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Fig. 1 Flow chart of target maneuver trajectory prediction based on Volterra functional series optimized by SABA algorithm
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Fig.2 Comparison of target space prediction results based on second-order and third-order Volterra models
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Table 1 Performance comparison of two-step prediction with different prediction models

(=87 51§48 M, M, M, C,
BA-Volterra iy 219137 6.563 3x10° 0.000 9 0.998 3
BA-Volterra =k 30.502 1 1.460 4x10° 0.0012 0.9976

SABA-Volterra Zmr 15.4337 2.424 6x10° 0.000 6 0.9987
SABA-Volterra =k 25.1874 8.296 9x10° 0.001 0 0.997 8
ACO-Volterra B 24.4320 8.006 2x10 0.001 0 0.9979
ACO-Volterra =B 112.590 1 1.684 0x10° 0.0043 0.989 1
GA-Volterra —k 35.4252 1355 7x10° 0.001 4 0.997'5
GA-Volterra =k 202.458 3 5.289 1x10°* 0.008 0 0.9836
BPNN 83.799 4 9.162 4x10° 0.003 3 0.997 1
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Table 2 Performance comparison of four-step prediction with different prediction models

Bk 51§+ M, M, M, C,
BA-Volterra 13 85.605 2 8.851 1x10° 0.003 3 0.9899
BA-Volterra =K 1342922 2.223 0x10° 0.0053 0.988 6

SABA-Volterra iy 27.9075 1.269 8x10° 0.001 1 0.998 2
SABA-Volterra =k 27.959 7 1.104 6x10° 0.001 1 0.998 3
ACO-Volterra 13 30.599 9 1.143 9x10° 0.001 3 0.997 8
ACO-Volterra =k 1142622 1.695 3x10* 0.004 5 0.9890
GA-Volterra Ky 53.7130 3.015 4x10° 0.002 1 0.9970

GA-Volterra =k 210.4822 5.956 8x10° 0.008 2 0.983 4

BPNN 221.763 6 7.253 6x10° 0.008 7 0.9830
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Table 3 Performance comparison of eight-step prediction with different prediction models

Ak (5783 M, M, M, Co
BA-Volterra —Br 108.002 4 1.475 9x10° 0.004 2 0.988 7
BA-Volterra =k 125.673 3 1.900 8x10° 0.004 9 0.988 8

SABA-Volterra Zky 39.5275 1.589 9x10° 0.001 5 0.997 6
SABA-Volterra =k 71.762 4 6.519 5x10° 0.002 8 0.996 8
ACO-Volterra Zmr 294.702 3 1.395 2x10° 0.0114 0.981 1
ACO-Volterra =k 5453952 3.806 3x10° 0.0212 0.9689
GA-Volterra Zky 100.653 2 1.049 8x10°* 0.0039 0.9890
GA-Volterra =K 430.5977 2.278 4x10° 0.016 7 0.9753
BPNN 369.869 7 1.923 3x10° 0.014 4 0.9773
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Fig.3 Comparison of spatial fitness function values of prediction models optimized by different intelligent algorithms
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Air combat maneuver trajectory prediction of target based on Volterra
series optimized by SABA algorithm
LI Zhanwu" *, PENG Mingyu’, GAO Chunging’, YANG Aiwu’, XU An', FANG Chengzhe’

(1. College of Aeronautics Engineering, Air Force Engineering University, Xi’an 710038, China;
2. Graduate School, Air Force Engineering University, Xi’an 710038, China;
3. Unit 94582 of PLA, Xinyang 464194, China)

Abstract: Target maneuver trajectory prediction is an important prerequisite for air combat situation awareness
and target threat assessment. Aiming at the problems of high complexity and low prediction accuracy of traditional
target maneuvering trajectory prediction model, Volterra functional series model was introduced to predict the target
maneuvering trajectory by analyzing and combining the chaotic characteristics of target maneuvering trajectory time
series data. To solve the problem that it is difficult to solve the high-order kernel function in Volterra functional series
model, the mutation mechanism and adaptive step control mechanism were used to improve the optimization ability of
bat algorithm. Then, a Volterra functional series target maneuver trajectory prediction model based on self-adaptive
bat algorithm (SABA) optimization was constructed, and the future maneuvering trajectory of the target was predicted
by using the optimized Volterra series model with different orders. In the simulation experiment, the feasibility of the
prediction model is verified by comparing with the prediction accuracy of the Volterra series prediction model
improved by other optimization algorithms, and the second-order Volterra series model is proved to bemore suitable
for target maneuver trajectory prediction.

Keywords: trajectory prediction; Volterra functional series model; kernel parameter optimization; self-adaptive

bat algorithm; truncation order
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Fig. 1 Structure of small object detection in UAV aerial image based on inverted residual attention
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Fig. 6 UAV aerial image
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F1=Conv (Fe; (F. (f7,Conv (£°)))) (15)
fi=Conv (Fe; (F. (fi.f7))) (16)
F2 = Conv (Fes (F. (f2.£3))) (17)

" =Conv (Fes (F. (f3.£7))) (18)
F3 =Conv (Fe; (F. (f1. f1))) (19)
F4=Conv (Fe; (F. (f3.f2))) (20)
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Fig. 8 Fusion enhancement method process
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Table 1 Comparison of objective indicators of

different models

K%l mAP/% mAP0.5/% mAP0.75/% Z%0/10° K03 i /FPS

YOLOv5x  23.4 35.7 25.1 83.2 413
K1 246 38.6 26.2 86.7 28.7
BiAE2 254 39.7 27.1 85.5 28.7
A3 268 414 28.8 69.3 25.6
BAl4 274 0.4 29.0 725 23.4

B2
B9 RRBAKLS

Fig. 9 Detection results of different models
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B4 RetinaNet, Faster R-CNNFI Cascade R-CNN 7F
e ELA B39 DSHNet 5 AR ELHEAT T L3R, 9250
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Table 2 Comparison of detection results of different algorithms
AP/%
Ak backbone mAP/% - - - - -
Pedestrian Person Bicycle Car Van Truck Tricycle Awning-tricycle Bus Motor
RetinaNet R50 13.9 13.0 7.9 1.4 455 199 115 6.3 4.2 17.8 118
Faster R-CNN X101 22.4 21.3 15.5 79 520 295 205 14.7 8.9 32,1 216
Cascade R-CNN R50 232 222 14.8 7.6 546 315 216 14.8 8.6 349 214
Faster R-CNN+MMF R50 22.6 21.6 15.3 9.6 51.5 285 204 15.9 75 337 216
Faster R-CNN+SimCal R50 20.0 18.7 13.8 5.7 510 284 164 13.6 59 270 194
Faster R-CNN +BGS R50 23.0 21.8 16.0 8.1 51.8 31.1 198 15.0 8.4 36.1 215
RetinaNet+DSHNet R50 16.1 14.1 8.9 1.3 482 248 142 8.8 6.0 21.6  13.1
Faster R-CNN+DSHNet R50 24.6 22.5 16.5 10.1 52.8 32,6 221 17.5 8.8 395 237
Faster R-CNN+DSHNet X101 25.8 233 16.7 114 537 33.1 238 19.5 11.1 40.0 255
Cascade R-CNN+DSHNet R50 26.2 23.2 16.1 112 555 335 252 19.1 10.0 43.0 25.1
AR CSPDarknet53  27.4 28.9 6.0 9.5 60.1 362 345 16.7 17.2 472 180

R3 TNEBEERTIREEHESENIEE SR
Table3 Comparison of average accuracy and detection

speed of different algorithms

Bk backbone ~ mAP/% il HJE/FPS
RetinaNet+DSHNet R50 16.1 19
Faster R-CNN+DSHNet RS0 24.6 22.5
Cascade R-CNN-+DSHNet R50 26.2 15
AR CSPDarknetS3  27.4 234
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WIEHM H5 A58 5 5 DSHNet BRI R L, A SCAgim
BAR T L gE G Eee. — I, AT AL KA.
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Fig. 10 Detection results of three models
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Fig. 11 Detection results of the proposed model under different backgrounds
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Small object detection in UAV aerial images based on
inverted residual attention
LIU Shudong, LIU Yehui, SUN Yemei, LI Yifei, WANG Jiao®
(School of Computer and Information Engineering, Tianjin Chengjian University, Tianjin 300384, China)

Abstract: Aiming at the problems of complex background and too many small-size targets in UAV aerial
images, a small target detection algorithm based on inverted residual attention is proposed. Firstly, an inverted residual
module and an inverted residual attention module are embedded into the backbone network, while rich spatial
information and deep semantic information of small targets are obtained by feature information mapping from low
dimension to high dimension, thus improving the accuracy of small target detection; Secondly, in feature fusion, a
multi-scale feature fusion module is established to fuse the shallow spatial information and deep semantic information,
and to generate four detection heads with different sensory fields, which improves the recognition of small-size targets
and reduces missed detection of small targets; Finally, a mosaic mixed data enhancement method is designed to
establish the linear relationship between the data, increase the complexity of the image background and improve the
robustness of the algorithm. The experimental results on data set VisDrone show that the mean average precision of
this algorithm is 1.2% higher than that of DSHNet, which means that the proposed algorithm could effectively reduce
missed detection and false detection of small targets in UAV aerial images.

Keywords: object detection; UAV images; inverted residual; attention; multi-scale feature fusion
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Table 1 Comparison of statistical results for problem 1
Rk min max mean St.Dev CI IAE FR/% AR/s
SSGA-A 1.8830 2.3235 22163 0.078 4 [2.203 3,2.229 4] 0.002 1 83 3.30
SSGA-B 1.944 8 2.3416 22221 0.078 8 [2.209 0,2.235 2] 0.002 12 84 3.13
FROFI 2.1653 2.3449 2.2740 0.0378 [2.267 7,2.280 2] 0.003 1 78 6.52
C’oDE 19114 2.3222 2.1834 0.0890 [2.168 6,2.198 2] 0.0010 94 20.78
SPSO 2.1334 2.3533 2.3027 0.0299 [2.297 8,2.307 7] 0.0114 47 15.44
GA 22031 2.346 6 2.3075 0.0249 [2.3033,2.311 6] 0.005 1 67 20.18
nIOA 2.1024 2.3098 2.2383 0.047 7 [2.2304,2.246 2] 0 100 0.84
ulOA-TI 2.1505 2.3191 2.2658 0.0319 [2.2605,2.271 1] 0 100 0.54
ulOA-TI 21322 23163 2.2614 0.0372 [2.2552,2.267 5] 0 100 0.49
235} _ uIOA-TI | pIOA-T | pIOA F-E AR M 2 T {7 1Y, i
a0l T é T é é T % é A 5T ARG A5 L3 7L FROFI AT B dft LA - 3]
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Fig. 3 Search curves for problem 1 i=1
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Table 2 Comparison of statistical results for problem 2
Ak min max mean St.Dev CI IAE FR/% AR/s
SSGA-A 6.954 1 8.5975 7.940 1 0.3230 [7.8864,7.993 7] 0.002 7 83 2.98
SSGA-B 6.8847 8.546 8 7.9321 0.3354 [7.8764,7.987 8] 0.003 8 79 2.98
FROFI 6.796 9 8.5459 7.8194 0.3055 [7.768 7,7.870 1] 0.000 5 92 5.87
C’oDE 7.906 3 8.5972 8.3185 0.1419 [8.2950,8.342 1] 0.002 4 84 17.42
SPSO 7.290 1 8.6559 8.0652 0.3424 [8.008 3,8.122 0] 0.0126 6l 9.01
GA 7.602 9 8.6293 8.1729 0.2719 [8.1277,8.218 0] 0.005 7 66 11.52
uIOA 73172 8.3427 7.9726 0.160 7 [7.9459,7.999 3] 8.50x107° 99 1.08
nIOA-TI 7.290 4 82779 7.969 7 0.1590 [7.9433,7.996 1] 3.56x10° 99 0.91
uIOA-TI 7.6316 8.3092 8.0273 0.1504 [8.002 3,8.052 3] 0 100 0.70
sol - - uIOA- T Fl uIOA K453 & i H 45 fH; R4 CoDE,
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Fig. 5 Search curves for problem 2
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Table 3 Comparison of statistical results for problem 3

Bk min max mean St.Dev CI IAE FR/% AR/s
SSGA-A 30.768 5 31.4010 30.9803 0.1120 [30.961 7,30.998 9] 0.0023 74 2.83
SSGA-B 30.7169 31.3281 30.9484 0.1124 [30.929 7,30.967 1] 0.0025 76 2.79

FROFI 30.7158 31.1585 30.943 1 0.0877 [30.928 6,30.957 7] 0.0022 76 5.88
C’oDE 30.704 7 30.906 2 30.790 5 0.0404 [30.783 8,30.797 2] 0.006 5 39 17.51
SPSO 30.6716 31.4457 30.9633 0.1470 [30.938 9,30.987 7] 0.0107 28 7.43
GA 30.753 1 31.3484 31.0419 0.1194 [31.022 1,31.061 7] 0.0024 83 6.88
10A 30.790 5 31.4999 31.004 8 0.1135 [30.986 0,31.023 7] 4.54x107 99 0.72

n
pIOA-TI 30.8213 31.1777 30978 1 0.078 2 [30.965 1,30.991 1] 0 100 0.93
uIOA-TI 30.7857 31.1326 309185 0.060 8 [30.908 4,30.928 6] 0 100 0.75
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Fig. 6 Box plots for problem 3
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221763 B IAE FIFR {EAI%, pIOA- TAIWIOA- 1T
Bj Y38 £7 ¥ 3% B Al {5 f# , ulOA IR Z (99%), C*oDE
1 SPSO 0 2 ] {5 fiff (4 B AR HLAP- 25 20 0 i 75 ki

/N, {H C*oDE [ £ $itm A i i S 29 R A 3R A 5
INEF-Y B AR E f N, A g A X A2, h
I, nIOA-TI K fif 1 3% [n) R AR A5 (%) i JoT o pE 1 JHE Al
Bk, dE—2, 454 StDev, CIAY{H K & 7 %11,
nIOA- T BE 0 530 v A AR (948 R 350K AR e 1k
{H WIOA- T AR XS B8 45, HEA B4 r sl
TERGE TRR5 18, pIOA-TI, pIOA- 1T, pIOA ARG T
O B 7, SSGA-A Fll SSGA-B i T FROFI, SPSO,
GA, C*oDE R ik .
TR 4 TRLBEE - 5 AR B R 1) R
max  f(x)
Pr{LCE/LCC > f(x)} >0.95
s.t. ¢« Pr{LCE > 70} > 0.95
Pr{LCC <500} > 0.95
LCE = 0.441 8(x, +&,) + 0.028x3 + 0.028x,+
0.066 3xs +0.163 1(xs + &£5) + 0.062 3x,0 +0.272 x5

LCC =4.26 x 107°{0.029 3x; +0.103 9(x, + &)+
0.103 8x3 +0.092 9x4 +0.084 4x5+
0.098 7(xg +&6) +0.090 7(x7 + &7)+
0.098 8(xg + &5) +0.092 6x9 +0.080 1x;9+
0.062 4x;, —0.020 8x5}'9% +¢
x; €[0.85,1],x, € [42,56], x; € [21.3,36.6]
x4 €[10,15.2] ,x5 € [4,5],x5 € [11 700, 14 000]
x7 € [27 000,42 000],x5 € [140,170]
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X9 € [2000,2 200],x,0 € [265,300]
x11 € [380,400], xy, € [10.52,14.256]
& ~ N(0,1.44), g5 ~ N(0,12),&;, ~ N(0,16)
g5 ~ N(0,4), £ ~ N(0,25)
ARG EE + 3 AT, SCHER [40] SEHUR AL B
AR R G 5 LR 12 D OB 28K
PLAE 44 4 TR DI fiE LCE k. %1 LCC f/Ma i
H ¥ pRE 3K 1S SOPCP [al @, b [m] B4 15 4 A>3 252
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BORH M P20, I H AR eR R, 2 R eR U 5 S8
ARLRAE, B TR R PR R 2 (1] P -5 )l e G g A8 15
e Ay PRI X, 32 I 80 T LA 3 B ke o 52 24 M 7P B I5E T
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Table 4 Comparison of statistical results for problem 4

Bk min max mean St.Dev Cl IAE FR/% AR/s
SSGA-A 0.164 0 0.166 0 0.1652 0.000 4 [0.1651,0.165 3] 0 100 6.25
SSGA-B 0.163 6 0.166 1 0.1652 0.0005 [0.1651,0.165 3] 100 6.20
FROFI 0.163 7 0.1658 0.1650 0.000 4 [0.1650,0.165 1] 0 100 13.16
C’oDE 0.1659 0.166 4 0.1662 0.000 1 [0.1662,0.166 3] 0 100 38.17
SPSO 0.1639 0.166 3 0.1658 0.000 4 [0.165 8,0.165 9] 0 100 26.94
GA 0.1613 0.1655 0.1635 0.000 8 [0.1634,0.163 7] 0 100 26.54
nlOA 0.1658 0.166 5 0.166 3 0.000 1 [0.166 3,0.166 3] 0 100 3.71
ulOA-TI 0.1654 0.166 4 0.1660 0.0002 [0.166 0,0.166 1] 0 100 2.09
uIOA-TI 0.1653 0.166 4 0.1660 0.0002 [0.166 0,0.166 1] 100 1.58
0.166 5 - M 4 H TAE M FRAE AT LLE H, i g Bk 7
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Fig. 9 Search curves for problem 4
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Table 5 Comparison of statistical results for solving problem 2 of pIA-1Il in different parameter settings

ik min max mean St.Dev CI IAE FR/% AR/s
N=4, M=10,W=5 7.3814 8.3225 7.936 0.1779 [7.906 4,7.965 4] 0 100 0.41
N=5, M=10, W=5 7.6319 8.3747 8.0229 0.1348 [8.000 5,8.045 3] 0 100 0.60
N=6, M=10, W=5 7.846 6 8.344 6 8.0579 0.1390 [8.034 8,8.081 0] 0 100 0.88
N=5, M=10, W=4 7.6121 8.3154 8.007 4 0.146 0 [7.9832,8.0317] 0 100 0.60
N=5, M=10, W=6 7.6535 8.3397 8.0308 0.1384 [8.007 8,8.053 8] 0 100 0.63
N=5, M=8, W=5 7.6079 8.3044 7.9843 0.143 6 [7.9604,8.008 1] 1.19x10™* 99 0.43
N=5, M=12, W=5 7.5852 8.3423 8.0422 0.164 2 [8.0150,8.069 5] 0 100 0.79
26(10): 2864-2876(in Chinese).
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Micro immune optimization algorithm for single objective probabilistic
constrained programming

LI Jing', ZHANG Renchong" ", PAN Chunyan’, YANG Kai’

(1. Computer and Information Engineering College, Guizhou University of Commerce, Guiyang 550014, China;
2. School of Mathematics and Statistics, Qiannan Normal University for Nationalities, Duyun 558000, China;

3. Guizhou Big Data Industry Research Institute, Guizhou University, Guiyang 550025, China)

Abstract: An immune optimization algorithm with a small population is proposed to solve a single objective
probability constrained programming with no prior random distribution information. In the design of the algorithm, we
develop an evolutionary framework with a micro population inspired by danger theory. Based on the amplitude of
error of the estimated value, two approaches are proposed to estimate the individual ’s objective values and each
chance constraint’s probability respectively. According to the superior and inferior relationships among individuals,
the population was divided into three types of sub-population for co-evolution. A version of individual life cycle is
constructed, while adaptive crossover probability, adaptive mutation probability and adaptive mutation strategy as
well as crossover strategy are designed to promote effective information exchange among the above sub-populations
to co-evolve individuals in different directions. The results of numerical experiments show that the proposed
algorithm has good search efficiency, search effect and noise reduction ability, and has certain competitiveness and
application potential.

Keywords: probabilistic constrained programming; immune optimization; danger theory; adaptive sampling;

micro population
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E T MSST & HOG %t BN N T 1A 25T R {5 5 1R 5
AR, EEW, KRR, BEP, Iné', TRAF

(1. ETHE KR F B TR BE WA ra s B AR ST A & S8 2, Bt 310018;
2. E TR ERATBRA RIS - 05T, Bl 310000)

it E: ANHATEAGEERANEELEREE LT RIAEFHFRNIEA, RETETSE
Bl &4 (MSST) MM Z# K FrHE A7 H (HOG) BN EABAERETRINEE, A
REFAEFARHBE S AN EEST# (STFT) A b H# TS ER S EHAEREE T HALH
A, @it HOG & ¥tz 5 i oA F#EAT HOG BRI, KR A HOG FHAE R it + B2 247
(PCA) #ATH%, HRERNBAESBENLFHEN (SVM) M EFAETHTH L LRI, =
BERKN: PRAFAARKOGELE, YE%HL-8dB i, (FHE LK 53 Lo 7 554 xt

9 My B A F k5 B AR A VER K B 90% M k.
*x # A
FESES: TNI74
XEkARERD: A

L T4 76 HL - X DU S B R 45 45 B CH Z W)
P W, T AR % 3K 48 2R (low probability of intercept,
LPT) 75 ik 15 5 R e H i i B R ™, 53
P LPL 535155 AT LAHS Bh 3% 7 48 k3% 3 AL,
PR W — 25 R R ek Y 640 kM5 5 1R
T TPk vE B L K P R L 2R A B B
(i) F1 2 35 A 48 8 LS EUCRHIE . BT RS S50
BUNBARTEAS 5 0% AR (55 TR 4 R
B | RIS A I B0 T AT LLIS B A AT Rk
W, R BEE TR R 2, SR R H 25
5%, LPL F ik B IR . m iRl . R s Ao 1
PLARE L, ARG T B E AR R TR oK

W TR AT IAE S BA FE WK E S, T
TE AN HEAR 5 Ik AR E 2 508 42 T 1 0 o Al B
AR, B NS AR 2535 38 3 43 A 7R I8 A 5 I B
BT Saf, TR0 B AT S8 AR A X B A AR S R IRl R I T 2
TURESE o SCHR [6] AR B 385 5 ik 4 i, BT &R
R BET TR AR MU AR 43R5 5 4R 1E, £ ) 2

HFRETRA; FAMEETE; SERSESH; FAEN; R E

TERHS: 1001-5965(2023)03-0538-10

T A2 A B 0 B I A S IR O SRy s, 1%
PAEAEMEE N 6 dB BHEEARIRBIR T LIGAE] 90% LA |,
ELBE 2 5050 BER BRI, J0 ik X o AR et IR AR 15 5
FNERAE PRI 5 03k () JL A B, S 380U 45 3R
FRAE L SCHR [7] 38 2 53 BB 8 L AR 4 R AT
Chirp JL43 %, Fi I8 Chirp JL 2051 5 845 2 i A ) 20
B X S R 43200, I 15 B X R A o SR B L
5551 Wigner-Ville FH5 /047, I 421X Zernike
FERRAE, B R R B R0 A SRR B,
TR 25 28 M 24 43 JE A S B TR A MR 5 IR, M 5 M L
=2 dB B, BRI 327 T A 5 93%, 5
XF BPSK {5 HUZE . SCHR [8] 7E Choi-Williams
I 451 43 4 (Choi-Williams distribution, CWD) 14 3 fif
I, xS 4T D Zernike T HR O AR R AR FREL, A
T S B 5 149 43 28U, (R AEAR AR R LS L F
AR R AL . SCHEK [7-8] £ T Wigner-Ville
43745 (Wigner-Viller distribution, WVD) 1 CWD B 55
A5 e B2 LS 5 W R RRE, {2 i F WVD Al CWD
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Fig. 10 Hardware-in-the-loop simulation experiment platform for radar radiation source signal recognition
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Radar emitter signal recognition based on MSST and HOG feature extraction
QUAN Daying" ", TANG Zeyu', CHEN Yun', LOU Weizhong’, WANG Xiaofeng', ZHANG Dongping'

(1. Key Laboratory of Electromagnetic Wave Information Technology and Metrology of Zhejiang Province,
College of Information Engineering, China Jiliang University, Hangzhou 310018, China;
2. The 52nd Research Institute of China Electronics Technology Group Corporation, Hangzhou 310000, China)

Abstract: Aiming at the problem of low recognition accuracy of traditional radar signal recognition algorithms
under low signal-to-noise ratio, a radar emitter recognition algorithm based on multi-synchrosqueezing transform
(MSST) time-frequency transformation and histogram of direction gradient (HOG) feature extraction is proposed. The
algorithm performs multiple synchronous compression processing on the basis of the short-time Fourier transform
(STFT) of the radar time domain signal to obtain the signal time-frequency distribution image, then uses the HOG
operator to extract the HOG feature of the signal time-frequency distribution image. The HOG features are
dimensionally reduced by principal component analysis (PCA), and finally the feature parameters after dimension
reduction are fed into the support vector machine (SVM) to classify and identify the radar signal. The experimental
results show that the algorithm has low complexity, and when the signal-to-noise ratio is —8 dB, the recognition
accuracy of the simulation experiments and hardware-in-the-loop simulation experiments for 9 typical radar signals
can reach more than 90%.

Keywords: radar signal recognition; histogram of direction gradient; multi-synchrosqueezing transform; support

vector machine; principal component analysis
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Fig. 1 Pneumatic structure of ultra-low-orbit satellite
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Table 3 Description of simulation parameters
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Table 4 Random disturbance in simulations
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Design of attitude control method for ultra-low-orbit satellite with
pneumatic steering gear
WANG Tao"?, JIAO Hongchen™ ", LIU Jie’, CHEN Leyu’, ZHANG Yingchun'

(1. School of Astronautics, Harbin Institute of Technology, Harbin 150001, China;
2. Institute of Remote Sensing Satellite, China Academy of Space Technology, Beijing 100094, China;
3. School of Astronautics, Beihang University, Beijing 100191, China)

Abstract: To meet the differentiated needs of the attitude control of ultra-low orbit satellites, this study
investigates the attitude control strategy with the assistance of pneumatic steering gears. The layout of the gear is
designed and its aerodynamic characteristics are analyzed under the thin atmosphere of the ultra-low orbit, with the
theoretical aerodynamic force up to the order of 10" N, and the aerodynamic torque the order of 10" N-m. On this
basis, an attitude control strategy assisted by pneumatic steering gears is designed. Simulation results show that when
the x-axis is controlled by the momentum wheel and the y-axis and z-axis are controlled by pneumatic steering gears,
the three-axis pointing accuracy larger than 0.004° and the three-axis attitude stability larger than 0.000 7(°)/s can be
achieved. The attitude control strategy designed in this paper has important technical and engineering value for the
application and development of ultra-low orbit satellites.

Keywords: ultra-low-orbit satellite; pneumatic steering gear; aerodynamics; attitude control; satellite structure
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Fig. 1 Schematic diagram of MPTL system
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Fig. 2 Photograph of MPTL system (not including radiator)
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Fig. 4 Photograph of shield centrifugal micropump
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Thermal vacuum test study of mechanically pumped two-phase
loop for space remote sensor

MENG Qingliang" > *, ZHAO Zhenming" >, CHEN Xianggui"’, ZHU Xu"’

(1. Beijing Institute of Space Mechanics & Electricity, Beijing 100094, China;
2. Beijing Key Laboratory of Advanced Optical Remote Sensing Technology, Beijing 100094, China)

Abstract: In this paper, a test setup of mechanically pumped two-phase loop (MPTL) was constructed in
response to the demand for high precision and high stability temperature control of the core components in space
remote sensors. In this setup, a two-phase thermal-controlled accumulator with passive cooling was adopted. For the
purpose of verifying the working performance of the MPTL system under the conditions of high vacuum, ultra-low
temperature and varied external heat flux, the heat dissipation and temperature control ability of the MPTL system
under different test conditions were tested in the vacuum chamber. Then the obtained test data, including temperature
and pressure, were used to analyze the operating characteristics of the main loop, the thermodynamic behaviors in the
accumulator and the heat and mass transfer between the main loop and the accumulator. The test results showed that
the temperature control points of the MPTL system could be quickly adjusted by the accumulator, and the external
heat flux and the action of starting up and powering off of the heat source had little influence on the temperature of the
evaporators. The cooling capacity was provided by the temperature difference between the subcooling liquid entering
the capillary tube and the liquid phase in the accumulator. During the phase transition in the main loop, the mass
transfer behaviors between accumulator and the main loop gave rise to the pressure-drop oscillations.

Keywords: mechanically pumped two-phase loop; two-phase thermal-controlled accumulator; thermal control

products; thermal vacuum test; space remote sensor
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Relative navigation method based on modified likelihood filtering for
unmanned aerial vehicle formation

SU Bingzhi"*, WANG Lei’, ZHANG Hongwei', WANG Haihan', SHI Lulu'

(1. China Helicopter Research and Development Institute, Tianjin 300300, China;
2. Aviation Military Representation Office of Army Armament Department in Tianjin Region, Tianjin 300384, China)

Abstract: A modified likelihood cubature Kalman filtering (ML-CKF) is proposed to solve the problem that the
measurements of vision-based relative navigation sensor for unmanned aerial vehicle formation are randomly delayed
by multiple steps. The measurement model is modified by the Bernoulli random variables to describe the random
delay. The likelihood function of the filtering is calculated by marginalizing out the delay variable to extract accurate
information from the delayed measurements. The third-degree spherical-radial rule is utilized to compute the
Gaussian-weighted integrals for the nonlinear system. The proposed modified likelihood filtering has the property of
adaptive filtering because the weighting factors of the filtering are tuned based on the characteristics of the received
measurements. By utilizing the Rodrigues parameters to denote the attitude errors, the relative navigation filter of
unmanned aerial vehicle formation is designed based on the ML-CKF. Simulation results indicate that the proposed
filtering algorithm could accurately estimate the relative position, velocity and attitude between the leader and
follower. Moreover, the estimation accuracy of ML-CKF is superior to cubature Kalman filtering and conventional
randomly delayed filtering.

Keywords: unmanned aerial vehicle formation; relative navigation; likelihood function; cubature Kalman

filtering; randomly delayed measurements
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Table 1 Comparison of different registration method

Fik o FRMEP R M2/ mm FEEFLR AR 2 /mm

TR M 22/ mm N TR R W22 /mm 22 Eh i /mm SR )/

Tl 0.038436 1.337247 0.241 043 0.263 811 0.022 768 0.146
Ik 2 0.033 438 0.054 354 0.186 074 0.219 661 0.033 587 0.254
Tiik3 0.149 557 1.320907 0.213938 0.247 241 0.033303 0.434




55 3 4]

AN, S TH] 1) R 2 PR A 24 B4 TR B 585

EIE I T, AR T H B0 TS A T 2 A i
SOAH

FETCIEMEL SR DL T, (GE 1 4% i 4 R E AT
TG A, 7520 AR S R S5 R anE 10 B, A
RS Z AR 22 & 11 ffs . & 10 AT AL #E G
TG OUT , 80 T B AT DR R o 1
BIAT A, AE IR oL B B IR Al 22 5 K ol 22 0
B KRN O, BAREE i3 1 s . o MEL R
HIAE BT, S T PR TE T U N TS AR X T A A
B, TN T 0 158 iU E i e I 5 A AL

FH 2% 1T A SCRT 4 55006 X R e 2R R i T T

W&
=E 4
@ﬁzo I e Y e G B
0 gk e e e T 250
20 P e
e 0 . 150
\f/ — 100
L 20 e 50 =z r‘“\“mﬂ\
2 % 4050 AR
2%
R - — S

P8 FEBLUET- 5 BRI AL T 24 T i RS 2R
Fig. 8 Registration result of method based on constraint of

a plane and a cylinder

14
12}
10}
E — e R T R 22
ETEH 08} _._ sumwmigr
# o6 HEEFLR 22
&
04|
02 ittt e

0 5 10 15 20 25
M 575
9 FESLMET- T2 o 5 S AL 2 AR I O 22 1 £
Fig. 9 Deviations of different points after applying

registration method based on constraint of

a plane and a cylinder

ES

N

£
ff— £ 40 ey
@% 20 _ 520
H . —150
.. 20
J;C% 0 100 ” e
5 00 Tl
K g SN
B 47y DA ST T DA

B 10 ARELAW T RS R
Fig. 10 Registration result of method based on

allowance constraints

1.4

1.2}

10t

£ — - RN T R 2
= 081 . LTS
& o5l AL (R
E

04}

0.2 e e I S T

NN . .
0 5 10 15 20 25
HIIE Yeys =y

P11 AUA AT BLHEE D 22 1 28
Fig. 11 Deviations of different points after applying registration

method based on allowance constraints

B A% A3 A O T R o T T B4 A RS A
T S o 3 ik A A4S T 5 B 32 R A R v 2 o
) T M SRS T B e B B T C I A R AT Y
TREAFIE], 5 gk 1 AT R) 2 O 2 3 A A Y
33.6%, i ZE (B I B AL T /N

4 &

1) AR SCHRE Y — Bl 3 T3 2R 5 R R AR
JUAAT [ 3 07 FC o B0, IR AT T AR BRI &, I
30 3 S T AU I TR A A Y BEA T B IE

2) AR SO B 3 A A TR A B R R R S Al
o 2 P TR S5 7 1R 0 T, T A R R R A A
T TR X 0 T o 1 7 RS B, B i T
Sfeg e

3) W TR RS I LR, Y [a] e ol
ST 249 R 5 4 i 24 SR BC E D YA, A 2 A R T
T AR AR AR AR/ . R, X T
U, JEE SN T g Al EEL A AR
1 B PR fid A RN T

4) A FH 35 1 T 180 24 55 4 B 24 SR T 1A O 1
1 R =N T B T S o 15 P Y S
A HRCE T R RN 33.6%

2E 3 #k ( References )

(1] FSCHE, 3. HE RN THARAE I TR 5325 5 0
], iz HiEHoR, 2013(6): 26-29.
WAGN W L, YUAN S P. Category and application of adaptive
machining technology in NC machining field[J]. Aeronautical
Manufacturing Technology, 2013(6): 26-29(in Chinese).

[2] MAISELI B, GU Y, GAO H. Recent developments and trends in
point set registration methods[J]. Journal of Visual Communica-
tion and Image Representation, 2017, 46: 95-106.

[3] ZHU L, BARHAK J, SRIVATSAN V, et al. Efficient registra-
tion for precision inspection of free-form surface[J]. Interna-

tional Journal of Advanced Manufacturing Technology, 2007,


https://doi.org/10.3969/j.issn.1671-833X.2013.06.001
https://doi.org/10.3969/j.issn.1671-833X.2013.06.001
https://doi.org/10.3969/j.issn.1671-833X.2013.06.001
https://doi.org/10.1016/j.jvcir.2017.03.012
https://doi.org/10.1016/j.jvcir.2017.03.012
https://doi.org/10.1016/j.jvcir.2017.03.012
https://doi.org/10.3969/j.issn.1671-833X.2013.06.001
https://doi.org/10.3969/j.issn.1671-833X.2013.06.001
https://doi.org/10.3969/j.issn.1671-833X.2013.06.001
https://doi.org/10.1016/j.jvcir.2017.03.012
https://doi.org/10.1016/j.jvcir.2017.03.012
https://doi.org/10.1016/j.jvcir.2017.03.012

586

b om0 A A

KR % % R

2023 4F

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

32(5): 505-515.

BEAREE R, DIEULOT J Y, RABATE P. An innovative subdivi-
sion-ICP registration method for tool-path correction applied to de-
formed aircraft parts machining[J]. International Journal of Ad-
vanced Manufacturing Technology, 2011, 53(5): 463-471.

SHI X Y, PENG J J, L1 J P, et al. The iterative closest point regis-
tration algorithm based on the normal distribution transforma-
tion[J]. Procedia Computer Science, 2019, 147: 181-190.
BERGSTROM P, EDLUND O, SODERKVIST I. Repeated sur-
face registration for on-line use[J]. International Journal of Ad-
vanced Manufacturing Technology, 2011, 54(5): 677-689.

ZHOU Y Q, XU S Y, JIN C C, et al. Multiple point sets registra-
tion based on expectation maximization algorithm[J]. Computers
and Electrical Engineering, 2018, 70: 1-11.

DUS Y, XU G L, ZHANG S R, et al. Robust rigid registration al-
gorithm based on pointwise correspondence and correntropy[J].
Pattern Recognition Letters, 2020, 132: 91-98.

MBS, AR, . JEF U AR AE 200 i dE 5 0 5 = Tl o
FLUL[)]. 22447, 2018, 31(4): 464-468.

ZHENG D H, YUE D J, YUE J P. Geometric feature constraint
based algorithm for building scanning point cloud registration[J].
Acta Geodaetica et Cartog Raphica Sinica, 2018, 31(4): 464-468(in
Chinese).

R, UM, RS, 5 W LR LAY S UE R )
HUBE T3], 2010, 46(5): 183-190.

YUCIJ, LITX, YUFJ, etal. 3D points registration algorithm with
engineering constraints[J].
2010, 46(5): 183-190(in Chinese).

VN, AEZE%, BRI, 55, £ HARZAR RS SR L A 1
PLSLIE[T]. fiizs 2442, 2018, 39(7): 421844,

FENGY Z, RENJ X, LIANG Y S, et al. Multi-objective optimiza-

Journal of Mechanical Engineering,

tion algorithm for geometric reconstruction of precision forged

blade[J]. Acta Aeronautic et Astronautica Sinica, 2018, 39(7):

[12]

[13]

[14]

[15]

[16]

[17]

[18]

421844(in Chinese).

CHEN S Y, WU C C, XUE S, et al. Fast registration of 3D point
clouds with offset surfaces in precision grinding of free-form sur-
faces[J]. The International Journal of Advanced Manufacturing
Technology, 2018, 97(9): 3595-3606.

XIE S Q, CHENG D, WONG S. Three-dimensional object recogni-
tion system for enhancing the intelligence of a KUKA robot[J]. The
International Journal of Advanced Manufacturing Technology,
2008, 38(7): 822-839.

HEW T, LI ZW, GUO Y Y, et al. A robust and accurate auto-
mated registration method for turbine blade precision metrology[J].
The International Journal of Advanced Manufacturing Technology,
2018, 97(9): 3711-3721.

FENG C, LIANG J, GONG C Y, et al. Repair volume extraction
method for damaged parts in remanufacturing repair[J]. The Inter-
national Journal of Advanced Manufacturing Technology, 2018,
98(5): 1523-1536.

SR, KA, RN, AF. FE RN TR A 1 i b Y
R s s, 2013(13): 51-55.

ZHANG D H, ZHANG Y, WU B H, et al. Application of adaptive
machining technology in blisk manufacturing[J]. Aeronautical
Manufacturing Technology, 2013(13): 51-55(in Chinese).

VRG], M, Tk, 45, b 2 A R B0 0 B 1) T4
AR Wizs HIERAR, 2018, 61(19): 64-72.

CHEN Z T, ZHU Y, ZHANG Y, et al. CNC grinding technology
with super-abrasive grinding wheels for blisk[J]. Aeronautical
Manufacturing Technology, 2018, 61(19): 64-72(in Chinese).
EGUE. 2 TR T AT B S EOT ). B LR R B
BER (SRR, 2010, 28(6): 58-63.

WANG X B. Parametric equation of cylinder in arbitrary
direction[J]. Journal of Foshan University(Natural Science Edi-

tion), 2010, 28(6): 58-63(in Chinese).


https://doi.org/10.1016/j.procs.2019.01.219
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.patrec.2018.06.028
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.1016/j.procs.2019.01.219
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.patrec.2018.06.028
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.1016/j.procs.2019.01.219
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.patrec.2018.06.028
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.1016/j.procs.2019.01.219
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.compeleceng.2018.05.026
https://doi.org/10.1016/j.patrec.2018.06.028
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.3901/JME.2010.05.183
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2008.13.007
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064
https://doi.org/10.16080/j.issn1671-833x.2018.19.064

55 3 4] AN, S TH] 1) R 2 PR A 24 B4 TR B 587

A registration algorithm with datum constraints and allowance constraints
ZHU Yu"**", XIAO Shihong"**, CHEN Zhitong*
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Abstract: This paper presents a registration algorithm based on datum constraints and allowance constraints,
which allows the surface to be machined with a uniform allowance and to maintain accurate position relations. First, a
local coordinate system was introduced to compute the registration results. Then a conversion method would be
employed to solve the corresponding results in the global coordinate system. The introduction of the local coordinate
system reduced the degree of freedom of the point set during registration, thus decreasing the number of dimensions
and improving the computational efficiency while the algorithm was solved. The results can satisfy both the datum
constraints and the allowance constraints. The algorithm was applied on a simplified model of a typical aircraft part
“flap track” . The computational results showed that the computing time used by this method was only 33.6 percent of
that used by the registration method with the allowance constraints alone, the maximal error for measure points was
less than 0.04 mm, and the fluctuating of the allowance was less than 0.03 mm. Therefore, the method is suitable for
finishing the surface of similar aircraft parts adaptively.

Keywords: computer numerical control machining; adaptive machining; registration; datum constraint;

allowance constraint

Received: 2021-06-08; Accepted: 2021-08-27; Published Online: 2021-09-16 15:01
URL: kns.cnki.net’/kems/detail/11.2625.V.20210916.0907.001.html
Foundation items: The Foundation of AVIC Manufacturing Technology Institute (KS912053115)

* Corresponding author. E-mail: zhuyork@sina.com


kns.cnki.net/kcms/detail/11.2625.V.20210916.0907.001.html
mailto:zhuyork@sina.com

20234 3 A ETEMEMRXRKREER March 2023
o494 5 31 Journal of Beijing University of Aeronautics and Astronautics Vol. 49 No.3
http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn

DOI: 10.13700/j.bh.1001-5965.2021.0310

BHR{ES1hE80 GNSS-R BSAR I E S LR IGE L

ZHE, HEY, T, vE

AbstAi AR RS BT B TR, bt 100191)

i B AMEMNETAREMILERARAG T AN EH A K12 EFL (GNSS-R
BSAR) £ —3h H R MR T A#L, RIEFREAR, BRETHF LR FHEHE T UL
A, REWANIER L LB REHE L. TIRFEERA GNSS 55 18 12 4 F ARHE — 36 B 2R K
T GNSS-R BSAR & ik AL Bl K oy 4e i, SINE MM MEZEA G2 M T E Y B AnsHiE 4
B RN REREL, ARTEHET 5 ERETHE N HHATEERIRE, LALTFER
e R HARIE; BRAL TR ARBAEMAAERTREEET T NN BRER, LA
FEERER R G TREENRBRERTERE AP HE (BP) Bk, KEHKES BP Hik
ML, BTREFEALRAET L2 RN EERREARERR. &G, A GPS-L5 FZ#ATH Hfv

SEHy, fhEA LI R T FTAR A k0 AT A RO
X B I AREMIERARRAGS; REMGRIAEFL; FTARETALE; EFLLHEL;

BEEIRIE
FhE5ES: VI9; TN958.97
XEAFRERD: A

BT 2ERTM T E RS IS NI H
& HFL 72 75 15 (global navigation satellite system-
reflectometry bistatic synthetic aperture radar, GNSS-R
BSAR) DA Bk T LA 7 4t ( global navigation satellite
system, GNSS) T AE Ry EA 15 S i H A AL
12 B TR R AR U Bk % T PR, A R
E ARSI T b R3] B 3t 29 72 W 1) e AR 45
MR F L, 5 GNSS-R (13 &0 FHAH ., GNSS-R
BSAR A LI 3l 55 K 49y 50 B RRE A AR 4 1) i B,
PR, AT AR BRI 0 = 5 A RRAE 1S B 42 5 GNSS-
R i % S T RS

51& 45 & i L 12 75 15 (synthetic aperture radar,
SAR) ] i, GNSS-R BSAR H. 7 B & fli#% . 1 Jt,
M T IO 7 A A R L, AR B AR iR A F
DIFEAR . BAIR; IR, 140 2 iAE 80 S0 DA (45
by 35K AT A7 DXl A [ B 2 SORE o 20 TR 1R S,

NXEHS: 1001-5965(2023)03-0588-09

AN TR 6 B ) 22 R R AL T AT AT, AT AR B
LI DX 5 = 5 A b SR AR B s B S , GNSS A
DAFR AR i i 52 B Bl 55, DRAIE T B AR [R5 Mg .

— i [ E R J& GNSS-R BSAR Ay 32 % T 4%
B 22—, 38 A o 422 MO 22 2 A it T v o,
1B TC APLRNZS 6] 77 28 i b, % [ X8l AT 6
FLAR S, S8 s (AU TS S [ 4 R N S
(back projection, BP) 557 A Ab #AT: 25 L Aar #4 %Y H. %5
SR A AL P TR, (0 BP BA IR =
K, BRI TR . AT BP AL, B
3 4y (range-Doppler, RD) 5 1 ) F1 £k M 4 4t 2% A5
(chirp scaling, CS) 3" 45 47 4af 340 vk m 482 80 A%
AR AR FRAG 2 L ] A3 R, — il [ = R
TLAME R TS AR, S5 75
] b AN P AR 67 5 AN S M, R SCR [13-15] 403
FILTEREEARALRER TS ABENS .

Y ¥s HHA: 2021-06-08; FFH BEA: 2021-06-21; 4% H AR ATiE : 2021-08-03 09: 30
4% B R 3k . kns.cnki.net/kems/detail/11.2625.V.20210802.1445.001 . html
EEUWH: ERARPIEES (41774028); S EH-LERMAHES (BX20200039)

*B{51E# . E-mail: wangfeng_buaa@buaa.edu.cn

SIftET: RH#E, HAY, T, % ERIEF AN GNSS-R BSAR 12 5 % B ¥k (4 5 3% [J]. A FMEMAAFF], 2023, 49 (3) :
588-596. WU S Y, YANG D K, WANG F, et al. GNSS-R BSAR range-Doppler imaging algorithm based on synchronization of direct and
echo signal [J]. Journal of Beijing University of Aeronautics and Astronautics, 2023, 49 (3) : 588-596 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0310
http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0310
kns.cnki.net/kcms/detail/11.2625.V.20210802.1445.001.html
mailto:wangfeng_buaa@buaa.edu.cn

55 3 4]

St E, 4. BG5S P 19 GNSS-R BSAR JE B 223 3 sl (R 0 589

R B [ A8 T A I ] 5 AL A GNSS-R
BSAR K&y R4, & i —Fh e ) RD iR B ik,
TESCHR (16148 H 1) 8 B 55 200 AR R (4 Bl |,
FHE AT 5 09 Oh B 0 28 30 AR 057 X6F 18135 A5 5 1) B 8
T B FOAH AL 15 22 BEAT AMEE, 3 IR S BE A TE K
JE, IF R 5 57 1) 43 HR A AH S Ak B 7 V& 34T 7 AL
PR VR N 25y VA LI = 22V o2 QR A L R A R
A 11 220 M A 3 [

1 GNSS-R BSAR Z2 &5

L1 SHEFEUMAESKRE

ST A s sh B S B R S H
o RS 0 A B2 i SO HE A2 % o 3l R ] B 4
RYCHE B RY | A ORI B AT AT A T A A T
B 5 HARMAMEX S TSR AR T
25 H b i 2 18 27 22 38 1 v o 1 220 26 47 4%
JEIF IR B 2 ki, |

R(t):Ro—/lfdt—gfrtz (1)

Ao e Ry 7 RLER], 7E T 3K S A FR 12 B ] 5 Ry
Z ot 20 TR S B AR AR A 80
£ foh DEMX HARp 28 8 h o, o AR
AR AR 0 2238 SR 58 . S RORHIL IR 2 A ALK
WER=NiOBA R L oI R R  S R BTiR (o B I 2
o), SRR B AL A Rk K

R(t) = /R2+ V£ +2Rvtcos ¢ (2)

A vl TR A SR T 5 ok TR R A AR
A

S B I SRR I B AR AR A — B AR
B ORS ), (FLRE 5 G AL AR I R, SR
AL 2 R TR ) AR B 158 2 4 R o IR R 2 I,
FO7 7 R, JC T /2 GNSS-R BSAR 7E — 3
FERET KB ] & L AR 5 3K o O BEORG B 4 aA
S TR IZ 3, AR ORI SCHR [16] B2 1 e B 45
R A B R 52 GNSS-R BSAR FUAHE . %4
RN N

AP\’ AP
R@) = \/R3+<vt+2t> +2R, <vt+2t> cosp (3)

Kof AN SN BRSSO, wE 1 5E 2
JIE 7R A A5 BRI BE A5 AL R AR SR I e B A5 AL
AP I B A TR (3 Ak P D 2 05 25 B AL AR T 1
K Fo HIEL T AT AR AR R AL (A R LA
B 249 2 50 s, 7% SCR IR U A R 42 & 1 R B A
JE, iE 2 FioR, A RFLERHE A 873 (29 14.5 min)

12.50

| —, R %Jf‘#LEaéﬁ
= S ALt TRy o
oK - —
7 S TR 1-3.125
il
S 625y /:/ | [
-12.50 . ! . ! .
-100 50 25 0 25 50 100
iR fE/s
B SRR R - RHIE DR 22 FL
Fig. 1 Equivalent squint range model-slope range
error simulation
12.50 — 43|0

g 6.25 I(i HRA K 4>|
o 4 o
,Q ’ 0 P E LI 10 L D {,r, 3.125
oK I ———
oy g —=l_]-3.125
£ 625) | A Tﬂ\

—500 —250 0 250 500

A ) /s

B2 m S RURHILIE BRI TR 22 1 A
Fig.2 Improved equivalent squint range model-slope

range error simulation

LA BEAT G 2 7 6 1) SR AR R
1.2 GNSS-R BSAR {55 #&#!

W& 3 fIr s GNSS-R BSAR fit— uifi [ 2 A 2L
fu] ¥ 78, I rp Ry (e) > 422 WL 21 T L 1 1B B IR
Re(0)h HARS) S0 L& 0 BRI RHE, R H bR 0
FIFLUCHLAY I S . RARHE N R(f) = Rr(f) + Rgo GNSS-
R BSAR WJEI R G0 & 1 4> ELIkE 8 A 1A 9%
JEE o FLORIE I8 38 1 A7 € BB Ak (right-hand circular
polarization, RHCP) 4= [1] B K 28 #5205t GNSS L4 1%
5, IRFRATHERA A R DAL . A AR R AR S, R
J A8 E A5 S WP R R R S H R . B
55 ZIE S fR PR AN SAR a2 Ak o i — i oL
AR N

. N

T (xr (1), y1(1), z1(2)) 58
X }/Z@ 124 V (1 (£), y1(2), z1(£))

ZA N
AN
\ N N

N
! N RN(?) N
0NN

I
\ \

|
v \
R (xg, yro z) 4 Y\\:.

y
€3 GNSS-R BSAR —ufi[& E R L4 7
Fig. 3 GNSS-R BSAR one station fixed pattern

geometric configuration



590 b oam o = Mt R OR % %

2023 4F

Rg(n) Rg(n)
P o |onr 7]

(4)
e 2 I L 1) 18 I R] 5 7oy BE R 1] PR ]
W ()R B2 WUAF 5 16 5 7 1) Y FE AL 265 N(p) R TRt
L35 C(r) R A BEAILIL; fjﬂﬁﬁﬂﬁm E’Jﬁﬂi* LA
AR oA LR D A R A Il B S o v Y 45 A
JiE |3 4% 1L (left-hand circular polarlzatlon, LHCP) K %k
T2 U5 AR DXl S S 1 TR 3 A 5, 48 3R B S A0 HE S
A8 W X A AN 7 A S e ) [ A I
UG AL J5 AT R Ry

si(n,7) = W(n)C[T—(n)} { ZnﬁR(n)] (5)

sa(n,7) = W(ipN@mC [T

2 BERESHER RD RIGEE

BT R B ORI TR, AR SO — Bl 5] 4
BT 7R B A5 5 U TR) B — 3t [ 52 #8558 F GNSS-R
BSAR IH & 25 8 UG 5 . B e, X EHE S
Tk . MRS B MR S PR B
UL AR SAS AR AR5, BRI E A E S M2
S A0 A A B BB SO AR R A0 3 5 A A 5 | J 1) A o7
TR2E, IR BRI A0 AR A7 152 25 77 I 38 38 15 5 1%
(2o A b DhARMEE, B2 5 USRI . o, IFFT O
SR B AR 4, FET Ayl B A 48
21 ETERMTEINESEESS

5 {44 SAR AN [A], GNSS-R BSAR i 55 1 4 i
i B P AF S R B LS B AR DG SE B . DL
1 ms FIHS 38 % 10.23 MHz ) GPS-L5 {55 th Ft #l
iy Sy B3], JH: A S PRI (B 55 9 LE (peak side lobe
ratio, PSLR)fE?f 35dB, HAEm i M 50T, A
AH 1 35 A 40 dB, {#153 GNSS FE2 UL AT M e 75 rp
*A{ml TS S T o SR B 1) [ AH G5 A

5H

s(n,7) = W(n)P{T—(n)] { 2fR('7)} (6)

| e | me |
) v,
EEIRN T e
7,

K Pl DB HLAS B 1 AH DG R
1 T — il A 2 #5530 F GNSS-R BSAR Z5 5% 41 ¥
FFRI T T 5 1) 22 35 8y v B0 3 8 AR, TR
[ 30 55 5 HE 25 9 sl s ELA AR R i Ze b Tl (FE 5
Bl IR (BRI, an R B R AT Oy A [
B ARG, ) E TR ) g 5 A7 ) A (A 1
FE 48 W5 5 76 10 B8 1) B AR B o AR G5 SAR
S 51 B B R AR T EA TR B AE Sh AR E
VM5 B 1) 5 5 OB B £5 . 7 GNSS-R BSAR 1,
TWUES W T I W F A A P BEALES, M-k
LGS, L, BB w5 07 0 AR A R B X
554 G0 S A AL TR IR AN ), Uk R 0 T
A0 A AT SOME AR o A SCHE I o B 8 DL B A R
LML S %, il EAHE S RS
B, 0T TR g 55 v i HE S O Bl 0T Sk AT IR B 1 B
PIRIE o AT ARG TR NS . H bR X #2000l
3 EEEITE SN LR HHE S S B 5%
0 Y B S 2 T ey, 308 3 RIS AE 22, 1T A5 1) S A
PR — 0 Z1 & 10 B 5 M5 S . R
BB E S, R B AR 242 SO0l [E e B S
T, KA /N BR 22300 o RS AR A T 7 ) R B A
e, BB ) 5 05 7 1 R G R 1 B {5 1
O TH B . ZHE BB s AL B 5 1 M f5 5 ik
Kh
RT(n)+RR_RB(n):| )

s(m,7) = WP {T - -

exp [—j2nRT(nzl+RR] (7)

Hrb, HikfE
Ar\° An?

Rg(m) = || Rg, + V77+7 + 2Ry, vn+7 COS

(8)

P oo TR B B 5 R O 9 AR R0k
Ao 1A S O BE B0 3l

B RE S Al s

et

JUTEE > SARFfR

—m =2 RE

— 1 — EL]

srbmmsye 1] 2] 3] - [a]
A

[ s sy percmeagin 28

K4 ke
Fig. 4 Flowchart of the proposed algorithm



534 St 4 555 P A GNSS-R BSAR R B 223 BUR S0k 591
2\ 2 2 _ Rr — AR(1) . Rr(n) + Ry
Rx(n) = \/R%o + (VTI + A;y) +2Ry, (vn + A;]) cos ¢, s(m, 1) = WP {T— S } exp {—ﬂn 1 ]

(9)

s ol TR B AR X O BB . B
SHES R IR B PE 3 5 M 15 5 i BE B 1k 3l i % 2=
T e ik 0h
AR() = R(1) — Rs (1) (10)

A =X (10) AT, R 2500 EE R T DA | 5t
s L [ LR AR oL 7 B R 1L, 0%
ZE(E AR AL AE BE 2 1] h AN — N BER 1], A 2
SR BR S T . N B IE TR Bk i AR,
YRS HN = 1R 05 BT . 15 B bk B
FLS TR B RO, JRAE R R LA AR R 5t SR a4
WML, B AR BEEAE x4l L, BES S RIBE R 1 m, ¥
x Al P I ) T

W s fis, b A LA I R) X 3 bl 5 H
o 1 B S B N, BR 22 TR 25 AE K . 2 [l i K kA
A H 0 5 H AR S BB FE S km A, B B S A OE
J7 1 AR ] G R AL AR A B 2 [ g5 R 2R AR o
05 HFREE B R i, A BALARRT E] 60 s P nl il
B 1) R AR R

1 T GNSS-R BSAR — i [ 52 3 i K L& AR AL 5
H A 5 5 258 /N T 5 km, PR AT 395 2 00 S Bk B A
EF R &R B HE SR E IS 1 e R

#1 BREWHESH

Table 1 Residual simulation parameters

AR PEME/Am  TEHEE/(ms") BUEHIE/m  BERSE/m

x 11769 500.96 0 1~5 000
y 1124.8 2891.8 0 0
z 12482 -369.24 1000 0
i R % /A
100 0
90 f
-0.2
80 f
0 70Tr -0.4
% o7 -0.6
}E 50 ’
S 40t -0.8
30t
20 t -1
07 -1.2
0 1000 2000 3000 4000 5000
FHLE B AR SRHE/m

5 gkas SRR RS IRFLAR I a5
Fig. 5 Relationship between residual error and slant range and

synthetic aperture time

(11)

K E S5 W45 5 2 7 Ao 1) 4 B i A e &8

Lo ek, AE R R £ el B T Bh 2T — o
ERHESIER N

R )} (12)

s(f,1) =W [n(f)] P(x)exp [—jZﬁ/I
K Win(H1A BE 25 2385 8150 04 81 A% 5 5 7 1)
%% .
22 ETHPURAHEXNSMEES

Hy F— 3 [ 2 B 20 GNSS-R BSAR 4 il fL
TRt )t K, g 9 A5 RAARH AR A8 e A7 7 1) S s sk
JE, S B0BE 7 A 1] B ) AR 1 22 R A A B U
Wl 5 5 O R PR 7 A AR i M5, [R]—FE B
U1 A 5 0 12 T30 A [) 19 76 1) DG i 308 5 2%
1T —BUES . AR SCR T J5 7 1) 43 YeIR A 4 56 1
Ab B 3, B 75 T D U U g 0 R AR R S R iR
e A5 5 L B sl ) A, B — R R A
S B RO B A R RS R O T B R
TR G DG AC 108 D 4 194 98 490 3 A1 45 P bt 99 O 62 1]
AR AS B 58 M . AR P 2k SR 40 7 AR I
£, 0 A AL R A BEORS 2 TR A8 — S B, 15
FHeh S5 P ARRL R 2 1B A

dv+Afysing; 1 (Tp\’
BPY,? B, S Ay Y et 13
COma S Mg Ry, 27\ 2 (13)

e O 7 7 1) 1 B 58 % 5 T, & AR Y I
JE a3 (13) AR i 7 12 450 2R £ Y Jo £ Ak 2
ROCR PRI B 58 FG LA R o IRAH I
B & A A

H(f.7) = p(r)exp (—jan(ﬂf)> (14)

27 ) ok L v A 4G () 45 5 A B B 22 A ek
MR AR
s(,7) = s.(B.)p(7) (15)
K s,() = sinn/n; BoA B AE 5 19 07 47 [7] 7417 5 o
R (15) RENHIE v 098 B kAR 4, S 6 i) 51 1
W, EZGE it JL £ 1E 75 3] GNSS-R BSAR
k&

3 AESH

T 3 AR A B R AT T R A R A R I R E
i B 3% F {5 2 5 GPS PRNO3 T &2 % 41 i GPS-L5
5%, SHO BN 2 %3 R, Y mEmE e
FT 7R o 7 57 6] VB 4 KH O b B INF 7 B ) 905 B B R
2 km,



592 b3 M A MR K% %R 2023 4F
£2 {FESHK {5550 /dB
Si . 3125 130
Table 2 Simulation parameters 22500
s | ok BY OREKE A fik -1875 25
SH REERCR, PR TS R Lz GV -1250
MHz MHz  MHz (kmxkm) [[Al/s  J5i%/Hz —675 20
Bl 62 1176.45 2046  6.5%6.5 300 1000 %i 0
625 -15
1250
3 GEEK 1875 -10
< == 2500 s
Table 3 Scene parameters 3125 h

. UL E, YsvbofiEs TEME TR
ArbR o
m km km (m's)
X 0 12.5 20 133.7258 1392.706 8
y 0 0 10697.3032 —2766.685 6
z 100 0 728.029 1 138.306 3
YA
5 km
100km 7~~~ " 7~
————————— >0 @ © o o
e ©¢ © o o :
X
3‘%4&(1‘%»0—0—0—0—0—0"5&»
e e © o o :
e ©¢ o o o

K6 Gsta Birosn

Fig. 6 Scene point target distribution map

WP 7 B Ry i 2 50 2 45 3 5 9 14 2
Ho sy 25 A S H PR ARBER £ 8] T IER 4L
B W 8RR 4 FraR A aK H AR 130 25 191 B3 1]
FN 5 A 1) A A A v B PP AR 45 5 o a5 B AR 13 4
R R OA L R L AV SO oy VA =Y g e
4 PR BB S5 R — S, 6 R B ) RO A ) B R
HER AL B, 5 H bR 25 A0 T 07 7 18] F B i i s
B, R AL B AR K W 5E 22 AT, 0 ) A AR
T BB A5 1 Fe AR 3 2 B, A DA A7 o A 4 T 1
AR BN — AN R B, F BRI 3 R 5E,
P i (5% 1 L AN RR 4355 I EE 35 H B 0.20 dB 2R
HL, J5 {57 1] ) PSLR AR 4355 M Lt (ISLR) A 0.21 dB
PR B o X R ) 2 A 5 S 50 B 92 s B 25 ) 2 1k A
1V L R M, B8 2 11 P A7 15 2 B R B I

4 SKILIuIIE

Ry i — A0 B T B SR A R, A SO T
WA 9 fir 7R 5 T GPS-L5 55— il [ & 2 =i 18 52
5o SEER I EAE W 10 F3 S s A A6 AT 2 A
RRZEEREGR D EFTWHEE . GNSS-R BSAR AL
PGB R 7 45 [ I SR 42 L5 A E AR R I3 GPS-

2000 3250 4500 57506500
x/m

7 PR R AR
Fig. 7 The proposed algorithm imaging results

0 750

LS55, b Bk (5 5 3G 250 3 dB 1Y 4 1) 7 e
[ A Ak R R 0, FH T 52 BRSSO AR MR B
D7 B 5 A S R BARUE S 254 19 dB
F) 22 i IR M A R R 320, FHF AR AR . BRI &R
GRS NR S BN 6 s

FH T GPS PRNO3 I A2 55 Hh [ff [ 2 2 LA Bk
R XU FY R, 7] fff GNSS-R BSAR [F 1% B A 5
TR S 1) 3R, DR L, AR RSB % B GPS PRNO3
DEGSERNEIIE . &8 fL& b s % GPS
PRNO3 T2 5 7€ 3.0 A bR 22 09467 B B 1 B A
27 IR

X R R B BT 4R R VL AL 48 BP Bk AT A
AL R 1800 s 1% . BURES R WE 115
12 iR, AT W 2 FORTE R AT IMRAE & A L, 1
W 2 FpRLIE 0 BAR BE ST AL . R e KBt a] Y
4 W FLA%, GNSS-R BSAR (1 7 i [1] 43 $E R 35 5 T
WK G, A2 GPS LS {55 1947 96 4 20.46 MHz,
T PR B Y BE 2 1) 2 BE AR 25 15 m, 7R L AR X
T, 32 LA R B G2 0, L v B Y BB 1) 43 R
W I, A B GNSS-R BSAR K44 TG ¥ ik 3]
Je2E G —FERY EOWSEATRE T, T B T E ARG
WA RE o A T RAE 43 FEfE J7 X B AR A Gk 8]
G5 HF UG AT T 3 F07 B A5 B VLD, 25580
K13 s TR RE S B s s @ R
A, H GPS PRNO3 T2 FHEIHLARN: T H AR X 35,
FIVPE I, B S Y R R SR A T
PEER oy o I, 76 & 13 A A S B 5 1
SRR AR B T S TEM B 10 iy 9 A4
AP R R AR B T I R LA 7, BEEK
A4 T 30 2 P 2R 0 S I i, R, 7E MR P R AR Y
AE S o Hfh Y o R 2 I ) R
T RAFRESR .

T 25 VAR T B SRR AR A A T AT
BT RE OB TR A B S BP Bk EAT TR )
B AR SCAr BIRE 2 Fh Bk A5 i KR AT T 28 X



SR, 5. B RASSPHAIH GNSS-R BSAR FE 85 £ 3% 4 it (4040 1 593

0 A
710 -

I /dB
2

o I e

—4
~150 —-100 -50 0 50 100 150

MBS M) /m
(a) 13%5 25 HE 17

710 -

) /dB

720 -

30

o D e,

-4
=150 -100 -50 0 50 100 150

MBS ] /m
(c) 255 AL HE B 1)

0
-10 f
m
<
b
E 20
-30 /\ /
-50 -25 0 25 50
Ji LA /m
(b) 135 55 7 vz i)
0
,10 L
8
=
= 20
-30 l\ /
-50 -25 0 25 50
EVARL
(d) 255 25 7 vz )

Kl 8 1355 25 55 BAny BAER m AT

Fig. 8 Cross-section analysis of target simulation at No. 13 and No. 25

*4 AR BRRTESE

Table 4 Evaluation parameters of selected point target
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Fig. 9 GNSS-R BSAR data collection system
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Table 5 Main echo target of experimental scene
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Table 6 Data acquisition system and imaging parameters
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GNSS-R BSAR range-Doppler imaging algorithm based on
synchronization of direct and echo signal
WU Shiyu, YANG Dongkai, WANG Feng', MIAO Duo
(School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

Abstract: Aiming at the problems that the current global navigation satellite system-reflectometry bistatic
synthetic aperture radar (GNSS-R BSAR) has a large squint in the fixed mode of one station, the slant range history is
complicated, and the echo signal's azimuth is changed, the echo signal is difficult to process, an improved Range
Doppler imaging algorithm is proposed. The method uses GNSS signal as the radiation source, and introduces a high-
order squint range model based on the long GNSS-R BSAR synthetic aperture time in the one-stop fixed mode to
obtain an accurate description of the relative time variation of the squint range between the navigation satellite and the
target. Based on this model, firstly, the range migration is corrected by the time-domain cancellation of the direct
signal and the echo signal to realize the accurate correction of the target range migration in the whole scene; By
azimuth-block hybrid correlation processing, the azimuth shifting nature of the echo signal is overcome, and efficient
and accurate imaging of the whole scene is realized. The imaging efficiency of the proposed algorithm is better than
that of the traditional BP algorithm, the imaging accuracy is comparable to that of the back projection (BP) algorithm,
and the focusing effect can be improved by adjusting the width of the orientation bins as needed. Finally, to validate
the proposed algorithm, we conducted simulations and experiments with GPS-L5 signals , the simulation and
experimental results verified the feasibility and efficiency of the proposed algorithm.

Keywords: global navigation satellite system-reflectometry; bistatic synthetic aperture radar; azimuth change

processing; range Doppler algorithm; range cell migration correction

Received: 2021-06-08; Accepted: 2021-06-21; Published Online: 2021-08-03 09: 30
URL: kns.cnki.net/kcms/detail/11.2625.V.20210802.1445.001.html
Foundation items: National Natural Science Foundation of China (41774028); China Postdoctoral Science Foundation (BX20200039)

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


https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.3390/rs11242945
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.3390/rs11242945
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.3390/rs11242945
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/LGRS.2012.2230243
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2007.902124
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.1109/TGRS.2012.2219057
https://doi.org/10.3390/rs11242945
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.1109/TGRS.2014.2336241
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
https://doi.org/10.3321/j.issn:0372-2112.2000.03.010
kns.cnki.net/kcms/detail/11.2625.V.20210802.1445.001.html
mailto:wangfeng_buaa@buaa.edu.cn

20234 3 A ETEMEMRXRKREER March 2023
o494 5 31 Journal of Beijing University of Aeronautics and Astronautics Vol. 49 No.3
http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn

DOI: 10.13700/j.bh.1001-5965.2021.0273

R & BT E & R 2R PLITHISS R T

RO, FET, R

PG T R2E s SREIREBE, P 710072)

] B HMBRBAIN2AREFRE T HFERE SRR R R b B AT, A& H
HEHELRER (LML) k&t THE S SR PIEF &, £FHAEES (IMC) 7 EB2R L
LB REH BN SR P B A BA R M B RV 7 kA BARE R B 2 Mk
B LMI R4 R A&t FURA B E IR 7 kB -k RERHERERIER AR ENEFBS
BAREM; &G, BEET TrueTime W RBA AN HRFEARFTET & EHTHFHE, HE
HREW. £004s HHELABT, YHRFRTHES% , ZANEAFTHENTSs, HERFHERX
B L AL 0.5%, HEFERKAKBEMNERHELERPLEF REE 67%; %1815 # 7 %
MEHAANL R R EH R P EANSERR, FEESELE NIRNRIEZAEAHE N

{8

X B OA: RBAINSAAEH AL WIE; SHEERPIERE; ARERLTEX; MR

B % 5% ; TrueTime &
hESES: V2337
XHEFRERE: A

R, A A S PLTE 5 R U B
T EFEHL & H AL 16 2 40 1 il B 3 ) ke
SFo ELTMILE—A B M R G, T i ad
FEFT A BEREAT PR, PRI, 224 e Tl k2 sl AL B 4 o
7 O TR A E A o I A e S L
IR LE AR M AR e PR A, T DRk g 5
e B 4 Il e AR R A e A AR R T K
g TR ARG DR RS, Yk
SHLZ R B AR R G, LA BRI 45 R IR
WA A A DR M 3L TR LA S B 4 1 4 ORI R T
RO E

AT R RGERA R EER, TR
B HRAk | AR AR i i 3 RAS B M) T A R (=
S HAR ) WA IR BEE AN Z S
PERET KA W2 e, sk L8O s 51 1T A TR 542

YXEHS: 1001-5965(2023)03-0597-09

TE, 43 A R Gl 2 ARk A sh L4 ) &
il keI Z 0, AR RGP, S
2 SR BRAT HILRE) K 5 A 7 P 88 B A% B a8 AR A T AL
JIT AR, 3 YT AT A P 2R AT A B . #E
i 28 G P 1 A (55 R PE B0 2k b AT A5

XTI R S AL R G i R e, 2 HT A T R
TE A SN2 S A I, 1 AR GERRR g I 2% B A o
% 4 (networked cascade control system, NCCS)™,
H T RV 98 24 R BT SR I SRR IR I, Bl
fi 3 A e AN AT S B Y 23 AR IR A 9] L, ] 3 S ] AE
SRRRGEMEREREREES ARG LR,
I, T ARIE R GE R AR P BRI R G b 28R B
SEEAT SR

£ %+ NCCS, Huang 27 JF J& (A G WF 58 o, 2
T 4 Fl NCCS g5 48 I X Homf 4 #6471 4308, 1%

Yk B EA: 2021-05-26; SRR BER: 2021-08-20; %%t AR AT E] : 2021-09-13 10: 16
4% B R 3k . kns.cnki.net/kems/detail/11.2625.V.20210911.1227.001.html

EEME: HERHLFHE KL (2017-V-0015-0067)
* BE1E#H . E-mail: yqguo@nwpu.edu.cn

SIFREL: XU, g, EERX WA SN LR ER PLEF BRI [J] R FAERMAAFER, 2023, 49 (3) : 597-605.
CHENYF, GUOY Q, MAO H T. Design of time-delay robust cascade PI controller for turboshaft engine [J]. Journal of Beijing University
of Aeronautics and Astronautics, 2023, 49 (3) : 597-605 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0273
http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0273
kns.cnki.net/kcms/detail/11.2625.V.20210911.1227.001.html
mailto:yqguo@nwpu.edu.cn

598 b oam o = Mt R OR % %

2023 4F

FRGE Y[ E I AE, SCHR [8] it 1 AR g e ) -FH 3
%43 (proportional-integral-derivative, PID ) 45 il #%, 3C
FR (9] B X — > 2 1l Jl 30 A0 %) e Bof B 38 3 T R R
H P, SCHR [10-117 W BE X [ 5 B SE 42 10 1 N
554 il (internal model control, IMC) J7 ¥ F1 —. H
FEJ ik FE R PID Sl A it rik. X T
W3l & s L 43 A1 4% ] & 58, Belapurkar 7 Yeda-
valli™ $2 7 2 B A3 g i R G454, SR LQR
FEB T T RE R (9 5 GRS S B 5 il %5 Chen
412 S B Lyapunov- Krasovskii 77 #5245 T # 25 £
Qe dz il g et s, IR DI RS T R R
IE RGBS EAE; Liu 205 &F X #h & sh AL 2
A 2 i 3 G v A AR R I SE 5 AP 25 0 4 Tn) i, 2
HE — T 108 20 A I E 2R G RS M BoR B K fe i
B} 4 (1 7 2%, LA B R Lyapunov € B4 H T 4248
BEAL A0 RS Hl g i it ik . STk [2,12-13]
BT 18 i & g BIL o3 A A R G 0 F ST AR O B
AT A i 2 04 7 B A T R AR i

TE Y 1 A9 8 b & g FLAE i b, PID 45 4T 2 —
R S R O o AS SCRR X i b & sh L o)
A A R G T AFAE R B B T T R R PT AR
Wil #% o B9, A 1l & S Lo A X R A R R
B () 454 K B SEZH B, AT IMC 5 9 b 3 e 2 428 )
FR GNP IA[] BFAEAE B ZE, 0 T ik AR 4 ol
ARG 25 o FB O PLE Bl A8 45405 SR )5, A

LDL [ e

B 1m] B T B J5 vk, B E T IRIE R G BRI B Bl
APERELY I, IR 45 Tl 25 B T ] U Ak oy B 2tk
5 % AN 45 28 (linear matrix inequality, LMI) ZJ 3R AY )
SCRRAEAEK i ()80 4258, o T ORIE R Gefa e, A
Fefs 85 3 AL 1 7 9 4 55 i - R 4E O R R e Ak
LMIJE A2, ¥ Br A B 20 R A7 255 DTSR A
A1) A A5 10T B8 1) 5 R 2 PLAE ofI 8% N A0 38 2
B feJa, M T TrueTime #9305l & L4 A1 =
P BV B Xl 2 AT 1B EIE

1 2%H5 PliTHsEET

XoF i il e Sl AL A A A ) R G i e A
R PL I 2% 00T Jr i AL =88 43 IMC-PI 2 1l
A BT, LMIJE 2 A B 3, [l 5% I 24 o 4% 4 K
LMI JE 2R 9 82 1 29 R AR 3R
1.1 #4% IMC-PI E#I88891% it

YRR LR R G, BT RER
KAFPEREYE, A T PRIESE 7o e 2, R, ISR
A A ELA R i e 7 SR R SR T A R AR T R SR 4G
a1 TR B H B R BR R AR A
N, i R G2, M AR N 1 R G B % 8 N, P &
5, RGNS H G r, 5B
W, BRAUR A i i o, T IKEh 5 1 R 48,
M e 38 2 40 W D R 755K LDL J2 i i & sh L il &
S sh e

BRI
,,,,,,,,,,, e R
ro+ sharpEmes |+ PSRRI | e | SRR + w0 %
G(s) | % Gi(s) . Gi(s) A4 ||
_ o |
| \

0 7
AR |

1 i ShALER g i R e

Fig. 1 Block of cascade control system of turboshaft engine”™
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Design of time-delay robust cascade PI controller for turboshaft engine
CHEN Yifeng, GUO Yingging’, MAO Haotian
(School of Power and Energy, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: To address the problem of system performance degradation caused by time delay in the distributed
control system of turboshaft engines, this study proposes a method for designing a time-delay robust cascade PI
controller based on linear matrix inequalities (LMIs) method. Firstly, the PI controller structure of the inner and outer
loops of the cascade controller of the turboshaft engine is obtained according to the internal model control (IMC)
method. The constraints in the form of LMI are given by the frequency loop shaping method, which ensures that the
system has the desired performance. Then, gradient approximation method is used to derive stability constraints of the
system based on the Routh-Hurwitz criterion. Finally, the digital simulation is carried out on the distributed nonlinear
simulation platform for the turboshaft engine. The simulation results show that when the power demand drops by 5%
with 0.04 s time delay, the adjustment time of the system is less than 5 s, and the power turbine speed overshoot does
not exceed 0.5%, with the maximum fuel rate being 67% of the legacy control loop. This shows that the proposed
method can effectively deal with the time delay in the turboshaft engine with distributed control system, and ensure
the desired system performance at a lower cost .

Keywords: distributed control system of turboshaft engine; time delay; robust cascade PI controller; linear

matrix inequalities; frequency loop shaping; TrueTime simulation
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TP6 45 4.54 4.62 4.62
@ 0.9 TP7 50
TP7 15.32 15.32 12.98 15.58
7 0.1 P8 300 TP8 4434 45.02 33.66 44.1
€ 03 P9 300 TPY 7332 74.54 51.64 81.68
o 100 TP10 300 TP10 111 108.8 150.02 215.42
B 10 TP11 10 TP11 3.98 4 4 4
n 50 TP12 300 TP12 7.88 7.62 10.5 12

®2 TEBEERIRMEEE
Table 2 Solving time of different algorithms

x4 TEBENRRINEMBERENTL
Table 4 Number of optimal paths searched by

SR ]/ different algorithms
W3R 5
PSO PSOK PSOD MSCL et A
A )

TP1 0.07 0.07 0.11 0.13 PSO PSOK PSOD MSCL
TP2 0.16 0.18 0.27 0.36 TP1 5.72 5.82 7.48 7.78
TP3 0.26 0.29 0.43 0.63 P2 6.74 6.82 9.82 11.62
TP4 0.18 0.20 0.30 0.41 TP3 0.54 0.58 2.14 2.58
TP5 2.89 3.26 6.34 8.09 TP4 32 3.46 7.08 7.34
TP6 0.14 0.15 0.21 0.25 TP5 3.4 2.76 10.48 15.28
TP7 0.79 0.90 1.52 1.47 TP6 44 434 4.56 4.5
TP8 8.21 9.05 21.99 16.60 TP7 15.1 15.16 12.08 15.38
TP9 11.30 11.81 35.35 21.66 TP8 30.52 31.48 2232 37.74
TP10 24.32 25.63 60.52 40.94 TP9 68.48 69.26 48.54 79.98
TP11 0.18 0.20 0.31 0.33 TP10 73.82 7278 109.16 179.56
TP12 5.41 6.21 10.88 12.05 TP11 3.96 4 4 4

TP12 5.64 5.08 9.8 11.94

MSCL %87k By 48 Z B [ 3, (H R, AN ) 3309 i 45
R AR IHTE Rl — 8% . BAh, R 7507 Fb ik
I8 RAE 15 FULRE 1, #6348 3 FEk 4 rhar il sk
TSRV 58 b e Kk AR B 45 % 20 R AR A
oK Y AR BB e I B AR B . X 2 TR bR T
DR R G 5 R Ee Ty . Horh, Bk
0 50 RSB I T A 45 R e AE L ECHET J5 159 21
() o AE BRI R) R, M B i i A A vk 5 SR A
Fomo IWFE 3R 4 FRgs Bl LA 1, 25008 %
1 5¢ 4= A R B, 76 0 368 [a) & 11+, PSOD 55 1% Al
MSCL Sk tERe AR . Brin) & 6(TP6) 4, 48 3L
$2 i MSCL 5303 v DU R 2 5 20 2 2 H s
R 3R 1 B A%, O B A2 0 B0 B g 2 T LA
BRI R . R F MSCLEIERAT 7
FRERI 20 SR, S5 TR0 AE 454 H bR 4 B 38
KA, I H AR i i = R 7 A 18 R el L
AR A RS e At R fR RS 2205 . I, 24 Fh
TR B RS2 A s p) FREE T Bbah, AR Sex)

Fb F5e P B A AR 48 2 30 10 S A v BT o 1 B, A
FSHRR TREA R . M b g5 1
Al LA BRI R B 6( TP6) 41, MSCL 5= (1 % 42
MR 2SR AR bR £ .

W A A 11(TP1D) R 2Ptk B s, 3F H
FE 40x40 A% /IS B D 3R 23 8] Y B A I A 4 i AR
Ao PR, Ta] BERRASE /N, SR ERE /DN, AN [R5k A 1
BEZE BN BRI, XFF I n) & 6(TP6), PSOD 5
%5 MSCL Bk 2 2] 1) i A2 BUm AR 4, {2 PSOD
RIS E 2, HaE s i
e e MSCL BVE % 1.2%. A T 43 Hr it 3 4 7 4
A T AT X AN ] 0 e T 50 19 SR i e B DR AE H Bk
i MR AR R AR R 4 YR
AT oA, 8 AR S ECHE T Y O 5K, 18 B3k 6 B
71N 4 00 UM JBE 45 2, S5 GOBRIR, [R) K A A B
i IR ) RS 11 RN Rl A 12 BE A S AR, AR
RINEERANR], R PRAUE 53 AT 25 B M, R i
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Table S Proportion of optimal paths in paths searched by

different algorithms

IRLEEAR & /%
T e

PSO PSOK PSOD MSCL
TP1 63.56 64.67 83.11 86.44
TP2 51.85 52.46 75.54 89.38
TP3 13.50 14.50 53.50 64.50
TP4 40.00 43.25 88.50 91.75
TPS 17.89 14.53 55.16 80.42
TP6 88.00 86.80 91.20 90.00
TP7 94.38 94.75 75.50 96.13
TP8 63.58 65.58 46.50 78.63
TP9 65.22 65.96 46.23 76.17
TP10 4.96 4.89 7.34 12.08
TP11 99.00 100.00 100.00 100.00
TP12 40.29 36.29 70.00 85.29

*6 MikERMEEFR I
Table 6 Analysis of difficulty level of test problems

Wi BfR HEE G RfRESER SRR
R K K/ i Bt FH
TP3 3 50 71 4 1
TP6 2 40 45 5 1
TPI 2 40 45 9 2
TP4 3 50 63 8 2
TP2 3 40 46 13 3
TP7 3 40 46 16 4
TP5 3 84 139 19 5
TP8 4 50 71 48 5
TP9 5 50 63 105 5
TP10 7 84 139 1487 6

2 A SR g wfE

AR, D TR] @ 3(TP3) 5 I3k (] # 6(TP6) (1
SR AFAE AR, 3 A PR RE X LS SRR, TR
B 25 B 50 WSE IR 1 T B ME, /0 Bt 56 R B AR
B 1 55 EUK A BUR TR PR A 22 107 595K
B, A BRI AR A LA R R A 22
I, A T 2D R AR o AR 2 g SR Y
AT T MSCL 532 119 F-DBE 1, HF ] Ui i 5
GBI, AN [R5 7 B AR B AR R 5 48 R ) R 4
b L RX) Eb g SR an & 14 A 1S s,
()T, A S8 AR YR i 3

MAIE 14 F1E 15 0] LA H, % 2889 MMOPP
[F] R, AN ) B335 1 SR BB ) O K. (R, A
BT PSO Bk, FREERN 43 5 5 2256 R (5] AT
DI RO AR TR A M RE . B B SR, B ) AR
il X J3E S 0 AR YR 3 185, MSCL 45k 5 HA 3% B 7
SHOLRE T 7 A 22 BRI WG K . I HL, X ) R

2023 4E
180
160 | — PSO
—— PSOK

140 PSOD
oy 120 f —— MSCL
ij 100
% w /]
B 60

40

20

0 ~/
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W)t
K14 ARSEEE R IR RO AR R
Fig. 14 Number of the optimal paths searched by

different algorithms
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Fig. 15 Time used in path planning for different algorithms
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FEA AR S L RE 08 A RO Ak TR 2 KBS 2 F FR %
PR TR, TR AR 22 H AR (Y 22425 A2 ML
I AT B A AR 18 o P T35

4 % B
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TR 5
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A multimodal multi-objective path planning algorithm based on
multi-swarm cooperative learning
ZHAO Meng, LU Hui', WANG Shigi, YANG Siyi, WANG Zan

(School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

Abstract: An algorithm based on multi-swarm cooperative learning was proposed to plan multiple optimal paths
to meet multiple objectives, which can improve the robustness and practicability of the planned paths. The concept of
the particle swarm optimization algorithm served as the algorithm's guidance. First, to address the issue that a single
population is easy to trap in local optimum in the multi-dimensional target space, a strategy of sub-swarm division was
proposed. The population was divided into many sub-swarms according to the number of objectives, balancing the
searching ability of the algorithm in each dimension of the target space. Second, key path points were extracted
according to the in-degree and out-degree of the path points in the map. In the coding process, real coding was used to
initialize the population. The dimension of the path code was equal to the number of key path points, reducing the size
of the solution space. In the decoding process, the decoding experience of the elite solutions guided the fast search for
feasible solutions. This method can transfer the decoding experience efficiently and reduce the uncertainty of
decoding, which improved the optimization ability of the algorithm. Finally, the search results of all sub-swarms were
sorted by the non-dominated sorting method to obtain the paths satisfying the planning objectives. The path planning
algorithm based on the multi-swarm cooperative learning outperforms the standard particle swarm optimization
algorithm in terms of search and optimization ability and is capable of solving the multimodal multi-objective path
planning problem.

Keywords: multimodal multi-objective optimization; path planning; particle swarm optimization algorithm;

sub-swarm division; decoding experience table
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Robust beamforming based on linear constraint minimum variance algorithm
LYU Yan"?, CAO Fei""

(1. Nuclear Engineering College, Rocket Force University of Engineering, Xi’an 710025, China;
2. Unit 96746 of PLA, Korla 841000, China)

Abstract: In order to solve the problem of estimation mismatch of the direction of arrival (DOA) in the
beamforming of planar antenna arrays, a method of adding linear constraints near the direction of the signal of interest
(SOI) is used to improve the robustness of beamforming. In addition, to address the problem that adding linear
constraints will lead to a reduction in the degree of freedom of the algorithm, taking the uniform linear array as an
example, a blocking matrix pre-selection link is added to the generalized sidelobe cancellation (GSC) model. By
properly addressing the degrees of freedom loss brought on by the addition of linear constraints, the new approach
increases resilience while preserving the original degree of freedom. Finally, the effectiveness of the proposed
algorithm is verified by experimental results.

Keywords: robust beamforming; direction of arrival mismatch; linearly constrained minimum variance;

generalized sidelobe canceller; blocking matrix
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fzn ONa do=0
0 ax x=XxoXo+L

(17)

jzn OMx do=0
N ax x=xoXo+L

=L (16) A 2, 153 2R IE 5 i r BRI R
LA+ LB+ LsC+Lyy®+Lis®P,=0
Ly A+ LypB+ Ly;C+ Ly @+ Lys D, =0
Ly A+ LyB+ (Lys + N, Lyg + Ny Ly;) C+

L3y, + L3sD, =0
LyA+ LB+ LisC+ Lyy®+ Lyis®P, =0
LsiA+ Ls;B+ Ls3C + L5y @) + Lss®, =0
EEEP Nxo = Nxo; %é&‘ﬂlh,'ﬂl}fﬂli‘ A, %Jﬂﬁﬁ%ﬁﬂ/%
It 5 it 280 4y
o Ly D1 Ls, Dz Ly, D,

20 —

(18)

+ +
Ly Ds Ly Dy Ly Ds

Lis Ds L L

ﬁ.i_iNeo_g (19)

L36 D3 L36 L36

A RED SN

L, L3 Ly L Ly L3 Ly L

D = Ly Ly Ly Ly D= Ly Ly Ly Ly
"\ Ly Ly Ly Lgs 077 L
Lsy Ls3 Lsy Lss Lsy Ls3 Lsy Lss

Ly Ly Ly L Ly Ly Lz Lis
_| Lot Lyn Ly Ly D,=
ST Ly Ly Ly Lis |27t
Lsy, Ls, Lsy Lss Lsy Ls, Ls3 Lss
Ly, L, L3 Ly
De= Ly Ly Ly Ly
7| Ly Ly Ly Ly
Lsy Ls; Lsy Lsy

TE K H RAT R L SE S BUT , HE7 l 1e) SR g
Jie, DRIk il 37 A 5 | R Al o 7 28 T A 75 | S Ay 1 A
B2 3o AT A ) JATRR 5 VR 0 260 e il AR S
SRS BN T

P
mxsin2f

Ny =N, =——©

w0 = e = msin2 (20)
N, = _x0+LJ‘h/2 T(Z)E(z)oz(z)dz

X —h/2 1-v
ngo =0
Krh: PR KEHET T h e B
W2 (19) A (20), 38 32 118 25 L 80 5E m Al

X IO P B /0N JeEd T 28 Aar R SA [ S 1 i AL D i 2k




L, 26 KT AL S0 720 J2 M A S i R 629

%34
TESiHQ,B D] D2 D4 D5
P.,.=- Ly —+Lyp—+Lyy— —L3s——
s ( 31 Ds 32 Ds 34 Ds 35 Ds
xo+L "2 T)E@) a(2)
Ly +L dz
BT J\—h/Z 1-v (21)

2 XiEAPHHEEMILTE

2.1 RETHEHEMHIRR
DX T AN Aff 1 L A T A8 i e P AR A ) 7Y
Ferth b5l ARNHRE AR U, Sl B bR 529 5 R 5L
[v] Bsf oA O TF B0 1T AR daE X BN 5 k728 e U R pR R,
HARAAE R R
min f(X,U)
s.t. g/(X) <(=,2)b; = [b},b]
i=1,2,,p;Xe® (22)
UeU'=[U"U"|:U;eU; = [U},UY]
j: 1’2,... ,q
Ao X ondE it AR i, Wit as [\ @ Ul g4e AN
B A i, UV R, U B 2 o E
PR R, g 5 i YR R AL, R XU Y % 22
PR BN AR AN ST E PR L AR X ]
X T — A0 BT s, AN E PR DDA ]
() B b bR R AN B 2 M AR U pR L, TR L
YE— X%k, P b /8 v 75 22 1 B Fr R
WA v h AR L 25 HE AT D3R, R X )3 5 1 %
X TRVECGHAT HEHE, X T —AN X [A] A, DU AT R e o L
DX ) e B A 0 5 X o XA = (aC,aV) =
{xla®-aV <x<a®+a"}, Hrha®, aV 5350k X (A 1Y
LEPEWLIE YIS DO B HN A L DN P 1 D5 2 =
e A<ch%,lE.1X%,lac <bCH.avV <bV; A<CWB%,IE_
10 A<cwBH A # B, BVFE U T3k 78 b B8 i 4 T 34
(BB H AN M AR 45 2R
FERD ARG EEZI A, 5 LA X [B) T AR ik,
B T LB IX R P X JE) R /NG &R o TR X )£ 4 il
BAEIX [R] N ¥ 5] 43455, DX 8] A F B BT A AT GE (4 AR X
KR4 MLUT 6 F, 4nE 4 Frs .

B B
B BRAL A T B AL B A
1) @

A A
B 1B
A B BT AR AL B AR BY
(3) (4)
A A
BA. DS
B A A B AT AFB BV

® (6)
4 [X[H 4 5IX[A] B ATREMIAART CHR

Fig. 4 Possible relationship between interval 4 and B

Xof A [) A 6 OG 2R, Bk T30 07 v 4t IXC[R] )

AEFERIAY.
P(A<B) =
0 Al > Bt

BR—Al BR - A
2(AR—AL) BR— Bt
BL _AL BR _BL
AR—AL T 2(AR—AT)

B < A" < BR < AR

AY < B < BR < AR
B“— ALY AR_ BN BR_AR
AR_AL +AR_AL BR_BL+

AR—B- AR_B.
2(AR—AL) BR— B

At < Bt < AR < BR

BR— AR AR — A

B < A¥ < AR < BR
BR_B. T 2(BR-BY) sATs

1 AR < BF
(23)
WA DX 8] AT BE B Jr vk, AT LK AN 5 P 2 o
M B L, R LA B i 2 R 1 X[ AT
REREAKF, B2y g (X, U) < b AL
P(g (X, U)<b}) > 4 (24)
A g (X) = [gr (X),88 (X)), gF(X) M gf (X)T] i i
XA PEAS S U AT AL B R X143 14k A5
AN S P () R0 A R R S 24 o R By
S A R i e O U, A5 20T AL AR R
min w /< (X)+(1-w) /¥ (X)

stP(g (X U)<b) > A5i=1,2,-,p (25)

Xe

X we [0, ITHALE .
22 XESHhAEE

1 GE 1 DX TR AN R 1 DI A 6 SR FH 38t A% 530k 45
B E A E H bR R R R R R 45
SMZE BT RS, WEREMNLSEOTREE
Ko SR DX IE] 2387 77 12 B 2 A6 A v] LUA g
TR, & B X 7047 75 124036 & T Taylor
& JF 1Y X [6] 43 B J7 ¥5 (Taylor interval analysis
method, TIAM) 1 it & 82 Hi A 14 I s 52 X [] 50 A
J7 ¥ (collocation interval analysis method, CIAM)",
T s Y X [0 43 A 75 ¥ i B& T Taylor Ji& JT 1Y X [8] 73
B s i Ak SR ok, BA B i B3 SRS R, A
%5 1 28 Chebyshev 22 11 2 i Jfr Wi 17 oK, 2R 14
Wi 57 o K519 DX JR] | 5

Xf T A o> AN R PR 1 Y R) R, 6 H v
S AN M R R AT JE T, {SORE I X [E] 2
i, H Al R R G E, 88 1 R U = (U5, US,- -
Ue L UL U, U, FEIEE| A S —25 Chebyshev £



630 [ T |/ A N = = o

2023 4F

T
T, (x) = cos(narccos x)
xe[-1,11; n=0,1,2,-- (26)
K D DX )28 B AR 8 2 [ 1, 1K), 45 U H
Ui=U+xAU  xe[-1,1] (27)

¥ QA EU, BRUMREXNU, =
(U, US, - US|, U+ xAUL US,,, -+ US) ' AL 55 5 i
AN PR S Y 2 SR R BT AR R R
g(X",U) =g [X", (U}, U5, U +xAU}, -+ UD)'|
xe[-1,1] (28)
I PR B AL 1 — A7 o, 0T LUK LT e R
g(x), xe[-1,11. H B 2 Wi X P, (x)iE T J5 oK 4L,
P, ()M HEREIE S 1E:

gx)7" Ty (%)
5 | 8(x2) T, (x)
P.(x)= P T (x) (29)
g (%) T, (%)
Kb HET 0FR N
/2 Ti(x)) Tr(xp) T,(x))
/2 Ti(x) Tr(x) T,(x,)
T(x)= . . .
1/2 : : :
/2T (xq) Ty (xq) T, (xq)
(30)

BER P, (05 R T 5 FAR Xy j i 2k =X, AT LA
WA 22 0 2 SR A5 AR (I A5 0T, 75 3 2 SR pR 2K
g (X UNTESR A AW 52 728 8 X)L 1) B R R
AME R, BEBEXS R B U308 S U Fome, Xf 4
R s A AR UG et b A Ao SR AR R
e A5 B 29 o g (X7, U e AR 3 R IR /N oy
Bk
{lﬂfx: S (31)

Ut = [yt upt, e U

U G AT (28) R A5 Hd5e KA A /MEL

5350k
g™ (X U) = g (X' U™)

. . (32)
{EWCXZU)=g(XﬂU“ﬂ

YARAKTY A Z A2, X A 2 AR IR
TR R, SRS SR FH X R AT RE B )y T
2.3 FHEMBLRIE

K H s A% 553 - IX 0] 4347 7 % (GA-CIAM) 3K fif
Ry AL, fo ki fe sl s prs .

| snbmmiibem

v
GA
HiAERI IR
Ny|
[ Rt RHiETE RHETE ||
T ZAsf R RS}
: l i
1
: Y i
Hl CIAM | |
i v v Ko
e T |t R Mo
; v v i
| s | [ o
" 7 B
L Wi P AR | !
L — S ——— # ____________________________ '
| AT |
S A

HEN?

5 HEMEARAR

Fig. 5 Flow diagram of uncertainty optimization
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Table 2 upper and lower bounds of uncertainty variables
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Fig. 6 Sobol sensitivity index of heat flux uncertainties
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Table 4 Uncertainty optimization results under different
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Uncertainty lightweight design of sandwich structure of rocket fairing cone
DONG Xinxin, YUE Zhenjiang', WANG Zhi, LIU Li
(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In order to analyze the influence of uncertainty on the thermal stability of the launch vehicle fairing
cone shell sandwich structure and to guide the lightweight design of the structure, a model of the fairing front cone
section sandwich shell is established and a temperature field model is built, based on which the thermal stability
analysis of the cone shell is carried out and the critical axial pressure under the combined force-thermal load is
derived. For the primary uncertainty factors, interval uncertainty optimization models and sensitivity analyses are also
produced. The interval probability approach is then used to convert these models into deterministic optimization
problems, which are then resolved using the genetic algorithm-collocation interval analysis method (GA-CIAM)
method. The calculation results show that considering the influence of aerodynamic/thermal load and material
parameter uncertainty, the optimization design of the front cone section of the fairing can effectively realize the
structural lightweight on the premise of meeting the design requirements.

Keywords: cone shell of fairing; sandwich structure; thermal stability analysis; interval uncertainty

optimization; lightweight design
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JR R AE I LT, 2 T )RR IT A BT 5 A R
KA ZIARPETE, At A — oo s
18 KB 1L (modified sparrow search algorithm, MSSA).
—J7 I, SCHR [14] SR F 2% 132 45 I LAY Je 1] 27 ) 3R
WP Ak B0 B 7, A2 O L, SR (A El A AR
=0 I AT B 0 T/ INFL SR B S T 2 ST SR
BEATARAL o A SCH SR [14] 2 R ANTA]J2, MSSA
TRE T SSA th ik & J5 A 1Y AL & BOH AL OF 4T
PO, UL R A7 B 2 5 R AR, R, 722 3
F A HHT B BRI /INFL RS S [ 2 2] SR,
W TR R SO0 B 2R, P T RE R
HREE S5 S—TJ7 1, A8 305 3CHK [10] HF] Logistic
W Sk %) P S5 00 s Ak R A W] 19 52, Logistic [A] 14 J2&
FEl 48—~ Logistic [t 2 I 1, Logistic M1£k & — 4%
JUAK LI 1Y S AUk, T EAT 4 - AS, R,
% Logistic [0V Y 3 %, A< SCH i —FhoB7 9 3 3 1
PR %) 22 42 IR (B AT S AS 4R, B — 201 Jir $2 45
BRGNS REIF RS . LT 45
22 MR SCRIR [6] H A BE PR EE 48 K45 (improved
sparrow search algorithm, ISSA), MSSA 7£ 6 4~ 5 1fE
Dt ok &S B R B R A SO0 TR RE o 7R S5 PR
o, FIH MSSA 14k K-means 257k 19 9] IR T 2
HLGHEAT R 4 51 S5, O 5 % 48 K-means SR
7. PSO. SSA J ISSA HEATXI I o B, 1 B ff
{5 M I (peak signal to noise ratio, PSNR), % 4 #H 1)
P (structural similarity, SSIM) F14F1EAH LI (feature
similarity, FSIM) X 3 Fft K145 73 F1 (09 2 &5 15 45 Ok 7F
S B 43 HIVERE, SEURSs SRR W] MSSA (194 %1k
RESE 4, HAT B iy S ek .

AR T T /INALAR I B ] 2 2] S w R
Fu RIE ) FAALE, —FP LT Logistic [ 5 #Y

F A8 N O P R 1 4 R 8 R 5 R T & ik
71, $ H —Fh MSSA ik K-means 5828588 8 #H 47 &
154y ¥ ()8 ¥k, IF 1 PSNR, SSIM £l FSIM j% 3 Fif
JE SRR AR IR L R AP 4> B PERE

1 HUHMERRES
11 RERREE

SSA FEEMmME MR BTN S BT
Sy 4R AR BB se AR AR SAL . R R TR B AT
RN SSA H ik BUE HIRBER, Rl ik
W7 B iy JU R RREAE N R L, 155 2Rl &R
YT R T A BB A B A DX ), R
B JRR B VE S BRBE &, SR B i I3 G 25 100 T MR A2
H R BT NXT R % SSA Hh AL B &AL, RIS 4
FIRE PR SRR 26 R AT (TS5 T, S O B0 A o DU ke 7 £
Y RIE AL B o FE d A2 b, R A AR 07
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F AR I I EH

SSA H &k I WA HE R R

| xﬁexp( - ) R, <ST
AR QILeT (1)

x +OL R,>ST

Ao e R FRRE AR ARER AR dter M
REARWELG oy (0,17 H B ST BEHLEL O il MK
PR e TE 23 A I BEALEG L B ICR N 111 xd
AL HE 4 ; ST & 4 A, BUEE Bl [0.5,1]; R
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j(/J\O
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fi> fe
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1.2 ETF Logistic BIVARMEE %
121 ZBHDILRBER S F TR INEALE
A (1) ZIHE 07 BB B, 2 R, < STHT R
FE A 1) A7 5 B A 3 A QUK 38 o R AR 2 3 D
B, TR AT SRR Y 224 1 8 e
HER T Bk B A S S s DL A R R
Z/NLSAR B IR K, W B e i B ] Ak B 2 ) 3R
W, AT LS Bh Bk S B R A B B
g — 2k A 25 1) ) DX T0 R g, by, 8 BE R b B KA AE
x il LB R RN T R I LB X, RS
G E ik INFLBR AR RO AR B — A8 B A R 5]
8, TRl x il b A9 08 0 (1Y B ) ), Hovp
JONAEEL, =12, d, GNEL DR . B RAE = AT A
oL BE AT £
(aj+b)/2-x;; h

=— 4
x;=(a;+b)/2 K (4)
h . .
é\ﬁzk,fﬁ(@ﬂ/ﬁ?ﬁéﬁ
. (aj+b) (a;+b) xi;
v _\d;TD;j JTY) M
X = 5 + % (5)
M k=1 B, o[ 15
X =(aj+b;)-x; (6)

13X (6) T LA Y, 24 k=1 I i1 /N L SCAR 2 1)
o > LR L) I 1) 2 T SR TR UL B R 1] 2~
RIS A 3] 94 A0 1 A — B [ S 19, (EL/ LSS 1)
o> AL ek A B W - /N L5 22 1) A R A
HE LU BB K, DA T A 20 B 14 S 1] 5 5 () o

TR FH 8 2 /N LSS 1o 2 > SRS of e BRL it
BT HHT, K SSA R, < ST & B3 1 £ B 3
i 5 (5) W S B 2 (0] v A 3 S e 47 B (g ), SR e
K S DL AL B 9 34 O B8 (5 1o 2 ) I ) JEE
(ELHEAT PO RO 0, 7 I 1) 27 ) I ) 3 LR AL T
J5L 3 I AR, D0 1 o A ) RO it i B 1 Az
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)

fl
)’T‘_F

BT LR S 1 2 > S

Fig. 1 Principle of reverse learning for small hole imaging
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Fig.2 Curves of functions corresponding to different parameters
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9:  End for
10: Else
11:  Fori=1:PD
12: R P50 (1) BB A B E B0 E
13:  End for
14: End if
15: For i=(PD+1):P
16: MR (2) HEBT R A 007
17: End for
18: For /=1:SD
19 MR 3) BB AN E
20: End for
21: 3B 1 Ee e A AR 8
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23: =t+1
24: End while
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Table 1 Test functions
Hi' PR Eiesny BUE X [ f/MA
d d 2 d 4
F, Zakharov f@=> i+ <Z o.sm») + <Z O.Sixl) [-5,10] 0
i=1 i=1 i=1
d d
F, Schwefel2.22 f) = Z x|+ H x| [-10,10] 0
i=1 i=1
d i 2
F, Rotated Hyper-Ellipsoid fo=>" (Z x,) [~100,100] 0
i=1 j=1
d
F, Rastrigin f@) =" [x - 10cos (2mx;) +10] [-5.12,5.12] 0
i=1
sin® (¥ —13)-0.5
Fy Schaffer N.2 fGrx) =05+ ——L 2 [~100,100] 0
[1+0.001(x3 +x3)]
1+cos (12 4/x3 +x3)
F, Drop-Wave Flxrx) = — ‘ [-5.12,5.12] -1
0.5(x3 +x3)+2
F2 BEFEBHWERE
Table 2 Parameter settings for algorithms
Ak SHRE
PSO Winax = 0.9, Wiin = 0.2,¢) =2,¢, =2
SCA a=2,r,€(0,2n],r3 € [-2,2],r4 €[0,1]
ABC L =round (0.6dP), a=1
SSA PD =35,ST=0.6,SD =70
ISSA PD =35,ST=0.6,SD =70
1
MSSA PD:SS,ST:O.6(W>,SD:7O
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Table 3 Performance comparison of algorithms
PSO SCA ABC SSA ISSA MSSA

PREL 4E1E — — — — — —
A bR ¥ bRl ¥iE bR ¥ifH i 2E ¥E bR ¥H i 2
F, 30 2.52x10° 935x10  4.19x10 1.40x10  1.34x10° 4.47x10° 4.23x10" 2.32x10™” 5.36x10* 1.80x10° 5.07x10* 2.73x107*
F, 30 129x10 223x10 6.22x107" 5.48x10" 858x10 1.58x10 1.83x107 9.69x10%° 1.32x107° 1.21x10° 2.71x10™" 1.47x10™
F, 30 6.11x10° 2.14x10° 1.18x10* 5.52x10°  6.32x10* 1.03x10° 6.68x107* 3.66x10™* 2.97x10* 7.07x10* 9.46x10° 4.81x10°*

F, 30 217x10° 242x10 8.13x10 3.61x10 2.60x10° 127x10 0 0 1.02x107 2.15x107 0 0

F, 2 336x10" 1.72x10™ 0 0 3.61x10° 7.15x10° 0 0 0 0 0 0

F, 2 -088 1.76x10" -1 0 -0.99 1.57x10° -1 0 -1 0 -1 0

PO U [R]85 H, MISSA [ IS SIOKS FE L SSA. ISSA T
151, R ARE RS 7R SR F,~F, Z WA i SSA
MSSA ¥JREFR B T LAE, 7 22k 0, M Ah2i
# ok BB E ISSA TE F, FARRESR B IS R ALE .

Sk T T b i B B SRR, TR 4
6 P e Fi~F ik R 8 B iyl sioh 26 . A
Pl 4(a)~ 5] 4(c) HraT LA & 1A 5 MSSA I
SKOKG BE ¥ 00 T FoA 5065 78 B 4, MSSA TE 5
SSA #BREFR B B iE Fe UL A 1 R S5 A5 B0 T, oSk B
e P 78 & 4(e) AT 4(D) 1, B PSOFI ABC 4, F
bR Y AT A R B B B A1, MSSA B IS
R BOL T AL SRL o AL 4 19 S8 45 S T LIS
., MSSA 19 LR T 8558, P RB R A2 , AR S AT AL
Bkt J= 3 A A i
32 EHESZRESH

W31 SEER S5 SR AT LUE (A OR[R)
BT RN S5 ] R —FF, (HR % IR L B 1T R0%
[, I ASREUERH W & PERE AR IR . — AN RE s AT
KR AT DL B A I B) B 4 B 2 ) 2 4% B R Al
T, MEE R 28U B0 T & RS i e ) 52 4% K L
B T A MSSA 2 thPERE, i EE S
SSA. ISSA R [A] &2 24 &, i3k 4 Pian, Hodr, O()
SRR A 4 . MR 1.1 SSA B R BRA 47 mT
FIETT R 5 A B Wl AR R B R R
AR Y B L PR R R B i T
BRI B, R BB, S8k EYS
3.0 W RRE—B, Horh d YN, SR R BRI
FE] A Ad)o

2% 4 BOXT L S mT A, etk 37k ISSA . MSSA
55 SSA TE 5 AWK Be ity Bisf [a) 52 % B2 AR [R], B 2 o 44
HH I B B MSSA AN J& DU 32 1T 850R M AR
M e e B BB I $2 7T o
3.3 ET MSSA # K-means El{§ 5 EIL16

AT B AF £ T MSSA 1) K-means [ 18 43 #) &

BERE Y T, BE R 8 ALK R VAT S8, I
PEHL PSO, SSA. ISSA & MSSA iX 4 flhi sk 11k K-
means BB LS K-means B8 B #47 K4
S EIRCRXT . BT K-means 2R Xt K H
A LA, K (EIEBEAN S X 25 S AR AR K
W sZ e, R KBk S, R T #Z W Tk
B S 8 R BE RN P =30, B K sk AR Kk K
G=200, & kB HAL S 3.1 R EE—2%, Hr
PD=9, SD=21,,

P\ T3 WA B R A, K-means 1Y 430850580 1
THLKE, PSO. SSA 5 ISSA 143 1% 5 tt K-means
W B, {H — S F AN T A 43 ) Ok, T MSSA 1)
G BB AR LT 4 PR LS . BN, W s RF
AR AT (S DRSS 747 (5258 7) 40 B3R
MSSA RE 4458 53 Al G 14 R AE A5 8 2081 ke, B8R
43 B 5 ISSA —FE, (H 43 FIPEREA SR & e 1 5
55 247 (525 2) 43 BIRCR I MSSA 43 % 78 B M4
U, B 0 5 3 AT (L5 3)4r BIROR K h L 5t
K-means 2 28015 B8 70 F1 HH BME B9 R ER B, H G
By ENH AR AR b B A 5 2., T MSSA R
SIS DA A SRR A R S R AE A 4~ 6 4T (L
4~6) 4> EIBOR K P MSSA L HAB A B T L
A 20 9 A U, 0 T R A, B R TR
BEPE 538 W s 55 8 47 (525 8) 4 HIACR K MSSA
RRFREE 4R TR IE . Z84G 40 Bl 1, MSSA 1)
I EROR AL S8 K-means B2E B B . PSO. SSA &
ISSA #f, BHGAN 1 {7 B AR FAS TN oe 48, Bt

J T e S E— A R B VAL A AR B 1 43
PERE, BEHC T 3 R0 H LAY AR S E) Y R AR
PSNR. SSIM J& FSIM X A<y 5 Fh 532 1) 7 B 45
AT, a0 5~ 12 FioR.

PSNR I F-l 15t 431 5 1) 45 5 T 0 R =2 ]
4 2 (6", PSNR 52 X A[ i 2 (10) Al (11) %ow,
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Fig. 4 Comparison of convergence curves of algorithms
8 2 % 255
Table 4 Comparison of time complexity RMSE
i WIRALRD RBEALE IRBEE S MRTE SRR E M0
BEOVE: MR HHIE HLEIE  EEHE >N U, j) - Segli. j))
=1 j=1
RMSE = 11
SSA  O@Hld) O 0(d) ) o(d) MXO (11)
ISSA O@Hd) O od o) o) X r: RMSE &R M3 77 R 32 225 M x QF s EIR
IR /IN; G, ) R IR R AR 3R K B Seg(i, ) &
MSSA WD) O o o o KN 1, ) R G R AR 3K BE AL Seg(i, j) M

I HIEMR AR R K (E
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Fig. 5 Comparison of segmentation results
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Table S Evaluation of segmentation results for experiment 1

Bk PSNR SSIM FSIM
K-means 4.596 70 0.027 19 0.649 77
PSO 37.51920 0.568 16 0.94510
SSA 38.362 90 0.618 93 0.920 49
ISSA 39.62570 0.716 13 0.939 37
MSSA 39.625 70 0.716 13 0.939 37
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Table 6 Evaluation of segmentation results for experiment 2

Sk PSNR SSIM FSIM
K-means 4.012 60 0.025 74 0.616 62
PSO 36.238 70 0.462 39 0.935 54
SSA 41.53260 0.750 25 0.949 16
ISSA 39.730 70 0.657 58 0.942 55
MSSA 41.553 40 0.751 00 0.949 76
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Table 7 Evaluation of segmentation results for experiment 3

Bk PSNR SSIM FSIM
K-means 5.253 40 0.008 13 0.33502
PSO 39.316 30 0.627 81 0.979 12
SSA 39.007 10 0.643 16 0.908 03
ISSA 39.108 80 0.648 45 0.906 52
MSSA 40.300 30 0.682 29 0.928 95
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Table 8 Evaluation of segmentation results for experiment 4

Bk PSNR SSIM FSIM
K-means 6.097 30 0.101 49 0.52270
PSO 37.963 20 0.598 25 0.939 10
SSA 39.386 30 0.689 16 0.969 29
ISSA 38.57120 0.627 14 0.966 76
MSSA 39.550 90 0.699 45 0.972 00

RO LIS MSBERITME

Table 9 Evaluation of segmentation results for experiment 5

Sk PSNR SSIM FSIM
K-means 8.21190 0.04197 0.416 87
PSO 38.800 00 0.548 37 0.961 89
SSA 38.850 60 0.583 58 0.897 83
ISSA 37.288 00 0.45027 0.908 25
MSSA 39.180 70 0.600 85 0.89722

F A5 B, FSIM il BRUE Y o 10,17, Hff
VT 1, AR Bl . FSIM B8 =t (13)~

= (18) Fi7s:

STV >, SLEOPCr(0)

Zzeg PCu()

£10 W 6 A BILERIT
Table 10 Evaluation of segmentation results for

experiment 6

Bk PSNR SSIM FSIM
K-means 6.707 90 0.027 50 0.506 15
PSO 39.11720 0.66199 0.94426
SSA 39.829 90 0.627 55 0.93491
ISSA 37.795 00 0.548 57 0.932 13
MSSA 40.38320 0.671 80 0.908 82

£ 11 ST D BIERITE
Table 11 Evaluation of segmentation results for

experiment 7

Bk PSNR SSIM FSIM
K-means 9.086 30 0.050 00 0.504 98
PSO 39.30020 0.596 69 0.935 19
SSA 37.144 40 0.439 53 0.91722
ISSA 40.737 10 0.680 29 0.916 86
MSSA 40.737 10 0.680 29 0.916 86

£12 6 8 M BIERITHE
Table 12 Evaluation of segmentation results for

experiment 8

ik PSNR SSIM FSIM
K-means 6.52240 0.014 55 0.34518
PSO 36.683 60 0.490 72 0.965 19
SSA 36.683 60 0.490 72 0.965 19
ISSA 37.742 20 0.55124 0.978 44
MSSA 39.94510 0.646 52 0.988 83
SL(x) = Spc(x)Sg(x) (14)
2PC,(x)PCy(x) + T,
S = 15
el = P + T (15)
ZGl(X)GQ(X) + T2
Selx)= =22 T 02 16
W= G0+ T (16)
G=,/G2+G> (17)
E
PC(x) = _ Ex® (18)
e+ Ax)
PC,,(x) = max(PC, (x), PCy(x)) (19)

A Q0 R IR R I T A 4R R X8 Sy AH B
PEAR 435 PCo(x) W AR, — BOPE JE 55 TVRI T, o0 o 5
G LB TR EQo M TEALE x b A ma B 2k 5 R/,
FEH RN 556 B — DN EE; A,0h RE s
Y S EB R/ o

MW 5~FK 12 (R8s [ F, K-means 43|
45 P4 2% PSNR {H . SSIM {8 & FSIM {H ¥ (% T
PSO. SSA. ISSA J MSSA. MSSA 7£ &l 5 L5 1
S 7 43 ) 25 S of PSNR B . SSIM {H K FSIM



55 3 4]

PRI, 552 BT Logistic [ R 72 5301 14 <45 73341 645

{8 5 ISSA —3, {Y7E FSIM {4 I B /N T PSO, {H &
He Ay EI M BB AR T LA S s MSSA FER] 5 5L
B2, SCOG 4 FISLE 8 (143145 R PSNR fH . SSIM
{H & FSIM fH ¥ i F A 5303, I 6 181 5 9 55 5
8 1 FSIM {H 4235 T 1, A48 EI% 5 5 bn G 2
A 0 A AR AL s MSSA 7878 43003 &4 14 43
H) 25 h PSNR { . SSIM B 34 % i F Hifth 895, X
£ FSIM {H L Z AR T PSO. MEEIR Y43 145 L 1EAG
HE] LU MSSA TG I 7 5 00 A 5 R0 SR i 2
bR, HAr MR A T A SR, WL A R
T B 43 BRSO, IRl B2 E ] T MSSA K47 i S0Pk
RE, iR T SSA B b A Jmy B s Ik 1) ) A K-means
SR 1 N W B B 2 v R R B 5, AT A5 B A
FEMIRIIR TR T, i — 2 $2 T+ MG 43 5 T i

4 # B

EE X SSA FFTE B A2, 2 — Ff gt i i ik 5
2 MSSA, Jfl i 6 /> Fk v R 855 3k 1A T
BN L, 55 AL MSSA 1 K-means5. 15 #E 17 &
1B, A LU 4518

1) MSSA 4 Ja 8 & 5 R # T & 6e 1 15 2] 42
T, REfE A R Bk R T e L, RS T R A 2
ol 34 s AR 47 Bk ek A Ak . B g, SRA/NFLAR
G ]2 ) SR & e B G S, S Bh R
Bk H SR B AR A HLUR, %) Sigmoid BREGHE AT (45 7
A TR ) = B VA 7S R R o VK [ B ) oS
i, T EE N 2R R S5 REITERE T .

2) i 3 AE 6 > FE v pR B 0 1 BS54 K
A BA k Y s ) A 2 B X EE, T LA S MSSA Ry -
P BE AR T PSO. SCA. ABC F1 SSA, - 7¢ 4 [F]
14 87 I 1) 4 2% B2 1 1 0 T Bb HL Al 27 3 4 o A ek
HEF ISSA AR SIORS B 3 &7, YR SIG B s

3) 3/~ i 45 F5 PSNR, SSIM K& FSIM % iF T
MSSA B k% 4> BIVERE, itk T SSA 5y B A J=)
TS 5 A0 Aot %) 170) S 1 K -means 58 28 540V % 9] 1R B 2%
R R R, A E ORI F 4% 5 K-means
Hk | PSO H7k . SSA I ISSA.

T R 2B KA R P, B o 3 T ok ek
HER) TAEE S .
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Image segmentation based on Logistic regression sparrow algorithm

CHEN Gang', LIN Dong" ", CHEN Fei’, CHEN Xiangyu'

(1. College of Physics and Information Engineering, Fuzhou University, Fuzhou 350108, China;

2. College of Computer and Data Science/College of Software, Fuzhou University, Fuzhou 350108, China)

Abstract: The sparrow search algorithm is improved to address its decrease of population diversity in the later

stage and its easy fall into the local optimal solution. The improved algorithm introduces the oppositional learning

strategy based small hole imaging to update the discoverer’s position, enhancing the diversity of the optimal position.

Then, inspired by the Logistic model, a new adaptive factor is proposed to dynamically control the safety threshold,

thus balancing the global search and local development capabilities of the algorithm. Simulations of comparison with

other algorithms in six benchmark functions are conducted, and experimental results show higher convergence

accuracy and speed of the improved algorithm than those of the other algorithms. In engineering applications, the

proposed algorithm optimizes the K-means -clustering algorithm for image segmentation with satisfactory

segmentation performance in terms of peak signal to noise ratio (PSNR), structural similarity (SSIM) and feature
similarity (FSIM).

Keywords: sparrow search algorithm; image segmentation; oppositional learning based small hole imaging;

Logistic model; K-means clustering algorithm
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FLT B AR A FF 5 2 PH FE AL B SRR 3T 28 3 W) SR g
AR BRA", 44, KT

(1. PHHIACE RS WA TR, S 6117565 2. GIHNI AR HLHL TAEBE, I 518055)

1 B ks eyl (SRM) EATA 238 DL T B X R R HT g # (CCC) , #atts
G5 LB AR P R B A BRER A A B . A X0 55 AR K B R R o B T R T [ R B E AL
RS v R oy 2 By R AR SEAT K ] 0 B, RS — M T 54 AN 0 R R T A s . R R
RIXBEWNRERNEE, ARARDGEEFRRATHE, REMEAELMA LR P L
1 sh A R E A s AR &y Stk B B, SRR BT By Bk FERCR L (PWM) SR HEAT 42
fl, FEaMEEEE TR, FE M 2RI REE RN ARAREHER LR &, FRENE
TRESE®E, RETWEATIR, EREERGBRATAL. FTRELRERTA: FrREH R
A A ROR /N TT o< ik T ALY 48 4 ks, SR e e ALB SR AT M .

X B IR TREEENL; RAHIMER; KERKS; SFRR; AR

hESES: TM352
XHAFRERE: A

JT 2 15 BH H, #L (switched reluctance motor,SRM )
AT S5 T B | 28R RE D otk L I 8V B A O A
H ) AR AEAS 3] 7P A & g . {H SRM Rk Y
XU I 45 ) R A B 0 65 1 v JRE AL R R P el H
P, 107 A 2 Bt (6 ) R R A PR O A I R R
£, SRM HYIX FiRE s s 1 HLAT Ik I i L 2 4 ik
SR AR R, Gnfe] B SRM 1145 56 ik 2 B R HLSC
At 2y S AT T 45 38 ) A 5 A

H A, N Sh 235 75 SRM 1Y 6 6k 20 41 i 36
W 7 AN T R R SY . SCHR [1] £F X SRM A kA
LML RR AL, Sl D0 A0 T A FIOCIRT £ R $2 5 SRM
M TVERE . SCHR [2] 42 ) —Ff 5L T B Rr A 119
SRM JC A A& iz il 7 ke, FH DA A pL A ol o
10 AR BE R THRERT . SCHR [3] 4t —Fh s T
T+ SRM & 8t 1 8] L 1Y) 8 2k e A 3 IE R KX (torque
sharing function, TSF), % £k TSF 7E A5 M4 #E 119
T OLT R 2 & FEARELH MKl o SCRR [4] TEAL G AR
3 PC PRBSCHS T SR TS, 38 A X6 8 A AN S AR AT

TERHS: 1001-5965(2023)03-0647-10

Pott, #— DA 58 7 SRM By Fl . SCHR [5] 7
AR T IR i e sy B S
SRM KM 2H it 4, %07 2 B R 3l Fa sk
B SCHR [6] DASR iy % 40 HL It LG oy H bR X% St B 4%
B R R IR AT S, A R AT A Dk 2l A ] i e 1
R SCHR [7] 78 B3R R 00 SEAE 4R B R B
BRI, 207 1k LA A AL IR I 2R S Dy e 42, X
R A SRML ) %% Dk 2l A B i 8808 o SR [8] %
JH — Tl 284 10 H, S 2y 58 A48 i 45 O ik 35 4% G 1 4 Bk
I 5 42 ) Hh P O /D ) [0, (28 B S ey
WEAL AR BERPE o SCHR [9] 3 8 —F 35 1 ik ol 5 2
VA i (pulse width modulation, PWM) f¥) SRM H $% Wit
IF 5 R AR D vk 2O IR AR IS AT I AR 3 I b ) R
Wi BRK/IN g SCHR (10133 T —F e 5 FT R 43 (pro-
portional integral, P1)Z: %% H id I ) H, it 141 757 &, AE
AR SRM P RE 1 iz ERE . TR [11-12]
ot R T SR H A BT () SRML A bk Bl
il SR W, LA e AV P BLAE 30 AH B 09 5% 6 Bk 3l . 53 4,
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SCHR [13-15] Hh 5 RO 4 ) L P 28 00 245 425 o B ik
TR AR AR 2 04 i A5 re AR ) et vz g H
T SRM Y AR Ik S I B 5%

SRM 7 2 3 T 2K FH H Ui 37 % 4% il (current
chop control, CCC), HZ&fE St 1) CCC i LA I 2 bR
TR ER S M, AR AR AR I R AME R . 74
4t CCC My BLAl I, A SCH2 Y — P 2 7 W SR AR AR 43
Beaa il iy CCC Hmg (MLilE CCC) o Mt X 22 s i
HEAT M, 19 9% 58 2H 7 45 HH X 8] N 1Y) 7% 26 e
Jio e, WA SR AT T 0 E R AR R
SEHAIE

1 FFRHiPHER LR 1R G B R AT IT S
1.1 HEFERERA

TELEMEA AL, SRM B SE & AH L - 7 72 2
Al AR IR A

d
uk:Rkl‘k‘i‘% (1)

Ao u, M kAR APLZEA R R, NS, 4,
NG ¢ NI T]; W GERERE, Rom KT i,
G T 8 01 R AL, e L(0i,) FIHL IR i, 1Y 7fe
L FRm R

Ui(0,i) = Li(0, )iy (2)

K L, WA kSR L 0 MBS P E A .
B ) A (), IR LIS Hy

di 0L, (6,
1 = Reii + L (0, z@)ﬁ iy kg ; W =

Ryi + Ly (6, ik)% +e(8,iy) (3)
N w,= dOAs, REETFAEE; e(0,i) HEE kSN
FEL R AR A 7= A Y B HE B

SRM 4 19 7= A= S 406 1 B B /N I B, e R
MFDIRZS T 1847 /) SRM 2 —Fh s AR M ML E
BEE, ZWEAS G 8] BIRGE M, E Gt X 3k, 2
kAR A B FE AR T, v DL L3RR R

1,0L(6,i)

T 2% 50

SRM 7E 32 17 2 2 A A8 5 5% B 5% S0 S 4% AH Bk i

EeaR 22 RN, BB B e B L

(4)

m

. Z 1., 0L (6,i)
Tmtal(g, l) = 7lk2 =
- 2 00

dw,

dr
K T N BRI EEH m R LA AL T, S 38
A B O BRI R AL J R B
=X (5) ATAL, GPER T SR E E A

T.+Bw, +J (5)
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Current chopping control strategy of switched reluctance motor based on
inductance characteristics
CHEN Yue', JIANG Qilong"", WANG Jinsuo', YAO Weifeng’

(1. School of Electrical Engineering, Southwest Jiaotong University, Chengdu 611756, China;
2. School of Mechanical and Electrical Engineering, Shenzhen Polytechnic, Shenzhen 518055, China)

Abstract: Switched reluctance motors (SRMs) often use current chopping control (CCC) when running below
the base speed. In the traditional control, however, the dynamic tracking ability of current is weak, the torque ripple in
the commutation area is large, and the switching frequency of power devices is not fixed. A soft chopping current
control strategy is proposed based on reference current compensation and the interval segmented according to the
characteristics of inductance curve changes. In the low-inductance section, the reference current is compensated
according to motor speed and load to improve the torque output capability and dynamic response capability of the
phase winding during commutation. In the linear rising stage of the inductance curve, a fixed frequency pulse width
modulation (PWM) wave is used to control the output torque to make it smoother. Then this study sets up a three-
phase 12/8 pole switched reluctance motor simulation model and a semi-physical experiment platform. Considering
the operating conditions of the motor with different speeds and loads, the torque ripple index is chosen for
comparison. Simulation and experimental results show that the control method proposed in this paper can effectively
reduce the torque ripple of SRMS and improve the performance of the motor.

Keywords: switched reluctance motor; current chopping control; torque ripple; reference current; hardware in

the loop
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Low-altitude, slow speed and small target detection probability of passive
radar based on GNSS signals
MIAO Duo, YANG Dongkai, XU Zhichao, WANG Feng', WU Shiyu
(School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

Abstract: Although passive radar based on global navigation satellite system (GNSS) signals has received
domestic and international attention owing to its advantages such as the availability of multiple satellites, global
coverage, and convenience of time synchronization, it is difficult to meet the actual detection requirements due to the
movement of satellites and the limited target detection performance of a single satellite. The bistatic angle calculation
procedure is described in accordance with the geometric configuration, and the theoretical expression of target
detection probability is derived after analyzing the relationship between target radar cross section (RCS) and bistatic
angle, and the connection between detection time and target maximum detection range. On these grounds, the target
detection probability of passive radar based on GPS L5 signal under the detection pattern of single-satellite, multi-
satellites fusion and forward-backward cooperation is evaluated. The simulation results show that the effective
probability of detection under single-satellite forward or backward mode is less than 1%, which has an effective
promotion to 25% under the detection pattern of multi-satellites fusion with forward-backward cooperation.
Furthermore, the continuous detection method is adopted to change the irradiation direction of the receiving antenna to
detect the target. In the forward and backward cooperative multi-source fusion detection mode, the effective detection
time coverage is up to 98.96%, and the all-time effective detection is basically realized.

Keywords: global navigation satellite system; passive radar; target detection; target detection probability;

multiple illuminators fusion
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Fig. 4 Force analysis of compliant fixed guide beam
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Fig. 5 Schematic diagram of parasitic rotation of PPR joint
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Fig. 6 Deformation of external beams subjected to
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horizontal force
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Fig. 9 Deformation of internal beams subjected to moment
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Fig. 10 Schematic diagram of parasitic rotation of PPPR limb
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Fig. 11 Parasitic rotations of uni-axis driven platform
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Fig. 14 Parasitic rotations of tri-axis driven platform
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Table 1 Material and dimension parameters of platform

ZH HfH E 24 BiE
//mm 40 PP R E/GPa 717
t/mm 1 B YIEE G/GPa 26.9
d/mm 24 HEE/NZAY 0.33

s/mm 6 JiE i B o/MPa 503

L/mm 47 4 HEp/(kg'm ) 2810
D/mm 25

() FLfhYR )

F ,“:
(c) =45
K15 RIEERS) A R G i 5o
Fig. 15 Simulation analysis of platform under different

driving conditions
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Table 2 Theoretical values, simulation values and relative

errors of parasitic rotational angles
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Fig. 16 Parasitic rotational angles of limb and platform
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Parasitic rotation of large stroke compliant micro-positioning platform
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(1. School of Mechanical Engineering, Jiangnan University, Wuxi 214122, China;

2. Jiangsu Key Laboratory of Advanced Food Manufacturing Equipment and Technology, Wuxi 214122, China)

Abstract: Parasitic rotation is inevitable during the movement of large stroke compliant micro-positioning

platforms, causing a negative impact on their positioning precision. To reduce this effect, a 3-PPPR compliant micro-

positioning platform with large stroke is proposed based on compliant beams. Then, based on linear elastic beam

theory, the theoretical parasitic rotational angle of the PPR compliant kinematic joint is modeled considering the axial

deformations of the beams. The parasitic rotational angles of the platform are also analyzed theoretically in uniaxial,

biaxial and triaxial cases. Furthermore, the theoretical models are verified by finite element analysis. Finally, the

sensitivity between the dimension parameters of the compliant beams and the parasitic rotational angle of the platform

is analyzed, laying a foundation for the improvement of the platform. On this basis, the optimization schemes are

proposed to improve the motion performance of the platform. results show that the maximum relative errors of the

theoretical and simulated values of the parasitic rotational angle is 2.46% in three driven cases.

Keywords: compliant micro-positioning platform; parasitic rotation; multiple axis drive; finite element

analysis; sensitivity analysis
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Fig. 1 Classic structure of LeNet convolutional neural network

fi 1 2

5566 6

30,-0.031 389, 31,0.026 755, 32,0.039 851, 33,-0.027 303, 34,0.025 376,
—0.009 1559 0.007 860 3 0.011 673 0.007 91 0.007 423
38, 0.041 966 43,0.012 454 44,-0.017 68 45,0.014 771

’ ? 39,-0.000 948 71, ¢ > > > > >
0.012272 ~0.000 255 2 0.003 656 9 —0.005 1159 0.004 345 1

49,-0.031 101, 50,-0.023 284, 51,-0.000 788 17,  52,0.032 407, 53,0.042 601,
—0.009 073 6 —0.006 663 1 —0.000 209 08 0.009 581 2 0.012 447

2 AET RBF MRS AR IEAHLILRA K K T AL £ 4
Fig. 2 Deformed wing state diagram and lift drag coefficient based on RBF mesh
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Prediction of wing aerodynamic coefficient based on CNN

LYU Zhaoyang"?, NIE Xueyuan"> ", ZHAO Aobo"’

(1. Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China;
2. School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: With the rapid development of machine learning and its outstanding nonlinear mapping ability, more
and more scholars apply machine learning methods to the field of fluid mechanics. To overcome the obstacle that the
traditional mathematical fitting cannot well present the system nonlinearity and the inconvenience of some neural
network-based aerodynamic parameter prediction methods due to the need of parametric processing, and to achieve
the multi-variable and multi-output aecrodynamic parameters, this paper establishes a multi-variable and multi-output
model based on convolutional neural network considering the variable angle of attack and the heave of the wing to
realize the rapid prediction of the aerodynamic coefficient of the wing. The results show that this model has high
prediction accuracy and its computational efficiency is 40 times higher than computational fluid dynamics (CFD).
Moreover, the designed stability experiment results show that the proposed model has good stability.

Keywords: convolutional neural network; machine learning; prediction of aerodynamic parameters; pneumatic

order reduction; deep learning
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m fc A FHIE bRz SEERSIR L
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3.5 0 0 0 557
4.0 0 0 0 292
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N
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N = N
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i=1 i=1
N N 2
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i=1 j=1
N-1
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i=1 v
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N i=1
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N
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N
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1 & -
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1 N N X
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=g+ Z(Xi —a;)°
i=1
4 6
fis Hartmann 6-D Fs==>"cexp | => aii(xj-py)’ 6 [0,1] 332237
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Table 3 Comparison of benchmark function test results

9T ERPR FeAE(E FHIH FRUE(A i Bk FeAhfE SFHIH FRUE(E
PSO 1.057x107° 1.422x107* 2.013x107" PSO 2.200x10°° 1.381x10™ 3.759%10""
GWO 2.026x10% 1.522x107 1.998x10 GWO 7.550x10™" 1.021x10™" 1.668x10™"
WOA 2.579x10°" 6.403x10 " 2573107 WOA 8.882x10 ' 4.530x10°"° 2.955x107"
A SSALl 2.628x10°° 1.302x107 1.163x107 5 SSAL 9.313x10™" 2.648 1.245
SSA2 0 1.227x10™ 7.761x10"" SSA2 8.882x10°" 8.882x10 " 0
AMSSA 0 1.010x10 "% 0 AMSSA 8.882x107" 8.882x10 " 0
PSO 5.100x10°° 4.260x10 6.160x107 PSO 1.354x10°° 1.030x10™" 9.200x10°°
GWO 2.312x107"7 8.104x10" 3.908x10™" GWO 0 3.200x10°° 8.000x10°°
) WOA 4.803%x107° 1.678%10°" 7.650x10°"! WOA 0 0 0
£ SSAl 4.260x107 2371 1.860 Jo SSAl 6.545x107 1.330x107 1.050x107
SSA2 1.129x10™""* 5.065%107" 3.185x107° SSA2 0 0 0
AMSSA 0 4.831x107 2.656x107 AMSSA 0 0 0
PSO 2.569%10 7.363x10 3.642x10 PSO 9.907x10™ 1.040x10°° 3.930x10
GWO 2.630x10°° 7.351x10° 1.307x10°° GWO 1.280x10°° 4.300x10°° 1.470x10°°
WOA 3.610x10° 4.822x10* 1.793x10* WOA 4.500x10°° 2.920x10°° 4.220x10°°
% SSAl 2.330x10 1.467x10° 7.677x10° i SSALl 2.115 6.832 3.754
SSA2 2.774x10°° 4.129%x10° 1.628x10°° SSA2 2.785x107"° 9.587x10™" 3.536x10™"7
AMSSA 0 1.168x10 ' 0 AMSSA 1.335x10° % 3.992x10™" 8.391x10"
PSO 1.563x10 9.915x10 5.719x10 PSO 9.980x10™" 3.635 2,619
GWO 2.610x10 2.693x10 6.457x10"" GWO 9.980x10™" 3.792 3.810
WOA 2.707x10 2.798x10 4.642x107" WOA 9.980x10°" 2.838 3.215
2 SSAI1 2.430x10 1.659%10° 2.593%10 Ja SSALl 9.980x10™" 1.097 3.762x10"
SSA2 6.711x10” 3.419x10°° 1.144x10™* SSA2 9.980x10™" 4.847 5242
AMSSA 1.658x10™" 8.871x10” 3.077x10°° AMSSA 9.980x10™" 9.611 4.962
PSO 1.008x10°° 1.894x10™* 3.878x10" PSO -3.322 -3.274 5.900x10°
GWO 7.462x107° 7.011x10™" 3.678x10™" GWO -3.322 —-3.254 8.450x107
WOA 7.440%107 4.005x10™" 2.182x10™ WOA -3.322 -3.209 1.158x10™"
% SSAl 2.344x10°° 2.011x107 2.792x107 s SSALl -3.322 -3.220 6.150x10
SSA2 1.179x107" 1.538x107" 3.735x10™" SSA2 -3.322 -3.280 5.740x107
AMSSA 2.101x107% 7.744x10°" 1.533x10™ AMSSA -3.322 -3.216 3.114x10°
PSO 4.340x107 1.793x10™" 5.150x107 PSO ~1.054x10 -9.165 2.805
GWO 3.836x10" 1.900x107 8.773x10™* GWO —1.054x10 -1.033x10 1.283
WOA 3.416x10° 2.700x107° 3.400x10°° WOA ~1.054x10 -7.119 3.386
Je SSAIl 6.170x10"° 1.766x10™" 6.360x10° s SSA1 -1.054x10 —8.422 3.343
SSA2 8.384x10° 1.700x10° 1.400x10° SSA2 ~1.054x10 -8.508 2.652
AMSSA 2.468x10°° 8.001x10™* 7.674x107* AMSSA —1.054x10 -1.006x10 6.803x10°"
PSO -7.082x10 -4.601x10° 1.108x10° PSO -1.032 -1.032 2.043x107"
GWO -7.586x10’ —5.865x10° 9.074x10° GWO -1.032 -1.032 2.281x10"
WOA -1.257x10* -1.057x10* 1.769x10° WOA -1.032 -1.032 5.898x107"°
h SSAl -9.017x10’ —7.584x10° 6.607x10° Jis SSAL -1.032 -1.032 3.233x10™
SSA2 -9.618x10’° -8.525%10° 5.415%10° SSA2 -1.032 -1.032 1.067x107"
AMSSA -8.839x10’ —6.541x10° 6.724x10° AMSSA -1.032 -1.032 2.073x107"*
PSO 3.609x10 6.026x10 1.460x10 PSO 3.275x10° 8.612x10™* 1.552x10°™*
GWO 0 3.174 4.412 GWO 3.075x10™* 3.900x10°° 770010
WOA 0 0 0 WOA 3.229x10™* 7.261x10°* 438310
% SSAl 2.388x10 5.313x10 2.077x10 Jis SSAL 4.024x10°* 1.400x10°° 3.100x10°
SSA2 0 0 0 SSA2 3.075x10™* 3.219x10* 5.463x10°°
AMSSA 0 0 0 AMSSA 3.075x10™* 3.075x107* 8.314x10"

XL S, WK i 28 B AR BT AMSSA B3k T PEfE FHEEF HoAlh, 4 PPV S EANIE, 2 AMSSA H SSA2
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TE 6 P B R AR T AT DA B AU, UEPATEMR  fi5 ' AMSSA By FeE PR Je s 7E f ', BT GWO,
A TR LU AP S40; 7E 1, T, SSA2. AMSSA SSA2 Fll AMSSA iX 3 Fl& : F 3k B0, Bae
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Fig. 3 Average convergence curve of benchmark function
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3.2.3  Wilcoxon #& o4& & 5547

SCHR [24] 38 6 R B R AR B VAR, N
TGRS . e T 2, AT S AR o
TR 22 (K LA S A, T BT g i
DLIE BH BT £ 54 3k L il B vk BR300 el
o X R R A S R AT ST LR, SRR I
B AR E RN S . AR SCR A Wilcoxon % AT
S TE 5% M S 2 PEK T T 3547 H T AMSSA 1) BRI
e S O W R N KRR R SR B
ANTE, 2 p AE/NT 5% B, 354 15, U BT BBk

B W2 R & W 2R, RN L
FRBE AR LA . 4B T 16 A FEHE RS
™ AMSSA 5 FHAth 5 5 2 ] (4 B AR 55 p (A,
PR R Y4 2 AN 0F HL S Rk B e AR (R, ek AT L
B, FrLAFE 4 o NaN /R “RiEH” , BURREHEST
EPEFIWT, R 0 R HIWT A5 2R, T T
“=" 3R AMSSA PEREDL T 45 T RUAH 24 F
Ak

M 4 ] DUAR KA p (H I /N T 5%,
X ULEH AMSSA (O e At 5 LRSI b
W . 7E AMSSA 5 SSA2 Xt L, f,,~ 1 BRER
OREN “=7, RN AS B SSA2 FLPERRE LS,
AMSSA 5 SSA2 ¥ fig F R BIRAEE, R 27 ME
BRI A TN ], AMSSA 75 i 4 £2 06 pR %k 1 Y
FRPEREA —E T, HER TS RIA K
324 KA AR

H - AMSSA 94 R as bl il 5 804 S0 PERe
P 4f, AR EL R — Fh S AL il eV R 5 A 3
— TR LA AR IR RN, S T 26 B 25 FhbL )
WIVE R, (S50 88 HL iR g, A SCHEFT T AMSSA i
R T Bl SE 5 . 0 5 LA SSA. H i i SSA(ASSA).
5 5 SSA(MSSA) 5 AMSSA 7 16 >3 1fE pR % i
X SR, B RS RN 5 R, Hip Mean S -1
{H, Std AR UEE

R 5 ORI LLE Y, FE S A B R R S~ f
B £ A, Hofth s %P 9 ASSA 5 MSSA % % Sk
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%+ 4 Wilcoxon #AN#LE p &

Table 4 p-value for Wilcoxon’s rank-sum test

. PSO GWO WOA SSALl SSA2
P P R P R R P R P R
f 8.25x10°" + 8.25x10°" + 8.64x10™" + 9.55x10 ™" + 5.57x107"° +
£ 1.17x10™ + 1.26x10™ + 1.85%107 + L.17x10™ + 1.98x107 +
jA 1.29x10°* + 9.55x10 + 9.55x10 + 9.55x10 + 2.69x10°7 +
£ 1.43x10™ + 1.43x10™ + 1.43x10™ + 1.43x10™ + 1.94x107" +
£ 1.43x107" + 1.43x10™" + 1.43x107" + 1.43x10™ + 8.40x10°" +
f 1.43x10™ + 6.54x10° - 6.94x10™* + 1.43x10™ + 9.57x10"' -
£ 3.46x10™" + 2.40%10° + 2.83x107" + 9.92x107 + 2.89x10°" +
fi 1.96x107'° + 1.90x10°7* + NaN = 1.96x107"¢ + NaN =
5 1.96x107'° + 1.77x107'° + 1.90x107" + 1.96x107'° + NaN =
fio 1.96x10" + 4.18x10"* + NaN = 1.96x10 ™' + NaN =
fu 1.43x10™ + 1.43x10™ + 1.43x10™ + 1.43x107" + 5.12x10™" +
S 1.17x107 + 1.12x10™ - 5.10x107 + 2.90x107 + 7.00x107 +
I 3.77x10°° + 227x10° + 9.88x10 + 6.32x10 " + 3.40%10" -
fia 1.62x107° + 7.18x107 + 2.61x10°° + 9.02x10” + 5.68x10" -
fis 9.60x10°° + 2.93x10 " + 2.93x10 " + 6.88x10 " + 6.32x10" -
fie 1.43x107" + 8.66x107" + 1.05x10°" + 1.79x10°" + 6.68x10"" -
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Table S Experimental results of model ablation
. /i b f
Mean Std Mean Std Mean Std
SSA 2.526x10°% 1.050x10™ 1.212x107° 7.105%107° 7.076x107° 3.363x107
ASSA 1.690x107" 1.069x107"* 9.746x107 6.164x107 5.576x107 1.763x107
MSSA 1.679x10°% 1.032x10°% 4.333x1077 1.978x107 5.084x107 1.605%10°
AMSSA 1.034x10"™ 0 1.966x10° 1.243x107° 1.026x107"> 3.243x107"
ik fa /s Js
Mean Std Mean Std Mean Std
SSA 9.633x107° 2.729x107 5.003x107" 1.924x107" 1.600x107 1.300x107°
ASSA 3.436x10°° 8.914x10™° 2.327x107" 3.221x107" 1.600x107° 1.800x10°°
MSSA 3.527x10°° 7.135%10°° 2.300x107™" 3.999x107" 2.000x107 1.800x107°
AMSSA 4318x107 8.616x10” 2.029x107™" 3.859x107" 1.400x107° 8.627x107*
J Js fs Jio
Hk
Mean Std Mean Std Mean Std Mean Std
SSA ~8.463x10° 5314x10° 0 0 8.882x10" 0 0 0
ASSA -8.492x10° 5.921x10° 0 0 8.882x10'° 0 0 0
MSSA ~8.726x10° 9.075x10° 0 0 8.882x10" 0 0 0
AMSSA -8.759x10° 4.052x10° 0 0 8.882x10 " 0 0 0
Ji Jio Jis
(=87H
Mean Std Mean Std Mean Std
SSA 3.474x10" 1.105x107" 6.260 5.454 -3.263 6.270x10
ASSA 6.636x10 " 137710 7.620 5.746 -3.274 6.140x10°~
MSSA 1.356x1077 2.427x1077 9.980x10™" 1.480x107'° —-3.208 5.010x10
AMSSA 1.045%107" 8.414x107" 9.980x10™" 1.655%107"° —3.274 6.140x107°
o Jia Jis S
Mean Std Mean Std Mean Std
SSA -8.373 2.793 -1.032 1.958x107" 3.456x107 8.718x10°
ASSA -8.914 2612 -1.032 1.958x107"° 3.404x10™ 1.040x107*
MSSA -8.914 2,612 -1.032 2.094x107' 3215x10" 6.452x107°
AMSSA -9.455 2.280 -1.032 1.958x107" 3.075x10™ 8.442x107"

FHELF SSA WA HRFARCR, A = F 4545 )5, AMSSA
(0 R PR i (R o FE R 4R 2 W eRRR £~ T PRER
f RS R 5 20, AR E MR T, B St B
PETHRORANK s sREL £~ fro TR SRR AT DL ]
A MH ; PR £, ASSA I MSSA I % 548 He
SSA2 #f, At AMSSA MU Bl o TEARAE 2 15 R
B S~ fio T BT RN AT DL JC BR 42 e A
Al It AMSSA e T+ AS K, 1 H7E £, ', ASSA.
MSSA 1 AMSSA [ REA U1 SSA2,
3.2.5 AMSSA B ] 5 22 B 547

B B TR A BE LN N 4E B R DR Rk AR
BN ter e, FEALBI GH AL R S 500t 6] 2 s, SRS
AR I 37 AF A BsF 18] Ry j(D); 48 % ¥ $ i pNum,
— 2 SR I [B] A s, BRRE O sNum, B — 4 T
B ] Ay 5 T B — 4R TR W) 2R 5,0 DRG]

BT BN (] S22 B 02 Ty = OCsy + N(j(D) + Dsy)); &
R G W] B 4 N T, = O(pNum x s,D); B Fifi
BB A B 4 BN . Ty = O(sNum x s3D); i %
AR 5 24 R Ty = O((N — pNum — sNum) s, D) .
Zi I, SSA B BT [Al B J8 2l T =T, +(To+Ts+
Ty)itery, = O(D+ j(D))s

TE AMSSA H, BB W SRR T 5 6 6] A e,
HE P 1L FE ] 18] A 00, PR MG, 00 63 B B B[] 52 2% B Oy -
Ty = OCs; + N(uy + j(D) + Dsy) +uy); TRR & FIHLBE &
A BT T 20 g, U R 3 TR N () 5 2 B R
T = O(pPNum X 5,D + iter,us); B Fifi #5158 B 6] &2
4K : Tys = O(SNum X 53D + iterp,u3); 1% # 5B
B 8] &2 2% & K. Tyy = O((N —pNum — sNum)s, D). £
] VU5 S5 A Tent RIEIE 33 A b TR A1 2438 1
BEAE £ W TR) A aay, 155090 3l 2 ) 0 6] 75 A% 5
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N((D)+uz) +ug)o 27 1, AMSSA [ R 0] & 24 B Ay
T, =Ty + (T + Ty3 + Ty + Tss)itern = O(D+ j(D)).
F T=T, %8 AMSSA 1 [0] 52 2% B A 1 .

ZERNAS S A Hr, 38 A AR A fl S 56T B T 2 1Y)
B —Fh R ME AR XT AMSSA B3 e 2 (1 BE A A 435 1,
T L B[] 52 2% B2 43 BT 16 W] AMSSA 1Y ][] 52 2% 2
55 SSA2 Z54fr, il i AMSSA 7E 3 25 pR KL F i SE 58
T, AR AMSSA FHEL T SSA2 71 Ik 4 £ I o %1
TP S REAS B I, (FLFE = 2 B0 A v Ak 22 0 R
o SO0 g L At 5 FRAVL 2 2 B
G, WSk A B R T, RRUE NG R, AU
] AMSSA 535 1 25 APk e S A O 1 3 Ath 5 AR
P, R T AMSSA AP0 R AT 51 o

4 &£ ip

ASCHEARE R 48 R Al B, 5T A TR
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2) BEHL 16 Ao I3t R 250 Ho Al S Fb B0k F
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Adaptive mutation sparrow search optimization algorithm
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(1. School of Graduate, Air Force Engineering University, Xi’an 710051, China;
2. Air and Missile Defense College, Air Force Engineering University, Xi’an 710051, China;
3. Xi’an Satellite Control Center, Xi’an 710043, China)

Abstract: To address the problems that the sparrow search algorithm is prone to fall into local extremum points
in the early stage and not high accuracy in the later stage of the search, an adaptive variational sparrow search
algorithm (AMSSA) is proposed. Firstly, the initial population is initialized by cat mapping chaotic sequences to
enhance the randomness and ergodicity of the initial population and improve the global search ability of the algorithm;
Secondly, the Cauchy mutation and Tent chaos disturbance are introduced to expand the local search ability, so that
the individuals caught in the local extremum can jump out of the limit and continue the search. Finally, the explorer-
follower number adaptive adjustment strategy the adaptive adjustment strategy of explorer-follower number is
proposed to enhance the global search ability in the early stage and the local depth mining ability in the later stage of
the algorithm by using the change of the explorer and follower numbers in each stage to improve the optimization-
seeking accuracy of the algorithm. Sixteen benchmark functions and the Wilcoxon test are selected for validation, and
the experimental results show that the AMSSA achieves greater improvement in search accuracy, convergence speed
and stability compared with other algorithms.

Keywords: sparrow search algorithm; cat map chaos; Cauchy mutation; Tent chaos; adaptive adjustment

strategy
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(1. JHbgelr K2 WA Al RBHR T S S22, fRE 071001; 2. Jdbgel ke 15 BRME SRR, ffE 071001;
3. dbEUE TR RS HEAALERE, dEat 1001915 4. dEatATSSAiR RS B E B TR, dbat 100191)
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AFSA) , ZEERIINET K\ % 3 A B dn ok ws, DRSS AW RA e MR R E;
IANHESERREERE, UmBATEMRZENELRR. RENMREEHRSEEL; N

BRI dE 5 S, DA An A T AMRALE R R B M AL

WRETRAEBN AT RM WA, #YE

—F MPRM Z 8w EmRMA T &, FAAFRAEELRE R BRI RERE, XTI FZP
SE40 M A F 0 (MCNC ) Benchmark ™ # 8y SL3b 25 R £ . Gt EAlth, IBREEM A
BFHAERE LN EEH 57.24%, T34 3957%; 5 AT aBE ML, Frif £ Emiw %13
HRE i E A 33.53%, FH N 14.54%; SGHHAWATEBEEML, REER A HEFY

HARE 2 E N 30.25%, T3 H 13.86%.
*x B A
B> S V443; TP391.72
NHEkFRERL: A

B 8 L T DLCR R T /AR i
Bt g /R B, WA LR BT “5/57
5" iz H (Y Reed-Muller(RM) 2 #i ok 52 8 . % T
“H/S 87 1250 RM 2 8 2 X0 T A6 R 2 5
M RA IR BRI, 55 R E
B B L, R RMZ B S BLER O H B (s
T A A L AR D RE L ) BT R
ZEF AN R AT R DI AT, RM 2 A8 4 R TR A T
RM (mixed polarity Reed-Muller, MPRM ) i %5 1 [ &
% P RM(fixedpolarity Reed-Muller, FPRM) % %5 .
Hor, MPRM 3% 5 32 3k 02 RM 8 5 b i UL Y — il
FE R IRIE o X T4 A A8 &8 B0 nf) Boolean #
BRI UL, BA 2 NEEME, XA A FPRM

A M Reed-Muller #.%; BHRMLA; AoMM°; AT&BHEKX;, KuF3

YEHS: 1001-5965(2023)03-0693-09

Feak = HA A FE IR A W, X5 R A 3R
[ /) MPRM ik X . B4R, XF F [F] — L B ok U,
MPRM #4& [, FPRM # 5 B A7 50 R A= ] o

M2 RM HL K 1) 28 J8 M, e 3 RM HL i
Fah =M B AR, E M52 e RM LB Y PEBE . MPRM
H, % T ARG A S PE AR R DI A 25 T rh 48 2000 oy A — /21
FL P BB SR U Y e A AR 1 . PRI, MPRML HA 2 [T
b)E FA AL . X F o KA MPRM H
BRI, M PR Ak 2 Ta) Bty A% B0 1 i 5 4
FORMBER, 55 )4 R IO AE A R A I 8] P9 AR A5 05
P o Ml R R A MPRM 32 48 B PR | A7
RS R EBAEMPE TR, T EIATH R 0
5 DAL R R RE IS

Yris B ER: 2021-06-03; = HH: 2021-09-23; R4% H ARATE] . 2021-10-29 17: 05

4% B R 3k . kns.cnki.net/kems/detail/11.2625.V.20211029.1450.002.html

EEWH: EEARPIFESTERAEA (62102130); L4 FAAFHEHS (F2020204003); 104 w45 #RRHAHORDIGE 0 H -5 4E 5 H
(BJ2019008); AL AABHIFE I (YI201829); Hh ok | Sty Bl & i e Bl H (226Z0201G)

* {5 1E# . E-mail: hezhenxue@buaa.edu.cn

SIAtE: B ZH, fIRE, AFE, F EF M-AFSA #y MPRM E# & 5 B R [J]. AL FAEAMAAZZH], 2023, 49 (3) : 693-701.
SHAO Y X, HE Z X, ZHOU Y H, et al. Area optimization of MPRM circuits based on M-AFSA[J]. Journal of Beijing University of
Aeronautics and Astronautics, 2023, 49 (3) : 693-701 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0296
http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2021.0296
kns.cnki.net/kcms/detail/11.2625.V.20211029.1450.002.html
mailto:hezhenxue@buaa.edu.cn

694 [ T |/ A N = = o

2023 4F

B e L LB IE7E MPRM HE % 1] BRI Ak 40 3l 75
BT o SCHER [4] R TR S B Y SR ek
TS i A Ge s AB T, S T — R IR A st L
T B9 MPRM fie /MU ST B, DLk 5 55125 B T )R 7
A, B9 T A R R EE ST . SCHR [5] R BELR Sk
Tk SR T RE SRR AN A S PR — R BCALR KR
Ak F R4k (simulated annealing and discrete particle
swarm optimization , SADPSO) 3 15, Z& T % 88 1 X
MPRM H g AT AR A . SCHK [6] 42 i = (H 24
kE - B 5k 9 0 T MPRM H I 19 25 & Ik,
RI T —E i rERe i SR, T2 5 e
AT LTI Z AR 25 | IBIGR EE | &) B A R
e P65 [ R 5 M), {75 30 MPRMLZ 48 v % 17 FH
DAL T ik AR BOR A T i e o

N T B 55 9% (artificial fish swarms algorithm,
AFSA) & —Fh 28 i HER AR A0 A5k, i it rh
AN TR REE. 8RS N R S Rl
i FLA G Bk s A4 Ry UL RE 0 iR S LS, FE G
DAk AR A 2] 7z T, BEgT R, FE R iR
NP-Hard b [R] 8 1, A T a8 5 vk SOR B B A F
WAL T R SR

A SCEF XA MPRM H i 18T AR AL AL 3R 22 19
[a] B, 45— A A 2L MPRM % B 1% i AL 1k
T . HEA MPRM HL B AL AL T A 1, 3
FOTERAN T

1) 4 —Fh 2 5 g P W] 28 16 N T £ 03 1k
(multi-strategies artificial fish swarms algorithm, M-
AFSA), U TR g = sl GO0k ), 158k
UKL T B )2 2] AR 46 AL S m DU i 1
REZ R LG R rY B it oI AR R 5B
FEAZ H SR, LAnsE N T A 22 8] 145 B 38 T
P OSSO B 51 A 3 N R Bl SR, DA R R
HEAL IS I T A 8 A8 S g RE AL | 3 9 F AR 7
st B R AE I A R SRR

2) 4& i —Fh MPRM 2 #5 Hi i#% 1 AR AL A6 7 12,
127 1R 42 ) M-AFSA B39 38 2% H I 1 A A
AN SR AR

3) T AL R P N R v 0 (Microelec-
tronics Center of North Carolina, MCNC ) Benchmark
BRI v B, BT B B 0 N S R T S B
(genetic algorithm, GA) [y 1 248 4k J7 % . & F
AFSA By AR AL 7 i . SCHR [4] A 88 TR & 8t
4 (hybrid genetic algorithm, HGA) & SCik [17]
TR A8 34k N\ T A BE 55 4 (fireworks evolution AFSA,
FEAFSA) B I AREAL 7 5 3047 T S50 X L, Se g 48
SIAIE T T HR R B A R

1 HxiEmR
1.1 MPRM EZERIER

— AN NS UK n B9 MPRM 32 45 HL 1%, X
N7 132 55 pR B R IR B 3NN TR . R
K p, WRZAR 1 X6F 107 £ MPRM 3% 48 H, i 2% 34 20 ] 6
~H
f”(x,l,l,xn,z,...,xo)=692i:[()lbjﬂj (1)

A p(O<p<3'—1)h MPRM 2§ B 1% A9 He 7% ,
H = FIE N pucipas - pie-- po, Hoth pi€{0,1,2)
oIl XOR 125, @ 81 ]; o, 5L, Al KR K
X1 Xp—2 -+ Xo 3 bjy‘:’EjIﬁ/%%ﬁ, /ﬁ\:quj €{0,1}, HIkr
KA PRSI I S0 SR o 5 WU AL,
FIIE N joct fua -+ Jos 28 T 7E 5 T 1y 3R 38 2
FH 5 T 7 BRI 1 e, LR An T

Xi Ji=1,pi=0
Xi Ji=LlLp=1
X = _ . (2)
Xis Xi Ji=1lpi=2
1 j,':O

PP & MPRM . H, [ 114 5 2 Ja 1, AN [ F) A% 2 %
N A5 AN A ) MPRM H B SRR 5. IR b, A P e
% MPRM Hi g% 238 50 SR RE L, JE 520 MPRM
F, S 1 i

Bl L3 S AZEER Boolean F5A f(xo, x1, X2) =
XoX1 Xy + XoX1 X + Xo Xy x2 A ], JHE X6 I A SRy 6( = 3
il 2R 2 020)  11C=HEHIF7m y 102) F1 17( =3
12278k 122) ) MPRM HAL 3% 35 2043 31y

Jo(X0, X1, X2) = X1 © X, © XX X, © X1 X, (3)
S (xo, X1, X2) = X1 3%, ® XX, © Xox, X, (4)
Si7(X0, X1, X2) = X1 5, © Xo X1 X, (5)

AT LB B Y, ST AR P 6 0E  MPRM 63k 5K
R BT R B 22 AR R, b, Bl 17 (9 MPRM HS
% 2 35 3 IR A7 3, A T A 1 )RR R R A M e
.
1.2 AI&HEX

N T Ao B B8 T YK 2 20 e 7 A e R 1)
F 2003 4F 2, & —Fh A 0 BE R BB A AR A .
AR B H i 2 1 3 5 — O R A K B0 w5
FEY R 2 W M T, AR X — IR 5 B A (R PE, A
it . BB BRI, WML B2 )R
o N T ARG FBERELAE B, N T AR w=
0,1,---,n—1; WAL popSize, ppes 1> 1A i
MAE, goe MR IMEAE . N T A FER 5 N 1) Oh
A5G40 F fros, Horp, AF follow() /R 18 B AT M,



55 3 4]

HR 20, 5. F&T M-AFSA ) MPRM 245 H 1AL 1k 695

AF swarm() RNEREITH, AF prey() &N
A HALSH
By FAU .
1. Initialize the artificial fish population;
2. FOR w « 1to popSize DO
3 Evaluate each individual and update ppe;
4 Update ggey;
5. END FOR
6. WHILE terminal condition not met
7. FOR each individual w(w = 1,2,--- , popSize)
8 Perform AF_follow();
9

Perform AF_swarm();

10. Perform AF _prey();
11. Evaluate individual w;
12 Update PBest and &Best»

13. END FOR

14. END WHILE

15. RETURN gpq
121 AefAH

7K R HLAS S, 2 1 ) O 1) P %
g, WX NHPHRELAM o YETHIALE, A IR TE
BBl N AR 59 A — 25 N A1 b, 1240 & X, B ) e
RY,, WY, > Y,, WY T A b #%80; &0, 78
BT N BENL SR HAB AN T, 54 m A T A aEy
e B VEAT LA, B e T — AR M T B R EGE B R
S BT, S Er N T o LT R R A TR —
o AN T & H ok

X, - X,
1 X, + -step-rand() Y, >Y,
X+ = X, - X,| (6)

X, + visual - rand() REW

2 step 204K visual y HLEF; rand() 77 AR X TH]
[0, 1] Z [6] A BEALEL ¢ R ik AR
122 BRATH

N LAt B vh, 508 S Yk B & 107 & 7%
g, FEMANTaEMENEY Mm%, &
Xoesrz G HT N T A a P S0 ] PN £ 0 e 2 e v ) S
B WA T A a 7] Xoeo B 3125 KA B, W S3EAT &
1T NT AR & BN

X es _Xa
" 4 Xb ! X -step-rand()  Yieq > Y
Xa = I best a| (7 )
prey(a) HAth

. prey(a) WA T a WRET N,
123 RAATH

N T fafrshit g, s AARRERM ., BAT
o X T TE A B N T o i, WA T4
X XS KA, BT BRI M. AT
R AR )

a

X.-X
X, + -step-rand()  Yies > Yo
X:—] = |X4. _Xa| ( 8 )

prey(a) HiAthy

2 ZREhEFHFUCATL&REE

8 8 N T A B 50 1 i MR SR T o i Y
AL, JF BAE B LR, A TARNE
H AR K, 52 m Bk st X it . T
MPRM Hi % 1t B AL 8 T = (414 Ak el i, T L
A T N LA 2 ) M-AFSA. BT $ 58 1k
14 = BB AU ZERREER) G A B B AR 1) 2 )
BL, 32 3L B2 w2 2 (R ERD B AL S e, A4
o T RE 22 1 ) G o A 14 JO o5 o 4R v BRI 1Y
W SAH B, B MR 58 AR B SR, A A T
AR Z 8] 105 S8 SE T, G DL I R 254K Ay i
{8, FEEEERUEGT 2 £ 1 [ S R s 5w,
B R BRI T A B AR S AR HLE, B Lk
SR S, B SRAAE Y 2 R SR AR
21 BEItE

X5 X2 6] 1 B B 2 W PR 2 B ) 22 SRR

1A Dis(X,, X,), AN
k=n
Dis (X, X,) = Y _sign (| X} - X}|) (9)
k=1
A
0 e=0
sign(e)z{l e>0 (10)
-1 e<0

B2 LLSEAZERE R, 2 F N T AR E S
F12R 00 020, 01 210, W 2 &2 (B HE 25 R 3,
22 ETREZEIBFHEEGE LR

W46 b AE 1Y 43 A AE — 8 TR b5 e BB R
SGHEFE o 4 1 0 46 IR A A BT i, S T R )
5 (R 46 A0 SR WS, 78 BEBLPD 5 A AR ),
A STy 2 2 WL, O B B ARAN A, 7 A TR A, LA
PORFPHEZAEPE L B2 S 0006 R 10 B i L iR 5E
PRSE

J2 1] 2% > ME & 1 2% % Rahnamayan %5 " 45 i
HEZEH Q245 B 21 A/ T AT 00 521 ik, IR S i
AIAT A S FER 1) i AT OPAG , 2 R R . ik
AU AR E R 2 AR, IR BB SE A R T
PLRETT S

Vs SE SCTE DX 8] [d, f1N 9 5 — S8, ) s 2
[w] it A
S=d+f-s (11)

WHRd=0H =1, W s R K
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§=1-3s (12) BN A 1S, o = 2,8 = 0.3, 15 2] 1Y 592 56 K 38
BEh(si, 2050 s0) 0 n EI R W g 56 edll
A 2.5 EiEAH#R
S =d+f-s. z=1,2.n (13) MR 2.1 95 ~ 2.4 9 Tk, M-AFSA it #2 an 4 1
WL h(s1, 5,0 s 216 1 KRG, 5o P
8oy 8o

23 HRESEBEXEMEREE
RSN TafFEES, WEIT RN TLAARN
bR b 7 A0 Y S L PN B AL S R A A o, B R R
FNE N A T4 a0 N A g, Wik, mEfr
ﬁTu@AI@Eéﬁﬂﬁ% LS ], (HIZ
170 Gy ik 52 2 B 0k 5, 5% A BRI SR B
It HAEZAT I, S8 B8 X T A I HEREA IR K
o, SRR E K, B I S EE AR, (H
%mA%%m%Lﬁ%b S SRR SR
SUN=T A RPN e & SO ) 27 A 1 b ]
ARk ST SR T R R R R ), A SCHERE T NT
TR R A L, 6P N T AR SR SR A T TR
fb, fEiB R, MEMEIIATRESBRELEMHR
W&o EB AT A, RN T H 1 )R 0 5 O (B R
g, HERIE T HREMAE . ERET N,
£ AN W b BE LS B, T2 R B0 2w E A A
B o ARSCR A E ARG R R B AR, LE R
M AR AT S8 2 T T A A R, DA Rl S
JEo bR EN M AEPAT R BB R R,
DLk R iR i e, o R REE . WESIE
FEACH SR B I 0 T AR AR S B SE, SEAA RHE
ST AR B T R TR 2R R
24 BIENLBNREE
Bt o 2 AR B B n, N T A LA I R 22
FEVEBEAR, 2 B L B A R el . B, 725 A
1 B A b5 |8 % B3k v 1) 28 SURNR S 3R s LA
PEE TR 2L B GE R MBI hZ
Je %P FLSCHE P Bl , LAYG i Bk R S e O i v ME 3
450 TR AR I R R B ] . RN, PEhAT R
SR FAE L, AF T Bh SR B f A il s MRSt K, A
R ) B AL 23 O R, BRI R A R SO ) . A
M, AR B 3E R AR ST, BE A 2 AR
o, AT AR BE = ARk . R AT, PEsh
WE RN, bR e S5 B, 3R AR S B, 4 Bl Ak R
PN LN AR S SRS 2 iDL P = B VE/ RSIE 3
WS AT BN T A B AR S BE AL, B 1k T i
(= R7SUREN g GRS BT VEwib 1 TNk oy RIS
1

=—+
log,(a + - gen)

P gen R IER KRB o B BRI E HRL, 205K

(14)

ASDSEL

BT S T IR I
PSR BEA S0 I ALl A

!

VSRR A3 10

{H, FHALHR
¥ 3 ¥
RPN RATATH BTN
REHERL
PSR BE
l I
ERRANE /Wil

K1 M-AFSA Jife
Fig. 1 Flow chart of M-AFSA

RIS 3 I

BRI T R 2 > R R LA 1k SR s
AT IR AL AN RE . BT SHCN TN . N Ry BB LR,
visual Dy A T A8 B AL B 9 R, 6o N T AR R A A0 455 B
HF, Try_num b A T8 3h i e K228k, o b
F 38 B A 3h SR R B sh R 7, 7o AR AR B,
T AR IERIREL

B2 AERPIG . LRI RF R RS
7 BE A, K o A0 o7 B %o o7 A N T A7 A A B4 57 B
WA 45 28 F5 0

FB3 ATRBAT N, FEYARIEE R AL
B AZALE WIS N AR TSR T AR E
IF EORFHET, W% A7 & 7 m A 3, 7= A B &

B4 T REHIE R R, WA
A 7 A o 3 O RE R = A N T AR BT SR
&) Th B it R, 3 N (A N T A R AT
DN ERIE) ey UpuR =8

HEBS AN T, % rand()<o, W AT A
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NS, BT 2.

S 6 W RIS b S, A
SRR HW, EE AL I~ LS,
2.6 BIEIEZEDH

W M-AFSA BRI EFRLE R N, 3£ IR ECH Gen.

1) WA AR B . T LA e IS, e
PEAT2N R ERAE, UL B B A B (8] 52 2% S O(2N) .

2) ANEMBIRIGR LB B, T N R ERAS, B4
PR () SR DU A, PRIk, 3% o B A B ] 52 2% B2 i O(N) o

AT RBEAT A 5T & 518 A8 B R g
WrBe. RBEAT A A MR L AT — R L, —
W, NOIHEF BT . 7R 817 W ALEE AT N
MrBe, Tl AT RE 5B REZTERER, 501
T B AT — O e, — kB B, NIR SRS
BBl N B C %, Try_num UORIR B, I, Z B B
it 8] 42 2% B 4 O2N + N?) + O@2N + N* + NTry_num),

3) AE NP Eh R B . AR TR B AT
AE XA — IR, B S #RAE— K, R, B B A9 B[]
B NOQN).,

K I, M-AFSA £ Gen WK AR J5 1 I [H] 52 4% )&
NO@N)+O(Gen(2N? +7N + NTry_num)).
27 ZHEIEFESH

M-AFSA A T B R R Sy N, #2505
BT R, WE NS IR A_fishfEfif N Ty
BT S B FE R I — AR, Bir s =S 18]k N
T B — A G R R AT B SR AR, AR A5 R 1
R, 2 A T B A S (R O(NT + 1)

3 MPRM ZiEHEEERKHLGE

MPRM Ha, %t 4 £ Ak 2 8] i A i A 50009 3
IR AR ARG . BN Y H B T BRI A T LA
i 0 55 R R Tk S, (R R T H R U MPRM
BRI AL AL, 95 R R 5L TCIEAEAT BR (1Y
B () P A B A o A 2 v R AR MPRM 32 45
e N S T A 7 A A R N G R T
MPRM % # d [ 11 B0 4k 7 325, 1% 07 3R H M-
AFSA 18 2% it fif 11 AR e /DN 09 e A M P, DA T S 80 F
B R
31 HEAFR

N T A 7 B 2% MPRM 12 58 L B v 1 4 1k,
Tk = S i, R A PR B =S R AN T
AMEFTERINLE

B3 DL S AR A E R B PE R 6 B
= #EH FRIR R 00020, TR RZ AR M A N T A i or
E H 00020,

32 HEREEER

e KB LR A D, BB R DL i A B ]

FERTHR A PR, B P i 28 AR 4R 75 2

Oy AR ARSCH A ST
A ST SR T MPRM HEL K TR
Hodr, Z5r A5 TR %4 num_and h

num_and = X_: [b, (ij,»— 1>} (15)

A ST num_xor
21
num_xor:ij—l (16)

i=0

PELIG, MPRM 32 45 L T ARG AR Sy
21— 21 n—1
A(p)= bj=1+> b,-(Zj,-—l)] (17)
i=0 i=0 k=0

K b, M SRR b; € {0, 1 THIWr R IL Kb 2
A 50 T hr R R 5 0UF 8, H ik RDE
j‘:,jnfljrkZ'“jOO

B4 L) 3y AAS R MPRM 224 HLEK £(xo, X1,
X)) = x5 ®Xx 0N B, HZEASTTEA%08 3,
TR RO 1, B, B RCE 4.
33 ENERK

T I B A R, DU T AR 1) I R
W, o TET R R AR (B SOV Ry 3 B PRI

1
Area(w)

A finess(w) A AR w I 38 7 B 18 ; Area(w) A A&
w Y HL BT AR
3.4 MPRM iZiEH B ERMAL TS AL

[ 2 2y MPRM H i i AR AL 0 5 R, B O,
i 1 51 3 7 K Boolean % #5 3% ik A #% 4k iy MPRM

w8/

fitness(w) = (18)

LR/ T

FehRpigsiE | || PRI |
BMPRMIZHRRIS | | | BRI |
1 V| EREE, JRE |
REFE (LT 25
miaiLE AR, Tt | | R A |
BRI AT || ¥
R | RSB AT |
l I e I
| |
HAFM-AFSA ! 138 v R h R s :
|
|
|
|

FIHEI A 2
LAk A 12

K2 MPRM H BB T AR
Fig. 2 Flow chart of MPRM circuit area optimization method
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AR IA G AR5, i i = i g 7 U0 N T AR
A7 B FEAT Gt , I 1) DU B s e n N T A 22 [1]
(R E B 5 e, T AT M-AFSA 48 % A B% 1 B /N
FRAEMRAE

4 SKWERSHH

AT TTA A C T, AR
Windows 10:/E 245, VS 2019 Ziidss, B 1 ¥R 55 4.
Intel (R) Core (TM)i5-10210U CPU (2.11GHZ) 8GB
RAM. M3 AL 5%/ MCNC Benchmark 35 i H 5% .

T W UE T O A R, K R Bk S
GA. AFSA. 3CHk [4] T #&11) HGA K 3Ciik [17] fr 2
) FEAFSA # 17 [ # . M MCNC Benchmark 4 #i
FL 65 I 4 PP B AL R BB 11 A FL A Shy S 56 J G
oh, B A BN BCR 5~ 8 1 R /N L B, o A
WAECN 9~ 17 W T R B . T S R AR
DB A BEALE, A< S 50K B AN S AR A
B AT 20 UK, K 2 50 25 S 0 S A0 B AT S 4B

N T—
a5

B E AR XTEE
5 R A 0y H I T RO Ak xE T Rl HE gk 1.
2 in, Horf MCNC 2 L% 44 FR, Ok 5600 T 42
TrE AR, AN L KRR R B, 25 BE L
HA7 T L %, In 3278 05K Pl B 00 B A 728 0 S 4K
A_ave FKIR 20 YIS AT H R A (Y L B T AR A7 24 4H,
T_ave /R X NI, S, S0 S50 S, 405 3%
/8~ M-AFSA 5 GA. HGA. AFSA } FEAFSA
A, Fr AL By e /D IETERUA 43 L o Sen Sp0 Sy
41 # /R M-AFSA 5 GA. HGA. AFSA J FEAFSA
Fe, P Ak iy AR BE A 4 L

F 1B 5 R RVL SRS Y H B Y SR /N THD
TR 382 AU S 5 T R A Y HL B 1 S 24 1 R
DL RO 07 () ~F- Y B[] o pl e 1 RTINS/ AR F,
BRI, 5 R AR B A B/ NI — 2L, {32 M-AFSA
A5 2 00 H % AR S B (E S T A 4 R
Kb R IR FL % A 10, M-AFSA 75 21 (1) d5¢ /)N 1 AR
DT HA 4 FhaE:, HAFE ] R0 T HA 4 Mo

M-AFSA [t GATEFEWHEM LHRETAE T 57.24%.

4.1

x1 RUERHKE
Table 1 Optimal area data

MCNC In GA HGA AFSA FEAFSA M-AFSA S\/% S,/% Sy/% Sy/%
p82 5 2 2 2 2 2 0 0 0 0
pope 6 37 37 37 37 37 0 0 0 0
inc 7 18 18 18 18 18 0 0 0 0
luc 8 6 6 6 6 6 0 0 0 0
exps 8 223 204 204 204 204 8.52 0 0 0
newxcplal 9 29 28 28 28 28 3.45 0 0 0
prom2 9 84 36 36 36 36 57.14 0 0 0
brl 12 175 156 117 117 117 33.14 25.00 0 0
misex3 14 2215 2079 2415 2079 2079 6.14 0 13.91 0
table3 14 3873 3522 2538 2784 2538 34.47 27.94 0 8.84
table5 17 201 201 2 158 145 27.86 27.86 0 8.23
®2 THERSFEHEERE
Table 2 Average area and average time data
MCNC T GA HGA AFSA FEAFSA M-AFSA S% S/ SJ% S)%
A ave T ave/s A_ave T ave/s A ave T ave/s A_ave T ave/ls A ave T ave/s
p82 5 3.00 0.45 2.00 0.43 2.00 0.19 2.00 0.04 2.00 0.02 3300 O 0 0
pope 6 42.20 0.51 37.00 0.54 3720  0.08 37.65 0.21 37.00 0.18 1232 0 054 1.73
inc 7 29.30 0.51 18.33 0.51 2390 0.04 19.15 0.10 18.35 0.10 3737 -0.11 2322 4.8
luc 8 7.80 0.45 6.00 0.47 8.15 0.02 7.60 0.03 6.00 0.02 2308 0 26.38 21.05
exps 8 275.50 0.91 207.87 0.90 23475  0.14 241.80 0.17 206.45 0.57 2506 0.68 12.06 14.62
newxcplal 9 57.00 1.05 29.87 1.04 332 0.52 37.75 1.98 30.05 1.39 4728 -0.60  9.49 20.40
prom2 9 13085 0.84 44.00 0.88 68.80  0.23 67.50 0.17 55.95 0.65 5724 -27.1 18.68 17.11
brl 12 277.40 0.81 176.33 0.81 168.05  0.19 197.75 0.28 142.00 0.38 4881 1947 1550 28.19
misex3 14 311045 13.82 2079.00 1620 2886.55 16.51 249590 27.32 214535 2451 31.03 -3.19 25.68 14.05
table3 14 5446.05 675.63 3522.00 1057.66 3092.00 98.47 3392.00 152.21 3038.65 889.99 4420 13.72 1.73 10.42
table5 17 34785 2478 228.93 61.92 198.90  1.90 192.15 3.12 183.75 2354 47.18 19.74 7.62 437
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Area optimization of MPRM circuits based on M-AFSA
SHAO Yixuan" >, HE Zhenxue"” ", ZHOU Yuhao" >, HUO Zhisheng’, XIAO Limin’, WANG Xiang"

(1. Key Laboratory of Agricultural Big Data of Hebei Province, Hebei University of Agricultural, Baoding 071001, China;
2. Information Science and Technology, Hebei University of Agricultural, Baoding 071001, China;
3. School of Computer, Beihang University, Beijing 100191, China;

4. School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

Abstract: The existing mixed polarity Reed-Muller (MPRM) circuit area optimization algorithms based on the
traditional intelligent optimization algorithms have the problem of poor performance. The MPRM circuit ’s area
optimization is a combinatorial optimization issue, hence an artificial fish swarm algorithm with many strategies (M-
AFSA) is initially suggested. In this algorithm, a population initialization strategy based on reverse learning is
introduced to improve the population diversity and the quality of the initial population solution; the interactive
strategies of foraging and rearing were introduced to enhance the information exchange between the artificial fish
individuals and improve the convergence speed of the algorithm; Adaptive perturbation strategy is introduced to
increase the randomness of location variation of artificial fish and avoid the algorithm falling into local optimum.
Moreover, we present an area optimization method for MPRM logic circuits, which uses the proposed multi-strategy
coevolutionary artificial fish swarm algorithm to search for the optimal polarity with the minimum circuit area. The
experimental results based on the MCNC Benchmark circuit show that compared with the genetic algorithm, the
maximum area saving percentage obtained by this algorithm is 57.24%, and the average area save percentage obtained
by this algorithm is 39.57%. Compared with the artificial fish swarm algorithm, the maximum and average area saving
percentages obtained by this algorithm are 33.53% and 14.54%, respectively. Compared with the improved artificial
fish swarm algorithm, the maximum and average area saving percentages obtained by this algorithm are 30.25% and
13.86%, respectively.

Keywords: mixed polarity Reed-Muller circuit; area optimization; combinatorial optimization; artificial fish

swarms algorithm; opposition-based learn
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AP/%
WL/ EA B Bt Y mAP/%
PL BD BR GTF SV
FR-O" 79.42 77.13 17.70 64.05 35.30 54.72
o~ Rol Trans former™ 88.64 78.52 43.44 75.92 68.81 71.10
I
CAD-Net™ 87.80 82.40 49.40 73.50 71.10 72.84
SCRDet"" 89.98 80.65 52.09 68.36 68.36 71.89
RetinaNet 88.82 81.74 44 44 65.72 67.11 69.57
B DRN"" 88.91 80.22 43.52 63.35 73.48 69.90
ITEX N
R3Det™ 89.54 81.99 48.46 62.52 70.48 70.60
DFSNet 89.12 77.40 52.05 73.47 78.02 74.01
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LV SH TC BC ST
FR-OP 38.02 37.16 89.41 69.64 59.28 58.70
- Rol Trans former'” 73.68 83.59 90.74 77.27 81.46 81.35
ITEL N
CAD-Net™” 63.50 76.60 90.90 79.20 73.30 76.70
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CAD-Net™ 48.40 60.90 62.00 67.00 62.20 60.10
SCRDet"" 65.02 66.68 66.25 68.24 65.21 66.28
RetinaNet 54.19 63.64 63.71 69.73 53.37 60.93
s DRN!"" 50.12 58.41 67.62 68.60 52.50 59.45
ITEX
R3Det™ 61.97 59.82 65.44 67.46 60.05 62.95
DFSNet 60.90 63.83 67.31 67.56 53.35 62.59
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Remote sensing target detection based on dynanic feature selection
CHEN Chao, ZHAO Wei’

(School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

Abstract: In the field of remote sensing image target detection, there still are challenges in oriented object
detection. Convolutional neural network is subject to a fixed spatial structure when extracting information, and
sampling locations cannot focus on objects. The scale of the remote sensing image varies greatly, and different objects
require receptive fields of different scales to obtain feature map. Meanwhile, feature map with a single-scale receptive
field cannot contain all effective information. In response to the first problem, deformable alignment convolution was
proposed, which can first adjust the sampling locations according to the region of interest, and further learn slight
offsets according to feature map, so that sampling locations can focus on objects and realize dynamic feature selection.
For the second question, receptive field adaptive module based on deformable alignment convolution was proposed to
fuse feature map with receptive fields of different scales and adaptively adjust the receptive field of neurons.
Extensive experiments on public datasets showed that this method can improve the accuracy of remote sensing image
target detection.

Keywords: deep learning; convolutional neural network; remote sensing image target detection; feature

selection; receptive field
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XF L 25 & SIAILEB A 3 T 24T A 280 A A T XoF i
T2 BAHEEE L,

H AT, BRI ik R A R R B
i AN | FLER AN | R S LD A S A
25, JHG A LR AR U2 & Sl LA i g ) o %2
AR TF B, (H 8y i X B N By ol 3R i
SRAR ST, I HAG I AR BAIR . Bl R R BB 27 2] 5 FE
2 I 255 1 AN W i JRe, LA B e 22 HE G T (single shot
multibox detector, SSD) 5774, YOLO Z 41" 45 5
B AR B R Be H R A I 5575 AT L) Faster R-CNN
B XIS A 4 (region-based fully convolutio-
nal networks, R-FCN)"" | Mask R-CNN!"Y 25 5 3 oy

YOLOv4; KW MERIM; ML D EFRN; REHK
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W2, REA SO T 18 SRS AR A I . STk [13] 48
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2% 1] it B 4G 0 45 4, . SCRk [14] {8 B Faster R-CNN
H1 SSD BLHYXT i 25 & BALERBAFE AR ST IR, I &
Sl AL R G B AL TR IS o SOk [15] 6 et
SEOHE S5 (19 R-FCN ] T2 & st v sk,
JF ¥ el ik 7 1E 4 T 38 J5 19 YOLOV3 H T 2 80iR
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25, 25 it YOLOV4 FY 35 T i [ 46 1000 52 1k 711

BB (CAEEr, B, ML IR AE S REI H AR, R
H1 YOLOv4 5535 AF S FE Al A58, 75 % 4% 3 15 ) 4%
(path aggregation network, PANet) &% #4 /1 fl & 7% )2
FEAE 55 R T2 A, 3G R IEAS DN RLE, TR] i 25 B A
T b B AR SR A5 AL, 4 /N H AR RS DR B2 RN
e AR I BE , PR S AL IS 1 2R SR 412K (focal
loss ) AR 43 26 15 2 Hh 1 58 SR8 2% R, IR AR
NP 0 ME Ty R A T G RS B 14 5 0, i R A
R0 AE B2, DA A 2580k I o 2 & 3l AL 3 478 2% 1 1
BRFE

Hobe S,
~

1 YOLOv4 7;

1.1 WKL

YOLOv4 3 J& T 5 By Br B brr il 44535, HoA

H 5 43 25 F0 H b2 A 8 W AE TRl — A 0 2% rh 1047 93

W, ST “um BT PRSI . YOLOV4 5301k Y X 4%

SER AN 1 s o FE T RRAE 4R O 45 R FH CSP-

Darknet53"”, CSPDarknet53 & 7F Darknet53" JE il |-
[CSPDarknets3 |

WO Y, AR AR 25 B T 4 A v T Y B I
2% (cross stage partial network, CSPNet)""”, f — 4 4i#
SR DO 25 1) 2 2D g 0, AR LR UENG BE T T AR A AE
BCA RS, [R) B e T Mish!"™ 3807 pR 4K
R JFUA 9 Leaky ReLU"™ B47 %k, Mish 35 bR
BAE (8 X H Leaky ReLU B 4 F-#t, A H T 46 )&
BB R0 T, BB AR A B Y A A 1k RE
TP RE RN 48 Z J5 5l AT 25 6] 4 5 5 Ak
(spatial pyramid pooling, SPP) %5 44>, SPP 4% #4 1| F
AN TE] A e KA 2 25 BEAT A0 B, A A% /N )
H1x1, 5%5, 9x9, 13x13, BeA AU I B, 43 5
B E Y R SCERIE . PANet™! JRAERRIE 4 5 W)
2 (feature pyramid network, FPN) ™ Lt | 3% fin A
T ) 45 18 58 (bottom-up path augmentation ) 45
Y, 4 AR 2 AR AR B 5 2 RRAE A5 2 B A, DAk
JEE B E . Kk YOLO Head Wi T YOLOV3
T4 Head, 1 3x3 il 1x1 % 12 41, XF PANet &b
PR i B A RRAE 2 5 A T 45 SR i

416x416

" | Conv2D+BN+Mish [ 5k H#IT
I bR [ TOREE

Conv2D+BN+Leaky ReLU [ SPP

[ YOLO Head

Bl 1 YOLOv4 MZ&hty
Fig. 1 YOLOV4 network structure

1.2 #RKREH

YOLOv4 5 1 it 2% 1% 25 0 46 & 15 % 1R &
Looos 5P A80R 22 Ly MIPNEMEFI 52 25 L, o Horp, &
R R 2 M4 2R 221 T YOLOV3 83k v iy 4
0 PR, BRI (1) A1l (2) Fros o 7 [m] S HE 15
15 22 v SR FH 58 8% 22 FF L (complete intersection over
union, CloU){it %k, CloU it 2k f& 7F 5 - kb (intersec-
tion over union, ToU) it 2& ™| 7 {32 JF: L (generali-
zed intersection over union, GloU) i 4™ [ 8§52 If:
It (distance-intersection over union, DIoU) #i 26 ® |-
E— 20 i Y, BE TE E R T AE AN H AR & AR,
fifr g 7 3 FHEASEE A o A ) R, 2 i 38 1 S RE Hh
SO I I T v B R RUBEA L, B T R (| U Y
R R FE R, BRI (3) A (4) i o

s* B
Lwe==Y_ > IP[C/nC/+(1-CHin(1-C))] -

=0 j=0

B

Sl
Aaoo P Y IV [CInCl+(1-C)) In (1-C))]

(1)

SZ
— E obj E
Lcls - I ij
i=0

ceclasses
{Pl(c) In (P/(c)) + (1-Pl(0))In(1-Pl(c)) }
(2)

s? B
Lioe =Y Y I3 (2-w#h#) [1 - CloU(X, Y)] (3)

=0 j=0
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2(Xers Y
p( :’:27 ctr)_uv (4)

e 8 R KR B B R A R AR F A 0 45
EPRLE 43 531 Ay T90 00 HE 4, 5 H A5 AR 5 H A 1 48
B CO BT B B SAE s C o TN AR 5 Aoy M
TRSIAE 2B P(o) MHTTH N BR)E T35 ¢ 1
SEBRAEER; P(c) A TINZE R ¢ AR we B* 43
FLSHE B9 58 s ToU(X,Y) g BN AE X 15 B 52 AR
Y (9589 s p (X, Y,y) 9 TR 5 L ST f oo 2
D L P B85 5 e Ay [ B 55 0000 FE 10 L S AT 1Y) e /N
PR DX 3l Ay % A 2 BB 5 5w Ry A R R S v Dyl i
Ko —EEm S5,

CloU(X,Y) = IoU(X,Y) —

2 HEY YOLOv4 B 3%

2.1 ZXiRY PANet 4544

AH H Z 1 A 59 YOLO % 4154, YOLOvA4 {ii
FH ) PANet 4544 7] 6 [ AR AE )2 10 o A5 8 4T
A AN TE, 1E AR R RSB B AR o 185 PANet
VOBLINE L STy NN 1 B G R AN S R E Y b

(mm—
| CSPDarknet53

=

1/32., 1716, 1/8. i, s AEUERSE RN K 416x416,
AT HRFAE )2 RN G300 o 13x13, 26%26 il 52%52,
IXAE — 2 B B AT AW R AN [ RCSE B As A .
B T2 & S 14 22 A7 2 VF 2 10 N R, i
Fa H bR e R PR R e b, B 5 i 2,
JEAT 1) PANet 25 K4 X /N B H AR ATy il 2 A5 30009
R PRI, A SCHE JRUA R AR 2 SE Al b 4k Sl A 7k
JERHE S TR FRAE, B RRRAE A I R, JE B — A
B R AE AR 2 o RRAE 2 KN R i A R 1/4,
B 104x104, HEANHT A9 RRAE RS I 2 25 5 350 0 2 45 4y
SRR, H AR WA ARG 2E M e /N B
B Ji Z2 11 DL T B PR A BR, PR ki b 28k
TUAY, PRAE JE 08 (0 A8 I 2K B , 2B PANet H [ R 1
ARG SR 25 A . 2SS ) PANet Z5 A AN & 2
WL HE TR o B HEJS 9 PANet R854 1 5
FPN AL, {5 75 FRAE @l G 3o #2 o o FH A 40 02 P42
(concat) {8 A1 41 )2 AN (add) , 7T 35 2 8 4 1) Bl
SR IR R S5 R AN A AR R TR 5 R G R AE
AR, T LR AE R ARR I 45 2 500 [] B 35 B3R 7
JZHRAE, 42 55 /0N B BR 0 RHE S URE

416x416

104x104 ‘

Conv2D+BN+Mish |

O REE I sep

‘ >
__________

| 52z Hon

___________________________

Conv2D+BN+Leaky ReLU
| YOLO Head

2 wiki) YOLOV4 4544
Fig.2 Improved YOLOV4 structure
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1£ YOLOv4 1, 4 fag A R K/ 416x416
W, 3 ANFRAE 2 36 2 A2 i 10 647 AN e B0 A . A Sl
GRAE P gk BB A4 5 2.3 S H b, da R 280k
HERAGE s, &5 32U IE fUEA R
. YOLOv4 73 &1 22 v 2R F 14 538 UM 408 k% o K0
S L fife DA A S S A I R, T 3R A 4 2 B RA 9
TR AR AN S 1 R0 AZ I RO AE AR (R HE L 27 5T B R

A WPERT, SR AR AR S pR BN T -

FL(p) =-a,(1-p,) Inp, (5)
a y=1

t= 6

¢ {l—a HiAth (6)

_[p y=1

pt_{l_p /ﬁ\:’f@ (7)

o pE0,1] FRBEA TN A BE A5 o Dy FI T F2 7
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TE SRR AR Xof S 451 2 5 ) 1) -5 2 8, T R REACR
A R AT, o€ (0,1), M IEAEA D
I, AT I/ o B HOLEL, I DR AE S F0I0 5 5 Pk ) 48470 5
y AP T e S REAR X AR B SRR SR Y >
IR, A AR AT 57 R AR A5 O, ol A AR B G 3 5 )
MEST BERIREA o

R B AR AT LR 2] — 5E 197 7 1E A
FIXE S BEAS X AR G S M B 1 P AR A 25 K s L
FRF 2 T R B I R A v A% SIS R I RO A (R A
Mt A [R], AS038E 5 18 E AN 78 19 2 8, HE LA 3 X
R BEIEATE X IR, S 4R T ALY SRR
IS IS J3E , AR SCR FH SR AR A0 S A QB 3 SR 48 2K R
KON T o3 SR 22, R0 FLIER D AR 45 218 R o 5
0 2 R o BEATOUAE, [R5 AR R T
A TTEUWT

FL (Pt) = _atﬂt(l —Pz)y lnpr ( 8 )

a':a0<%+l) (9)
_ y=1

o~{l v e (10)

B, =Boe N (11)

s a, F1 B, 2090 0 15 2 BN [ i W A
FBYG n, I ER § JEBRIE BY FAR B N R B A R Y
FIbR A At o o AT AR B e e 0 AN [ 1 2 255 0 2 e
AU T8 R R R ) 45 AR

20 5SS B B RO R/, LTI I A 4 R A
B SR RIIR RPN PN e I RA S NI |
RN 2% 28 e o T 5 % A AT o B, T AR ok B
o A [ AT 3l 25 9 A R AR R AR AR TP R
AR I BOR B, OB IR R R E S R,
X RE A 15 A58 7R BT 4 i~ ) /N BRCRE AR AR B RRALE
y A T R R A B R A X B R A R TR, AR Sy B3
N3, ATOR AR B4 E AR B0 G (B, el Ao A 2 5
EXESBRIREAS . ZRE /M o'\ B, Ay =l 254
TSR, A AR R R A

3 SBEHERSH

31 SRFREREHRTE

R SCHE Windows 10 & 45 W 2R FH PyTorch ¥ /%
27 3 HE ZE 5 3 I’ 4%, Python i 4 : 3.6.10; Torch it
ZX: 1.2.0; CPU: Inter(R) Xeon(R) Gold 5218 CPU @
2.30 GHz; GPU: NVIDIA GeForce RTX 2080 Ti,

S E A RN 416x416, 2R T CO-
CO MR JEAT Z B e . A IR Rl
200 % epoch, num_workers % &8 8, FLH 5 7 %L
41 0.000 5, ij 100 % epoch i 2% ] Fi% & A 0.001,

batch size % & 4 8, J5 100 % epoch it 2% > K& &
9°0.000 1, batch size &N 4. [}, 7E8E—% epoch
Y5t F v [R] B FF S mosaic Z4 3 58 1 random %%
P 1G5, H5 v X 48 I IR A58 S

32 ZIHUEAIE

AR B S 30 B0H 2 =S e s AILER AR R T
Bbs G, RS, SO, T, KR 4 FREEG,
mE 3 fiR.

HY TR AR 1 RSB A BR, 7R I i % T H b5
R L KOV R O R S g (g S
A MR MR ) 1 7 AT B g o . Bl B e e
Y G B R 3 700 5K, BEATL Al A5 53 T 45 1 25
£ BIEAR AN RS, B 6:2:2, RIIZRAE 2 220
K, B UESE 740 5K, MAE 740 5K, K1 BoR TR
Py Hbn s, Hr, 280 YR ERZ, Bt
ML Myt

K H K-means 53560 HARESEAT R, B 4 H
RAEHO R 12 B RBEER . ATHL, K2 B b
G3ARTE RT 8 /INGY X, 3R A 1Y) 26 96 HE W] B 2 KT

(a) 251

(b) ik

&3 Al
Fig.3 Defect types

(c) Il3g (d) IR

®1 BESETHERKE
Table 1 Number of targets in dataset

. EE7iei \
g e sii] — - - eyl
PIERS AN MSE
L34 1579 580 595 2754
(73 848 272 270 1390
[EiE7 931 313 349 1593
RJE 1782 628 649 3059
420
360+
300 +
A& e .
s 2407 <%
i 180 -
120
P
60
0 60 120 180 240 300 360 420
GERE /52
- GRBEERRHE v SRS SERAE

B4 Rk 12 FEREER

Fig. 4 Clustering results when cluster center is 12
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S3 I ERBE B AR, BEN A [FRFAE 2 A A
33 HERO
33.1 FHER

ASCLAFIAE 5 H FRAE B ToU KT 0.5 1F K1
IR S A I B H AR AR o SR S B0RE R 4 (E
(mean average precision, mAP) Fl AL H1-F- 15 (F))
P D A ARG THS JBE A IFA 38 45, mAP A1 F, fEBOR,
3 B A IS 82 7B v 5 SR 505 IS 1) R G 0 ) Pl
it (Speed ) 1E Ay 55 7 4G ) 8 B 119 DA $5 4%, Speed ik
K, MRG0 B e, s LI

(1+B*)PR
= 12
P BP+R (12)
1
AP = j P(R)AR (13)
0
>oap
mAP = (14)
K
NumFigure
Speed = m ( 15 )

o PORHERNR; R A 15 SRyl B0 o T 6
(R L, BRIIE A TR AR, A S BH IR AE N
1.2; AP S F- K5 HE B 5 K R B 25 01 2 Total Time
Sk RGN £ R 1] ; NumFigure 4460 4 RS 50
332 Mfeatik

Ry B iE B i PANet 25 #4) F1 2 i 5% £ 400 % 19 A
IR, A SCAE S 36 vh 8 8 T U PANet 45 44 +58 XL
Ji5 51 2% bR L (YOLOV4) | B0tk PANet 45 ¥4 +58 X
1K R AL (YOLOV4-A) | B iE PANet 45 14 5+l ik
() 3 A2 41 ¢ (YOLOV4-B) 3 41 52 06 dk 47 X Lb, 4 Fl
R 225 R 5 1 U 5 3 1 epoch 11l 2k A E
AT, FFREF- 1 25 R by e 2 45

f£ YOLOV4-B 1, BEHUARTR] 11 S48 a, FIAL
H KT B, 23 A F AN GRS, 328 1 52 ) e 44 1
KRS B o 3 2 AR S B0 G R R I0RG B2 X
FeAB O o AT, 24 «, A9 0.20 B, B, #K, mAP {4 5
R 2 a4 0.25 B, B, K, mAP {8 51 K5 Bk
/N5 2 0, S 0.30 B, B, B K, mAP E AR/, 3X 2
KR ay R B, 422 52 W A0 I 1) SR FE A0 2R X AN ] 28
TR B A A8 A, TR I A (1 S EH B A e A AL
P A RO . HHARSHRAS T
mAP {5 A A1, YEHL o, N 0.25. B, M 3.00 IS E4 &
I Gy DU 5 i 5 o

Ak BB HE S A A (0,=0.25, £,=3.00) )
YOLOV4-B 1 2 A i 15 I At A5 8 1 47 45 0 7 5 %
Lo, WSS SR NE 3 s

fif 1 ek 2 B9 PANet 25 #4) J5 , mAP {H H1 87.93%
] 89.61%, HEAN T 1.68%. Hih 135 A1 KR 1

R2 TRESHAEE TRIGNBEITEL
Table 2 Comparison of detection accuracy under different

parameter combinations

AP/%

2y Hr 135 IR
0.20 2.50 88.02 85.04 86.91 91.73 88.38
0.20 3.00 88.24 85.94 87.74 90.66 88.60
0.20 3.50 89.01 84.90 90.62 92.18 88.32
0.25 2.50 89.09 86.40 90.92 90.07 88.95
0.25 3.00 90.10 87.09 91.21 92.65 89.45
0.25 3.50 88.49 84.55 90.09 90.27 89.06
0.30 2.50 89.00 86.62 87.66 92.29 89.41
0.30 3.00 88.62 86.86 90.65 89.30 87.68
0.30 3.50 88.34 85.98 89.53 89.91 87.94

mAP/%

% Bo

R3 TERBAENMREXTEE
Table3 Comparison of detection performance of

different models

AP/%
ALr g M kR
YOLOv4  87.93 2324 86.64 9229 86.02 86.78

FZ525H  mAP/%  Speed/fps

YOLOvV4-A 89.61 24.94 86.36  93.12 89.10 89.86
YOLOv4-B 90.10 24.82 87.09 91.21 92.65 89.45

TE: fpsFR /s,

RO R B T 8K, MY AP {E N 86.02% I Tt %]
89.10%, RIJE () AP {H M 86.78% I Tt %I 89.86%, —
H AP AR T L 3%, B0 AP fH N 92.29%
L FEE] 93.12%, T T 0.83%. X S K R 4l A A9 A
25 R BHLE A 2 T B A B R AR TR 2R R
Fe/INER BRI R I A s Lt 25 5 7 A /N ML,
PR R 10 25 55 1 B/ NI, i A CE (9 PANet 2544
PETE T BRI /N H AR 0 RIS BE L 1 R 80 S i
B TE T A BhBf B kiR £, BIBRZ hank
AL, ER 43 HARFR T I H FRAERCR, Y IUE R AR 2
KIS BT AR T 30X S BB 6 A B2 W A R R .
FRBETIN F 25 R L& s s, B S i
Fy (2 S AP (B, DLWkt PANet 4544
REAR B TR B, EL R st e R TR A

HUE PANet 25 14 J5 6 I 35 B H 23.24 fps $2 7+
1] 24.94 fps, $2T+ T 1.70 fps. KB A T i _L Ay A2
SR 2 AL A AIK T 48 25 A0 1 S 400, AT /&5 T R
R, HARSECERINE 4 B, Jili YOLOV4 N
2k h BRI N 63 953 841, BEAE M 243.96 MB;
e B SRRl 48 971 468, %N 186.81 MB,
MBBEH LD T 23.43%, 2805 M A
T 23.43%,

% H YOLOv4-A Fil YOLOV4-B (45 5 a] 1, %
FHERCE Y R QA5 2R A Sy 23 2R 22 A 2k iR U, it
— 4T T mAP {8, M 89.61% 2 T+ & 90.10%, 42
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Fig. 5 Comparison of F;of different models

x4 TERBRMELEHSH BN
Table 4 Comparison of network structure parameters of

different models

B B2 SR R/MB

YOLOv4 63 953 841 243.96
YOLOV4-A 48 971 468 186.81
YOLOV4-B 48 971 468 186.81

T+ T 0.49%., Hp, 240, MbEx 2 250G AP (HY
e, Ha APEET T 0.73%, M35 AP {EH T+
BRI T 3.55%. BT 280X 2 8 b oA &8
SHZF R B AR, BB e, RESH ) &
R 3 S PROYERE A 0 A, (A A A T 0 T
2 X PRERE AR MBI e B H AR BN, N5 5%
b IR o s PORTR N O T2 Qs by NS
WS BRI 0%, [RIHAE R 7 B, S it — 2 3 KCH:
BRI BB R L, B AR T X b
B B G A B . RIJR B9 AP IS R %, B0 8
AP (HA — M TR, 5B RN SR F el it i 3R £
PRG£S RE BB R AE B e v () 5 He kAT T
PR TR S P DR B e £, B O AR R S
Ay, A5 HA A A A2 U R R A BT R
R, JETXT AP (EA —E B2 . BT, R A ek
R ER R IT, 25 G0 AP H AH Xy oF-
o R, % 2B IG Y F, X4 BT 52 71, Ul B A A
B S ARG TR B — 25 B T, 2% R e ke i A
Bk /b . FERIN B 7 T, YOLOvV4-A F1 YOLOV4-B
R0 5 3 R — B, N EE 4 B, (i ko il 3
P2 S5 I AN 5 ) ) 25 45 4 1 5 S 5 R S B0
o B 6 A RERFEREA R R 5 L . T, K
P12 X e B it B T, 3t SR 4 ik
B RO SRR B A

3 5 RN RIS IETE M2 K s AL 1 3 T ke
B T AR PEBEXT . SSD. YOLOV3 2% il
B BA I B BRAG I 34vE , EfficientDet™ 2 45 i K iR

T 2019 4F £2& th /9 H A5 & 535, >k A Efficient-
Net™ ff: S 3 1 5 AF 32 B M 4%, 4055 DO = D7 3k
8 Fh & #y, AR SCR A DO, D1, D2 = Ff &b ¥y ik 17 %
I . YOLOv4-Tiny & YOLOv4 i fiff 4k fiz, 1 1 FH
2 AR 2 AT 43 25 5 LA F .

(a) 8L

(b) (c) Mg
Bl 6 & ASBREAREA IR I 25 5L

Fig. 6 Test results of various defect samples

RS5 TRIBEMENMRERTEL
Table 5 Comparison of detection performance of

different algorithms

[ £ 4kt mAP/% Speed/fps
SSD 60.07 33.07
EfficientDet-DO 49.39 13.07
EfficientDet-D1 57.71 10.52
EfficientDet-D2 63.40 9.45
YOLOV3 86.25 30.37
YOLOV4-Tiny 54.25 64.55
YOLOv4 87.93 23.24
YOLOv4-B 90.10 24.82

2% 5 WAL, ZERS TS B2 D7 i, YOLOvV4-B 5k
) mAP {i ¥ = F H A5 3, Lk SSD = 30.03%, Lt
EfficientDet-D0. EfficientDet-D1. EfficientDet-D2 43
WIS 40.71%. 32.39%. 26.70%, tt. YOLOV3 & 3.85%,
It YOLOvV4-Tiny & 35.85%, & YOLOV4 & 2.17%.
TEAS I 33 25 5 17, YOLOv4-B 83 56 ) 33 BE Lt Eff-
icientDet-DO0 . EfficientDet-D1 ., EfficientDet-D2 ., YOLO-
v4 B, A% T SSD. YOLOvV3, YOLOv4-Tiny.
B H 2 SSD I YOLOV3 9 35 TR AiE 45 5 28 43
9>k VGG Ml Darknet53, H:Z 5= H KT YOLOvV4,
YOLOV4-Tiny /2 YOLOv4 i & AL il , HeZ Bkt ic
fIlXF YOLOV4, (K L7 i 5 A 3%, (%
e BTS2 shAILEB A Bl b 46 0 XA B () 220K, 25
Heihi, YOLOvV4-B A I M GEZL AL F HA S %

4 & it

AR T — A ki YOLOV4 (1 2% T B A6
B3, LA s S Sl HIL S P 2 T e s A4 D 48 0
%, 9 S SR AT VEREXS L, B0k T %5
LA, SEITE

1) 38 i 7E PANet 45 # i it 5 3R A AE 5 TR 2
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FRAE, B4 IRRAE A I RUEE , R B B A i i) 2%
W5 454, mAP {f h 87.93% 271 £ 89.61%, 41
T 1.68%. FHorbr, U135 AR R A4 AG TS 13 42 T i
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Surface defect detection algorithm based on improved YOLOv4

LI Bin, WANG Cheng’, DING Xiangyu, JU Haijuan, GUO Zhenping, LI Zhuoyue

(Fundamentals Department, Air Force Engineering University, Xi’an 710038, China)

Abstract: In order to enhance the accuracy and speed of surface defect detection of aeroengine components, an

improved YOLOv4 algorithm is proposed for intelligent detection. Firstly, shallow features and deep features were

integrated into the path aggregation network (PANet) to improve the feature detection scale, and the bottom-up path

augmentation structure was removed to increase the accuracy of small target detection and the overall detection speed.

Then, according to the numbers of various defects, the balance parameter of the focal loss was optimized, and a weight

factor was added to adjust the loss weight of various defects. The improved focal loss was used to replace the cross-

entropy loss function in the classification error, thus reducing the impact of imbalanced samples and hard and easy

samples on the detection accuracy. The experimental results show that the mean average precision (mAP) of the
improved YOLOvV4 on the test set is 90.10%, which is 2.17% higher than that of the traditional YOLOvV4, and the
detection speed is 24.82 fps, which is increased by 1.58 fps. The detection accuracy is also higher than other
algorithms including single shot multibox detector (SSD), EfficientDet, YOLOvV3 and YOLOv4-Tiny.

Keywords: YOLOv4; surface defect detection; aeroengine; small target detection; focal loss
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x2 TENBEHFIMA symd JOREABANTN IR
Table 2 Evaluation indexes of sym4 wavelet basis processing for different decomposition layers
HHEH EAEARA
IHiRIE R T s H
RMSE SNR RMSE r
2 0.581 1 13.8617 0.778 1 0.103 0 0.866 5 0.890 3 0.899 5
3 0.4650 15.796 9 0.844 7 0.069 7 02123 0.256 6 0.1933
4 04162 16.761 3 0.856 8 0.065 4 0.1328 0.2333 0.1059
5 0.406 2 16.970 8 0.866 2 0.064 6 0.128 8 0.1223 0.097 9
6 0.400 6 17.093 4 0.867 2 0.064 5 0.127 5 0.146 2 0.096 2
7 0.405 6 16.985 4 0.8699 0.064 4 0.130 6 0.109 7 0.098 3
8 0.405 5 16.986 0 0.869 9 0.064 4 0.130 6 0.116 4 0.098 3
9 0.4187 16.876 8 0.870 4 0.064 4 0.1312 0.1320 0.098 7
10 04101 16.888 8 0.8721 0.064 3 0.133 5 0.100 5
#3 TRMBEHFIA dbs JEELEBIIFMNIEHR
Table 3 Evaluation indexes of dbS wavelet basis processing for different decomposition layers
HAEEH HALARA
TR T s H
RMSE SNR RMSE r
2 0.5411 14.4805 0.8219 0.0808 0.8593 0.8925 0.8933
3 0.456 1 15.965 5 0.8833 0.0500 02369 0.267 8 0.2190
4 04149 16.788 0 0.8955 0.0457 0.156 1 0.2489 0.129 6
5 0.3825 17.492 8 0.905 7 0.044 4 0.140 3 0.157 4 0.108 7
6 03758 17.648 3 0.909 4 0.044 1 0.1397 0.1195 0.106 5
7 03752 17.662 2 09103 0.044 0 0.1400 0.109 5 0.106 27
8 03795 17.5629 0.9107 0.044 0 0.140 1 0.108 7 0.106 3
9 0.3797 17.558 6 0.9109 0.044 0 0.140 7 0.107 5 0.106 5
10 0.3802 17.546 3 09110 0.044 0 0.144 5 0.106 7

B A VEN R AR, DT W e 0 il J2 8 OF LA
(L C VG BT 53 8] 8 e Lo i )2 8O 275, X AR
SONESBATIE, 4Rk 4 s .
x4 RENEENEHSERSBER
Table 4 Number of optimal decomposition layers

corresponding to different wavelet bases
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# 5 SPAN-ISA-100C [E4Z{ Allan FFE LR
Table S Allan variance analysis results of
SPAN-ISA-100C gyroscope

*8 [eIREBUEN A SR NRE R
Table 8 Optimal wavelet basis functions

corresponding to gyro data

il 0.030 4 0.045 5 0.054 2
ki 0.026 9 0.120 8 0.1857
2 0.025 4 0.043 0 0.0579

T 6 MP-M39 [EZ{Y Allan FESLER

Table 6 Allan variance analysis results of
MP-M39 gyroscope

WL, BRG] HORBEN LI/
il 0.199 3 9.504 1 28.599 4
Vit 0.136 3 41987 14.920 2
ZHih 0.186 8 7.5912 29.389 7
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Table 7 Number of optimal decomposition layers

corresponding to gyro data
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Fig.3 Time-domain curves of original signal and

denoising signal
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Fig. 4 Spectrum curves of original signal and denoising signal
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A quality evaluation method for wavelet denoising based on
combinatorial weighting method
LI Jinfei, ZHAO Dongqing’, WANG Dongmin, CAI Congcong, JIA Xiaoxue, ZHANG Letian
(Institute of Geospatial Information, Information Engineering University, Zhengzhou 450001, China)

Abstract: Addressing such a problem with the traditional indicator system for quality evaluation as an
insufficient theoretical basis for wavelet threshold denoising, a combination weighting approach-based method for
evaluation of wavelet denoising quality is proposed with the expectation of effectively evaluating the selection of
wavelet denoising parameters. Through analysis of characteristics of individual indicators such as root-mean-square
error (RMSE), signal-noise ratio (SNR) and smoothness with the truth-value unknown, RMSE and smoothness are
selected as wavelet denoising indicators. They are first normalized, then processed with information entropy and
coefficient of variation for combination weighting, and, in the end, linearly combined with the corresponding weights
to produce a new indicator, i.e., the composite index. A smaller composite index indicates better denoising effect and
better parameters selected. According to a simulated experiment, the index outperforms the conventional approach in
terms of accuracy given the truth-value and is applicable to various decomposition levels and wavelet base functions.
According to experimental data, this method achieves smoother wavelet denoising peak regions, steadier waveforms,
and a better denoising effect.

Keywords: wavelet threshold denoising; quality evaluation index; root mean square error; smoothness;

combination weighting; inertial element random error
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Fig. 1 Schematic diagram of flexible eddy current array sensor
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Hole edge crack monitoring technology of flexible eddy current array sensor
FAN Xianghong, GOU Baiyong , CHEN Tao, HE Yuting, CUI Ronghong, YU Jian
(Aviation Engineering School, Air Force Engineering University, Xi’an 710038, China)

Abstract: A flexible eddy current array sensor with double-side reinforcement is proposed for hole edge crack
monitoring. First, with COMSOL finite element method, a finite element model of the sensor and the test piece was
established, through which the effects of lift-off, permeability of the gasket and crack growth on the output signals of
the sensor were analyzed. Then, sensors with and without reinforcement were prepared and the extrusion experiment
and on-line fatigue crack monitoring experiment were carried out, followed by error analysis based on the difference
between the experimental results and the simulation results. The results showed that with the increase of lift-off and
permeability of the gasket, the output inductive voltage of the sensor increased gradually, while the sensitivity of the
crack detection sensor decreased with the mounting lift-off. The sensor with reinforcement can work when the
tightening torque was 63 N-m, while the sensor without reinforcement completely failed when the tightening torque
was 50 N'm. The online crack monitoring experiments also verified that the sensor with reinforcement has
quantitative crack monitoring ability, and the crack monitoring accuracy is consistent with the distance between the
excitation coils, which is up to 1 mm. The difference between the experimental results and the simulation results was
mainly introduced by the lift-off.

Keywords: flexible eddy current array sensor; hole edge crack monitoring; sensitivity; double-sided

reinforcement; lift-off
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Improved intelligent detection algorithm for SPMA protocol channel
state based on recurrent neural network
ZHANG Yanhui', LYU Na"", MIAO Jingcheng', GAO Qi', WANG Xiang', CHEN Zhuo’

(1. Information and Navigation College, Air Force Engineering University, Xi’an 710077, China;
2. The 94619 Unit of the PLA, Lu’an 237000, China)

Abstract: By connecting sensors and shooters, tactical target network technology (TTNT) can realize rapid
detection, positioning and strike of time-sensitive targets in denial environments. To that end, real-time and reliable
channel access is highly required for tactical information transmission. TTNT uses the statistical priority-based
multiple access (SPMA) protocol, which periodically calculates the statistical average number of arrival traffic pulses,
to estimate the current channel state and thus control the timing of tactical information access. However, methods
based on statistical average are merely suitable for stationary traffic, and will lead to large error in channel state
detection when the traffic is non-stationary. To solve this problem, the traffic prediction technology was adopted and
an improved detection algorithm for SPMA protocol channel state based on recurrent neural network was proposed.
Meanwhile, in order to accurately obtain the current channel state, the recurrent neural network was employed to learn
the hidden characteristics of historical traffic data, and a traffic predictor was constructed to timely predict the number
of traffic pulses arriving at an instant. Experiments showed that the results of communication state detection with our
algorithm is more realistic, which can significantly reduce the false judgment rate of the channel state.
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recurrent neural network; tactical target network technology
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