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Overview of UAV Airborne Sensing Sensor Configuration and Fusion  
for Reconnaissance Mission 

WANG Zhongming, YAO Wenchen, MA Zhaowei, LIN Bosen, NIU Yifeng 
(College of Intelligence Science and Technology, National University of Defense Technology, Changsha 410073, China) 

Abstract: UAV reconnaissance needs to rely on all kinds of airborne sensors to provide sensing information, and 

use multi-source information to complement each other, so as to improve the sensing ability of UAV. This paper summa-

rizes the configuration and fusion of UAV airborne sensing sensors. Firstly, the elements that need to be considered in 

sensor configuration are analyzed from four aspects: UAV platform's own attributes, sensor attributes, flight environ-

ment and mission requirements; Secondly, a sensor configuration and fusion method based on multi-objective optimiza-

tion theory is designed; Finally, the commonly used sensor configuration schemes in UAV reconnaissance are summa-

rized, and the challenges faced by the future development of fusion technology are put forward. This summary shows 

that the configuration scheme and fusion scheme promote and restrict each other. The fusion strategy needs to be opti-

mized according to the optimal configuration scheme, and the heterogeneous information fusion algorithm should be 

developed based on the sensor information characteristics. 

Key words: UAV Reconnaissance Airborne Sensors Sensor Configuration Sensor Fusion Visible Light Camera

Infrared Radar 
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Fig. 1  Properties of sensors 
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Table 1  Analysis of sensors 
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Table 2  Characteristics of flight environment 
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Table 3  Sensor configuration for task requirements 
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Fig. 2  Configuration and fusion module of sensors 
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Table 4  Performance comparison of three hierarchical 

fusion methods 
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Fig. 3  Common configuration and fusion scheme 
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Infrared and Visible Image Fusion Algorithm Based on Residual  
Network and Attention Mechanism 

LI Guoliang1, XIANG Wenhao2, ZHANG Shunli1, ZHANG Boxun2

(1. School of Software Engineering, Beijing Jiaotong University, Beijing 100044, China;  
2. Systems Engineering Research Institute, CSSC, Beijing 100036, China) 

Abstract: An image fusion algorithm based on residual network and attention mechanism is proposed for infrared 

and visible image fusion. Firstly, feature information of infrared and visible images is extracted from the background 

layer and detail layer respectively. In this paper, guided filtering is used to decompose infrared and visible images into 

the background layer containing low-frequency background contour information and the detail layer containing 

high-frequency detail texture information, and then the encoder network is used to extract feature information from the 

background layer and detail layer respectively and fuse them. This feature extraction method can extract more compre-

hensive image feature information. Secondly, in order to effectively fuse infrared and visible image features. In this pa-
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per, the fusion image is reconstructed by using the decoder network which adds the attention feature fusion module. This 

method improves the ability of networks to retain important feature information from two directions of spatial attention 

and channel attention. Then, in order to adapt the training network according to the information of the image itself, an 

adaptive weight calculation method based on gradient information is designed to adjust the influence of infrared and 

visible images on the fused image in this paper. The gradient information of the source image is used to measure the in-

formation of infrared and visible images so as to calculate the weight adaptively. Experimental results show that the 

proposed image fusion algorithm performs well and achieves good fusion effect. Compared with 12 algorithms, the 

proposed algorithm outperforms the comparison algorithm in 4 evaluation indexes. The image fusion algorithm based on 

residual network and attention mechanism has wide applications in many fields such as military, aviation, resource ex-

ploration, and security monitoring. 

Key words: Infrared Image Visible Image Image Fusion Residual Network Attention Mechanism Guided

Filtering Encoder Network 
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Fig. 1  Image fusion algorithm framework
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Table 1  Parameters of image fusion network 
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Fig. 5  Spatial attention feature fusion block
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Fig. 7  Experiment on “Street” image
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CE SCD SSIM MSSSIM
VIF

U2Fusion SSIM MSSSIM
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VIF U2Fusion
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NestFuse EN

NestFuse EN

EN CBF EN
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CE

2
Table 2  Average values of quality metrics for fused images of different fusion algorithms

 EN CE SCD SSIM MSSSIM VIF 

CBF 6.9072 1.3011 1.3118 0.5736 0.6801 0.8075 

CVT 6.5365 1.6965 1.5955 0.7112 0.9059 0.6737 

DTCWT 6.4930 1.6927 1.5959 0.7181 0.9172 0.6584 

GTF 6.7528 0.9758 0.9569 0.6856 0.8293 0.4819 

MSVD 6.6642 1.9886 1.6568 0.7016 0.9074 0.5886 

RP 6.5991 1.5578 1.5783 0.6631 0.8420 0.8406 

FusionGAN 6.5144 2.6181 1.3449 0.6432 0.7560 0.5128 

IFCNN 6.6924 1.6210 1.6756 0.7218 0.9164 0.6993 

DenseFuse 6.9417 1.6378 1.6398 0.7194 0.8698 0.8032 

NestFuse 6.9920 1.5942 1.6885 0.7098 0.8811 0.8475 

U2Fusion 6.8705 1.5344 1.7726 0.6861 0.9286 0.9937 

RFN-Nest 6.8475 1.4929 0.5373 0.6723 0.7069 0.7193 

 6.5193 0.9133 1.8344 0.7239 0.9468 0.9134 
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Table 3  Ablation study of different image preprocessing operations

 EN CE SCD SSIM MSSIM VIF 

A 6.4376 0.9119 1.8031 0.7182 0.9350 0.8379 

B 6.3392 0.9786 1.7940 0.7121 0.9255 0.7893 

 6.5193 0.9133 1.8344 0.7239 0.9468 0.9134 

4
Table 4  Ablation study of context feature refine block

 EN CE SCD SSIM MSSIM VIF 

A 6.3780 0.8310 1.7834 0.7129 0.9366 0.9219 

B 6.4045 0.9088 1.8006 0.6994 0.9376 0.9307 

C 6.3278 0.9958 1.7542 0.7215 0.9300 0.8483 

 6.5193 0.9133 1.8344 0.7239 0.9468 0.9134 

3.6

A

B

C

5 B A

VIF

C A

EN MSSSIM SCD

5
Table 5  Ablation study of attention feature fusion block

 EN CE SCD SSIM MSSIM VIF 

A 6.4325 1.0649 1.7859 0.7269 0.9370 0.8063 

B 6.1997 1.2404 1.7402 0.6015 0.9059 0.9440 

C 6.3213 0.7194 1.8303 0.7234 0.9419 0.8516 

 6.5193 0.9133 1.8344 0.7239 0.9468 0.9134 
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Research on UAV Formation Obstacle Avoidance Flight  
Based on Neural Network Adaptive PID Control 
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Abstract: Aiming at the difficult problem of UAV formation obstacle avoidance flight control, the UAV formation 

trajectory planning and intelligent control technology has been carried out. First, an improved artificial potential field 

UAV formation trajectory planning algorithm is proposed, which solves the problem of unable to reach the target point 

and local minimum encountered of traditional artificial potential field method for UAV formation trajectory planning by 

improving the potential field function and introducing the “random fluctuation” method. And improve the speed and ro-

bustness of traditional algorithm trajectory planning. Secondly, a new neural network-assisted adaptive PID UAV forma-

tion intelligent control algorithm is designed. By using the online learning ability of the neural network, the optimization 

of PID parameters is realized, and the calculation accuracy of the existing PID algorithm is improved. Finally, through 

the UAV formation obstacle avoidance flight control simulation experiment, the effectiveness of the method proposed in 

this paper is verified. 

Key words: Artificial Potential Field Neural Networks Function Optimization Adaptive PID Path Planning



2  : PID  23 

     
      

UAV Formation Control

1   

Unmanned Aerial 
Vehicle UAV

[1-2]

[3]

 
[4]

 

/

[5-6] [7]

 

[8] [9] [10]

Dijkstra [11]

[12] [13] A* [14]

[15]

[16]

 

PID

PID

PID

PID

PID  

PID

 

2

2.1

[17-18]

[19]

 
1 attF

repF  

q  



24  5

     
      

 att rep( ) ( ) ( )U q U q U q
 

(1) 

( )U q att ( )U q rep ( )U q

 
 

 
 

1   
Fig. 1  Force of UAV in artificial potential field 
 

q
 

 2
att

1( ) ( )
2 gU q k q  (2) 

 0
rep 0

0

1 1 1  ( )
( ) 2 ( )

0 ( )

m q
U q q

q
 (3) 

k m ( )g q

( )q q 0

 

2.2

( )l q

0
[20-21]

*( )l q

 
 

2
*

0
0

* 2
rep

0
0

0

1 1 1 [ ( )] , ( ) ( ) ( )
2 ( )

1 1 1 , ( ) ( )
2 ( )
0 )

( )

, (

km l q q l q l q
q

U q
m l q l q

q
q

 

 

(4) 
k 0
 

 
 att attgrad( ) ( ) ( )gF q U q k q  (5) 

 

rep rep

*
rep1 rep2 0

2

02
0

0

( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( )
( )

grad

,

1 1 1 ,

0,
( )

( )

F q U q

F q F q q l q l q

m l q l q
q q

q

 (6) 

 

rep1 2
0

( ) (1 1 )
( ) ( )

1 kF q m l q
q Xq

 

rep1 2
0

1 1( ) ( )
( ) ( )

1 kF q m l q
q q

 

2
1

rep2
0

( )( ) ( )
(
1 1

2 )
knm l qF q l q

q X
 

2
1

rep2
0

( ) ( )
(
1 1

2 )
knmF q l q

q
 

rep1( )F q rep2 ( )F q rep ( )F q

rep1( )F q rep2 ( )F q

rep1( )F q rep2 ( )F q  

( )U q  

 
att rep

1

( ) ( )
n

qq i
i

U U q F q
 

(7) 

n  
 

 
sum att repi

1

( ) ( ) ( )
n

i

F q F q F q
 

(8) 

2   



2  : PID  25 

     
      

 
 

2   
Fig. 2  Force of UAV in improved potential field 

 

* ( )l q  

[22-24]

help att* ( )F F q

 

 

3 PID

PID

PID

 
PID PID

PID
 

BP
PID

PID PID

  

3.1  BP  

BP [25]

ijw jkw

BP
3  

 

 
 

3  BP  
Fig. 3  BP neural network structure 

 

BP  
1 BP

 
2 BP

 
3

 

3.2 PID

BP



26  5

     
      

 
1  

BP [26]  

 

( )( )=
( )

J kw k
w k  

(9) 

(9) k
k ( )J k

( )w k k

 

 

( )( )= 1 ( 1)
( )

(1 ) ( 2)

J kw k w k
w k
w k  

(10) 

( 1)w k (1 ) ( 2)w k

( 1)w k 1k

( 2)w k 2k

k  

1w k w k 2w k w k

1 2w k w k w k

 
2  

BP k

BP
(10)

 

( ) ( )( )= (1 ) ( 1)
( ) ( 1)

( 1) ( 2)

J k J kw k
w k w k

w k w k  
(11) 

(11)
k w k k

1k

 

3  
BP

 

BP
[27]

 

 

(1 ) ( ), ( ) ( 1)
( 1) (1 ) ( ), ( ) ( 1)

( ), ( ) ( 1)

k J k J k
k k J k J k

k J k J k
 

(12) 

(12)

 

 

1 1

1 1 1

1

( ), ( )(1 ) (
( ), ( )

( )

1)
( 1) (1

,
) ( 1)

)) ( 1(

k J k J k
k k J k J k

k J k J k
 

(13) 

 

2 2

2 2 2

2

( ), ( )(1 ) (
( ), ( )

( )

1)
( 1) (1

,
) ( 1)

)) ( 1(

k J k J k
k k J k J k

k J k J k
 (14) 

1 2

1 2

( )J k ( 1)J k k 1k

 
PID

 
Step 1 BP  

2
e de 7
3 PID

pk ik dk  

vie d vie ie d ie zie

d zie PID

vpk vik vdk pk ik dk zpk



2  : PID  27 

     
      

zik zdk vie ie zie

d vie d ie

d zie vie ie zie  

Step 2
 

0 ~ 1
,ij jkw w

 
0,1  

Step 3  
ReLU tanh

ReLU  

 1 max(( ) 0, )f x x  (15) 

pk ik dk 0

 

 
2

e(
e

)
e

x

x xf x
 

(16) 

Step 4 k

vie ie zie

d vie ide d zie

 
 

  = ( ), 1,2x x i i  (17) 

 

 
0

1

net
n

j i ij j j
i

x w w w x
 

(18) 

 

 1( )net 1,2, ,7j jo f j
 

(19) 

 

 
0

1

net
m

k j jk k k
j

o w w w y
 

(20) 

 

 2 ( )net  1,2,3k ky f k  (21) 

Step 5
PID PID

PID ( )u k  

 ( ) ( 1) ( )u k u k u k  (22) 

PID ( )u k

 

 
( ) ( ) ( 1) ( )

( ) 2 ( 1) ( 2)

nn nn
p i

nn
d

u k k e k e k k e k

k e k e k e k  
(23) 

nn
pk nn

ik nn
dk

PID  

 
nn nn
p p pk k k

 
(24) 

 
nn nn
i i ik k k  (25) 

 
nn nn
d d dk k k  (26) 

pk ik dk (21) 1y

2y 3y  

Step 6 PID  
PID

PID
 

 

 
0

dd
d

nn nn nn vi
ic vp vi vi vi

t
vd

ev k e k e t k
t

 
(27) 

 

 
0

d
d

d

new
inn new nn new nn

ic p i i i d
t e

k e k e t k
t

 
(28) 

 

 
0

dd
d

nn nn nn zi
ic zp zi zi zi

t
zd

ez k e k e t k
t

 
(29) 

nn
vpk nn

vik nn
vdk nn

pk nn
ik nn

dk nn
zpk

nn
zik nn

zdk

 
Step 7 ( )J k  

 

2

1

1( ) [ ( ) ( )]
2

l

c
k

J k y k y k
 

(30) 

y k cy k

 
Step 8 jkw

ijw  

BP



28  5

     
      

1

2  

 1( ) ( ) ( )1ij ij ij ij i jw k w k w w k x
 

(31) 

 2( ) ( ) ( )1jk jk jk jk i kw k w k w w k o
 
(32) 

Step 9 J k

3 PID 

1k k Step 4

4

PID 3

 

4.1

[0, 0, 3000] m

[15000,15000, 3000] m

500m

[5000, 5000, 3000] m [8700, 6800, 3000] m

[13000,11000, 3000] m

4  
 

 
 

4   
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Research on Cooperative Transportation Control Technology with 
Multi-unmanned Helicopters 

SU Zikang1, CHEN Jia1, XING Zhuolin2
  

(1. College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China;  
2. School of Automation and Software Engineering, Shanxi University, Taiyuan 030013, China) 

Abstract: With the rapid development of multi-UAVs cooperative control technology, multi-UAVs suspension 

transport flight has become a hot research topic at home and abroad. In this paper, a dynamic surface trajectory control 

method based on neural network with minimum learning parameters is proposed for the cable-suspended swing problem 

and trajectory control problem of multi-unmanned helicopters cooperative suspension handling control. Firstly, the 

nonlinear dynamic model of multi-unmanned helicopters cooperative suspension transportation system is established. 

The unmeasurable cable tension, which will greatly impact the system dynamics and stability, is taken as the disturbance 

and estimated by the minimal-learning-parameter neural network estimator. Then, a dynamic surface trajectory control 

method based on neural network with minimum learning parameters is proposed. At the same time, the closed-loop sta-

bility of the trajectory control system is analyzed. Finally, the results of numerical simulation show that the cooperative 

unmanned helicopters can quickly track their trajectory instructions after 0.5 s, and make the average relative error of 

tracking trajectory less than 0.2%, so as to realize accurate cooperative handling. The trajectory control method of 
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multi-unmanned helicopters proposed in this paper provides a reference basis for the further study of multi-UAVs coop-

erative trajectory control. 

Key words: Multi-unmanned Helicopters Cooperative Transportation Rigid-Body Slung-Load Neural Network

Trajectory Control Disturbance Estimation Dynamic Surface Control 
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Fig. 2  3D trajectory results of cooperative MUHs system. 

 
3 3

X 1 3 4
2 4

Y 3
1 3

Z 4
4

1 3
2 4

0.2% 4 1



40  5  

     
      

X
1m/s Z

Y
5~6 1

 
 

 

3   
Fig. 3  Trajectory results of MUHs 
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Fig. 7  Velocity lumped disturbance curve of UH1 
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Cache Demand-Driven UAV Trajectory Optimization 

ZHANG Xiaopei, ZHAO Zixiao, DU Qinghe 
(Xi’an Jiaotong University, Xi’an 710049, China) 

Abstract: In the mobile edge computing network, the unmanned aerial vehicle (UAV)-mounted cache server can be 

regarded as the mobile edge node, which can approach each ground terminal in a certain order. According to the amount 

of data needed to be cached and the characteristics of the UAV's limited energy, a caching requirement-driven UAV tra-

jectory optimization scheme is proposed. The goal of this scheme is to satisfy the communication needs of all ground 

nodes in a certain area in the shortest time. Firstly, we assume that the communication sequence between the UAV and 

the ground network nodes can be known in advance. On the basis of this communication sequence, a semi-supervised 

learning based trajectory optimization strategy for UAV is designed according to the amount of data transmitted by the 

ground nodes, i.e., the contents need to be cached by UAV. Particularly, according to whether the optimal flight trajec-

tory is stored in the computing system of the UAV or the size of the greedy index, the algorithm can be subdivided into 

two categories: heuristic and semi-supervised models, which will be selected according to the actual situation. The 

simulation results show that compared with the comparison scheme, the trajectory length proposed by this scheme is op-

timized by 22.1%~33.5%. It can effectively shorten the flight distance and reduce the flight time of UAV, thus providing 

more effective edge computing services for ground network nodes. 

Key words: Cache Machine Learning Unmanned Aerial Vehicle Trajectory Optimization Demand Driven

Heuristic Optimization 
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Fig. 1  System model
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Fig. 2  Flow diagram of UAV trajectory
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Table 1  Simulation parameters
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Fig. 3  Ground terminal UAV trajectory optimization 
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Fault-tolerant Consensus Design Method for Multi-agent System  
with Unknown Leader Input 

MIAO Kunzhong, LI Jianning 
(School of Automation, Hangzhou Dianzi University, Hangzhou 310000, China) 

Abstract: Many phenomena in nature indirectly reflect the problem of multi-agent distributed cooperative control, 

which shows potential application value in practical application, how to achieve consensus has always been the basis 

and hot issue of multi-agent research, the adaptive fault-tolerant consensus of multi-agent systems with absolutely un-

known inputs is investigated. First of all, according to the evolution characteristics of failures, a Markov jump failure 

model is established, and then a class of fault-tolerant consensus protocols including fixed controller gain, local state in-

formation of adjacent agents and variable auxiliary control functions are proposed, and auxiliary control functions are 

used to compensate actuator failures and leader unknown inputs. In addition, the H performance index function suitable 

for the system is established, which reduces the influence of the estimation error and the initial state of the agent system 

on the closed-loop system. Finally, the effectiveness of the designed method is verified by simulation. The algorithm 

provides theoretical support for the application of unmanned cooperative formation in complex environment. 

Key words: Leader-following Multi-agent System Failure Model Unknown Input Adaptive Control Fault-

tolerant Consensus H Performance Index 
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4 1
Fig. 4  Failure mode and coefficient estimation of Agent 1 

5 2
Fig. 5  Failure mode and coefficient estimation of Agent 2
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Fig. 6  Failure mode and coefficient estimation of Agent 3 
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Fig. 7  Failure mode and coefficient estimation of Agent 4 
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Fig. 8  Trajectory of agents (including leader and followers) 

5.
J

(25) 1 0( ) [ ( ) ( ),is a sw r

2 0( ) ( )]i a sr

40~50 s

5

[1] , . [J]. 
, 2020, 3(2): 22-29. 

[2] , . [J]. 
, 2021, 4(3): 26-31. 

[3] Gao Z, Liu X, Chen M. Unknown input observer-based robust 
fault estimation for systems corrupted by partially decoupled 
disturbances[J]. IEEE Transactions on Industrial Electronics, 
2015, 63(4): 2537-2547. 

[4] Cong Y, Feng Z, Song H, et al. Containment control of singular 
heterogeneous multi-agent systems[J]. Journal of the Franklin 
Institute, 2018, 355(11): 4629-4643. 

[5] Liu C, Dong J. Simultaneous fault detection and containment 
control design for multi-agent systems with multi-leaders[J]. 
Journal of the Franklin Institute, 2020, 357(13): 9063-9082. 

[6] Mehrabadi M, Zamani M, Chen Z. Structural controllability of a 
consensus network with multiple leaders[J]. IEEE Transactions 
on Automatic Control, 2019, 64(12): 5101-5107. 

[7] , , , .
[J]. , 2021, 4(3): 18-25. 

[8] Wang J, Wang Q, Wu H, et al. Finite-time consensus and fi-
nite-time H  consensus of multi-agent systems under directed 



2 :  61

topology[J]. IEEE Transactions on Network Science and Engi-
neering, 2019, 7(3): 1619-1632. 

[9] Jin X, Wang S, Qin J, et al. Adaptive fault-tolerant consensus for 
a class of uncertain nonlinear second-order multi-agent systems 
with circuit implementation[J]. IEEE Transactions on Circuits 
and Systems I: Regular Papers, 2017, 65(7): 2243-2255. 

[10] Hua C, You X, Guan X. Adaptive leader-following consensus for 
second-order time-varying nonlinear multi-agent systems[J]. 
IEEE Transactions on Cybernetics, 2016, 47(6): 1532-1539. 

[11] Chen S, Ho D, Li L, et al. Fault-tolerant consensus of 
multi-agent system with distributed adaptive protocol[J]. IEEE 
Transactions on Cybernetics, 2014, 45(10): 2142-2155. 

[12] Deng C, Yang G. Distributed adaptive fault-tolerant control ap-
proach to cooperative output regulation for linear multi-agent 
systems[J]. Automatica, 2019, 103: 62-68. 

[13] Chen J, Liu F. Robust reliable H  control for discrete-time 
Markov jump linear systems with actuator failures[J]. Journal of 
Systems Engineering and Electronics, 2008, 19(5): 965-973. 

[14] Tang X, Tao G, Wang L, et al. Robust and adaptive actuator fail-
ure compensation designs for a rocket fairing structural-acoustic 
model[J]. IEEE Transactions on Aerospace and Electronic Sys-
tems, 2004, 40(4): 1359-1366. 

[15] Sakthivel R, Saravanakumar T, Kaviarasan B, et al. Finite-time 
dissipative based fault-tolerant control of Takagi–Sugeno fuzzy 
systems in a network environment[J]. Journal of the Franklin In-
stitute, 2017, 354(8): 3430-3454. 

[16] Li J, Liu X, Ru X, et al. Disturbance rejection adaptive 
fault-tolerant constrained consensus for multi-agent systems with 
failures[J]. IEEE Transactions on Circuits and Systems II: Ex-
press Briefs, 2020, 67(12): 3302-3306. 

[17] Li J, Wang A, Miao K, et al. Failure-distribution-dependent 
H fuzzy fault-tolerant control for multiple-degree-of-freedom 
nonlinear bilateral teleoperation system[J]. Journal of the Frank-
lin Institute, 2020, 357(18): 13511-13533. 

[18] Zhang D, Feng G. A new switched system approach to 
leader-follower consensus of heterogeneous linear multi-agent 
systems with DoS attack[J]. IEEE Transactions on Systems, 

Man, and Cybernetics: Systems, 2021. 
[19] Zhao Y, Li B, Qin J, et al. H  consensus and synchronization of 

nonlinear systems based on a novel fuzzy model[J]. IEEE 
Transactions on Cybernetics, 2013, 43(6): 2157-2169. 

[20] Zhao H, Dai X, Zhou P, et al. Distributed robust event-triggered 
control strategy for multiple high-speed trains with communica-
tion delays and input constraints[J]. IEEE Transactions on Con-
trol of Network Systems, 2020, 7(3): 1453-1464. 

[21] Wang Z, Wu Y, Liu L, et al. Adaptive fault-tolerant consensus 
protocols for multi-agent systems with directed graphs[J]. IEEE 
Transactions on Cybernetics, 2018, 50(1): 25-35. 

[22] Li Z, Liu X, Ren W, et al. Distributed tracking control for linear 
multi-agent systems with a leader of bounded unknown input[J]. 
IEEE Transactions on Automatic Control, 2012, 58(2): 518-523. 

[23] Deng C, Yang G. Distributed adaptive fault-tolerant containment 
control for a class of multi-agent systems with non-identical 
matching non-linear functions[J]. IET Control Theory & Appli-
cations, 2016, 10(3): 273-281. 

[24] Li J, Ren W. Finite-horizon H  fault-tolerant constrained con-
sensus for multi-agent systems with communication delays[J]. 
IEEE Transactions on Cybernetics, 2021, 51(1): 416-426. 

[25] Wang Y, Song Y, Lewis F. Robust adaptive fault-tolerant control 
of multi-agent systems with uncertain nonidentical dynamics and 
undetectable actuation failures[J]. IEEE Transactions on Indus-
trial Electronics, 2015, 62(6): 3978-3988. 

1996–

1984–



5 2   Vol.5    No.2 
2022 4  Unmanned Systems Technology April 2022 

                    
2021–10–28 2021–11–18 

61627810, 61790562, 61403096  

 

[ ]    . RSS/TOA/INS [J]. 
2022 5(2) 62–70. 

RSS/TOA/INS 
 

       
 150001  

  : 

INS UWB Zigbee

TOA RSS

RSS TOA

TOA/RSS/INS

TOA/RSS TOA RSS

RSS/TOA 2m

TOA 5m

 

: GNSS  
: TP24      A      2096–5915(2022)02–62–09 

DOI: 10.19942/j.issn.2096–5915.2022.2.017 

A Hybrid RSS/TOA/INS UAV Localization Algorithm Based on  
Adaptive Kalman Filter 

HU Jing, TIAN Junxi, ZOU Shiming, CHAO Tao, YANG Ming 
(School of Astronautics, Harbin Institute of Technology, Harbin 150001, China) 

Abstract: Aiming at the problem that the conventional positioning method of UAV swarms is limited in GNSS 

signal-denied environments (such as mountains, tunnels, and canyons), this paper proposes a method for low-cost UAVs 

that reject satellite signals through co-location between clusters. A filtering method for navigation recovery is used to 

effectively suppress the positioning divergence of pure Inertial Navigation System (INS). In terms of obtaining posi-

tioning data, the distance measurement methods based on Ultra-Wide Bandwidth (UWB) and Zigbee devices are ob-

tained through Time of Arrival (TOA) and Received Signal Strength (RSS) respectively distance information, and then 

further use the least squares method to obtain the localized local coordinates. Considering the characteristics of RSS 

ranging far but low accuracy and TOA ranging high accuracy but small ranging range, this paper proposes a sequential 
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extended Kalman filter algorithm based on TOA/RSS/INS. While positioning information provides TOA/RSS two-way 

positioning redundancy, RSS positioning can still be used to suppress the divergence of inertial navigation when 

long-range TOA positioning fails. The experimental results show that the algorithm can provide redundant ranging in-

formation by RSS/TOA in the short range, and the positioning accuracy can be improved to 2 m through the adaptive 

factor; in the long range, especially outside the range of TOA positioning failure, it can also provide an error of about 5 

m location information. Compared with the traditional extended Kalman filter, the proposed adaptive sequential Kalman 

filter algorithm effectively improves the positioning accuracy, and provides a new idea for solving the research of 

UAV-based radio positioning under the condition of traditional positioning constraints. 

Key words: GNSS Denial Environment Collaborative Positioning Time of Arrival (TOA) Received Signal 

Strength(RSS) SeQuential Extended Kalman Filter Adaptive Factor 

1     

20

[1]

Global Navigation Satellite System, GNSS

[2]

GNSS

GNSS
[3]  

Inertial Navigation System, 
INS
GNSS/INS

[4] GNSS

[5]

Simultaneous Localization And Mapping, 

SLAM [6]

SLAM
[7]  

SLAM SLAM

Received Signal Strength, RSS
Wi-Fi Zigbee Time of 

Arrival, TOA Ultra Wide Band, 
UWB TOA

UWB TOA
Zigbee RSS UWB

TOA

20~50m[5] UWB
[7]

Xu [8]

Li [9] UWB
EKF

UWB

UWB
Zigbee

UWB
UWB

RSS[10] Ahmed [11]



64  5

     
      

Zigbee
Liu [12]

UWB RSS

  
GNSS

TOA RSS

TOA/RSS TOA
RSS

 

2   

GNSS

GNSS ,

 
GNSS

GNSS

1
M mUAV {1, , }m M

GNSS
2,m m mp x y

GNSS 0UAV
2

0 0 0,p x y

0 0 0ˆ ˆ ˆ,p x y  

 
 

1  GNSS  
Fig. 1  Localization under GNSS loss-of-lock environment 

 
2.1   

GNSS
Inertial Measurement Unit, IMU

(1) (5)
(1)

(5)   

 

4( 1) 0.5 ( )

( 1) ( )
1( 1) ( ) ( 1) ( )
2

b b b
n nb n

n
b N

k T k

k k T T

k k T k k

q I q

v v C a g

p p v v

 (1) 

( )b
n kq ( 1)b

n kq

4I T
b
nb

(2)  

 

0

0

0

0

x y z

x z yb
nb

y z x

z y x

 (2) 

T
x y z



2   : RSS/TOA/INS  65 

     
      

 

 b n  (3) 

b n

0 2 2 2 2
g gx gy gz

v

m/s n
bC

T0 0 1Ng

g
T

x y za a aa
T

x y za a aa

 
 b na a a a  (4) 

ba na

0 2 2 2 2
a ax ay az

p
 

PX4  

 

( 1) ( )

( 1) ( )

( 1) ( )

b b

b b

b b

k k

k k

k k

v v

m m

 (5) 

2.2  TOA/RSS  

UWB

UWB
GNSS 0UAV

GNSS

mUAV  

 , 0 0 , 0
ˆ +t m m t md p p  (6) 

, 0t m UWB

0
2
t  

Zigbee

0UAV mUAV  

 , 0
, 0 , 0

ˆ
ˆ( ) 10 log( )r m
r m ref r r m

ref

d
RSS d RSS n

d
 (7) 

refRSS

dBm rn

, 0r m RSS

0 2
r  

RSS
2 (7)

 

 , 0 , 0
ˆ ˆ( ) 34.23 10 1.79 log( )r m r mRSS d d  (8) 

 

 
 

2  RSS  
Fig. 2  RSS attenuation model 

 

3   

TOA RSS

UWB/IMU Zigbee/ 
IMU

Zigbee RSS TOA

 



66  5

     
      

3.1   

(1)(5)  

 T 19, , , , ,b b bX q v p v m  (9) 

 

 ( 1) ( ) ( )k k kX X  (10) 
T T( 1) ( ) ( ) ( ) ( )k k k k kP P GQ G  (11) 

1 1

1 1

1

4 3 4 3 4 3 4 3

3 3 3 3 3 3 3

3 4 3 3 3 3 3 3 3

3 4 3 3 3 3 3 3 3 3 3

3 4 3 3 3 3 3 3 3 3 3

3 4 3 3 3 3 3 3 3 3 3

( )

k k
b

k k

k k
k

k b

k
k

k

q q
q

v v
q a

p
v

0 0 0 0

0 0 0

0 0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

F F

F I F

F I

I
I

I

(12) 

 

 
1

1

T
3 3 3 3 3 3 3 3

4 3 3 3 3 3 3 3

( )
k
k
n

k
k
n

k
q

v
a

0 0 0 0

0 0 0 0

G
G

G
 (13) 

( )kP ( )kQ  
2 2diag ,g a ( )k

[13]  
3.2   

UWB
Zigbee M

 

 T T 1 T
0 0 0ˆ ˆ ˆ, ( )x yp A A A B  (14) 

 

1 2 1 2

1 1

2 2 2 2 2 2
10 20 1 1 2 2

2 2 2 2 2 2
10 0 1 1

2

ˆ ˆ

ˆ ˆ

m m

m m m

x x y y

x x y y

d d x y x y

d d x y x y

A

B

 (15) 

 

 T
0 0ˆ ˆ( 1)kZ p v  (16) 

 

 3 4 3 3 3 3 9

3 4 3 3 3 3 9
( 1)k

0 0 0
0 0 0

I
H

I
 (17) 

 

 

T
1 1

1 T
1 1 1 1

1 1 1 1

1 19 1 1 1

ˆ ˆ

k k
k

k k k k

k k k k k

k k k k

P H
K

H P H R

X X K Z X

P I K H P

 (18) 

TOA RSS

 

 

T
1 1

1 T
1 1 1 1

1 1 1 1

1 19 1 1 1

1

1

ˆ ˆ

k k
k

k

k k k k
k

k k k k k

k k k k

R

Z

P H
K

H P H

X X K X

P I K H P

 (19) 

1
r
kK k

 

 
1

T 2

T

1          

  

( ( ) )

k

k
k

k

k k
k t t t

k k k k

c
c c

tr

V

V
V

V VV
H P H R

 (20) 

c 1.0~ 

2.0[14]
1k k kV Z X

(9)~(20)
 

4   

PCB
TOA RSS

5Hz 2Hz 3  
TOA RSS

4  



2   : RSS/TOA/INS  67 

     
      

 
 

3   
Fig. 3  UAV used in the experiment 
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Fig. 6  Positioning results of TOA/RSS at speed of 0.5 m/s 
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Fig. 9  Positioning results of TOA/RSS at speed of 1m/s 

 
EKF ASEKF

10~11  
10~11 ASEKF EKF

E K F
GNSS/INS EKF
ASEKF 10 ASEKF

25 s TOA
RSS

11 5 s
ASEKF 25 s RSS

10 7  
 

 
 

10  x 1 m/s  
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Research on Multi-Model Maneuvering Target Tracking  
Method Based on Neural Network 

ZHANG Xiaojie, WANG Hao, ZHAO Lingfeng 
(Shanghai Engineering Center for Microsatellites, Shanghai 201210, China) 

Abstract: For the low tracking precision, poor parameter adaptability and large calculation quantity in the tradi-

tional maneuvering target tracking, a multi-model maneuvering target tracking method based on radial-based neural 

network is proposed. First, the basic principles of maneuvering target tracking, radial-based neural network model and 

maneuvering target motion model are introduced in this paper. Then, the extracted mobile target feature vectors are input 

into the neural network with trained network parameters, and the compared results with the input matrix composed of 

training samples in the hidden layer are output. By integrating the state estimation of multiple observation models, an 

unified target state estimate is given, and the principle architecture of switching multiple model algorithm based on the 

neural network and the corresponding calculation block diagram are established. Finally, the performance of target state 

estimation between two neural network models under full and partial observation are compared through mathematical 

simulation. Simulation results show that the observed error variance is better for a large target maneuver, while the 

switching multi-model method based on RBF network is more robust by 11%. In addition, the relevant parameters of the 
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switching multi-model method based on RBF network are easy to train and to perform in-orbit real-time calculation, 

which has a wider application prospect. 

Key words: Maneuvering Target Tracking Radial-based Neural Network Multi-Model Feature Vector Target 

State Estimate Generalized Regression Neural Network Robustness
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Anti-Jamming Multipath Routing Protocol Based on Link Quality  
Assessment for Flying Ad Hoc Network 

ZHANG Ao, DUAN Xuting, TIAN Daxin 
(School of Transportation Science and Engineering, Beihang University, Beijing 102206, China) 

Abstract: As a result of the rapid technological advances on communication technologies, it has been possible to 

form a Flying Ad hoc Network, which can use aircraft as the wireless communication node to establish the network and 

realize efficient communication. Firstly, the design of multipath routing model is based on three major schemes that are 

link quality, traffic load and space distance and anti-jamming multipath routing algorithm is designed. The analytical 

model of route reply packet reception rate of source node is built and its numerical result is analyzed. Finally, 

anti-jamming routing protocol is evaluated through simulation experiments. The simulation results show that 

anti-jamming routing protocol can not only increase packet delivery ratio by 4.04%~12.13% when the number of nodes 

on the network is the same and increase packet delivery latency by 38.48%~52.53% but also can reduce end-to-end 

communication outage rate by 34.54%~41.67% when the number of jammers is same. In order to solve application re-



2    :  81 

     
      

quirements and link vulnerability of Flying Ad hoc Network, an anti-jamming routing protocol in this paper is proposed 

to provide reliable communication and overall network performance. In the future, more complex link cases will be con-

sidered to make it have greater practical application value. 

Key words: Flying Ad Hoc Networks Routing Protocol Intentional Jamming Multipath Routing Link Quality
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Table 1 Calculation results of node link quality 

Node Rx Rx+1 Rx+2 Rx+3 LQ 

na 55 56 58 62 7.1875

nb 65 70 68 63 7.25 

nc 60 65 63 58 7.25 
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Table 2  Calculation results of node traffic 

busyT bufQ TL

na 7.3619 15 11.6282 

nb 6.8976 8 7.7468 
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Fig. 1  Position coordinates of the node 
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Table 3  Calculation results of node space distance 
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Fig. 3  Flow chart of routing setup 
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Fig. 4 Flow chart of routing control 
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Fig. 5  Schematic diagram of network 
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6 RREP
Fig. 6  Number of RREP packet nodes and the  

number of hops 
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Fig. 7  RREP packet reception rate and number of nodes 
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Table 4  Simulation parameters 
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Fig. 11  Packet delivery ratio and number of jammers 
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Fig. 12  Number of nodes and end-to-end  
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Fig. 13  Number of jammers and end-to-end  

communication outage rate 
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Fig. 14  Number of nodes and packet delivery latency 
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Fig. 15  Number of jammers and packet delivery latency 
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Research on Adaptive Disturbance Step Incremental Conductance  
Method for Solar UAVs 

WANG Zhengpei, ZHANG Xiaohui, ZHANG Jianghao, ZHENG Haoyin, LIU Li 
(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China) 

Abstract: During the maneuvering process of solar UAV, the irradiation of photovoltaic array on the wing surface 

often changes greatly and rapidly, which brings new challenges to the maximum power point tracking control method of 

photovoltaic array. To solve this problem, an adaptive disturbance step incremental conductance method with fast and 

stable tracking process and no oscillation is proposed in this paper. Firstly, according to the solar wing layout of "Dande-

lion IB" UAV, the photovoltaic cell array model is established and its output characteristic curve is analyzed. Secondly, 
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the principle, advantages and disadvantages of the traditional incremental conductance method are introduced. Then, 

aiming at the disadvantage of poor dynamic performance of the traditional incremental conductance method under the 

condition of large variation of illumination, through the comparison of the first three steps of voltage, the adjustment 

criterion of disturbance step is formulated, and the adaptive disturbance step incremental conductance method is pro-

posed to achieve the effect of fast and stable tracking to the maximum power point, so as to adapt to the changes of irra-

diation conditions when the aircraft attitude changes dynamically. Finally, two mission conditions of stable irradiation 

and large-scale change irradiation are designed. The proposed method is simulated and experimentally analyzed, and 

compared with the traditional incremental conductance method. The results show that the simulation and test results are 

basically consistent under two different working conditions. Compared with the traditional incremental conductance 

method, the proposed adaptive disturbance step incremental conductance method can quickly track the maximum power 

point of the photovoltaic array during large-scale irradiation disturbance, and can significantly improve the power oscil-

lation phenomenon in the steady state. The maximum tracking speed can be increased by 50%, and the final tracking ef-

ficiency can be increased by about 3%. The adaptive disturbance step incremental conductance method proposed in this 

paper, which is suitable for the photovoltaic power generation system of solar UAV, can quickly and stably track to the 

maximum power point, has obvious advantages in the adaptability to irradiation changes, has good effectiveness, 

real-time and engineering practicability, and can provide strong support for the energy-efficient flight of solar UAV. 

Key words: Solar UAV Photovoltaic Power Generation System Output Power Curve Maximum Power Point 

Tracking Incremental Conductance Method Adaptive Disturbance Step Incremental Conductance Method 
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Fig. 1  General layout of “Dandelion IB”  
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Table 1  Photovoltaic cell model parameters 

   

 OCV  1.48V  

 scI  2.95A  

 mV  1.28V  

 mI  2.78A  
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Fig. 2  Schematic diagram of three series and two parallel photovoltaic cells 
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Fig. 3  Output characteristic curve of photovoltaic array 

under different irradiance 
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Fig. 4  Output characteristic curve of photovoltaic array at 

different temperatures 
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Fig. 5  Working principle of INC method 
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Fig. 6  Flow chart of incremental conductance algorithm 
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Fig. 7  Tracing process diagram of fixed step incremental 
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Fig. 8  Steady state oscillogram of incremental  
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Fig. 11  Simulation curve of long stride disturbance in 

steady state 
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Fig. 12  Diagram of irradiance change 
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Fig. 13  Simulation curve in 0~2 s under sudden  

change of irradiance 
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Fig. 15  Construction of test platform 
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Fig. 16  Test results of small step disturbance 
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Fig. 17  Test results of big step disturbance 
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UAV Performance Evaluation Method Optimized Based  
on ADC Analysis Method 

HE Shengjie, GUO Qiang, WANG Xinghu, CHENG Jialin, CHEN Yunzhu, MAO Yanjing
(AVIC Chengdu Aircraft Industrial (Group) Co., Ltd., Chengdu 610091, China) 

Abstract: Aiming at the problem of applying ADC method to the effectiveness evaluation of ground attack mission 

of UAV, this paper first innovates the model of classical ADC method and reconstructs the capability matrix, and then 

applies the improved ADC method to the effectiveness evaluation of ground attack of three typical reconnaissance/ 

strike UAVs (MQ-9, WingLoong-2 and TB-2), which is sorted out according to the analysis of combat process and 

evaluation indexes, Design the efficiency evaluation index system and ability expression formula. Finally, use the ana-

lytic hierarchy process to give weight coefficients to different ability indexes, and comprehensively obtain the efficiency 

evaluation results. The effectiveness evaluation results show that the combat effectiveness of MQ-9, WingLoong-2 and 

TB-2 in the ground attack mission is 0.6293, 0.5962 and 0.4822 respectively. It can be seen that MQ-9 has high com-

prehensive combat capability and combat effectiveness, while the other two UAVs can be improved in the indicators of 

long-range combat capability and cooperative reconnaissance capability. The research results of this paper can be used to 

evaluate and compare the combat effectiveness of different reconnaissance/ strike UAVs, analyze the impact of different 

indicators on combat effectiveness, extract key capability indicators and improvement direction, and provide theoretical 

reference for the project demonstration and combat use of UAV equipment. 

Key words: Effectiveness Evaluation ADC Method Analytic Hierarchy Process Index System Reconnaissance/
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1
Fig. 1  Schematic diagram of ground attack mission of 

reconnaissance/strike UAV 
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Fig. 1  Combat effectiveness index system of reconnaissance/strike UAV
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1

Table 1  Mean time between failures and mean time to 
repair of reconnaissance/strike UAV

MTBF h MTTR h

A B C A B C 

50 40 48 4 6 8 

18 15 20 2 2 1 

2
Table 2  Probability of reconnaissance/ strike UAV system 

in normal or fault state 

A B C A B C 

0.9259 0.8696 0.8571 0.0741 0.1304 0.1429

0.9000 0.8824 0.9524 0.1000 0.1176 0.0476

3 3

0.8333,0.0926,0.0667,0.0074

0.7673,0.1023,0.1151,0.0153

0.8163,0.0408,0.1361,0.0068

A

B

C

A

A

A

 (5) 

4.3

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

d d d d
d d d d
d d d d
d d d d

D   (6) 

( , 1,2,3,4)ijd i j

ia ja

0

11 12 13 14

22 24

33 34

44

0 0
0 0
0 0 0

d d d d
d d

d d
d

D   (7) 

Pnor
[15]

nor exp( )P T  (8) 

T
MTBF

1
MTBF

      (9) 

8 h T=8

3

3

Table 3  Probability of reconnaissance/strike UAV system 
maintaining normal state or turning into fault state

A B C A B C 

0.8521 0.8187 0.8465 0.1479 0.1813 0.1535

0.6412 0.5866 0.6703 0.3588 0.4134 0.3297

7 3

0.5464 0.3057 0.0948 0.0531
0 0.8521 0 0.1479
0 0 0.6412 0.3588
0 0 0 1

0.4802 0.3385 0.1064 0.0749
0 0.8187 0 0.1813
0 0 0.5866 0.4134
0 0 0 1

0.5674 0.2791 0.1029 0.0506
0 0.8465 0 0.1535
0 0 0.6703 0.3297
0 0 0

A

B

C

D

D

D

1

 (10) 

4.4

3
4 3 A

B C MQ-9 -2 TB-2
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4
Table 4  Operational capability index of reconnaissance/ strike UAV ground attack

A
( MQ-9 )

B
( -2 )

C
( TB-2 )

(m) 1000 1200 1150 

(m/s) 10 9.5 8 

(m) 9000 6000 5000 / 

(km/h) 330 280 130 / 

(h) 40 20 24 / 

(km) 11000 6000 3000 / 

/ /  / 

(km) 300 290 150 

 SAR /  SAR / /  / 

 0.6 0.5 0.4 

(Mbit/s) 16 8 8 

(km) 85 70 20 

(m m) 3 3 3 3 2.3 2.3 

 0.5 0.5 0.5 

 0.7 0.7 0.7 
RCS

(g) 5 4.5 4 

(m2)
( )

10 10 2 
RCS

RCS

 0.7 0.7 0.6 

 0.7 0.65 0.6 

 0.65 0.6 0.5 

 0.6 0.6 0.55 

 0.5 0.5 0.4 

(km) 11 7 8 
A B C AGM-114

BA-7 MAM-L
(m) 1 0.5 3 CEP

) 16 10 4 / 

km/h) 10 10 10 

C

3
C
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4.4.1 7

7

)

[16] 7

1~9
) 5

5
Table 5  Judgment matrix for determining weight by  

analytic hierarchy process

1 1/2 1/2 1/4 1/3 1/3 1/4

2 1 1/2 1/5 1/2 1/3 1/4

2 2 1 1/4 1/2 1/2 1/3

4 5 4 1 3 2 2 

3 2 2 1/3 1 1/2 1/3

3 3 2 1/2 2 1 1/3

4 4 3 1/2 3 3 1 

C.I [15]

max.
1

n
C I

n
 (11) 

max n

7

max 7.2587

C.I 0.0431 n

R.I 1.36 R.I
)

C.R
.. 0.0317
.

C IC R
R I

 (12) 

C.R<0.1

max

T[0.1041,0.1281,0.1766,0.6804,0.2396,0.3285,0.5597]

vec

(13)

T[0.0470,0.0578,0.0796,0.3069,0.1081,0.1482,0.2525]

weight

(14)
6

Table 6  Weight coefficient of sub capacity index

Fw 0.0470 

Yw 0.0578 

Xw 0.0796 

Rw 0.3069 

Gw 0.1081 

Ew 0.1482 

Ww 0.2525 

4.4.2
F

Fqj Fps Fgd

Fsd 4

qj ps

gd sd

0.15 (800 / ) 0.20 ( /12)

0.30 ( / 10000) 0.35 ( / 350)

F F F

F F
 (15) 

4 3
A B C
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0.15 (800 / 1000) 0.20 (10 / 12)
0.30 (9000 / 10000) 0.35 (330 / 350) 0.8867
0.15 (800 / 1200) 0.20 (9.5 /12)
0.30 (6000 /10000) 0.35 (280 / 350) 0.7183
0.15 (800 / 1150) 0.20 (8 / 12)
0.30 (5000 / 10000) 0.35 (13

A

B

C

F

F

F
0 / 350) 0.5177

 (16) 
A B C

0.8867 0.7183 0.5177

4.4.3
Y Yhs

Yhc Yll Yjl

hs hc

ll jl

0.25 ( / 40) 0.25 ( / 12000)
0.40 ( ) 0.10 ( / 300)

Y Y Y
Y Y

 (17) 

Yll

0.80 0.60
4 A

B C

0.8992
0.6667
0.5025

A

B

C

Y
Y
Y

 (18) 

4.4.4
X

Xzh Xcl Xsl

zh cl sl0.50 ( ) 0.20 ( ) 0.30 ( / 16)X X X X (19)

Xzh

0.90
0.80

0.65
4 A

B C

0.8200
0.6500
0.5550

A

B

C

X
X
X

 (20) 

4.4.5
R

Rfw Rfb Rwx

Rmb

fw fb

wx mb

0.40 ( / 85) 0.20 (2.0 / )
0.30 (0.3 / ) 0.10 ( )

R R R
R R

 (21) 

Rfb 3m 3m 3

4 A
B C

0.7833
0.7127
0.5180

A

B

C

R
R
R

 (22) 

4.4.6
G Gjd

Gkt Gfh

jd kt fh0.3 ( / 9) 0.6 (2 / ) 0.1 ( )G G G G  (23) 

4 A
B C

0.3567
0.3400
0.7933

A

B

C

G
G
G

 (24) 

4.4.7
E

Etx Edh Egj Egr

tx dh

gj gr

0.35 ( ) 0.35 ( )
0.20 ( ) 0.10 ( )

E E E
E E

 (25) 

4 A
B C

0.6425
0.6075
0.5350

A

B

C

E
E
E

 (26) 

4.4.8
W

Wsc Wjd Wsl

Wmb

sc jd

sl mb

0.30 ( / 12) 0.40 (0.5 / )

0.10 ( /16) 0.20 (5 / )

W W W

W W
(27)
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4 A
B C

0.5750
0.7375
0.3917

A

B

C

W
W
W

 (28) 

4.4.9

7

7
Table 7  Evaluation result and weight coefficient of  

sub item capability index

A B C

 0.0470 0.8867 0.7183 0.5177 

 0.0578 0.8992 0.6667 0.5025 

 0.0796 0.8200 0.6500 0.5550 

 0.3069 0.7833 0.7127 0.5180 

 0.1081 0.3567 0.3400 0.7933 

 0.1482 0.6425 0.6075 0.5350 

 0.2525 0.5750 0.7375 0.3917 

3

0.6783
0.6558
0.5205

A

B

C

C
C
C

 (29) 

10% 30%
3 ( 1,2,3,4)ia i

T

T

T

0.6783,0.6105,0.6105,0.4748

0.6558,0.5902,0.5902,0.4591

0.5205,0.4684,0.4684,0.3643

A

B

C

C

C

C

 (30) 

4.5

ADC 2)

5) 10) 30) 3

0.6293
0.5962
0.4822

A A A A

B B B B

C C C C

E
E
E

A D C
A D C
A D C

 (31) 

A B C
0.6293 0.5962 0.4822
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-2 TB-2)
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ADC
ADC
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