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Table 1 Pre-crash scenario between vehicle and two-wheeler

B F AR BRER
|
EL
st LE+ B0, AT 500 1 A A 2 e - LH -
3
:
3
3, =
MiE s12 T+ 11, A A b 0 ] AT 42 e e - ‘] -
_ s a
2
M
s13 TE PILBS EE, A A2 AR T A5 P ] AT A tj
im
1°




1 Hrinl B, 5. RS A iREE 0 M S H: AEB ik 3
R e A R
J : L
s21 TEF B 1, ZE0 EAT 5 M R AT % 4 e Rl i
R
W i@(
|
I
I
J l L
$22 TE PRI, A EAT 5 AT B AT~ % 2 - 1‘35‘
1
]
1
3 1) 32 B | |
S23 TE B, AT 5 A 0 B AT A 4 A i a _ﬂ --
-]
1
1
J | L
$24 TE T T A 5 A AT — 6 % - ‘1‘?5'
|
i
't
$31 TE BB, R4 BT ST BAT A0 S 3
I
|
b
|
1
s32 TEF B 1, 280 BT 5 7 2 — 7 4 Rl -
4
lm®
:E
I
| |
A1z 5) $33 PR ST AR By 2 | IR et o ek 2 . B
I
J L
$34 T 1, R0 15 R ) AT 40 S Bl . -
M
i
|
|
$35 TEF 11, 2RI A S 5 R ) BT 4 2 e M




4 AN NI NI

2023 4

2 175 S11 T AEB fil % &G 47

2.1 AEB #&&I{E

DAL R G A o R S S B s AR bR R, 4
WRAERT T Ry i, B AT T 0 R x il $27E AEB
PR X e ik & S RLAN P 1 R . M R s
S A fi 2 DX BRI, 23 il % AEB % 48 R B
Sl flk X 3 A EE g — S 3h
fih % F& B wy — 2 il 30 fil & B [H] (time to collision,
TTC), 5 fil & FE 2§ S FAH X2 3l BE AvAH OG5 =&
M (field of view, FoV) . B ML %24 AEB &
Gifl [ K fih & S HUA N3 25K

FEig s bR R, ARIC A R R R s
ShT, Rl A B R HE RS, MR G 40 4 5 A AR
RS R, 4R R PORRE WIS sh Bk, N
W73 3 FH 45 . Cao %51 X375 5% S21 Al S22 Y 4y
Brb B, e R X 3 FH 2 (32 dh B nT LG
HZy=ax, IFEM IR [ E T AEB £ XS5
Z I AR L4 2

B 1 A AEB fil AR
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Pre-crash scenarios and AEB optimization between vehicle and two-wheeler
XU Xiangyang', HU Wenhao', ZHANG You’, WANG Shuhan" ", HE Xia’, CAO Y{i’

(1. School of Transportation Science and Engineering, Beihang University, Beijing 100191, China;
2. School of Automobile and Transportation, Xihua University, Chengdu 610039, China)

Abstract: The application of autonomous emergency braking (AEB) is faced with challenges of
misidentification and unreasonable decision. Testing under typical scenarios can effectively improve the applicability
of AEB. Based on the analysis of relevant research literature, two typical scenarios (S11 and S12) involving
participants turning that AEB test focuses on are extracted from 12 types of two-wheeler and vehicle pre-crash
scenarios. Pre-scan model and mathematical model are established to conduct qualitative and quantitative analysis on
the effectiveness and improvement direction of AEB under the typical scenarios. In scenario S11 and S12, the
trajectory of the two-wheeler in the moving coordinate system is only related to the speed ratio between the vehicle
and the two-wheeler. In scenario S11, only when the speed ratio of vehicle to two-wheeler is (0.788 8, +o0), the two-
wheeler can enter the AEB triggering domain. By increasing the field of view from 60° to 90°, the AEB can be
effectively improved, and the range of speed ratio increases from (0.788 8, +o0) to (0.203 3, +o0). In scenario S12, when
the speed ratio of two-wheeler to vehicle is (0,(Av+2.46)/9.64), the AEB has a good triggering effect. When the
triggering width of AEB is expanded from 1.5 m to 2 m, the AEB triggering effect is not greatly improved. The
research methods and conclusions can provide technical support for AEB optimization.

Keywords: vehicle and two-wheeler collision; collision avoidance safety; autonomous emergency braking; test

scenario; modeling and simulation
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Cooperative confrontation model of UAV swarm with random spatial networks
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Abstract: UAV swarm cooperative confrontation is a development direction for future war. In order to highlight
the advantages of the swarm such as strong attack, difficult defense and high flexibility, it is an important research
direction to effectively model the complex system of high-dimensional, strong dynamic and nonlinear UAV cluster
cooperative confrontation. In this paper, we apply the complex spatial network theory to construct a cooperative
confrontation network, a cooperative network and a confrontation network between two UAV swarms. Meanwhile, we
establish a UAV swarm cooperative confrontation model in 2D and 3D based on the cooperative reconnaissance scene
of UAV swarm. Then, we analyze the impact of the spatial distance between opponent UAVs on the hit rate, and put
forward the formula of hit rate with spatial distance. We analyze the robustness of the cooperative network of UAV
swarm through cascading effects and verify the effectiveness and practicality of the UAV swarm cooperative
confrontation model. Our work will provide new insight for the modeling of UAV swarm cooperative confrontation.
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effects
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Fig. 1 Structure diagram of experimental platform for measuring energy release of thermal runaway gas
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Table 2 Measurement and calculation results of energy transfer in air environment
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Table3 Measurement and calculation results of transfer energy in nitrogen environment
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Quantitative method of influence of thermal runaway gas combustion on
thermal runaway propagation of lithium-ion battery
ZHANG Qingsong , LIU Tiantian, ZHAO Ziheng
(Key Laboratory of Civil Aviation Thermal Hazards Prevention and Emergency Response, Civil Aviation University of China, Tianjin 300300, China)

Abstract: In order to quantify the effect of thermal runaway gas produced in the thermal runaway process of
lithium-ionbattery on thermal runaway propagation, based on the energy conservation equation and the equivalent
substitution method, this paper presents a method to calculate the contribution of thermal runaway gas combustion to
thermal runaway propagation. The self-designed experimental platform of thermal runaway gas energy release
calculation was used to pick the commercial 18650 battery and collect the parameters required for the calculation.
According to the experiment results, the energy released during the combustion of the first cell’s thermal runaway gas
accounts for 5.42% of the energy needed by the second cell’s thermal runaway, resulting in a 42% increase in the
second cell’s self-heat production and a 29% reduction in thermal runaway time. The research results are helpful to
further explore the energy transfer efficiency in the process of runaway heat transfer, and provide theoretical support
for cell level and system level battery safety design.

Keywords: lithium-ion batteries; gas; thermal runaway propagation; combustion; energy transfer
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Lie mechanism based on phase transfer entropy of EEG signals
WEI Sihong, ZHANG Jiaqi, LI Feng, KANG Qianruo, GAO Junfeng’

(Key Laboratory of Cognitive Science, State Ethnic Affairs Commission, School of Biomedical Engineering,

South-Central Minzu University, Wuhan 430074, China)

Abstract: Lying is a complex cognitive process whose executive function requires the participation of different
brain regions. And the interaction between these brain regions has been confirmed by related research. In view of the
problems of limited current EEG signal feature extraction methods and the unclear psychological mechanism of lying,
we constructed EEG signals-based brain networks by phase transfer entropy during the lie experiment, and we have
analyzed the effective connectivity between different brain regions in the honest group and the lying group. First, the
standard three-stimulus experiment was used to conduct a lying detection experiment on 60 subjects. The EEG signals
of all subjects were collected simultaneously and preprocessed.Then, the phase transfer entropy was used to construct
the effective connectivity matrix. Subsequently, the statistical method was used to analyze the entropy value
difference between the two groups of each edge in the matrix, and the electrode pairs with significant differences in
entropy value were selected as the classification features of the fully connected neural network. The result shows that
the classification accuracy rate is 96.75%, indicating that it is effective to use phase transfer entropy index to
distinguish the EEG signals of the liar and the honest. Finally, the brain function network of the two groups of people
was analyzed. The results show that compared with honest people, there is a stronger flow of information between the
frontal, parietal and temporal lobes of the liar, indicating that deception requires coordination and utilization of more
brain resources. The above analysis results will help reveal the brain’s neural activity mechanism in a lying state.

Keywords: EEG; lie detection; effective connectivity; phase transfer entropy; fully connected neural network;

brain networks
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Abstract: As the most important core component of electric vehicles, the lithium-ion power battery system
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ORB-SLAMZ2 algorithm based on improved key frame selection
ZHANG Hongl'z'*, YU Yuanzhuo', QIU Xiaotian'

(1. School of Mechanical Engineering, Jiangnan University, Wuxi 214122, China;
2. Jiangsu Key Laboratory of Advanced Food Manufacturing Equipment & Technology, Wuxi 214122, China)

Abstract: To address the difficulties caused by the low accuracy and poor robustness of simultaneous
localization and mapping (SLAM), an ORB-SLAM?2 algorithm is proposed based on key frame selection. First, the
relative pose between frames is calculated based on ORB-SLAM2. Second, to determine whether a new key frame
should be created, rotation and translation values are added to the original algorithm, functioning as the judgement
basis. Then, an inferior key frame removal algorithm is designed to solve the problem of inferior key frame generation
which results from incorrect shooting caused by the relative movement between the robot and the camera installed in
the self-developed mobile robot. Finally, experiments are carried out based on the RGB-D dataset and the developed
mobile robot, verifying the outstanding performance of the proposed algorithm. The results show that the improved
key frame selection algorithm can accurately and timely choose the key frame, and reduce tracking failures. In the
most optimal case, the positioning error is about 51.9% of that of the original, while the linear error is about 82.1% of
that of the original, which effectively eliminates the influence caused by relative motion between the camera and the
robot. This research shows that the improved algorithm could effectively promote positioning accuracy and reduce
tracking failures.

Keywords: moving robot; ORB-SLAM2; key frame selection; inferior key frame removal; positioning accuracy
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Fig. 2 Structure of the proposed algorithm network
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Fig.3 Down-sampling of projection mapping
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Fig. 4 Convolution process with a step of 2 and size of 1
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Fig. 5 Dual-attention shuffling
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Aerial object tracking algorithm for UAVs based on dual-attention shuffling

JIN Guodong', XUE Yuanliang, TAN Lining, XU Jiankun

(School of Nuclear Engineering, Rocket Force University of Engineering, Xi’an 710025, China)

Abstract: A multi-scale real-time tracking algorithm for unmanned aerial vehicle (UAV) based on dual-

attention shuffling is proposed to solve the problems of small size, large scale variation and similar object interference

which often occur during UAV object tracking. First, considering the small number of target pixels in the UAV view,

a deep network with double sampling integration is constructed, which provides semantic information-rich depth

features and preserves the target’s detailed information. Next, a dual-attention shuffling module is designed. Channel

attention and spatial attention are simultaneously grouped to filter the extracted feature information, and then the

information between different channels is shuffled to enhance information exchange and improve the discriminative

ability of the algorithm. Finally, to utilize the feature information of different layers, multiple region proposal

networks are added to complete the target classification and regression, and the results are weighted and fused for the

UAV target characteristics. Results show that the success and precision rates of the algorithm are 60.3% and 79.3% on

the dataset, respectively, with 37.5 frame/s. The algorithm discrimination ability and multi-scale adaptation are

significantly enhanced, which can effectively deal with the common challenges in UAV tracking.

Keywords: unmanned aerial vehicle; object tracking; attention module; shuffle; region proposal network

Received: 2021-04-07; Accepted: 2021-05-28; Published Online: 2021-06-16 17: 54
URL: kns.cnki.net/kcms/detail/11.2625.V.20210616.1533.001.html
Foundation items: National Natural Science Foundation of China (61673017,61403398)
* Corresponding author. E-mail: 641797825@qq.com


https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
https://doi.org/10.1109/TPAMI.2015.2509974
kns.cnki.net/kcms/detail/11.2625.V.20210616.1533.001.html
mailto:641797825@qq.com

20234E 1A
HA49% 5 1Y

tEMEMRMRXKXFEFR

Journal of Beijing University of Aeronautics and Astronautics

January 2023
Vol. 49 No. 1

http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn
DOI: 10.13700/j.bh.1001-5965.2021.0199

ETomeRrsnmZBirdtiaHiFr5AE
KEU, BEE, BE, BEE, EH

(1. MR IR BRiApe, mat 2100165 2. HrE R FHAIES gt X 2 th sl g 1Ry, 7M1 510403)

i3 E: MKW BAFRKMEBEMNZHRBEL TLLTERAAFERER, £
T, ARXRETE#SG AL (PMS) WEEHNR#GHTFE AL, 2 M WA REFTMNER S
B, LHAEEAETN GG, £t PMS WBATHE RS Mz X T FER, WHEPMS % H sk
FHRABEHEA, BHETLERFEESEE (ICA) . AAKDELERIG L FETHES R4
FEEPBFE AR ARG EHTRIE., FREW . TRAELARITWEREAMER, #4%FH
R|EREIFr; ANAEXTPMS WEZ Bt HFSRE, WEAMMRTFNLLAREBET, Mt
TEGREBATRAMAE Y SR, B RATE ] . & K KATE B 251 F 70.8%. 13.2%. 11.8% M4 .

x # i
hESES: V335
XHAFRERE: A

L 7S WUOR IR AZ IR, Hik B 28 zc 4, Wi 5
X B AT R IO, B s B
I G, AT A R AR TR . AR
HGBATRCR . GE R AR, SRE RS
( point merge system, PMS) " j iz i 4E . 1% R 4 &
— BT RN GRIE R P S5 R, 38 T Rl ) 1K A8 3 T
(R8T 77 1, A TR G Ik 51 5, BRAS bR i itk
g AT . W AT R R IR . N SEBRis Tk
A, PMS i A5 16 5 bR HE AL 1 0] 8, T 2 3
B AT RORAE T AR A B 75 248 B it 5 HE iy 50
JE SR A S S A B AR GE R I -

Liang 207V BIFFE T T PMS (3878 B2 ), 1]
JH 2l i (] 8 AL . SR FHALARLR OB sh Ak
Y547, Hong %™ ¥ PMS 51 A HES7 i B8, [R] % H
TRA B LR (mixed integer linear programming,
MILP) £45%, 3 1 e/ Mk PMS Ho e 5 i 25 45 1 Bz
A3 ARF 1) K PR AL 25 Bt ). 78 J 225, Hong 45
2 LRT VST A R N P, IR IR AS i o

SR EEHE;, HFS5EE; TEELEL; ARARS; FERMK

TEHS: 1001-5965(2023)01-0066-08

FLAN S 1 T B R R R T S . You
I8 T PMS HFIRIE 2, JF 38 o A S S 1Y 18t 1%
SRS BT PMS 1Y R SR B A4

23 AT U R s A L L] LR R AR SR A
A 45 A0 T AR R AR R A URK, T2, dE 5k
R R S e e N SN T N S
1. BB 207w A AR, i, 2 Bt e 5
PR AR R B W5 E . Hong %™ 7E PMS i2 17
THOLT, LA 47 i [ 1) A2 YRk F bR 67T ik
Gy AL o Zhang %5 3 i A5 5k 3 1R ) S
5L R R, A A B R, BB IR
T SRR R EE TR R O BB, RS E R
(] S RAT I LA /AT I AR 22 s i 3 4
J3 5 R A

P, A S 1) 22 H AR 2E 3 HE v 5 98 B ) A
3T PMS 19 2 HARIEALRERY, B3t 2 H bR il
BT, A B SR R B B I T A
TSI T SR SR, 1A D AT S P

YRS BEA: 2021-04-19; R BER: 2021-07-04; W% & AR AT E] . 2021-07-26 09: 24
M4 H R 3k . kns.cnki.net/kems/detail/11.2625.V.20210723.1417.003.html

EE&MB: ERARRIAIS (U1933117)
* @5 1E# . E-mail: zhangjunfeng@nuaa.edu.cn

SIHts: KFW, BR%E, A%, £ ETEBERENZ BHEAGHTSHE ] A TMEMKAFER, 2023, 49 (1) : 66-73.
ZHANG J F, YOU L B, ZHOU M, et al. Multi-objective arrival sequencing and scheduling based on point merge system [J]. Journal of
Beijing University of Aeronautics and Astronautics, 2023, 49 (1) : 66-73 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0199
http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0199
 kns.cnki.net/kcms/detail/11.2625.V.20210723.1417.003.html
 kns.cnki.net/kcms/detail/11.2625.V.20210723.1417.003.html
mailto:zhangjunfeng@nuaa.edu.cn

5513 k2,

BT RS REN L Aty 5 E 67

PG RE R, f5 s LAY BB PRl i) PMS
IBAT Y5, %5 SERA U LA U A PMS 1Y £
HARZE S HE R 5 I BERCR

1 RRERERZS T4 AT

1.1 SRER%
PMS &5 7~ 2 F W 1 s . fiiss seidk A
RGSEHET B A O K, BRI R R R A R

LA, ARG WHET SRS T s A TS T i

PIAMNHE Y S 6P A TR AN S5 1R, FH ok S 30 B 4E
W A NSNS 1 s # R & A o g, S
KV FIEE 155 ) R TC 45 (BT B o 0 25 25 6 HE Sy S %
AT R, T LAEAT R S A R B 5 R 1)
RGN . as 2Rk A PMS Z AT, A HI RS R —E
T B BRI P A 2 A 28 A 3 T, AT DL o SRR
P T A S T DA SR

1 PMS Z5H7R 2 A
Fig. 1 Schematic diagram of PMS

75 PMS H1, BR T BERE 1) 45 4, Tﬁ@ﬁﬁﬂﬂ?

K51, A B T BRI THFE |« 9820 75 e HE
ﬁﬁl FEARIE 2 520 . PR, PMS — 5 T ] ABA I &
T4 PR GE 8 0l KT SRR, & 443 T fiE
SRR DL 73— J7 T REAE AL B AT B R S Ak
A FL T, SIS N kT
1.2 P4 R 7

FIA PMS J5 Y #E7 HE i 5 IE I |
F14 DU 4 T30 900 2 R4 FNEE A . — 7 T Lﬁlﬂl?ﬁ
FUL 8 T AJe A T B K E]; 55— 7 I, 2 R
58 EARAT I A 3 38 5[] 14 [7) s, -t m] e e D 24 Ao
I S A 2 A AR HE Y S B 00 TRAT I ], 45 i
A2 A TE AR SO B R AT B DR R . A 2
IRASTRIr Z A I B OE R

FUL 2 5 W0 A AU 00 S 45 KR A0 2 R S A Y
B BRSSP RES B, L T2 4% 3

i

—St‘ = Viascos ¥cos y+w,

d
d
d
dit’ = VrasSin Ycos y +w,
dh

ar = Vrassin y

dv.

(1)

TAS

=(T-D)/m—gsiny

dr
dfw—gtan &/ Vras
drm AT
dr
e (6, h) WAL B Vis WELASH; p. y Fl ¢

SRR AR T I AR R R S B mg, TR D 4y
AR AR S # AT 2 B R E g L HE T R 75wl
wa 3 ) Ry TRAT B 32 B KUY TE 2R [ 43 s R0 GE G e A3
I AR FLELPE RE S B R A S A SR AL
T BE %R B P8 J5E (base of aircraft data, BADA), 118
I AR UL SRR [12],

1% 5 g m, (A1), DAL 2 38 = K TE PMS Hh, i 25 # 75 HE P SO % i 0k
IO 2 25 A Sk 0 24 3 i1 3 AR AR A 5, WS 4% ) Bl G i AT IS 2 T B AT
OMALFIARRISTA
x ! Hbliy 51
DU AERI T > PMSHUF > PMSHHEE F----- >
OHWiHFARHIETA S

B2 W e S HE R I B e &R

Fig.2 Relation between trajectory prediction and arrival sequencing
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Table 1 Multi-objective arrival sequencing and scheduling
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Multi-objective arrival sequencing and scheduling based on point merge system
ZHANG Junfeng" ", YOU Lubao', ZHOU Ming', YANG Chunwei', KANG Bo’

(1. School of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. Central and Southern Regional Air Traffic Management Bureau of the CAAC, Guangzhou 510403, China)

Abstract: Increasing traffic demand and the saturated terminal airspace call for safer flight performance and
more efficient control performance. Therefore, this paper focuses on the multi-objective arrival sequencing and
scheduling based on point merge system (PMS). Firstly, the four-dimensional trajectory prediction model was
developed to predict future trajectories since trajectory prediction played a critical role in arrival sequencing and
scheduling. Secondly, the PMS-based multi-objective arrival sequencing model was put forward while taking both the
PMS operation modes and different stakeholders appeals into account. Moreover, the multi-objective imperialist
competition algorithm (ICA) was proposed based on a non-dominated sorting strategy for solving such a problem.
Finally, the data from the Monte Carlo simulation and actual operating of Changsha Huanghua International Airport
were used for validation. The results indicated that the proposed method was effective and efficient. On the one hand,
the proposed multi-objective ICA did well in practical application, making decision support for controllers. On the
other hand, the proposed method could reduce the total delay time, total flight time, and maximum flight time by
70.8%, 13.2%, and 11.8%, compared with the actual operation, with relatively conservative safety separations.

Keywords: air traffic management; sequencing and scheduling; imperialist competitive algorithm; point merge

system; multi-objective optimization
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T T T + 4 4
A A T
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() ) o z(u)
T
x(uye) xy(u,c) o x(u,c)
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Fig. 1 User and coursed information perception enhancement based dropout predication framework
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FE TR R s = (w2 B VA — AR GE T HE vl 2 2 1T
1, fi F GloVe i) 8 ACKE s, 6 4 A4~ 1] ke B 5] i) it
23 [ X G AT IA— 4k, LSTM 18 8 Zifith
v, Myl A v B BT S e TR . LSTM
FEF ZI B ET AT 2L 3R 28 B T 200 il T aA
11117:

2t = o (Wilgwi)hyi ]+ b)) (1)
Zf = o (Wrlgwi); 1]+ br) (2)
20 = o (Wolgwi): hui]+ bo) (3)

s Wi Wi, WoRllby . b booly LSTM H1 Al %2 2] fiy
Z 805 gwi) A 1) wi X BN Y GloVe 1] #8 A 5 b K
t— 10 20 1) BEOIR 25 [as 1R K 1 aF1 DI PF 422 45
o sigmoid UG PREL . EIE R ITIRE N
¢, = tanh(Wc[g(wi); By 1]+ be) (4)
Kb We bes il Tt sk s oc RS &t 2
(18 Bk S5 4L R R g 5 T B € R ROTARAS
it AT TR S ST TR, Hidh ok
AN S S iUE e S ey <R

¢, =20+ 0c, (5)
BT ZI B RS R
h, = z° ©tanh(c,) (6)

5 I B 24 4 SORR A8 K A R 2 20 AT O 3 SCRy
AiF, K H IR LUR — AR5 A GETHEAT B e A 1 2~ 47
NFHERIR 20

fi=vioh (7)
1T H
EAIE
SEAFFRGIHE v % )
_— —_—
0 0 0
A A A
Load Video Count
Si
21T R AFR

B2 BT SRR Y T SRR S
Fig. 2 Semantic oriented based click activity

feature encoding

222 % A B4R IR

FEIR PRTUVIAT: 55 v, A3 — 2622 2 47 R R A B G
IGC A, AR R AR A B SR O
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10 N TAERESR EL 45 X o 2D 47 Z R EARE
ERERE T, A SCHR R T 2 A BE AR AR 58 2 (multi-
perspective feature enhancement, MFE) , 1% JZ )\ £ 4~
FVESRI T 2 2047 Z [ R AR S

L F e R IR 22 ] AT A AR sk i, fR3R0R
ForP e i2BA7 S B L B4 e, R 1 R d o3 ) 3R
AT R BRI A ) AT AR R R . O
T N2 A B PR 2T AT g 2Z T A S, AR SR
T 2 A A A T LE, B3k B9 R AE HH
THEIBCEA 1 BE RO A OCHE, R IR
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% d S HARRAE R R 2 B o B T A 1) H R
MEEAT BRHEAS B 20 FEAT AN GRS IR A -
H=[H H,, - H,] (9)
A W TER T 23R8 A SCH LRI Z AR
[ (4 Sk R AR, 20 501 (2 I — A R 5k 22 3 R AR
FERFAE LEBIAIBS L . TR T HAT Z M A
PRI 95 Y 27 > A7 R AE e

F* = LayerNorm (F*) (10)
223 AT ITaEAuE 6 £ T A8 K A AR AL

A2 20 A7 i EE B S AR - AR AR Y
ANTET AR A, PR, 542050 FH i A 27 20 47 2 B RRAE
CAEAEAR Z2 075 AN B0 M e 25 . O TRl
G2E AT AR AR DG R SUE BORPLAAT A AFAE, A%
SCHE MR T BT T THEAILEIAY R SO G AR AR 42 P
1k JZ (gated context-related feature refine, GCR), %2
3 3T R AR B IE IR FR (S B AR AR A3 2 A
AH DGR B ITALEI A AT R RRAE, SR 5 T T pLH &
FFixX 2 MRHE

A Fv e Rl4Fl Fe e Ria53 71 3 75 NTE: S 2
245 20 F P A5 R AR RO ERFR A5 BLRRAE, Forh
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FI A 2 45 )20 el e gy i 25 LA R 5K 2
f" = Wy, Flatten(F") + bp, (11)

f¢ = Wy Flatten(F¢) + by, (12)
s W, Fllbyp, 530 9 T 86 15 B RRE 19 46
P 2 018 W S R I R O 5 We R 2 331 S T 2
PRARME EURRAE A9 Ze PR )23 1 B S50 R i & 5 Flatten3R /R
V4 2 HE R BT 8 — ZERR AR, DA T RE 5 R Ho i A 4
AR EHATIB A . RBCE T H P IR L A
KRR, 1RSI R f R 1 2
AT NERAE AT DR, I B AT
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i=1

A LR AR [ 4 7 2045 310 3 TR 0 AL
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142 149 MRS, 15 794 A TF & L6 67 699 4
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T4 53531 29 35 d 110 do
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ok O £ A RRTE R B MOOC GR TR

3) BEHLFRAK (random forest, RF): RF J& 3 Tt
SR I 1k, FEUN Zad B v 5 ] ABEHLE K 52 =5 53 26
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4) # FE $& 9 3 (gradient boosting decision
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5) A2 4% (deep neural network, DNN) .
1/~ 3 )2 DNN, H TR 3R B2 2 S HOR TR R
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6) CFIN: |- T SCI& A1 g 52 B M 45, J& H i
T 1] 388 K 1) XuetangX B4 48 1) 55 B TR
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Table 1 Confusion table confusion matrix for

classification results

F2 ACC 7 AUC B fkitae
Table 2 Overall performace in terms of ACC and AUC

ik ACC/% AUC/%
T4y LR 82.23
Fibrhrss - - SVM 82.86
T B S
RF 83.11
EBI R TP FN DNN 85.64
SAE FP TN GBDT 85.18
CFIN 84.78 86.40
@{Eﬁﬁj‘]ﬂfﬁj—(, Jizjﬂﬁﬁzl‘(o @ﬂﬁ%xﬁﬁ’] AT 85.09 86.07

BIE, T LA BN E]  or JE 5 5 o B AR AR Fi B o )
PR3 1 SEBUE N = BURHEATHE IR, 4 B8 BEAKT
8 SRR S A, A AT LA A5 1) AR AR B i A 224 1
AR BRI T iR a5 R, 256 Rt
T o SHE SRAT B 25 R HE S i, DA fE 6% BT 4 b
WRHESL Tz AL RE 1 o ARIGSCBRbREE, 7T LATHE
fi F %8 (FPR) Az ELBH =2 (TPR) HYHL:
FP

TP
TPR = TPIEN (21)
¥4 FPR 1 TPR, ACC H] & SN
TP + TN
ACC_TP+TN+FP+FN (22)

ROC 2 7] LLF| H FPR Al TPR KI5, ¥ & A~
[ B XF 07 ) (FPR, TPR) s 2 il 76 A A (8] o, 45 3
ROC [k, ROC [l £k 18 A b Ay BT 411 3%, A AL
JEIEBIE . FIH ROC Hh Xt 43 BHER R MEA 7
Py, #5RHESR ) ROC fHR A KA X, H M
Rk, e AE R ROC M2k 4 T HAAESE 1Y
ROC M4k, I, A2 ROC fIZ Xt N i 73 JEHE
S R A HE SR ROC Lk & A4 T 38 3, B
28 H R H AR ROC e T AL 5 K07, R,
Z 18 B AUC B R 4k i H 11 43 2 HE JR A 45 )
Wit AESEBRUI Rt B b — U A BRANREAR, TR 4
il 75 29 ROC f#h £k th A B~ (FPR, TPR) A5 % 4% 1M
I FABFREES A (1,05 (32, 92)5 -+ (K Y}, T AUC
A LR FH K 2R 2 B ks A 28 O 32 oK i

m—1

AUC = %Z(XH.] —X,')(yi +yi+1) ( 23 )

35 GR5NH

25 T4 K ACC A AUC 1 B AR MEBE, wl
AUC M5, A SCHE H 42 22 7] DA 3 K 2 BOhL 4%
2 2] 05 0 AR B Se R 75 1 CFIN BAIL—28, i
£ ACC J5 I, A< SCH2 Hh A HESE AT L&) CFIN, 3% 2
FW, A SCHR RO SR 5 AR AR rh Y &2 TR O 1k
I B g g

J T i ) SAE. MFE 1 GCR 411

FRRRCR, AR SR T 5 DT O ik EA T I Rl AT 5 . (DA
FHBEALA) A6 o B4 4R A 18] 42 0 S J2 0 SO 9 1 )2
(AL SAE); @M Bk 2 90 ff1 R Ak 4 98 )2 CR (3%
MFE ) ; (3 F] - 241t A J22 35 45 16 5 1 2 >0 45 S A
(AELE GCR) BT/ EF SCH SRR AL Z
AR SCTE R B f W) 1 [ R LR TR SO MFE [ 15 20
N, XUE T AR S ) AT 2 R 58 LR A Y T
PE. 1E¥A SAE BIIE LT, ks e LAk 3L
ZH R A BEHL B R AL AR B AE 2R B AF o A 3
FizR, 1145 B R SCHSCRAE AL )2 n] LU B HE 28 5
JEANAH S B 6 B4R AIE, IF AR 36 AN Al GCR Y 45 4R
i PERE o
%3 HES®
Table 3 Ablation test

ik ACC/% AUC/%
SRS 85.09 86.07
w/o SAE 84.97 85.96
w/o MFE 84.91 85.99
w/o GCR 84.91 86.00

TE: w/odR I S P i without .
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RERE 5.

W 3 BR, 52047 8 55 2047 R Z AT
T RFCR I, W LUE BIHEAL AT DA 42 2] — 26 2B A7
W B P DG R W24 20 AT R Z B 2 G R, AN
HIBIR” 5 AR . IR 5 A P
W Z AR ) B BB S 1 — S A G
PERAR Y 27 ST A7 A W43 T 1 BR300 43
B 0 SRRSO R OGRS

WE 4R, ETCERS 17 Z R B
B RBONE R, o7 LB B P O e R P A
AT “InlEERIC A QIR b, iR T AR
WG T2 47 8 “Ad e SR &
AT S, XA BT HE SR pE R AR L 1
T SCERAH DG B 5 2 AT AR
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Behavior based MOOC user dropout predication framework
CHEN Hui" ", BAIJun', YIN Chuantao’, RONG Wenge', XIONG Zhang'

(1. School of Computer Science and Engineering, Beihang University, Beijing 100191, China;
2. School of Sino-French Engineering, Beihang University, Beijing 100191, China)

Abstract: Though the massive open online courses (MOOC) have greatly changed the way of learning, properly
understanding the user’s behavior and then predication of dropout is one of the most challenging tasks. MOOC have
significantly altered the way that people learn, yet one of the most difficult challenges is correctly interpreting user
behavior and then predicting dropout. In this research, to improve the dropout prediction performance, we firstly
analyzed users and courses from the perspective of activities by using the long short term memory mechanism. In this
study, we used the long short term memory mechanism to analyze users and courses from the perspective of activities
in order to improve the dropout prediction performance. Afterwards we further proposed a multi-attention based
multi-perspective feature enhancement method to investigate the correlated activities among users and courses.
Finally, we provided a gated mechanism-based feature integration framework for dropout prediction. The experiment
study on the public dataset has shown our framework ’s promising potential, thereby making it possible to better
investigate the reason beneath these phenomena and improve the overall study experience. The experiment study on
the open dataset has demonstrated the promising potential of our framework, allowing us to more thoroughly explore
the causes of these events and enhance the learning environment as a whole.

Keywords: massive open online courses; prediction framework; user; content; study behavior
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Fig. 1 NASA’s first space additive manufacturing test'”
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Fig. 2 Experimental results of lunar regolith simulant by SLM™
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Table 1 Additive manufacturing technologies used in

manned space engineering and their specific application fields
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Application and prospect of additive manufacturing
technology in manned space engineering
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(1. School of Astronautics, Beihang University, Beijing 100191, China;
2. China Manned Space Agency, Beijing 100094, China)

Abstract: In recent years, the application of additive manufacturing technology in manned space engineering
has developed rapidly. This paper summarizes the additive manufacturing technologies used in manned space
engineering, such as fused deposition modeling technology, selective laser melting technology, wire and arc additive
manufacturing technology, thermal spraying additive technology, lunar soil additive manufacturing technology and
their application fields. This paper also summarizes the application fields of additive manufacturing technology in on-
orbit manufacturing of aircraft replacement parts, manufacturing of large truss and other components that are difficult
to be manufactured or launched on the ground, and manufacturing of complex aircraft components.Finally, this study
makes the case that in order to implement additive manufacturing in the future, a material system appropriate for
manned space engineering must be developed. Additive manufacturing in a microgravity environment should be
studied. Also, relevant processes should be developed in the future.
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Fig. 1 Ablation model of pyrolysis layer
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Table 1 Pyrolysis reaction parameters

TR pulkgm®)  palkgm?)  Afs (E-RVK n, K

A 300 0 1.20x10* 8556 3 333.33

900 600 4.48<10° 20440 3 555.6
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Fig. 4 Comparison of temperature field between ablation

model of pyrolysis layer and test based on

initial value of thermal conductivity
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Fig.5 Convergence curve of error function of measuring point

1800
1600
1400
1200 &

TIK
=
(=3
(=)

— LR o LR
6 HET A GRS SR He

Fig. 6 Comparison of temperature field between ablation

model of pyrolysis layer and test based on
identification value of thermal conductivity
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Table 2 Thermal conductivity obtained by identification

method (original layer)

e kJ(W-(m-K)™") —
TR/ — - SR 2%
HHIE HAH
255.6 0.370 03975 6.91
444.6 0.420 0.4162 0.91
644.6 0.472 0.469 8 0.47
1111.6 0.565 0.5234 7.95
1667.6 0.317 0.697 8 54.6
+=3 PRRATSHRUBERSESY

Table 3 Thermal conductivity obtained by identification

method (carbonized layer)

kJW-(m-K)™)

yEH M=
TRE/K - A AR IR 2/%
255.6 0.1 0.3975 74.8
444.6 0.1 0.4162 75.9
644.6 0.315 0.469 8 32.9
1111.6 0.525 0.5234 0.31
1667.6 0.604 0.6050 0.17
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Fig. 7 Structure diagram of flat plate test piece with stratified

temperature and ablation sensors
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Table 4 Thermal conductivity parameters of IPC by

identification method

— RIS RIS
/K - -1

F/(W-(mK) ) F/(W-(mK) )
300 0.061 80 0.050 00
400 0.064 80 0.050 00
500 0.076 00 0.048 90
600 0.080 10 0.044 70
700 0.082 80 0.046 10
800 0.074 80 0.03510
900 0.110 00 0.085 60
1000 0.052 30 0.063 00
1100 0.052 40 0.064 60
1200 0.054 70 0.12194
1300 0.053 70 0.166 06
1400 0.051 60 0.163 53
1500 0.050 00 0.160 43

TR RS T, 25 MR AT BRI
RS IR E R T 800 K BEARILZ BHR G R
B A R R Y B T 2 RO, IR B Tk 1300 K AE A I
MGR L TFHNZ 0.17 Wi(mK).
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Fig. 8 Temperature dependence of thermal conductivity of

original layer and carbonized layer of IPC
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High temperature thermal conductivity estimation method of
inorganic-organic hybrid phenolic composites
ZHANG Hongjun', LI Haiqun, KANG Honglin, LUO Jinling
(Beijing Aerospace Technology Institute, Beijing 100074, China)

Abstract: The inorganic-organic hybrid phenolic composite (IPC) tends to be widely used for the thermal
protection of near-space hypersonic vehicles. The thermal conductivity estimation of IPCs plays an important role in
the fine design of thermal protection system. A thermal conductivity identification method considering ablation effect
is proposed and verified based on the benchmark of Ablation Workshop. The results show the computation precision
of the proposed method. Through the arc wind tunnel test of IPCs with stratified temperature and ablation sensors, the
temperature and pyrolysis thickness distribution data of IPCs with different thicknesses are obtained, and the
relationship between the thermal conductivity and temperature of IPCs is achieved. Before 800 K, the thermal
conductivity of the original layer of the IPC increases slowly with temperature, remaining below 0.1 W/(m-K). After
800 K, however, changes occur abruptly, and the thermal conductivity of the carbonization layer increases sharply
with the increase of temperature, reaching 0.17 W/(m-K) at 1 300 K.

Keywords: inorganic-organic hybrid phenolic composite; high temperature thermophysical parameter;

identification method; stratified temperature sensor; ablation sensor
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Boundary protection control method of helicopter power
system based on flight test analysis
SONG Zhaorui', ZHAO Jingchao, YANG Wenfeng
(Chinese Flight Test Establishment, Xi’an 710089, China)

Abstract: Turboshaft engine is the main part of the power system of rotor aircraft such as helicopter. Once the
key engine parameters exceed the limit, the method of reducing fuel quantity and power is generally adopted to limit,
which will temporarily reduce the speed of power turbine, making it about 4%—6% lower than the normal rated state.
However, if the overlimit state is not removed in time, the speed of the power turbine will continue to decrease,
threatening the flight safety. Based on the flight test analysis of a certain helicopter from phenomena to data to solve
the above problems. This paper proposes a control method, through the design from the total distance control law,
achieve dynamic system boundary protection control in the condition of engine parameters overrun. if overrun status
can’t get out timely, then engine change automatically to recover the normal control of power system. This method
significantly enhances the robustness of helicopter power system control and the safety of the flight. The correctness
of the design is verified by modeling the power system and simulating the control law.

Keywords: helicopters; turboshaft engine; power system; speed of power turbine; flight test analysis; total

distance control law; flight safety
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Method of improving tracking precision of planning path for impact rollers

SONG Erbo, YAO Yangping

(School of Transportation Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: In recent years, the application of unmanned impact rollers in high embankment engineering of

airport has become a new trend. However, large tracking errors often occur at the start and the end point of the

headland, which affects the compaction effectiveness of the working area. In this paper, a path optimization method is

proposed to improve the steering tracking performance. Firstly, the U-shaped turning path derived from generalized

elementary curve is established based on two calculation methods, and the optimized path is selected near the original

planning path considering minimum turning radius and the smoothness of the curvature of curve. Then, the Q-shaped

turning path is formed by bi-elementary curve, and the optimized path is selected with the same method as above.

Finally, the model predictive control (MPC) simulator is established to simulate the trajectory tracking effect of

various paths. The results showed that the tracking effect of the optimized path is better than the original path,

indicating the effectiveness of the proposed path optimization method.

Keywords: generalized elementary path; bi-elementary path; minimum turning radius; model predictive

control; unmanned impact roller
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Table 2 Optimal selection results of different number of transfer points
B AL BB AL CHLE R SURA ST AR
(7B, 8] 30 1422415 -
[GLLFH, 7HH] 23 1191386 V1
2 (b5t 62K FA, 8] 20 1109 964 -
[27 M, 62 BH, 9Bk #R] 18 1054 360 \2
[1db5T, 7R, 8HIX, 9] 25 1237837 -
[1dbs, 277 M, 61 FH, 9REHR) 11 901209 V3
4 [EET, 63 B, 7RI, 8T, 9H#K] 16 1010882 -
[dEsT, 27, 63k FH, SEIX, 9ALHE] 9 834 697 V4
6 [1IERT, 27, 630 BH, 7H8H, 8EIL, 9HK] 8 807710 5

W 7 FORAR RS VI N2 N3 NS FOR AR B2, Bl PR | Blutied, Bk sts,

=3

Table 3 Optimal aircraft fleet route of five schemes

5 fh7s RE S CHH A RS 2%

i pi e

KLk

[63kBH, 7HH]

5-(7)-11-(7)-32-(6)-2-5
5-31-(6)-2-(6)-26-17-9-5
5-37-(6)-22-(6)-37-5-32-5
4-21-37-(7)-25-(6)-2-4
4-36-(6)-2-(6)-26-9-4
5-9-11-(7)-5-(7)-25-(7)-18-5
5-26-11-37-26-11-5
5-(7)-20-(7)-2-(6)-5
5-21-5-(7)-25-26-(6)-2-5
5-37-11-(7)-5-(7)-21-2-5
5-(6)-22-(6)-5-17-25-5
5-17-37-20-(7)-5-(7)-31-5

4-2-(6)-5-(7)-25-4
4-37-10-(7)-5-(7)-37-4
5-(7)-2-(6)-5-(6)-36-5
5-22-2-(6)-35-(6)-2-5
4-(7)-15-(6)-2-(6)-37-4
5-2-(6)-36-(7)-5-(7)-2~(7)-5
4-37-(7)-5-(7)-18-(7)-2-4
5-11-37-(6)-9-(6)-2-37-5
5-2-(6)-12-37-(6)-30-5
5-37-(6)-2-(6)-15-2-5
4-18-2-(6)-37-4

[2) M, 6TLFH, 9BLHR]

4-3-9-(6)-7-(6)-5-11-12-4
5-9)-11-(9)-32-(9)-11-(2)-3-5
5-31-5-32-5-(6)-21-5
4-37-(2)-22-(2)-25-37-(6)-26-4
4-10-(6)-36-(9)-5-(9)-11-(2)-3-4
4-17-(2)-3-(2)-5-(6)-21-4
4-(9)-25-(2)-18-(2)-26-11-4
4-37-(2)-25-26-11-(9)-11-4
5-(9)-3-(2)-25-3-5

5-37-(6)-20-(2)-5-(2)-5
4-(6)-22-(6)-5-(9)-25-(2)-10-4
4-37-(2)-3-(9)-5-(2)-22-25-4
5-37-(9)-5-(2)-22-(2)-5
4-18-17-(2)-25-(2)-17-37-4
4-11-(9)-5-(9)-31-7-(6)-37-4
5-7-(6)-36-(9)-5-(9)-15-37-5
4-(2)-21-(6)-37-(9)-5-(9)-3-4
5-37-(9)-5-(9)-37-(9)-36-5

[EET, 277, 63k FH, 9 #R]

5-(2)-31-5-32-5
4-11-2)-32-Q2)-11-(7)-21(7)-37-4
5-22-(9)-37-(2)-25-26-(9)-5
4-37-(9)-5-25-(9)-10-4
4-36-(9)-5-(9)-17-(7)-5-(7)-21-4
4-11-26-11-(7)-25-4

5-(9)-37-(7)-7-5
5-25-(9)-17-37-11-5

4-(6)-22-(9)-37-(2)-25-26-(9)-10-37-4

5-26-5-(2)-25-(2)-5-(6)-20-5
4-37-(6)-20-(6)-36-37-4
4-22-(6)-5-(2)-25-(2)-18-4

[1b5T, 27, 6L BH, 8TIL, 9RLHR]

4-38-(3)-5-11-4
5-12-(2)-35-(2)-12-26-5
4-11-(9)-38-5-11-22-4
5-(9)-18-(3)-26-(3)-18-(9)-38-5
4-12-11-(6)-25-(3)-38-11-4

4-32-11-22-(9)-38-(2)-26-4
4-27-12-37-5-38-(3)-25-(6)-4
5-21-11-(2)-26-(2)-11-27-5
4-38-27-37-38-4

[1dbsE, 207 M, 6TKFH, A, 8EIL, 9RLHR]

5-32-5-11-5-(8)-21-5
4-11-(1)-32-(1)-11-(8)-25-4
5-26-5
4-11-(8)-21-(7)-37-(2)-22-(2)-37-4

4-25-(2)-17-(7)-36-5-11-26-(8)-37-4

5-(7)-18-(1)-25-(1)-18-(7)-37-5
4-26-5-(1)-25-4
5-37-(8)-5-5
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Fig. 12 Calculation results under different demands
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Fig. 13  Calculation results under different aircraft load
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Air freight route planning based on transshipment under air alliance

YAN Yan"?, MA Xiaolai> >~

(1. School of Management, Xi’an University of Finance and Economics, Xi’an 710100, China;
2. School of Transportation and Logistics, Southwest Jiaotong University, Chengdu 610031, China;

3. National United Engineering Laboratory of Integrated and Intelligent Transportation, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: In order to solve the problems of the high cost of air transportation and waste of idle transportation
resources, this paper puts forward the research on route optimization of aircraft based on transshipment under route
alliance. Firstly, based on the problem of cargo transfer, considering the impact of the alliance on the operation, the
selection probability of aviation alliance is introduced to determine the self operation and outsourcing of segment
transportation before and after the transfer, and the connection of outsourcing transportation is also considered. The
aircraft route optimization model based on transshipment, known as the T-AAAFRP model, is then built in the
alliance environment while taking into account the capacity limitation of double airports in the aviation network, the
capacity limitation of all cargo aircraft in flight time and airspace in operation, and taking the total cost minimization
as the goal Secondly, an adaptive genetic algorithm is used to solve the model. Finally, through a case study, the
location and path optimization problems are studied. The results show that the algorithm designed in this paper has
high convergence. In the process of changing the number of transfer points, double airport cities are always selected as
transfer points. The change of demand and aircraft fixed cost has great influence on optimization decision. The
decision to optimize is greatly influenced by changes in demand and aircraft fixed costs. The weight of aircraft, the
sharing coefficient of alliance self operation and outsourcing, and the change of decision-maker’s risk preference have
little influence on the optimization decision. But on the whole, the larger the number of transfer points, the smaller the
total cost and the smaller the number of aircraft used. However, generally speaking, the more transfer sites there are,
the lower the overall cost and the fewer aircraft are needed.

Keywords: route alliance; cargo transshipment; aircraft route optimization; number limit of transshipment

points; genetic algorithm
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Fig. 1 Body coordinate frame and ENU coordinate frame
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Table2 Mean and standard deviation of attitude angle error
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Table 3 Statistical values of attitude angle error with

spoofing signals
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Table 4 Mean and standard deviation of attitude angle
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Joint attitude determination and spoofing detection
method using three antennas

CHEN Jiajia"?, YUAN Hong" ', XU Ying', YU Fengzheng'’

(1. Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100094, China;

2. School of Electronic, Electrical and Communicating Engineering, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: The security of the global navigation satellite system (GNSS) has aroused widespread concern. The
multiple-antennas method has become the most effective spoofing detection method due to its unique spatial
characteristics. A joint attitude determination and spoofing detection method using three antennas is proposed,
detecting spoofing signals and determining the attitude information. The baseline accuracy limits the traditional direct
attitude determination method, so a length-constrained baseline vector estimation method is adopted to obtain high-
precision attitude determination results. When attitude information is known, the carrier phase single-difference
expected value can be obtained by the ephemeris, attitude transformation matrix, and the antennas’ geometric rela-
tionship. The sum of the squared error (SSE) is used to evaluate the deviation between the observed and expected
value of carrier phase single-difference, and the spoofing signal binary detection is constructed. The results shows that
this method can reduce the standard deviation of attitude determination by more than 76.1% when there is no spoofing
signal, and achieve 100%. detection efficiency with a more than 77.3% reducation on standard deviation of attitude
when spoofing signal involved.

Keywords: global navigation satellite system; three antennas; attitude determination; spoofing detection; carrier

phase
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ET &ML B ERZIE SRCKF B

WHAE"?, W, EHEEYT, WHEA, HAKM,

+, -2

%77

1. PHIE T RS B S ERE, PU% 710072; 2. Z8ZE AR K Mias TAREbE, TH4¢ 710038)

i3 E: ENREIBRPHEERZLFERTF T RERK/REIRK (SRCKF) Pk T,
R EEA; BENRKPHBEERRZRK (AKF) HE 7 DR B R — B AL, (82 % LR
REIEAMREF., h T MERRZH RO LA E, Fot, - FPREBEEBHENLAEE,
ZSRCKFehy #ah b, ETHAMHER T ZENEFTBEAB N ELR, REBE
SRCKF ( ASRCKF) # k., PriR B k@Al B8l B8, Bl EENEEE, Mk2
EMRAEAR ZHATIMEN EW, HHEERKXW: 5§ SRCKF fn i i i SRCKF & kA0 kL, frik
ASRCKF H kAR MAIEAE £, A8 EMNEREE.

X 8 W BERRERK; BHEARE; FPHIRERFRERNE; AT Z; B

hESES: TP273
XHAFRERE: A

TR /R 2 3k %" (cubature Kalman filter, CKF)
F T =B ok T A% ] 0 e A PUAE SR T RS S
B3 AR D, JE— P LA AR R IR S AT O s,
PRERER | A5 5 A0 PR A AU T . R
JE& 5 IR 2 8 1 Y (extended Kalman filter, EKF) AH L,
CKF AT ZE 5 vT FLRE R A0 TG /R 2 g ™)
(unscented Kalman filter, UKF) # b, CKF 7£ iR 3E £k
PR A B B AR S AL T R T R E . B B E
ZREHH, CKF BB 25 /0 DL — [ Z8 K 5 i 3 45 A Al
LRGN G K P o 2 M EY, B R R
o WA . SE MR CKF (square-root CKF,
SRCKF) J& CKF [#°F 7 #R A ™, 3k — 54wy 73
B AR PR R IEORS B2, IRl Us/ s T as S

M TS5 PR R G 1 e e e TR VE O IR B A 2,
HERER S BAFAE HAnAlah L ARS8 | B PL
i 86 [ A, AL % 22 AN Al i A HL 25 R BOT I A
IR & Y& (square-root cubature Kalman filter, SRCKF)
(R ug PP fe ™ TN .

TEHS: 1001-5965(2023)01-0138-07

AT v R R 22 B RE ], ARAT L AF Y H AR R
ERVERE, FEA WS T O & H bR 2
PRI ] Z2 A4 i TR 1Y 13 38 P, ek 9 >4
B 48 it (current statistical, CS) B AP Fixz H X &
## & (interacting multiple model, IMM) """ & SRCKF
GG, ARG TR AR T RE s QU R I B A
A 0 S, A Sage A I gD A, FE T
TH 012 U8 I BEE A 5 B B 08 % 75 U (strong tracking
filter, STF) . H:r, STF i 1 51 A i i K S i) I
FEIA S P, 0 R 22 T AN IR FEIEAS, DLt 4 = e
PR ASE Y 35 2 1 ek BN, 7E BARBRER RGP )z
it . R4 STF PEfE B4, {H STF J& —Flik L5
2, T ELAFAE I P37 A B A Y A ) A

SCHR [22] R T — AP TE R OR 2 B
(amended Kalman filter, AKF) 2%, 7 DL 52 ik B Frotk
A EAS N B AR i2 Bl BN HERR AN R 2R, 76 I
filh b= SCHk [23] 2 T HE e g — Ak T A T
o AR SCHR [22-23] Fr 4R 5 AUE T 1R S

Y ts HHA: 2021-04-20; A BHA: 2021-08-22; MI4& KR B jE] : 2021-09-14 14:23
4% B R 3k . kns.cnki.net/kems/detail/11.2625.V.20210914.1221.002.html

* BIE{E#E . E-mail: 929652284@qq.com

SIFEL: Bk, #it, FEIE, E ETRNEHEF Z 8 5IE SRCKF 5% [J]. b FMEAMKAEERK, 2023, 49 (1) : 138-144.
YANGYJ, GANY, LICH, etal. Amended SRCKF algorithm based on minimum variance of innovation [J]. Journal of Beijing University
of Aeronautics and Astronautics, 2023, 49 (1) : 138-144 (in Chinese ) .
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KA TEAR L 0 U0 J7 2850 1, 237 iR 25 HABIET]
PR B 5 1E 28000 U B T 0 19, A 2 X8 RS
JEE R0 D R M R R . PR, SCHR [24] £ 2
T/ N B 2 WE IE R IR 2 08 P2, B g
IEREESHE o038, wE e TR IET TRR AT, e
% 2 0y b figp e PR TS B R 2 00 5 L B DR RS BT
Rt 2= R B 1), SCHR (257 K48 1 55 v 3
TEARE R Y B AR IR EE R g rh, A A S
oy £ A, AR T BCHE SRR IR bR BRI AR AN
FoE M. SCHR [22-25] A B RSk Y 32 SR AR A
FH S B i 00 £ 5B, 64 o 8 0 15 4R B, DAGK
B G ABEAL 1R 25 HEA T AME B H Y

KT k2D B G TE SRR N Y B R R
A SCHE T e/ I B PR O 22 S 4 1A I Y 8
1E R B, I8 HN 3 SRCKF Bk rp, $H 73T
e/ MEH B 2 #48 1E SRCKF (amended SRCKF,
ASRCKF) 5.3 . fi A5 LBk 1 it B 5800k A 2%
4, [A]}5 SRCKF I STF-SRCKF B3:4H 1, ASRCKF
SR A T (e R SE T R R R R R

1 BfrExEES SRCKF BiE

H bRz ol g% a0 B BOR 25 Iy & A i
7 e

X = f) + Wy

{Zk+1 = M(Xps1) +Visr (D
s X € ROMIRZ 1) B 5 yy € ROW BT [1]
SN 3 550 SR IR B B ok BRI pREG R S ad RR
W 75w T HE 0 R 75w, Ay AN R O B e BT L M S
J5 ZEHERE 30 QA Ry

SRCKF 1] i 20 B8 S i I & ek 220 ) S 46 42 1
R S50 DI 5 25 1 Py 0 5 5 PR
X =S éi+Xy i=1,2,--,m (2)
e Sl U7 Z2 50 B P97 T5 AR 5 X 28
Koam BB Hom RS R A4E5 n 19 2 4%
ENFEARBBUTAEY,

BB 2R B R UL T IS
X =fXige) i=1,2,--.m (3)

it P A% 1% ) 19 28 BT E SR A5 BDIR 25 1
R AT 15 22 D7 26 B B8 °F- 5 AR S e

R 1 &y
Ktk = . ZXk+||k (4)
i=1

Sk+l\k =Tria([/\/z+l|k,SQ:|) ( 5 )
s So Q¥ J5 M Tria( - )H xj, o3 3 E SCH
QR [ 43 figt i 12 RO JIASURE B

« 1+ N 2+
Xirie = 1/ Vm[Xk+1|k _xk+|lk’Xk+1|k_

jk+1\ka""Xﬁl\k _£k+llk] (6)
fit i j\:k+1\k7ﬂ] Sk+1|kﬁﬁ'\i‘l‘%:7§ﬁj\,ﬁ:

Xiop = Seei&i+ Ry i=1,2,---,m (7)
BRUR A B R UL R R N

Ziyw =h(Xj) i=12,-.m (8)
fift A% 55 5 19 25 B 50T E A5 21 0

Zpenpo VETT AT LATF BT Bor . BT B AR 22 U 2500 5

BT MRS o BV D TT 22 B P s

@mzigymk (9)
Trst = Zist — Zirpe (10)
Seereip = Tria ([Yeoup . Sk]) (11)
Posone = e Vi (12)

ft':'j SRj"ijHE/‘]SIZjZT*E; Xk+l|k*n Yk+1\k§?’%uj7 ':P‘[)
TR B <

Yk+1\k =1/ \/ﬁ[z;ﬁuk —2k+1|k,ZZ+”k—
2k+l|k,"' ,Zﬁ”k _2k+l|k] (13 )

1 N 2
Xk+1k =1/M[Xk+1\k = Xi+1lk ’Xk+1\k_
fkﬂ\kﬂ" ,Xﬁ”k —fk+||k] ( 14 )

B JF AT, A k1 i 20 B AR A
T Revipers 38 25 Ko ARG 1158 22 U 07 22 56 B 1) °F-
ﬁ*ﬁskﬂlkﬂ:

Kk+1 = (sz,k+1\k /S;rz,kmk) /Szz,k+1\k ( 15 )
£k+l|k+1 = £k+1\k +Kk+1 (zk+1 _2k+l|k) ( 16 )

Sk+1\k+l =Tria ( [Xk+1|k — K1 Y ’KkHSR]) (17)

2 {EIEBE 5 ASRCKF E%

2.1 fEIEER/RBIER

& E RO AL (16) . BE(16) AT LA
FL W R kR ZPREM TR E A 24,
@R A TAE ; @2 B 8 5 i E 1 SUBHE IF
3 7 I — M X 2 A TR R A 3R AT B I,
W STF 3 2% 3 3 I ke 1900 352 25 Hp Jy 265k A 38 1 Hb
Bl 25, AT I A e I {7 0 O v A TR DA kA
R NEEJE, BIERREEEERTHE 1 AW
R PPR S T L, 38 3 %o bR A T R HE AT A B ) b
FEFIE T, J5T T B A5E 780 15 25 X Bl 1) O 2, 38 3 B
RT3 22 Ak R 22 1 H .

TE X MAEAS AT /) 3L RE I, 1 B 208958 B
Fea B4 RAE VL k+1 Eﬂ‘ZMkjf}ﬁ{mMEfkmkl%Ei
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(B 22 B K, T X — i 22 )R T & B %1 H AR HL 3 5%
R 2SR 78 1 IR S A T R O R HERR . R,
X kB ZPRS AT HE AT R, IR B RS
RS TFT T k-1 R 20 B TR, S5 AT LAY,
AINTIIN 5 2 i s NG TR 2% . [RIE R E R B T
o {E 5 SR g 2 R FORN R B, BT LUK ke B2
PR THE A& IE 2 JE TR B

SCHK [22-24] K& 1 AR N FH7E R R 2 383,
FF X6 ] 5 A D) A T 9 DULAS W oA e 0 £ )
YA UL RIS I o DU 2 35 - 2 96 (9 12, 22 0 Sk [23] 3%
FRERIS AL T H e N . SCHik [24] 2 F /M
By 22 JE N 5 48 1E R B0 ) Rk =X, AR Y
WG T R HE 5, LB IE R A R TS
He P A E0, WD T E T AR E SN,
22 BIERBIES

AR SCEEF fe /N B PR O 2 HE DR A S B O R
AGOIERRS IR

XT kB 28 HEZ L (18) FAT I IE:

iklk ka\k +Cy Ty (18)

f(:':'j ikﬂﬂﬂ%‘IE E"J%?&’Tﬁﬂ'ﬁ, C,=|cl,c2,--- ,CZ]T
DB IE ZR A Forp 1 g R e A AER . Ul LA
A B TS A A T 5 22 P D 28 R AR A0 % 22
375 22 R 53531 A

Pk\k =Py +Cszz,k+1\kaT—
Pk|k¢zHl;r+1CZ_Cka+1¢kPlI|k ( 19 )

i)k+1|k =Pip+ Aszz,kHlkAZ_
Pk+1\kH:+1AZ — A H Py (20)

iﬁ ':F': Pk|k=Sk|kSZ|k’ Pk+l\k=Sk+l|kSZ+1\k’ P

2z k+ 1k = Szz,k+l|k s

ST o3 1 O 6 TE HIT A 358 22 B 05 22 A R L TN

BRI 2 HERE . B R T EHE A = DCo
N s
X =R 0 kL =2pa

BAOR LI R R L AT AL
Ay DA S 48 TE S T R 0y 25
Pzz,lﬁ—l\k = Hk+1i’k+1|kHZ+1 + Ry, =
Pzz,k+1\k + Hk+1Aszz,k+1\kAZH1-f+] -
Bk+lAzHl-{+l _Hk+1A1<Bk+1 = Pzz,k+l|k+
Lk+1Pzz,k+1LZ+1 _Bk+1LZ+1 _Lk+lBk+1 ( 21 )
—t ':F' B, = Hk+1P/<+1\kHZ+1 L, =H Ao 7"7 T 1ﬁ
B E 5 BT 2 B 7 2256 B e/,

aP zz.k+1]k

0L, = [Pzz,k+l\k +P;k+”k] Liy-Bu —Bl, =0
+

(22)
Lier = (Peogori+ Pj)” Bt + Br.y) (23)

2023 4F
4 P P o JEXT R R, (21 AT LTS Wy
L., = P;Z{k+1|kBk+l ( 24 )

O ] 5 81 fek 4 S5 B O 2 L e/ I R O

C = (Hk+1(pk)+P;zlk+]\kBk+l (25)

L. (¢ )*FE R Moore-Penrose ¥, [H 4 4 % H,.,., D,
B AN — 3 SR FETE
2.3 ASRCKF H£5H

25159 3] ASRCKF Bk an &l 1 s, &
KRB SEBE BT

Z(k) Z(k+1)

—>{ I—»% [k > Fm I—»% [ vk ] -
C(k-1) C(k)
e [—1f
[ &iE > mim [&iE > wim

X 11 Xk

k—1 k
K1 kR
Fig. 1 Flow chart of the algorithm

BTl (2) ~30(17) S s 1] B Kt
T8, 153 SRCKF A8 I B40.

$2 HAQOHIFBIEREC,, I =(18)
A C19) B IR ASAG THE G TR 22 U 2256 8

]R3 B IEE RS IHEAAG TR 2
J7 2R E A (2) ~ 3 (17) 78 Mk % .

R4 HEEPE1~3,

ASRCKF Bk AT k B 21 2 J5 By s e, 28
oL T 1 SR B AP i R AR BT [A]

3 hESTHh

A T %k ASRCKF 5.3k 09 A Rk, ¥ = 54
7 SRCKF %47 | STF-SRCKF™" & vk E1T X o 1

Hrp H BRSNS B, RS RS B N N R R
539
H.=[1 0 0] (26)
1 T T2
&, =0 1 T] (27)
0 0 1
HT=1 s JRFERT[H]
AEREMEX = [pva}T wWZ=p,p.vAHl
aﬁj‘%’]ﬂvﬁf“lﬂﬁuﬁ %T“Hlﬁlh_ s B IE R
C=[cl,e2,c3]", PRI R

T3/20 T4/8 T3/6
Qk:q2[T4/8 T3/3 T2/22] (28)

73/6 T?)2 T
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H R0 86 4R 25 4 x=[10 m, 60 m/s, 0 m/s’]", %
G540 4 Py )7 22 Py=diag(100,10,1); Z 4 i 72 W 75 3
T ZEHERE R q=2, q N SE ] RS Y ) R B
JR T AR 2 (R IR P Py 2 R=100 m’;
STF-SRCKF 533 H ()35 i X 1 X 0.96.,

P FHEAT 200 RS 4F % S5, IRl B H AR AL
B, R RN B Y 38 07 AR 22 (root mean square
error, RMSE)/E N PE 545

RMSE = J 117;: (Xa(k) - Xk |k))2 (29)
X NRSERER B S UBG R IR A B X (k)
R (ke Y53 59 Ay st 280208 245 1 ik ) 45 0 4 4Tk i) 2
SEAEFUR A AR THE

U5 B3 5 1 3 B2 PRCIR A 98 748 1 A A A AR i3
2. BHERWIRIE SR ZS N x0=[0 m, 50 m/s, 0 m/s]",
HI 30 s HARGRERRIRASAAE, 76 31 s B B 2845 2
20 m/s*, 7E 81 s I il BF 28728 —20 m/s” ., BRR G245
25 B PIER AT RS A £0=[0 m, 50 m/s, 0 m/s”]",
WIRA TR 2ZE BN

& 2~ & 4 43 510 H bR 3 R A B i
P iRiR2EXF b, % 10 3 P kiR 2 B X HE .

Xt E AR A A B R G HE, IR 2 T DL
SRCKF 5492 76 € I 1 & 1) e STF-SRCKF 119 BR 5 K
JEH IR TESI AN B A 31 s F1 81 s, H
RMSE W4k & A= Bk A%, 7= A 58 K% 25 . i ASRCKF
Hl STF-SRCKF BE % 5 IR AR A5 5 28 AN R 52, 1R
ZARFFE A AR 0 B ERORG B2 5 [ B ] DL B E
ASRCKF A % It STF-SRCKF Jz SRCKF H 4 (1) Jj§
WORTEE o DAL 3 R &1 4 vl 2 0 fin 8 32 R 158 22
Al LLE B, R AR A LA, ASRCKF HikA &
T e AR JRE Ry WA S

543 1T LUE B, )45 STF-SRCKF A &

40

5L SRCKF
—— ASRCKF

30 — STF-SRCKF

£

25

B

=

3

By

o 15+

i:_{

0 10 20 30 40 50 60 70 80 90 100
I 1) /s
K2 g1 frE iR
Fig.2 RMSE of position in case 1

60

— SRCKF
| —— ASRCKF
— STF-SRCKF

W
S

S AR R 2 (mes )

0 10 20 30 40 50 60 70 80 90 100
I IEl/s
K3 Gy 1 TR ZE
Fig.3 RMSE of velocity in case 1

40
5l T SRCKF
—— ASRCKF
| —— STF-SRCKF

JINSEE 255 HR AR 2/ (m s 72)
O~

—_
(=]
T

w
T
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I [El/s

B4 Gt 1 BRI iR 22

Fig.4 RMSE of acceleration in case 1

(=}
=L
(=}
(=]
S

®1 8 1IREHMEFLL
Table 1 Comparison of mean error for

each algorithm in case 1

B PLE R A L%i:i s g BE'E%E
¥iffi/m H){H/(m-s™) PIE/(m-s )
SRCKF 7.970 7 6.984 2 2.808 3
ASRCKF 47520 41191 23201
STF-SRCKF 7.5207 14.643 5 10.654 1

GF R UE AR P, (AR RO, AR | s Y
PR AN E A BIK T SRCKF., M2, ASRCKF
TENLE R R R ORI A

Pi B 2 e 50 1 AL B, — D7 5] AR
RUAS DU 15 1l A AR D 352 2%, BIVAE 50~ 55 s 3110] 3 Ff
SR A fil A0 4R s RS T B A R AR
CA BRI by s 55— J7 T B E (5 LW IR Al IR
H £,=[60 m, 0 m/s, 20 m/s’]", MM 51 A% K ) iR
fliTh iR 2s; HAar i By 1 A .

B s~ & 7 500 R i 2 vh B AR L RN
IR FE A iR 2SR e, 3 2 Ry 3 RhEIRTE Y R 2
TR IR 25 X L
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2023 4F

558 A B B R AT 3 B, Al 5 s, 78
MRV 25 AF, ASRCKF il STE-SRCKF A
%t SRCKF B 47 1 158 25 W S48 B 5 7F 31 s BT 81 s
1A I B 58 A8 X6 3 ARV 1 52 e RN 37 5 1 45
A5 R — 3G AR ARURICEL S| A Y 50~55 s, STF-
SRCKF HYFRE PEfcds, Hifth 2 FhaLAR 3 T RMSE
il £k (1 Wk 28, {H /& ASRCKEF 22 3| 19 82 i 58 /N . 40

80

— SRCKF
70r  ASRCKF
g0l — STF-SRCKF

n
(=}
T

i B35 AR R /m
S

0 10 20 30 40 60 70 80 90 100

50
i [a]/s

K5 S5t 2 MBI RRE
Fig. 5 RMSE of position in case 2

70
— SRCKF

60k __ ASRCKF
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Fig. 6 RMSE of velocity in case 2

40

35 —— SRCKF
—— ASRCKF
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S B AT MR iR 2 /(ms72)
> o 8 8

W
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Fig. 7 RMSE of acceleration in case 2

2 HE2RENEXL
Table2 Comparison of mean error for each

algorithm in case 2

praes PR iirﬁi%% )Jﬂiifﬁi)’c%
{E/m PIE/(m-s™) ¥IE/(ms %)
SRCKF 125175 13.1114 5.694 8
ASRCKF 6.436 8 6.718 6 42920
STF-SRCKF 8.2924 16.196 1 12.1711

6 FEN 7 i, bR 25 28 A8 R AL 3% 22 K A I
STF-SRCKF JG ¥: 14 15 007 B R ¢ i Y B 1A e ok A
K5 BE; M2 R ASRCKF B3k AR He 5 AR A D8 I 1%
22 K HE PSR T

4545 3¢ 2 A, STF-SRCKF 164 B R b ks
J3E RVRG A M L A, (PR e S ok R R A
ANERAE; M H 2 R, ASRCKF 75V B 8 B | i JiF iR
o - 1 S R S
4 & g

R T RS L OR 25 R AN RS, (R,
— 5 i 8 TF SRR O S L, AR SO T B /M B
S5 25 RO HE S T B8 IE R RS
SRCKF # k454, #H T ASRCKF & ik, 1 H 45
R

1) HIRIRE R ZATERT, ASRCKF A & HIF 1Y
B IBCE BB, WS SR BT bRy DAASE B 3R R R o R 5%
ZYMH &, ASRCKF #B& feAK i .

2) £ 51 AN B KR 1R 22 R RO DG I )
ASRCKEF 1 H PR 435 25 a5 8 50ORE J32 R bR s S5 2,
7 F P M R 2 S 3 R AR R IR

3) ASRCKF 5 (A 2 v AL B ER ER 1k RE 15
FAIE, AR T SRCKF EyEpi s AE ) .
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Amended SRCKEF algorithm based on minimum variance of innovation

YANG Yongjian"?, GAN Yi’, LI Chunhui®’, DENG Youwei’, XIAO Bingsong’, PENG Fang’

(1. School of Electronics and Information, Northwestern Polytechnical University, Xi’an 710072, China;

2. School of Aviation Engineering, Air Force Engineering University, Xi’an 710038, China)

Abstract: The model errors in the target tracking process will lead to the degraded performance and decreased
filtering accuracy of the square-root cubature Kalman filter (SRCKF). Amended Kalman filter (AKF) can solve this
problem effectively, but it is difficult to be applied to nonlinear filtering. To overcome the negative impact of the
model errors and to further improve the application scope of the amendment thought, the vector form of the
amendment coefficient is derived by minimizing innovation covariance on the basis of the SRCKF. Then, the
amended SRCKF (ASRCKF) algorithm is proposed. By using posterior measurements, the ASRCKF algorithm can
increase confidence level to measurement, so that the target model error can be compensated. The simulation results
indicate the ASRCKF can suppress the model errors effectively with better filtering performance, compared with
SRCKF and STF-SRCKEF algorithms.

Keywords: amended Kalman filter; target motion model error; square-root cubature Kalman filter; variance of

innovation; amendment coefficient
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T EEG 5 SHFERI X J1E 55 IR IB N 757 7%

KM, E TR

T, ET

(1. JEEUAs R R A SR TRR2EBE, JEaT 1001915 2. SR GIBHIFYIZRHCy, b5t 100194,
3. E ARG ERAER L, R 200433)

1] =

RETERIMRARARG FEM AR T, ERYHELREMILLKRNE

FEE. b, FRAEEARTHRERN T &, $ANTREERET L L. WE K (EEG)
W RFAE R Bl 8 R B KR 7 RS, BIE BEG F MM A K ZHFELANFHRNES, X
FPERH T HAESE SRR ERMA, B Ly, KA 36 h BRRF 07 X RhF R

A5 4 ZREWNEHWMAE T RS, 4 EEGE & Wk,

Wity 8 2 dbd N ER B GEH, H

MY T 0. 0, afn BT W, L1EH F £ 4948 (ANOVA) Fa Logistic [ )3 7 1% 1 i 77 I8 % %
B, AREM A EFRRE AR ES — P HE BN T8 FE, N 6 MR 5B B HE
DRHET HAFARE IEA , s 6 NFRAWETER, BRI A KT REANER, HL

TR Tk 85.25%.

X B OA: WAET; MR WESME; HEALRAA; BIRA

FESES: V7
XHEkfREE: A

KBS D= v iR DA 0 3 S Bk RE RS 25 5
7 AR T 98 55 R R A B A AR b, s R AR
RATRY B il 9% 57 S BRARAE L Sk, e E
Bl ke A BAE 20 42 90 ARAR, 35 HE M
JRAETEJE T RAT B 9 5 AR DGR AT 24
NS M T 9% 57 PR 285 v I RN Sk e ) B B
M5, ABEIEF TAEY, A0 o 7 9 25 75 1 B A7 sk 190
R AR A AT REPES . I R ST AE E R AY
FHRAE MR | L2V B 22 R0 1 T B AR
FEAT N b 1 F= BRI AT HTRE 7 T 45 BB AR
FEA 3 1 32 BN K 2 R 3h g Bl e

NIA 245 1000 {240 22 e 40, He 1% ~5% 43
A TR B 2, 2k B 2 A s AN i 2 e AL
s B A, AR IR BAT 055 H e k2R
B ATEREA TN S R AL A AR Bhi, K
I J2 J22 1 A 6 7 240 B AT L DT 7 A A 2 o gl

XEHS: 1001-5965(2023)01-0145-10

R 2 566 TR 1) A 18 % s Xk AN BT R ol S st A A 1Y
HLAVE 22, 38 3 Sk B H A A% R T SR 11 3K o R A 25
BV A Figi B2, )% (electroencephalogram, EEG). Jiixi 5 £
WA 4B, 209N 6(0.5~4 Hz), (4~ 8 Hz).
a(8~ 14 Hz) #l f(14~30 Hz). fF55 & 6 P2k
IR A R Rk T B R BRCIR S B AR S W, A T
PR AS T G AT E 0 5 0 W e A F1 955 L 1%
25 FRAM B2 25 Wil i 6 B o D TR D, A
N2 S R0 2 5 ) 9 2G5 B e e R A AR
WA . ANAE LA ARSI 2 B B Uk, HLWT R AE I
3 B Y

EEG J&—Fh AR & WLAE 3RS 5, Al BHEAG R
oG (498 55 FR B o Trejo 25U i I 30 4~ 8K, 360 UF T
G FEL 0 R AE 5 0 9 5 AR A RN AR AR i Sl bk o 7R
fifh I, Jap %03 o e E 0 AR R VR A AT T
4 i HLARRAE, & B T T 95 B o Y 1 R A GE
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K, 0 B AU, (OB Y B
BN Kar %P0 8 ABF5E T A BIR AL F L, A7 B0
FF2, B Fy, BB F,, BUPZR Fy, hrp 2
MC,, ZERL AL O, FIA HE S O, SR EEG {55, N
FH 5 P REAE VAR TR 7 98 55 IR L BTG 2
RN R EEG 15 5 20 1 I 71 9% 97 32 436 7 Hie K
i, AE A H A A R AR A

Liu %52 107 F B 5 2R ) R A0 32 il o043 B 8 k|
YR AR, FROR RE R A RRAIE 208 B DA v A 1 ek
JE, (R e AR T ) SR E 22, HAXREIX 4
—F i J7 9% 55 R4S . Zhang 25 FH o g R 42
B HR P DX B0 %) /DN IR L R A R (L SRR A, A
SO Y IE FOIRES L R T | 4 I Sh R
95 4 PR A o BRI AR BB 4 ok i R S B ) o
FHECE, (ERHN A JUUE AR B {5 5 AR AE, 3K T
S g FFIME B

AR SCARAG T [ 3 0K 15 2 A0 B — it 2 7
TeH, g H AR RIS A A A [ T R Y
TR 53 % 55 K T %€ o R T AR LS IR I AR A
AR, AR B B[] 5 5, PR, AR SCHETR A9 HF
KMk Bz J2 BEG 15 5 By L6l b, 38 78 1 Z 19 ik 1
982 55 BEURRARRAE , SR I A Ml AU R AIE 114 30 1 — 2B
Ve AR R T e R o AR K, a2 i 7 9 5
R Ty 28 S B I FH s T 8 8 S B 8, 7 R UE ARG
PP 4 ] Fof 47 6 52 0 v 4 ) . RIS SR B3R o)
BT 2 T () AR, 2 s 7R 004 ) i T K 3 1 g 9% 55
RO 0 S 56 () AT A 5

1 LWEF*®
1.1 MR

FIAT, 3 9 A0 I 198 55 175 & X AT I AR B < A
FREN AT 55 2 FIE 2, A SR 36 h BERR 31 55K
VRS2 H WG 9% 57 o 3235 14 0 I 5 2 i
RRZEFERG S, IR TE 22~28 B Z [A], 31 45 A
b AT B A fd B, 2490 47 R, BFIEAR ) 1.0 A L. TE
R Ay T AR OGS s, SE R B HR A IE R L R
FE o JCR A s, 1A T A R 45 D L
L DA 7 S5 R i D) BE Y 259

LI RAAILE B b, ZIE I EE T
MR, 5B ZREZRAL, BKA
2~3Z4 . AT TS Y KR 8:00 F 35 L 4R
%, K H B 20:00 B, [MIfE SRS 12h M 24 h )5
A IR AE 1 B o A SR A A2 3K T A
A HEAT DR . b D AR T T B, AN BEG BE B A
R KRS S = G — R SCERIREE T JC IR
SRR, AN A8 A A5 o L RS ARE R F i A5 R I A
H, 2l #ih 6 B A R .

SZARH B 4 h S — R EWE 7 AR A,
FEB T 2 BRI H A T A= 27 22 7 % 55 T 58 2 2
HI VR R SRR E PP (newly developed ques-
tionnaire for work related fatigue feelings, WRFFQ) ,
AR IR RE, AL R RS YRS
FIRL 58 9% 55 2% 5 A TRl . SR JH 10 23161 89 340 b
i, B0 r AU 58 WA INFE I 126 A0 I
B 57 G BT AR S rh | R R W I 10 23
FRFRAR ™ H A B IR 25 A28 LD 9 57 IR
dOER AR G, B IRAL. 2iE KT
5 AN B PR SO 5, T SR 2 1 ik
W57 FWT I3, 450 BE AR R S35 1 s o

R1 EHEFEVTD RFRX 5

Table 1 Subjective score and grade division of

mental fatigue

IBi J1 9555 43 R BN
ey 57 % $<2
RO ST 2<s<4
g 4<s<6

B EIE ST 6<s<8
™ HI 7 5=8

1.2 fEEB{ESHITALIE

T W AR 34 25 399 1a) i FH 75 1= 32 52 BE Brain Prod-
uctsbp i HL 1% £, 23X B0 4 h PR — kT K
25 6 min [ F B 2 BEEG 55, W W& 1w .
A 5 30 s 2245 19 BEG 45 % 32 236 2 T4, K,
B E] 5 min FOFRME S TR . B, #E
75 EEG {55 45 0.1~40 Hz B4 @ JE k28 . Hk,
L1 s S 1) bR K 16 % 5 5 min B9 EEG {5 54143 1 H
B, HAAH TP KA H-FL% TPI0/ESH ik, AT
SR RANEAE F Be R % R IG5 . B, Kt
HL B 5 A R I S LRI RE, B bR FE 4R T 8 AN

K1 e RAES R

Fig. 1 EEG acquisition scene
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TKJVI, 85 JE T EEG {5 5 R AiF B9 Ml 3 9% 55 Rt 0 5 ¥ 147

MR R B . RELDBET T RBEAESH R
Wt v B PR B M A T IR LG, X S (F S
JoT g, T BOYE A 5k 0 4 O A8 TE 1 S A
FEAR SR H T RIBR T 8 AN JCRLAY 5 min fiki B 5035
1.3 VR T R B TS 0K

S5 38 FH B ik HL SR AR AR Sl 1000 Hz, AR 48 fili
HL T A A 38 50 BOAR T, B3 T 8 )2 db4 /N AR 4
iRy, IAREC 6. 0. a 1 g3, Hod X{m] R JE AR 1

5, glm] F h[m] 5350 R 7N I8 3 i Jei 0 AFC AR B8 A0 v
WBLAE 5, A F D 4351 Ay [] — 23 /0N I 45 4 1 A A3
Gy MR AT oy, W 2 Fir s . o B AE AR B 0 I 4
D8 Bt. a I 1E D7 Bt . p U ATE D6 B, BB (S5
1) 4 A5 I R AR R ] 3T 7R o /NI AL 4

— BT I3 B BT AN LA ) I T 0050 R[] 20 7 3 2y
A, Xt AE PRkl HL AR A AR 19 14 T e

Am]
0~1 000 Hz

glm] h[m]

Al D1
0~500 Hz 50~1 000 Hz

glm) g————— him]

A2 D2
0~250 Hz 250~500 Hz

glm] — v hlm]

0~125 Hz

A3 D3
125~250 Hz

glml g—————— hm]
A4 D4

0~62.5 Hz

62.5~125 Hz

0~31.25 Hz

glm] v Aﬁ h[m]
A5 D5

31.25~62.5 Hz

g[m] *—I—* h[m]
A6 D6

0~15.63 Hz

15.63~31.25 Hz

glm] w—'—v h[m]
A7 D7

0~7.81 Hz 7.81~15.63 Hz
glm] +—I—+ h[m]
A8 D8

0~3.91 Hz

3.91~7.81 Hz

B2 /INBAE RS

Fig.2 Wavelet transform structure
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K4E EEG A A AT bt G 1 25 77 78 AR 36 ol 5l 41
FEABE T, 2 S R IR F8 b 19 e ik, AR SCHE R
BOKE EALFRR 55 . 5 min AR S B G5
DL 1 s Ry B0 45 S 34 40 1 300 B, 78 A BE A 4 BT
SRR AR AR o THE AR ) 300 N FRAEE 28 3 %
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Fig. 3 Brain rhythm wave extracted by wavelet transform
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Fig. 7 ROC curve of mental fatigue detection model
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Fast detection method of mental fatigue based on EEG signal characteristics
ZHANG Peng', ZHOU Qianxiang', YU Honggiang’, WANG Chuan™"

(1. School of Biological Science and Medical Engineering, Beihang University, Beijing 100191, China;
2. Astronaut Research and Training Center, Beijing 100194, China;
3. Naval Medical Center of PLA, Shanghai 200433, China)

Abstract: During the flight in space station, astronauts are prone to mental fatigue, which is the main factor that
affects the efficiency of operations and causes errors. For this reason, studying rapid detection methods for human
mental fatigue will help ensure the safety of on-orbit operations. The characteristic changes of the
electroencephalogram (EEG) can reflect the fatigue state of the brain. Still, the existing EEG method requires multiple
lead signals when analyzing mental fatigue, which seriously limits its practical application in the space station
environment. This study successfully induced various mental fatigue states in 45 subjects through a foundation
experiment using 36 hours of sleep deprivation. Aiming at the non-stationarity of EEG signals, the designed 8-layer
db4 wavelet transform structure effectively decomposes d, 6, a, and f brain rhythm waves. First, screen out the mental
fatigue sensitivity characteristics using analysis of variance (ANOVA) and Logistic regression. Secondly, according to
the number of sensitive features of mental fatigue, the sharp leads of mental fatigue were further screened out. Finally,
the characteristics of 6 keen leaders were used to construct random forest regression models. Finally, the weighted
fusion of the regression models at 6 leads to a rapid detection model of mental fatigue, with an average accuracy rate
of up to 85.25%.

Keywords: mental fatigue; electroencephalogram; electroencephalogram characteristics; random forest;

detection model
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Fig. 1 Schematic diagram of axial piston pump test bench
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Table 1 Rated parameters of tested pump
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Fig. 3 Vibration signals for different health states
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Fig. 4 Typical structure of a convolutional neural network
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Fig. 5 Structure of Siamese neural network
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Fig. 6 Structure of fault diagnosis model based on

Siamese neural network
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Table 3 Main structural parameters of

Siamese neural network

24 )2 KHESEL P PR
HRUZ BB R32, B K16, H KNS ReLU
A1 A% A2
B2 BRWN3, BH R 16, LKA ReLU
k=2 kA% N2
HRZ3 B2, $H 732, K1 ReLU
k23 HAkAZ N2
HRUZ4 BEWE N3, BH R32, KA1 ReLU
k=4 kA% A2
BRUZES R A3, BHA64, LKA ReLU
bR =] kA% A2

SR P2 TR 100 sigmoid

L) FUEZSTWA G ol sigmoid

BRI R, AR A SR iR B B Y 2RI, 45
IEVIZRIFORAFAR A

B3 RAFEARBEIZE . X T —A Rk
BARMBPIMIAREA, N 7 il RS B Y R4
S IBERLEE 1 ANFEAS, AR 7 DEEAXT . T R
AR M 2R AR 2 4, A9 B AR S 7 A
YILAEA &8 T [a] — S LSS, B M 4 a5 A Ay
SRR AR A 0 R A gt BRECAR A, X A 3 Jr =k
FRA “one-shot” IR .
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Table 4 Data set division
RS REIREE RS e AR
EH 0 600 30
TR R A B At 1 600 30
TR e A 2 600 30
T R 3 600 30
e i 4 8 B 43 4 600 30
e DAL v B 45 5 600 30
TR ) 7 o B 45 6 600 30

32 GEHARETISEERNENT

R T WP R T A /INRE AR SR TR PR RE, R
FH X A R B (4R S A5 5, AR 3.1 15 R4 Bdis
£, I ZREE rh AR BEHILZE #% 35, 70, 140, 210, 280,
350, 490, 700, 1 400, 2 100, 2 800, 3 500, 4 200 |
GRREARAE N 2 A 1 28 25 SN, IR RS 2 T I A
TR ST RIS WA R I X AR AT I SR . [
I, 7 57— 2 o AU 425 O 2% A 5 1 S 45 v LA Y
YE At b, ol R RS0 DI R R AR A T I 2. B
H1D-CNN [ 2 005 25 A i 25 ) 4% 1 I 46 — 3
SVM 3t A 4% [w] & (radial basis function, RBF) 4% PR %L,
TESI R B CBoh 100 PIZR5E R, K48 210 4~
RFEA A E] 3 BRI EA TR AR &
S WHCRY, G2 Mg Rkl 9 53& 5 R .
AT LAFE Y, SVM, 1D-CNN FIAS 3¢ T $2 05 ¥ B9 31 51
YA ST 0 Bt 5 D R A it 1) 386 I 4 v, 24 U1 %
FEA A BB TR B 1 400 B, 3 F 7 ik 10 o B SR AR
K H 95% LA I, SREIE BN 10 o FORE B . SR AE
YIZRRE AR 35 2 350 Y /NVEEAR 64 °F, A 3¢
JIE D5 1% (1RO A 5 B B AT 1D-CNN #l SVM.,
I 2 U R B ARBCR: hy 140 Bif, AR ST 4R 7 5 19
PRI HER IR F] 90% LA I, R HER R L 1D-CNN
1 27.24%, b SVM 5 39.72%. TE Ik A $ Y
A 35 M ANREAR S E T, A SC T 7 AT R
70.86% MY UERA 32, FLI = T [ 5548 T ) 1D-CNN £
RUFT SVM. Ut BH T T4 07 vE e /MR A S5 14 1 il i
BRI o
33 BEHENISEE RN

FESEAE e A W s, o SE A 7= A W 26 b o 7
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X PR E MR B 5, ASRE TS 4 R A R S I B8
Ry Y 5 UE IE G R X2 W A AR RS e, BT 2R E
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E(XGEE) , BGEIE (X5 Yl 8 ) f — 3 1A (X,
Y M Z @8 ) I sh B, He BRIRIRE % Jr 2030 43 B
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Fig. 9 Influence of number of training samples on diagnosis results
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Table S Diagnosis results of models under different number of training samples
A FIYIZRAEA L T R 5%
LWRLAY
35 70 140 210 280 350 490 700 1400 2100 2 800 3500 4200
SVM 34.00 43.14 50.59 60.00 64.10 67.14 75.14 83.24 95.62 98.95 99.80 99.90 100
1D-CNN 36.95 56.95 63.43 89.14 88.86 92.76 97.14 90.86 97.14 98.10 99.90 98.29 100
AR 70.86 78.38 90.67 91.71 91.43 93.52 95.14 94.68 97.71 98.57 98.67 99.90 100
100
95+
90 -
= 85}
= 80
=
= o5t
70 H
65 H
60
35 70 140 210 280 350 490 700 1400 2100 2800 3500 4200
YIZRAEAEL
P e GEE e EE
P10l HCRE X2 WA AR i R
Fig. 10 Influence of channel number on diagnosis results
®6 TEIBEHE THISHELER
Table 6 Diagnosis results under different number of channels
. AFIYINZFEARCER T R Z/%
LI
35 70 140 210 280 350 490 700 1400 2100 2 800 3500 4200
PO TE 70.86 78.38 90.67 91.71 91.43 93.52 95.14 94.86 97.71  98.57 98.67  99.90 100
WG E 70.34 91.24 96.48 96.10 98.67 98.57 97.90 98.67 99.90  99.24 98.86  99.24 99.43
=iliE 72.57 96.10 97.43 98.86 99.62 99.62 100 100 100 99.90 100 99.90 100
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Fig. 11 T-SNE visualization of extracted features
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REMHT S BT AR B HE AR RS F 90% L L, milling tool based on one-dimensional convolutional neural net-

H. 1D-CNN 5 27.24%, k. SVM 5 39.72%.

3) 2 3 KO R 0 070 T DU 2R iR

BIMER AR . SR ERE, BiEE fa A (5 5 B 4

m,

T o R 2 B, Y R A R
70 B, fH =38

I8 A4 4% Bl B, R A R A F

95% VAL, FWIAS SCHI 4R J7 12 BE AN [ 18 18 1 155

e

2B SE RS S, R T 200 aE R A

AL H

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

(9]

[10]

[11]

£ E Wk ( References )

S, BRAENE. WETAR Y R Rl [1]. W5 <80, 2007(3):
1-5.

PENG X W, CHEN J P. The future trends of hydraulics[J].
Chinese Hydraulics & Pneumatics, 2007(3): 1-5(in Chinese).
TANG S N, ZHU Y, YUAN S Q, et al. Intelligent diagnosis to-
wards hydraulic axial piston pump using a novel integrated CNN
model[J]. Sensors, 2020, 20(24): 7152.

KUMAR S, BERGADA J M, WATTON J. Axial piston pump
grooved slipper analysis by CFD simulation of three-dimensional
NVS equation in cylindrical coordinates[J]. Computers & Fluids,
2009, 38(3): 648-663.

AL, BT, FLAEIR], 45, JOBUE R UM RER RIS T RO DL 5
PR [I]. DU T AR, 2018, 54(5): 94-104.

LEIY G, JIA F, KONG D T, et al. Opportunities and challenges of
machinery intelligent fault diagnosis in big data era[J]. Journal of
Mechanical Engineering, 2018, 54(5): 94-104(in Chinese).

WANG S H, XIANG J W, ZHONG Y T, et al. A data indicator-
based deep belief networks to detect multiple faults in axial piston
pumps[J]. Mechanical Systems and Signal Processing, 2018, 112:
154-170.

LIURN, YANGBY, ZIO E, et al. Artificial intelligence for fault
diagnosis of rotating machinery: A review[J]. Mechanical Systems
and Signal Processing, 2018, 108: 33-47.

LAN Y, HUJ W, HUANG J H, et al. Fault diagnosis on slipper ab-
rasion of axial piston pump based on Extreme Learning
Machine[J]. Measurement, 2018, 124: 378-385.

LU C Q, WANG S P, MAKIS V. Fault severity recognition of avi-
ation piston pump based on feature extraction of EEMD paving and
optimized support vector regression model[J]. Aerospace Science
and Technology, 2017, 67: 105-117.

FEARZR, B R, 25058, 4. 5T SA-EMD-PNNIH: ZER K 12
Wi oE [3]. ks 5 by, 2019, 38(8): 145-152.

DU Z D, ZHAO J M, LI H P, et al. A fault diagnosis method of a
plunger pump based on SA-EMD-PNN[J]. Journal of Vibration and
Shock, 2019, 38(8): 145-152(in Chinese).

EMETR, EH, w5 KT, G TS HISVMAYAE ZEZE i fapik
ARBII. BULMGER TS, 2015(12): 237-239.

WANG P F, WANG X Q, GAO TY, et al. The recognition of pis-
ton pump’s load condition based on envelop spectrum and SVM[J].
Machinery Design & Manufacture, 2015(12): 237-239(in Chinese).
TR, TR T, MUERE, 5. BT — AR R 2 M 25 IR e Bt )
FLEAMEII]. WT 240 (T2 R), 2020, 54(5): 931-939.
WANG HJ, YIN Z Y, KE Z Z, et al. Wear monitoring of helical

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

work([J].
2020, 54(5): 931-939(in Chinese).

HINTON G E, OSINDERO S, TEH Y W. A fast learning al-
gorithm for deep belief nets[J]. Neural Computation, 2006, 18(7):
1527-1554.

VOULODIMOS A, DOULAMIS N, DOULAMIS A, et al. Deep

Journal of Zhejiang University (Engineering Science),

learning for computer vision: A brief review[J]. Computational In-
telligence and Neuroscience, 2018, 2018: 7068349.

YOUNG T, HAZARIKA D, PORIA S, et al. Recent trends in deep
learning based natural language processing[J]. IEEE Computational
Intelligence Magazine, 2018, 13(3): 55-75.

TIAN C W, FEI L K, ZHENG W X, et al. Deep learning on image
denoising: an overview[J]. Neural Networks, 2020, 131: 251-275.
HOANG D T, KANG H J. A survey on deep learning based bear-
ing fault diagnosis[J]. Neurocomputing, 2019, 335: 327-335.

TR, E SV, S5, 45, BRI I TR B2 W U P I DT B0IR
SHRMRI]. il 5P, 2017, 32(8): 1345-1358.

REN H, QU J F, CHAL Y, et al. Deep learning for fault diagnosis:
The state of the art and challenge[J]. Control and Decision, 2017,
32(8): 1345-1358(in Chinese).

BRLIDE L, WIRE, M ARG, 25 BT LSTMMICNNIY fo sk 28 520 i
L] M8 2441, 2021, 42(3): 423876.

WEI X L, CHAO Q, TAO J F, et al. Cavitation fault diagnosis
method for high-speed plunger pumps based on LSTM and
CNNJ[J]. Acta Aeronautica et Astronautica Sinica, 2021, 42(3):
423876(in Chinese).

SUN S W, ZHANG S, JIANG W L, et al. Study on the health con-
dition monitoring method of hydraulic pump based on convolution-
al neural network[C]//2020 12th International Conference on Meas-
uring Technology and Mechatronics Automation. Piscataway: IEEE
Press, 2020: 149-153.

XU G W, LIU M, JIANG Z F, et al. Online fault diagnosis method
based on transfer convolutional neural networks[J]. IEEE Transac-
tions on Instrumentation and Measurement, 2020, 69(2): 509-520.
WANG S H, XIANG J W. A minimum entropy deconvolution-en-
hanced convolutional neural networks for fault diagnosis of axial
piston pumps[J]. Soft Computing, 2020, 24(4): 2983-2997.
CHICCO D. Siamese neural networks: An overview[J]. Methods
in Molecular Biology, 2021, 2190: 73-94.

SRR, B TR BE A 22 9 45 B LB 12 i B R BFFE (D). b
JEATHREE KA, 2019: 32-34.

JIA Z H. A study of mechanical fault diagnosis technology based on
deep neural network[D]. Beijing: Beijing University of Posts and
Telecommunications, 2019: 32-34 (in Chinese).

3 S TR R R R LT DR R N R ST
LTS RE, 2020, 42(2): 273-280.

FAN L, ZHANG J L. Person re-identification based on joint loss
and Siamese network[J]. Computer Engineering & Science, 2020,
42(2): 273-280(in Chinese).

ZHANG Y C, PARDO B, DUAN Z Y. Siamese style convolution-
al neural networks for sound search by vocal imitation[J].
IEEE/ACM Transactions on Audio, Speech, and Language Pro-
cessing, 2019, 27(2): 429-441.

AHRABIAN K, BABAALI B. Usage of autoencoders and Sia-


https://doi.org/10.3969/j.issn.1000-4858.2007.03.001
https://doi.org/10.3969/j.issn.1000-4858.2007.03.001
https://doi.org/10.3390/s20247152
https://doi.org/10.3901/JME.2018.05.094
https://doi.org/10.3901/JME.2018.05.094
https://doi.org/10.3901/JME.2018.05.094
https://doi.org/10.1016/j.ymssp.2018.04.038
https://doi.org/10.1016/j.ymssp.2018.02.016
https://doi.org/10.1016/j.ymssp.2018.02.016
https://doi.org/10.1016/j.measurement.2018.03.050
https://doi.org/10.1016/j.ast.2017.03.039
https://doi.org/10.1016/j.ast.2017.03.039
https://doi.org/10.13465/j.cnki.jvs.2019.08.022
https://doi.org/10.13465/j.cnki.jvs.2019.08.022
https://doi.org/10.13465/j.cnki.jvs.2019.08.022
https://doi.org/10.3969/j.issn.1001-3997.2015.12.066
https://doi.org/10.3969/j.issn.1001-3997.2015.12.066
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.1162/neco.2006.18.7.1527
https://doi.org/10.1109/MCI.2018.2840738
https://doi.org/10.1109/MCI.2018.2840738
https://doi.org/10.1016/j.neunet.2020.07.025
https://doi.org/10.1016/j.neucom.2018.06.078
https://doi.org/10.13195/j.kzyjc.2016.1625
https://doi.org/10.13195/j.kzyjc.2016.1625
https://doi.org/10.1109/TIM.2019.2902003
https://doi.org/10.1109/TIM.2019.2902003
https://doi.org/10.1109/TIM.2019.2902003
https://doi.org/10.1007/s00500-019-04076-2
https://doi.org/10.3969/j.issn.1007-130X.2020.02.012
https://doi.org/10.3969/j.issn.1007-130X.2020.02.012
https://doi.org/10.1109/TASLP.2018.2868428
https://doi.org/10.1109/TASLP.2018.2868428
https://doi.org/10.1109/TASLP.2018.2868428
https://doi.org/10.3969/j.issn.1000-4858.2007.03.001
https://doi.org/10.3969/j.issn.1000-4858.2007.03.001
https://doi.org/10.3390/s20247152
https://doi.org/10.3901/JME.2018.05.094
https://doi.org/10.3901/JME.2018.05.094
https://doi.org/10.3901/JME.2018.05.094
https://doi.org/10.1016/j.ymssp.2018.04.038
https://doi.org/10.1016/j.ymssp.2018.02.016
https://doi.org/10.1016/j.ymssp.2018.02.016
https://doi.org/10.1016/j.measurement.2018.03.050
https://doi.org/10.1016/j.ast.2017.03.039
https://doi.org/10.1016/j.ast.2017.03.039
https://doi.org/10.13465/j.cnki.jvs.2019.08.022
https://doi.org/10.13465/j.cnki.jvs.2019.08.022
https://doi.org/10.13465/j.cnki.jvs.2019.08.022
https://doi.org/10.3969/j.issn.1001-3997.2015.12.066
https://doi.org/10.3969/j.issn.1001-3997.2015.12.066
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.3785/j.issn.1008-973X.2020.05.010
https://doi.org/10.1162/neco.2006.18.7.1527
https://doi.org/10.1109/MCI.2018.2840738
https://doi.org/10.1109/MCI.2018.2840738
https://doi.org/10.1016/j.neunet.2020.07.025
https://doi.org/10.1016/j.neucom.2018.06.078
https://doi.org/10.13195/j.kzyjc.2016.1625
https://doi.org/10.13195/j.kzyjc.2016.1625
https://doi.org/10.1109/TIM.2019.2902003
https://doi.org/10.1109/TIM.2019.2902003
https://doi.org/10.1109/TIM.2019.2902003
https://doi.org/10.1007/s00500-019-04076-2
https://doi.org/10.3969/j.issn.1007-130X.2020.02.012
https://doi.org/10.3969/j.issn.1007-130X.2020.02.012
https://doi.org/10.1109/TASLP.2018.2868428
https://doi.org/10.1109/TASLP.2018.2868428
https://doi.org/10.1109/TASLP.2018.2868428

164 b= it = it K K % % 2023 4F

mese networks for online handwritten signature verification[J]. 361-369(in Chinese).

Neural Computing and Applications, 2019, 31(12): 9321-9334. (28] &R, EEW, MRE, & I T 46 2 M 4 BT e
[27] AFTHE, 25 A, [ B AL SE AT LR DR SRR 0], Thg BT, TR (T220R), 2020, 54(3): 467-474.

KEF2EAR (A SRFLFRR), 2017, 48(2): 361-369. JIN L J, ZHAN J M, CHEN J H, et al. Drill pipe fault diagnosis

TANG H S, LI J, YIN Y B. Power loss characteristics of method based on one-dimensional convolutional neural network[J].

slipper/swash plate pair in axial piston pump[J]. Journal of Journal of Zhejiang University (Engineering Science), 2020, 54(3):

Central South University (Science and Technology), 2017, 48(2): 467-474(in Chinese).

Piston pump fault diagnosis based on Siamese
neural network with small samples

GAO Haohan, CHAO Qun, XU Zi, TAO Jianfeng , LIU Mingyang, LIU Chengliang
(State Key Laboratory of Mechanical System and Vibration, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Aiming at the problems of low accuracy and under-fitting in current fault diagnosis methods for
piston pumps based on deep neural networks with small samples, a new fault diagnosis method for piston pumps
based on Siamese neural networks was proposed. A test bench for piston pumps was built to collect the vibration
signals of the pump housing under different health states. The convolution layers and pooling layers were used to
construct the Siamese sub network and adaptively extract low-dimensional features from the raw vibration signals.
The similarity of the input sample pairs was determined by Euclidean distance to expand training samples, train the
Siamese neural network model. And finally identify the health states on the testing dataset. Experimental results
demonstrate that compared with traditional deep neural networks, the proposed method has higher diagnosis accuracy
with small samples. In addition, data fusion experiments show that the proposed method can learn relevant fault
information from signals in different channels, which can improve the accuracy of the fault diagnosis.

Keywords: piston pump; convolution neural network; Siamese neural network; small sample; fault diagnosis;
data fusion
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(1. PEBREEBERY, LA 1000495 2. ERRERE KT R ERSI0E, JEaT 100094; 3. hERREEL 43 AR TR AR

Huts, dEat 100094; 4. dEsTIE R RGERMEEE, dbnt 1008755 5. ZRAbH kA BYgE, Ak 1320125 6. KTk
PRy, RHE300387; 7. REE T RS HHAHURIE SH AR B, Kt 300387)

i B OWBRIAAEYEEGKTEEREEREE EEES AN EHRE RN R ITE
FIAL, HAREEERHEA L FNEEE, BE-—AEXT 428852 (BEMD) B HAZE
# (DCT) th % e WG L E XN EE ., # 5 Amold & 3 18 — (K EGH#TEE, 454
Yo EA =@ %34T BEMD, BE A BN NEESER (IMF) i ERE, BELBE W
% 1/ IMF (I24F IMF,) fE A KB B, Xt EE 8 IMF, 2 # i f E & F 35 5 #8517 DCT; &
BEAEN _MEARGERRKAEERNALRBE FTHET 2 F (Zigzag) B E PR A5+, #
A3 Zigzag A fasf DCT R 2| & A H KK EEEH IMF, 58N EEHANIMF RAREE
BRIGNKT B EEG, KERBIENTEN SR, FET ALY BRGNS
HRR, EATRRIBPNELEHNRRI G AN HGERZZ LG, HERTEFHNEEE, X
ELBRERLN, HOKHEWEGIEMEE%L (PSNR) £34dB UL L, KB GEEEAREGWH LT
WM MHEASFEXTEHNEEEGHATARTHY ., Mg FERELE, RRIAGATEGRS
BAEGWH T — L 2 HAE 096 DL L, BHTkE 1, KOBEERREZEEHTH, 5HAXELE
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R P A P A5 48 8 A ) A s T, o K B
SRR R R A AE PRGOS R SR i 3 el R £ 3962 4

R AKEN G R E RS . SCik [4] $8t TRTF
B H0/N IS e (discrete wavelet transform, DWT) Fl
AT SAE A3 i () BN S £ [EHGOK BB, 38 2ok X Bt L
A T AN AT SR T L, SR Bl A K ER Y H
B, A RALAE YCbCr (0 25 (Al /) Y 43 1 g A
T — N KER EMG, T O X Rk i s 0 g 40 g e
AT B R R . SCHR [5] X MR R T R ER
7% A% 4 (discrete cosine transform, DCT) Il DWT, #%
TKED BG4t I 2450 43 e A e £ BRI DWT +
AR KBNS B E T A %
FEFEZE Bt i A, A o qs 3 MR RK B

Y ¥s HHA: 2021-04-22; FH BER: 2021-06-06; 4% H AR ATE: 2021-06-15 16: 58
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FBRSF DEBE A4 [R) A . SCHR [6] 42 Y T 2 T DCT
K ERSEIE, 2 4> (/K ED R 35 i ATE R (18]
0 G F1 B (AR I8 IH , 18 3 7K EDAZAR R 1 R/ N AL 4
fid F P4 DCT i #9450 2 %05 Bk AR B A ik
A, AR AEZ B R R il s, R s 3
16 5 0 R, R LA RN R, K ED TR
SEA PRI, B AR RAR, Ak E
(UAEERER S

SCHR [7] 42 Hh—Fh e T = oot 19 % (4 K ENGA.
3, REE R = oe A N TR 6 R K BN
o T QR A AE TR A o B ROT Y 25K,
FBOKENEMZR L7500 R MLE RAF A B, BRI T
K ERSEE R S L . SR (8] 2t —Fh 2k T T )
Schur 73 iff IR (PG OK ENSL:, 2B FH T Schur
3 i A 30 1 B KRR AR T P ) 3 % ) K BB
[ERZ3-R7 SR LU SN E R (1 EY ol s B D R VA
0 SRR B B, ol A5 9503 IR v o B ABUER M P Tl
AR MR B V) U ol ) RE ) 88022 . TR [9] 4 1 — b
FE T Schur 7 fife A1 5 5 A2 e (49 7 (R H K BN
5, LR RS Schur 73 fiff 2 )5 BRI AR BE R, OF:
TE1E F R B R R 8 18 b 55 M SR T #4115
S5 728 8 T 0 2K B PR R AT i DL tE— 25 4R e 5
VR 2 A, O B B R B, 5 SR (8]
P, ZIE R G R TR R . SOk [10] 424 T
—Fh kIt Schur 73 19 (5 1818 B K BN, 78 3C
Hik [8-9] YSIE LA 1=, i AL ESEIN T Schur 53 fif
Z e B B I, BRI A 5 R AR O R A —
PR G AR B I 26 52 s il 2 i A R B S BA
B 0 PR M, (EL O] 5 3T R S | A SR
AR R PR o

Bt Xk IR R 0 PRGOK NS e R S K
B PR RS DG A ) 30U 52 31 X0 it I 32 BOK B AY 2
PR AR R R, Ay i i 7K B B 1 A R AR A% o i
B REVE, AR T —Fh a5 4R 2 50 S 70 it
(bidimensional empirical mode decomposition, BEMD )
1 DCT W% (1818 2 HOKEN G MRk . AR 50k
AR 61 RIS 3 438 E 43 ) #5147 BEMD,
PEBE AT R B AR 1 AN 2R pRZL (first intrinsic
mode functions, IMF)) £ A 7K El{E B ik AJE . R
i NRALIE 2 58 1) SCPRHE IR, 5 K BN iR A 21 &
PRSP A o XS S W6 e, T DA i K EN SR Y
AWILPE . K, i Amold A8 AL 3 AN K ENE
B R K ENE R 2 4. Bm, X 3 ANl IE Y
IMF /3 8 USR8 x 8 AN E & F B Jf 3K 4T DCT,
XF DCT Ji B T R #EAT Zigzag £148, KK EI{E 870
SR ATE Zigzag $440 7 9 Y B2 8 b o [RI, 7E
g E TE P R A R A K B . KBRS B
IR A FR AL AR . K BN IS, X A R

B 7K BT I B SR R B AR ED, AT LAY SR T
T IR AR

1 XTI

L1 —#HRWRS SR

Huang 55" F 1998 4-4 HH S IS5 (empi-
rical mode decomposition, EMD), 1% 34 ¥ 8% 12 v
TR ARRME SR T . SRBERR L
5% 50 (%) B A S B L, AT LA A R
i 3 SRR AN R () £5 A o3 ik, e 43 B A N 2 A
% PR EX (intrinsic mode functions, IMF) fl— /N 4Y i .
e —Ui 5 f, 40t EMD 43R s 2"

f=> IMF+r
Ao o 2 IS A R A% B IMF Ry 43 A5 21 1Y
A AEBES B, B 1M IMFRIR S 1 N IMF
T EMG 5 B B B A i A

EMD BEWS 7L AT 45 [0 A% 4 il A3 B3 105 %P £t
B A BE AT E, DRI, EMID B0k AR H LS Bt
Iz TR, g aa" g EaRt
e RS AL BT AE L 2003 4, Nunes 457 — 4
EMD Bk ) 8] 4 K& 45K, 42 T BEMD &
W, B R TR AR R AE A, I 43 SRR K
L A A /I A R AT A 208 4005 i 45 X o
SR, W B A B4 P A5 ek 2 0 6% 249 4 i o, R 40 7
29 TR AP 0 D EL R A s R IMF I 5 4 B, THAR
A, T2 AN LSk [17].
12 BHKZTHR

DCT $75 $5f5 5 %% B, 2 R S b 9 4% 0
BARZ U 25 DCT J5, B — A E 7 (DC)
RN 2380 (AC) B AL, DC R BUE KRR
R FHME, AC REREAFEBNEEGE, (A
F DC it Rm 5 B o fEitfbgmidm, X 17
AR A I R B SRR AR R o XTI EE R £ (x, ),
0<x, y<N-1, NAHERHR ST, DCT BT+

N-1 N-1

F(u,v) = a@a()) >~ fxy)

x=0 y=0

[(2x+1)un} [(2y+1)vn}
08 cos
2N 2N

K ufv B A &, u, v=0,1,2, ---, N—1;
VI/N u=0 VI/N v=0
W= vam ot T v s
A SRR B K2 00 RGB = 38 18 1Y IMF, 355 4%
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E NG EMAE S T, S — 8L EM
FH 98k T DCT, IE AT 2 K ETAY#R A o

2 AXEE

AL 4 BEMD Hl DCT 2 1 — Fh & 4% 1 %
B Z EKEE L . EARSUTRE R P LR E R
/N A 512x512% 3 Lena % 4 G /E R 16 £ EIE,
PMER KN R32 x 3200474 “HpEinl” . “CADCG”
AR FHERY 3 5K A UG K EREIR, R
TN AR £ RS OK B A RS U
2.1 JKEMERANER

SRR A K BRI 9 2 41, AR SCFI A Arnold
AR 218 K B R 0 AT B LR A S R LR
B EAERAL S Key, . 220t Arnold 28 i J 1% A 1%
RO B SEHHES, 8 EHR 22 EL o, T EL R R
PEIGRH @145 25 TA] A S TR, AT 56 BT P4 1 o 22
B . Arnold A8 4 L R AL, B A M, 243k
R30I — 25 B SOV A5 2 5 hh RS . e R
T, BELKECR E, B 5K B AR B 48 22 B . T —
E WA LAAS 3 AR R .

R T 2 K BN A BRI R AT, 75 AR A A A
— %t M ANBENLF 1, FFRE 2 A e 81 ] By AR e PR
%o MABENLT F 2 3L F i HoR (@ s A) f
L AR E RGP R A WL AR W PNIT 5,
R BT ZR T SR RS A7 7 1 0 R B R 1) P 41,
FESZ R T AR, 8 FH 2 0T{0, LYY 8 A B e 7 i
X F AP I RS AF 2 T RE 7 AR 1 SR A
ok — 1, JEHE B2k — 10 T BN FR N S KRR A
FERRITH o B KRR, AR SGEBUTH1{2, -1}, 7]
LA 550HE o B o R e o ) R . AR U A
B[] B E 57 P 510 19 A BB M Key,, A S 56 P Y
A E A Key, = [0 0 1 1],

X055 AR, A BEMD 45 2K 6] )X EE (5
B IMFR AR, WA 1R BILMIMFE S T
Ji G PG A o A A L, (A R IR %) 50 B8R 4 5
fiE, T )5 JUAS IMF B 4% b A 3% T 4 T A% 14 A0 08 15
B, R R A LA ERE R | Zigzag FHfi 72
— PR B A 00 5 Y, Zigzag H1HE M RS [
0,07 B4, AT A 44, 2 5lEh . T
LT AL B Zigrag HE AL T 2400w, B
i — 25 23 28 ), BRI A T DRLA D0 T R
22 FAAy b 2 7 1 ) 2 — B e, B2 /T 6
RS A TR PR 8] Ry 1) A ) T 5 a], aniE 2 B,

1 Zigzag 14 )5 19 DCT G, £ L fa
) R BN BRI ARSI 7417, BAE T BRI K5
SRE R, — O TR R 4 ) o i R Bk
B, H RO B A TR A e A T

(e) IMF,

K1 ®@E % BEMD
Fig. 1 Example of colored image BEMD
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K 2 Zigzag 3
Fig.2 Curve of Zigzag scan
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JKENE B A JZ, # DCT J5 ffi il Zigzag £ 4515
) — 4 7 51 B HR R 1S A R BOVE R K B R R
AR, 43 i AN TR A 2K BN, R A K B R 5
X1 B A REIR, [R] ST 7K BRI AN ] Jk
.

TEH 2 Z2 FHOK BV A A B 5, 7 226 Arnold
LIS WK S B AT R A . M I, AR S B
3 /N3 T8 A TMF 73 B RS 58 1 8 x 81 T He, i
f—A TR PEFT DCT J5 , fdi 1] Zigzag 3148 $2 B
HIF 1 K KBRS AR Ut A E TR F 3 1 R B
e 2 AR TR . TEIR A M R, i
5 FRGAR E R J9512%512 %3, KENEGERER
k32 % 32, (#1543 E 5 B8 x 814 F F Hu g i K
TIKEMES I RAT

IH b, o Pl 5 4 — 4 38 38 B9 TMF #p m] AR
442 B8 JLART R (N 130 °F o AAZE B4 ) R IR A
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Fig.3 Framework of the proposed algorithm
BB EWE EER L s E EEER 1L R () SRR 15 SRR

RGB =i#if #£17 BEMD, 15 21| %53 i 1Y 22 N 4 i
IMFijﬂEn & A E 1Y %% r /ﬁ\: hi= 1,2,3?‘3 RGB
=iEiAE, j=1,2,3 N IMFAE 4, Bl

3
L= (IMF))+r,

j=1

H 2 PP RGB X 3 -4 = 1Y IMFfE R K
BN i AJZ, 28512 M IME, L IMF,, |, IMF;,.

HBI O3 IE EKEERK, (=1, 2, 3),
HEAT Arnold & FLIG 4B EIR K, (i=1, 2, 3), ¥ &
HLIK B R AT I R EH Key, o

HB 4 R0 3 AN R IME 2 E LR E R
P8 x 8Ky AN B F R, Xt —A~FH il A DCT.

HBS X3 AR A8 xR R T
64 ML R M Zigzag A, £ N1 x 6411 Zigzag J7
G, FRBCHE AT 15 AR B WE 2 6
HEFRA> B s, IFiE MZP,,, b, m=1,2, -+, 64x64,
HEEMA8 x 8F .

L] T I a, bV E B — 2% 15 {20k
B HL T 51 PN_Seq 1, -3 i3 B iz 5 A4 il o — 4%
M ¥ HIPN_Seq_0, fRilF 7= Az iy — X 3 51 A ¢ 1 AR
Ko PRAFIT 5 B A B2 91 0 Key, (45 SC {6 7 51
{a,b}R(2,-1}, Bt Key, i [0 0 1 1]).

T SRR A KGR, & EE
U] b e BEO B8R L ZE B AT BT AR A
4 YROKED, K EPHR A BRI AN R o 4n 2R 24wk ER A

ZP',, = ZP,, +kxPN_Seq 1 (1)
AP kAR AR B R AL

WA Y FK EDEUE R 0, 1 =0 (2) B2 i+
Y15 SR EL
7P, =7P,,+kxPN Seq 0 (2)

S8 T RECE A 1 x 6411
Zigzag ¢ 5 B JE UG T 2250, 1 FH 38 Zigzag F14#0K
FPHN S I 8 x 815 2 B, Jf- k173 DCT.

$1B9 X DCT J5 iY8x 8T HeH i RGB =
i IE 1 IMF;, | IMF,, | IMF;

HIE10 40 3 AR E I IME, 5 H 4
IMF,,-&%@,%% 1533k ATKED 5 B R Ry

I= Z IMF,, + Z Z (IMF,; +r,)

2.2 JKEMEEREE

TR ER 4 BUR SR AR B i ARV ) ik A, T
WRE G ERBRE R . AR AR S,
FIIHEE S it A K ED, 7 B ML $2 0 fe 2K
B, 4 G F2 v 7 2 2 A K B LA AR e
o Key 1 BEHLF 51 A 5 1 Fb B Key, . 7K B[ 42
AP RT

PR EHUR AKENE R AEER T .

$B2 XEOKE S RGB X 34~ i i
17 BEMD, #2113 M ZliE IME , 435 1E A IMEFY,
IMF%, . IMF},.
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HE3 NG 3 AN EE A IME R E R
P8 x 8N & -, X — k4T DCT.

ST, 4 H Zigzag Hii % DCT JG8x 82 & +
Yl 64 MME R, AL x 641 Zigzag ¥ 51 . id
SR FFISR TR 15 SR %L (20~34) HZP, .

S AT A SR Key, A 1 th
BEFLFFIPN_Seq 1HIPN Seq 0.

LB,e HHEZP,, 5 LT 5 PN_Seq I
PN_Seq OfJAHIE R AL, 1L AV HIV,o

ST ORI RBN KN R, N T F
T DNAE B AT A H R 1 A A A
K ER, £5 3 AN I8 4 AN KENE Bk, Hobe=
1,2, 3, 455K ENE B, B 40T
{Bit =1V, =2V,

Bit=0 V,<V,

Ao Bich H Z ik A B Y HIKEIAR 21

B8 I Key,, %15 2 Y fin % K Bl K]
81T Arnold AR He, 43 545 2% )5 3 A~ E )
AR KENERK, (i=1,2,3; 1=1,2,3,4).

S KA SRR K ED MR K, Y 4330 1
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Fig. 6 Experimental results of large scale cropping attack

7 Rk A JK Bl S Sailboat % 6 & 14 75 % %
1% F1 5% L 5] 4 B ER W 75 T T 7K B Y 8 B 2
Heo HE 7 TR S 7 1% WG, 3RBUH
B 3ANKEDNCIE N 1o 78 5% LA il AL ER W 7=
Wk R, SRECE A K EDNCIE 3 =35 0.998 L E .
I, A SO B B T B R S B R A R

fE fE

Hinih ik

NC=1.000 ETTTEE NC=0.999
caD &k caD Ak
CG M CG Rl

NC=1.000 NC=1.000 NC=0.998 NC=1.000
(a) R LA 1% (b) HUELME S L A: 5%
B 7 BUERNE RS Mo SE g 4

Fig. 7 Experimental results of salt and pepper noise attack
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Fig. 8 Experimental results of Gaussian noise attack
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Fig. 9 Experimental results of histogram equalization attack
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Fig. 10 Experimental results of filter attack

fE fE
b0 b0
NC=1.000 ; NC=1.000
canp Ak cAD 4
G it CG Rl

NC=1.000 NC=1.000
(b) BifbtAe=3

NC=1.000 NC=1.000
(a) BiAbFAE=2

K11 EGSEEGE SR AR
Fig. 11 Experimental results of sharpening attack
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Fig. 12 Experimental results of JPEG compression attack
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Fig. 13 Experimental results of speckle noise attack
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Fig. 14 Experimental results of image scaling attack
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image attack in aerials database
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Table 1 Comparison with color image watermarking algorithm'®>** under different attacks NC values
Lena&f&NC{E Lenal&{ENCH LenaK{&NCH BaboonEI{ENCH Airplane S{ENC{E
it it ELA Y A HEL S Y HL Ay
bR T (3ciik[e]) (3Cik28]) T 5k) (Frde5:) FIrfsk)
JKERL  JKER2 JKEN JKERT  JKER2  JKER3  JKERT JKER2  JKER3 JKEIL JKEI2  JKER3
Wyt 25% 0.992  1.000 0.873 1.000  1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000
TR & [2,2] 0.938  0.972 0.855 1.000  1.000 0.999  0.983 0.980 0.971 1.000  1.000  1.000
HPEUENE 13,3] 0.995  0.997 0.410 0.948 0962 0907  0.860 0907 0.856 0936 0956 0.921
& Bk R=2 0.998  1.000 0.990 1.000  1.000 1.000  1.000 1.000 1.000  1.000 1.000 1.000
HER M 3% 0.897  0.951 0.984 1.000  1.000 1.000  1.000 0.998 0.999  1.000 1.000 1.000
TR 0.005 0912 0.926 0.765 1.000  1.000 1.000  0.996 0.998 0.995  0.998 1.000 1.000
JPEGHE4 0=60 1.000  1.000 0.906 1.000  1.000 1.000  1.000 0.999 1.000  1.000 1.000 1.000
iE D 025~4 0990  0.995 0.938 1.000  1.000 1.000  1.000 0.999 1.000  1.000 1.000 1.000
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®2 AXEESHEERBGKIEZL" £TRBERG THITAEBEN NC Exftt
Table2 Comparison with color image watermarking algorithms”""' for different attacks NC values under different host images
LenaKENCIH
YritiZend Yt ASCFHRS R

SCHR[7] SCHk[8] SCHR[9] SCHk[10]

JKEN JKEN2 JKEN3

JPEGE 4 30 0.758 3 0.93~0.94 0.91~0.92 0.905 1 0.847 1 0.939 6 0.8759

JPEG)E 44 90 0.958 6 1.000 0 1.000 0 0.9959 1.000 0 1.000 0 1.000 0

MR 0.02 0.998 0.96~0.97 0.99~1 0.991 1 1.000 0 1.000 0 1.000 0

HUER S 0.1 0.9917 0.94~0.95 0.97~0.98 0.960 7 0.993 8 0.998 1 0.997 6

TR 0.1 0.874 3 1.000 0 0.73~0.75 0.940 6 1.000 0 1.000 0 1.000 0

R 0.6 0.790 5 0.95~0.96 0.55~0.56 0.828 3 1.000 0 1.000 0 1.000 0

Ei))/4 4~0.25 0.999 8 0.79~0.80 0.67~0.68 0.870 2 1.000 0 1.000 0 1.000 0

55y 25% 0.889 5 0.73~0.75 0.8~0.81 0.772 5 1.000 0 1.000 0 1.000 0

54 50% 0.8335 0.600 0 0.52~0.53 0.514 1 1.000 0 1.000 0 1.000 0

Airplane EYENCIE
Yritie sl Yk A SO

SCiR[7] SCHRL8] SCHRI9] SCHR[10]

JKEN1 JKEN2 JKEN3

JPEGJE44 30 0.778 8 0.94~0.95 0.90~0.91 0.920 4 0.853 4 0.931 4 0.842 8

JPEGE4 90 0.967 5 1.000 1.000 0.998 6 1.000 0 1.000 0 1.000 0

HUER M 0.02 0.999 0.94~0.95 0.99~1 0.995 8 1.000 0 1.000 0 1.000 0

HER 0.1 0.9875 0.92~0.93 0.98~0.99 0.978 7 0.997 6 0.998 1 0.995 3

[ oa 0.1 0.888 2 1.000 0 0.78~0.79 0.957 7 1.000 0 1.000 0 1.000 0

L 0.6 05928 0.92~0.93 0.57~0.58 0.8550 1.000 0 1.000 0 1.000 0

Ei))/ 4 4~0.25 0.926 5 0.78~0.79 0.69~0.70 0.8773 1.000 0 1.000 0 1.000 0

5y 25% 0.8895 0.74~0.76 0.8~0.81 0.7725 1.000 0 1.000 0 1.000 0

3y 50% 0.8335 0.600 0 0.52~0.53 05141 1.000 0 1.000 0 1.000 0
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Fig. 16 Experimental results of 25% shear

attack in the upper left corner
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Fig. 18 Results of 3% salt and pepper noise attack
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Robust multiple watermarking algorithm for color image via BEMD and DCT
HU Kun"*?, LI Cong*, HU Jianping’, WANG Xiaochao” ", DU Ling’, WANG Hongfei’*

(1. University of Chinese Academy Sciences, Beijing 100049, China;
2. Key Laboratory of Space Utilization, Chinese Academy of Sciences, Beijing 100094, China;
3. Technology and Engineering Center for Space Utilization, Chinese Academy of Sciences, Beijing 100094, China;
4. School of System Science, Beijing Normal University, Beijing 100875, China;
5. School of Science, Northeast Electric Power University, Jilin 132012, China;
6. School of Mathematical Sciences, Tiangong University, Tianjin 300387, China;
7. School of Computer Science and Technology, Tiangong University, Tianjin 300387, China)

Abstract: In order to solve the problem that the color image watermarking algorithm has low algorithm fault
tolerance, and the size matching problem between the host image and the watermark image during embedding, and to
improve the robustness of the algorithm in attack resistance, this paper proposes a robust multiple water-marking
algorithm for color images based on bi-dimensional empirical mode decomposition (BEMD) and discrete cosine
transform (DCT). Firstly, Arnold transform is used to scramble three binary watermark images. Then, the RGB
channels of the color host image are then decomposed using BEMD in addition to derive the intrinsic modal functions
(IMFs) and residues for each channel. The first IMF of each channel is selected as the watermark embedding layer and
recorded as IMF1. After that, each channel is divided into non-overlapping sub-blocks, and DCT is performed on each
sub-blocks. Finally, the scrambled binary watermark image is repeatedly embedded in the middle bands coefficients of
each channel sub-block after a Zigzag scan, and the inverse Zigzag scan and inverse DCT are adopted to obtain the
IMF1 after embedding watermark information in each channel, and then the remaining intrinsic modal functions and
residues of each channel are used to reconstruct the color image after the watermark embedding. The watermark
extraction is the inverse of the watermark embedding process. The algorithm in this paper can implement blind
extraction of embedded watermarks. In the process of watermark extraction, the voting strategy is used to extract the
repeatedly embedded watermarks, which enhances the fault tolerance of the algorithm. A large number of
experimental results show that the peak signal-to-noise ratio (PSNR) of the host images is above 34 dB after several
watermarks have been embedded on various sets of host photos, according to a vast number of experimental results,
and the watermark images have a high degree of invisibility. The host images after embedding can be against various
attacks such as large-scale cropping, salt and pepper noise, etc. The values of the extracted watermark images are all
above 0.96, and some can reach 1, watermark images can be completely extracted and precisely recognized.
Compared with a large number of existing color image watermarking algorithms, the color image watermarking
algorithm proposed in this paper has a strong ability to resist various attacks, and the images after embedding
watermarks have higher invisibility.

Keywords: bi-dimensional empirical mode decomposition; multiple image watermarking; discrete cosine

transform; pseudo random sequence; color image
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Table 1 Physical and mechanical properties of

two prepreg fibers

Wi ofm hoiim Rme K s

s i il
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Table 2 Structural parameters of laminate specimens
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Infrared radiation characteristics of carbon/glass hybrid
composites under low-velocity impact
ZHAO Zhibin', YANG Zhengwei" > ", LI Yin’, KOU Guangjie', CHEN Jinshu', ZHANG Wei'

(1. School of Missile Engineering, Rocket Force University of Engineering, Xi’an 710038, China;
2. School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China;
3. China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: Carbon/glass hybrid composites have shown great potential in industrial applications. The infrared
radiation characteristics of carbon/glass hybrid composite laminates and two types of non-hybrid composites under
low velocity impact were studied experimentally by infrared thermography. The damage mode of the laminates was
determined after impact by visual, ultrasonic C-scan and optical microscopy, and then the time series variation and
temperature distribution characteristics of the thermal map sequence were analyzed to characterize the heat dissipation
effect during the impact. Results show that the infrared thermography is highly suitable for monitoring the damage
process of fiber reinforced composites under low velocity impact, and that the relationship between the monitoring
characteristics and the damage modes can be established through the thermal map sequence. It is also found that the
interlaminar hybrid of carbon glass fibers can effectively improve the anti-delamination ability of carbon fiber
reinforced polymer (CFRP) composites. With the increase of impact energy, the anti-delamination ability becomes
more obvious. After impact, carbon glass hybrid composites show both larger surface damage and smaller
delamination damage with better damage tolerance.

Keywords: carbon/glass hybrid composite; infrared thermography; low-velocity impact; on-line monitoring;

damage mode characterization
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Befkx, MEW, kA", 4N, TFE, BEH

A A R K e Rhee 5 TR2ERE, dbat 100191)

1 B AR EARBRNEARE BN TAT RS S, RA WA FERE—H

FREFHERFNHARCIEE (PVA) /R =

B (PEG) & & KMERHAIL, #HILRTH 60 mmx

60 mmx2 mm, 3 3t F T i K9 R LR LI H A, 2712 Wm® Hof FTHATHAMEE X LH, B3
THEFE, BAMRBELT X ZAEKTMAE, ZIWN 2.5% FE 238 PEG B/ T M 1E
LA KRR B s R & B, WANT 75.53% WA KBEFH, AHESFRTEET® 7.53%.
REERERTERINTELRRZY, AFETHRA. EEREEXELRAG YR, BExA
B AEREER R (4hHEER K 120d FRMF) TREKENNE, EAKEREE -

b IR T S e, B R R AN R R B R B

X B O ROUFEBACHER; $RIl; ZRAN, HEE,; T iE

hESES: TKI24
XHAFRERE: A

VAR, ML T I P B R A R A L TR
FEHEE Y INAE L T A HE R 2R 5 AR /N AR,
S5 o 2 P AR AT T, SRR A A
(18 A BB A R A 41 Fi R A T A Y RT E E RAR
Y, Ho, #1458 8 (phase change materials, PCM)
R ARAS AT DA s i, 32 372 8198, PCM
T L1 8 U L FH e R N S S i
AJE R EFBY, H 2 his 1Tk, Bk
AR DT T RGBT

TE45 Rl A B R b, 28 Ve 3 8 Y
M7, T ) R A R AR A I R S HETE R
TK B2 R (—AKAE (1 atm) N2 2257 k/kg)
L IR 22 BOM R 0 28 v B v, an = O I
RN 1166 kI/kg) . = H e R32(h A it
2R R 390 kI/kg) Fil £ B (IR I 2 T 4R
29 944 KI/kg) . KICEETCH 5 KM, AT B0
() AAEAFRE ) o (HIZER — T R R R
TR B X 13K 8, Pk 22 i F T Tl s b . 7
INEIARIE YA, T B 538 R UK, K 2

TEHS: 1001-5965(2023)01-0187-08

KV E A — e e . KEBERE R —Fh &
KA IR 1 25K R A, ml LLRILE —Fh 2 4L
Mk, Ho, EHOKEERA SRR B & T
P B BT, an N-S¢ P9 36 T3 Bk B ( poly(N-isopro-
pylacrylamide), PNIPAM) ' 7& # i 25 32 °C (4 F I
SRV IR LR, 23 P 2R KM 1) K M A, DT R
K43 . Rotzetter 25114 PNIPAM v FH 75 2 47 bk
A5, #5731 5.9 cmx4.9 cmx5.9 cm A4 53R 4E/ IME, LU
1000 W/m® 4 % BE A 81 K BH O, JF 78 )2 T b & b
2.6 mm J& () PNIPAM 7K &E ¢, 76 250 HF 4R 79 3 h
N, R THR B R 2 25 °C, HED B O IR &R,
£ 100 m* () PNIPAM J2 T &5 4F 0] DL g /b 220 kWh
) HL FE F1 140 kg A% HE i . Huang %7V PNIPAM
iz B F R & 1000 R B, 76 5.75 W I IR
T, K TR B 30 °C FEAKE 10 °C, I & BLE IR
T, 25 S AT B (relative humidity, RH) 1 0 34 i1
) 1B, TR 43% RBGARE . Cui Y FBUE
R X PNIPAM BEAT T CFD {5 B, I 1 52 56 5 iF
T AT SEME . Pu PV PNIPAM B 7E VR

Yk BEA: 2021-04-09; R BER: 2021-06-04; %% & AR AT E] . 2021-07-01 16: 42
X 4% B R 3k . kns.cnki.net/kems/detail/11.2625.V.20210701.1523.002.html

* {5 1E#& . E-mail: haozhaolong@buaa.edu.cn
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WA, #E 1555.5 W/im® IR 4% B R - R i g
HLE] 70 °C LATF, 78 8 i i i 45 14 (90 °C, 85%RH)
THEAT 60 MEIR, Ik 450 h (Y% 57 5286, & B R
1) 5 7K RS B 1 T B ARk . {HU2 1448 PNIPAM
T A 221 R IR R, R SRR ] T
o7 R B Y i 4% i) PNIPAM 7K
JB2 B A 5 J3E N 4.5 kPa, S T 24Kl 36.4%, TE
55 4 R AR/ B ALY (MXene) 845, BRI B
5 FE B2 5 3] 8.6 kPa, P T2 245 5 T 140.9% .
W43k, B % (polyvinyl alcohol, PVA) 7K #E
JiE Eh T L R LR B . R A A PR b L A
U (0 A M AR M L AR BRI A% FC T 0, 32 3)
™, RN HIE A vREN i & T 4 PVA
K BEE, IF A5 B0 5R 1.1 MPa, 5 G [A] B,
PVA 7K #E it th 545 7E R /0T 1 7 71, Zamengo Fll
Morikawa!'” 5 T PVA /K 88 ¢ 25 T — it PCM 19 &
PR ORI 28 R T R E A T OBOA RS, IR AE 340~
1012 W/m® AT B R AT T30, R ILZE & i
PR G 5 ST RAY 51%~79%, J&= ] B A1 B
WA TR R, &7 R A YW L (polyethylene
glycol, PEG) # # JH - 115 ) I 11 40y B Ak 2 1k e,
BET 2 N HAE B A ek F sk %5 5 . PEG 1]
FH T w8 K B Je 0 LB T L A A 32 AR Y 2 B
2% T PVA 28 KEERE T INA 2% 1 PEG 7 LA
PE 67% WA R B, ol 7K 958 B A 235 F T o X
FEAMERE T TH, PEG RIAE Ry BOAL 7, 2 55 /K e 1)
o i ft i, JR 2R AR Y G R v ik ARl i)
il % T PVA/PEG 7K BEE SR, K BLAN A PEG #] LA
T LB RUSE AL B A, B2 v O Y R O R
Zhang %% ] PEG il % T KALBRKEE L, KB ZAL
Do 28 25 ¥ T LA K 3 R L T 25 B o ) K fie R
A, V7N R 05 S A7 T IS 1 80 2 T % 7K 43 AR
EMHPEER o BrikZ 51, PEG i 1] LUK T PVA
KR — 7 BT B SRR o SR SR N B A
FRER) PEG BB HL R B T PVA 485 |, &K 3 PEG
AR I, PVA EHERR ] T PEG B sh, SC8l T # 2
i, FINIHEEDY B HF5T T B il 45 19 PVA/
PEG B & /K BRI, % 9 PEG 1 5 e H. 45 1 I B %
AR o R IR AR M R SR PEG B AR AR SR
[, ANTE]F PNIPAM 7K %8 i A 7 R B
IKEEAE DT SCERIF R IE A 2, HRZ 4R
H 7€ PNIPAM I, #4374 B th £ 76 1555 W/m’® LU
T o {HJE PNIPAM 7K & i 4 22 0 MUAWC 3 32 F & 2%
(14 i 5 T 25 0 — 2 R L BRI T I — 2
1M PVA 7K B 19 4 BRAG P54 VR 1 1 4 fRi 5, 2%
PERBIE R, XA AR TCE, ALK T PNIPAM

IKEBERE . /DA FH ST PVA K B I AE 350 J7 T 1Y
PERER I . A SCUAYBE A Uk 4 T PVA/PEG
A KEERE, JEAE 2712 W/m® # FXT 1 1 4l PVA
IR e FE HCARPE BE O T A R B, R AR T IR L K
G VS T R B 45 36 B 6T 7K O S H A ) S ) 3 3
Vo R AR 0, R T ) A K R G 1) SR
A B AL | A A P Sk

1 X I

1.1 #RE

K B S 4008 B V% ORI Ak, BIGE F PVA IR TR
TE R AR TG B GEH S —20 °C DLR ) M bk GEH
hH IR ) R R BV VR R Y, 43 g S
Tl At 225 A6 R AT 4 B SC BR, T B R R T, kA T Ak
58 He s R B B Sk I A i Y, A A B A
Rl 25 w4 T iz N A A SeH b ik ol
T 3 REE, BARBCH R 1 iR .

R OEEIEIE MR
Table 1 Materials for hydrogel preparation

IKBEE PVA/g PEG/g EETF/K/mL
P10/0 10 0 90

P10/2.5 10 2.5 87.5
P5/2.5 5 2.5 92.5

1, P102.5 1R 3 PVA B 50 50 10%,
PEG BT 380N 2.5% . BARBEFIM LA PVA1799
(IR R TR A BRA A, A E 1700, B
£ 99%) Fi1 PEG6000( Ll 7R i & b T RBH A BRA H,
BATE 6000) . ok PVA 78 25 B ok hIg i, SR)5
7E 90 °C F /K1 HE (200 r/min) 3 h & 58 i, 7
1A PEG W, TE AR R, T8 LB S BIA
BLEL, 7E-25°C % 10 h, ZJ5 & TR IR (£ 20°C)
TR 140, BIIER 4 K. EJ5HlHS 60 mmx60 mmx
2mm /N . PEG BUILI R H AT REA 2 4~ DFE
KB B A M A BE H, PEG (5 4 3 50 A 10 23 1) 5
QPEG I 1776 /K % i 3R A i e A Mo 5 2, oK
5 T K B J 47 TR IR WA BH , 247 A B o 5 o
1.2 IBRE

Shy I 7K RSV A I B BE T, $5 R T S
B, WE 1R, A B R BRI AL KB
JEE T | R TR 40 £ 4 P Hb L | B R A AR AT
Blo FEIH: #1, #4 AR (00 B 7K 08 e 2 1 I %, #2.
#S I H 7K B8 IS A B I 32, #3 L #6 RS i 3R 1 Tk
A A e A R . KR e
Ly Y12E 50 mmx50 mm 5T B 58 9 M K, DLV
AN fih AR
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Fig. 1 Schematic diagram of test device for heat dissipation capacity of hydrogel heat sink

TKEE RS R AR B
KE e 1 25 R 4 i T LGH i FAE . SRR
B | 4 S AR D A T B A S, S S A
TR RWT
4 = Gsens + Geony + Graa + Gevap (1)
Kb g Rt v D3, BRI g, R 7K BE IS THR
WS B R 5 Goomy AT T SR 30 R AR 5 g0 M0
STEBCIRARI 3 Gy T 28R I BRI

A FObEORHEE R BR 1Y T AR 0.07 W/(mK),
R IR e AT DL 2 AN T . BAR R OC R AR 2
iR S&RENITEARXNA(2) ~K(5) s, K
TAE T L2 R B R B, AT SRR, SR
SCHR [9] r3H AR =K

1.3

Gsens = Chmy ATy /At (2)
Goonv = he(T5—T,) (3)
Graa = £0(T; = T,) (4)
Gevap = he(Ts —Ty) (5)

s o N K BRI LU AR5 my, b 7K BRI A T
he RV h, 53500 09 X A B ZR O 28 S R B A T,
T, R T, 53 590 D9 7K B J2 A 3t T 7K 58 M5 3% i 3 B2 A

AT g TR
G

*3‘2%%5)#

[ 2 KBRS R
Fig. 2 Schematic diagram of hydrogel heat balance

RERRERETZfE

22
73
o

ML At IFIR] 225 & S 5T o Sl AR 5t
TKBEIE L PS8 i A R4S 3, BUKEER 57K
(5 H R 129, Hot, PVA IS ¢, =1.32kTkg 'K,
WS KIS ¢,,,=4.17 kI/(kg-K), B ¢,=3.89 kJ/
(kg'K)o MR K B 10 T G 78 K sh 12450, e
K B 25 % 838 R B, AR S A I S5 £ 1Y) B
AR 5 2 R BRI RN, RS FE+0.05 g

JK B JE S T ) 19 AR X8 A A8 A R AR ) B
3 (6) LI, B - FTh7 [ SR X6F L A oA T 2
Nu = 0.54Ra'* (6)

_ 3
_ ST -TIL
V2

=
R

10* <Ra< 10",Pr>0.7

Ra=Gr - Pr (7)

e Nu, Ra. Gr Fl Pr 43 5l 2 8% 5 SR8, i F 8L
R R IGE R BRI B R g0 By v L 53530 0 J T3
BRPE | AL 0 ATk FR L A2 S b K B I A R
KE.

7K BE B Y 75 i 3R (swelling ratio, SR) & 5 2 /Y
PITES ), HA A= R
SR = (W, —wg)/wq (8)
s g w0550 kg 7K B v T Y45 I e B A
I A T 1 o B o K BRI TE — i MR KA TR IR
IR K 5 W i P I, PR K S A o SRR I SE i
BURRPERY AT S 1 R R

2 ZR517
2.1 PVA/PEG £ &K &4 HI M geiT (Y

HiEAG PVA/PEG & & 7K Bt W i & #1 vE B, it
F T F ] P10/0. P10/2.5, 7 Bk B fn g
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SR N L TR I % T L A AR RN . 18] 3(a) S S
55 B FE R ORE, P10/0 BT iR 13.1 g, P10/2.5 it
13.3 g, Rl A7 B B A Fe B i o 21.8 g, K x T8 x5
A 50 mmx50 mmx10 mm, 4555 N 2 mm, 2 3
RS A A7 R TR R N 32.3 g0 HIFRUK BRI R R &
i 1 RAEFRE %, R SF N 60 mmx60 mmx2 mm, £
WSR3 h 37 °C, WA RRECN 0.2 W/(m K), A
8 175 kI/kg. &l 3(b) 2 58I B 20 °C. 23%RH
T ot R P R R R Oy =i 2 T TRt 2, R
ok 2712 Wim®, FAG 2 0 BUE DL S 58008 R 7
PR A 2T 000 9 ST 0 0 75 (%) a0 A AR Ak, R B —
FEME . SER AN 4 PR, BOR T AERTE7E 180 s
[

W 3 H AT LUE H, Wi tnsa i i s B,
FHREEE R FKEERE, AR KB LA (3.89 K/(kg K))
TE KT 48 He Fe #4(0.88 kI/(kg K)), P1A B & (1) i #1
EFFRE ) o ZJE H T A S AR SOR A, e
TR KR TR, 5KBERAR I, (HZHF2E 900 s J5

P10/0 P10/2.5

SRS

&]

PR TR

120

100 AT
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Fsf i) /s
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B3 1 KIEFAERIE (SR RE i & 2 712 Wim®
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Fig. 3 Physical image of experimental sample after a
cycle of freezing, and heating curves of chip surface
with heat flow of 2 712 W/m’
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Fig. 4 Measurement of actual chip heating curve
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Fig. 5 Physical picture of frozen hydrogel with four cycles, and

temperature control effect of these cycles on chip surface
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Fig. 6 Experimental sample diagram and corresponding heating

curves of high temperature natural convection heat dissipation
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Table 2 Evaporation heat transfer coefficient of PVA/PEG

composite hydrogel with different parameters, and

contribution of hydrogel to heat dissipation

#\oﬁ%‘fzﬁ/ IKBEIE . R ) Gsems + o,
(W:m™) JEREE/mm R/ (W-(m™K) )

760 3 21.60 52.39
1280 3 25.57 50.85
2000 3 24.90 48.82
2712 3 30.21 58.32
3640 3 4229 65.28
2712 2 43.01 62.30
2712 8 31.06 63.04
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Fig. 7 Hydrogel heating curves under different

humidity conditions
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Performance of a novel polyvinyl alcohol/polyethylene
glycol hydrogel for heat sink

YIN Jianbao, XING Yuming, HAO Zhaolong', WANG Shisong, WANG Zixian, HOU Xu

(School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: To study the feasibility and potential of hydrogels for thermal management, a novel polyvinyl alcohol

(PVA) /polyethylene glycol (PEG) composite hydrogel heat sink with good mechanics and economy was prepared by

freezing-thaw method. The size of the sink is 60 mmx60 mmx2 mm, and self-cooling is realized by water evaporation

on the surface. A heat dissipation experiment was carried out with a heat flow of 2712 W/m’, and the heating

characteristics, the relationship of the evaporative convection intensity change and the swelling change law were

obtained. It was found that the addition of 2.5% PEG reduced the preparation deformation caused by the increase in

the number of freezing cycles, with the water content attenuation being decreased by 75.53%, and the chip surface

temperature 7.53%. Based on the experimental results, the evaporation heat transfer coefficient was calculated, and the

effects of heat flow, thickness, and humidity on evaporative heat dissipation were studied. The swelling rates of the

hydrogel with different temperatures and usage conditions (4 h continuous use and 120-day storage at room

temperature) were then measured, showing that the hydrogel has a certain short-term reliability in spite of the

insignificant sensitive response to temperature.

Keywords: polyvinyl alcohol hydrogel; heat sink; evaporative cooling; thermal management; electronic device

Received: 2021-04-09; Accepted: 2021-06-04; Published Online: 2021-07-01 16:42
URL: kns.cnki.net’/kems/detail/11.2625.V.20210701.1523.002.html

* Corresponding author. E-mail: haozhaolong@buaa.edu.cn


https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1023/A:1018586307534
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/j.matchemphys.2018.05.038
https://doi.org/10.1016/S0022-2860(00)00561-5
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1023/A:1018586307534
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/j.matchemphys.2018.05.038
https://doi.org/10.1016/S0022-2860(00)00561-5
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1023/A:1018586307534
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/j.matchemphys.2018.05.038
https://doi.org/10.1016/S0022-2860(00)00561-5
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1023/A:1018586307534
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/j.matchemphys.2018.05.038
https://doi.org/10.1016/S0022-2860(00)00561-5
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1002/app.1977.070210704
https://doi.org/10.1023/A:1018586307534
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/j.matchemphys.2018.05.038
https://doi.org/10.1016/S0022-2860(00)00561-5
https://doi.org/10.1016/S0167-577X(03)00532-9
https://doi.org/10.1016/j.matchemphys.2018.05.038
https://doi.org/10.1016/S0022-2860(00)00561-5
kns.cnki.net/kcms/detail/11.2625.V.20210701.1523.002.html
mailto:haozhaolong@buaa.edu.cn

20234E 1A
HA49% 5 1Y

tEMEMRMRXKXFEFR

Journal of Beijing University of Aeronautics and Astronautics

January 2023
Vol. 49 No. 1

http://bhxb.buaa.edu.cn
DOI: 10.13700/j.bh.1001-5965.2021.0182

jbuaa@buaa.edu.cn

AN B E 5| FIRER S B FE YT im SR BG 4L

HEB, E0HY, AN

(1. ZSZETRRRS ISR, P64 710038; 2. ZSZETARKSE: fias TAR24pE, PU4E 710038)

i E: AATANHEHSERRERNE, BITAEBE L T HAEFH CRE
2AM BRI Rk KA EEA, A e b, BRET MRt ism kKbt (PPO) Hik.
ZREATANERE G EEL AR FRLARERSFELTXREK, FREZRAKAH LKL
(LSTM) W%, B TANE Bfrty LI EX R FRSEERTELME, EFNESHK,
HATHE N ER, BEET ROS ZAEWHEMKF 6 #TRE, ZREN: FIREELLA
BMEAT MEES 2R E E ENs, GE%M PPO H kAL, LSTM B3| N4 T A )| 5 it

B, BhBEaREAERE, #—F BT HENERKE,

x #
hE S ES: TPISI

Z eI NHURAT Gk fag 5, ML ok | 24
AR S SN LU g VI NN = R o 5
AL AL A AR GEAL AR R S 22 A R U 5 BT 5T
AUBEARSE- 5 . ITARR, BEE T LI AN TR RE
TR BB AL B, 5T 22 e 3 TC DL E 3 H AR
BRER R T B AN A T B Rg

AT 55 Ak BRBE 1 2 58 L L IR BT B G B BOR , 2
AT LR L

B AN AT 5] S H 6 T i, a0 PID ] |
TAAS AR ] | S 2R O 4 R 3 A o A, AR 4
] B VS B T B B R A T A, T8 e X I TR R ) R
B, R EN G ML CATH HAY o o e il il 4
Btuh S H AR ECE C AL A RATHE S o X TR
JHZ Bl L A0 (T AE 55 L) SR e 1%,
FIAT 32273 o 56 T 00 58 B0 DR S 580 12 (A R e Xk 5
VML e PR ) REE TN T R i D SR B (n
BRI WA AR T ) . JUHOR IR
TEMIR 76 | WA A4 55 vh R B T AR H AL 5+
ke, A2 Z R SR R
—EREJE PR R FRAE, AR R X SR i S 3
8 ONNEES )8 LI VA SRS E:8  SURE S-S/ ANSIN

YR i A S

SRELAMN; BEI T DR RIFLR; HAmRshA; KEHIEL

YEHS: 1001-5965(2023)01-0195-11

fR R R, BRI AR O B A ) i A
(ERCE RPN CWN RS & /S R~ =
ME LA A2 T AL B FE PSR 1 SE i R, TR B2 2
2 CL R AT R DA% A e B I R A

AL 2E S SRS 2T ) — 55 0 3, AR R
AR IR PR T, (6] B 1) DA 14 10 B35 S i £ 5 ok
P AL BT R BRI AT S SR U2 DAk O vk 3232 4 o 3
THH PRI 7 i R R TR MG Y O k. R TH PR AL
1Y J5 vk ] T 2 B gl VR 25 8], SR Mg el gk I, A AT
XFREAIRASAT Ry R SR I T A8 bR AR, DA SR B A
i, (HAE TS AN X 2R A 23 AR K Y 3% 22 a1
AL ) v, B F{H eR B T YA TR A ORI T
R FANTHE N T 5 TR s 0 A o 7 58, o, i v
R W& 4k (proximal policy optimization, PPO) B4
R TR 1A% 8 S W A6 3 T 1 vh 2 o 2D ROHE LU S
A T, A SR A 2 ) A 3 T Ry

TEFRE AR S N, X TR HbRm 5, 58
B b fif 2R 2 e AHLAE s 51 SR 8, SCHR [16] R
FHALSE 5 1 7 i, 4 th—Fh 2 1 5 20 Onboard-
YOLO 53, 5L T Jo AHLAY S i A HE R %, (H oK
2 BB A RO bR A RV ) s Sk [17] I TR B8 1

YRS B EA: 2021-04-09; R BER: 2021-06-06; %%t AR AT E] : 2021-06-15 15: 16
X 4% B R 3k . kns.cnki.net/kems/detail/11.2625.V.20210615.1352.005.html

* B {5 1E# . E-mail: dongwenhan@sina.com

I HE 1, FXH, BRA EANE E 5] R L #E 8755 KA ] LFMEMKAFZFR, 2023, 49 (1) : 195-205.
HUD X, DONG W H, XIE W J. Proximal policy optimization for UAV autonomous guidance, tracking and obstacle avoidance [J]. Journal
of Beijing University of Aeronautics and Astronautics, 2023, 49 (1) : 195-205 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0182
http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0182
kns.cnki.net/kcms/detail/11.2625.V.20210615.1352.005.html 
mailto:dongwenhan@sina.com

196 [ T |/ A N = = o

2023 4F

PR B BS E (deep deterministic policy gradient, DDPG)
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Fig. 1 Relative position of UAV and its target
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Fig.2 Relative position of obstacle, target and UAV
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Fig. 3 Description of Markov decision process model
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Fig. 5 Structure of PPO algorithm
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Fig. 7 Variation curves of single step average reward
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Proximal policy optimization for UAV autonomous guidance,
tracking and obstacle avoidance

HU Duoxiu', DONG Wenhan™ ", XIE Wujie’

(1. Graduate School, Air Force Engineering University, Xi’an 710038, China;
2. Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China)

Abstract: We established a Markov decision process model with two stages of long-distance autonomous
guidance and short-distance companion flight avoidance for multi-rotor UAVs to track dynamic ground targets. An
improved proximal policy optimization (PPO) algorithm is proposed. Considering that the data received by the UAV
are time-sequential and that the environment has contextual relevance, the algorithm uses long short-term memory
(LSTM) network to calculate reward values, update network parameters, and perform adaptive optimization iterations
through status information such as the real-time position relationship between the UAV and the target. Experiments
were conducted with a simulation testing platform based on ROS. Results show that the method proposed safely and
effectively realizes autonomous maneuvering during the whole process of the reconnaissance mission. Compared with
the traditional PPO algorithm, the algorithm proposed shortens the model training time due to the introduction of
LSTM neural network, thus significantly improving the efficiency of obstacle tracking and avoidance. This result
further strengthens the robustness, accuracy, and real-time performance of the algorithm.

Keywords: multi-rotor UAV; autonomous guidance; Markov decision process; proximal policy optimization;

long short-term memory
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Noncontact damage imaging method in lattice sandwich structures
ZHAO Qian, FENG Kan’
(Faculty of Civil Engineering and Mechanics, Jiangsu University, Zhenjiang 212013, China)

Abstract: Aiming at the damage problems such as debonding of lattice sandwich structure, a non-contact
damage imaging technology based on high-frequency dynamic response is proposed. The high-frequency response of
the structure is analysed according to the non-baseline damage index to realize debonding damage imaging. In the
numerical simulation, based on the local resonance theory, the low-order natural frequency of the damage area is used
as the centre frequency to calculate the response of the structure in a wide frequency range under sound field
excitation, and the damage imaging is realized by using no baseline damage index. The damage imaging results can
accurately identify the damage location; In the test, the non-contact test measurement scheme of using the loudspeaker
to excite, and the laser vibration measurement system to pick up the full-field mode shape during scanning
successfully identified the location of the debonding damage. The applicability and feasibility of the non-contact
imaging technology for the damage detection of the dot matrix sandwich structure debonding is verified, and the
damage identification without additional structural quality and without health reference signals is realized.

Keywords: lattice sandwich structure; local resonance; high frequency dynamic response; non-contact

measurement; full-field damage detection
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Fig. 5 Blind source extraction of multiple linear frequency

modulation signals
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Blind source extraction of complex non-Gaussian signals based on
convolution linear mixture model

LI Miaomiao"?*, LYU Xiaode">", WANG Ningl' 3 LIU Zhongshengl' 2

(1. Aecrospace Information Research Institute, Chinese Academy of Sciences, Beijing 100094, China;
2. National Key Lab of Microwave Imaging Technology, Beijing 100190, China;
3. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Due to the multipath effect of the radar signal, the blind source separation algorithm based on the

instantaneous linear mixture model is no longer applicable. A blind source extraction method for complex non-

Gaussian signals based on the FastICA algorithm is proposed. The mixed system is modeled as a convolutional linear

mixture model, so that each multipath signal does not need to be regarded as an independent source signal in the signal

model, which not only saves the number of receiving channels, but also reduces the complexity of blind source

separation process. The non-Gaussian feature of the signal to be extracted is used to extract complex non-Gaussian

sources in Gaussian background. The experimental results show that when the signal to interference ratio is =30 dB,

the proposed method can quickly and effectively deal with the extraction of complex non-Gaussian sources in the

convolutional linear mixture model, which provides a new method for weak signal extraction in this scene.

Keywords: multipath effect; convolution linear mixing; complex FastICA algorithm; non-Gaussian signal; blind

source extraction
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E T SRCKF ZEREZMEEHENEEEE
EEWE, D, AKE, kN, BEN

(EZETRERF s THRE2ERBE, P54 710038)

1 B YRIBAR R ENERK ENFFRERF/RE K (SRCKF) F 3% &%
MRRTHEZREAHBNEE, RET —MHEERBREAENEHBREE ETHERTZERE
M TEETRARUNHENRFE, AMATREARZERAETHEBENRELE B ER
SRCKF (LCASRCKF) H & #iITT AFEN T A%, RE2H T RAAMEAMEREL 2R @6 R
W, EART UL FEHFAFRE IR ARNEBFNEAEEMERNENERL, KL RK
EitikZ, TRERLN: HILEHBLHHETARFRERE (RMCKF) FHi%, fikpaH
EERBRE., REEMKSERESZTEARALRE

X B O PHIRERKRZREG BARE;, RHENE; FERERE; HEMER

hE 53 ES: TNIS3
XHAFRERE: A

ZEFHRIR 2 k%" cubature Kalman filter, CKF)
J& Arasaratnam 55 % 25 4 HY 0 — b 3 2 M Uk Dk 5
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PpEY, 75 AR BREES, S AR HTZ . R
T ARG B RS E M, IEAS =M s A
CKF 1R 2, #4575 AR CKF(square-root CKF,
SRCKF) %1% .

{H &, CKF/SRCKF 5 vk (¥ B 3 17 P4 6 e
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J& MR IOk AR AT A R RS I & A 1T, ARKF
LA AE L™, PRI SCRR [30] 25 T ARKF 244 2 1
TR 200 AR R 2 B I (robust mul-
tiple fading factors cubature Kalman filter, RMCKF) ,
SCf T ARKF B Js BRAE, H kAR b . RMCKF
454 T STF 2844 S 55T Huber sREL1 & B A4 T, (1
J& RMCKF g AL T B 45 5, D8 BOR A8,
T L 2555 5 SR A 22 IF , 182 6 T B A
YT DAL R T 0 U 13 2 P D7 2 R I A M LA G
A R BRA

PRI, S 1 o JIRASE R 43 22 R S i 10 {1 14 52
Wi, — 7 Th] 52 B F 38 06 B IS A S5 R S K,
— 7 W45 & 2 1% IR 5 B Rl & BN 2 1w 71 Ab
PR AL A5, A SCH T —Fh 2B AR RS 1 3
BEL . B, E TR R 7 2L L Bt T
BET RGELLE G S w ENES SRS, K SCk 18]
$2 Y B N5 5 SRCKF 45419 it LCASRCKEF,
I FHACE STF B0 T B IE N T R S8, LU ve IR A
IR 225 B, 454 2 Bl RGERYHF MGk 3T
BRIGIR I T — AT A RS 2, AR R
it T L FE 3 A 5 M) P S 6 A A R T LA R,
FG S A B EAE B o 05 FLAE REGAIE T A SCRT 4
L SR RV 1 B A BB, A AR R 2
S ME RSO0, BlS Rk E W B AR
SAtTHERE

1 FAREBFREBIER
BN AR B UM AR R ¢
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i=1
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Adaptively robust multi-sensor fusion algorithm based on
square-root cubature Kalman filter
LI Chunhui, MA Jian", YANG Yongjian, XIAO Bingsong, DENG Youwei
(Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China)

Abstract: To deal with the problem that the square-root cubature Kalman filter (SRCKF) will have declined
filtering performance or even filtering diverge when model errors and abnormal measurements occur, an adaptively
robust multi-sensor fusion algorithm is proposed. Firstly, a robust subsystem is designed based on the innovation
covariance matching principle to suppress abnormal measurements. Then, to overcome the model errors, an adaptive
subsystem is designed based on the low complexity adaptive SRCKF (LCASRCKF) algorithm. Finally, according to
the characteristics and limitations of the two subsystems, a global fusion architecture is proposed, which enables the
system to fully balance and utilize the prior model prediction information and the posterior measurement information
in the filtering process, and thus reduce the estimation error. The simulation results show that the proposed fusion
algorithm has obvious advantages in terms of filtering accuracy, stability and convergence speed compared with the
robust multiple fading factors cubature Kalman filter (RMCKF) and other algorithms.

Keywords: square-root cubature Kalman filter; model errors; abnormal measurements; multi-sensor fusion;

adaptive filtering
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