UL R B P bR vE 22 0.2 m, FF U0 J 38 0k b o
26090.2 m/s FRAEATRUE P AR ERE H 0.3 rad/s,
03 2 AR 22 R 0.5 m/s”, RAE A % ik
WM Jy 22 R 4 10 7% (rad/s) * , FHUTIN 3 B A
UE LM 22k 1 x 1070 (m/s™) 7, TR0 0 B 3
W7 2 R 4 x 107 (m/s™) o THITLAY A8 ) K
HOm Om O0m O m]", T v E K
[0.03m/s 0.06 m/s 0.04 m/s 0.05 m/s]",
FRAE S R W)~ [ 0. 31 rad/s 0. 42 rad/s
0.54 rad/s 0.6 rad/s]" MR EZIRPIE R 0 m/s”,
K6 ~ 18 8 73 5l oy bk A B AT A A T
TN B2 7 Qi Al 31 T 0 B2 A0 THIT A6 7% 1 U

45

03

02}

0.1F

THOUME EE/(m-s72)

20 20 60 80
B )/
B 5 T B O B A

Fig.5 Simulation data of heave acceleration

TN B f/(m-s72)

0.01 H — LA g
| — — UKFI

0 20 40 60 80
B lll/s
Pl 6 0 T 2 i A Ty B
Fig. 6  Simulation results of zero bias estimation of

heave acceleration

RS

0.15

0.05

-0.05

THItHE/(ms™)

~0.15 |-V
— HSTHTH
— — UKFFHLs
~025 : : :
0 20 40 60 80
/s

7 0 B ly ELAS

Fig.7 Simulation results of heave speed measurement

0.25
0.15
(=l
= 005}
=
iz I=
2 -0.05 -
LY
-0.15 | N
— HSTHIU RS
- — — UKFTHf 8
-0.25 L L L
0 20 40 60 80
Bif i) /s

8 FHULALAS Ik fl H 4
Fig.8 Simulation results of heave displacement

measurement

W 1A 6 47 FAE R AT LA Y T i i
BAMAGTHENEBTIF IR )G 8 s 2247 I8F) 0. 05 m/s’
WESE, 55 0 B4R PR 4 i i (W 50 NI 7 A
P 8 f EL 45 SR AT LA i, THICE B2 5 T U0 #8
IEPAGTHE S HAEW G FFEnT LA B T
THIUOLA A T, 0 Bl BAT 3 A RS L X
S Eh T IO BE A i A S i — AR Y, T T
DU I FE 15 5 M e R g o I, THD0im
3 JEE TR 22 06 6 B B 5 R T JRE B S .
LERFRW TR RS 1R 22 AR 15 A T 42 13
2l TR A N ey - DT i € 8

5
4 TEXW

T B8 E AR STy ik R T U0 Bl R
DL Al T RS, 3 R BT A DG Y S5 AT 5
W, RALKRERAN =-AHREZIEE.
Crossbow 7\ F] (1) IMU440 5 1 I & 54 50 1 ¥ 6
T B AN P R S5 M B [, A AH W) T DTS B
DS 5 R W) B 45 1 T 5 EKEF 3036 45 M I
Bo MK o, = A iz g 6 1R B



57 3

FRIEAE BT IMU 5 UKF 095002 sl B & 5 ik

AL ALF

G
2o

WA TE 0z 3, IMU440 A5 0 5 B 50 A O I
PR A = AW BT o, 1K
S I B T RPE T U0 E B s B0 L ok
D A4S 5t 22 6 57 5 5 b T [ T & 2 (8] A
XFiz gy, 2 0 B i A5 B T U0 s 3l 0 3 AL
FE

IMU SR HH815 2058 & FHU0 3 B2 {5 8 a0
&l 10 iR .

igi)'cimﬂiﬂ‘x _Imu FHOLB A&

9 THULIE S5 RIS g
Fig.9 Heave motion information measuring

experimental device

0.3

THIThEE (e s™2)

03090 20 30 a0 50 60 70
Bl a)/s
& 10 FHtm e B
Fig. 10 Heave acceleration

R THULIz 3l 595 3 o B R ORI
B 20 ~ 30 s Ho s K B2, % I U0 RE A A AR
FET 3 o 08 0 G 0 53 2 75 215 A T+ U i Bl A 7Y
SR AR B R EEE I X, =[ -0.01 m
0.0l m/s 0.61 rad/s 0 m/s*]", R ¥E 52 56 ) &
WERZRBRESWBP WM ITEZHE P, =
diag([0.4m 0.5m/s 0.5rad/s 0.8 m/s’]")%,
FA GE Y AR A A< W 7 5 22 58l U0 3l Y SE B
TLOLH A, T E R T2 i o 3 K 1) o
Vi B8 Y DR, RL MR R KR R AT LG AR 4
IMU440 574 0 5 B850 A9 it B2 T HPERE S Hoas
PR B0 52 B 1 8 e 4 RO R BOE R
TR A B J7 25 JE B AR MRS U7 25 0, =
diag([0m O0m/s 2x107 rad/s 2x10"* m/s’]")?,
R, =9 x10 *(m/s*)?,

KL A 12 9 T P0is shig P 4 R . K.

W O R 2 AR ST 5 UB B A A L S R D A T
BRI EKF R95 B P45 R o I8 WA R 2 A5
FEMIZE R 2T UKF 197735 B A 3R A Y siod
JRE VR o A 00 RS

0.100

=~ UKFTFt i b 22
—— BKFT0 b 24

s

P 0.075

0.050

0.025

THIGE FERRIE X/ (m

IS
1T 0 B I8 8 o o 25

Fig. 11  Standard deviation of heave motion speed filter

— — UKFJFIU s bRifE2:
010k —EKFIHIi s hriEs

0.08 |-

sfEZE/m

7]

0.06 |-

0.04 H

THIUASE

0.02

iy [E)/s

12 FHIUAL R U8 b o 22

Fig. 12 Standard deviation of heave motion

displacement filter

HT T 55 B N o, T R A R TR [R) B
Xof VYR 1) 2 A S Ay ik AT AR I, YR A o
38 el 0 B Ry B T B R S8R D AR Ak
FE AT 5 2 2 (0 1 1R 02 B AR AL i, o 15 ] A
FERTHIL I8 3 {5 B, 18 A T B0k Dk g% B Pk
TSI R

B 13 AR 14 25 1 7 THITIE Sl e 50 560 1 3
JER B 28 o &1 b s R 2 4R O O T B £
AR THILR B LA Sl Ko TR B IR
HIcKZ) 0.1 m, 5 €8 f2 25 0 R UKF 53345 5]
gh R, 20 8 2 R 4RO SR T EKE 5595 15 31 1
g,

15 45 7 B0 TH T B Al T 58 22 il 26
FE WG WA T G, AR SO R FH UL B T o iR 25 /N T
0.5 cm, BI/NF e RFHUUIEAE 1) 5% , G815 2 &
K B TG S ) THILIE S5 B



e R

T
1330 E [0 =3 N NI LML 2021 4
015 — ETILESE 2) %ﬁ/ﬁ;&ﬂﬁ{ﬁ@%ﬁfrﬂmﬁul_ﬁ?ﬁﬁ
olof IO LRI UUIE B 19 4 Ax 3% 4 W, o0 17 388 3o 2 7% )
A AT DL Fﬂﬂmu%huo

0.05 |

L (mes™")
o

-0.05

TH

-0.10 f

_015 1 1 1 1

[} [&)/s

13 F 308 B i et ST B 25

Fig. 13 Experimental results of heave speed

measurement
0.2 —
— TS %A
) = — UKFJiis
o1 i ) — -~ EKFIRJU{%%

10 20 30 40 50
fif[a)/s

B 14 JHITAL R I o S5 R 2
Fig. 14  Experimental results of heave displacement

measurement

- UKFIifrsftiilins
— EKFIHUUi Al [ 2%

THIUFE AL T 52 /em

50

i}E]/s
Bl 15 FUihi itz

Fig.15 Heave displacement estimation error

5 &

1) AR 408 % 2 T B8 1 0 S i 3B B K CF
R UESAS B K T 28505 B, #EmAR 48 1 g7
FETH AT B IO A5 o 38 % T i
YE FFT Jf 45 & TF Uiz gl =7 85 R 153 21 &R 58 08 i
PIME

3) D5 E TR 65 SRR 25 R AR W UE Pk I
F14 R 3 A S5O G I 28 2R 5 5 A AR T D2 Bl 4
WAR o iR R G BT AR A DL 5 X AR T
DURE R B TR BE 18 2 e K TH TR 5% o X
A AT AR A —E Y TR AR SN

2% ik (References)

[ 1] RICHTER M, SCHNEIDER K, WALSER D, et al. Real-time
heave motion estimation using adaptive filtering techniques[ J].
IFAC Proceedings Volumes,2014,47(3) :10119-10125.

[2] MUALEEE, 78S 5T BMELC B i A An 7t il 4
Jr[1]. RE T RS TR ,2017,39(12) :159-164.
HUANG W Q,LI Z C,LU M M. Method of measurement for
ship heave motion based on BMFLC algorithm|[ J]. Systems En-
gineering and Electronics,2017,39(12) :159-164 (in Chinese) .

[ 3] IME, VB 3 8% 5 i B 6 AL A0S T ol s e R [ 0] AR %
12441 ,2012,33(1) :162-172.

SUN W,SUN F. Measurement technology of ship heave move-
ment based on SINS resolving[ J]. Chinese Journal of Scientific
Instrument,2012,33 (1) :162-172 (in Chinese).

[ 4] XURAD. & T BT A R S0 0 A0 AR BE I 2852 30 5 800 5 BF
LD ] W IR I R T AR K% ,2009.

LIU X B. Study on the measuring of the instaneous movements
of the ships based on SINS[ D ]. Harbin: Harbin Engineering
University,2009 (in Chinese) .

(5] FATT. R/RSWPSAE FAUFRIIM].3 BT 75247518
Tolk K2 H At ,2015:199-220.

QIN Y Y. Kalman filtering and integrated navigation principle
[M]. 3rd ed. Xi’ an: Northwestern Polytechnical University
Press,2015:199-220 (in Chinese) .

[ 6 ] JULIER S J,UHLMANN J K,DURRANT-WHYTE H F. A new
approach for filtering nonlinear systems[ C] // American Control
Conference,1995:1628-1632.

[ 7 ] JULIER S J. Unscented filtering and nonlinear estimation[ J].
Proceedings of the IEEE,2004,92(3) :401-422.

[ 8 ] GODHAVN ] M. High quality heave measurements based on
GPS RTK and accelerometer technology[ C ] // OCEANS 2000
MTS/IEEE Conference and Exhibition. Piscataway: IEEE
Press,2000:309-314.

[9] HUY P,TAO L M. Real-time zero phase filtering for heave
measurement[ C] // The 11th IEEE International Conference on
Electronic Measurement & Instruments. Piscataway : IEEE Press,
2013:321-326.

[10] J=ASH, IR, 4798 , 5. ik 450 5 R G I A8 00 3B % 1

FATHOTI R LT ] S AE L4 4R ,2016,4(2) :91-93.
YAN G M,SU X J,WENG J,et al. Measurement of ship’s heave
motion based on INS and zero-phase-delay digital filter [ J].
Journal of Navigation and Positioning,2016,4 (2):91-93 (iin
Chinese) .

(1] ZZAT0], Rl Al Bho. 35T 1 3 Bl 11 (0 A An W ) 28028



57 3

FRIEAE BT IMU 5 UKF 095002 sl B & 5 ik

AL AT W

e
M 5 1331

[12]

[13]

[14]

gy I ], F EAR P ROR %41 ,2016,24(5) :565-570.
YUAN S M,CHENG J H,MA B. Measurement method for ship
instantaneous linear movement based on adaptive frequency es-
timation[ J]. Journal of Chinese Inertial Technology,2016 24
(5) :565-570 (in Chinese).

KUCHLER S, EBERHARTER J K, LANGER K, et al. Heave
motion estimation of a vessel using acceleration measurements
[J].TFAC Proceedings Volumes,2011,44 (1) ;14742-14747.
XNt WA THDiizs S AR BT S [ D). K% K% e R
#.,2016.

LIU W T. Study on heave motion prediction of ships[ D ].
Dalian ; Dalian Maritime University,2016 (in Chinese) .
R TS RGO B ORI D ] . m R
B W AR TR K 24,2018,

LI Z C. Research on ship heave measurement technology based

on inertial navigation system [ D ]. Harbin: Harbin Engineering

University,2018 (in Chinese) .

[15]

[16]

[17]

FEISL B BT L S A S SRR ML P
JE Tl K4 AL , 2019 :222-224.

YAN G M, WENG J. Strapdown inertial navigation algorithm
and integrated navigation principle [ M ]. Xi’ an: Northwestern
Polytechnical University Press,2019:222-224 (in Chinese) .
XUHE. HE T MEMS {9 @508 2 % 880 R ib [D]. iR
1 IR 7RI AR K% ,2016: 11-21.

LIU P. Design of high precision attitude detection system based
on MEMS[ D ]. Harbin: Harbin Engineering University, 2016 ;
1121 (in Chinese).

T, TR PUOTEC UKE R % A Sk Py [ ]
A6 BT A3 A R K24 2741 ,2010,36 (7)) :762-766.

YUAN G N,ZHANG T. Quaternion unscented Kalman filtering
for ultra-tight integration [ J]. Journal of Beijing University of
Aeronautics and Astronautics,2010,36 (7) :762-766 (in Chi-

nese) .

Measurement method of ship’ s heave motion information
based on IMU and UKF algorithm
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(1. School of Mechanical Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China;

2. Marine Equipment and Technology Institute, Jiangsu University of Science and Technology, Zhenjiang 212003, China)

Abstract; To obtain accurate estimation of ship heave motion information in real time, according to the

ship heave kinematics model and spectral analysis method, an analytical model describing the relationship be-

tween the acceleration measurement information of the Inertial Measurement Unit (IMU) and the ship heave

motion state quantity was established. Based on the characteristics of Unscented Kalman Filter ( UKF) nonlin-

ear filtering algorithm, the heave motion filtering solution is performed. Simulation analysis proves the effec-

tiveness of the proposed algorithm in ship heave motion measurement. The experimental verification of the

three-degree-of-freedom platform heave motion measurement is performed. The experimental results show that,

compared with the solution of the Extended Kalman Filter ( EKF) method, the algorithm in this paper has fas-

ter convergence speed and higher measurement accuracy; the estimation accuracy of the ships heave displace-

ment reaches 5% of the maximum heave amplitude, and accurate and no-delay ship heave motion information

can be obtained.
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Table 1 Average effective area for different installation
ways under earth-oriented three-axis

stabilized attitude
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A calculation method for effective power supply area of manned
spacecraft with body mounted solar array
YANG Sheng” , WANG Xi

(Institute of Spacecraft System Engineering, Beijing 100094, China)

Abstract; The power supply capability is proportional to the effective area of spacecraft solar array. For
cylindrical manned spacecraft, a calculation method for effective area of body mounted solar array is proposed.
First, the mounted solar array was divided into n parts along the circumference. The angle between the sun
vector and the normal of each part (incidence angle) was calculated by coordinate transform. Then, the effec-
tive area of body mounted solar array was obtained by summing up the products of the area of each part and the
cosine of incidence angle. Finally, the proposed method was verified by effective area simulation under differ-
ent orbit sunlight angles and different flight attitudes for manned spacecraft with body mounted solar array. The
simulation results show that the average effective area can reach 25% —32% of the mounted area under earth-
oriented three-axis stabilized attitude the flight attitude of orientating the earth. By yawing the manned space-
craft with fixed angle, the ratio of effective area to mounted area can be expanded to 30% —44% .
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angle; flight attitude
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Table 1 Peak stress of cantilever beam structure under

self-weight load
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XU H Y,GUAN L W,WANG L P, et al. Topology optimization

Topology optimization of cantilever structure with self-weight
load based on guide-weight method
REN Yiru" ", XIANG Jianhui', HE Jie', NING Keyan’, YANG Lingling’

(1. College of Mechanical and Vehicle Engineering, Hunan University, Changsha 410082, China;
2. China North Vehicle Research Institute, Beijing 100072, China)

Abstract: Aiming at the problem of non-convergence of the material distribution at the end of the cantile-
ver beam structure under self-weight load, a topology optimization method for the cantilever beam structure un-
der self-weight load is proposed to solve the problem. According to the principle of virtual work equal, the
load equivalent method was established by the relationship among the shape function of the four-node rectangu-
lar element, the unit volume density and the mass. According to the Kuhn-Tucker condition of the optimization
model, the guide-weight criterion was derived, the sensitivity formula of the objective function was obtained,
and the iterative formula considering the topology optimization of the self-weight load was derived. Aimed at
the problem of ambiguity of material distribution in the end region of the topological optimization of a cantilever
beam structure under self-weight load, a solution strategy combining variable density method and non-structur-
al mass was studied, and the influence of typical factors on the topological structure was revealed. The results
show that this method can solve the problem of fuzzy material distribution at the end of a cantilever beam under
self-weight.

Keywords: topology optimization; guide-weight method; variable density method; self-weight load; Ra-

tional Approximation of Material Properties (RAMP) model
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Air container loading based on improved genetic algorithm

ZHANG Changyong* , ZHAI Yiming

( College of Electronic Information and Automation, Civil Aviation University of China, Tianjin 300300, China)

Abstract: Aimed at the problems of slow convergence speed, premature maturity, and poor optimization
results when the standard genetic algorithm solves the loading plan, based on the anthropomorphic loading
strategy, an improved genetic algorithm is proposed to maximize the utilization of container space, considering
the loading sequence, volume, and quality of the goods, center of gravity, non-overlapping and other practical
constraints. First, the real number code combined with the placement state of the goods is used to randomly
generate the initial population. Second, the optimal solution preservation strategy is added to the routine selec-
tion operation, and the stability, support constraints, and center of gravity constraints are taken into account
after linear scale transformation. In the fitness function, the evaluation value of each loading scheme is calcu-
lated by this. Finally, the scheme with the highest evaluation value is output as the optimal loading scheme.
In the experimental part, the performance test was performed using test cases with different heterogeneity, and
then three sets of specific cargo loading data were combined to prove the universality and practicability of the
algorithm. The results show that the proposed algorithm has better optimization effect in solving the process of
strong heterogeneous cargo loading, and is suitable for solving the container loading problem. Compared with
the standard genetic algorithm, the convergence and search speed have been improved. The space utilization
of the two different container types has increased by 3.82% and 3.66% , and the running time has been short-
ened by 7.9 s and 5.58 s. The optimal loading can be found quickly. The solution can effectively solve the
problem of cargo packing in regular and irregular containers. At the same time, the visualization of the loading
plan is realized based on MATLAB software, which provides a theoretical basis for the real-time loading deci-
sion of the container.

Keywords: improved genetic algorithm; anthropomorphic loading strategy; actual constraints; different

container types; visualization
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Design and verification of an adjustable length safety
tether for astronaut extravehicular activities
SUN Qichen', JIANG Kun', WANG Hailiang’, ZHANG Zilan' , QIN Junjie', WANG Lusi'**

(1. Beijing Spacecraft, Beijing 100093 , China;
2. China Astronaut Research and Training Center, Beijing 100093, China)

Abstract: With the steady progress of Shenzhou spaceship series tasks and space station construction
tasks in China, Chinese astronauts are facing frequent extravehicular activities,the range of astronauts’ extra-
vehicular activities will gradually increase, and the operation position of astronauts will change frequently. The
traditional safety tether can not operation the requirements. In this paper, a design scheme of an adjustable
length safety tether for astronaut extravehicular activities driven by constant force spring is put forward, the de-
sign method is optimized, and the detailed design of the driving unit which is the core part of the safety tether
is performed. Finally, the prototype of safety tether is developed, and the functional performance test, envi-
ronmental adaptability test and driving unit life test are completed. The results show that the scheme of the
safety tether can successfully complete the retraction and release of steel wire rope, and the measured retract-
ing force and pulling force are basically consistent with the theoretical values. It has the advantages of small
volume, light weight, and resistance to a large number of levels of vibration and high and low temperature en-
vironment. The driving unit can meet the requirements of 10 000 times of long-life use. The scheme of the
safety tether can be used in subsequent engineering products.

Keywords: astronaut; safety tether; adjustable length; constant force spring; long service life
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Table 2 Dimension and test frequency of cylinder 1

n KE/mm  HE/mm WA/ CH: AL
0.96 2 092 159 1.5-~2 101
2 1 000 76 3.5~4.5 201
4 500 38 7~9 401
8 250 19 14 ~18 801

®3 EE2HRTRAUKFE

Table 3 Dimension and test frequency of cylinder 2

n KEE/mm  HE /mm A%/ GHz 2%
1 480.0 240 2~2.5 101
2 240 120 3.5~4.5 201
4 120 60 7~9 401
8 60 30 14 ~18 801
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Fig.4 Sketch map of actual test
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Table 4 Typical data of measurement error

according to difference of target and background ratio

HErbT o
el Wt %22/ dB
31 +0.25
25 +0.5
19 +1
16 +1.5
10. 69 +3
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Fig. 6 Influence of angle on cylinder 1’ s monostatic
RCS with test frequency of 1.835 GHz
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Fig.7 Comparison of angle deviation of models with different scaling factors
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Table 5 Calibration results of angle of cylinder 1
(*)

etk 5 = n=0.96 n=2 n=4 n=38
HH -0.6 0.2 -0.2 -0.2
\AY -0.6 0 -0.2 0.4
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Table 6 Calibration results of angle of cylinder 2

WAL J7 =X n=1 n=2 n=4 n=8
HH 0.2 0.2 0.2 0.8
\'A% 0 0.2 0.4 -0.2
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Table 7 Model one’ s summary of cylinder 1

(HH polarization)

R R o o A B 4 8 2

1.602 808

PRI 1 R
0.980 0.961 0.961

®8 EHE1MER1OPAFERLY(HH RL)

Table 8 Model one’ s regression equation

coefficients of cylinder 1 ( HH polarization)
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Table 9 Comparison of regression formula and absolute error of cylinder 1 in different models
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Table 10 Comparison of regression formula and absolute error of cylinder 2 in different models
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RCS prediction method for cylinder containing
microwave absorbing material
ZHAO Jingcheng * |, YANG Zongkai' , WANG Jian®, ZHANG Yang’

(1. School of Electronic and Information Engineering, Beihang University, Beijing 100083, China;
2. AVIC The First Aircraft Institute, Xi’ an 710089, China)

Abstract. Large target’ s Radar Cross Section ( RCS) estimation using scaling model is a common meth-
od to obtain RCS at the development phase. However, according to classical electromagnetic similarity theory,
measurement of scaled target coated with microwave absorbing material is difficult to meet the scaling condition
strictly. A multivariate logarithmic linear regression model is proposed to estimate RCS for the scaled target
coated with microwave absorbing materials. Two sets of cylindrical models were designed and tested in the mi-
crowave anechoic chamber with scaling factors of 1:1, 1:2, 1:4 and 1:8, respectively. On the basis of data
preprocessing such as angle correction, RCS data of scaling model is substituted into the model as training set
to obtain parameters, and RCS of the original model is estimated and compared with the actual measured data.
The results show that the curves of the predicted data and the measured data fit well. Compared with the tradi-
tional square rate formula, the error of the proposed method decreases by 3 =5 dB, and the error decreases by
0.3 —0.8 dB after adding the microwave absorbing material factor to the regression model.

Keywords: Radar Cross Section (RCS) ; scaling model ; multiple linear regression; microwave ahsorbing

material ; similarity principle
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Table 1 Longitudinal non-dimensional stability derivatives

/KA X; z; n; X7 z; e X; z; ;
T T4 -1.998 -0.087 2.378 0. 146 -1.777 0.475 -0.206 -0.220 -0.128
HHETHA -1.519 -0.136 2.449 0.112 -1.829 0.630 -0.155 -0.188 -0.174

R2 HEETENEEESH
Table 2 Lateral non-dimensional stability derivatives

H/ LT Y)' LS N} vS Lt NS Y} L} N}
T T -0.700 -0.530 0.473 -0.341 -3.727 0.249 0.066 0. 805 -3.156
AT -0.759 -1.100 0.303 —-0.495 -3.891 0.204 0.066 0.768 -3.155

3 v =0 ISHEERARALHBEETEAEEANNB N RZB EHNRBMRENERY
Table 3 Coefficients of lateral force, vertical force and rolling moment of left and right wing at
v* =0.15 with and without stroke deviation

/BTN v Yy AY* zZ Zy AZ* L Ly AL*
T T 0.093 -0.303 -0.210 1.773 1.690 0.083 2.843 -2.922 -0.079
AT 0.326 -0.554 -0.228 1.780 1.749 0.031 2.961 -3.125 -0.164
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Table 4 Eigenvalues of longitudinal system matrix A"
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Table 5 Eigenvalues of lateral system matrix A,

B 1 BiZS 2 BiZs 3
/AT
Ay Ay )l3,4
TR T -0.169 -0.028 0.065 +0. 136i
HiaTHA -0.169 -0.028 0.067 +0. 138i

M1 A 2 A3
A/ TAR T
Ay Ay Az
T -1.269 -0.153 -0.006 +0.058i
AT -1.330 -0.157 -0.003 +0.089i
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Effects of stroke deviation on flight stability of true hoverfly
XU Na', ZHOU Shuaizhi', MOU Xiaolei® "

(1. School of Electromechanical and Automotive Engineering, Yantai University, Yantai 264005, China;

2. School of Civil Engineering, Yantai University, Yantai 264005, China)

Abstract; The aerodynamic performance of insect can be affected by wing stroke deviation, which may
also influence the flight stability. The longitudinal and lateral non-dimensional stability derivatives of hoverfly
with stroke deviation are obtained by solving Navier-Stokes equation, and then the natural modes of motion
analysis method is used to analyze the flight stability. The results show that, when stroke deviation exists, the
stability derivative of the rolling moment induced by the side motion velocity decreases significantly, while the
other derivatives have little difference by comparing the situation with no stroke deviation. The reason why the
existence of stroke deviation causes the decrease of the derivative is that the positive rolling moment of the left
and right wings declines obviously under lateral wind circumstance, while the negative rolling moment caused
by the lateral force increases slightly, which makes the total negative rolling moment increase. However, the
decrease of the derivative of the rolling moment caused by the lateral flow does not alter the flight stability of
hoverfly, and the longitudinal and lateral characteristic modes of motion are still the same as those without
stroke deviation.

Keywords: stroke deviation; true hoverfly; flight stability ; Navier-Stokes equation; natural mode of mo-

tion
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Unified form of large deflection analysis of elastic
Euler beam based on elliptic integral
AN Chao, XIE Changchuan”, YANG Chao

(School of Aeronautic Science and Engineering, Beihang University, Beijing 100083, China)

Abstract: The loading problem of Euler beam with one end clamped and one end having concentrated
load is a basic mechanical model, which has important theoretical significance. In order to solve the problem
that the traditional linear method is not applicable to large deflection analysis and cannot calculate the post
buckling deflection of the central direction compressed column when the load coefficient exceeds the critical
value, a nonlinear exact solution is proposed to calculate the large deformation of the beam under concentrated
load. In this paper, the elliptic integral form is used to derive the deflection expression of the beam under con-
centrated load. Considering the dead force and follower force at any angle on the free end of the fixed-suppor-
ted beam, a large deflection equation of the beam in a unified form is given. The deflection results under the
combination of load factor and load angle are calculated. At the same time, the balance branch solution of the
compressed column with dead force is analyzed using this form. The calculation results of this method are ac-
curate and can be applied to the large deflection analysis of elastic beam under dead force and follower force.

Keywords: large deflection beam; elliptic integral; follower force; balance branch solution; stability of

compressed column
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Recognition of packet interleaver at low SNR
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Abstract; In view of the shortcomings of the existing algorithms for blind recognition of packet interlea-
ver, which are high computational complexity and poor fault tolerance, a new recognition algorithm based on
the distribution of synchronization codes after packet interleaving is proposed in this paper. Firstly, the pro-
posed algorithm based on the statistical characteristics of data matrix gives the function of probability density
distribution for synchronous code and random traffic data in any number of matrix columns, and based on the
minimum error decision criterion, the detection threshold of synchronous code is set. At the same time, the
detection threshold of robust interleaving period is set based on the criterion of 3 times standard deviation. Sec-
ondly, the corresponding relationship between each row and column in the data matrix is analyzed, and a fast
interleaving period traversal method is proposed, which greatly reduces the number of times of data matrix con-
struction. Finally, the four rules of distribution of synchronization codes are summarized, and by traversing the
synchronization codes and utilizing the relationship of positions between synchronization codes, the parameters
of synchronization positions, interleaving column and row can be identified efficiently. The simulation results
show that the algorithm has a strong error tolerance at low SNR and the correct rate of parameter recognition
can reach more than 98% at the SNR of —6 dB. At the same time, compared with the existing methods, its
performance is improved by 4 — 10 dB and the calculation efficiency is significantly improved.

Keywords: cognitive radio; channel coding; packet interleaver; synchronization code; feature of frame

synchronization ; recognition
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Fig. 6  Structure of deep residual shrinkage network
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Fault diagnosis of rolling bearing based on deep
residual shrinkage network

CHE Changchang, WANG Huawei” , NI Xiaomei, LIN Ruiguan

(School of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Accurate fault diagnosis of rolling bearing is a necessary means to ensure the safe and reliable
operation of mechanical equipment. In this paper, a fault diagnosis method based on Deep Residual Shrinkage
Network ( DRSN) is proposed for the vibration signal of rolling bearing with multiple faults and long time se-
ries. Firstly, fault samples are constructed according to the collected rolling bearing data. For the vibration
signals of long time series under various fault types, the long time series are matrixed according to a certain
size, so as to form the gray image fault samples of multiple fault types. Aimed at the performance degradation
process of rolling bearings from normal to fault, the whole life cycle fault samples are constructed for fault di-
agnosis through random sampling of multiple sampling points. Secondly, based on the multi-layer deep learn-
ing model, the residual shrinkage network module is added to the Convolutional Neural Network ( CNN) to
build the deep residual shrinkage network model, in which the model degradation problem of the multi-layer
network model is solved by adding the residual term to the network training, and the sample noise reduction is
realized by using soft thresholding. Finally, in order to verify the effectiveness of the proposed method, multi-
fault time series samples and life cycle fault samples of rolling bearing are collected for fault diagnosis. The re-
sult of the example shows that the proposed model has good robustness under the noise interference, there is no
obvious network degradation under the multi-layer network model, and it can maintain a high accuracy of fault
diagnosis. When dealing with two kinds of bearing fault datasets, compared with other models, this method
has lower training error, and the average accuracy of fault classification is increased by 1% -6% .

Keywords: rolling bearing; fault diagnosis; Deep Residual Shrinkage Network ( DRSN) ; Convolutional
Neural Network ( CNN) ; soft thresholding
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Table 3 Performance of speed increment networks with different layers, units and activation functions

W2 2507 R e
logsig softmax poslin purelin tansig
1/8 9.95 x10°° 8.38 x10° 8.23 x10? 2.06 x10~° 5.76 x 10 ~°
1/16 3.05x10°° 1.81 x107? 5.42x10°° 2.02x107° 1.45 x10"°
1/32 6.40 x 10 ~° 2.20 x107° 2.17x107° 2.02x107° 3.83x10°°
1/64 6.41 x10°° 7.47 x10°° 2.73 x1077 2.01 x10~° 4.27x10°°
1/128 2.46 x 10 ~* 2.62x10°° 7.91 x10°° 2.02x107° 2.97 x10°°
2/8 2.26 x107° 5.98 x10°° 2.86 x10°° 2.02x107° 3.10x10°°
2/16 5.66 x 10 ~° 2.69 x107? 3.86 x10°° 2.02x107° 3.70 x 10 ~°
2/32 2.60 x10°° 4.37 x10°° 6.06 x10~° 2.02x107° 8.53x10°°
2/64 3.33 x10°* 1.54 x10°° 5.09 x10 ~* 2.02x107° 6.34 x10°°
2/128 1.89 x107? 2.91 x10°° 5.29 x10°? 2.02x107° 9.91 x10~*
3/8 2.94x10°° 1.18x10°* 2.96 x10 ! 2.02x107° 8.34 x10°°
3/16 3.23x10°° 1.60 x 10 ~? 4.88 x107° 2.01 x10~° 4.08 x10°°
3/32 5.15%x10°° 1.64 x10°° 2.43x10°? 2.03 x107° 3.28 x10°°
3/64 4.24 x10°* 9.36 x10°° 5.23x10°° 2.02x107° 1.25 x10~*
3/128 2.90 x10°? 2.93 x10°° 9.91 x10 2 2.02x107° 3.13x10°?
4/8 4.02 x10°° 2.98 x10 " 2.96 x10 ! 2.02x107° 2.57x107°
4/16 2.45 x10°° 3.03x10"" 1.05 x 10 72 2.02x107° 8.95x10°°
4/32 5.82x10°° 1.31 x107? 7.84 x10 73 2.03 x107° 9.21 x10°°
4/64 4.66 x10* 1.13 x10 73 1.35x10 7! 2.02x107° 2.91 x10°*
4/128 2.65x10°? 2.98 x10 ! 1.50 2.02x107° 2.94 x10°?

F4 FABRH.H
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Table 4 Performance of perturbation deviation networks with different layers, units and activation functions

MSE
P2 2 5077 S8
logsig softmax poslin purelin tansig

1/8 2.80 x10°° 1.04 x10°° 1.91 x10°° 6.11 x10°° 5.50 x10°°
1/16 1.62x10°° 1.04 x10°° 2.24 x10°° 5.87 x10°° 4.11 x10°°
1/32 3.60 x10 ~° 1.34x10°¢ 8.77 x10°° 1.87 x10°° 4.86 x10°°
1/64 3.27 x10°° 1.19 x10 ¢ 7.61 x10°° 2.58 x10°° 3.04 x10°°
1/128 8.65x10 ¢ 2.26 x10°° 8.98 x10°° 7.81 x1077 7.07 x10°°
2/8 2.08 x10°° 1.30 x107° 3.33x10°° 3.96 x10°° 4.73 x10°°
2/16 3.13 x10°° 2.07 x10°° 4.83x10°° 8.44 x10 77 4.59 x10°°
2/32 3.20 x10 ¢ 1.78 x10 ¢ 4.35x10°° 3.59 x10 77 3.19 x10°°
2/64 1.86 x10°° 8.88 x10 77 5.48 x10°° 1.09 x10 7 2.16 x10°°
2/128 5.23 x10°° 5.71 x10 77 3.04 x10°° 1.52x10°® 2.02x10°°
3/8 6.12 x10°° 5.85x10 77 1.61 x10°° 9.80 x 107 2.06 x10°°
3/16 5.45 x10°° 8.64 x10 77 2.22x10°° 4.71 x1077 2.32x10°°
3/32 2.44 x10°° 7.58 x10 77 3.87x10°° 8.09 x10* 2.74 x10°
3/64 2.49 x10°° 2.02x10°° 3.55x10°° 2.98 x10~° 2.52x10°°
3/128 2.43 x10°° 7.33 x10 77 9.31 x1077 4.11 x107"° 2.98 x10°°
4/8 7.63 x10 77 1.52x10°°¢ 9.29 x10 7 1.03 x10°° 9.74 x 107
4/16 9.66 x 10’ 8.19 x10°7 3.84 x10°° 4.16 x1077 2.02x10°°
4/32 1.99 x 10 ~° 1.24 x10°° 3.53x10°° 6.47 x10~° 1.12x107°
4/64 1.84 x10°° 1.51 x10°° 3.57x10°7 1.06 x10"° 1.57 x10°°
4/128 1.87 x10° 3.99 x1077 6.99 x 1077 8.84 x10 " 1.18 x10°
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Table 5 Performance of perturbation correction networks with different layers, units and activation functions

MSE
(V==Y VR TP
logsig softmax poslin purelin tansig
1/8 9.44 x10 77 3.87x10°7 3.16 x10°° 2.70 x10 ~° 5.14 x10°°
1/16 2.29 x10°° 9.71 x10 7 6.09 x 10 ~° 3.01 x10°°¢ 1.83 x10°°
1/32 1.64 x10°° 1.36 x10 ¢ 7.63 x10°° 3.61 x10°° 4.02x10°°
1/64 2.87 x10°° 7.55 x10 77 4.58 x10°° 3.67 x10°° 9.22 x10°°
1/128 7.44 x10° 2.81 x1077 6.37 x10°° 5.56 x10 7 7.38 x10°°
2/8 1.24 x10°° 2.06 x107° 2.71 x10°° 2.29 x107° 1.21 x10°°
2/16 9.09 x10 7 6.05 x10 "7 4.78 x10°° 2.10x10°° 1.84 x107°°
2/32 2.73 x10°° 1.26 x10 ¢ 1.99 x10°° 1.02x10°° 4.42 x10°°
2/64 1.89 x10°° 1.08 x10°° 5.50 x 10 ~° 6.50 x10 8 2.95x10°°
2/128 4.18 x10°° 9.30 x 107 5.67 x10°° 2.20 x10 78 3.87 x10°°
3/8 3.00 x 107 2.51 x10°° 1.52x10°° 1.51 x10° 1.16 x10~°
3/16 2.18 x10°° 1.81 x107° 4.38 x10°° 1.00 x 10 ~° 1.05x10°
3/32 1.65x10° 1.10 x107° 5.48 x10°° 1.01 x1077 2.51 x107°
3/64 2.15x107° 1.40 x10°° 4.15x10°° 4.33x107° 1.95x10°
3/128 2.95x10°° 9.17 x 107 2.87 x10°° 5.72x10°1° 2.33x10°°
4/8 4.20 x10 ¢ 7.73 x1077 1.46 x10°° 1.55x10° 1.26 x10°°
4/16 7.32%x1077 1.25%x10"°° 2.00 x10°° 3.41 x1077 1.65x10°°
4/32 8.72x1077 1.00 x10~° 1.85x10°° 5.47 x107° 2.16 x10°°
4/64 2.11 x10°° 1.54 x10°° 1.93 x10°° 1.14 x10°"° 1.54 x10°
4/128 2.63 x10°° 1.00 x10~° 3.29 x1077 7.28 x10 " 2.03x10°°
x6 LimMERESIT
Table 6 Statistics of terminal position deviation
ik d,./m d, ./ m d,an/ M

AT R (FEA) 3.864 0 x 1073 2.340 0 x 10 ~* 2.008 0 x1073
J5c O 0 38 G T 2% 2.8925x10 ! 3.076 0 x 10 ~* 7.396 2 x10 72
I P 48 ) Ml 2 199 4% 1.192 3 x10 2 6.240 0 x 10 ~* 4.751 9 x10 73
5 Pt 4% 3 18 1E 199 2% 1.117 8 x10 72 3.150 0 x 10 ~* 4.175 8 x10 73
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High-precision on-orbit real-time orbital maneuver decision
XIE Shucong, DONG Yunfeng*

(School of Astronautics, Beihang University, Beijing 100083, China)

Abstract; In order to ensure the real-time maneuverability and high-precision requirements of orbital ma-
neuver, a real-time maneuver decision-making method based on machine learning is proposed. The optimal so-
lution under perturbation is obtained offline through the optimization algorithm. The two-body solution is sub-
tracted to obtain the speed increment difference, which is projected onto the orbital system to obtain the speed
increment perturbation correction term, which is used as the output of the neural network. The network param-
eters are designed and trained to obtain perturbation correction network. The combination of perturbation cor-
rection network and two-body solution is used to achieve high-precision real-time orbital maneuver decision.
The simulation results show that the terminal position deviation after the completion of the maneuver according
to the decision is consistent with the accuracy of the terminal position deviation after the completion of the de-
cision maneuver according to the optimization algorithm, and the former decision time is only about 0.01% of
the latter decision time. The orbital maneuver decision-making method proposed in this paper takes into ac-
count both accuracy and real-time performance, and is suitable for on-board decision-making.

Keywords: orbital maneuver; neural networks; machine learning; Lambert maneuver; perturbation cor-

rection
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KX A, O, For X AR X, ohot AL A B S Y
X fi] 25 45k, DX 3
E(X) = (0,0) (28)
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Var(X,) = 2L<;2X> (20)  Fall O EEAR AL e A T w, 10 IR R AL
n

OX, R X AR X, A6 Ab B B X )
At X, X,
COV()/(\-,)A(A-) = L<X\"§k>c-lnr (30)
J 2n J

2) X (A8 X, B e Ak b
xy = () A Hh
R (31)
Sy S
e e Ak 0 I i) 7 Bt 225y 1, AT LS
FUSTH R B RE A 1 B OB . X 0 X A g
X, Zoat bR AL AL B S 0 1K 1A A e X i

=)

E(X,) = (0,0) (32)
Var(X,) = (33)

EX, FR XS X, Za bR LA S
X[ 25 i, U X, X, 6 2

corr(gj,gk) = Cov(gj,?k) = <2j’?k> !

1
5 e

3.2 C-InR PCA FEESRE

gi b, %0 (4) Pron XE BdE % X, 3E T
C-InR PCA Jr i (s 3R INF

F]1 XX EEEE X, #T0 AR
WEALALBE . bR ifE AL H R REAS 4 A h
O 5 A BRIF s A, T B B it 4 8] 5 | 1Y
s S5 B 13 8 5 & B A g R . S or il
RN I B TR TN A= R R A B D Sl T

HX, e

B2 IR EEEE X, TR
¥ v,

T3 REE I R AR U 2 VY

FRIEAE A = A, == A, DL SR (B X B A1) 4 AiE
Wi uyu, e u, (EORIEPRIEIESZ) o

B4 MR E T B — S
1 Kaiser-Guttman i I 5§ 75 22 (1) 22 B2 51 #ik 24 ok i
WU 2R B B E R E m(m<p) .

RS X w,u,, e u, BRI, AT
AR S e =[x, ,0,, 0, " TET 4 u, =
Lwyy sy, o yu, | ARG Fu\(h=1,2,--,m) 2k
F, =eOu, zéu/‘fIqu = ( iu/}x/ i ujhxi/m)

J T s

P

»

N c o _ c Inr Inr 47 =2

icF = 2 u,xy, oy = 2 UpXy s CIRiE'$:2
= =1

For A

F, = F, —exp(F;")
{} ! i (36)

F, = F, +exp(FJ")
RE1 A KRR S X, 50 C-InR PCA,
i e, /R R p 478 Al HoREAS 5 e, 78 IX ] T LAY
3N IE R m 4E a5 6] ARG, B ik

e S
SR Yool -5y Nl okl -

4[ Trace(V) - iu;Vuh] (37)
o Trace 7w 0 pR L, BV BE X M 28 B9 ik
JLRZH

XA RE Y DX TR R 2R A B O 22
R VR E R, I Trace (V) W H1 & 1Y,
LA (26) F15(37) 7] A5

max E u§LVuh<:>min( 2 Z le.Oe,|* -
h=1 i=1 [=1
> Y le o) (38)
i=1 [=1

ERE LW, C-InR PCA J7 ik 45 5l p 4=
Al AR — > m HE 2 6] Ja , AR AS 4R P S R Z B A
XA B RO R R AT BRI Y BIDRS TR R £
DR T KA . : R €

4 [X[E PCA FEBRIELILR

4.1 FERXE PCA FEEXEEILER

X X E] B R X, 2EAT XA R g
Br & By V-PCA [C-PCA 5A L2t Y C-InR
PCA J7 ATl A

KT ME LB, LM V-PCA ik 2y
Jeb X, 8 I (no- 27) x p 25 5E R A
4 %, C-PCA J7 ik B Ab BEXT G2 W) & n x p 44K
B Y A AR B T AR SCHR Y C-InR PCA J5 1k 5%
W FAL B 2n x p 2 19 o O - X0 B0 K BOME B AR
M, AR C-PCA J5 Ml C-InR PCA J7 ik s &
I AE A 23 [B] 5 /N F V-PCA J5 i,

oK E) A2 2% B, 3 ol DX [a] B 3 AR 43 43 B
FEW L R E 1 Prox, V-PCA J7 ik it
A% KT C-PCA Jy ik 1 C-InR PCA Jj %,
JG 2 Ay AT B Rk AR A, IR ot ] A
JE AR .

2% |k, C-PCA il C-InR PCA 2 ff 5 ¥ 75
25 () 52 2% BE FLEE ) &2 2 B B AR AL T V-PCA
7o
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Table 1 Comparison of time complexity among V-PCA, C-PCA and C-InR PCA methods
RIRE
TR L R
V-PCA C-PCA C-InR PCA

A X, BE n- 2 MEZHER nMisHisH 2n M 5%
X, 5% w2 M 5B WM 5ET A B B
A X R n- 2" MEZH5iBH n MESHiEH 2n M HiB 5
T B 7 2556 Chx (n-2") Rk C2 xn WA € x (2n) TR

SR REA I HS b X ] 3200 p - 27 Wk

2p ek

(2p + 1) WAL

4.2 XEHEERD D THE ISR

R RE M S a4 48 AN [R] DX R) B 32 43 43 B
T A B A SCS 2 SOk (18 ] 45— F X Ji]
Kot PCA BRI b o A J5BA IX M) B8 % X,
HEAT AN X[R04 o3 BT kIR R ik
WCHT m (m<p) A F A5, 0] LLAS 2 i 4 BT m
(m<p) I RFFEAA I FFAE 7] & BT AL B p x m
GEIEACHME U, ., 0 Y =XOU " 1% n xm 4EX i
WY,  FAREEE B EEE X" =YOU'
WHEm X, WG X EHER X, BT ER
3o T B AEDR B R IG R R AT RE 2 M5 L Rt
A X R X, SR EdE R X, R,
D) DX [ 540 3 B 53 43 A 1 5 8 A R

EX 1 XEEIEE X, 2 HA X E LR 3
B AT R AR B A X R E R X, E X
IHG Al DX B 54 32 7800 23 A 5 2k ) A PSR AR

d . (X,X")
r=1- ; (39)
d . (X,0) +d_ (X" ,0)

X0 HREGARITH R g, = (n0,0)) = (0,
0) M nxp EXEHEFR, 0 4., 0080 EE b
M=MAFEX T AR r il R0<r<1,
ool 1,0 X, 55 X, 80, B X ] 32 A
Gy TR R Iz, Y BT O, U IXCJA] 3
|00 TR S R (A
4.3 AEXIE PCA AEBEREEBHBHERLR

B SR A X MR X, A
JCF xy = (a,x)") W IE = A LR J5 3% 4 )
1521 iR DA 389759 3 A7 14 v 0 O B2 K DT AT A5
XFRL g XA R B, Hk 43 B C-InR O PCA |
C-PCAFI V-PCA 3 Ffijy k%t X, EAT X ) 4%
J 53 43 A A5 B0 6 17 1 4004 X R AR s 2 X, L Ak
12X (39) AT 353t Bl vk 0 A O FR A o

Sy BT 4 T 4 A DX TR0 3 i o3 43 A O 1
AR X A DX TR ESCHE 3 a3 43 A i, 43 S
FEANE R n=6,12,24 48 B4 p=4.8,
120 KX j(j=1,2,,p) MXEZERE X, &
B AL AR BCE R S A A [ e, d ] RIS, g ]

BRI o3 Ao AR S R, B SR X [A] A
X LG A B R B BEPLIE R o A HUE
KPR REAS T AL BUREAS KR g n, A8 A BN p
f14 X TR) R0 35 5 SR e 3 b 7k ke X i) 4 2 ok
11 ERLST 3, R AT Kaiser-Guttman 7 I Tk € i
AR B A FE 8050 A R, B 3k BBOIR 26 45 Ak {H K T 1
F 3, T SIS 2 L U o BT AL fE B D
CRFE(E/N T 1) B FERT o

XA AS AN BRI AR S A B i B 2 5 5 50030
PEAT 200 A S5, I 15 200 AT SE 5
F A SRR A8 B 1P S A BN 3L 2 B 4 2R .

%2 C-InR PCA C-PCA 71 V-PCA B

EiRE T E
Table 2 Average values of validity index of C-InR PCA,
C-PCA and V-PCA

p=4
Ji ik
n=6 n=12 n =24 n =48
C-InR PCA 0.717 7 0.664 1 0.657 9 0.627 8
C-PCA 0.668 1 0.644 2 0.638 0 0.623 1
V-PCA 0.626 7 0.623 3 0.616 5 0.603 9
p=8
J7 ik
n=6 n=12 n =24 n =48
C-InR PCA 0.749 6 0.698 5 0.665 8 0.640 5
C-PCA 0.665 1 0.641 4 0.633 2 0.620 6
V-PCA 0.653 4 0.632 2 0.622 8 0.620 0
p=12
J5 i
n=6 n=12 n =24 n =48
C-InR PCA 0.792 9 0.723 0 0.681 9 0.651 8
C-PCA 0.667 6 0.655 4 0.636 6 0.6199
V-PCA 0.661 3 0.641 8 0.627 0 0.6125

M 2 Rl LA BLR 458

1) X [R)22 fE D HOR I, B A ECH 1Y
W, C-InR PCA ,C-PCA #1 V-PCA X 3 Flt [X [a] §k
8 T3 o3 BT 05 125 A R X A TR AR . it e
TRl ARG O B AR 0 AR AR AR T
SR 2 19 M A RE AU I T T A AR
FRAE , R PE Kaiser-Guttman W, £ & 15 B & DAY
L T, AT A O B T o 15 B A BT
I, 3 Bh T IE B A RO BE A AR A R B N
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2) MPEAE A, C-InR PCA # H F C-PCA
H V-PCA {4 RCEAGAE  W B AE FEAS B Y
B3 ROy kB 22 5B Wi 46/ . C-InR PCA G 3
L RN B A 2 AN R AR S A8 3 Pp O 25 4 B, B
FE 7T 40 221 1] DX (] £ 4 = A & 5 B, U HUE TERE
AN E AR, B AR B Y
K ,3 Fhy ik B I A IS R 0 1F B R B 2 1
i, C-InR PCA J5 B: /38K 1 F C-PCA Fil V-PCA ,{H
AT .

3) M IX A FEA B R AR Bl 2 X R) AR A
B, C-InR PCA ,C-PCA Fll V-PCA ix 3 Fili 5
DA TR R R A B R BTG

4) TEARA]—FpAE A B0 5 A8 A B G
%% T, C-InR PCA [ 5 &L 1 48 #5 #F 2 & F
C-PCAFI V-PCA 777, BP>R ] C-InR PCA X X [
B R BEAT 32 2B A SO T

5 & i

FEF xR K SR IRE 30, A SOR X ]
B s FAE Ay b AN B K A R 4R,
HENT T DX TRLESCHE 0 DX TR] ] 0 A8 B I O A Uk
REZE TR 7 — b 0y X ) B8 2 B 4 4 B
L HA T

1) 5xf DX [ 2 < JROGT £y b B AT LA s A H B
e 243 B X ) 3 B4 o KO OB AN A B
THIE .

2) 0] b R 4 B L S 2 A G
R —2E.

3) Pl AR S /0N, 23 0] 52 2% B AR 1T AR
T A B B I A % B AR

4) Hg iy V-PCA fil C-PCA Lt , % X 1]
Bds F BEAT F B3 4 BT B A SO AT

5) T e v 2 A3 B g AR R BARGE S 1), 2R 4
B GE T 3 T 5 3 BT RAREE FE I i — 25 B BCH
A5 B8 RIS BE % 7 AR 48 25 ) Hp i 22 D 4 o 2 2
[ H PR R AR A, (A 22 A e X (R B4 1) T A Ak AR
AT RE
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A principal component analysis of interval data based on
center and log-radius
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Abstract: In order to study the dimension reduction and visualization of multivariate interval data, a two-
dimensional array including center and log-radius is used as the expression of interval data. Then the algebraic
algorithm of interval data is given, and a new Principal Component Analysis (PCA) method of interval data is
proposed on this basis. The processing of the logarithm of interval radius ensures the rationality that the range
of the final interval principal components are non-negative. The calculation of this new method is simple, and
the complexity is low. Furthermore, the change of the relative position between the points in the sample group
before and after the dimension reduction is as small as possible. By reducing the dimension of variables in the
high-dimensional space, various classical statistical analysis methods can be used. Besides, the sample points
in the original high-dimensional space can be depicted in the low-dimensional space, which makes it possible
to visualize multivariate interval data. The results of simulation experiment verify the effectiveness of the pro-
posed method.
Keywords: interval data; Principal Component Analysis (PCA) ; center and log-radius; dimension re-

duction; covariance matrix
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Influence analysis of coupled band gap in piezoelectric periodic plate
JIANG Zhou', LI Lin'?, FAN Yu'> *, WANG Wenjun'

(1. School of Energy and Power Engineering, Beihang University, Beijing 100083, China;
2. Collaborative Innovation Center for Advanced Aero-Engine, Beihang University, Beijing 100083 , China)

Abstract; In recent years, researches on the elastic band gaps in periodic structures to reduce vibration
have attracted widespread attention. However, it is difficult to design a band gap with wide bandwidth and
good tunability. Aiming at this problem, we designed a periodic structure with piezoelectric network. By bond-
ing piezoelectric patches periodically into structure, a coupled band gap can be created between the elastic
waves and electric waves thanks to the piezoelectric effect. This band gap can be tailored with the help of ex-
ternal circuits. In order to calculate the propagation characteristics of the structure efficiently, a reduced wave
finite element method suitable for piezoelectric periodic structures was developed to improve the calculation ef-
ficiency. It was found that more than 90% of the calculation time can be saved with great accuracy. Using this
method, the influence of the size and shape of the piezoelectric material on the performance of the coupled
band gap was studied. The results show that when fixing the electrical parameters, as the size of the piezoelec-
tric patches increases, the coupled band gap moves to lower frequency range and its bandwidth increases. Mo-
reover, the bandwidth in the system with square patches is slightly wider than that with circular patches. How-
ever, these two shapes have little impact on the directional distribution of coupled band gap. Then, the guide-
line is proposed for designing electrical parameters to make sure that coupled band gaps are generated around
the desired frequency for electromechanical systems with different sizes and shapes. Finally, in order to prove
the vibration reduction effect of the coupled band gap, a finite periodic piezoelectric plate was employed. The
results show that the coupled band gap can effectively control the elastic wave in structure.

Keywords : piezoelectric material; periodic structure; coupled band gap; wave finite element method;

reduction algorithm ; parametric analysis
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Table 1 Geometric parameters of low-speed

[17]

axial flow compressor

EX4 ¥ T
L §E| 45 60
%K/ mm 53.6 40
GElEs 1.28 1.27
JEIL L 1.87 2.5
IH- 15 &) B/ mm 1.2 1.2

®2 REMBRESVEITSEESH
Table 2 Designed point performance parameters of

low-speed axial flow compressor

EX4 K fE
Wi/ (kg - s7h) 6.5
/(v - min~h) 3 000
JE L 1.025
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Effects of swirl at outlet of S-shaped inlet on axial
flow compressor performance

WANG Jiale, CHENG Bangqin ", FEI Xiaowen, YU Yang, FENG Luning

(' Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China)

Abstract: In order to estimate the effects of swirl at outlet of S-shaped inlet on the performance of axial

flow compressor, a swirl distortion network was optimized and designed to simulate the swirl flow field. The

aerodynamic response of the single-stage axial flow compressor under the effect of the swirl at the outlet of the

S-shaped inlet was investigated by numerical simulation. The characteristic map and flow field distributions of

the compressor under the condition of uniform intake and swirling intake were obtained. The results show that

the overall swirl angle error of the optimized swirl distortion network is reduced. The swirl flow at the outlet of

S-shaped inlet has little influence on the pressurization ability, but it will lead to the decrease of compressor

efficiency and decrease of stability. At the corrected speed of 100% and 80% , the maximum reduction of

pressure ratio is 0. 12% and 0.28% respectively, and the maximum reduction of efficiency near the peak effi-

ciency point is 3.2% and 14.4% respectively. The reverse swirl zone in the swirl at the outlet of the S-shaped

inlet increases the inlet attack angle of the rotor blade, resulting in the separation of airflow at the suction side

and the blockage of the blade passage, which eventually leads to the instability of the compressor.

Keywords: S-shaped inlet; swirl distortion; compressor; performance; stability
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Fig.6 Estimation results of TSKF algorithm
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Table 3 Condition setup
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2 (0.1,0.1,0.1)
2 (0.2,-0.2,0.2)
2 (0.5,0.5,0.5)
5 (0.1,0.1,0.1)
5 (0.2,-0.2,0.2)

x4 HEER

Table 4 Simulation results
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Two-step Kalman filter algorithm for pulsar position error estimation
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Abstract: A Two-Step Kalman Filter ( TSKF) algorithm is designed to overcome the influence of clock
error and satellite position error on pulsar position error estimation. First, the traditional model of pulsar posi-
tion error estimation is introduced, and it is confirmed by analysis that the clock error, satellite position error,
and both errors will have serious impact on the estimation. Second, the clock error and satellite position error
are added to the traditional estimation model, and the clock error and its rate of change are expanded to a new
state quantity, thereby deducing a new model of pulsar position error estimation containing these two errors.
And its observability is proved through theoretical analysis. Then the update equation of the TSKF algorithm is
written combined with the new model and based on the two-step Kalman filter principle. Finally, simulations
show that the TSKF algorithm can effectively isolate the influences of the two errors and make the estimation
accuracy kept within 0.2 mas while the traditional pulsar position error estimation algorithm has a large devia-
tion and divergence of the right ascension and declination errors under the influence of the two errors.
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1 B EAREAR(SBAS) R A PREZHUELEN B ERAR, W R EH
RaPHo, AT RS SBAS AAMMATL 7, X TME & K7 £ 4 F & (ECDSA) R il &
wALSF 2 AR R R 45 (BDSBAS) By W SCAE R 7 %o REE A H A E A AT E M E d &
(SM2) B R #HATH B S BB T 7R, R T 27 FH EH (OTAR) & U X
Ko ATH-FXRBTFHTRIL, RAKFEF P OTAR (F B &, X T3 HBFLHEFZ
HATHERE, B EERENFEFRLT OTAR & X B R AH#HAT oM. FEEENEK

BFHT OTAR B X F 2B A FAENEBERBETEEZS L K,

E-

SA); b E 4 EH (OTAR) ; X %
RESEES . VI9; X949
STRAR R A

A L 58 2 4t ( Satellite-based Augmentation
System,SBAS) J& Fi| Ff #h BR #1386 [F] 4 (GEO) T1 &
VAR A, 1) P 4 Bk 22 43 ¢ 1 2 B R 58 B
PEGS B BT BOE0R R G0, SBAS ¥ I A= i &2 42 40
S, 6 BT AL 8% AT B B 2 2 1] 5 58 % ot
AT B B S R o B AR OR AUk 9 GNSS K
B Yt 254, SBAS R G 15 54 XA JF LA Kl
SCRT P A i 5 Pk 2 D i, SBAS &R 4t I I 1
S U B 7Y 2 A UK
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T i e, SC, T AT X SBAS G U O A 5 2
P A5 S SBAS {5 5w AR LAY M RS 5, OF
BCH Y SBAS HL 3L, T X SBAS HL SCE Y
$cgi 7 3, WU A0 5 [ 24 0T AR REAIE 5, OF 3R T
BG83 i DR J5 8 ——SBAS i, SCUGIE J5 15 M IR 55
SR T 0K L SCUIE AR 55 AR Sk XS 22 B
J& ( Dual Frequency Multi Constellation, DFMC) #5
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WA Bl S . |G, M S MEA T ECDSA 1y J B,
SRJG B T 3 F ECDSA F3: 1) SBAS TAJIE ik 55
J5 %8 M OTAR #§ & KW , 55 , B X OTAR 5 & %R
W HEAT T ARG O BLRES P4 T 3 G &SR w
14k 8

1 SBAS HE3CIAIE

1.1 EB3ANEFRE

SBAS HL CINIEZ 7E B A SBAS J7HEH 3L
TR 5K 04 A UE B 3T, 8 1T P i A SBAS 5 5 )2
ok HESL GEO A DL K SBAS Hi 3C /2 75 #f
Dhts Kl A SCIAIE T 5 4 B SBAS HL 3T
SEREE  TEAS W P IE R 15 3L AR ) SBAS iz
S5 IE B0 T 38 A 1 e S o8 M A 06 R S TR
B Oy IAIE A5 J7 15 O F P B A 0 22 42 1 S AR
% AR THLOIR Mok g 1

WE 1 PR, HE s W GNSS F: i {55, 3K
e 00 K5 40 AR A R, S, R A L e X T
UL DU 504 547 A 3 A B 3 5 F SC, R REIOCK B %
BHAE ST 1 B BH R, R RA BH A T B 45 44 1
J5 2y B8 a8 R S AR RS B A DAE L S, I R AT |
TEGHE 98 1 SBAS HL ST (8 TAE #L SCHRTA $) 19
SBAS {55 F1EZE GEO T2 ,GEO T2 #5 & SBAS
{554 & A UE L 3C, P s ) R B2 05 i SBAS HiL SC
FVCUIE F, S5 3R S U5 B 3 DA IE 5 17 6 3 A s 8 45
724 SBAS MR B 15 5 3k LA A 1 DAGIE HL S0 (2R
B g ek ) L P i AT A g DA U SO I B
52 SBAS {55 ka2 v,

NIERE A6 2 A 4560 2 DR RS 7 2% 4]
FEIR % A i) TESLA 4% %, DL & ECDSA #3%™,
AHXTF TESLA 5575, ECDSA Bk miL# 2 B A
Bl R v, 42 4 P R FH AT BT R B, AN 75 25
R A] [R5 SR, S B MR B PRI, JE SR R
SR LL ECDSA B3y HE il (1) ¥ SCNIE T 7 o

g  GPSDE  GEOLE

% ¥ e - \'\

!4“ YIS ETN
L

B 1 SBAS i SCIATE JE
Fig.1 Principle of SBAS message authentication

\D ‘ ;

BT

=
E

1.2 ECDSA &if

ECDSA 55 vk & F 1T A Bl 28 % 5 44 1
(ECC) XM F % 2 kMl 5 H A 8%
T A TR L, 8 10l 2 s A T P 0 R - B B K
JERRL, SRR T R TG , B BUF MERBU R 1Y 2 4
P, S B R

ECDSA Bk M IE B E“RHAZE A, AR
WE” BARTE 4 PR

BB REHET ., MALLSEEWAR
GN TIPSR params = {p,q,E,G) ,p.qg KA R
B R, S R R BN 2 BRI E o XTE
AR F, ErotRIdhsk, 6 Rtz £ -
QWA MIT A .

B]®2 BT MAREAIF S pa-
rams, FJ FREALE AL % H de [1,9 - 1], 115
P=d[ = G ¥ PYERRARNTE, d 1E T
A

P! ZHEN. MAREANITFSH pa-
rams, FASH d FITF 2 A0 M, 22 F Fe n T A0 3%
L4

1) & M=Z|M|,Z 5% 4% S ihiEins
RESHMIREH

2) $155 e = hash (M) 5 e B4 445, hash ()
SRy B 1) S A R o

3) TS ke [l,g-1] 318k =] -
G=(x,y)

4) iTE r=(x, +e)mod ¢, 7 r=0 8 r+k =
q, W E B W% S8 ko

5) HHEs=(1+d) '"(k-rd)mod ¢, % s =0,
W H R 2 S5k, WK (r, o) RN B 44 45
Sl i o

PR4A ZHAWIUE. WMAREANITFSH pa-
rams , A8 P DL RREI B TH S M &4 (s,
55 9IE 5 4% BN T 20 BRI UE 25 44

1) K3 s'e[1,q - 1] 2&& WAL, & AL,
W) 355 30E AN 3

2) Kl s'e[1,q - 1] AL, A& AL,
W) 365 40E AN 3

3) &M =Zz|ml.

4) P15 e’ =hash(M')

5) W = (" +s")mod ¢, % 1 =0, M EGHEA

A{

Hat,
6) M ML (] ,y]) =5"C + 1P,

7) HE " =(x) +e')mod ¢, K5 " =r' B
I YA <9 VAN U R T8 B w MU g o ST B S
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1.2.1 ECDSA At ¥ T X

R DFEMC Fr i (4 #E 35, SBAS AIE Bl 45 ¥
AR LS B HE K . LS MR A QPSK I8 i
AT Q B,

132 % # & 2 B2 ok 30, B kR
250 bit/s, L $5 4 bits g S 4,24 bits CRC L)L &
216 bits} i L SCEE A o

Q S < AXAE S T 0BT E T8, A IR 1 HL S

NUEHL SCH 8 2 i A 7= 1 B8 Q
G

I 3B ANIE B SCRE R ER NIl 2 T, IA
TIE A, SC AT AR R B A 4 DA IE B (R] (5] B 9 A 3 5 R
SCH AR AR H SO R ET— AN AR B S 2
Joi B BT A B S SO 28 4G . IR O I AR AR AR IR
AR 18] 8, B — > 25 44 T 2 DR 47 11 185 5 L S

Q S HEINAIF H SO R HEZL N 3 fr 7R o H
L SC 5 IR 30— — X B, (B R R — A4
BALRAP — S HE s SO RO — RS LT A K
BE 2K TR i 30, 3R 5 2] NI TE ZE R
H 55 25 18 1/Q SCEE 19T 38 43 i [n)

ECDSA B 3 87 % 4 KB 1 216 bits,
AR UE FL SCTE 1S, W 2= 20 5 T 2 s $idi
P, 23 RRIGIE 9 28R 5 #5776 Q SRS &, W
AT B YR LB [0 8, = 2 0] LUAE 2 s A2
— &%, I, A SCIE R LSQ-ECDSA ) J5 =X
& K AIEHL 3,

B2 LSTIAGIE L SCHE R HE A

Fig.2 LS5I authentication message broadcasting framework

Pl 3 L5Q AE L SCHRRE A HE R

Fig.3 L5Q authentication message broadcasting framework

1.2.2 ECDSA % 4% %

B4 S O R R TR AR T A 1) M
FE o R E R b M5 RSB (NIST) %A T
B Bk A 4 A R R Ok R B o 0 A T, A
R VPR o MK 38 B %85 1% 22 bR o, 76 2030 4E 22
B, B RSERAE 112 DL b % i Bk Y ab F %
LG, TR

£1 NISTEBEEREEH
Table 1 NIST cryptographic algorithm security level

Ghsg/f REG 2030 E2RT 2031 4L
A KA KA ]
<112
R 11 R AT
0 7 w7 il A il
R 7 il 1 e R
128 iz F/ i w7 o i
192 7 F/ it A o
256 iz /3 A ] A

IR B 51 B B 2 2 A PO AN BRI 2
SBAS X NI % 4 PE Y 2R i T AY AT
FR AN BB PR IE 22 BH R 8 A0 S 1, 03 X i 5 mT LA
Phig — x5 251, P AL H AR U 44 4 4 44
Phid i 2B A ik 2 o, B SR LS AL LA
AT 5 B B 8 i

M%) BDSBAS (%) %% 4 2 4x [n] 8t , 7] A1) FJ 22 41
FLAl % B ( Public Key Infrastructure , PKI) 52 Bi 2y
BRAE 4348 B, PKI 38 28 S 20 B S Al C /9 SBAS i
S5 P BE B 015 B2 R A HIE AT, 98 I B 5 A
189 B3 17 FUAH DG 1) 285 B X, S s P 32 43 5 (8 1Y
UEAS B IE B AR UE 5 AR E A5 RS A Y
AR, I AT 2 PAIE A5 SAH OC 1 & ik 55 S B
SBAS Iz 55 i & 3 DIE | 58 B 1 L TR 1 AR
e
1.3 XEMRERER

SBAS A, SCIAIE 5 B 1% fiE 48 A5 ( Key Perform-
ance Indicator, KPL) 42§ 1A {iF B 8] [] & . 7 %A
TIE I 6] 5 ACIAIE FE SR AIE 45 25 it ]

AIE B 8] [8] B§ ( Time Between Authentication,
TBA) : 378 2 YO UE ¢ 4 I [1] [] f& , TBA 5 24X
i SBAS RSk 55 PERE . 14, 2 TBA /N 75
AL A i AR R ST, 23 T AR R A 8 AT
FEAR SBAS PERE; 24 TBA K, 5 BN UE L 3L il
) LB ), P L S 7R 4L
1 B R] {8 FH AR 28 D0HIE 1 SBAS {55, % 38 i
32 3] S B e 1 U

5 KINHE ZE 3R ( Max Authentication Latency,
MAL) : 378 HI P A W SBAS {5 5 31| 5¢ it SBAS
WUE T 75 d I ) SE R o DA UESE IR 5 58 U 1 45
BF ] (Time to Alert, TTA) F #2405, FLAR A A TE
FEIR iz 6 s BB D RO SBAS ¢ S i
] J& 6 s. TBA Hl MAL )k R A0 4 Fis

BRI UE ] [E] ( Time to First Authentication,
TTFA) : 3275 P 1R 58 U — AR 5 R 4R 5 A6
FL SR 7 L S Bl PR 3 T A 0 R I 5 e A 2R Bl £
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3 95 GE U UL RT 5 A5 A I ], 5 BEAE SBAS S8 4f
P 1 R N 58 o

TAUE &5 2115} 8] ( Alert Time to Authentication,
ATTA) - 78 TP TR 45 1k A58 FH A A IE AR 5 9 1
(i), B I R A A UE A5 5 % 3 WOHL i s 552 vl 14
], RO 725 % 1Y 2k = 1, — A 32 A BRIl
18 it 52 30 G 15 5 52 e 1Y) R ) 55 4 e B i 3
TR 2 W E 01 550 R 00 i £ 5 ) 6 U BIL i i 52
W) ) Bf (] A 258 . BRIR S5 FONIER & 5 1
R

WA SBAS Z 58 58 4 N IE 5 & I (8] 2 6 s,
SBAS P\IIE R 55 AN B 52 ) 56 47 P I 55, X I SBAS
55 INIEAR 55 75 20 /2 6 s e RN UEREIR o

2 IR T XA ST RV A R Y G
PEVERE IR bR M BB R, RUBF T B R
A

L { |
¥ L |

DS, £ DS, DS, DS £ DS, DS, DS, g DS,
GRYE (13) @3) GBYE (158) @3) GR)Z (15)

-

AIEEE |

AT ]
] TBA

B4 B RIAEAE IR FODAAIE B [f] ] B
Fig.4 Authentication latency and time between authentication
x2 X@EiEReiEms

Table 2 Key performance indicators

[ZZVE L X AR R/ s
TBA RAE 2 YCNE Y sf 1] 7] g 3
TTFA FALH — RN 8] 6
MAL FAE R INIEFE R 4
ATTA FAETAAE 52 B i) 0

1.4 FHAR

FLSC R 32 i 7 AR B A TIE H SC R T =
B SETn . SBAS HL SCH T 37 % 7k 2, SBAS Hi X
S AEAEAE K 3% 0 1 ECDSA AL B 58 A IR v B
SBAS HLSCHIRUF 2 4, OF % By % 4 K ECDSA

BAS-I
R

SBAS-I el
L i HL
S _] SBAS-Ifi 3¢

SBAS - SBAS-Q
AR [ BTEA L] S

| ‘ f

AP APHIES
K5 HLSCR A BB A7 R

Fig.5 Operation flowchart of message sending end

NP BCFUE B R SCRA L R Q S REL KT
SCEEFN Q 3% SO A A AR B L E S, T
HEuh B2 GEO DA,

thE ECDSA 45 i >R o [ jy 1T %5 5 o
SM2 Mk, SM2 VLA [ e 1 128 (i % 2559,
SE4 AL NIST X %5 5 35 1 2 2 S i pn . 7
128 i 2 59T, AV B 256 bits, A B B
1 512 bits, 254 K B 4 512 bits, T Q 4%

S 250 bit/s, K — SR e R A A T B

FH 3 s 1904 O, 380 4% B 8 00 T T % 4 4 R
& 6 iy L5Q-ECDSA J7 i 30351, Horf M 3%
7N B 5 L 3, S Ry Xt I L ST AR B 45 44, OTAR 2y
TG S o

454 SBAS HiL3CfE BT H T A 1 58 A SC
RS , AR SC S T LSQ-ECDSA GAIETT /Y 1
RGN Q S BRSO il W E T R
H T A R R AN 6 s, L6 s 1T A
W, RAET 2 AR S HE . o, MT, Sy i
T 3T, BN % G HE RS AR AE ], MT,, (MT,;
MT, oAy A% 33 10 58 S PR AR B A L 3C, M,y (MT,, 2l
i TR O IR K B 7 4545 B L 3, B SR Y
MT,, FHF 1% i DA IE HE ST, HL AR 43 46 5005 4 44
OTAR,

—

Mi | M:+1 | Mm Mi+3 | Mi+-l Mi+5 Mi+6 | Mi+7 | Mi+8

SIM,. ] [OTAR] SIM,.;,.1,.) [OTAR] SIM,,;,.i] [OTAR
E 6 L5Q-ECDSA Hi 3 %)
Fig.6 L5Q-ECDSA message sequence

=}

BRI | WP | B3 | BF4 | BERES | BEF6

1~6's

7~12s

7 ECDSA H3CHT
Fig.7 ECDSA message sequence of time

SM2 FrifE 22 B A By 512 bits, B4 K E
512 bits, L5Q L 3CE I ANl 8 iR, Nk k4
R, LSQ S K4 IR 250 bit/s # %, F /TR E
3 SRR AL AT HE &, 3t 750 bits , HoAEHE 7 43
$54 bitsFi[ 45,72 bits CRC (24 bit/s) F1 162 bits
OTAR fii , 7€ OTAR w1, 7/ 4 {7 /& OTAR 3k, T
AL & AE OTAR £ H (9 15 2, AR 4 4% a1
OTAR {5 B MK &, A B 224 OTAR {5 B 734 JL
BOlF AT 5, « 07 505 T8 1 OTAR 5 B 1Y
iR, &5 A0 80l OTAR [ B K BEde s, 4
W R AL i A OC Y OTAR £ 4815 . o
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4 bits {345 3x24 bits CRC OTAR [#& % 3L F 3 ﬁi}ﬁﬁ{%ﬁfiimsi .

T l 1) FrifE g3 428 F-BA 51 ( Packet Fair Queuing,
| asobis || 250bis || 250bis | PFQ) ¥iik , %57 145 OTAR th 30 4h £ 441, 45

512 bits ECDSA%: %

| 238 bits OTAR

=

— .

- 7/
— .

- 7

162 bits
| | [158-x] bits OTAR %i 4%

L xbits )55
4 bits OTAR 3k
K8 L5Q Hrm ity

Fig.8 L5Q-channel message structure

2 OTAR #HR KR

SBAS A I AR 55 o i1 114 % 41 7 22 0 o 4
Bl 1k B Tl A ORI 25 B B R
LR 2RI TR T By Lk 2 P i e ORL Y
NUETAE . BB 1 ST LAE 5 2l 1k OTAR i ik
7o OTAR =5 v 2 B B 45 41 F SBAS )™ 4 L 3T
PEAT 8 04 ST A B
2.1 HBRRRE

OTAR fo 1% 32 1) B AR 9 25 2 5 48 2
NYPRER AL A PRI AEB . A8 5125 4 %)
B A BT, T 5 UERE 4 s A 91E B I A TR A
LN EY KN R aBLYEL 55T 5
fbs7R IR A SO0 5 N A 23 B 207 AR AR 2
B2 B 80 1K A R0 I 4 A W B 8 P 7 A 1
BARWOBT R A B o b 2 F1AN A BRSO 1% 4 S
PR B0 AR R, O T DR IE JE 8T 55 AT 1 2 AL
AT LR IBCY B B A 8T, 2 B R AL
BN YU RIE T /IR . £ 3 R TARSUE X
) OTAR K W% . H i RG A P45 Kk SBAS
AR R S5 A2 4 09 B, 2 BTIE 45 2 148 Bk 2
BRIEB R A8

®3 OTAREBZAE
Table 3 OTAR broadcast content

OTAR H1L3C N e
# = (OMT) X b
OMTI1 HHTRGENH 512
OMT2 OMTI fiy 22 H1HE F 512
OMT3 T—1MREAHA 512
OMT4 OMT3 /A FIE4S 512
OMT5 MHTRE AP/ APER AR AE 162
OMT6 OMT5 i A H1IE 512
oMT7 BRI AFIEBAH 512
OMTS OMT7 YA Y1k 512
OMT9 = APEBAH 512
OMT10 OMTY 2 Y1k 512
OMT11-13 R AS

AL AR T3 BCAR [R) 59717 9 o AR 23 4 23 F BA
NV EE AT I, 208 OTAR Wy 30k U T B,
X Sy B HL 32 i BR DR I PR 106 4T R K, i OMIT
B SC 254y o OMTil . OMTi2 .OMTi3 , 4% & I 1 26
A, [ Ao 422 LM MU 40 252, T A 2 i At f, SC P I
PFQ Bk 8 o B A U AL, AR 48 AL [ ]
DA FCHE 5 1 20 T B v A 0 o

2) FRIHE 54125 F A5 (Semi Rigid Packet
Fair Queuing,, PFQ-Semi-Rigid ) & ¥, & PFQ & 1%
AR HE B s AV B H b T BAA Y
S5 KA Ay I [R) TG o R P21 W AL 20 F BA 91 5
WAl i OTAR WL3C, AT LLSEE OMTL Fl OMT2
A S, JE A T 2 el R S TR) Y R RN ] ] B
A SO PR A I A ik T R SC AR N (E] RR

3) 43 B4 E 4y 4H N S BA %)) (Split Packet Fair
Queuing, PFQ-Split) 5 ¥ , & PFQ % ¥k i i i 5
R BRI ER T o3 B HL SO 20 i BRI RE % A BY
BRI, ] 40 OMTi "t 3 2% 43 3 OMTil [ OMTi2
OMTi3 , kI 3k 26 g, SCn] B AL % & o
2.2 iEfiRAE

VAl OTAR B3t Jr 58 M0 32 S48 b A H L 7E
¥ )3 B 5 HEWC 1T AR G B BTl S A ] LK
W48 OTAR i SCHr s R Ip ], K 4 R 1
AL FEDHE IR AR . TS ET R G A B
DN HIE AR SR f e, B WS AT R A PI R
BAUE S BT i 2 A I 8] O 32 SR AR , AL 4% 7 24 I ] |
b= 4N 1211859 1 1 1 e

x4 FEHIER

Table 4 Evaluation indicators

EAESEAR T RGN H1/ AP 4% OTAR
T FAEB OMTL 1 OMT2 3 i 82 i £ 3% OTAR
S
P 7 4 H S 5 1
- RAEBEC OMTI AT OMT2 4R E fi i 4 4 OTAR
BORRE \ : ‘
P 8 K ] H S A K B
o RAEBCOMTI AT OMT2 2R fi i 2 2 OTAR
/N \ ‘
P SN ] HL ST i
: HAE I OMTI F OMT2 - 24 5 i % OTAR
o1

I 6 J] X ] HL SC I i B [ X ]

3 HEZERESH

3.1 hES=
AR S FF R P OTAR fff B4 B iF iR 56 7
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Fo FRR P B A 2 — 3 MATLAB H1 11y
T HAL, EE )RR 7 5 i SRR & B 42k
k. EALHE 3 AR

1) & OTAR W3 g X, 45 7E L OTAR 4
BRI PL KK FE R 43 o

2) BE SRR R RIS o HE L SCHE HEAT R K
I A7 T 22 4 e BE B, I BE B3 S5 % OTAR
ML SCHE AT 23 T, TR 8 B > OTAR HE ST 23 A5 fd] i}
K.

3) M wm e OB AL, 8 T T P O S
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Table 6 Comparison results of scheduling algorithms
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Table 7 Comparison results of demodulation

error rate on reception time
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Design of message authentication and OTAR
broadcast strategy for BDSBAS
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Abstract; Satellite-based Augmentation System (SBAS) relates to the field of life safety through a wide-
area augmentation system that provides integrity information to users. To improve SBAS’ s ability to resist
spoofing, firstly, based on the Elliptic Curve Digital Signature Algorithm ( ECDSA), this paper proposes a
message authentication design scheme for BeiDou Satellite-based Augmentation System ( BDSBAS). According
to the domestic commercial cryptographic standard elliptic curve (SM2) algorithm, the corresponding parame-
ter design and message distribution scheme are carried out, and the message distribution strategy of Over the
Air Rekeying (OTAR) is described. In order to further verify the test scheme, this paper uses Monte Carlo
OTAR simulator to carry out simulation tests based on three broadcast scheduling algorithms. By adjusting the
weights, the receiving time of OTAR messages in different situations is analyzed. The simulation results pro-
vide an important reference for the selection of broadcast scheduling of OTAR message schemes in specific sit-
uations.

Keywords: BeiDou Satellite-based Augmentation System ( BDSBAS) ; message authentication; Elliptic
Curve Digital Signature Algorithm ( ECDSA) ; Over the Air Rekeying (OTAR) ; broadcast strategy
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Application of a new steepest descent algorithm in
adaptive noise cancellation
WANG Shuai, XIANG Jianjun®, PENG Fang, XIAO Bingsong

(College of Aeronautical Engineering, Air Force Engineering University, Xi’ an 710038, China)

Abstract: Adaptive noise cancellation has important applications in many fields. In order to carry out
adaptive noise cancellation, a new steepest descent algorithm is proposed. The main principle of the algorithm
is to reduce the dimension of multivariate quadratic function to make it become a univariate quadratic function,
and then apply the properties of parabola to iteratively solve the extremum of each dimension. Compared with
the traditional adaptive algorithm, the new steepest descent algorithm shows the advantages of fast conver-
gence, good filtering effect, adjustable filtering effect, resisting bad SNR and sharp change SNR, no need to
choose iteration step, and suitable for computer and programmable hardware implementation.
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FHERAE B B AN 2 DL R B D ke &
TOAR T A5 DU A R A A8 Yy [e) R 4 X BRI &
BRI 4% G2 1) 07 1A 3k F R AE 24 > DL S 43 2%
EJW k. Li S S A LSE 5 AN X R A
FEAE I J7 1 X RO AL #EAT TR, AR AR
a5 GE O B 2 8 5 RHLE B AR JL TR IR 15 3
AL TUATT BB P 25 G 23 AT R AL A A
W P S A A A a8 L B G R AR A 7
PEAT TR . An S5 G5 £ T R SR U8 A R AT
et X B2 A0 JF 45 & O 1 BB B H O B DL &
Adaboost B 75X L HEAT R I o AR 56 F JL A R AL 2%
2 PRGN , 2 5 % S i G Wk DL O A 1 3
BT R W IR B WA BT
W2 TR 2 20 W 2 8 I AR R TR B 2 S F R
R T ARG I T TS, 36 TR E 22 T W H
B RGT , fr  BE TR B S I R E ARl T H
Ao I 451 B 1) FRIC o T IR BE A I B X
SRS 7 3t A5 )T R B 2 A R IR AR X A
5 1) e 0 7  AE A DRGSR T A T AR
KHEIHET . Zhang %10 F 4 BUHI 28 9 4% ( Convolu-
tional Neural Network, CNN) 32 B K | 47 4E 345 &
B L 4 A1 ok TR A7 45 SRy A 3580 1 X 3 g TR X6 L
B AT R I Zhu 251 FH 5% 25 28 W 45 (Re-
sidual Net, ResNet) F 17§ fiF 42 B 58 FH ML 5 19
2 P AT XS WOk XL AT R I . Chen
s L1 ot A o e s 22 ) 4 ( Deep Belief Network,
DBN) FHF KL M . Wu 2 R H BING + CNN
B 7 X RALEEAT BRI . bk vk R A TR
JEE ot 2 9 245 588 K 1A R E B2 BURE T, A BN TR
FRAE A S G e, DT A R AR R T A T o
B 23R (B TH 77 7 6 308 HE 3t 2 (7 75 A 0 255 %% A 12
NI 3 G D ol 121 B BN ES N P 7o 3 P N 2 Sl
R B0 5 3%, R Faster R-CNN'YJ A f) —
AR A M AHE ZL | L X 458 7 I 9 4% ( Regional Pro-
posal Net, RPN) i 4 tHi e 1 6 I 2 %, H
Hh A B B S T B S AR A T AR A B TR
i, HXE 22 28 H RS A 43 2 R 7 RE T DA BB
PR ARG 00 200 23 B8 A5 AT JHG 1 S 3 3 ke i v, O
FE CHE 22 Al B AR O A B S B AR R 0 ek
PEIE B T ARG B AOR . R R A
Faster R-CNN FI 23 {125 £ 7 v HI F P37 X B
TG H AR AR A SCRT AR Bk K R
TR e LR AR TR () AR AR, H i O 4 DA
B W 2 A B iy BR AL, X /N H AR AL S SARL
2R BB 4 X Bl 2 ) 4% 1 B b b T
R AIE Fl A R A e 1 O B DX 3 P 6L E bR

R HE AT T ok, A RO AR T RN B R R
W I e — PR LB T HERY R B, Chen
2 VO S o £ BB HE 1 R S BT L e M AT
T v 8 T X3 A TR A o5 B ok 0 AT % 32 X 1) 24
WHEATHLZ A, 76— R W T LS
A6 RS B o LR AR 52 6 22 2 57 E X WL X 8 A
B RR BB ST, Wt BL 3% B KBL H AR i 6 AT
Feo XHLIFIX IR M 22 B ARK I BT 5 AR L, HL
T 160 2 AR 5 5 g LA B T D40 B AR 5 114 J B A
ERCS SRR TR S SR NIGE 5 et 1]

ABLIZ X 48 T SR G I % 5, 4035 B35 R
KHL R HLL B EPL L TEPL L T L R R
B 5 LA TS B SR PR R S G 5, LUIR BE 2% 2) F Fas-
ter R-CNN g 6 I HE 52 , 3 i %0456 4 b J6 3ok 45 7
I B ok 52 LI K s H ARAG T . R T
P8 LA K2 A7 5 A

1) A1 XEBCR 32 ReMD 54 9 59 16
AR G0 B AT T = 5 R X 4 1 75 5 9
i AR ] L 2 4 MR 9 T A H BRAR A5

2) AE IO 4% B R A S R A Al Y 2% 1A
T A 0 il G 0 0 LR T R 2 UK A X4
PEARAE

3) XA 0 ok G2 F) 2% i) 56 6 4 A 4L 4 4G
£ 37 750 A S 2

1 #3pXEE RSN RES i

1.1 WMERKNERE
1.1 em R

DU AT e b 2 AL 38 SR AT 55 AR Y
R v PE LA BRSOt R k3, L] Faster R-CNN
S A N0 F A AE 4, ARG I U AN 1 1 R

TE 38 AL DX H ARG AT 55 o, 24 Rl 2K
BRI Y T8 i A 2 2% S e e ik KRR TR
P B 2% ( Feature Extraction Network ) X H ik 47 45
TIEFREIR R AE SR I 2% Ak 22 J i IR A, EEE LA
W% 3 x3 xn FF( Convolution ) 3 X &y A I & A
HEFT R AE S, IF £ Bt AL (Pooling ) #2117 Sk 475 1
FRAE I B R, 5 05 20t 55, I a7 31 58 B 1 4
JRRAAE B o SR R T R A DX TR 45
SRR E & B softmax 4325 2% A & bounding box
regression PR LA N2 H 4 4 ob AH N B9 bR 4 AR BOR
PEAT X308 W (Regional Proposal) , Ff£8 3 4 K
{E 1 #] ( Non-Maximum Suppression, NMS ) % &5 )5
/U AT 3o A 3 A7) 280k O W SR [l AR AR IR RN,
NS L Ak (ROT Pooling ) 22 E 47 2% % ik Y
WD A, K O S [ 5 RT, 7B S Sk A
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Fig. 1 Schematic diagram of airport area target detection

)G9t A 2% 3 2 (Full Connection) 454 softmax
4y 248 L I bounding box regression pF %Y SZH H
P B RSB 53 28 DL RGE L o S5 2 A JEE S 37 X S
H A 0w R, A0 1 R 0 s TR
1.1.2 ZIAFeg4F IR BOA B k& M %

28 I 25 B TR BE R TR T PERE A S T 3 2
K H IR, 72 TmageNet B4 F 3K HE 14
R ZHRIN T E R W44, Holn ZFNet ™ |
VGG-16"""" VGG-19 , GoogLeNet ™ 25 | 1) I, b 48
INT AR R A o AR B 1R RE £ T[]
I, AL AN A 3l B bt 7 ke T PR G o ) 2% R
TR E T 2R/ K LA BORE il 2 AR RS T R A 1) AL
TE A P b B2 Ta] RS m AR A L1 &l 12 1R Aok 45
TR0 B A A L G iy 25 A T Y ) )
SR Al N W 2% R R )RR AL B AT S AR
AORRCE o BEXS S ), e B R A Bl - KM
B A5 JRi FRAH DG , Ao 8 0 285 A B0 T8 £ I e, 5
A% Im1 R Y 68 J32 =2 1) B AH OC M 23 Ok B 22 |, I 5 5
TR . ResNet [ 452 AR 46 X — 0 R T
“Bk)ZaE R O 2 R O B S B
b A ) A A A A X — BB B IS AN Bl Y
T WL A HEAR 38, I 2 Fs

RILIE 2 (a) Zad 2 Y FRLL R BT 8 1
VEIRIEE Ry F(x) U H(x) = F(x),H'(x) =
F(x) +x,0 h E—JZ0% o HB T LA H Res-
Net 7547 4 FUZ 22 6] ) iz 550 I Jd ok i 2 i 47

X X
Conv Layer Conv Layer
RELU RELU | k24 4
Conv Layer Conv Layer :
H(x) jRELU H(x) SRELU

(@) bR RS
B2 “BREEERREE

Fig.2 Schematic diagram of “layer jump connection”

(b) ResNet#&E R M55 1

W E—Zr0%m T LU ESETET — 2 i 2z
o, T BR BT I AT 2 2 T 3 IR 145 R BB A
Ktk

[Fi) B 7 R AT 45 A 2 RO R 2o A o, Bl ) 2% TR
BE R BE 0, 5 BB R AE 2 A BOR BOR 1) 22 57,38
AT LURE X 23 O AR R AL A 2 AL AR R A
TE T AR BAR 55 (H 2 A B0 i SO AE S, PR T
ST 5 FH R S AL 5 T i J2 R AL AT AR IR B Sy il
ZOVFRE B 5 A B R i 15 SUE B, R E A
Kok, FXIUESE AR LR B bR E ,
1E— MR R b Al RE A A R R G B L Bl
2% R 3 I B B IR Y R )2 R R R AR
MEXT H AR AT A O E AL A S RAF 4328 . TR
A LA Ak Rl 1 O SOR BEAT — 2 R Ik
ko e R ARSI A B b, S T FE g N 2 4R
IR A, 45 % FPN') [y B8, JE 47 “ top-down
path” F | BI7EFE AT 22 J2 5 AE Rl 0000 19 [a] ) 3
1700 JZ= B ws

TESATRAE Al & J7 BT, o 1 3R AS B4
O RFAE il B i, R AR Al S R R AR
AL RE K ATRFAE ROS) DL R 4 B DR O 7 4R E il 65 3o
PR 2R AR 2 A ERAE TR 1 x 1 45
RS b — R R A 4E T 5 2 R R 4E T A [
SRIG AT add” i 5 0 2 R FRAE AT AlA L
FUB) A AR R o R BCAIRZ RRAE 5 Al IS 1Y
FPAE BEAT R, 45 2 5 2 1 il & RRAE (Predict-3)
[FI B} 3 4R AE ( Predict-1 ~ Predict-3) #R3#F A 45 1iE
RO R 45 A 3 B

Predict-1

Predict-2

: 7
v HARER

Bl 3 FPN $FAE fl A K s 2

Fig.3 Schematic diagram of FPN feature fusion detection

Predict-3
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1.2 HEENES

H A2 F LI X 38 ) T2 328 J LR B i 4R AR
A X AIE R H BRI AETE I — RHE R, R A8
T L — A 1o 5 AL I X 2%, A Sk S8 4% 1 B 4R
EHDERM, CAXHER[16 ] RN @ E T
SRR I R AR ) TR o B A T LA AR = 1 i
NEPERL Bz AR, I PL Google Earth iy [ 3 3K
Wt & HARMS BB B8, L VOC2007 2 g i f1:
B i bR o A ke EA T R AR I I o

A 1 B S 345 200 24 AR HL X
B, 7 2064 sk E G R, o AL 1 982 sk AL
W 1838 gk R “ALE 565 ik &% S B
715 sk ETFHHLIE f 813 sk s HLIE R 583 5K
PR2E I R LA M2 768 skl #E I Fr o 8Os S s

Kl 4 PR o

a, »_. § %L & N
K4 Bk &Rk
Fig.4 Schematic diagram of data set

& BARXS AR AR B NR 1 R, A T8
KA E A, KT A SR AR B S
“airplane_" {4 . F A, airplane_mh {33 B AL &
ML, airplane _y {8 3% iz % #l., airplane _z {0 & &% =
H., airplane_zs {8 EH Tl

x1 BHR-HREMEE
Table 1 Object-label correspondence table

H A5 airport civil airplane transport plane fighter helicopter bridge oil tank
R airport airplane_mh airplane_y airplane_z airplane_zs bridge oil tank
1.3 W4 R i AT DX IR 70 T B 1Y RS . K o
1.3.1 ReMD ¥ 387% 5L % T v 45 R X3 A B R O, oA IX SRR o 1, D

BT 1 5, A8 R A R ) I R B G e S R
ARG ARAE DT AR JBORT RO A R o 0 T R A
B B B SR R AT DR 2 AR = =R /E
v X G e T A % 2 S el A X A ) A E
B — 5 U .

ReMD [E[{R 5 50 50 3% , RIH8 B AL B L X I
7o LA M ¥ ) # 4H ( Random erase + Mix + Double)
ORI B % o B ANR B

BRI GAEAR LT X = a2,
x, HAE 2 AREA

XS x, FEAS BEAT BEAL AR « B — > 52
BRI AAHE A = (a,,a,,a,,a,) , HH (a,,
a,) S FHE R 0 AR5 (a,,a,) S22 FHHERY
JUARPRFAIE , RIVIC 8 88 70 85 5

Xof B AR DX ) 300 AHE E AT SR
{ax ~ Unif(0,W,)

a, ~ Unif(0,H,)
W, A BUREA I GERE s H, e BUREAS B 1 JEE

FJIASE A ~U0,1) flif}

’xm%’xa\

(1)

{aw =W, /X )
a, = H, /A
B ORABE R 1 IX SR 5 REAS 1 SC 2 N
a,a, = AW, H, (3)
{75 BE LB B 119 DX da s M B 28 TEREAS A 2
L E

PRI R e 10, 11" g AL R 5 43 IX 30

R, - {0 (i,j) € A
1 HoAt

VA e B 2 ] 41 6 1) SR R AR A AP T Y
B AL 2 B3 45 3 DX SR i 119 08 O T A A
=R®x, ®U-R) ®x (5)
Kf - @ WZARFMA; @ BB RAMM; L 9y
AICEN 1 e .

He J FEHEAT 6 ) 2, BV A 1) ) 48 B X3
W FHE LA S A D R R X AEAR «, BEAT AL
PR DL B I e . [ A, R TR A G A 2
DIRIZ 5 F bR, 12 G SCER Y H AR 7 B 1% 1
e 43 E 4326 (Label ) BOZ5 2R, He AN7E — AN 5T 7
KHER Label AL KHL N 0.6 Gz H LA 0.4,
HORIE S iR o

(4)

JEAIE F

Wi A

Fl5  ReMD ZUR R ZIE
Fig.5 Schematic diagram of ReMD effect
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1) S BE AL B 4 DX Jsrb 5 HG Al A AR 1) 15
ST RUGE AR R RE A% B 2 3t MR8 1 A H AR A
KRB R TR E (i R B

2) FE 7RI RS O B 2R
KGR A A, Aam B 2 kB L& 1
—iEN IR G A A HROEIE, B R E T
regional dropout [ i %, BE % $& T+ # B 53 & 1Y
T

3) BN R A S T — Kt Z KB A, 72

w K I R IR . Gt B4 (LK S)
AR ST LSS 2 R T REAS B B — MR R AE
2, AL YI 25 Fn 4 BEAC A PR AR o
1.3.2 # 2 Ko &

N Y kR R R R M AR LR H AR
RO L B THHL AL L Bz i AL A 1 24 46 0
KGR BRI M) 2 A %8 42 Y 7E Faster R-CNN £5
T HEE 238 1 R i G 00 DX 38, AR i A 2001 18] A O 1B
Bty & — 454 softmax 43285 LA I logistic re-
gression E‘J;’{fﬂ%*ﬁ(m%%,ﬁn@ 6 FIis o

3R [ R AL DX 3R ]
| — > airplane
+softmax alfport
cls_prob — bridge
— oil tank
RO (0 —— background
H K BURHE ] el
LA M +bounding box
regression
bbox_prob
@—» civil airplane
+k_lonistic —
s @ transport plane
cls_prob @—» fighter
J (k=1.234) O—» helicopter
@—> background
s s FE2 ,
+bounding box
regression Hie=riih

P63 AR S A 00 4% 7S T

Fig. 6 Schematic diagram of new end detector

TEELR G AT 55 S0 A 2SRRI A
PRAP BRI Nk 2 PR
#2 BR-XISMEE

Table 2 Object-number correspondence table

ER7R airport bridge oil tank civil airplane
B airplane
PR airport bridge oil tank  airplane_mh
H )= 1 2 3 4 5
~ lransport
H #r fighter helicopter background
plane

#5%  airplane_y airplane_z airplane_zs

FKH= 6 7 8 0

%2 o airplane AU KK 5 civil
airplane .transport plane fighter 1 } helicopter 4 4~
N TEAIEEARIYZ URHE B kL
HE 5 T E B AL DX BE R, I, JEAR (S
S5, M0 RHLIE H AR AP 0 R X 0 JEE UL AH X 85270 T
oy WAL Z (B B A AR R AR R 45 [
Mg EALY RIS AR R I EE 2 A A AR LR G
F T RATLE s ) A A5 g 14 S IR A

softmax J& 2 2% H bR 43 25 4%, 76 T 43 28 31 9 (g
HF B softmax 43 2888 HLAT R A1) 4y 25 M6,
HA KWLM T .

WE 6 Frn, 24k B AF K3k E A FC_1 J5 ,
SR AL B 24 K x 1 4E 748 B i b 5
softmax 7%, SR 5 1 FL o 05 2 45 2000 0 B A
W s

atl = — (6)

AP K =5, 5t 2 o a B0 a4 2 50 Bor 7] 5
g FC_L {94 A8 H 5™ O softmax J2 e (1)
i HE B

logistic regression R] DA & {F softmax [A] I 7E
K =2 iRk 0L, © A B8 B £ 4 logis-
tic regression 7E I M 5 0 1Y K5 46 v AH L B
i softmax 73 28 &5 5 4 19 70 2R ML RE , DI I 7E 131
RO RAL Iz fm bl R R B THRL LR H AR
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K T, A < U A IR B e I 4 T B L DX e A

He A 1R
s

W, 6 FE{di F 4 4> logistic regression % softmax
gyt , TEFEAT I Gk LA S, e 4% — xf K
47 (One vs. Rest, OVR) 1y J5 20 73 24T 55 A7 HF
g3, B 4 S8 RHL B AR AT S5 3k 0 4 A
I3 RAE S AR GR DL S 6 B — 2R A A
AR, HoAm & 28 3 Oy OB R I 25, FEAT 4 A lo-
gistic regression 43 2 iy 1Y 0 I 45 R i 17 4 1
th o B U DN A - AT — S S AR T A OE
DU i HE 2R 2B, A 2 S A U O OF, )2
JEAS A T A5 R, e % A e KRB o R bR 4
(ELAE i s 4528 o

2 ZBERE

2.1 SKWIME

CPU ;Core i7-7700@ 3. 60 GHz; RAM;16.0 GB;
Graphics Card; GTX 1080Ti@ 6 GB;Operating Sys-
tem ; Ubuntu ; Frame ; Caffe ,
2.2 l%igE

il FHASE LG B8 2% > J5 25, ] imagenet _models
X 2 R AT BN 5 , AEL e 1 7 2 508 A AUURE A
e, LR T S s BR A i A A 0 BdE AR BN, BT DAY
TREE T A B2 B8 B BB R S8 AR 4%
JZZHURMIIME S 0,77 22 4 0. 01 1195 i 43 1ii
MLwItE 4, SEAT E R I ks W MR 2 R BN
0.001, X E N 0.9, /L EFIKE R 0.000 5;
MR R E N 0. 7 MG ER B RKEN
8 x 10"V 5 T it A1 0032 42 BRI 25 4 - 36 I 4 - 3k
8 =720 [ L AT R AR R BE L O 4

3 HXEEMNE AR E TR
HEROW

3.1 ReMD ¥R EEEZERST
5 Al 6 5 B 1 AT T R T BSURR A A R

1, O T e O AR K A 4 i o A b R KRR RS L I
SR PP R — > /D i (Mini-Batch) b $0047 A1
KA M 9 B IR GPU gEAT g . SE3 4
RN 3 iR

HoA ek (Spin) $#: 4 & Faster R-CNN fE1)I| 2k
R BA 0 B 1 5R J7 125, B AR (Mirror) |
4 (Scaling ) \~F-# (Pan) | 5% J& 78 4 ( Brightness
Change) .#% 39 ( Crop ) . & N " ( Gaussian Noise )
e HA R0 C A B 1Y 38 5 1%, ReMD g A
SCAHCHE 1Y 9 Bk o TR E AT N LG I SRt 2 f
VGG-16 JLf 9 2%

MBI X L S B A R AT DL AR B X B
BN R B 4R R AT RO 1 SR A B T A e A AL N
SR HERR A b O TR R EL AT AR B B O
S U e BT AR A A T DL A R T A F
WEMAE R, M SR, 24 H
P 2 551 - P 4G RS B A€ (mAP) $2 8L T — G FE
(52 T s Horh ReMD (AR SCHR 3% ) 38 4 4 B ML 20 %o
FEA HEAT BB AL B 5 X 38 3 78 LA K 3 1) B 4 1
T, B TR I YR T R O A A B AT LA
2N R E T H AR A AR R A i R B
T regional dropout I, 52 55 25 R K W% ik
AILL A B R M R 1.3% B9 mAP $ T GE B T
ReMD % 4f 38 58 59 1 09 A &8 Mk o B )5 d8 2 78 3%
A ZE W 4 1 B — A /N ORE AR (Mini-Batch)
L T A b 22 b O 1 0 R B ) mAP $i
F3.7% A B BRKBERCR
3.2 EAEWFMEMMKZURETHREMES

B A6 T 25 3R 43+

N T I EFE Faster R-CNN i A ResNet /E N
LR P25 LA e FPN A iy 4 I 7508 1 1 A A0, 7 v
JE—B SR IR T A F AR A 80 S I
HEAT T 0F e S, 45 2R ANk 4 s .

®3 BBREEEEEUR

Table 3 Effect of each data enhancement algorithm

B B S 5 ik

AR LR O

Spin Vv vV vV
Mirror vV vV
Scaling v
Pan

Brightness Change

Crop

Gaussian Noise

ReMD ( proposed)

vV

< <L <L

<L <L <
L L <L
A< <L
Pl <L

mAP/% 68.9 69.4 69.8

69.9 70.4 71.1 71.3

2




1476 Jb 5B AL R K ¥ ¥

o

2021 4F

x4 EmMiMKMILLEHER
Table 4 Comparison of experiment results of

basic network

s mAP/ % Average 10U
ZFNet 58.4 0.392
VGG_CNN_M_1024 63.5 0.425
VGG-16 72.6 0.566
VGG-19 73.9 0.571
ResNet-50 74.1 0.572
ResNet-101 75.8 0.574
ResNet-50 + FPN 78.9 0.643
ResNet-101 + FPN 80.2 0. 645
Hrr
10U = Detection Result N Ground Truth (7)

" Detection ResultU Ground Truth
10U A2 I 12X 46 v 19 28 F503000 R 1 4G DU AE 5
J T A% 3 i H AR B S AR TCHE B SRR
Average 10U HJl 45 I 120 46 v e A7 €145 /9 TOU (955
ARF-HE

S AR R BE A 4 R A S, AR Y
mAP FI Average 10U Y & T 23 BOR B, [
B OO 2% T B 1) 800, A E B2 JBCRE ) 2 OR B
FihE F 8 E Tt 2 BOk By . o VGG-16 2R
EMEMREZ — MILA S E&ERIZR ZF-
Net DA M VGG_CNN_M_1024 & F , X 455 7 1) 1k g
CA THRKEETT, T ResNet (2% 4 2 HAFAT #Y
“BZ TR, A TR M 4% R R BE R £ T
NiEH T — K, ResNet-101 #H L VGG-16 H T
3.2% ) mAP & FF . T A FPN A R A ),

i A SRR Bl 41, 7E ResNet-101 JEfli A
T 4.4% 1 mAP UL K 7. 1% 1 Average 10U 1) 12
FFLUEB] T A FPN SRAE Fil A 098 50hE

3.3 WBRmEMUI[EVERSHT

I T1 AR Faster R-CNN #E 47 A% 3CH0 45 4 58
DL R i ResNet-101 J& fitlh o £ F1 FPN A5 0] 358 1F
JE R RI2% T2 AARTE T1 A BEflt B 7 A 320K i 46
Mg R 2% o LI R MZE S s,

M 5 2R A5 2, BT R g i B A AG ) AE 22
N AR Faster R-CNN AE 22 J5 , % T #lL47 IX.
B CALZE H AR R IORS B 4R T 0. 5% A2
AT L X & 28 H AR 1 22 281 1K RS
FESE W T 0.3% oAy, It PR AR T 3 o B 1 4 0%
JZ2 VL B )G 8219 £ logistic regression it & i K 45 1)
softmax 73 & % , i 15 151 B 4G U ) 7T DA 45 & A1k
FrAS I H AR 1] #Y Fr e A AR o 2K A . X T
LRI A R AR B 1 3% 07 1 0 R T Az I 5 AR
T A i R
3.4 ST ERE R LR K AR 14 X ) 4% T Sk B

i B 18] A A 43 A

I I A AR U R AR R 26 PR B T AT 2
S, A5 R R 6 Fros . Horp N1 AU 404 W
2% I A% N1 Son AXUAE HEAT ReMD %4l 14 5
) Faster R-CNN il A N1, “N2” 3R /2% 76 i
7 ReMD %45 3 58 2L KA ResNet-101 1 FPN
YRR A NT o &G B[R] 3 B A, 42 4K
PP B /NSRS 3 Az

RS MAHFERKEUBINEX L ZRER

Table 5 Comparison of experiment results before and after adding the new end detector

AP/ %

i 2% mAP/ %
airport bridge oil tank Civil airplane Transport plane fighter helicopter
Tl 89.7 75.8 76.9 89.6 78.5 72.0 78.9 80.2
T2 89.8 75.9 76.9 90. 1 79.1 72.6 79.4 80.5
R 6 B ER M 5 B SR Y B 1] B A
Table 6 Summary of each testing component and time cost
Faster R-CNN [ £ Kz 3 111 1) 358 1 Ji R £ ReMD ResNet-101 FPN N2 N1
G 0 s [ /s 0.215 0.215 0.483 0.510 0.512 0.217
At/s 0 0 0.268 0.027 0.002 0.002

Wit FE 6 AT, ReMD %k 5 1% 8 0 1 9 k47
S A A R G0 B[] AR TR Oy i 4 AR AR RCE DI 2k
AP L3 f Mt RS 58 e 2
T R A T B () AR B R i R g AT R
i) ResNet-101 & fih % 2% , iz B AE G T 7 0. 268 s
) S I AR B T 57 AE L B Y FPN KRR AIE fil 25 350 14
DL Rt 28 R i A I 8 43 AN A >k 701027 s DA
0.002 s [k I FERT, 322 A 7 ResNet-101 4 4% iy

T T R 2 YRR AL £ Y 0 45 2 B S B
RKZ T FPN LA K B AR s A6 0 45 JIr 384 o #9450
ShSHL

4  ATARAL A £ SRR B LR 3 e iR B

4.1 15 RRb
AR SC I eSC I R TR ARG I 7 5 A P 7 R
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Bridge-detect Transport plane-detect

Fighter-detect Airport-detect

Airport-detect Airport-detect Multi- class object detect Multi-class object-detect

P77 B X R A T RO R
Fig.7 Schematic diagram of object detection effect in airport area
4.2 FLL WA o
TEARH () Y 52 30 BR85S 0 AR 8] 1 %4k 4

FXF b S5, RIS R NZR 7 FroR o AH SR ER 40
8 B g
R7T AR E X b R R E
Table 7 Comparison of experiment results between
different detection networks
Bk mAP/% A6 I B ] /' ol _
¥
R-CNN 54.2 >10.000 éi,& o ° Qoé Y &QQ\K.\@ 09050%5’
T FF ¥ O T F S
SPP-Net 54.9 0.401 R
‘b
Faster R-CNN 68.9 0.215 < (a) A SCHCHRSE F HUmAP
HyperNet 72.0 0.160 0.7 |
0.602
R-FCN 75.2 0.167 0.6 -
YOLOV3 76.3 0.122 05k
SSD 73.9 0.165 ©» i
= 04t
Ref. [30] 80.2 0.602 = F
Ref. [ 16] 70.3 0.215 2
proposed 80.5 0.512 0.2
proposed * 77.3 0.173 0.1 _
1 : proposed * F R ¥ RPN 2K i A B A9 proposal %+ ik /b F] 50 0 I Z 7 N R R
s o o > D DX
(I8 300) F O S %%@Q N

R b &
T T S

H A 8(a) JB/n T4 R EA U T
9 mAP X HERICR 5 181 8 (b) J /s 1 4 514 i A Il
Bk FE AR o J 2o R FE S 5, AT DA BEAS SC K

(b) A5 ER AN ] % L
K8 X sy g R s A

2 E R T T B AR A T R-CNN[%! _SPP- Fig. 8 Schematic diagram of comparative experiment results
Net'*' | Faster R-CNN, HyperNet'”'  R-FCN'**' Faster R-CNN ++ """ 7 mAP J5 [ FUA% T 5 4F i1

AR, mAP
& T 11, 6%,

B F T 80.5% , 4 kb Faster R-CNN i
Lo [) B B A R 2R Y

YOLOv3'™* SSD"™ | D) Je 1 B 45 47 1) & 45 5 0 2%
Faster R-CNN + InceptionResNetv2 + TDM Pl
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YOLOV3 #1551 4.2% , b CHk[30 ] #2551 0.3% .,
E2, T 0 T B R B R AE 42 B 48 ResNet-
101 [ FPN A I FR A4 LA B 78 A s G I 458 00 ACHT 1 42
BRI AH L Faster R-CNN 3 17 —f% 2 1
IR [ A, 4G I I [E] 35 2 0. 512 s, AR TH EE SCHik
[30] 1L 0.09 s, ¥ 3 FHAFE] YOLOV3 ) 1/4,
XA IS A SO LR AFTE ) — DR BE . 25 L K
I, 24 proposal I /NF] 50 B (IR 300) , B 4% [
8T 3. 2% /9 mAP , {H A5 0 B 5] 40 46 6 22 AR 1Y)
1/3 J249(0.173 s) , H LMK IHA 8849 mAP, 7
X B proposal 451 2& RPN XK ¥ 4= B 1Y region pro-
posal Z& 3tk FL 5 B LA K NMS 41l J5 fOf B B9 | NV
A~ proposal ('F— 26 ik A ROT Ak )2, an &1 1 Jir
AN T TE P 2 gk 47 o e i 2 LB A 2 E AT I .
PAL AH 7 5L AR I b ] L AR B9 G K Aty 25 0 G i 32
JE AU R AT R RE , S Bl G AR 55 I TT i

5 & i

1) ReMD i 14 s 5 s WAV R 1 1.3%
1) mAP &5, A0 L HB 43 48 55 1 - X mAP
0.4% 4Tt UEH] T ReMD Z4J 3 58 550 7 1) A3 3%
P, [ B 2545 Z2 P B A 3 o by R, S I 25 S R WY
SRR A mAP $25 T 3. 7% i E] T —E B ik 3
EH .

2) ResNet-101 ¥ 2% DL K 3 AIE fill A A6 00 355 4
FPN [ A (o £ A5 70 ) A4 B 1) o8 5 o 1 SRR AL
AF G Ji 4G U AE 22 ( Faster R-CNN + VGG-16) 2 5
T 7.6% 1 mAP DL K 7.9% [ Average 10U, %f
AU BRE 53 28 DA RCHERf E DA T R4 5t .

3) B R v A DU 4% 38 2ok X A28 H AR AT
PERY 2H & A Iy FiC, 8 45 A B ) mAP $2 T
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EHPRAE T 2K R 2] T —EEH .

4) 55 AR A3 3 U A D I 4% 1 AT S I % L
AR ) 4% A A 0 A R P HRAS T A A AROR
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Regional object detection of remote sensing airport based on
improved deep neural network
HAN Yongsai', MA Shiping""* , HE Linyuan', LI Chenghao', ZHU Mingming', XU Yuelei’

(1. School of Aeronautical Engineering, Air Force Engineering University, Xi’ an 710038, China;

2. Institute of Unmanned Systems Technology, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract; The detection of multiple types of targets in the airport area under the satellite remote sensing
monitor is of great military and civilian significance in real life. In order to effectively improve the detection
accuracy of remote sensing images in the airport area, based on the representative deep network Faster R-CNN
in the mainstream target detection method, the ReMD data enhancement algorithm is proposed for the data
side. The deep ResNet network and the feature fusion component-FPN are used to extract more robust deep
distinguishing features of airport area target. Finally, a new fully connected layer is added to the end detection
network , and the softmax classifier and 4 logistic regression classifiers are combined to accurately classify air-
port area multi-class targets according to the target class correlation. Experiments show that the improvement of
the original network brings a 11.6% increase in the average detection accuracy rate of the original network,
reaching 80.5% mAP. Compared with other mainstream networks, it also has a better accuracy rate. At the
same time, by appropriately reducing the input amount of the recommended area, under the premise of 3.2%
reduction of accuracy rate, the detection time of 0.512 s is improved by 3 times to 0. 173 s. According to the
specific task, the accuracy and detection speed can be reasonably weighed, which reflects the effectiveness
and practicability of the network.
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Fig. 1 Mapping contrast diagram
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X +r ccosry|r, X" -X| r, =05
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rp =c(l —t/1,,) (14)
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RO ~2 2757 73 A5 1) BEAL KL o
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WOA SRS B 47« i T WOA SR s 587 (A fir
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pb;" = a-pb" + (1 —a)(1 - pb") (1/1,,)
(15)
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0 HoAth
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Li,n(x) = Li_n—l(x) + Lz+l,k—1(x)
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(21)
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Fig.5 Effect of B-spline trajectory smoothing
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(25)

Constraints = {0 2%%{7%,@2’]%%14: (26)
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Table 1 Test functions

BRI CnES HUURENEZR A 5% 3 BEZ7R ()
Fi(x) = Y a 30 [ -100,100] 0
1
Fy(x) = 3 |w |+ [T || 30 [ -10,10] 0
i=1 i=1
n n 2
Fy = Z(ZM\) 30 [ -100,100] 0
q‘llﬂ% i=1 i=1
3t Fy = max{ |« |, -1 <i < nf 30 [ -100,100] 0
Fy(x) = > [100 (x;y —57) + (2, = 1)7] 30 [ -30,30] 0
i-1
Fo(x) = Y ([x,+0.5])7 30 [ -100,100] 0
i=1
Fy(x) = Y ix! +random[0,1) 30 [ -1.28,1.28] 0
i=1
Fy(x) = z [xf - 10cos(2mx) +10] 30 [ -5.12,5.12] 0
i=1
n 1 "
Fy(x) =—2()exp(_0.2 1 xZ)—exp(—ZCos(Z'nxl))'fﬂ)+e 30 [ -32,32] 0
n =" no
Fio(o) = 32 ]i[cos(i)m 30 [ -600,600] 0
10 40004~ U I ’

n=1

Fi(x) = l{lOSin('ny]) + z (y;, =121 +10sin*(my, +1)] +

i=1

B4
bR (v, +1)2} + Y u(x;,10,100,4) ;
e = 30 [ -50,50] 0
k(x; —a)" x> a
x; +1
yi =1+ y ,u(x,a,k,m) =00 -a <x <a
E(-x, -a)™ x <-a
Fi,(x) = O.I{Sil]2(3Trxl) + Z(x, —1)2[1 +sin2(31'rx,- +1) +
i=1
30 [ -50,50] 0
(x, -1)2[1 +sin2<2m,,)ﬂ} + 3 u(x;,5,100,4)
i=1
1 2 2 !
= — ; 6) " -
Fiy(x) (500+;(,+ Z(x -a;)°) ) 2 [ -65,65] 0.998
11 2 2
x, (0" + b
Flu(x) = Z[GL—M 4 [-5.5] 0.000 3
i=1 by + by + g
Fig(x) =422 2.1} +%x? +xx, —4x3 + 440 2 [-5,5] -1.0316
2 Fio(x) = [1+ (2 +x +1)2(19 - 142, +3x% - 14x, + 62,3, +323) ] x
2 [ -2,2] 3
i 7 [30 +2x, —3x,)% x (18 = 32x, + 12x} +48x, - 36x,x, +27x3) ]
iRz ¢ 3
Foo(x) =- - (x - p,)? 3 1,3 -3.86
o (1) == Zeew( - Faylx -p)?) [1,3]
4 6
Flg(x) = - zc,.exp( - Ya,(x —p,j)z) 6 [0,1] -3.32
i=1 j=1
5
Fig(2) == Y [(X-a) (X-a)" +¢]" 4 [0,10] -10.153 2
i=1

10

Fp(x) == Y [(X-a) (X-a)" +¢]" 4 [0,10] -10.536 3
i=1
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Table 2 Results comparison among test functions F, — F, of algorithms
WK it WOA IWOA VCS BSO PSO SSA GSA CML-WOA
RMGME  4.00x107" 1.30x10 " 7.21x107"" 1.65x10°%  2.73x10°* 0 2.57x107"° 0
- SEMME 2.56x107% 2.19%x107'%° 2.93x107'°  1.11x10°%  1.60x107* 9.94x10°' 1.31x10""® 0
: e 1.37x10°% 8.11x107'% 1.37x107'%  5.19x10°%  3.17x10™% 5.32x10°%° 6.82x10°" 0
FERE/s  0.7881 0.779 3 3.336 5 3.837 1 2.662 3 4.377 1 8.3325 3.013 5
RMGME  1.38x10°7%  1.25x1077°  3.22x10°°  8.71x10°'"" 2.07x10"2 2.50x10°" 1.16x10°° 5.90 x10 ~***
- EHME 5.92x107°%  1.50x10°%  1.02x107°%  7.58x10°%  2.86 %107 6.25x10°%  2.36x107°  2.60 x10 ~'¢°
: FREZ 1.84x10°%  8.38x10°%  5.12x107°% 1.17x10°%  3.43x10°%" 3.40x10°% 7.60x10°'" 0
FER/s 1,063 2 1.0615 3.645 4 4.700 3 2.868 0 4.773 7 8.296 9 3.305 5
RMGME  1.04x10°*  4.01x10°% 4.42x10°"" 7.70x10 7> 3.98x10°* 0 3.02x107" 0
- THE 2.22x107%  1.33x107% 8.68x10°Y7  2.98x10°%  2.47x107%  2.99x10°%* 1.76x10" ' 3.55x10 "%’
} FRdEZE 8.10x10°%  5.71x107%  3.67x107%  1.63x10°7  3.92x107%  9.64x107°% 1.31x10°'* 0
B /s 1.898 1 1.980 2 4.532 4 7.302 0 3.707 5 6.210 0 9.224 7 4.354 4
RMGME  6.60x1072  5.77x10°%  1.09x107%  8.95x10°'* 3.07x10°% 3.24x10°22 3.81x10°'" 0
P EHME S 2.13 x10! 8.78 1.10x107°"  3.54x10°%  8.17x107" 1.75x10°*  8.45x10°'° 0
! FRifEZ  1.31x10' 9.07 5.30x107°" 1.44x107"  6.12x107" 6.69%x10°*%  2.59x10°'° 0
EEmt/s  0.784 8 0.772 6 3.434 0 3.774 17 2.624 0 4.318 3 8.101 3 3.204 7
RMGME 9.96x107"  9.76x10°"  1.94x10°"2 0 4.58x107°  1.70x10°'" 1.0l 9.53 x10 4
F I 2.04 x10! 5.49 x 10! 8.86 x10 ~° 1.91 2.22 1.51x107%  7.43 2.93x10 !
: pRdEE  9.19 x 10" 2.78 x10? 2.74 x10 3 2.02 4.91 3.90x10 7 3.21x10! 1.02
/s 1,176 1 1.170 9 3.809 7 5.174 9 2.982 4 4.910 2 8.3352 5.534 0
RUEME 2.26x10 73 4.5x107%  3.89x10°% 0 0 0 4.50 x10" 1.84 x10 ~%
- T 3.38x10 73 1.16x10°"  4.18x107'  8.32x1072 0 0 1.15x10°"%  8.60x10 3
¢ FRdEZE  4.00 x10 72 114x107" 2.13x10°%  4.42x107% 0 0 6.32x10°"  1.89x1072
EEBt/s  0.794 4 0.776 5 3.3120 3.9323 2.619 2 4.354 3 8.082 8 3.476 1
ROEM  5.12x107°  1.09x107°  1.19x107°  1.98x10°* 9.60x10~°  3.50x10°°  3.62x10°* 4.63x10"°
F M 2.42x107% 2.04%x107°  3.42x10°%  1.27x107% 7.21x107%  6.46x10°*  5.38x107%  2.47x10°4
! PRz 2.82x107%  3.27x107°  2.69x10°*  1.11x107%  5.28x10°*  3.57x10°* 3.44x107% 1.93x10°*
FEmt/s 1,130 0 1.180 0 3.691 2 4.844 1 2.9273 4.906 7 8.5518 3.478 1
R3 F,~F,BEZNKERELE
Table 3 Results comparison among test functions F; — F |, of algorithms
Wik St WOA IWOA VCS BSO PSO SSA GSA CML-WOA
i@ 0 0 0 0 0 0 0 0
F FHE 0 2.36x10°'° 0 5.67 4.64x10°" 0 2.08 0
' fRfEZ 0 1.29x10°% 0 4.34 5.04x10°" 0 1.59 0
FEMf /s 0.824 4 0.8125 3.379 4 4.112 4 2.686 8 4.4722 7.798 9 3.097 1
Rt 8.88x107' 8.88x107'¢ §.88x10°'* 4.44x10°" 8.88x10°' 8.8 x10°'* 1.09x10°° 8.88x10 '
P T 3.84x107%  3.37x10°%  8.88x1071  6.80x10°"  3.01x10"" 8.88x107' 2.29x107° 8.88x10°1¢
’ PRE2Z 2.30x10°° 2.31x10°% 0 8.56x10°"  1.77x10°" 8.8 x107'% 6.82x1071° 0
FEmf /s 1.1398 1.118 9 3.660 8 5.039 3 2.990 2 4.954 5 8.690 0 3.366 7
wiLE 0 0 0 2.71x10°2 0 0 9.36 x10°2 0
F FHME 4.13x1072 4.47x1072 0 1.75x10°"  3.88x107% 0 9.05x10°" 0
0 B2 9.08x10°2  1.12x10°1 0 1.03x10°!  2.67x10°2 0 6.32x10°" 0
FEmf /s 1.3965 1.374 9 4.066 0 5.773 5 3.2272 5.4913 8.750 0 3.699 0
AL 2.41x107%  5.57x107%  1.61x107%  9.42x10°%  9.42x107%2 9.42x10°** 1.07x10°%° 9.42x10"%
; FEHE O 161x107" 2.27x107" 4.91x107" 2.44x107" 9.42x107%2 9.42x10°%?  5.29x107%  4.25%x10°
! PRz 3.86x10°"  4.19x10°'  2.14x10°"7  1.02 3.34x10°%  3.53x107*  3.56x10°* 2.97x10°*
M /s 3.1556 3.140 2 5.822 1 0.999 5 4.959 2 8.483 5 10.533 0 6.326 9
BACME 3.35x107% 2.29%x10°2  3.02x107%  1.34x10°%  3.44x10°%2 1.34x107*2 2.74x10°%° 1.34x10"%
r FHE 9.82x107% 171 x10 7! 1.48x10°"7  3.84x107%  2.21x107°  1.38x10°%  1.57x10°" 1.34x10 "%
" PR 6.99x107%  1.11x10°'  4.88x10°"7  1.04x1072  4.20x107%  1.25x10°** 1.05x10°" 5.56x10
FERE/s  3.149 3 3.1454 5.768 7 1.117 3 4.993 7 8.603 5 10.547 6 6.234 5
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Table 4 Results comparison among test functions F ; — F,, of algorithms
WikE s 4kl WOA IWOA VeS BSO PSO SSA GSA CML-WOA

RAEME 9.98x107"  9.98x10™"  9.98x10°"  9.98x10°'  9.98x10°"  9.98x10""  9.98x10'  9.98 x10 !

F THME 5.89 5.09 1.42 3.35 9.98x10°!  5.22 5.2 6.01
PRifEzE  4.93 3.95 2.13 3.45 5.82x10°17  5.49 3.79 5.12
FERE/s 15,793 1 15.603 5 19.2213 48.949 5 17.548 9 30.023 6 22.608 2 16.261 7
WA 3.49x107*  4.58x107*  3.07x107*  3.07x107*  3.07x107*  3.07x10"* 1.88x10°°  3.11x10"*

F, FHME 3.59x1070 5.08x107F  5.65x10°*  7.71x107*  5.95x107* 3.37x10"j 5.51x107%  4.08x10°*
PREZE 4.70x107%  3.07x10°%  3.45x10°*  1.92x107*  3.88x10°*  8.26x107°  3.97x107°  3.31x10°*
FER/s  0.974 8 0.953 1 3.4915 4.506 8 2.796 9 4.5932 8.054 0 3.124 3
B -1.03 -1.03 -1.03 -1.03 -1.03 -1.03 -1.03 -1.03

P FHE -1.03 -1.03 -1.03 -1.03 -1.03 -1.03 -1.03 -1.03
PR 3.70x107°  7.35x107'0 6.04x107' 592107 6.45x107'°  5.04x107'  4.72x107'*  3.06x10 '
FEBT/s 06510 0.573 5 3.118 7 3.270 6 2.408 0 4.057 0 6.912 4 3.5523
AL 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Fio FHE 1.21x10 1.28 x 10" 3.00 3.00 3.00 3.00 3.00 3.00
PRfEZE 1,93 %10 1.77 x10' 1716 x10 7" 2.28x10°"  1.56x10°""  1.37x10°"°  3.94x10°" 1.06x10°"
FEOT/s  0.4433 0.428 9 2.929 4 2.8210 2.297 8 3.679 1 6.846 8 2.344 8
Wil -3.86 -3.86 -3.86 -3.71 -3.86 -3.86 -3.86 -3.86

ko EHME -3.75 -3.76 -3.86 -3.18 -3.86 -3.86 -3.86 -3.86
FREZ 1.02x107"  1.54x107"  2.69x107" 4.20x107" 2,68 x107"°  2.32x10°"  2.31x10°"°  2.17x107"°
Fm/s 1,716 9 1.714 9 4.247 6 6.941 1 3.571 1 6.145 1 8.411 6 3.4732
BiEm -3.27 -3.14 -3.32 -2.73 -3.32 -3.32 -3.32 -3.32

Fy EHME -3.01 -2.70 -3.29 -1.35 -3.27 -3.27 -3.31 -3.30
FREZ 1.77x107" 4.83x107"  5.34x107%  7.33x10°'  5.83x10°%  5.92x107%  2.22x107%*  5.79x10°2
B /s 17731 1.170 8 4.3227 6.934 4 3.630 3 6.176 7 9.296 6 4.463 4
AL -9.81 -10.12 -10.15 -1.72 -10.15 -10.15 -10.15 -10.15

F, EHME -5.86 -4.71 -10.15 -6.8x10"" -5.97 -8.18 -6.94 -10.15
FRfEZ  2.30 2.42 6.56x10°"°  3.38x10°"  3.55 2.49 3.72 6.35x10°"
FEHf /s 3.2100 3.190 9 5.737 1 11.526 2 5.126 5 8.617 4 10.264 8 5.079 3
AR -10.11 -10.42 -10.53 -4.57 -10.53 -10.53 -10.53 -10.53

Fy M -4.17 -3.68 -10.53 -1.00 -7.79 -8.88 -9.68 -10.53
L 2.37 2.19 2.91x107"%  8.32x107"  3.71 2.65 2.34 2.51x10 1%
Fmt/s  6.000 4 6.001 4 8.826 4 19.9210 7.758 9 13.714 2 12.980 1 12.753 2

it — o 8 R R S0 RE 1, AR
F 2~ KA RSN T AR A A e B 0 2
AT CBHE R S5 U BB v 22, 3 5 R
TRFERE TSR . CML-WOA #7455 1,
TOUPEREAE 8 Bk bRk, HWT AL T WOA,
R 5 i I PE BE b 47 3 22 HF )5 O - SSA L VCS |
PSO .GSA .BSO . IWOA 1 WOA, &5 il & W % 7~
8 P AL AE AN [ I X ok B i HEJy 45ROk
KR A AL AT 2 L T o B RE
P B £ T ] A7 BR B ) |, 2 TGk 10 HE PR AR I

Fo F AF, EAPERER X822 , 75 HA I 3 o
YR By, HL P [ AR fe /), Ui CML-WOA
AR B A R SCIERE

8 Oy 8 PRk SR AR O AR AR R
LI 2 R K 30 YOI A 2 2R A A L, DL rhoa]

JOrERE By . SR AR ATy CML-WOA 5
AP A5 R M 4L, T DL WL A B, CML-WOA 7E
x5 HiEMgHFLER
Table 5 Results of sort of algorithm performance
Wik T T A7 -1 HE
WOoA 3.9 PO 4.35 — WOA — IWOA — VCS —BSO
IWOA 6.4 SSA 3.1 — PSO SSA  — GSA — CML-WOA
ves 32 GSA . 7 Rk A
BSO 6.2 CML-WOA 1.85 Fig.7 Radar chart of sort of algorithms
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Fig.8 Convergence box diagram of eight algorithms on nine benchmark test functions

VARG H AESR S Fy Fy JF JFy R I 2900 5
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BORRAE 5 10 K it JLAx ek B0, A A ) S B
HI A F3F He S i, ELAE SR g o A 03 ek s, i
SAELAY 73 A1 AR e A S PSR B iR RO v
B A G Al X P Bk, Ul T R 9 CML-WOA
BE HA BOR A &R

i XF 30 YO 37 A7 SR A I i R B 2 R 1Y
- P RS 1 22 147 50 Bt LU, I A BB 0 20 AT
Bt as R, e s g A — 2 BR
B R, B BRI b A B R
BETEGE T2 2 T _E R W AS ) 303 B AR 5 2R i
FYEX B, R AT Wilcoxon FEit k. ¥ 8 ML
M S7 R A% 20 A0 3 bR KL 30 AT 2 A £ SR AT A RE
A AEEAS Y 0.05 /9 45 18 F #EA7 K 58, 4
TASXE R T AR 4R 5 CML-WOA 1525 R /9
BENE X . Wilcoxon 487 4 % 45 R 4N 3k 6 i
S IER Rk R A e N IR Wa i i

Wilcoxon Z¢ 1146 45 45 R 2 W] < 15 20 > FE
R, CML-WOA [y PEREAE 16 4~ i e& %5 |
T WOA IWOA F1 GSA, 7 10 A4~ 2 ok $ -

% 6 Wilcoxon it #IG 4 R

Table 6 Results of statistical tests of Wilcoxon

By WOA IWOA  VCS BSO PSO SSA GSA
F, - - - - - - -
F, - - - - - - -
F, - - - - - - -
F, - - - - - - -
Fy - - + - = = -
Fe - - = + + + =
F, - - - - - - -
Fy = = = - - - _
F, - - = - = - _
F = = - - - = _
Fi - - - - + + -
Fi, - - - = = - =
Fis = = = = + = =
Fl, - - = = - - _
Fis - - - = - - _
Fie - - - - - - -
F, - - = - - - _
Fig = = + = + + +
Flo - - = - - - _
Fy - - = - - - _
(-/=/+) 16/4/0 16/4/0 10/8/2 14/5/1 11/5/4 13/4/3 16/3/1

WP + " RR B LR BT CML-WOA;“ =" &I
ZAETERE S CML-WOA T B 2251« - " Fm ZB kel B
4 F CML-WOA .,
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Fig. 9  Algorithm convergence curves
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EEE BRI E/km EAER/km mE/km B N 100, B RSB s o 200, 9E47 30 WA
Theat | B (25200 9.8 28 PSR, SR 8 BT [ 10 ~ [ 14 Ky 4 F
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Table 8 Planning cost in 20 dimensions
IRUNED Y4 45 WOA IWOA PSO GWO CML-WOA
SF- 473k o7 2.31 x10* 2.22 x10* 2.00 x 10* 2.01 x 10* 8.32 x10'
i v 22 8.84 x 10° 7.35 x10° 6.35 x10° 8.21 x 10° 2.92
20 te K3 oL B 5.29 x 10* 5.16 x 10* 5.58 x 10* 6.08 x 10* 86.237 8
TR /N3 R fE 80.709 8 79.061 2 76. 668 6 75.486 7 73.773 7
YL 0.65 0.60 0.55 0.60 1.00
$EHT /s 10.477 7 11.153 1 10.606 1 11.082 9 13.256 1
PO BOARFE I AN 2 de /b, {HL 3@ o 5 SR s 1 020
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Chaotic multi-leader whale optimization algorithm
TANG Andi', HAN Tong® ", XU Dengwu®, XIE Lei'

(1. Graduate School, Air Force Engineering University, Xi’an 710038, China;
2. Aeronautics Engineering Institute, Air Force Engineering University, Xi’ an 710038, China; 3. Team 94855 of PLA, Quzhou 324000, China)

Abstract; Aimed at the path planning problem of Unmanned Aerial Vehicle (UAV ), a path planning
method based on a Chaotic Multi-Leader Whale Optimization Algorithm ( CML-WOA ) is proposed. In the
known flight environment,3D model of flight area and a flight path cost model are established. By introducing
penalty functions, the constrained 3D path planning problem is transformed into an unconstrained multi-dimen-
sional function optimization problem, which is solved using CML-WOA to obtain the optimal flight path. To
overcome the defect that the WOA 1is easy to fall into local optimum, this paper introduces the cubic mapping
chaos operator to improve the initial population and enhance the population diversity. And the Sine Cosine Al-
gorithm (SCA) is integrated through an adaptive framework. A multi-leader search strategy is used to effec-
tively improve the algorithm exploitation and exploration capability. Finally, a greedy strategy is used to ensure
the convergence efficiency. The proposed improved CML-WOA is tested and validated by 20 benchmark func-
tions test and path planning simulation experiments. The results show that the algorithm has significantly im-
proved performance compared to other algorithms, with strong local optimal avoidance capability, higher con-
vergence accuracy and convergence speed. Also, it is able to provide stable and fast planning of safe and fea-
sible flight path with minimum cost and satisfying constraints.
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Numerical simulation of flow around slender body with disturbing block

LIU Keqi, LI Guohui® , ZHANG Haonan, ZHANG Yanjia

(Aviation Operations Service Academy, Aviation University Air Force, Changchun 130000, China)

Abstract. In this paper, the influence of the head disturbance block on the structure of the flow around
the back of the slender body is studied. The slender body model is simulated at the angle of attack of 5° —60°
through numerical simulation. The numerical calculation method selected is the Reynolds Average Navier-
Stokes ( RANS) method. This paper mainly compares whether to add a disturbance block model at an angle of
attack of @ =20°,30°, analyzes the development of the flow around different sections along with the axial posi-
tion, proposes a method to verify the topological structure, and finds the position of the singularity in each flow
state. The position of the vortex core is used to analyze the development of the flow around the back of the
model. It is found that the premise of adding a known regular disturbance block can speed up the conversion
speed between the surrounding flow structures, and will reduce the angle of attack generated by the asymmetric
vortex.

Keywords: surrounding flow structure; slender body; asymmetric flow; saddle point; topological struc-

ture
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Table 1 Mechanical properties of 5A06-0/7A05-T6

welding base metal and welding wire

R o,/ MPa o, /MPa 8/ %
5A06-0 356.4 161.8 21.14
7A05-T6 414.4 311.6 13.56
5A06-0/7A05-T6 281.08 157.33 11.43

oy, WIREWIR, o R IR ,6 3t =,

#2 5A06-0/7A05-T6 12 EB#H RIZL KL ER S
Table 2 Chemical composition of SA06-O/7A05-T6 welding base metal and welding wire

Kk TRG U

Mg Mn Zn Fe Si Cu Ti Al

5A06-0
6.2 0.62 0.23 .13 0.12 0.11 0.03 Bal.
Zn Mg Mn Cu Fe Si Ti Al

7A05-T6
4.58 1.37 0.22 .16 0.15 0.08 0.04 Bal.
Mg Fe Mn Ti Si Zn Cu Al

ER5356
4.59 0.13 0.12 .1 0.04 0.01 0.001 Bal.
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Fig. 1 Fatigue test specimen of 5A06-0/7A05-T6 butt joint
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Table 5 Fitting curves of influence coefficient of

incomplete fusion defect

Smax/ MPa ARIE R REIL MR R
120 y=0.047x +1.75 0.979
90 y=0.049x + 1. 84 0.997
60 ¥ =0.056x +2.21 0.983
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Influence of welding defects on fatigue behavior of dissimilar
aluminum alloy TIG butt joint
WANG Chiquan” , SHI Liang, ZHANG Xiangchun, LIU Zhiyi, SHAO Chengwei

(China Aero Polytechnology Establishment, Beijing 100028, China)

Abstract: Fatigue tests and fracture morphology analyses were performed to determine the influence law
and mechanism of pore defect and incomplete fusion defect on the fatigue performance of 5A06-0/7A05-T6
dissimilar aluminum alloy TIG butt joint. The results show that both pore defect and incomplete fusion defect
have adverse effects on the fatigue properties of 5A06-0/7A05-T6 butt joint, and the interaction between the
size and location of defects and the load is the main factor affecting the early initiation of fatigue cracks. Fa-
tigue cracks are more likely to initiate at the welding defects with larger size and closer to the material surface
under the same stress level, and the interaction between welding defects and fatigue loading increases with the
decrease of stress level, and ultimately decreases the fatigue strength. Compared with pore defect, the effect of
stress concentration at the edge of incomplete fusion defect is more significant, which is more likely to cause
fatigue crack initiation, the microstructure of welded joint is more brittle than that of welding base metal, and
the fatigue crack propagates alternately in the transgranular and intergranular form, which further shortens the
fatigue life.
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