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Preface 

This volume contains the papers from the Third International Conference on Cognitive 
Computation and Systems (ICCCS 2024), which was held in Linyi, Shandong, China, 
on December 20–22, 2024. ICCCS is an international conference on the related fields 
of cognitive computing and systems which was initiated by the Technical Committee 
on Cognitive Computing and Systems of the Chinese Association of Automation in 
2022. ICCCS 2024 was hosted by the Technical Committee on Cognitive Computing 
and Systems of the Chinese Association of Automation, and co-organized by Linyi 
University, Henan Polytechnic University, the Intelligent Robotics Research Center of 
the Artificial Intelligence Institute of Tsinghua University, and the School of Automation 
of Northwestern Polytechnical University. 

Cognitive computing is an interdisciplinary field of research that focuses on devel-
oping intelligent systems that can process and analyze large amounts of complex data in 
a way that mimics human cognition. It is based on the idea that intelligent systems can 
be designed to learn, reason, and interact with humans in a more natural way, and that 
these abilities can be used to solve complex problems that would otherwise be difficult 
or impossible for humans to solve alone. By enabling agents to understand and process 
data in a more human-like way, cognitive computing can help organizations make better 
decisions, improve customer service, develop more effective treatments for diseases, and 
even predict and prevent natural disasters. 

ICCCS aims to bring together experts from different areas of expertise to discuss 
the state of the art in cognitive computing and intelligent systems, and to present new 
research results and perspectives on future development. It is an opportunity to promote 
the research and development of cognitive computing and systems, and provides a face-to 
face communication platform for scholars, engineers, teachers, and students engaged in 
cognitive computing and systems or related fields to promote the application of artificial 
intelligence technology in industry. 

ICCCS 2024 received 155 submissions, all of which were written in English. After 
a thorough single-blind peer review process, in which each paper received at least 4 
reviews, 54 papers were selected for presentation as full papers, resulting in an approxi-
mate acceptance rate of 34%. The accepted papers addressed challenging issues in vari-
ous aspects of cognitive computation and systems, including not only theories and algo-
rithms in cognition, machine learning, computer vision, decision making, etc., but also 
systems and applications in autonomous vehicles, computer games, intelligent robots, 
etc. 

We would like to thank the members of the Advisory Committee for their guidance, 
and the members of the Program Committee and additional reviewers for reviewing 
the papers. We would also like to thank all the speakers and authors, as well as the
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participants for their great contributions that made ICCCS 2024 successful. Finally, we 
thank Springer for their trust and for publishing the proceedings of ICCCS 2024. 

December 2024 Bin Xu 
Jianlong Qiu
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A Colour Secret Image Sharing Scheme Based 
on the Theory of Prime Number Distribution 

Jinqiu Xue and Wenyin Zhang(B) 

School of Information Science and Engineering, Linyi University, Shuangling Street, 
Linyi 276000, Shandong, China 
zhangwenyin@lyu.edu.cn 

Abstract. Secret image sharing is a technique for protecting secret information 
that is fault-tolerant by splitting a secret image into multiple shadow images. In 
this paper, we address the lack of research on current colour secret image sharing 
schemes and propose a new scheme in combination with the theory of prime 
number distribution. The scheme deals directly with the three components of each 
pixel value of the secret image. The three components of the pixel value are first 
mapped to the sequence number of the approximate pixel set in which they are 
located, then a specific function is selected to perform the mapping operation 
on the RGB intensity values using mathematical transformations, and finally a 
k − 1 polynomial is used to generate the shared shares. When reconstructing, 
a value from the approximate pixel set where the pixel value is located will be 
selected randomly as the restored value.Unlike most image visual share schemes, 
this algorithm does not require the use of random permutations to convert a secret 
image into a random image, thus making the scheme simpler and more reliable. 
In addition, the shared images generated by this scheme are smaller in size than 
the secret images. Finally, the secret image can be recovered through the set of 
eligible participants. 

Keywords: secret image sharing · theory of prime number distribution · color 
image · smaller shared images 

1 Introduction 

With the development of computer Internet technology, a large amount of information 
is stored and disseminated in different forms in the network. As a commonly used 
information carrier, images have been widely used in fields such as communication, 
medicine, military and commerce. The issue of security and integrity of images in the 
process of transmission, storage and restoration has received higher and higher attention. 
In modern cryptography, secret image sharing technology is a hotspot that has received 
much attention and is an extension of secret sharing in image processing and application, 
through which the integrity of the image as well as the security of the image can be 
maintained when sharing secret images. 

The concept of secret sharing was first proposed independently by Blakley [1] and 
Shamir [2] respectively, the main idea of the scheme is to split the secret into n parts and

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
B. Xu and J. Qiu (Eds.): ICCCS 2024, CCIS 2516, pp. 3–19, 2025. 
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distribute them to different participants for management, only k or more participants 
cooperating to satisfy the threshold can reconstruct the secret, while less than k par-
ticipants cooperating cannot derive any useful information about the secret. There are 
various ways to implement the construction of (k, n)-threshold secret sharing schemes [3, 
4],which have been extensively studied in recent years as an important way to maintain 
key security. 

Currently, most of the researches mainly focus on grayscale images, while most of 
the images used in daily life are in color. In order to realize the practical value of secret 
image sharing, we need to effectively apply the secret sharing scheme to color images. 
The traditional color image secret sharing scheme is to share and recover the R, G and 
B color planes separately [5].Wu et al. [6] proposed two Color-black-and-white visual 
cryptography schemes (CBW-VCS). CBWVCS is determined by adding one or two 
column vectors to the base matrix of traditional VCS and constructing a generalized (k, 
n) threshold. This scheme solves the pixel expansion problem, but the recovered image 
is a superimposed image of binary secret image and color shadow image, which is not 
universal for various application scenarios and requires multiple reconstructions, and 
it cannot achieve direct recovery of lossless secret image. Wang et al. [7] constructed 
an extended Visual Cryptography system which can embed two secret images on two 
color cover images. To embed two secret images in a halftoning process, constrained 
error diffusion was designed. By flipping the overlapping layers, the two secret images 
are recovered and the two secret images do not interfere with each other. However, the 
recovered secret image is still the superimposed image of color secret image and color 
shadow image, and the PSNR value of the reconstructed secret image is low. Shankar 
et al. [8] developed a Secure (k, k) Multiple Secret Sharing (SKMSS) scheme using 
hybrid optimal SIMON cipher. The proposed SKMSS method constructs a set of securely 
generated noisy components based on performing hashing and grouping ciphers on the 
secret image itself. After encrypting the share by a hybrid optimal SIMON cipher based 
on the noisy image, the share is created and sent securely. Pan et al. [9] proposed two 
visual cipher schemes capable of fully recovering secret color images. The two schemes 
belong to the (n, n) threshold scheme. The first scheme generates meaningless shares. 
The second scheme generates n − 1 meaningful shares and one meaningless share. These 
n-1 meaningful shares are color QR codes that can be decoded with a general decoder 
instead of a standard decoder. Both schemes are pixel unscalable. Although the shares in 
the second scheme are color QR codes, they are not of high quality. The size of the color 
QR code affects the decoding speed. Li et al. [10] proposed a reversible and lossless 
secret image sharing scheme with authentication features specifically designed for color 
images. Noise-like shadows are generated by combining the original secret image and 
the authentication image, which are then embedded into the color image using enhanced 
steganography. During the recovery process, participants can non-destructively extract 
shares and complete the authentication phase without the need for a trusted third party. 
The authentication results can be easily verified by visual inspection. Ultimately, the 
qualified shading is used to reconstruct the secret image, ensuring the secure transmission 
of confidential image data. Xiong et al. [11] proposed a new reversible secret image 
sharing and authentication scheme for embedding palette images into true color images. 
In this scheme, the pixels of the palette secret image and the bits of the cover pixels are
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used as coefficients of a polynomial. The sharing is embedded into the true color cover 
image to generate an intermediate steganographic image. Authentication information 
is then derived from the intermediate steganographic image and hidden in the cover 
image. A final steganographic image similar to the cover image is obtained and sent to 
the authorized participants. At the receiver side, once the k steganographic images are 
authenticated, the secret image and cover image can be recovered losslessly for the (k, 
n) threshold scheme. 

In this paper, we propose a color secret image sharing scheme based on the theory of 
prime number distribution. The scheme directly processes the three RGB components 
of each pixel in a color image by mapping the RGB component value of each pixel to the 
sequence number of the set of approximate pixels in which it resides. These sequence 
numbers are then processed using mathematical transformations that jointly map the 
RGB components of each secret pixel to a new value. Finally, the shared shares are 
generated using a specific k−1 polynomial, thus ensuring that only participants who 
fulfill the eligibility conditions can recover the original image. It is worth noting that 
the method operates directly on each pixel component of the color image, avoiding the 
loss of information caused by first converting the color image to grayscale in traditional 
methods. From the experimental results, it can be seen that the algorithm exhibits a high 
degree of randomness in generating shared images, which significantly improves the 
security of image sharing. Meanwhile, the shared image generated by this algorithm is 
smaller than the original secret image and takes less time to generate the shared image, 
which makes storage and transmission more efficient. 

The rest of the paper is organized as follows: in Sect. 2, the prime number distribution 
theorem is introduced. Section 3, 4 describes the background of the proposed scheme in 
this paper as well as the specific algorithmic implementation. The security analysis of 
the scheme is presented in Sect. 5. Experimental results and analysis are given in Sect. 6. 
Finally, Sect. 7 summarizes the paper. 

2 Prime Number Distribution Theorem 

A prime number is a natural number that is divisible only by 1 and itself. The distribution 
of prime numbers is regular in the aggregate, but locally, the occurrence of prime numbers 
appears to be random. The prime number theorem is the central theorem of the theory of 
prime number distribution, a proposition about the number of prime numbers, reflecting 
the asymptotic distribution of prime numbers in the positive integers is centered on 
Riemann’s formula, with Gauss’s formula as the upper limit of the normal distribution, 
which can also be called the theorem of the normal distribution of prime numbers. 

In the prime number theorem, for a positive real number x, define π(x) to represent 
the prime counting function, the value of π(x) is the number of primes that is not greater 
than x. As x → ∞, the asymptotic expression holds: 

π (x) � x 

ln x
�

∫ x 

2 

dt 

ln t 
(1) 

where π(x) is also an increasing step function of x, reflecting the infinity of the number 
of prime numbers. This also leads to an equivalent formulation of Euclid’s theorem: 

lim 
x→∞π(x) = ∞ (2)
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In this paper, the variation of image pixel values is studied mainly based on the 
theory of prime number distribution. The number of prime numbers contained in each 
natural number from 0 to 255 is divided into 54 pixel sets according to an increasing 
law, ensuring that there is only one prime number in each pixel set. In particular, 0,1 and 
2 are combined into one pixel set as shown in Table 1. 

Table 1. Approximate pixel set 

pixel values serial numbers pixel values serial numbers 

0, 1, 2 0 107, 108 27 

3, 4 1 109, 110, 111, 112 28 

5, 6 2 113–126 29 

7, 8, 9, 10 3 127, 128, 129, 130 30 

11, 12 4 131–136 31 

13, 14, 15, 16 5 137, 138 32 

17, 18 6 139–148 33 

19, 20, 21, 22 7 149, 150 34 

23–28 8 151–156 35 

29, 30 9 157–162 36 

31–36 10 163, 164, 165, 166 37 

37, 38, 39, 40 11 167–172 38 

41, 42 12 173–178 39 

43, 44, 45, 46 13 179, 180 40 

47–52 14 181–190 41 

53–58 15 191, 192 42 

59, 60 16 193, 194, 195, 196 43 

61–66 17 197, 198 44 

67, 68, 69, 70 18 199–210 45 

71, 72 19 211–222 46 

73–78 20 223, 224, 225, 226 47 

79, 80, 81, 82 21 227, 228 48 

83–88 22 229, 230,231, 232 49 

89–96 23 233–238 50 

97, 98, 99, 100 24 239, 240 51 

101, 102 25 241–250 52 

103–106 26 251–255 53
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3 Background 

The polynomial interpolation based threshold secret sharing scheme was first proposed 
by Shamir, the basic idea of the scheme is based on the fact that for k points in the plane, 
there exists a unique k − 1 polynomial. Using this fact, Shamir divides the secret S into 
n shares S1, S2, …, Sn and distributes them to n participants P1, P2, …, Pn such that it 
takes any k (1 < k ≤ n) or more participants to reconstruct the original secret data S. If 
the number of collected shares is less than k, no obtain any additional information about 
the secret data S. Shamir defines a k − 1 polynomial as follows: 

h(x) = c0 + c1x + c2x2 +  · · ·  +  ck−1x
k−1(mod p) (3) 

where the coefficient c0 is secret (c0 = S), p is a prime number greater than n, and the 
other coefficients c1, c2, …, ck−1 are randomly chosen elements from the number field 
Fp. The value of the function h(x) is modulo p computed. Finally, for each participant Pi, 
the points (xi, h(xi)) on the polynomial are given as shares, where xi ∈ Fp and for all i �= 
j, there is xi �= xj. During the reconstruction phase, when any k or more participants are 
gathered together, they will be able to reconstruct the above polynomials using Lagrange 
interpolation formulas, as follows: 

φ(x) =
∑k 

i=1 
h(xi) 

k∏
j=1 
j �=i 

x − xj 
xi − xj 

(mod p) (4) 

Then, the value of ϕ(x) at x = 0 is computed to obtain the secret c0 = S as follows: 

S = c0 = φ(0) = 
k∑

i=1 

h(xi)
∏k 

j=1 
j �=i 

−xj 
xi − xj 

(mod p) (5) 

Thien and Lin [12] proposed a new idea based on the secret sharing scheme. In Thien 
and Lin’s scheme, the secret image is first processed by substitution and then a secret 
sharing stage is performed to obtain the shadow image.Shamir in his scheme uses the 
first coefficient of a k − 1 degree polynomial as the secret and the remaining k − 1 
coefficients are chosen randomly from the interval [0, p − 1].Thien and Lin do not use 
random elements as the remaining of the polynomial’s k − 1 coefficients, but instead 
use the next k − 1 neighbouring pixel values as coefficients. In this way, the shadow size 
is reduced to 1/k times the size of the secret image. 

In this section, based on the above scheme, a new visual split storage scheme for 
colour images is proposed, which has the following advantages: 

(i) It can satisfy the case of a large number of participants, which solves the situation 
that the number of participants is larger than 256 or the selected prime number in 
most schemes and cannot be shared. 

(ii) It does not require preprocessing such as chaos mapping or random permutation of 
the secret image, which saves the computational overhead of the scheme. 

(iii) The ability to generate shadow images with smaller size saves space for storage 
and transmission of shadow images.
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4 The Proposed Scheme 

4.1 Double Mapping Encryption Algorithm 

The most commonly used 24-bit RGB colour images have three 8-bit colour channels, 
red (r), green (g) and blue (b). The pixel intensity of each colour component varies 
from 0 to 255. Since an RGB colour image is represented as an RGB triad (r, g, b), the 
combination of these three colour components has a total of 256 × 256 × 256, 16777216 
(= 224) different colour values. 

Firstly, according to the approximate pixel set shown in Table 1 in Sect. 2, the  three  
components of each pixel value of the colour secret image are mapped to the sequence 
number of the pixel value where they are located, e.g. mapping (26, 62, 199) results in 
(8, 17, 45). So the mapped colour image has a total of 157464 (=54 × 54 × 54) different 
colour combinations, which saves overhead for subsequent calculations. 

Then, define a new mapping f, f(r, g, b) = 542 * r  + 54 * g + b. Clearly f is single 
map. Moreover for any x (0 ≤ x ≤ 157464), there exists a unique combination (r, g, b) 
such that f(r, g, b) = x. 

Based on the above double mapping algorithm, combined with the polynomial dif-
ference based sharing scheme of Thien and Lin, the following k − 1 polynomials are 
defined: 

h(x) = c0 + c1x + c2x2 +  · · ·  +  ck−2x
k−2 + ck−1x

k−1(mod 157477) (6) 

where k − 1 pixels of the secret image are used to assign k − 1 coefficients of the 
polynomial, the coefficients c1,c2,…,ck−1 are the values of the colour image pixel values 
after bimapping, and the coefficients c0 (0 ≤ c0 < 157477) are chosen randomly to 
introduce randomness in the shaded image. The prime number p is chosen to be the 
smallest prime number larger than 157464 (Table 2). 

In Algorithm 1, it is important to note that: 

1. k − 1 pixel values are selected as one input at a time in step 1, corresponding to one 
pixel value for each shadow image, so the shadow image is 1/(k − 1) of the secret 
image. The size of the shadow image is M × N/(k − 1) since for the shadow images 
are arranged starting from columns. 

2. To enhance security, the first coefficient c0 is randomly assigned in step 6. 
3. steps 9–10 ensure that all shared values are not greater than 157464, thus avoiding 

the problem of overflow of pixel value components in steps 15–17. 
4. since each component of the pixel value of the generated shaded image is less than 

54 and the image is darker, step 14 is added for randomly generating a parameter to 
add a value to each component of the pixel value of the coloured image to make the 
generated share visible. 

4.2 Reconstruction Process 

In order to successfully reconstruct the secret image, at least k shadow images are 
required. Therefore, without loss of generality, assume k shadow images SC1, SC2, …,  
SCk. From these shared images, a series of polynomials are reconstructed using Lagrange 
interpolation, and the original secret image is obtained by recovering the polynomial 
coefficients in turn. The steps used in the reconstruction stage are as follows.
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Table 2. Colour image sharing algorithm 

1. a pixel value is selected from the k shaded images in turn, the parameter o is subtracted 
for each component of the pixel value, and then k values are obtained according to 
the function f(r, g, b) = 542 * r  + 54 * g  + b to construct a k − 1 st order polynomial, 
and the polynomial coefficients c1, c2, …, ck − 1 are computed. 

2. according to the inverse process of steps 3–4 in Algorithm 1, the sequence number 
of the approximate pixel set where each component of the k − 1 pixel values of the 
secret image is located can be obtained. 

3. according to the sequence number of each component, any one of the values in the set 
of approximate pixels in which it is located is selected as the recovered pixel value. 

4. after traversing all the shadow images, the original secret image can be recovered. 
From the recovery algorithm, it can be concluded that the algorithm is symmetrical 
between the process of dividing the memory and the process of reconstruction, and the 
algorithm is lossy due to the fact that any one of the values in the set of approximate 
pixels is selected as the recovered pixel value, but the quality of the recovered image 
is within the acceptable range.
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5 Security Analysis 

In order to verify that no information about the secret is revealed when there are less 
than k participants, this section demonstrates what happens when k − 1 participants will 
participate in the reconstruction. Suppose that the first k − 1 participants have the shared 
shares SC1 = [1, SC1(i, j)], SC2 = [2, SC2(i, j)], …,SCk−1 = [1, SCk−1(i, j)]. 

For k − 1 participants, the secret polynomial is unknown. However, the number of 
times the polynomial is known is k − 1. Therefore, for each fragment, the unknown 
polynomial is assumed to be of the form d0 + d1x + d2x2 + … + dk−1xk−1 (mod p). 
The goal of the participants was to find the unique d0, d1, d2, …, dk-2 to reconstruct the 
secret pixel of the fragment. 

Participants can then construct a k − 1 equation consisting of k unknowns di, i  = 0, 
1, …, k − 1 according to the following formula: 

⎧⎪⎪⎨ 

⎪⎪⎩ 

d0 + d1 × 1 + d2 × 12 +  · · ·  +  dk−1 × 1k−1 ≡p SC1(i, j) 
d0 + d1 × 2 + d2 × 22 +  · · ·  +  dk−1 × 2k−1 ≡p SC2(i, j) 

... 
d0 + d1 × (k − 1) + d2 × (k − 1)2 +  · · ·  +  dk−1 × (k − 1)k−1 ≡p SCk−1(i, j) 

(7) 

where there are k unknowns and the number of equations is k − 1. So it is necessary to 
guess the share of the kth participant correctly to obtain a unique solution to the system 
of equations. Since 0 ≤ h(x) ≤ 157464, the probability of getting the polynomial result 
correctly is 1/157464. Hence the probability of correctly guessing the entire secret image 

of size M × N is
( 1 
157464

)M×N 
k−1 . So if any  k  − 1 shared shares are obtained, it is almost 

impossible to uniquely determine the correct secret message. On the other hand, any k 
or more participants can uniquely recover the secret data. Therefore, it can be concluded 
that the secret image sharing scheme proposed in this chapter is computationally secure. 

6 Experimental Results and Analysis 

In this section, a colour image Lena of size 512 × 512 is used as the secret image 
as shown in Fig. 1(a) The threshold parameter k = 3, n = 5 is chosen and the value 
of random parameter o is 127. Thus, the size of each shaded image is 1/2 the size of 
the secret image as shown in Fig. 1(d)-(h). By collecting any three of the five shared 
shares, the original image can be recovered, as shown in Fig. 1(b), although the scheme 
is lossy, it cannot be discerned through the human eye, and the peak signal-to-noise ratio 
of the recovered image to the original secret image reaches 38.16 dB, with a structural 
similarity of 0.96. Meanwhile, Fig. 1(c) is the result of the combination of the shaded 
image 1 (SC1) and the shaded Image 2 (SC2) after reconstruction, demonstrating that a 
number of shared shares smaller than the threshold will not recover the secret image. The 
simulation results in this section demonstrate the effectiveness of the proposed image 
visual sharing scheme.
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Fig. 1. Experimental results of the (3, 5) threshold image sharing scheme 

Fig. 2. Histogram analysis results
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6.1 Histogram Analysis 

The histogram of a colour image shows the distribution of its pixel intensities, and the 
difference in bar heights shows the variation in the frequency of each pixel in the image. 
For a truly random image, these values are expected to be uniformly distributed in the 
interval [0, 255]. In order to ensure the security of the proposed scheme, we expect the 
shaded image to have similar characteristics as the random image. Figure 2(a), (c), (e) 
shows the histograms of the red channel, green channel and blue channel of the secret 
image Lena. Figure 2(b), (d), (f) on the other hand, combines each component of the 
five shaded image pixels into one histogram, and since the parameter o is 127, the pixel 
intensity interval changes from the original [0, 53] to [127, 180]. As can be seen in Fig. 2, 
the histogram corresponding to the shaded image is almost flat, and the height difference 
between the highest and lowest bars is small. The heights of these bars are almost the 
same, reflecting the uniform distribution of pixel values. Based on these results, it can 
be concluded that the shaded image shows no meaningful information that could reveal 
the secret image. 

6.2 Pixel Correlation Analysis 

In addition to histogram analysis, correlation analysis is another metric used to test the 
randomness of an image. It reflects the degree of correlation between two variables. 
Highly correlated pixels have an optimal value of 1 for the correlation coefficient, on 
the other hand, uncorrelated pixels have a correlation coefficient very close to zero. 

In order to calculate the correlation coefficient of a colour image, firstly, two 
sequences {xj}N j=1 and {yj}N j=1 of N pairs of neighbouring pixels are randomly selected, 
and then, the correlation coefficient of the two sequences is derived by using the following 
equation: 

ρx,y = 
1 
N

∑N 
i=1(xi − x)(yi − y)√(

1 
N

∑N 
i=1(xi − x)2

)(
1 
N

∑N 
i=1(yi − y)2

) (8) 

where x and y denote the mean values of x and y, respectively. In meaningful raw secret 
images, the correlation between neighbouring pixels is relatively high. In order to prevent 
being statistically analysed, the correlation between adjacent pixels must be reduced. 
For this reason, there is a need to propose a robust encryption algorithm to generate a 
random image in which the correlation between neighbouring pixels should be small or 
no correlation for improving security. 

In the experiment, a row of pixel values is randomly selected from the original secret 
image in Fig. 1(a) and the shadow image in Fig. 1(d), and the correlation coefficients 
in the three directions of Horizontal, Vertical and Diagonal are observed, as shown in 
Table 3. From the data in the table, it can be seen that the secret image is characterised 
by strong correlation between neighbouring pixels, while the correlation coefficient of 
neighbouring pixels in the shadow image is closer to zero, which indicates that the 
proposed algorithm perfectly eliminates the correlation between neighbouring pixels in 
the shadow image and satisfies the prerequisites of the secret sharing scheme.
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Fig. 3. Scatterplots of secret image and shadow image 

Figure 3 shows a scatter plot of pixel pairs for the secret image and a shaded image. x-
axis values represent the values of the pixels in a particular row, and the y-axis represents 
the values of the neighbouring pixels to the right of the pixel corresponding to the x-axis. 
The scatterplot visualises the relationship between the values of neighbouring pixels in 
an image. If two neighbouring pixel values are close, the point will be close to the 
diagonal and if the difference is large, the point will be far from the diagonal. It can 
be observed that in the meaningful secret image, almost all pixels accumulate along 
the line y = x, which indicates a high correlation between the values of x and y. The 
scatterplot of the shadow image shows that the pixels are close to the diagonal. However, 
the points on the scatter plot of the shaded image are randomly distributed with little or 
no correlation between the values of neighbouring pixels. This indicates that the image 
does not provide any meaningful information and looks like a random image. 

6.3 Entropy Analysis 

In order to measure the unpredictability of the information in an image, it can be evaluated 
using Shanon information entropy. It is used to calculate the amount of data contained 
in a digital image. A high value of entropy for a completely random image indicates that 
less information is revealed. For a given source m, the entropy E(m) is given by: 

E(m) = −
∑n−1 

i=0 
P(mi) × log2P(mi) (9) 

where the P(mi) value is the probability of occurrence of a given symbol mi in a given  
source m. Applied to the image domain, the symbol mi is the pixel value. For grayscale 
or colour images, the number of grey levels is n = 256. The ideal entropy value of a 
randomly generated image, E(m) is 8. From the point of view of security, the entropy 
value of the shadow image obtained by the share generation algorithm should preferably 
be close to the ideal value of 8. The entropy results for the colour components, R, G, 
and B, of both the original secret image and the shadow image are shown in Table 4. 
It is clear from the tabular data that the entropy values of the R, G, and B components 
of the shadow image are very close to the value 5.754. Since the algorithm generates 
only 54 different values for each component of the pixel values of the shadow image, it 
can be assumed that 5.754 (25.754 ≈ 54) is the ideal value of the entropy of the shadow 
image. Thus, our proposed scheme generates statistically random shares, illustrating the 
unpredictability of these shadow images.
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Table 3. Correlation coefficient of pixel values of secret image and shadow image 

Image Component Horizontal Vertical Diagonal 

Secret image R 0.9843202446 0.9922728755 0.9749304159 

G 0.9767414573 0.9876747850 0.9636965953 

B 0.9600837800 0.9757288531 0.9423053376 

SC1 R −0.0015753976 0.0014529780 −0.0007672264 

G −0.0014562086 −0.0025840600 0.0022319272 

B −0.0050985438 −0.0060153474 −0.0011226487 

SC2 R 0.0011808172 0.0011158157 0.0016152525 

G −0.0008833490 0.0001167807 0.0017657444 

B 0.0020872883 0.0061039862 −0.0026227192 

SC3 R 0.0031013061 0.0022077958 0.0036787304 

G −0.0006259095 0.0015829644 −0.0042509128 

B −0.0002434784 0.0011754490 −0.0051891249 

SC4 R 0.0019265673 0.0049449935 0.0024980655 

G 0.0040619898 0.0009630449 −0.0042391799 

B 0.0009245454 −0.0026276089 −0.0027307871 

SC5 R 0.0004803473 0.0035977616 0.0003895992 

G −0.0058247297 −0.0017924039 0.0013101470 

B −0.0037391158 0.0007805913 0.0011641809 

Table 4. Entropy values of each component of secret image and shadow images 

Image Component 

R G B 

Secret image 7.2381961853 7.5860556603 6.9440202728 

SC1 5.7544773236 5.7545622630 5.7546067756 

SC2 5.7545931252 5.7546720888 5.7544979204 

SC3 5.7547036853 5.7546235836 5.7546743805 

SC4 5.7545790551 5.7546160259 5.7546273126 

SC5 5.7545713310 5.7545760794 5.7545803016 

6.4 Similarity Analysis 

In this subsection, the similarity between the shadow images generated by the proposed 
secret image sharing scheme will be analysed. The Number of Pixels Change Rate 
(NPCR) and the Uniform Average Change Intensity (UACI) [13] are  the two  most



A Colour Secret Image Sharing Scheme 15

commonly used similarity metrics. They aim to measure the randomness between two 
random images. Suppose P1 and P2 are two images of size M × N. Then, the NPCR and 
UACI between P1 and P2 are as follows: 

NPCR =
∑

i,j D(i, j) 
M × N 

, D(i, j) =
{
1, P1(i, j) �= P2(i, j) 
0, Others 

(10) 

UACI = 1 

M × N
∑

i,j 

|P1(i, j) − P2(i, j)| 
255 

(11) 

Due to the special nature of the generated shadow images, it is necessary to replace 
255 with 53 in the denominator of the formula to obtain the UACI metric applicable to 
this algorithm. The five experimentally generated shadow images (Fig. 1(d)–(h)) were 
compared with each other, and Table 5 was obtained by averaging the 10 sets of calculated 
data. 

Table 5. NPCR and UACI values 

Channel Index 

Average NPCR (%) Average UACI (%) 

R 98.3141 33.2466 

G 98.7123 35.0567 

B 98.8001 35.3659 

The experimental data show that almost 98.3% of the pixels are different between 
the shaded images, and the UACI values of the R, G, and B components in the shaded 
images are all greater than 33.2%.The theoretical ideal values of NPCR and UACI are 
99.6094% and 33.4635%, respectively. The compression of the shadow image pixels 
results in the NPCR failing to reach the ideal value, but the UACI basically reaches the 
ideal state. 

Therefore, the shadow images generated by the proposed scheme are more random, 
acquiring one shadow image does not reveal any information about other shadow images, 
and the proposed scheme has relatively high encryption effect. 

To further verify the robustness of the shadow images generated by the scheme, the 
NPCR values and UACI values of each shadow image are compared with those of other 
shadow images, and these comparisons are analysed as data points. Figure 4 illustrates 
the distribution of a total of 30 data points, providing a visual basis for assessing the 
randomness and security of the shadow images. 

In the figure, the orange horizontal line represents the pass line of UACI, which 
is used to assess whether the intensity of pixel change meets the expected standard. 
By analysing the distribution of data points in the graph, it can be found that there 
are differences in the performance of different colour channels. The red channel has a 
relatively low UACI value and fails to achieve the desired pixel change intensity, while 
the green and blue channels have significantly higher pixel change intensities, indicating
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Fig. 4. NPCR values and UACI values of shadow images 

that the shadow images generated in these channels have better randomness. About two-
thirds of the data points in the figure lie above the UACI pass line, suggesting that most 
of the shading images have variation intensities within acceptable limits and meet the 
security requirements for image sharing. Although some points fail to reach the pass 
line, especially concentrated in the red channel, the overall results still show that the 
scheme has better performance in generating random shadow images. 

6.5 Pre-processing Analysis 

In traditional image visual memory splitting algorithms, the original secret image is usu-
ally not directly usable for generating a shared share, but needs to undergo an additional 
preprocessing step to convert it into a replacement image. This preprocessing process 
increases the computational overhead of the algorithm and reduces the overall efficiency. 

Figure 5 shows the shared images generated from the secret image and the permuta-
tion image, respectively, where (b), (c), (d), (e), (f) are the five shared images generated 
from the original secret image, and (h), (i), (j), (k), (l) are the shared images generated 
from the permutation image for the secret image. From the data in Table 6, it can be seen 
that the information entropy and correlation coefficient of the shadow images generated 
by this algorithm before and after image substitution are almost unchanged. This indi-
cates that the scheme proposed in this paper does not need to convert the secret image 
into a random image and can use the original secret image directly for share generation. 
This not only dramatically simplifies the process of the algorithm, but also reduces the 
computational complexity, making the scheme more efficient in practical applications. 
By eliminating the image replacement operation, this scheme achieves the optimisation 
of the share image generation process, while maintaining high information security and 
randomness of the share image.
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Fig. 5. Shares from the secret image and the permuted image 

Table 6. Entropy and Correlation Coefficient of shadow images generated before and after 
permuting the secret image 

Entropy-R Entropy-G Entropy-B Correlation 

SC1 Non-Permuted 5.754585 5.754567 5.754632 −0.000574 

Permuted 5.754534 5.754542 5.754636 −0.001390 

SC2 Non-Permuted 5.754584 5.754628 5.754663 −0.000313 

Permuted 5.754665 5.754628 5.754554 0.002736 

SC3 Non-Permuted 5.754675 5.754558 5.754609 −0.001050 

Permuted 5.754500 5.754650 5.754518 −0.000703 

SC4 Non-Permuted 5.754580 5.754611 5.754574 0.001062 

Permuted 5.754650 5.754570 5.754607 −0.001428 

SC5 Non-Permuted 5.754604 5.754653 5.754611 −0.000417 

Permuted 5.754615 5.754660 5.754646 −0.002667 

6.6 Comparison of Other Schemes 

In this section, the proposed scheme is compared with the classical colour image visual 
partitioning scheme and the results are shown in Table 7. Through the comparison, it can 
be concluded that the image visual split storage algorithm based on the prime distribution 
theory has advantages in several aspects. Firstly, the algorithm is able to generate smaller 
shadow image shares, which reduces the cost of storage and transmission. In addition, 
the scheme does not require complex preprocessing operations such as substitution, 
which simplifies the algorithm process and improves the operability and ease of use of 
the algorithm. More critically, the algorithm maintains a high level of effectiveness with 
a majority of participants sharing, and the reconstruction quality of the images remains 
within acceptable limits despite lossy recovery.
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Table 7. Comparison of different schemes 

scheme Lossless recovery Share size preprocessing Works if no. of 
participants > 157464 

Xiong [14] No 1 
k Yes No 

Prasetyo [15] No 1 No Yes 

Wang [16] Yes 1 
k−1 Yes No 

Proposed Scheme No 1 
k−1 No Yes 

Meanwhile, the algorithm proposed in this chapter also has obvious advantages 
in terms of computational efficiency. In the literature [17], the large prime number 
16777259 is used to perform modulo operation on the pixel values of the mapped 
secret image, while the scheme in this chapter only needs to perform modulo opera-
tion on 157477, which significantly reduces the computational complexity and saves the 
time overhead. This improvement not only makes the algorithm more efficient, but also 
reduces the demand for computational resources, making it more suitable for various 
practical application environments. 

In addition, in order to avoid the problem of pixel value overflow, this scheme will 
check the result after the polynomial modelling operation to remove the invalid shared 
values in the range of [157465, 157476]. The actual available shared value range is [0, 
157476] and the probability of generating an invalid shared value within this range can 
be calculated by the following equation: 

P(Invalid shared value) = 
157477 − 157465 

157477
× 100% ≈ 0.000762% 

It can be seen that the probability of generating an invalid shared value during the 
sharing operation is extremely low, about 0.00762%. This result indicates that the number 
of pixels that need to be regenerated with shared values during the whole sharing process 
is extremely limited, and thus hardly affects the sharing efficiency significantly. 

This low-probability invalid value generation characteristic ensures the stability 
and efficiency of the scheme when processing colour images. Compared with other 
algorithms that may require complex preprocessing or multiple iterations, this scheme 
improves the sharing efficiency while still maintaining effective protection against out-
liers, thus enhancing the robustness and reliability of the image visual memory splitting 
scheme in this chapter. 

7 Conclusion 

In this chapter, a new visual memory splitting scheme for color images is proposed, 
which utilizes an approximate pixel set and a set function f for the bi-mapping opera-
tion, allowing the parameters of the modulo operation to be drastically reduced. Through 
this optimization, the algorithm achieves a significant improvement in time efficiency,
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reduces the consumption of computational resources, and improves its feasibility in 
practical applications. Although the algorithm has a certain degree of loss on the recon-
structed secret image, its advantage is that the size of the generated shadow image is 
significantly smaller than that of the original secret image, a feature that not only reduces 
the storage and transmission costs, but also increases the flexibility of the scheme in prac-
tical applications. The experimental results further validate the performance advantages 
of the split-storage algorithm, showing that it outperforms the traditional scheme in 
handling the task of color image split-storage. 

The scheme shows obvious advantages in terms of time efficiency, the size of the 
generated shadow image and the complexity of the algorithmic process, providing an 
efficient and practical solution for color secret image sharing. 
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Abstract. This paper presents a novel approach to enhance the performance of 
Radial Basis Function Neural Networks (RBFNNs) for regression tasks through 
an innovative integration of Markov Chain Monte Carlo (MCMC) sampling 
with Fuzzy C-Means clustering. Traditional RBFNNs, while effective for var-
ious pattern recognition tasks, often face challenges in optimal placement of 
their radial basis functions. We address this limitation by introducing a hybrid 
methodology that combines the robust exploration capabilities of MCMC with 
the flexibility of fuzzy clustering. Our approach dynamically adjusts RBF cen-
ters based on both data distribution and regression performance metrics, utiliz-
ing cross-entropy loss as a key indicator for optimization. The proposed frame-
work incorporates a comprehensive learning strategy that includes strategic ini-
tialization of RBF centers, adaptive parameter adjustment, and weighted least 
square error estimation for coefficient optimization. Experimental results across 
multiple benchmark datasets demonstrate significant improvements in regression 
tasks compared to conventional RBFNNs implementations, while maintaining 
computational efficiency. 

Keywords: Radial basis function networks · Second Keyword · Third Keyword 

1 Introduction 

Artificial Neural Networks (ANNs) have emerged as powerful tools in pattern recog-
nition and machine learning, with Radial Basis Function Neural Networks (RBFNNs) 
representing a distinctive class of neural networks [1]. Unlike traditional multilayer per-
ceptron’s, RBFNNs feature a unique three-layer architecture: an input layer that receives 
data, a hidden layer with radial basis function neurons, and an output layer that generates 
the network’s response. The distinguishing characteristic of RBFNNs lies in their hid-
den layer, where each neuron implements a radial basis function, typically a Gaussian 
function, that responds to a local region of the input space.
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The fundamental principle of RBFNNs involves transforming input data through 
radial basis functions, which act as local receptive fields in the input space. Each RBF 
neuron produces its highest output when the input is near its center, with the response 
decreasing as the input moves away from the center [2, 3]. This localized response 
property makes RBFNNs particularly effective at function approximation. 

A fundamental challenge in RBFNNs design lies in the optimal positioning of 
Radial Basis Functions (RBFs) across the input domain. Traditional approaches typically 
employ unsupervised clustering techniques to position these functions by examining data 
distribution patterns [5]. However, this conventional methodology presents a limitation: 
while the network’s errors heavily depend on RBF positioning, the standard distribution-
based placement doesn’t directly address regression performance. Our research intro-
duces an innovative refinement approach that considers both data distribution patterns 
and regression error information to optimize RBF placement. 

Conventional clustering methods often pursue objectives that don’t align perfectly 
with the specific needs of RBFNN-based regression systems. Our approach begins with 
standard clustering for initial RBF placement but distinguishes itself by incorporating 
an iterative refinement process that leverages additional performance metrics to enhance 
regression accuracy. 

The cornerstone of our methodology is the utilization of cross-entropy loss to derive 
crucial performance indicators for each data instance. These indicators provide valuable 
insights into the network’s regression effectiveness, where lower cross-entropy values 
indicate superior regression outcomes compared to instances with higher values. We par-
ticularly focus on addressing data points with elevated cross-entropy values during RBF 
positioning. Our novel approach implements a Markov Chain Monte Carlo (MCMC) 
based Fuzzy C-Means clustering algorithm, which integrates sophisticated MCMC sam-
pling techniques with fuzzy clustering principles. This hybrid method enables compre-
hensive exploration of potential solutions while maintaining the adaptability of fuzzy 
logic, ultimately leading to more precise RBF placement that accounts for individual 
data point performance. 

The optimization of polynomial coefficient vectors represents another critical aspect 
of RBFNNs development. We address this challenge through the application of Least 
Square Error (LSE) estimation, where the weighting factors are derived from cross-
entropy loss calculations. The effectiveness of our proposed MFCM-RBFNNs is thor-
oughly evaluated using diverse machine learning datasets, demonstrating its practical 
applicability and performance advantages. 

The main contributions of this paper can be summarized as follows: 

• We propose an innovative clustering method that combines Markov Chain Monte 
Carlo sampling with FCM clustering for RBF center placement. This hybrid approach 
offers more robust and accurate center positioning compared to traditional clustering 
methods, as it can better explore the solution space while avoiding local optima 

• We develop a comprehensive framework that dynamically adjusts RBF parameters 
based on regression performance. This framework incorporates cross-entropy loss 
information to guide the optimization process, ensuring that the network architecture 
adapts to both data distribution and regression requirements.
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2 Radial Basis Function Optimized by Fuzzy C-Means Clustering 
and MCMC-Fuzzy C-Means Clustering 

2.1 Fuzzy C-Means Clustering Based Radial Basis Function Neural Network 

Let’s consider a dataset X = {x1,x2,· · ·, xN }, where xi ∈ Rp is the input vector and yi 
∈ R is the corresponding output for the ith sample, where p stands for the dimensionality 
of each input pattern and N is the number of data. The goal is to approximate the 
function f (X) such that y

∧

(X ) ≈ y for all samples. Apply FCM clustering on the training 
dataset to identify the centers of the radial basis functions. Unlike k-means, FCM assigns 
membership values uij that indicate the degree to which data point x belongs to cluster 
j, Minimize the following objective function to determine the cluster centers cj: 

J = 
n∑

i=1 

K∑

j=1 

um ij
∥
∥xi − cj

∥
∥2 (1) 

where m is the fuzzification parameter, K is the number of clusters, and uij are 
the membership values, ||.|| represents the Euclidean distance, m is the fuzzification 
parameter. 

The optimization of the objective function, denoted as (1), is executed through an 
iterative process. This process comprises two primary steps: the determination of mem-
bership degrees uij for each data point and the computation of cluster prototypes. These 
steps are performed alternately and recursively until convergence criteria are met or a 
predetermined number of iterations is reached. The membership degrees quantify the 
extent to which each data point belongs to each cluster, while the cluster prototypes 
represent the central tendencies or representative points of the clusters. This iterative 
approach allows for the progressive refinement of both the cluster assignments and the 
cluster characteristics, ultimately leading to an optimal or near-optimal solution that 
minimizes the objective function. 

The membership degree in a j-th cluster is calculated as 

uij = 1 
K∑

k=1

(‖xi−cj‖
‖xi−ck‖

) 2 
m−1 

(2) 

The cluster centers cj are updated based on the current membership values using the 
formula: 

cj = 

n∑

i=1 
um ij xi 

n∑

i=1 
um ij 

(3) 

The membership values uij and cluster centers cj are iteratively updated until con-
vergence, typically when the change in cluster centers between iterations is smaller than 
a predefined threshold (Fig. 1).
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Fig. 1. Radial Basis Function Neural Networks (RBFNNs). 

In a regression task, the goal of RBFNNs is to approximate an unknown function 
f : Rp → R that maps an input vector X ∈ Rp to a scalar output y ∈ R, such that f (X) 
+ ε, where ε is a noise term, RBFNNs accomplishes this by learning the parameters of 
a model consisting of weighted sums of radial basis functions. For each cluster center 
cj, calculate the radial basis function value ϕj (xi) for a given input xi using a Gaussian 
function: 

φj(xi) = exp

(

−||xi − cj||2 
2σ 2 j

)

(4) 

where σj is the width of the basis function for cluster j, often calculated based on the 
spread of points within that cluster. 

Construct the hidden-to-output layer connection weights using a linear model. The 
output y is given as a weighted sum of the radial basis function activations: 

y(x) = 
K∑

j=1 

wjφj(x) (5) 

where wj are the weights associated with each radial basis function. 
When applying the Least Squares Estimation (LSE) technique, this method mini-

mizes the error between the predicted output y(x) and the actual target values ytrue . The  
error E is expressed as: 

E = 
n∑

i=1 

⎛ 

⎝ytrue − 
K∑

j=1 

wjφj(xi) 

⎞ 

⎠ 
2 

(6)
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2.2 Markov Chain Monte Carlo Method Based-Fuzzy C-Means Clustering 

In the following sections, we develop the MFCM model and introduce a Markov-Chain 
Monte-Carlo (MCMC) method for parameter inference. MCMC methods work by con-
structing a Markov chain that has the desired probability distribution as its equilib-
rium distribution. In our context, we employ MCMC to estimate the parameters of the 
MFCM model, allowing us to handle complex posterior distributions and incorporate 
prior knowledge into our inference process [6]. 

The MFCM model is predicated on a joint likelihood function, with its objective 
function formulated as the negative logarithm of this joint likelihood. This formula-
tion adheres to the principle of maximum likelihood estimation, where minimizing the 
negative log-likelihood is equivalent to maximizing the likelihood itself [7] 

Q(X, U, K, C) = 
1 

K 

N∑

i=1 

K∑

j=1 

um ij
∥
∥xn − cj

∥
∥2 

− 
2 

K 

N∑

i=1 

K∑

j=1 

(αj − 1) log(uij) 

+ 
1 

K 

K∑

j=1 

(cj − µc)
T�−1 

c (cj − µc) + Penalty(K). (7) 

where the U is the membership degree matrix, K is the number of clusters, C is the cluster, 
α is the Dirichlet parameter, µ is the mean of the input data and

∑
c is the covariance 

matrix. 

3 Experimental Results 

3.1 Experimental Settings 

The operational parameters of the proposed MFCM-RBFNNs architecture are estab-
lished with specific values outlined in Table 1. These configurations were determined 
through extensive experimentation, aiming to explore the model’s capabilities across 
diverse regression tasks while maintaining practical computational requirements. The 
selected numerical parameters emerged from methodical experimentation, during which 
learning dynamics and convergence characteristics were carefully analyzed. 

To assess the performance of the algorithms, we record both the Root Mean Squared 
Error (MSE) across five runs. The RMSE is calculated using the formula RMSE = √
1/ntest

∑ntest 
i=1 (ytrue − y

∧

(xi))2, where ntest is the number of test samples, ytrue is the true 

output for sample i, and y
∧

(xi) is the predicted output. 

3.2 Performance Demonstration 

In this subsection, we will discuss the outcomes of numerical experiments conducted 
using the proposed MFCM-RBFNN model, as well as several baseline models. These
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Table 1. Parameter settings for proposed MFCM-RBFNNs 

Parameter Value 

Fuzzification Coefficient 1.1, 2.0, 3.0 

Number of Clusters 2, 3, 4, 5, 6, 7 

Dirichlet parameter 0.95, 2.0, 3.0 

Number of sampling iterations 50, 100, 150 

Table 2. Comparison results of conventional RBFNNs and proposed MFCM-RBFNNs 

Datasets RBFNNs MFCM-RBFNNs (Proposed) 

Training Testing Training Testing 

AutoMPG6 0.0785 ± 0.0024 0.0812 ± 0.0023 0.0658 ± 0.0041 0.0785 ± 0.0027 
Compactiv 0.0903 ± 0.0015 0.0921 ± 0.0047 0.0782 ± 0.0019 0.0791 ± 0.0035 
Ele-2 0.0168 ± 0.0002 0.0171 ± 0.0002 0.0145 ± 0.0004 0.0140 ± 0.0003 
Laser 0.0679 ± 0.0012 0.0708 ± 0.0021 0.0568 ± 0.0032 0.0585 ± 0.0035 
Wankara 0.0218 ± 0.0024 0.0241 ± 0.0001 0.0185 ± 0.0003 0.0209 ± 0.0002 

experiments were carried out on five real-world datasets sourced from UCI [8] and KEEL 
[9]. 

Table 2. Shows the results of our numerical experiments demonstrate that the MFCM-
RBFNN model significantly outperforms the baseline models across all five datasets. 
This enhanced performance can be attributed to the model’s ability to effectively capture 
complex patterns in the data through its integration of fuzzy clustering and radial basis 
functions. By leveraging the strengths of MFCM, the MFCM-RBFNN model exhibits 
improved robustness and adaptability, leading to more accurate predictions and a reduc-
tion in error rates. These findings highlight the model’s potential for applications in 
various real-world scenarios, underscoring its effectiveness in handling diverse datasets. 

4 Conclusions 

In conclusion, the proposed RBFNN model enhanced with Markov Chain Monte Carlo-
based Fuzzy C-Means (MFCM-RBFNN) demonstrates significant improvements in per-
formance across various datasets. By integrating the strengths of radial basis functions 
and MCMC with fuzzy clustering, MFCM provides a more nuanced understanding of the 
data distribution, allowing for the identification of optimal RBF locations that better rep-
resent the underlying patterns in the dataset. This strategic initial positioning enhances 
the overall performance of the model, ensuring that the RBFs are well-placed to capture 
the complexities of the data accurately. This research paves the way for further explo-
ration and refinement of hybrid models that leverage the benefits of both fuzzy clustering 
and advanced sampling techniques.
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Abstract. With the wide application of IoT devices, the proliferation of vulnera-
bility information poses a serious challenge to cyber security. Vulnerability clas-
sification, as an important application of natural language processing technology 
in cybersecurity, aims to extract key features from vulnerability descriptions and 
classify them to help security managers quickly identify and fix vulnerabilities. 
Traditional dimensionality reduction methods such as TF-IDF, despite reducing 
algorithmic complexity, have limited understanding of semantics and context and 
are prone to ignore some important information. In recent years, statistical meth-
ods such as information gain and chi-square test have been introduced to improve 
feature extraction, but there are still problems such as high-dimensional sparse data 
dependency. The rise of deep learning techniques, especially the application of 
word embedding and pre-trained language models, has dramatically improved the 
accuracy and robustness of vulnerability classification and alleviated the limita-
tions of traditional methods. Combined with artificial intelligence techniques, vul-
nerability classification is developing in a more efficient and intelligent direction, 
providing strong support for IoT cybersecurity. 

Keywords: Dimensionality Reduction · NLP · Vulnerability classification 

1 Introduction 

With the massive number of devices accessing the Internet of Things (IoT), all kinds of 
vulnerability information continue to emerge, bringing increasingly severe challenges to 
network security. These vulnerabilities may become the entrance for hacker attacks, thus 
threatening personal privacy, data security and even the stability of the whole IoT system 
[1]. Therefore, effective management and application of vulnerability information and 
timely mastery of the latest vulnerability situation are crucial to guarantee network secu-
rity. Vulnerability classification [2] can discover vulnerability information in a timely 
manner and help network security managers to quickly identify vulnerabilities so that 
timely measures can be taken to prevent and repair vulnerabilities. 

Vulnerability classification is actually the application of natural language processing 
techniques to the field of cyber security [3] to help vulnerability analysis. Vulnerability 
databases usually store vulnerability versions, numbers, vulnerability descriptions and 
other information, in which the vulnerability information described in natural language
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contains key features to distinguish the vulnerability categories. Therefore, the essence 
of vulnerability classification is to extract key features from vulnerability descriptions 
and categorize this information into predefined categories. Dimensionality reduction 
processing is a key step in vulnerability classification, which aims to convert natural 
language text into structured features that can be processed by the model. However, 
traditional dimensionality reduction processing methods, such as the TF-IDF algorithm 
[4], reduce the complexity of the algorithm by filtering keywords that have a low fre-
quency in the corpus and a high contribution to the content of the document, but may 
ignore words that are more common in the full text but have a high impact on a particular 
paragraph. 

Other statistical methods, although capable of filtering the contribution of classifica-
tion results by measuring features, are still limited by the inherent problems of statistical 
methods. With the rise of deep learning technologies, natural language processing [5] 
capabilities have been significantly improved, providing new solution ideas for vulnera-
bility classification tasks. Deep learning-based feature extraction methods, such as word 
embedding techniques and pre-trained language models, are able to capture richer con-
textual semantics and inter-word relationships, thus significantly improving the accuracy 
and robustness of classification. The introduction of these methods not only effectively 
alleviates the limitations of traditional methods, but also promotes the development of 
vulnerability classification in a more efficient and intelligent direction. 

2 Definition and Related Techniques of Dimensionality Reduction 
Processing 

2.1 Basic Definition 

Dimensionality reduction processing is a core step in data processing [6] and pattern 
recognition, where the goal is to extract meaningful features from raw data and transform 
the data into a form that can be understood and processed by machine learning models. 
These features can be regarded as the core patterns or attributes of the data, reflecting 
important information about the data, and are a key factor in improving the performance 
of algorithms. 

Dimensionality reduction technology is widely used in image processing, speech 
processing and text processing, etc. Through dimensionality reduction processing, data 
dimensionality can be reduced, algorithm operation efficiency can be improved, impor-
tant information can be retained, helping the model to more accurately identify data 
patterns, and improving classification, clustering and prediction capabilities. 

Vulnerability classification is the process of categorizing and tagging some known 
vulnerability information according to some formulated system or criteria, and then 
categorizing the vulnerability information that needs to be classified into one or more 
categories. In this process, most of the work is automated through advanced technologies 
such as machine learning and natural language processing. The specific vulnerability 
classification process is shown in Fig. 1, where the vulnerability text is first preprocessed, 
and then data dimensionality reduction is performed to obtain low-dimensional data and 
vector representation. Next, the vector-represented dataset is divided into a training
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set and a test set, and the training set is input into the classifier for training, and the 
appropriate classifier parameters are obtained through iterative adjustment, and then the 
test set is input into the classifier to obtain the classification results. 

Fig. 1. Vulnerability classification process. 

Vulnerability Information usually exists in an unstructured form, and analyzing it 
directly using these data may face computational difficulties. Therefore, the core task 
of feature extraction lies in converting unstructured text into a numerical form that can 
be handled by models, such as vectors or matrices. This process is not only the basis of 
text analysis, but also an important means to improve model performance. 

The first task of text feature extraction is to transform the text content into a numer-
ical representation that can be understood by the model. For example, Bag of Words 
(BoW) is one of the most common representations, which generates a high-dimensional 
sparse vector for reflecting the overall content of the text by counting the frequency of 
occurrence of words in the document. In addition, TF-IDF (Word Frequency-Inverse 
Document Frequency) further improves the BoW method by reducing the weight of 
high-frequency common words and highlighting rare but important keywords. 

In addition to representing text content, extracting key patterns in text is also an 
important goal of feature extraction. These patterns may include words, phrases, syntac-
tic structures, or even higher-order semantic relationships. In sentiment analysis tasks, 
extracting sentiment vocabulary and intonation patterns, on the other hand, can better 
determine the sentiment tendency of a text. The introduction of deep learning tech-
niques further enhances the pattern capturing capability. For example, Convolutional 
Neural Networks (CNN) are able to extract local patterns in text, such as key phrases,
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while Recurrent Neural Networks (RNN) and their variants (e.g., LSTM, GRU) are good 
at capturing sequential relationships in text. 

Text data often contains noisy information that is irrelevant to the analysis, such as 
stop words (e.g., “the”, “and”, etc.), punctuation marks, or spelling errors. If these data 
are used directly for modeling, it may increase the computational burden or even inter-
fere with the model’s judgment. The feature extraction process can significantly reduce 
the noise interference by deactivating word filtering, stemming (e.g., Porter or Lancaster 
algorithms), and spelling correction. In addition, feature selection techniques (e.g., meth-
ods based on information gain or mutual information) can filter out the most valuable 
features for the target task, thus further improving the efficiency and performance of the 
model. 

2.2 Related Technologies 

Feature Extraction. The process of feature extraction is a crucial task that runs through 
various stages of text processing, aiming to transform raw text data into numerical feature 
representations suitable for processing by machine learning or deep learning models. 
This process usually needs to be refined at multiple levels, including text preprocessing, 
feature generation, feature selection, and context-sensitive feature extraction. 

In the text preprocessing [7] stage, the data is cleaned and normalized to ensure a good 
foundation for subsequent feature extraction. This segment includes operations such as 
word separation, deactivation removal, and word shape normalization, which aims to 
transform complex text into controllable basic units, making subsequent processing more 
efficient. 

Segmentation is the process of breaking down text into its smallest basic units (such 
as words or phrases) so that they become the basis for subsequent processing. In English, 
word segmentation usually relies on spaces or punctuation marks to divide words; while 
in Chinese, due to the lack of clear word boundaries, it usually needs to be accomplished 
with the help of a segmentation tool (e.g., Jieba). The accuracy of segmentation is 
crucial to the effectiveness of feature extraction. For example, In Table 1, the results of 
the segmentation of a particular piece of vulnerability information are presented. 

Table 1. Comparison of results before and after word segmentation 

Before After 

Text = “F5 BIG-IP是一款集成了网络流量 
管理、负载均衡等功能的应用交付平台。” 

F5/ /BIG/-/IP/是/一款/集成/了/网络流量/管 
理/、/负载/均衡/等/功能/的/应用/交付/平 
台/。 

Discontinued words are those words that occur frequently but contribute less to the 
semantics of the text (e.g., “the”, “is” in English, “的” in Chinese, “了” in English,  
‘的’ and ‘了’ in Chinese). By removing these words, the data noise can be reduced 
and the efficiency and quality of feature extraction can be improved. After filtering the
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Table 2. Comparison of results before and after Comparison before and after filtering of 
deactivated words 

Before After 

F5/ /BIG/-/IP/是/一款/集成/了/网络流量/管 
理/、/负载/均衡/等/功能/的/应用/交付/平台/ 
。 

F5/BIG/IP/集成/网络流量/管理/负载/均衡/ 
功能/应用/交付/平台 

deactivated words for the partitioning results obtained in Table 1, the results shown in 
Table 2 can be obtained. 

In order to solve the problem of feature dispersion of words due to word form changes, 
different forms of words can be unified into a root or basic form by stem extraction or 
word form reduction. For example, the words “studying” and “studies” are united as 
“study” through morphological normalization, thus reducing redundant features. 

Feature Generation. The next session of feature generation [8] represents the pre-
processed text data into a numerical form. The patterns in the language are abstracted 
into vectorized representations by employing methods such as Bag of Words (BoW) 
model, TF-IDF or Topic Modeling, which facilitates the model to understand the patterns, 
semantics and statistical properties in the text. 

BoW [9] modeling generates a fixed-length vector by mapping words in a text to a 
fixed vocabulary (dictionary) and counting the frequency of each word in the text. The 
method ignores word order and syntax and focuses only on whether words occur and 
how many times they occur. 

Term frequency-inverse document frequency (TF-IDF)) is a weighting technique 
widely used in the field of text mining [10], which is used to quantify the importance of 
a word for a particular document in a document collection or corpus. In text categorization 
tasks, TF-IDF is used as a feature vector of a document to help the model identify the 
keywords in the document and aid in document categorization. 

When processing text data, TF-IDF algorithm has the advantages of simplicity, effec-
tiveness, and wide applicability, so it is widely used. However, TF-IDF mainly focuses 
on the importance of words in the whole document, ignoring the order and contextual 
relationship between words. Therefore, TF-IDF usually needs to be paired with other 
methods to compensate for its limitations and improve the effectiveness and accuracy 
of text processing. 

Feature Selection. Feature selection is a key step in filtering the generated high-
dimensional features, aiming at removing redundant information and retaining only 
the most important features for the target task. This both improves model efficiency and 
helps reduce computational complexity. Commonly used methods include information 
gain, chi-square test. 

Information Gain (IG) is an important concept in machine learning and information 
theory [11] and is used to measure how informative a feature is for a given task. It 
works by selecting the most informative feature by measuring the feature’s ability to 
discriminate between classification tasks.
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The IG is calculated based on entropy, which is regarded as a measure of the degree of 
chaos or uncertainty in a system [12]. A system is usually said to have high entropy if it has 
many possible states and each state has the same probability of occurring. The greater the 
information gain, the more significant the feature is in distinguishing the classification, 
and therefore it is preferentially retained. For example, in text categorization, the word 
“virus” has a higher information gain for texts on the topic of computer security, while 
“file” may contribute less. 

The chi-square test is a statistical method for measuring the correlation between 
features and categories and assessing their significance by calculating the difference 
between the actual distribution of features and the expected distribution. The stronger 
the correlation between features and categories, the larger the chi-square value, and the 
more significant the contribution of features to the classification task. For example, in 
spam categorization, the term “winning the lottery” has a high chi-square value with the 
spam category, which indicates that this term is important for distinguishing spam. 

Finally, entering the context-sensitive feature extraction stage, modern natural lan-
guage processing techniques such as word embedding (Word2Vec) or pre-trained lan-
guage models based on deep learning (BERT, GPT) are able to capture richer contextual 
semantics, dynamically generate feature representations, and overcome the limitations 
of traditional methods that cannot handle contextual information. 

Word embedding is to map words into a low-dimensional dense vector space to cap-
ture semantic similarities and contextual relationships. For example, there is a semantic 
translation relationship between the vectors of “king” and “queen”. 

Pre-trained language models are deep learning-based pre-trained models capable of 
generating context-sensitive feature representations that not only consider the semantics 
of the words themselves, but also dynamically adjust the representations with the context. 
For example, in the sentence “The bank has a beautiful view of the river”, BERT can 
accurately distinguish whether “bank” is a financial institution or a geographical location. 

Through these multi-level processing steps, feature extraction can transform unstruc-
tured text into structured and information-rich numerical representations, providing 
a solid foundation for a variety of text analysis tasks, while achieving significant 
improvements in efficiency and accuracy. 

3 Research on Key Technologies 

With the wide application of high-dimensional vulnerability datasets, the problem of 
processing high-dimensional data has gradually emerged, and the increase of compu-
tational complexity and storage space poses a serious challenge to the efficiency of 
classification models. Therefore, how to process datasets for dimensionality reduction 
has become the focus of research. Feature selection and feature extraction are the two 
main methods for dimensionality reduction, and researchers have carried out extensive 
exploration and innovation in these two aspects. 

Feature Selection Related Research. Research in feature selection has focused on 
filtering the most relevant features from raw data so as to improve the classification 
ability and computational efficiency of the model while reducing the dimensionality of
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the data. Researchers have made significant progress by improving the feature screening 
mechanism and increasing the consideration of data characteristics. 

Yang et al. [13] proposed a feature selection algorithm for document frequency in 
1997, which realizes the purpose of reducing the dimension of the feature set by removing 
the features that are below a certain threshold, which is simple and easy to operate, but 
is not effective when dealing with complex nonlinear data. Nevertheless, this algorithm 
lays the foundation for feature selection and provides useful inspiration for subsequent 
research. 

In order to address the shortcomings of the document frequency-based algorithm in 
nonlinear data processing, subsequent researchers have attempted to incorporate more 
data correlation analysis methods in the feature selection process to further explore 
the complex relationship between features and target labels. Zhenhai Zhang et al. [14] 
proposed an information entropy-based multi-label feature selection algorithm in 2013, 
which quantifies the contribution of features to target classification by calculating the 
information gain between features and label sets. 

The algorithm performs well in dealing with direct associations between features 
and labels, but has limitations in dealing with interconnections between features. When 
there are highly correlated features in the feature set, the algorithm may not be able 
to accurately identify and fully utilize the relationships between these features, thus 
limiting its effectiveness in complex data scenarios. 

Zhou et al. [15] proposed a feature selection method based on mutual information 
of correlation coefficients in 2022, which successfully filtered out features with higher 
information content by calculating the absolute value of correlation coefficients between 
features. By calculating the correlation metrics between features, such as mutual informa-
tion and correlation coefficient, this method can effectively identify redundant features 
and retain those features that have an independent and important role in the classifi-
cation task. This mechanism of comprehensively considering the relationship between 
features can further optimize the quality of the feature set while ensuring the validity of 
the features, and significantly improve the performance and generalization ability of the 
model, thus showing greater advantages in the processing of high-dimensional datasets. 

Alsahaf et al. [16] in 2022 proposed an innovative feature selection framework in 
conjunction with the tree augmentation model, focusing on addressing the impact of 
highly redundant feature sets on classification performance. The method achieves more 
accurate feature selection by re-weighting the samples to enhance the model’s focus on 
key features. This innovative design combining sample weighting and tree enhancement 
model not only provides a new idea for the optimization of feature selection methods, but 
also injects new vitality into the field of high-dimensional data processing and further 
promotes its wide application in text classification, image recognition, and other complex 
tasks. 

Feature Extraction Related Research. Compared to feature selection, feature extrac-
tion captures richer information in the data by generating new features. These methods 
seek to retain key patterns in the data while reducing its dimensionality to improve 
the performance of classification and clustering tasks. Researchers have continued to 
improve the performance of feature extraction algorithms by introducing techniques 
such as clustering, statistical analysis and deep learning.
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Lewis et al. first applied the mutual nearest neighbor clustering method to text feature 
extraction in 1992, where feature words were grouped and clustered by calculating the 
similarity between words. This method provides important theoretical and practical 
insights for text feature extraction, and its main advantage lies in its ability to reduce 
redundant features through similarity analysis, and to a certain extent improves the 
model’s understanding of the thematic structure of the text. However, with the increase 
of data dimensions and the widespread existence of nonlinear features, the applicability 
of the method in high-dimensional complex data scenarios appears insufficient [17]. To 
cope with this problem, researchers have tried to combine statistical analysis methods 
on this basis to further improve the generality and performance of the algorithm. 

Rahman et al. [18] proposed a feature extraction method combining principal compo-
nent analysis (PCA) and t-statistic in 2020, focusing on the analysis and dimensionality 
reduction of electroencephalographic emotion signals (EEG). The method reduces the 
dimensionality of signal features through PCA, which reduces redundant data, while the 
t-statistic is utilized to filter out features with significant differentiation. In a series of 
experiments, the method demonstrated high accuracy and stability, effectively improving 
the performance of the classification model. However, the study mainly focuses on com-
monly used signal features and fails to fully explore the potential complex information 
in the data, which limits the performance of the algorithm in more complex application 
scenarios. 

To further optimize the feature extraction performance, researchers have begun to 
explore the fusion strategy of multiple algorithms. Li et al. [19] in 2022 proposed an inno-
vative approach combining Weighted Least Squares (WLS), Parametric Time-Frequency 
Analysis (PTFA), and Multi-Synchronous Compression Transform (IMSST). By inte-
grating the advantages of these three techniques, the method demonstrates excellent 
performance in feature extraction, especially when dealing with non-smooth signals. 
Compared with the traditional methods, the algorithm is able to gather signal energy 
more efficiently, while improving feature discrimination and model robustness. 

Ahmed et al. [20] in 2022 proposed a hybrid feature extraction method that combines 
differential entropy features and convolutional neural network (CNN) models to capture 
complex nonlinear features. This method utilizes deep learning to extract text global 
information while capturing local features through differential entropy, significantly 
improving the classification performance of emotion EEG datasets. 

4 Discussion 

Feature extraction and feature selection, as key aspects of data processing and machine 
learning, although have made significant progress in theoretical research and application 
practice, still face many challenges and urgent problems when dealing with complex 
real-world scenarios. These problems not only limit the application scope of existing 
methods, but also expose the inadequacy of current research in terms of theoretical depth 
and practical applicability. 

First of all, insufficient modeling of correlation between features is a common prob-
lem. Most of the existing methods focus only on the importance assessment of a single 
feature and ignore the potential interactions and redundancy that may exist between
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features. When dealing with data with highly redundant or strongly correlated features, 
this neglect may lead to the loss of key features or incomplete information extraction, 
which in turn affects the performance of the model. 

In addition, the challenge of collaborative modeling of multimodal data is becoming 
more and more prominent. In modern applications, data sources are often diverse (e.g., a 
combination of text, image, and speech), and how to effectively fuse the complementary 
information between these modalities in feature extraction has become an important 
issue. 

Finally, insufficient integration of domain knowledge and insufficient generalizabil-
ity and robustness are also of concern. In specific application scenarios, domain knowl-
edge can provide effective guidance for feature selection and extraction, but this has been 
neglected in many studies. Meanwhile, many algorithms have unstable performance on 
cross-domain data, and are even more prone to fail in the face of noisy or anomalous 
data. 

To address these challenges, future research needs to pay more attention to model-
ing interactions between features in algorithm design, improve the handling of nonlinear 
data, develop feature fusion methods for multimodal data, and optimize the computa-
tional efficiency and robustness of algorithms. Through these efforts, feature extraction 
and selection techniques will show greater potential for application in more complex 
and diverse scenarios. 

5 Conclusion 

Vulnerability classification, as an intersection of natural language processing and cyber 
security, has made significant progress in recent years. However, traditional dimension-
ality reduction methods still have problems such as insufficient semantic understand-
ing and limited ability to process high-dimensional sparse data when facing complex 
and diverse vulnerability information. The introduction of deep learning techniques has 
injected new vitality into this field, which can significantly enhance the ability to cap-
ture semantic and contextual information in vulnerability descriptions and improve the 
accuracy and efficiency of classification through methods such as word embedding and 
pre-trained language models. The development of these techniques not only makes up 
for the limitations of traditional methods, but also provides a more intelligent solution 
for security in the IoT environment. In the future, comprehensive research combining 
deep learning and security management system will further promote the application of 
vulnerability classification technology and provide comprehensive support for network 
security protection. 
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Abstract. This study proposes an anomaly data cleaning method for wind power 
generation data, addressing issues caused by equipment failures, unstable weather 
conditions, and data collection module errors. To overcome the limitations of the 
traditional LOF algorithm—which primarily detects locally sparse outliers but 
struggles to distinguish anomalies in global datasets where there is no clear dis-
tinction between normal and anomalous data—an iForest-LOF weighted fusion 
algorithm is introduced. This method enhances the identification of outliers in the 
entire dataset. Moreover, Mahalanobis distance is employed to optimize the LOF 
algorithm, with the covariance matrix improving the consideration of feature cor-
relations, thereby increasing the accuracy of anomaly detection. After anomaly 
detection with MLOF-iForest, the identified anomalous data is treated as a missing 
value imputation problem. The RF algorithm is then applied to explore the implicit 
relationships between weather features and wind power generation, thus address-
ing the limitations of traditional KNN algorithms, which struggle to reconstruct 
large continuous segments of anomalous data by only considering neighboring 
outliers. Case studies demonstrate that the proposed wind power data recognition 
and reconstruction method effectively cleans the data, providing a high-quality 
dataset for subsequent wind power forecasting. 

Keywords: Wind power prediction · Data Fusion · Machine Learning · Random 
Forest · Outlier Detection 

1 Introduction 

With the rapid expansion of the wind power market and the growing maturity of big 
data analytics, the value of wind power operational data has gained significant attention. 
Research on wind power data has become a key area of interest [1]. By analyzing the 
measured wind speed and power data from a specific turbine, the turbine’s wind speed-
power curve can be derived. This curve is essential for evaluating turbine design, site 
selection, power generation capacity, and estimating energy loss [2]. However, these 
measured curves often exhibit chaotic distributions and contain numerous outliers [3], 
primarily due to two factors: 1) faults or interference during data collection, which leads

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
B. Xu and J. Qiu (Eds.): ICCCS 2024, CCIS 2516, pp. 37–46, 2025. 
https://doi.org/10.1007/978-981-96-7438-1_4 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-96-7438-1_4&domain=pdf
https://doi.org/10.1007/978-981-96-7438-1\sb {4}


38 P. Du and Y. Du

to abnormal or missing data [4]; and 2) data anomalies arising from wind curtailment 
due to limited wind power acceptance capacity [5]. As a result, the measured wind 
speed-power curves may not accurately reflect the turbine’s true operating conditions 
[6]. Identifying and addressing anomalies in raw wind speed and power data collected 
by SCADA systems is therefore crucial. 

This paper proposes an enhanced LOF-iForest algorithm for anomaly detection in 
wind power data, addressing the limitations of the traditional LOF algorithm, which 
often focuses too much on local anomalies while neglecting global data patterns. By 
integrating the iForest algorithm, the method better captures deeper structures within 
the data’s global distribution. Given the high volatility of wind power sequences, the 
method combines the strengths of MLOF and iForest in a weighted ensemble approach, 
reducing the impact of fluctuations on anomaly detection and improving efficiency for 
volatile datasets. 

Additionally, recognizing the strong correlation between wind power and wind speed, 
this paper applies the Mahalanobis distance to optimize distance calculations between 
data points, enhancing feature correlation measurement. This improves the model’s abil-
ity to detect relationships between features, leading to more accurate distance estimations 
and better generalization. Finally, anomalies identified by the MLOF-iForest algorithm 
are treated as missing values and reconstructed using the Random Forest (RF) algo-
rithm, overcoming the limitations of traditional KNN algorithms, which struggle with 
large, contiguous regions of anomalous data. Case studies demonstrate that the pro-
posed method effectively cleanses wind power data, yielding a high-quality dataset that 
enhances prediction accuracy. 

2 Wind Power Anomaly Detection in Wind Farms Based 
on MLOF-iForest 

Compared to algorithms like LOF, which detect wind power anomalies based on density 
characteristics, the Isolation Forest (iForest) algorithm combines multiple base learners 
to mitigate the errors of individual learners by compensating for their respective short-
comings, thus enhancing the overall performance of the anomaly detection model. Given 
a wind power dataset X, the anomaly detection process using iForest is divided into two 
main steps: 

Fig. 1. Normal and outlier data points in 2D space.
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(1) Construct an isolated forest F, s is the number of internal binary trees 

F = {f1, f2, ...,fi} (1) 

where f i is a binary tree, i = 1, 2, …, s. 
Step 1: m data points are randomly selected from the dataset X = {x1, x2, …,  xn} to  

form a subspace. 
D = {x1, x2, …,  xm}, which is then used as the training data for the root node of a 

binary tree. 
Step 2: A data feature α is randomly selected from subspace D, and a splitting point 

τ is randomly chosen within the sample range of that feature, where τ lies within the 
interval [αmin, αmax]. In the case of a two-dimensional space, the process by which the 
Isolation Forest algorithm separates normal points from outliers is illustrated in Fig. 1. 

Steps 1 and 2 are recursively applied to the child nodes of both branches until the 
data can no longer be further split or the tree depth reaches the predefined limit, resulting 
in the construction of a complete Isolation Forest F. 

(2) The anomaly degree δ of the data point x in dataset X is calculated and 
assessed. 

δ(x, m) = 2−E[L(x)]/c(m) (2) 

where, L(x) denotes the node depth of the data point x in the binary tree, E[L(x)] rep-
resents the average path length of x across s trees, and c(m) refers to the average path 
length of a tree constructed from m points, as expressed in Eq. (3). 

c(m) = 2H (m − 1) − [2(m − 1)/m] (3) 

H (ϕ) = lnϕ+A, AisEulerconstant (4) 

As illustrated in Fig. 2, during the construction of iForest, most outliers are identi-
fied in the early stages of hyperplane partitioning, offering high computational efficiency 
for high-dimensional datasets. However, iForest constructs isolation trees by randomly 
selecting features and data points, focusing on the degree of separation in the overall data 
distribution, which results in poor performance when detecting local anomalies. Addi-
tionally, the performance and stability of the iForest algorithm are strongly influenced by 
the number of isolation trees. With a small number of trees, the overall distribution of the 
data is inadequately represented, leading to a decrease in anomaly detection accuracy. 

Since LOF primarily focuses on identifying anomaly clusters with lower density in 
local regions of the dataset, it often overlooks the global data distribution characteristics. 
This study utilizes Mahalanobis distance to optimize the calculation of distances between 
data points. Given the strong volatility of wind power sequences, and by combining the 
anomaly scores from both the LOF and iForest algorithms, an improved LOF-iForest-
based method for identifying wind power anomalies is proposed. The main steps are as 
follows:

1) Data points that are clearly anomalous are initially filtered using physical rule-based 
methods. The anomaly score SiForest is then calculated based on the global distribution 
of the wind power data using the iForest algorithm.
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Fig. 2. Diagram of iForest algorithm 

The isolation forest model is constructed with 100 binary trees. For each data 
point in the dataset, the path length within each tree (i.e., the depth from the root 
node to the data point) is calculated by traversing all trees. The average path length 
across all trees is then computed. Anomalous data points are identified by comparing 
their anomaly score to a predefined threshold, with data exceeding the threshold 
marked as outliers.

2) The LOF value SMLOF, considering Mahalanobis distance, is calculated based on the 
neighborhood information of wind power data points. 

In this study, Mahalanobis distance is used to quantify the relationships between 
the attributes of the data via covariance distance. Let the Euclidean distance between 
data points xi and xi be denoted as disto. The sample distance based on Mahalanobis 
distance in the LOF algorithm is expressed in Eq. (5). 

dist(xi, xj) = disto ×
√

(X − Y )T S−1(X − Y ) (5) 

where, T represents transpose, S is the covariance matrix, X and Y are the feature 
objects belonging to xj and xi in the sample respectively. 

3) The SiForest values obtained in step 2 are normalized. This normalization ensures that, 
when fused with the anomaly scores calculated by the iForest algorithm, the LOF 
values do not dominate the fusion process. 

SMLOF_nor = SMLOF (xi) − min(SMLOF (xi)) 
max(SMLOF (xi)) − min(SMLOF (xi)) 

(6) 

4) The weighted fusion anomaly score S is calculated by combining the anomaly scores 
from iForest with the LOF values, as shown in Eq. (7). The anomaly scores of all data 
points are then output and sorted in descending order. The proportion of anomalous 
data points within the entire dataset is set to 0.15, and the final set of anomalies is 
obtained. 

S = (1−ω)∗SiForest + ω ∗ SMLOF (7) 

where, ω represents the fusion weight, ω is set to 0.6. Given the higher randomness 
of iForest, a greater weight is assigned to the LOF values to more effectively capture 
the multiple local anomaly clusters in the wind power and wind speed scatter plots.
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3 Reconstruction of Anomalous Power Data in Wind Farms Based 
on RF 

After identifying anomalous data, the most convenient and efficient approach is typi-
cally to remove it. However, excessive removal of anomaly data can lead to the loss 
of valuable information, thereby diminishing the quality of the dataset. This results in 
the model’s inability to learn important features effectively, reducing its performance 
during both training and prediction, ultimately affecting prediction accuracy. Therefore, 
after anomaly detection, missing value reconstruction must be performed to preserve the 
integrity of the dataset and provide a foundation for subsequent research. 

For conventional electrical data missing value reconstruction, statistical methods 
have typically provided satisfactory results. However, for wind power data, which 
exhibits strong volatility and nonlinear characteristics, these methods perform poorly. 
Traditional statistical approaches fail to capture the correlations between wind power and 
meteorological data, thus missing the opportunity to uncover deep, hidden relationships 
for accurate imputation. This study, therefore, employs Random Forest (RF), which is 
capable of handling nonlinear distribution features and considering the interrelation-
ships among different features, to reconstruct anomalous wind power data. Let the wind 
power dataset be denoted as D, which includes feature variables such as wind speed, wind 
direction, temperature, humidity, and pressure, along with the target variable, power. The 
specific steps for anomaly reconstruction are outlined as follows: 

The original dataset is partitioned into two subsets: one containing samples with 
power values and the other containing samples with missing values. The anomaly dataset 
is designated as the test set Dtest for the Random Forest model, while the remaining 
normal data is used as the training set Dtest. The two datasets are represented by Eqs. (8) 
and (9). 

Dtrain = (X1, Y ), (X2, Y ), (X3, Y ), (X4, Y ), (X5, Y ) (8) 

Dtest = (Xmiss_1, Y ), (Xmiss_2, Y ), (Xmiss_3, Y ), (Xmiss_4, Y ), (Xmiss_5, Y ) (9) 

where, X1 ~ X5 represent the five feature variables: wind speed, wind direction, temper-
ature, humidity, and air pressure, respectively. Y denotes the set of normal power data 
samples, and Xmiss_i refers to the i-th feature of the j-th sample, where the power value 
is missing. 

2) Use the training set Dtrain to build a random forest model RFmodel, the process of 
which is shown in Fig. 3. 

1. K sample subsets are randomly drawn from the training set with replacement. 

Dtrain_1, ...Dtrain_k = BootsrapSampling(Dtrain, k) (10) 

2. Random feature selection: α features are randomly selected from each training sample 
set to form the feature set, where α is smaller than the total number of features, A, in 
the original data.
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3. Generate multiple decision trees: Repeat the process of generating g decision trees 
based on the α selected features. Due to the random selection of features, each decision 
tree introduces variability and increases the diversity of the model. Therefore, pruning 
is not performed on the generated trees. 

4. Sample prediction: The generated decision trees are applied to make predictions on 
the test samples, and all results are recorded. 

5. Voting decision: The voting results from all decision trees are counted, and the model 
with the highest number of votes is selected as the final decision. 

3) The trained random forest model is used to predict the power values of the sam-
ples in the test set, yielding the fitting results of the random forest and subsequently 
reconstructing the wind power anomaly data one by one.

�

Y miss = RFmodel(Xmiss) (11) 

Dtest_filled = {(Xmiss_1,
�

Y miss), (Xmiss_2,
�

Y miss)· · ·, (Xmiss_5,
�

Y miss)} (12) 

Fig. 3. Diagram of random forest 

4 Case Study 

To ensure the accuracy and completeness of the data input into the prediction model, the 
original dataset undergoes data cleaning. First, the method of combining the Mahalanobis 
distance-optimized LOF algorithm and the iForest algorithm is used to identify abnormal 
wind power data. Second, an anomaly dataset is constructed based on the identification 
results, and the reconstruction of abnormal data is treated as a missing value imputation 
problem, utilizing Random Forest (RF) to reconstruct the data within a reasonable range. 
To clearly demonstrate the effectiveness of the data cleaning process, the results of the 
data preprocessing are comprehensively evaluated from three perspectives: the wind 
power-wind speed scatter plot, the wind power output line chart, and the wind power 
prediction error calculation. 

Figure 4(a) and 4(b) present the abnormal wind power data recognition results from 
the RANSAC algorithm and the single LOF algorithm. From the figures, it is evident that
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Fig. 4. NSAC algorithm/LOF algorithm anomalous data identification results 

RANSAC successfully identifies a larger number of discrete data points and wind turbine 
downtime data points. However, it also mistakenly identifies some wind speed sensor data 
points as anomalies. This occurs because abnormal wind power data points are often 
clustered or sparsely distributed locally, and RANSAC is not effective at identifying 
anomalies that are closely attached to normal data points. The algorithm is primarily 
designed for identifying linear sequence anomalies and tends to fall into local optima 
when dealing with nonlinear sequences. In addition, the single LOF algorithm places too 
much emphasis on local characteristics, making it difficult to identify vertical anomaly 
clusters, and it mistakenly classifies many normal data points as anomalies. 

Fig. 5. MLOF-iForest algorithm anomalous data identification results and RF anomaly data 
reconstruction results 

Figure 5(a) shows the results of abnormal wind power data identification using the 
combined MLOF and iForest algorithms. It can be observed that the proposed method 
demonstrates high efficiency in identifying various types of abnormal wind power data, 
including wind speed sensor anomalies, turbine downtime data, and other complex 
discrete data. Compared to the RANSAC and single LOF algorithms, the proposed 
algorithm more effectively identifies wind speed sensor anomalies and exhibits better 
handling of discrete data. 

Figure 5(b) illustrates the results after reconstructing the abnormal data identified by 
the MLOF-iForest algorithm using Random Forest. As shown in Fig. 5(b), the recon-
structed data closely approximates the ideal wind power curve. Table 1 shows that the 
MLOF-iForest algorithm has a lower removal rate than the LOF algorithm, causing 
less disruption to the original data while achieving better identification performance.
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Additionally, the computation time is significantly reduced compared to the RANSAC 
algorithm, which requires fitting polynomial coefficients. 

Table 1. The errors of three methods of wind power anomaly data identification 

Abnormal data identification method Rejection rate (%) Calculation time (s) 

RANSAC 8.09 29.26 

LOF 12.87 18.44 

MLOF-iForest 10.3 21.57 

Figure 6(a) shows a segment of wind power data before and after anomaly recon-
struction. It can be observed that, aside from the wind farm shutdown anomalies (where 
power is zero), which are reconstructed within a reasonable range, the discrete anoma-
lies caused by issues such as data collection system failures or extreme weather events 
show reduced fluctuations after reconstruction via the Random Forest (RF) method. The 
reconstructed curve appears smoother and more stable. Furthermore, Fig. 6(b) presents 
the reconstructed wind power vs. wind speed 2D scatter plot. As seen, the anoma-
lies are reconstructed within the reasonable fluctuation range of the wind power curve. 
These results indicate that the combined approach, which integrates anomaly detection 
based on the MLOF-iForest algorithm and anomaly reconstruction via the RF algorithm, 
effectively cleanses the wind power data. 

Fig. 6. Wind power curve after reconstruction of anomalous data and Scatter distribution before 
and after anomaly data reconstruction. 

Finally, to investigate the impact of the proposed anomaly data detection and recon-
struction method on wind power forecasting accuracy, training is performed on both the 
preprocessed and raw wind power datasets, followed by prediction on the original dataset. 
The prediction errors between the two datasets are then compared. The forecasting mod-
els used are commonly employed neural networks for time series data: CNN, LSTM, 
BiLSTM, and TCN. Table 2 presents the error evaluation metrics for the four forecasting 
models before and after data preprocessing. The results show a slight improvement in the 
accuracy of all wind power forecasting models. Specifically, the MAE decreases by up
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to 6.34%, the RMSE decreases by up to 6.76%, and the R2 increases by 0.52%. Based on 
the analysis of these performance evaluation metrics, the proposed MLOF-iForest-based 
anomaly data detection method, along with the RF-based anomaly data reconstruction 
method, effectively improves the quality of the wind power dataset, thereby enhancing 
the accuracy of wind power forecasting. 

Table 2. Prediction errors of four models before/after identification and reconstruction of outlier 
data 

Prediction model MAE(MW) RMSE(MW) R2 

Pre-data processing CNN 1.6785 2.6483 0.9416 

LSTM 1.5098 2.4089 0.9528 

TCN 1.5754 2.3927 0.9515 

BiLSTM 1.3796 2.1854 0.9598 

Post-data processing CNN 1.5948 2.5899 0.9441 

LSTM 1.4232 2.2959 0.9578 

TCN 1.5173 2.3572 0.9531 

BiLSTM 1.2921 2.0376 0.9634 

5 Summary and Prospect 

This paper addresses the issue of increased volatility in wind power time series due to 
outlier data accumulated in wind farm SCADA systems, proposing an anomaly detection 
method based on MLOF-iForest and an anomaly data reconstruction method using RF. 
First, the proposed method efficiently handles dense outlier data clusters by leverag-
ing the local density characteristics of LOF, and enhances the calculation of inter-point 
distances using Mahalanobis distance, which considers the correlation between wind 
power and wind speed features, thus improving detection accuracy. Next, iForest is 
applied to identify and filter sparse outliers, creating an anomaly dataset. Finally, given 
the nonlinear distribution characteristics of wind power data, RF is employed to effec-
tively mine the implicit relationships between power and weather variables in the normal 
data, completing the reconstruction of the outlier data. Experimental results show that 
the proposed MLOF-iForest and RF-based anomaly data identification and reconstruc-
tion method can effectively reduce the average absolute error of prediction models by 
approximately 4.99%. 

Acknowledgment. This work was supported by the Innovation Project of Guangxi Graduate 
Education (YCBZ2024033).
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Abstract. In this paper, a novel Takagi-Sugeno-Kang fuzzy system is imple-
mented through the introduction of a Broad Learning System. This system not 
only enhances the accuracy and interpretability of neuro-fuzzy models but also 
retains the fast computation characteristics of the Broad Learning System. Initially, 
the traditional TSK fuzzy system is used to partition the input evenly, resulting 
in fuzzy sets with appropriate labels. In the consequent part of the fuzzy sys-
tem’s If-Then rules, the Broad Learning System is used in place of the tradi-
tional first-order polynomial. The pseudoinverse is employed to solve the optimal 
weights for the output layer of the BLS, ensuring rapid and efficient computation 
without the need for iterative optimization. The proposed BLS-based fuzzy infer-
ence system was tested on standard benchmark datasets and its performance was 
compared against various advanced non-fuzzy and neuro-fuzzy approaches. The 
results demonstrate that the proposed model outperforms other related models, 
effectively handling high-dimensional data while maintaining the interpretability 
of fuzzy rules, thus avoiding the computational complexity associated with rule 
explosion, and showing promising potential for real-world applications. 

Keywords: Takagi-Sugeno-Kang Fuzzy System · Broad Learning System · 
Feature Layer Integration · Retrograde Perspective 

1 Introduction 

Fuzzy inference systems have achieved significant advancements in rule extraction tasks 
and are widely used to address reasoning problems involving ambiguous and uncertain 
information. These systems are extensively applied in prediction, control, decision-
making, and diagnosis [1–3], establishing themselves as a crucial research area in AI-
driven prediction. Compared to traditional exact logic inference systems, fuzzy infer-
ence systems are better suited for tackling complex real-world problems, enabling the 
extraction of more information from data.
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Among various fuzzy inference methods, the TSK fuzzy system stands out due to its 
strong interpretability and low computational complexity [4]. It has found widespread 
applications in fields like speech processing, wireless system control, time series predic-
tion, regression, and classification. However, when handling multiple inputs, TSK fuzzy 
systems often face the challenge of a large number of rules, leading to the well-known 
‘rule explosion phenomenon’. 

In contrast, the Broad Learning System proposed by Chen and Liu [5] demonstrates 
robust learning capabilities and efficient training by expanding feature nodes and aug-
mentation nodes extensively. Broad Learning System employs pseudo-inverse operations 
for rapid model training and relies on a single-layer planar network, thus avoiding the 
complexity of deep network cascading structures. However, due to its large number of 
nodes and weights, BLS can be difficult to interpret, making it challenging to understand 
the specific role of each node and its contribution to the final output. 

To combine the interpretability of TSK fuzzy systems with the computational effi-
ciency and high-dimensional data processing capability of the Broad Learning System, 
we propose a novel approach named the Broad Learning System-Enhanced Fuzzy Infer-
ence Learning System. This model combines the strong learning and fast computation of 
BLS with the interpretability of fuzzy rules, creating a streamlined network structure that 
enhances predictive performance. The proposed approach not only effectively manages 
high-dimensional data but also maintains the clarity of fuzzy rules, thereby mitigating 
the computational complexity associated with rule explosion. 

2 Architecture of the Broad Learning System-Enhanced Fuzzy 
Inference Framework 

The system design depicted in Fig. 1 follows the fundamental architecture of fuzzy 
systems. In the proposed model, input partitioning is conducted using the TSK fuzzy 
system, where the inputs are initially transformed into fuzzy membership values. These 
fuzzy memberships form the input matrix of the model, representing the degree of 
belongingness of each input to the defined fuzzy sets. The fuzzy rule base in the model 
retains the classic IF-THEN structure, with fuzzy implications in the antecedent part. 

2.1 Fuzzy Membership Mapping 

Suppose the system input vector is x = (x1, x2, . . . ,  xM ). The  k-th fuzzy rule in the TSK 
fuzzy system can be expressed as: 

Rk : If x1 is Ak 
1 and x2 is A

k 
2 and . . .  and xM is A

k 
M , Then y = fk (x) (1) 

where Ak 
i represents the fuzzy set corresponding to input variable xi in the k -th rule, 

fk (x) is the polynomial function defining the output for the k-th rule. 
The calculation formula of fuzzy membership is: 

μAk i 
(xi) = 

⎧ 
⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

0, if xi ≤ ak i or xi ≥ ck i 
xi−ak i 
bk i −ak i 

, if ak i < xi ≤ bk i 
ck i −xi 
ck i −bk i 

, if bk i < xi < ck i 

(2)
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Fig. 1. Architecture of proposed model 

where ak i , b
k 
i , c

k 
i are the left endpoint, middle point and right endpoint of the triangular 

membership function in the k-th rule respectively. μAk i 
(xi) is the membership degree of 

the input xi to the corresponding fuzzy set Ak 
i . 

By organizing the membership degrees of all input variables into a matrix, we obtain 
the membership matrix μ, which serves as the input to the feature layer of the BLS: 

μ = [
μA1 (x1) μA2 (x2) .  .  .  μAM (xM )

]
. (3) 

2.2 Feature Layer Integration 

In the feature layer of the width learning system, the input matrix is the member-
ship matrix µ. The output of the feature layer is calculated by performing a linear 
transformation on the membership matrix: 

Z = μ · Wf (4) 

where Wf = rand
(
d , nf

) ∗ 2 − 1 is the weight matrix of the feature layer, Obtained by 
random initialization. 

2.3 Pseudo-inverse Weight Optimization 

The output of the feature layer is used to compute the final weight matrix using the 
pseudo-inverse method, which allows for efficient training and optimal fitting of the 
target outputs: 

β = (�T · � + I · C)−1 · �T · Y (5) 

where C is the regularization parameter used to prevent overfitting. 
The intermediate output is obtained by linear combination of feature layer output 

and pseudo-inverse weights: 

ŷBLS = � · β. (6)
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The output of each fuzzy rule is obtained by multiplying the intermediate output and 
the rule activation: 

fk (x) = ŷBLS · μk (x). (7) 

The final output is the weighted average of all fuzzy rule outputs, i.e. the 
defuzzification result: 

ŷ = 
K∑

k=1 

μ̃k (x)fk (x), (8) 

where 
∼
μk (x) denotes the firing strength of the kth fuzzy rule with respect to input x by 

μ̃k (x) == μk (x) 
K∑

k=1 
μk (x) 

, 

μk (x) = 
M∏

i=1 

μAk i 
(xi). (9) 

3 Experimental Studies 

This section presents a comprehensive comparison of the proposed model against a 
range of representative non-fuzzy and fuzzy rule-based models, based on experiments 
conducted on benchmark datasets for classification tasks. Specifically, we selected the 
following methods for comparison: 

1) Support Vector Machine (SVM), utilizing a Gaussian kernel; 
2) Naïve Bayes classifier; 
3) C4.5 decision tree; 
4) Random Forest; 
5) TSK Fuzzy System (FS-FCSVM). 

The experimental results for these models are directly referenced from the studies 
in [6] and [7] to ensure a fair comparison. 

3.1 Experimental Setting 

To thoroughly assess the performance of the proposed network, 13 benchmark datasets 
from machine learning were selected, obtained from the KEEL and UCI Machine Learn-
ing Repositories. These datasets include diverse variable types such as integers, real 
numbers, and categorical variables, as shown in Table 1. During data preprocessing, 
each feature was standardized using the mean and standard deviation from the training 
set to enhance model training effectiveness and stability. 

Table 2 summarizes the characteristics of these algorithms, including model struc-
ture, activation functions, and learning rate strategies. We configured representative
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Table 1. Properties of classification machine learning datasets. 

Datasets No. of features No. of samples No. of classes 

Abalone 8 4174 3 

Balance 4 625 3 

Bupa 6 345 2 

German 24 1000 2 

Haberman 5 132 3 

Heart 13 270 2 

Iris 4 150 3 

Pima 8 768 2 

Saheart 10 462 2 

Seeds 7 210 3 

Segement 18 2310 7 

Vehicle 18 846 4 

Zoo 16 101 7 

Table 2. Classifier parameter settings for performance comparison. 

Algorithm Parameter settings 

Naïve Bayes Default hyperparameter 

SVM Regularization parameter C ∈ {10−3, . . . ,  100, . . . ,  103}, 
Gaussian kernel width parameter σ ∈

{
10−3, . . . ,  100, . . . ,  103

}

C4.5 Confidence = 0:20, Sample size = 2, Threshold = 10 
Random Forest Batchsize = 100, 

MaxDepth = 5–10, 
Minimum sample leaf = 10–20, 
Minimum sample split = 5–10, 
Bootstrap = True, 
obb_score = True 

FS-FCSVM Number of Clusters c = 2–10 
Fuzzification Parameter m = 2 
Maximum Number of Iterations = 100 
Convergence Threshold = 1 × 10−5 

Regularization Parameter λ ∈ {10−1, 10−2, 10−3, 10−4} 
Gaussian kernel width parameter σ ∈

{
10−3, . . . ,  100, . . . ,  103

}
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model parameters through a rigorous experimental iteration process, involving pre-
cise learning rate adjustments to ensure convergence stability and efficiency, aiming 
to optimize performance across various environments.

To ensure a thorough evaluation, we applied five-fold cross-validation by randomly 
dividing each dataset into five equal parts, with each subset representing 20% of the 
data. Four subsets were used for training, and the remaining one was reserved for testing. 
This approach effectively assesses the model’s generalization ability and reduces bias 
introduced by data partitioning. 

For performance evaluation, we report the classification accuracy (CA) in terms of 
its mean and standard deviation, along with the average number of fuzzy rules, to ensure 
result reliability and consistency. The formula for CA is as follows: 

CA(%) = 
1 

N

[
N∑

k=1

�(yk , ̂yi)

]

× 100, � =
{
1, if yk = ŷi 
0, otherwise 

(10) 

where yk denotes the actual class label, and y
∧

i represents the class label predicted by the 
proposed classifier. 

3.2 Machine Learning Datasets 

To conduct a comprehensive comparative analysis on benchmark datasets, we compared 
the proposed model with the classical TSK model and the FS-FCSVM model, which 
is based on fuzzy support vector machines. Table 3 presents the average classification 
rates of TSK, FS-FCSVM, and FC-BLS across 5 datasets. The experimental results show 
that FC-BLS achieves a higher average classification rate compared to both TSK and 
FS-FCSVM on all datasets. 

Table 3. Results comparison of fuzzy rule-based models. 

Datasets TSK FS-FCSVM [7] FC-BLS 

Mean STD Mean STD Mean STD 

Balance 78.09 1.21 90.56 0.52 91.20 0.03 

Haberman 52.20 0.76 73.77 0.01 74.56 0.56 

Iris 84.46 0.47 95.22 0.13 96.67 0.08 

Segement 59.32 1.69 66.59 0.31 94.20 1.54 

Vehicle 52.48 0.54 58.92 0.08 79.56 1.22 

Table 4 provides a comparison between the proposed method and traditional classi-
fiers, presenting results as mean classification rates with standard deviations in parenthe-
ses. FC-BLS outperforms the other four classifiers on most datasets, exhibiting higher 
accuracy. Specifically, it achieves a 10–20% accuracy improvement over Naïve Bayes 
on datasets like Abalone, Bupa, and Heart. The lower standard deviation of FC-BLS 
underscores its stability and consistent performance, confirming both higher accuracy 
and greater reliability compared to traditional models.
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Table 4. Results comparison of non-fuzzy rule-based models. 

Datasets SVM [8] Naïve Bayes [8] C4.5 [8] Random Forest [8] FC-BLS 

Abalone 63.82 
(0.42) 

57.72 
(0.47) 

60.33 
(0.45) 

64.06 
(0.39) 

66.92 
(0.32) 

Balance 79.38 
(0.18) 

78.56 
(0.21) 

81.03 
(0.02) 

81.63 
(0.03) 

91.20 
(0.03) 

Bupa 68.03 
(0.03) 

63.99 
(0.03) 

62.05 
(0.05) 

63.55 
(0.27) 

73.91 
(0.14) 

German 71.54 
(0.51) 

66.85 
(0.68) 

67.70 
(0.14) 

76.72 
(0.16) 

76.90 
(0.27) 

Haberman 73.58 
(0.63) 

64.82 
(0.02) 

72.72 
(0.11) 

74.26 
(0.39) 

74.56 
(0.56) 

Heart 53.32 
(0.38) 

61.96 
(2.15) 

55.26 
(0.03) 

63.25 
(0.12) 

84.44 
(0.04) 

Iris 96.70 
(0.03) 

95.17 
(0.02) 

96.70 
(0.02) 

98.00 
(0.02) 

96.67 
(0.36) 

Pima 74.62 
(0.28) 

76.18 
(0.96) 

71.23 
(0.31) 

66.41 
(1.81) 

77.61 
(0.65) 

Saheart 70.08 
(0.45) 

68.92 
(0.03) 

72.65 
(0.02) 

66.18 
(0.61) 

74.00 
(0.19) 

Seeds 90.82 
(0.04) 

86.51 
(0.13) 

93.37 
(0.02) 

92.46 
(0.98) 

95,71 
(0.33) 

Segement 92.42 
(0.04) 

93.83 
(1.02) 

92.30 
(0.12) 

92.38 
(0.83) 

94.20 
(1.92) 

Vehicle 81.20 
(0.01) 

79.05 
(0.24) 

70.83 
(0.72) 

83.96 
(0.20) 

79,56 
(1.22) 

Zoo 91.53 
(0.04) 

94.14 
(1.02) 

93.45 
(0.12) 

72.38 
(0.54) 

97.05 
(0.30) 

4 Conclusion 

This paper introduces the Broad Learning System-Enhanced Fuzzy Inference Frame-
work, a novel approach designed to address classification challenges in TSK fuzzy 
systems. By integrating the Broad Learning System in place of the traditional first-order 
polynomial and utilizing the pseudoinverse for optimal coefficient computation, FC-BLS 
achieves both computational efficiency and reduced structural complexity. Experimen-
tal results demonstrate that FC-BLS consistently outperforms existing fuzzy and neuro-
fuzzy models, particularly in managing high-dimensional data while preserving inter-
pretability and avoiding rule explosion. These advantages make FC-BLS a compelling 
choice for real-world applications requiring a balance of accuracy and simplicity. Future 
work may explore enhancing model efficiency, scalability, and extending its application 
to more complex and diverse datasets.
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Abstract. With the increasing dependence of the logistics industry on 
plastics, the amount of plastic waste has gradually risen, leading to envi-
ronmental problems and resource wastage. Due to the high absorption of 
visible light and near-infrared wavelengths by black plastics, most com-
mon optical technologies struggle to effectively sort black plastics, and 
traditional manual classification methods are inefficient and inaccurate. 
To address this issue, we propose an efficient algorithm for the identi-
fication of black plastics. First, Raman spectroscopy is used to analyze 
black plastic and obtain relevant data. Then, principal component anal-
ysis (PCA) is applied to reduce the dimensionality of the spectral data 
and extract effective features. Next, a classification algorithm combin-
ing Radial Basis Function Neural Network (RBFNN) and Neural Gas 
Network (NGN) clustering is designed. This algorithm integrates the 
adaptive learning ability and pattern recognition capability of neural 
networks, enabling efficient classification of black plastics. Experiments 
were conducted using a Raman dataset, and the proposed algorithm 
was compared with three methods: RBFNN based on MinMax, Fuzzy 
C-Means (FCM), and Hard C-Means Clustering (HCM). Additionally, 
experiments were also performed on the publicly available datasets of 
Glass, Abalone, MyHog, and Page. The experimental results show that 
the proposed algorithm demonstrates superior performance across all 
datasets. 

Keywords: PCA · Radial Basis Function Neural Network · Raman 
Spectroscopy · Logistics Black Plastic · Neural Gas Network Clustering 

1 Introduction 

The widespread use of plastic materials in various sectors of modern society has 
led to a continuous increase in demand, while also causing the accumulation 
of plastic waste, which in turn results in environmental pollution. Due to its 
excellent applicability, plastic is widely used in industries such as packaging, 
construction, automotive, electronics, and healthcare, driving the rise in plastic 
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demand [ 1]. In the process of plastic waste recycling, classification based on resin 
type is a critical step [ 2]. However, most plastic waste classification worldwide 
still relies on manual labor, which faces issues such as slow processing speeds, 
high labor intensity, and low efficiency [ 3]. To address these problems, various 
new technologies have been developed and introduced. 

In 1995, Scott proposed a recognition method based on Near-Infrared Radia-
tion (NIR) technology to distinguish between Polyethylene Terephthalate (PET) 
and Polyvinyl Chloride (PVC) resins [ 4]. In 2001, Edward and Sommer intro-
duced a classification method that utilized NIR transmission spectra to catego-
rize plastic resins into PET and PVC [ 5]. In recent years, several new methods 
have been developed for the classification of post-consumer black plastic waste. 
Rozenstein et al. (2017) demonstrated that Mid-Infrared (MIR) technology can 
be used to identify a variety of black plastics, such as PET, PP, PS, PLA, 
and PE [ 6]. Compared to the Near-Infrared (NIR) region, the MIR region is 
less affected by the surface morphology and color (including black) of plastics, 
making it more reliable for plastic classification [ 7– 10]. However, the effective-
ness of MIR technology still requires further research [ 8]. Shameem et al. (2017) 
showcased a machine learning approach that combines Laser-Induced Break-
down Spectroscopy (LIBS) and Raman Spectroscopy to identify different plas-
tics (such as PET, PE, PP, and PS) in black complex mixtures [ 9]. Küter et al. 
(2018) introduced a method for black plastic identification based on Terahertz 
technology and machine learning, which is capable of detecting subtle differ-
ences in black plastics [ 10]. Although these technologies show potential, they 
are still in the developmental stage and have relatively high costs [ 11]. In com-
parison, methods combining Attenuated Total Reflectance Fourier Transform 
Infrared Spectroscopy (ATR-FTIR) and deep learning for plastic identification 
have achieved a high recognition rate [ 12]. Kun Zhou et al. (2022) developed a 
black plastic classification method based on laser spectroscopy and deep learn-
ing, employing 1D and 2D Convolutional Neural Network (CNN) classifiers. 
They further enhanced classification accuracy through peak selection and data 
reconstruction techniques [ 13]. Additionally, Kun Zhou et al. (2022) introduced 
a novel two-stream fuzzy neural network (TSFNN) framework, which integrates 
fuzzy logic with transfer learning. By leveraging the strengths of fuzzy rule-
based radial basis function neural networks (FRBFNNs) and CNNs, this app-
roach achieved notable improvements in classification performance [ 14]. In a 
related study, Attilio Sbrana et al. (2023) tackled the challenge of classifying 
low-reflectivity black plastics using Near-Infrared Hyperspectral Imaging com-
bined with deep learning techniques [ 15]. G. Bonifazi et al. (2024) proposed and 
validated an innovative method that merges Laser-Induced Fluorescence (LIF) 
with machine learning to identify black plastics in packaging waste [ 16]. 

This paper classifies black plastic based on spectral data obtained using a 
Raman spectrometer. To improve classification accuracy, a method called NGN-
RBFNN that combining Radial Basis Function Neural Network (RBFNN) and 
Neural Gas Network (NGN) clustering is proposed. The main contributions are 
as follows:
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– Raman data contains a large amount of redundant information. Therefore, 
Principal Component Analysis (PCA) is applied for dimensionality reduction 
to extract representative and effective feature. 

– RBFNN is used for the identification of black plastics (such as PET, PP, PS, 
etc.). RBFNN demonstrates excellent performance in plastic identification 
due to its powerful nonlinear mapping ability and local response character-
istics. With a simple structure and minimal parameter adjustment, RBFNN 
offers good adaptability and can effectively handle the recognition tasks of 
various types of plastics. 

– The combination of NGN clustering and RBFNN enhances the generalization 
ability and robustness of the network. The self-organizing learning of the NGN 
provides a good initialization for the RBFNN, helping it better capture the 
intrinsic structure of the data and improving classification performance. 

2 Preprocessing Algorithm and Classification Algorithm 
Structure 

2.1 PCA 

PCA is a commonly used dimensionality reduction technique aimed at reducing 
the dimensionality of large datasets. In this study, since the spectral data col-
lected by the Raman spectrometer has high dimensionality and contains redun-
dant information, the PCA method is applied for dimensionality reduction. This 
allows for the extraction of the main feature components of the data while pre-
serving as much variance as possible from the original data. The following is a 
brief overview of the application of PCA [ 17,18]: 

1. First, compute the mean of the dataset. Let the training set be 
X1,X2, . . . , Xm. 

Ψ = 1 
M 

M∑

n=1 

Xn (1) 

2. Next, subtract the computed mean from the data points to center the data. 

Φi = Xi − Ψ (2) 

3. Then, construct the covariance matrix of the data, which helps in understand-
ing the correlations between different variables. 

C = 1 
M 

M∑

n=1 

ΦnΦn 
T = A · AT (3) 

4. Compute the eigenvectors and eigenvalues of the covariance matrix, which 
are key components of PCA. 

5. Select the most important principal components based on the eigenvalues and 
form the eigenvector matrix. These principal components best represent the 
original data. 

W = [u1, u2, · · ·  , um] (4)
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6. Finally, use these eigenvectors to construct a new dataset that retains most 
of the information while effectively reducing the dimensionality. 

Y = W T (Xnew − Ψ) (5) 

2.2 Neural Gas Network 

The approach introduced by Martinetz et al. [ 19], known as the Neural Gas 
Algorithm, draws an analogy between the motion of cluster centers in the data 
space and the Brownian motion of gas molecules within a confined space. 

The Neural Gas Algorithm can be outlined in the following steps: 

(1) Network Initialization: Begin by selecting N, the number of clusters, given an 
input dataset X with dimensions a × b, where a represents the total number 
of data points and b denotes the number of features. Randomly initialize 
the weight vectors ω = {ω1, ω2, ωN}, each with a dimension of 1 × n in the 
input space. Define the network parameters: tmax (the maximum number 
of iterations), ηinitial and ηf inal (the starting and ending rates of learning, 
typically set to 0.3 and 0.003, respectively), and λinitial and λf inal(the initial 
and final decay constants, such as 5 and 0.05). 

(2) Input Vector Selection: A randomly chosen input vector xj (of size 1 × n) is  
introduced to the network. 

(3) Distance Calculation: The Euclidean distance between the input vector xj 
and the weight vectors of each neuron is computed. 

(4) Neighborhood Ranking: The weight vectors wi are sorted based on their 
distance to the input vector xj . The rank ki of each weight wi is determined 
according to its position in the sorted list, with ki taking values from 1 to 
N. 

(5) Weight Update: the following rule is applied to update the neuronal weights: 

ωi(t + 1)  =  ωi(t) +  η(t)hλ(ki)(xj − ωi) (6) 

where t is the training time; η(t) =  ηinitial(ηf inal/ηinitial)
t/tmax η ∈ [0, 1] 

is the learning rate; hλ(ki) =  e−(ki/λ) is the neighborhood function; and 
λ(t) =  λinitial(λf inal/λinitial)max, λ  ∈ [0, ∞] is the decay constant. 

(6) Iteration: Steps 2 through 5 should be repeated until the maximum number 
of iterations (tmax) is reached. 

(7) Assignment of Objects: At the end of each iteration, assign each data point 
to the neuron with the weight vector closest to it. 

For effective self-organization, the training should commence with a high 
initial learning rate, which is progressively reduced over the course of each adap-
tation. The corresponding weight vectors are adjusted to move closer to the new 
input vector as it is introduced to the network (Step 5). The adjustments are 
made based on the ranking of the weight vectors or nodes, determined by their 
distances from the input vector. Initially, the node positions may be disordered,
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but after multiple iterations, the weights will gradually distribute evenly across 
the input space. The Neural Gas method is based on a “competitive learning” 
mechanism, employing a “winner-takes-most” strategy. After several iterations, 
the node positions will no longer depend on the initial setup, resembling the dif-
fusion process of gas molecules. As the training progresses, the nodes gradually 
stabilize, ultimately forming the desired topological structure. 

2.3 Radial Basis Function Neural Network Integrated with Neural 
Gas Clustering 

The structure of the proposed NGN-RBFNN is shown in Fig. 1. NGN-RBFNN  
is used as a classifier, where the Neural Gas Network clustering is employed to 
analyze the patterns of the input data and determine the center positions of the 
radial basis functions in the RBFNN. 

Fig. 1. Structure of NGN-RBFNN 

Typically, Gaussian-type RBFs are used as receptive fields. 

ϕi(x) = exp(−||x − vi||2 
2σi 2

) (7) 

The topology of the RBFNN is shown in Fig. 2. 
In this case, the activation level of the ith node in the hidden layer is rep-

resented by ϕi(x). Similarly, σi denotes the expansion of the ith receptive field, 
and vi represents the center of the ith basis function (receptive field). The pro-
posed NGN-RBFNN differs from the traditional RBFNN in two significant ways. 
First, Neural Gas Network (NGN) clustering is used to determine the recep-
tive field prototypes in the NGN-RBFNN. Neural gas networks can effectively 
reveal the structure within data and perform unsupervised clustering, which in 
turn enhances the performance of RBFNN in classification tasks. Second, in the 
NGN-RBFNN network structure, the type of connection (i.e., weight) between 
the hidden layer and the output layer is chosen to be a linear function or a 
quadratic polynomial, rather than being restricted to certain specific numerical 
ranges. This design makes the network more flexible and adaptable. 

3 Experimental Study 

3.1 Datasets 

In this section, the datasets used in the experiments are introduced as follow:
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Fig. 2. Structure of RBFNN 

Raman: Raman spectroscopy obtains molecular vibration information by 
measuring the frequency shift of scattered light, which is used to reveal the 
structure and composition of substances. The Raman dataset used in this study 
was collected by a laboratory Raman spectrometer and contains 300 samples, 
with 3001 spectral features per sample. The dataset is divided into three cate-
gories: PET, PP and PS. 

Glass: The Glass dataset is used to determine the type of glass based on its 
chemical composition, which helps in identifying its potential applications, such 
as in construction or vehicle windows. The dataset contains 214 records, with 10 
key features per record, involving six categories. 

Abalone: The Abalone Age dataset is used to predict the lifespan of abalones, 
with a focus on analyzing their annular markings. The dataset contains 8 fea-
tures, such as sex, diameter, and weight. Data preprocessing includes encoding 
gender and applying standardization or normalization techniques. 

MyHog: The MyHog dataset is based on the Yale Face Database A and is 
designed for face recognition. Features are extracted through gradient enhance-
ment and refined edge texture extraction. The dataset consists of 1500 records, 
each with 257 features, forming a three-class classification problem. 

Page: The Page Blocks Classification dataset, containing 5,473 instances, 
is used for page layout analysis and document classification. Each instance is 
defined by 10 numerical features, such as area, aspect ratio, and black pixel 
percentage, enabling classification into five categories: text, image, table, title, 
and footer. It serves as a benchmark for evaluating machine learning algorithms 
in document layout analysis.
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3.2 Experimental Results 

To validate the effectiveness of the algorithm, we selects the RBFNN based 
on MinMax (MM-RBFNN), RBFNN based on HCM (HRBFNN), and RBFNN 
based on FCM (FRBFNN) algorithms for comparative experiments, and uses 
a five-fold cross-validation strategy. In the experiment, accuracy and standard 
deviation are used as evaluation metrics. The experimental results on the Raman 
dataset are shown in Table 1. 

Table 1. Performance of Different Algorithms on the Raman Dataset 
Method TR STD TE STD 
MM-RBFNN 96.666 0.883 93.666 2.173 
HRBFNN 96.500 1.200 94.666 1.394 
FRBFNN 96.000 0.912 94.666 0.745 
Proposed NGN-RBFNN 96.666 1.250 95.000 1.178 

The comparison results with MM-RBFNN, HRBFNN, and FRBFNN meth-
ods indicate that the proposed NGN-RBFNN algorithm performs better on the 
Raman dataset. As shown in Table 1, the average recognition rate (TR) of the 
NGN-RBFNN algorithm on the training dataset is 96.67%, demonstrating strong 
recognition capability. Additionally, its standard deviation (1.25) is relatively 
small. For the test dataset, the NGN-RBFNN algorithm achieves an average 
recognition rate (TE) of 95%, which shows that the algorithm not only performs 
excellently on the training dataset but also maintains good generalization ability 
on the testing dataset. 

To verify the performance of the algorithm on other datasets, experiments 
were also conducted on the Glass, Abalone, and MyHog datasets, with the exper-
imental results shown in Table 2, Table 3, and Table 4, respectively. 

Table 2. Performance of Different Algorithms on the Glass Dataset 
Method TR STD TE STD 
MM-RBFNN 83.179 2.368 65.415 4.510 
HRBFNN 84.698 2.138 60.708 5.457 
FRBFNN 85.983 1.404 65.880 4.286 
Proposed NGN-RBFNN 85.278 1.359 67.740 3.328 

Based on the results in Tables 2, 3, and  4, it can be seen that the NGN-
RBFNN algorithm outperforms other comparison methods across different 
datasets, particularly in terms of classification accuracy and Standard Deviation.
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Table 3. Performance of Different Algorithms on the Abalone Dataset 
Method TR STD TE STD 
MM-RBFNN 72.925 1.437 69.400 6.561 
HRBFNN 72.625 1.231 70.000 6.680 
FRBFNN 71.250 1.416 68.100 7.074 
Proposed NGN-RBFNN 72.750 1.034 69.800 6.750 

Table 4. Performance of Different Algorithms on the MyHog Dataset 
Method TR STD TE STD 
MM-RBFNN 99.133 0.573 88.800 4.482 
HRBFNN 99.466 0.182 89.733 2.326 
FRBFNN 99.050 0.191 91.466 2.022 
Proposed NGN-RBFNN 99.450 0.172 90.800 3.819 

Specifically, on the Glass dataset, NGN-RBFNN achieved a testing dataset accu-
racy of 67.74%, which is significantly higher than other methods (MM-RBFNN at 
65.42%, HRBFNN at 60.71%, FRBFNN at 65.88%). Moreover, its standard devi-
ation (3.24) is relatively small. On the Abalone dataset, NGN-RBFNN attained 
a testing dataset accuracy of 69.8%, again outperforming FRBFNN (68.1%) 
and MM-RBFNN (69.4%), although it is slightly lower than HRBFNN (70.0%). 
Finally, on the Myhog dataset, NGN-RBFNN achieved a testing dataset accu-
racy of 90.8%, which is slightly higher than HRBFNN’s 89.73%. In summary, 
the NGN-RBFNN algorithm consistently demonstrates high accuracy and low 
error across all test datasets, indicating its robust generalization ability and 
effectiveness in handling complex datasets. 

To compare the performance of different clustering algorithms under various 
cluster numbers, a series of experiments were designed and tested on the widely 
used Page dataset. The number of clusters was set to range from 2 to 8, covering 
a variety of scenarios from small to large-scale cases. The experimental results for 
the training dataset are shown in Fig. 3, which displays the recognition accuracy 
of each algorithm at different cluster numbers. Figure 4 presents the results for 
the testing dataset, further validating the generalization ability of each algorithm 
in practical applications. 

From Figs. 3 and 4, it can be observed that, under different clustering con-
figurations, the NGN-RBFNN algorithm consistently maintains a high accuracy 
on the training dataset, with its performance typically being no lower than or 
better than the other comparison algorithms. This result highlights the effective-
ness of the NGN-RBFNN algorithm in extracting features from the training data 
and performing precise clustering. Furthermore, under most clustering configura-
tions, the NGN-RBFNN algorithm also demonstrates excellent accuracy on the 
testing dataset, showcasing its outstanding generalization ability and its capac-
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Fig. 3. Comparison of Accuracy of Differ-
ent Algorithms with Varying Number of 
Clusters on the Training data 

Fig. 4. Comparison of Accuracy of Differ-
ent Algorithms with Varying Number of 
Clusters on the Testing data 

ity to effectively transfer the knowledge learned during training to the testing 
dataset. 

In summary, the NGN-RBFNN algorithm outperforms other comparison 
algorithms (MM-RBFNN, HRBFNN, and FRBFNN) across multiple datasets 
(Raman dataset, Glass dataset, Abalone dataset, Myhog dataset, and Page 
dataset). The algorithm achieves high recognition rates on the training dataset 
and maintains strong recognition performance on the testing dataset as well. At 
the same time, the standard deviation of the NGN-RBFNN algorithm is rela-
tively low. Considering the training recognition rate, testing recognition rate, the 
NGN-RBFNN algorithm shows excellent performance across different datasets, 
giving it a significant advantage in practical applications. 

4 Conclusion 

This paper proposes a black plastic classification algorithm based on PCA, NGN 
clustering, and RBFNN. First, PCA is used for extracting the main feature 
components of the data while preserving as much of the original data variance 
as possible. Subsequently, NGN clusters the data by simulating the movement 
of gas molecules, providing initial cluster centers for the RBFNN. Finally, the 
RBFNN performs classification based on the cluster information provided by 
NGN. Experimental results show that the NGN-RBFNN system achieves a 
training recognition rate of 96.67% and a testing recognition rate of 95% on 
the Raman dataset, outperforming other comparison algorithms. Moreover, the 
model demonstrates high accuracy and low standard deviation on both the train-
ing and testing datasets, indicating strong generalization ability. 

The NGN-RBFNN system provides an effective solution for black plastic clas-
sification, contributing to the development of a circular economy, reducing envi-
ronmental pollution, and promoting sustainable development. Future research
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could further explore more advanced clustering algorithms, optimize the network 
structure, expand the dataset, and validate the system’s industrial application 
performance in real recycling plants, offering more efficient technological support 
for the classification and recycling of black plastics. 
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Abstract. Time series forecasting is a pivotal tool across various fields, 
including finance, energy, and healthcare, where accurate predictions can 
significantly influence decision-making processes. In this study, we intro-
duce an Enhanced Group Method of Data Handling (GMDH) model, 
which is integrated with a Roulette Neuron Selection Algorithm to bol-
ster forecasting accuracy and efficiency. The enhancements to the GMDH 
framework are designed to adeptly address the non-linear relationships 
commonly found in time series data. This is achieved through the intro-
duction of a roulette selection mechanism, which optimizes the neuron 
selection process during the network training phase. The adaptive nature 
of the roulette selection strategy is key to this model, as it enhances the 
diversity of neuron selection and mitigates the risk of premature con-
vergence. Such improvements lead to the development of more robust 
forecasting models that are capable of delivering superior performance. 
Through extensive experimental evaluations on benchmark time series 
datasets, our proposed approach demonstrates clear superiority over tra-
ditional GMDH models as well as other contemporary state-of-the-art 
methods. This superiority is evident in both predictive accuracy and com-
putational efficiency. The findings from our research suggest that incor-
porating a roulette-based selection mechanism into the GMDH frame-
work provides a promising avenue for tackling complex time series fore-
casting challenges. By effectively managing the intricacies of non-linear 
data patterns and enhancing model adaptability, this approach sets a 
new standard for precision and resource efficiency in the field of time 
series forecasting. 

Keywords: Time Series Analysis · Neural Networks · Roulette 
Neuron Selection · Group Method of Data Handling (GMDH) 

1 Introduction 

A significant volume of data is generated from diverse sources, such as sensors, 
machinery. Time series data represent one of the most prevalent types, found 
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commonly in everyday situations. The task of forecasting time series, which 
entails predicting future values over a specified duration, is crucial for real-world 
applications including economic trend analysis, climate forecasting, machinery 
maintenance, air quality tracking, and power consumption prediction [ 1, 2]. 

Traditional statistical inference techniques typically utilize mathematical 
equations to analyze and describe trends based on historical data for the pur-
pose of forecasting future demand. These statistic models include Autoregressive 
(AR), Moving Average (MA), and their combination, ARIMA. However, since 
time series often exhibit nonlinear and long-term dynamic characteristics in real-
ity, this undoubtedly presents significant challenges for time series analysis. 

GMDH (Group Method of Data Handling) is a self-organizing data modeling 
method introduced by Soviet scientist Alexey G. Ivakhnenko in the 1960s. It 
generates optimal models using polynomial functions and a stepwise selection 
process, effectively managing complex nonlinear systems. GMDH has advantages 
such as self-organization, the ability to handle nonlinear time series, and strong 
robustness. Despite its advantages, GMDH often risks overfitting, which can be 
critical in certain situations. 

Therefore, this paper proposes a novel method to mitigate the overfitting risk 
in GMDH models by using a roulette wheel optimization algorithm to replace 
the traditional selection of neuron count and iteration layers. The effectiveness of 
this approach was validated using several public datasets. Experimental results 
clearly demonstrate that the modified GMDH model shows significant improve-
ment over traditional statistical models and the conventional GMDH [ 3– 5]. 

The originality of this study lies in the innovative selection of a method from 
the field of optimization algorithms to modify the approach used in GMDH. 
We propose a GMDH network structure optimized by a roulette wheel selection 
(RWS) algorithm This proposed method effectively reduces the risk of overfitting 
in GMDH, improves model accuracy, and ensures high precision in time series 
prediction. 

2 The Group Method of Data Handling 

In this section, we begin by introducing the background of GMDH, and then we 
delve into the algorithmic process and its topological structure. 

2.1 Introduction to GMDH 

In GMDH models, Kolmogorov-Gabor polynomials are typically used to link 
inputs and outputs, expressed as [ 5– 8]: 

y = a0 + 
m∑

i=1 

aixi + 
m∑

i=1 

m∑

j=1 

aijxixj + 
m∑

i=1 

m∑

j=1 

m∑

k=1 

aijkxixjxk + · · · (1)
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where x represents input vectors x = {x1, x2, · · ·  , xm} and A = (a0, a1, · · ·  , am) 
are weight variables. In the context of random process theory, Kolmogorov-Gabor 
polynomials have the capability to approximate any observations of a stationary 
random sequence. These polynomials can be computed using either adaptive 
methods or Gaussian normal equations. However, two main issues arise: 1. Input 
sets are often incomplete in most cases, making vector matrices non-invertible. 
2. Increasing data volume escalates computation time and space requirements. 

Thus, reducing feature selection is necessary. Ivakhnenko addressed this by 
refining Kolmogorov-Gabor polynomials and developing the GMDH algorithm, 
using lower-order polynomials to approximate Kolmogorov-Gabor polynomials 
for handling large datasets. He demonstrated that a second-order polynomial 
can reconstruct Kolmogorov-Gabor polynomials under certain conditions: 

y = a0 + a1xi + a2xj + a3xixk + a4x2 
i + a5x2 

j (2) 

This reduces computational load while improving precision for perceptron 
types by classifying information into “useful” and “useless”. GMDH is catego-
rized as a self-organizing method, with Ivakhnenko emphasizing the necessity 
and importance of the self-organization process for classifying all information. 

2.2 The Iterative Multilayered GMDH Algorithm 

In this multilayered algorithm, the iteration rule remains consistent across all 
series. For example, a specific description is used in the first series, the form 

y = a0 + a1xi + a2xj + a3xixj + a4x2 
i + a5x2 

j (3) 

is used in the first series,a particular description 

z = b0 + b1yi + b2yj + b3yiyj + b4y2 i + b5b2 j (4) 

in the second series, a particular description 

w = c0 + c1zi + c2zj + c3zizj + c4z2 i + c5z2 j (5) 

In this iterative approach, the output values from one series are utilized as 
input for the subsequent series, continuing in this manner. However, this method 
might miss certain models, potentially resulting in a multilayer error. To address 
this, it’s crucial to assess the convergence of the model’s self-organization process. 
This ensures that the results align with those obtained from regression analysis 
using identical sorting criteria.
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2.3 Topology Diagram of GMDH 

Fig. 1. The Architecture of the GMDH Neural Network Method 

According to Eq.  (2), for a bivariate polynomial, m×(m−1) 
2 candidate neurons 

will be constructed, where m is the number of neurons in the previous layer. If 
inputs are allowed from the previous layer and the input layer, m will be the 
sum of neurons from both layers [ 9] (Fig. 1). 

GMDH neural network methodology is hierarchical, consisting of layers of 
neurons. The number of neurons in each layer depends on the number of inputs. 
Assuming the number of inputs entering a layer is p, the number of neurons in 
that layer becomes: 

h = p × (p − 1) 
2 

(6) 

This Eq. (6) takes into account all pairwise combinations of inputs; however, 
not all layers are required to contain h neurons. 

The GMDH neural network method is designed to self-organize by selecting 
input variables that significantly impact the classification process. During train-
ing, the network dynamically chooses neuron connections to optimize its perfor-
mance. This adaptability allows the GMDH method to automatically determine 
the optimal number of layers, aiming to achieve maximum accuracy while min-
imizing the risk of overfitting. By doing so, the network can efficiently model 
complex relationships within the data, maintaining a benefit between model 
complexity and generalization.
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3 Enhanced Group Method of Data Handling 

Due to the traditional GMDH’s use of minimum variance selection for neuron 
selection, the results obtained are generally superior on the training set. However, 
this method of neuron selection can easily lead to overfitting in small time series, 
resulting in suboptimal predictive performance. To mitigate overfitting, we have 
employed an alternative neuron selection approach based on segmenting and 
using optimization algorithms to select neurons from different segments. This 
modification allows for improved prediction performance even in the case of 
large datasets with poor data quality. In this paper, we employ roulette wheel 
selection to determine probabilities based on RMSE values from the test set, 
and similarly select the number of layers. This approach benefits by allowing 
the number of neurons and layers to be determined probabilistically rather than 
pre-specified, helping to reduce overfitting and enhance model accuracy. 

3.1 Roulette Wheel Selection 

Roulette Wheel Selection is a widely used technique in genetic algorithms to 
choose individuals for the subsequent generation. When the wheel is “spun”, 
individuals with greater fitness have a higher probability of being selected, ensur-
ing that the best-performing individuals are more likely to contribute their genes 
to the next generation. This method helps maintain diversity while promoting 
the evolution of optimal solutions over successive generations [ 10]. 

Mathematically, if the fitness of individual i is denoted as fi, and there are 
N individuals in the population, the probability Pi of selecting individual i is 
given by: 

Pi = fi∑N 
j=1 fj 

(7) 

4 Experiment 

In this section, we assess and compare the effectiveness of the proposed forecast-
ing model within the framework of large-scale time-series analysis. We utilize five 
distinct datasets obtained from the following https://github.com/q1hai/Time-
series-datasets.git are considered. Due to conference requirements, the model 
was fitted to several datasets including MDT, GE, JD, OC, and TI (Table 1). 

4.1 Calculate the Forecasting Indices 

To test the Modify Group Method of Data (MGMDH) model, the Root Mean 
Square Error (RMSE) and Mean Square Error (MSE) were calculated as Eq. (8) 
[ 11]. 

TFI/EFI  =

{√
1 
N

∑N 
k=1(yk − ŷk)2 (RMSE) 

1 
N

∑N 
k=1(yk − ŷk)2 (MSE) 

(8)

https://github.com/q1hai/Time-series-datasets.git
https://github.com/q1hai/Time-series-datasets.git
https://github.com/q1hai/Time-series-datasets.git
https://github.com/q1hai/Time-series-datasets.git
https://github.com/q1hai/Time-series-datasets.git
https://github.com/q1hai/Time-series-datasets.git
https://github.com/q1hai/Time-series-datasets.git
https://github.com/q1hai/Time-series-datasets.git
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Table 1. Datasets 

Dataset type Description 
Minimum Daily Temperatures (MDT) The dataset consists of 3,650 daily minimum 

temperature records collected over a ten-year 
period (1981–1990) in Melbourne. This dataset 
exhibits clear seasonal effects and significant 
fluctuations 

Gree Electric Stock (GE) The dataset contains 4,000 records of Gree 
Electric stock data, covering the period from 
1999 to 2015 

JD Stock (JD) The dataset consists of 1,349 records of JD stock 
data, covering the period from May 22, 2014, to 
December 3, 2019 

Occupancy (OC) The dataset contains 17,600 records of check-in 
data, covering the period from October 4 to 
December 14 in 2016 

Temperatures in Italian (TI) The dataset consists of 8,991 hourly temperature 
records collected in a city in Italy, covering the 
period from March 10, 2004, to April 4, 2005 

TFI  represents the forecasting index for the training set, while EF I represents 
the forecasting index for the testing set.yk denotes the actual output, and ŷk 
represents the output predicted by the model. 

4.2 Experiment: Temperatures in Italian (TI) 

To illustrate the experimental setup, the Temperatures in Italian (TI) dataset 
is used as an example. The methodology of the model is introduced, with the 
time interval (n) set to 50 in this experiment. 

Datatransf ormation: The  XTI  = {x1, x2, ..., x8991} will be transformed into 
DTI  = {d1, d2, ..., d8991} = {(x1, x2, ., x51), (x2, x3, ..., x52), ..., (x8941, x8942, ..., 
x8991)}. The first 50 data are used as input for an example, and the last data is 
used as output [ 15,16]. 

ARMA 1, SVR 2, LR 3, conventional GMDH 4 and MGMDH 5 are intro-
duced in Table 2. The index (RMSE) is emphasized in bold.

1 ARMA: Auto-Regressive Moving Average. 
2 SVR: Support Vector Regression. 
3 LR: Linear Regression. 
4 GMDH: Group method of data handling. 
5 Modified GMDH. 
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Table 2. Experimental results of MGMDH compared to other prediction models 

Dataset ARMA [12] SVR [14] LR [14] GMDH MGMDH 
MDT 2.747 ± 0.07 2.421 ± 0.03 2.417 ± 0.03 2.49 ± 0.01 2.413 ± 0.02 
GE 0.587 ± 0.04 0.484 ± 0.02 0.485 ± 0.02 0.57 ± 0.02 0.472 ± 0.01 
JD 0.845 ± 0.03 0.781 ± 0.04 0.779 ± 0.04 0.80 ± 0.01 0.7024 ± 0.02 
OC 78.95 ± 1.38 42.82 ± 5.15 42.06 ± 3.49 70.19 ± 12.25 68.083 ± 5.02 
TI 1.592 ± 0.02 1.171 ± 0.04 1.068 ± 0.04 1.32 ± 0.02 1.027 ± 0.02 

4.3 Conclusion Summary 

From Table 2: (1) The proposed modified model outperforms other classical time 
series prediction models (4/5). (2) Compared to the traditional GMDH model, 
the MGMDH model shows significant improvements in prediction accuracy and 
overfitting resistance. 

Specifically, when applied to large-scale time series predictions, the stochastic 
nature of the roulette wheel optimization algorithm helps counteract overfitting, 
enhancing the model’s predictive power. This optimization represents a signifi-
cant improvement over traditional selection methods, enabling the model to be 
applied to a wider range of datasets with varying quality [ 17,18]. 
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Abstract. In recent years, gesture recognition based on surface electromyography 
(sEMG) signals has attracted the attention of researchers due to its non-invasive 
and high efficiency. However, the traditional gesture recognition methods still 
have limitations in the accuracy of recognizing complex gesture scenarios. In 
addition, most existing methods only model in the time or spatial dimension, and 
cannot fully utilize the frequency information of the signal. Although the common 
attention mechanism (such as SE module) can enhance the importance of channel 
features, it is limited to global average pooling and easily loses the spatial infor-
mation within the channel. To address these issues, this paper proposes a hand 
gesture recognition framework named FE-ResNet50, which combines frequency-
enhanced channel attention mechanism (FECAM) with ResNet50 backbone net-
work. The network places the channel attention mechanism before the residual 
layer of ResNet50 network, while capturing spatial features of hand gesture sig-
nals through the deep network structure of ResNet50. By training on a self-built 
dataset, the network achieves an average classification accuracy of 92.77%. The 
validation on the NinaProDB1 public dataset shows that the network achieves an 
accuracy of 88.93%. Experimental results show that the network can effectively 
improve the performance of sEMG-based gesture recognition, has good robustness 
and generalization ability, and shows good performance and application potential 
in actual gesture recognition tasks. 

Keywords: sEMG · Gesture recognition · FE-ResNet50 

1 Introduction 

The sEMG signal is a physiological signal closely related to human movement. By 
analyzing the surface electromyography (sEMG) signals generated by the concentrated 
muscles of the hand and forearm, it is possible to accurately decode the user’s movement 
intention and provide rich gesture characteristics [1–3]. Often, even physically disabled
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patients with partial loss of hand function have forearm muscles and nervous systems 
that can still function normally and generate EMG signals, and these advantages have 
gradually made the hand an ideal object for sEMG research. 

However, although sEMG signals show a wide range of research and application 
potential in the field of hand gesture recognition, their weak and noise-prone nature 
makes them challenging to recognize accurately [4]. Currently, sEMG-based gesture 
recognition methods are mainly divided into traditional machine learning methods and 
deep learning methods. Traditional methods usually include signal preprocessing (e.g. 
denoising and filtering), feature extraction and classifier modelling, but the manual fea-
ture extraction process is complex and the classification accuracy is limited; deep learn-
ing methods use models such as convolutional neural networks (CNNs) to automatically 
extract features through the training of a large amount of data and gradually optimized 
the model parameters, which significantly improves the recognition accuracy [5–7]. 
Nevertheless, most CNN-based gesture recognition methods fail to make full use of 
the time series information of sEMG signals, and there are still some limitations in the 
improvement of accuracy [8]. 

To address the above problems, this paper proposes a novel network, FE-ResNet50, 
for use in gesture recognition tasks. The method can effectively strengthen the corre-
lation between the channel features and suppress the noise interference by embedding 
the FECAM attention mechanism in the ResNet50 network and combining it with the 
Discrete Cosine Transform (DCT) to model the frequency-domain features of the sEMG 
signals [9]. Meanwhile, the FECAM module can better capture the time-frequency char-
acteristics of the sEMG signal by dynamically adjusting the channel weights. By com-
bining FECAM with ResNet50 residual network, the accuracy and robustness of the 
network in classifying sparse gesture EMG signals can be further improved. The main 
contributions of this paper are as follows: 

(1) A dataset containing 12 individuals with 7 different gestures is constructed by 
collecting surface EMG signals. 

(2) A novel surface EMG signal gesture recognition method, FE-ResNet50, is proposed, 
which solves the problems and limitations of the traditional SE module, such as the 
inability to effectively model the frequency domain information, the single allocation 
of weights between channels, and the easy loss of spatio-temporal feature details. 

(3) The model is validated by the self-collected dataset and the NinaProDB1 public 
dataset [10], which visually demonstrates the performance of the proposed model 
and the effectiveness of the improvement. 

The main structure of this paper is as follows. In Sect. 2, the acquisition of surface 
EMG signals, pre-processing, feature extraction as well as the generation of feature 
maps and the specific process and structure of the FE-ResNet50 network used for clas-
sification are described. In Sect. 3, a multi-faceted evaluation experiment of the network 
performance is carried out with self-acquired datasets and public datasets. Section 4 
summarizes the main findings of this paper.
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2 Method  

2.1 Signal Acquisition 

In this study, we recruited 12 volunteers (10 males and 2 females, aged 22–26 years) to 
participate in an experiment to collect electromyographic signals from the forearm. All 
subjects have no history of muscle disease and are proficient in operating and applying 
electromyographic signal acquisition equipment., as shown in Table 1. 

Table 1. General Information about Subjects. 

Subject Gender Age Height (cm) Weight (Kg) BMI 

h1 female 22 171 50 17.09 

h2 male 24 180 78 24.07 

h3 male 22 181 70 21.37 

h4 male 23 177 60 19.15 

h5 male 23 176 66 21.31 

h6 female 23 159 46 18.2 

h7 male 26 176 60 19.37 

h8 male 22 165 50 18.4 

h9 male 22 176 72 23.2 

h10 male 22 174 85 28.1 

h11 male 22 172 83 28 

h12 male 22 174 70 23.1 

In the experiment, each movement was set to be repeated in 10 groups, each group 
performed three gestures, each gesture movement lasted for 5 s with a 3-s rest to prevent 
muscle fatigue, and each subject had a half-minute rest period (during which they did not 
take off the Myo arm band) before switching to a different movement for acquisition. A 
total of 7 common gestures in office work were collected, mainly including clenched fist 
(G1), open hand (G2), pinching index finger (G3), pinching middle finger (G4), make 
a 2-sign (G5), wrist external rotation (G6) and wrist internal rotation (G7) which are as 
shown in Fig. 1. 

The equipment used for the experiment was an innovative 8-channel MYO (gesture-
controlled arm band) arm band from the Canadian start-up company Thalmic Labs, which 
has a sampling rate of 200 Hz, and which connects wirelessly to other electronic products 
via a low-power Bluetooth device. Prior to the experiment, subjects were informed of 
the detailed experimental procedure and potential risks and signed an informed consent 
form. During the experiment, the wristband should be kept worn on the middle of the 
forearm and proper skin preparation should be performed to remove excess oil and 
sweat before wearing. During the acquisition process, the wearer needs to keep the arm 
stable, keep the amplitude, strength and duration of each gesture movement basically the
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Fist Open hand Pinch the index 

Pinch the Middle 

Make a 2-sign Wrist external rotation Wrist internal rotation 

Fig. 1. Seven Gestures Movements. 

same, and make the corresponding gestures according to the prompts. The collected data 
will be transmitted to the host computer via Bluetooth for the next step of processing. 
The acquisition device is shown in Fig. 2. The 8-channel raw surface EMG signal map 
acquired by Myo is shown in Fig. 3. 

Fig. 2. MYO Acquisition Equipment 

2.2 sEMG Preprocessing 

Since EMG signals are susceptible to interference from ambient noise during acquisition, 
such as the inherent noise of the acquisition equipment and the industrial frequency 
noise. Therefore, in order to improve the accuracy of the subsequent feature extraction 
and classification, it is necessary to carry out preliminary filtering and noise reduction 
and related pre-processing on the original sEMG signal after acquisition. 

Filtering and Noise Reduction. The input raw EMG signal is firstly rectified by full-
wave rectification and the rectified data is low-pass filtered using a second-order But-
terworth filter. The full-wave rectification allows all the energy to be concentrated in 
the positive semi-axis, which facilitates the subsequent envelope extraction and fea-
ture analysis, while the low-pass filtering serves to suppress the high-frequency noise
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Fig. 3. 8-Channel Raw Surface EMG Signals Acquired by Myo. 

in the signal while retaining the low-frequency components. For the sEMG signal, the 
low-frequency part contains important action potential information and signal energy 
characteristics, and the rectified waveform can be further smoothed by low-pass filtering. 
In this paper, a second-order Butterworth filter is used, whose frequency response range 
is set between 5 Hz and 100 Hz to preserve the main frequency band of the EMG signal, 
while effectively suppressing the low-frequency baseline shift and high-frequency noise. 
The transfer function of the filter is shown in Eq. (1). 

H (ω) = 1 √
1 +

(
ω 
ωc

)2n (1) 

Among them, ωc is the passband edge frequency of the filter, n is the order of the 
filter. The filtering effect is shown in Fig. 4, It can be seen that the processed signal energy 
is mainly concentrated in the effective frequency band and some of the additional noise 
was clearly suppressed. 

Active Segment Detection. EMG signals acquired during exercise can usually be clas-
sified into active and resting segments, of which the active segment signals are the key 
part used for action classification. In order to extract action features more effectively, 
the detection process of active segments is carried out in this paper. The core of this 
process is to identify and effectively differentiate between the active and resting parts 
of the signal in order to capture the action information more accurately. Specifically, we 
determine the threshold value by calculating the average of the peak and valley values 
of the active segment signals in each acquisition channel. This calculation provides us 
with a quantitative criterion for distinguishing between active and stationary states in the 
signal. When the signal amplitude is above the threshold, it is considered as an action 
potential and vice versa as a resting potential. The calculation of the threshold value, the
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Fig. 4. Comparison of The Effect before and after Filtering. 

expression of the action segment recognition function, and the formula for processing 
the resting signal are shown in Eq. (2)–(4). 

THc = 
1 

n 

n∑
i=1 

(max(sEMGc(i)) − min(sEMGc(i))) (2) 

yc(i) =
{
1, ifsEMGc(i) > THc 

0, ifsEMGc(i) ≤ THc 
(3) 

Sc(i) = yc(i) · sEMGc(i) (4) 

where THc is the action threshold of the channel c, n is the number of active segments, 
and sEMGC (i) represents the signal value at sample point i of channel c, Sc(i) is the 
action segment signal of channel c. 

2.3 Feature Extraction and sEMG Feature Image Construction 

Feature extraction of surface electromyographic signals (sEMG) consists of two main 
types of methods: time domain and frequency domain. Time-domain features are mainly 
used to describe the trend of the signal over time, and the commonly used methods include 
integral absolute value (IEMG), absolute average value (MAV), root mean square (RMS), 
zero crossing rate (ZC) and waveform length (WL). Frequency-domain features, on the 
other hand, focus on the spectral information of the signal, mainly including mean 
frequency (MNF), median frequency (MDF) and specific spectral energy (TTP), which 
are effective in capturing the frequency variations related to the type of exercise or 
muscle fatigue, and reflecting the energy distribution of the signal and its main frequency 
components [11].
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In this study, a combination of two time-domain features and one frequency-domain 
feature was chosen to process the sEMG signal and generate the feature map. Among the 
time-domain features, the integral absolute value (IEMG) reflects the overall energy of 
muscle activity by accumulating the absolute value of the signal, and the absolute mean 
(MAV) measures the steady-state intensity of muscle activity by calculating the average 
of the absolute values of the signal. For the selection of frequency domain features, 
the mean frequency (MNF) was used in this study. The main frequency components of 
the signal are derived by calculating the weighted average of the power spectrum, thus 
reflecting the spectral characteristics of the signal. 

The combination of IEMG, MAV and MNF can fully present the characteristics 
of the sEMG signal. IEMG and MAV capture the amplitude information of the mus-
cle activity in terms of overall intensity and average intensity, respectively, whereas 
MNF complements the spectral information to capture the frequencies that are not easy 
to be detected in the time-domain features. These features combine time-domain and 
frequency-domain approaches to comprehensively characterize the signal from multiple 
dimensions such as energy, intensity and frequency, which ensures the rationality and 
effectiveness of the signal processing and thus improves the robustness and accuracy 
of the gesture classification. The following are the formulas for the four methods in 
Eq. (5)–(7). 

IEMG = 
N∑
n=1 

|xn| (5) 

MAV = 
1 

N 

N∑
n=1 

|xn| (6) 

MNF = 
1 

M 

M∑
j=1 

Pj (7) 

where xn represents the magnitude of the nth point in the time series (in mv), N is the 
total number of sampling points on the time series, Pj represents the spectral power 
of the EMG signal in the jth frequency band, and M represents the total length of the 
frequency band (in HZ). 

After completing the selection of features and the generation of feature maps, a 
time window is further used to segment the whole signal into multiple segments. The 
segmented time window contains the local features of the signal, which can enhance 
the model’s ability to analyze the action continuity and timing relationship, and also 
increase the number of data samples to provide more training data for the model, which 
helps to alleviate the overfitting problem and improve the classification performance. In 
this paper, the length of the time window is chosen to be 300 ms and the step size is 100 
ms. 

2.4 SEMG Feature Images 

In order to further capture the continuity and dynamic change characteristics of the signal, 
a fixed-length sliding window is usually used to extract features by gradually sliding on
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the signal with a certain step size. This method can make the extracted features have 
time-smoothing and redundant information, and at the same time can ensure that the 
short-term change characteristics of muscle activity are captured to better reflect the 
local change rule of the signal. The specific process of generating feature images is as 
follows, firstly, the three previously extracted features are reorganized and arranged into 
a feature matrix to prepare for the generation of feature images; secondly, the feature 
values in the matrix are uniformly normalized to ensure that the different features are 
consistent with the data range of the acquisition channel; finally, the normalized feature 
matrix is converted into an image format, and the final feature image is of the size of (C 
× H × W), which can be directly input into the model for classification. 

2.5 FE-ResNet50 Classification Network 

In this study, the FE-ResNet50 network was used as the backbone network in the ges-
ture recognition task, and by placing the FECAM attention mechanism before the four 
residual blocks of the ResNet50 network, it ensured that the features extracted from the 
original input were enhanced before they were fed into the residual blocks. The modified 
structure not only maintains the integrity of the ResNet50 architecture, but also enhances 
the network’s ability to learn from subtle details with aggregated contextual information, 
which is crucial for the gesture recognition task. 

FECAM Module. The adopted FECAM module converts the input feature maps from 
time domain (spatial domain) to frequency domain representation by DCT before gen-
erating the attentional weights of each channel, through which the global and local 
frequency features in the EMG signals are fully extracted by this frequency domain 
transformation. The high frequency captures the spatial variations and the low frequency 
responds to the overall distribution trend, which makes up for the shortcomings of the SE 
attention mechanism. Meanwhile, compared with the traditional Fourier method used 
to transform the signal from the time domain to the frequency domain, FECAM can 
better solve the problem of high-frequency noise in the signal boundary by the symmet-
ric expansion in the discrete cosine transform. Finally, the extracted frequency-domain 
features are used to generate attention weights for each channel through global aver-
age pooling and convolutional layers, which are weighted to the original input feature 
maps to dynamically assign weights, suppress interference noise, and highlight discrim-
inative frequency components. The introduction of the FECAM not only enhances the 
model’s ability to model features of complex EMG signals, but also solves the prob-
lem that channel dependencies are difficult to be captured. The following is the specific 
implementation and calculation process of the FECAM attention mechanism. 

The last two dimensions (spatial dimensions) of the input feature map x, i.e., height 
and width, are firstly obtained, and then converted into frequency domain representation 
by the two-dimensional discrete cosine transform (DCT-II) as shown in Eq. (8). 

Xu,v = α(u)α(v) 
H−1∑
x=0 

W−1∑
y=0 

Xx,y ·
(

π (2x + 1)u 
2H

)
·
(

π (2y + 1)v 
2W

)
(8)
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In Eq. Xx,y is the value of the input feature map at the spatial location (x, y); Xu,v 

is the frequency component of the feature map in the frequency domain at the location 
(u, v); and α(k) is the normalisation factor, which is used to ensure consistent energy. It 
is taken in the manner shown in Eq. (9). 

α(k) = 

⎧⎨ 

⎩ 

√
1 
N , if k = 0 √
2 
N , otherwise 

(9) 

In the code, the 2D discrete cosine transform is implemented by matrix multiplication 
of Eq. (10). 

DN @x@D_M .T (10) 

In Eq. D_N is the DCT basis matrix in the row direction with size (H, H), D_M is the 
DCT basis matrix in the column direction with size (W, W), and x is the two-dimensional 
spatial data of the input feature map on each channel. Through this calculation, the spatial 
dimension of the input feature map, H × W, is converted to the corresponding frequency 
representation, H × W, and the final frequency-domain representation, which still has 
the shape (64, 64, 16, 16), is obtained. 

After obtaining the frequency domain representation of the output feature map xdct 
it is globally average pooled, and the spatial dimension H × W of each channel is 
compressed to 1 to obtain the average frequency domain feature of each channel, and 
the global average pooling is given by Eq. (11). 

avg_out[c] = 
1 

H · W 

H−1∑
u=0 

W−1∑
v=0 

xdct[c, u, v] (11) 

The final shape of avg_out is (B, C, 1,1) = (32,64,1, 1), and each value represents 
the global feature of the corresponding channel in the frequency domain. 

After pooling the channel attention weights, the two convolutional layers generate 
weights on avg_out according to Eq. (12). 

fc1out[c′] = 
C∑

c=1 

avgout[c] · Wfc1
[
c, c′] (12) 

where Wfc1 is the convolution kernel parameter with the shape of (C/r, C), where 
r = reduction is the channel reduction factor, which is used to reduce the amount of 
computation. The final result shape is (B, C/r, 1,1) = (32,4, 1,1). 

After convolution by the Relu activation function, a non-linear relationship is 
introduced, calculated as shown in Eq. (13). 

reluout[C ′] = max
(
0, fc1_out[C ′]) (13) 

Use the fc2 convolutional layer again to recover the original number of channels, as 
calculated in Eq. (14). 

fc2out[c] =
∑C 

r 

c′=1 
reluout[c′] · Wfc2

[
c′, c

]
(14)
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The shape of the output result is (B, C, 1,1) = (32,64,1, 1). 
Finally, the Sigmoid activation function is used to normalize the attentional weights 

into the interval [0, 1] and multiply each channel of the original input feature map x with 
its corresponding attentional weight for feature enhancement of the channels. Calculated 
as in Eq. (15)–(16). 

attention[c] = 1 

1 + e−fc2out[c] 
(15) 

x′[B, C, H , W ] = x[B, C, H , W ] · attention[B, C, 1,1] (16) 

The final feature map shape after feature enhancement is (B, C, H , W ) = 
(32,64,16,16)。The specific FECAM attention mechanism flowchart is shown in Fig. 5. 

Fig. 5. FECAM Module Flowchart. 

FE-ResNet50 Network. The process of gesture recognition using the proposed back-
bone network FE-ResNet50 is mainly divided into, firstly, preliminary convolution, 
Batch Normalization (BN), Relu activation function and Max Pooling are performed 
on the input image before the four residual layers, which are aimed at the preliminary 
pre-processing and feature extraction of the input data and laying the foundation for 
the subsequent input to the residual layers for deeper feature extraction; secondly, we 
choose to embed the FECAM module before the four main residual layers of ResNet50 
to dynamically adjust the channel weights of the input feature maps. After that, the resid-
ual module of the ResNet50 backbone network extracts the deep features of the gesture 
signals, and at the same time alleviates the problem of gradient vanishing to ensure the 
efficient training of the deep network. The four residual layers in the residual module 
are composed of (3, 4, 6, 3) basic Bottleneck residual blocks; finally, after multi-level 
feature extraction, the features are mapped to the gesture categories for classification by 
Global Average Pooling and fully connected layers. The network structure is shown in 
Fig. 6.
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Fig. 6. FE-ResNet50 General Framework. 

3 Experiments and Results 

In order to validate the accuracy and effectiveness of the proposed FE-Resnet50 model for 
gesture recognition, this paper conducts multiple comparative experiments and analyses 
on the self-collected EMG signal dataset and the public dataset NinaProDB1 respectively. 
In the self-collected dataset, there were data from a total of 12 subjects, and the seven 
gesture signals collected by each subject are finally divided into training, validation and 
test sets according to the ratio of 7:2:1 in terms of the number of repetitions, and then 
inputted into the network for validation. This division not only ensures that the amount 
of data in the training phase is sufficient, but also provides reliable validation and testing 
support for the generalization performance of the model. 

Firstly, the classification accuracies of the three models, ResNet50, FE-ResNet50 
and FE-ResNet50 with inflated convolution in the residual block, are compared in terms 
of different collectors and different gestures. The results are shown in Fig. 7 and Fig. 8, 
and it can be seen that the model with the addition of the FECAM attention mechanism 
module demonstrates a certain degree of accuracy improvement in both cross-individual 
and different-gesture experiments. The model incorporating the FECAM module mod-
els the frequency domain features through the Discrete Cosine Transform (DCT), which 
reinforces the global frequency domain information of the signal, while dynamically 
adjusting the channel weights to highlight key features and suppress irrelevant features. 
By further expanding the sensory field of the model by combining the expansion con-
volution in ResNet50, the long-time dependent information in the sEMG signals can be 
effectively captured, thus improving the classification ability of complex gestures. 

Confusion experiments were also conducted on the final improved model, as shown 
in Fig. 9 below. Through the confusion matrix experiment, we can intuitively observe the 
strength of the model’s prediction ability for each gesture category, and we can see that 
the model’s prediction effect is the worst for the open palm and the pinch index finger 
(i.e., categories 2 and 3), which is due to the fact that the force generated when doing 
these two actions is more similar, which is prone to cause misjudge; the gesture model 
of the make a 2-sign has the best prediction effect, with an accuracy rate of 97.06%. 
Overall, the model predicts most of the gestures with good accuracy.
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Fig. 7. Classification Accuracy for 12 Subjects under Different Models. 
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Fig. 8. Classification Accuracy of 7 Gesture Actions under Different Models. 

Through the ablation experiments in Table 2, it can be seen that when the model 
was integrated with the FECAM attention mechanism, the average gesture recognition 
accuracy of the model increased from 90.12% to 92.40%, a change that directly reflects 
the effectiveness of FECAM in enhancing the model’s ability to capture key features. 
While the final model combining the inflated convolution with FECAM achieves an 
accuracy of 92.77%, which is an improvement of 2.63% compared to the original model. 
The effectiveness of the added module is verified.
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Fig. 9. Confusion Matrix for the FE-ResNet50 Model. 

Table 2. Average Gesture Recognition Accuracy Ablation Experiment Results 

Model Average Gesture Recognition Accuracy Rate/% 

ResNet50 90.12 

+ FECAM 92.40 

+ Dilation + FECAM 92.77

In Table 3, the performance of the improved model on the public dataset NinaProDB1 
is evaluated against other existing methods. The experimental results show that the 
classification accuracy of the FE-ResNet50 model proposed in this paper is 88.93% on 
this dataset, which is significantly better than traditional machine learning methods (e.g., 
ELM, 75.11%) and early deep learning models (e.g., Geng_Net, 77.80%). In addition, the 
accuracy of FE-ResNet50 still has about 3.93% improvement compared with the latest 
MSFusionNet. This indicates that the model proposed in this paper can not only show 
excellent performance on self-constructed datasets, but also has strong generalization 
ability on public datasets. 
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Table 3. Recognition Accuracy of Different Methods on the NinaProDB1 Dataset 

Algorithms Accuracy (%) 

CNN (Du et al.) [12] 79.50 

ELM (Cene et al.) [13] 75.11 

Atzori_Net (Atzori et al.) [14] 66.67 

Geng_Net (Geng et al.) [15] 77.80 

MSFusionNet (Wei et al., 2019) [6] 85.00 

FE-ResNet50 (Ours) 88.93 

4 Conclusion 

In this paper, a gesture recognition method for EMG signals based on FE-ResNet50 
network is proposed, which can effectively solve the problems of under-utilization of 
frequency-domain features, single division of channel weights, and loss of timing infor-
mation in the existing methods by introducing the FECAM frequency-domain augmented 
channel attention mechanism. The model combines the ResNet50 deep residual network, 
which has strong feature extraction capability, to further improve the accuracy of the 
classification of gesture signals. In the specific implementation, the FECAM module 
transforms the input signal in the frequency domain via the discrete cosine transform to 
capture global and local frequency features, in addition to further expanding the receptive 
field by embedding the dilated convolution in the ResNet50 network to capture the long-
term dependence of EMG signals. In order to achieve efficient classification of signals, 
a combination of IEMG, MAV and MNF time-frequency domain features is also used 
to generate feature images, which provides rich input information for the model. In the 
experimental part, FE-ResNet50 shows excellent performance on both self-constructed 
and public datasets. The experiments on the self-constructed dataset show that the atten-
tion model combined with dilated convolution still increases the accuracy by 2.63% on 
the ResNet50 model, which has already achieved more than 90% classification accuracy, 
which verifies the effectiveness and adaptability of the added module. Experiments on 
the public dataset NinaProDB1 show that the classification accuracy of FE-ResNet50 
reaches 88.93%, which is an improvement compared with both traditional and current 
mainstream methods. All these results show that the network proposed in this paper not 
only performs well in the experimental environment, but also has good robustness and 
generalization ability. 
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Abstract. In this paper, based on the information theoretic learning theory, a 
novel non-Gaussian filter is proposed in the frame of Kalman filter under Huber 
correntropy loss function, which is short for HCKF (Huber correntropy Kalman 
filter). Firstly, a novel Huber correntropy loss function is defined. Secondly, HCKF 
is designed to solve the Huber correntropy loss function by using a fixed-point 
iterative algorithm and its superior performance is shown by compared Huber 
correntropy loss function with the L2 loss function, the Huber loss function, and 
the Gaussian kernel function. The validity of the HCKF is verified by comparing 
it with three representative filtering methods in the final simulation. 

Keywords: non-Gaussian noise · linear systems · Huber correntropy loss 
function · fixed-point iteration · information theoretic learning 

1 Introduction 

According to the MMSE criterion [1], the Kalman filter (KF) is the optimal state esti-
mation method for Gaussian linear systems. However, for the systems disturbed by 
non-Gaussian noises, the performance of the Kalman filter decreases dramatically. 

A number of non-Gaussian filtering methods were studied, including particle fil-
tering (PF), Student’s t-distribution filtering, etc. Particle filter achieves approximate 
state estimation by characterizing the distribution of states in terms of random sampling 
points through Monte Carlo sampling techniques [2, 3]. Student’s t distribution filter 
achieves higher filtering accuracy by modeling the noise as a Student’s t distribution and 
exploiting the thick-tailed nature of this distribution compared to a Gaussian distribu-
tion [4]. Maximum correntropy Kalman filter (MCKF) measures the size of the error 
through the Gaussian kernel function, and iteratively adjusts the filter gain to improve 
the filtering accuracy [5–10]. The properties of the Gaussian kernel function cause the 
weights to decrease rapidly to zero when the error increases, which makes the maxi-
mum correntropy Kalman filter more robust to extreme outliers. However, it can lead to 
the occurrence of singularity phenomena, when the absolute error larger than a certain 
extent. It deteriorates the estimation accuracy. Improved Kalman filter based on Huber 
loss function (HKF) improves the filtering accuracy by minimizing robust loss function 
[11–14]. Coincidentally, maximizing the entropy value can be translated into minimizing 
the robust loss function [15]. On average, the filtering method with the Huber loss func-
tion takes fewer iterations than the maximum correntropy Kalman filter. This is because
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the Huber loss function does not adjust the gain when the absolute error is less than a 
set threshold. But Kalman filter based on Huber loss function shows weak robustness to 
extreme outliers. 

In this paper, Huber correntropy loss function is defined, to balance the filtering 
accuracy and the real-time performance. To solve the new loss function, a novel non-
Gaussian filtering method is designed in the frame of Kalman filter, with the help of 
fixed-point iteration theory. It is named Huber correntropy Kalman filter and short of 
HCKF. The final simulation results show the advantages of HCKF. 

2 Problem Formulation 

Consider the following linear state space model 

xk = Fkxk−1 + wk,k−1 (1) 

yk = Hkxk + vk (2) 

in which, xk ∈ Rn is system state, yk ∈ Rm is measurement, Fk ∈ Rn×n is the state 
transfer matrix, and Hk ∈ Rm×n is measurement matrix. wk,k−1 ∈ Rn is non-Gaussian 
process noise with covariance Qk,k−1, vk ∈ Rm is non-Gaussian measurement noise 
with covariance Rk . 

For state estimation of above non-Gaussian linear system, Some effective filtering 
methods have been proposed. However, in these existing methods, it is difficult to balance 
filtering accuracy and the real-time performance. In this paper, a novel non-Gaussian fil-
tering method named HCKF with better performance of real-time and filtering accuracy 
is studied. 

3 Huber Correntropy Kalman Filter 

3.1 Huber Correntropy Loss Function 

The mathematical expression of Huber correntropy loss function is 

ρ(e) =
{
0.5e2, |e| ≤ δ
�(e), |e| > δ  

(3) 

where δ is the set threshold, �(e) = 2σ 2+δ2 

2

[
1 − 2σ 2 

2σ 2+δ2 
exp(− e2−δ2 

2σ 2 )
]
, σ is the kernel 

size of �(e). 
In Huber correntropy loss function, when the absolute error is less than the set 

threshold, the loss function behaves as L2 loss function. And when the absolute error 
exceeds the set threshold, the L2 loss function is replaced by the Gaussian kernel function. 

Figure 1 shows the trends of the L2 loss function, the Huber loss function, the Huber 
correntropy loss function with errors. From the figure, it can be seen that as the error 
increases, L2 loss function grows the fastest, Huber loss function is the second fastest, and 
Huber correntropy loss function is the slowest, which can reflect that Huber correntropy 
loss function is able to effectively suppress the large absolute error compared with the 
other two loss function, and has the strongest robustness.
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Fig. 1. Relationship between different loss functions and errors 

3.2 Huber Correntropy Kalman Filter 

For the system shown in (1) and (2), the state prediction vector x̂k|k−1 and the prediction 
error covariance matrix Pk|k−1 at k are

{
x̂k|k−1 = Fk x̂k−1|k−1 

Pk|k−1 = FkPk−1|k−1FT 
k + Qk,k−1 

. (4) 

The following cost function of Huber correntropy loss function is defined by 

J(xk ) = 1 

n + m 

n+m∑
i=1 

ρ(ei), (5) 

where ei = di − wixk , ei is the ith element of ek , wi is the ith row of Wk , di is the ith 

element of Dk , and ⎧⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎩ 

Dk = (Bk )
−1

[
x̂k|k−1, yk

]T 
Wk = (Bk )

−1[I, Hk ]T 

ek = (Bk )
−1�k

�k =
[
x̂k|k−1 − xk , vk

]T 
Bk = diag

(
chol(Pk|k−1), chol(Rk )

)
. (6) 

chol(∗) expresses Cholesky decomposition. 
The optimal estimate of xk is obtained by solving the minimum value of (5), i.e., 

x̂k = arg min 
xk 

n+m∑
i=1 

ρ(ei). (7) 

The solution takes the following form 

xk = x̂k|k−1 + K̃k (yk − Hk x̂k|k−1), (8)
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where 
⎧⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

K̃k = P̃k|k−1HT 
k (Hk P̃k|k−1HT 

k + R̃k )
−1 

P̃k|k−1 = chol(Pk|k−1)(Mx)
−1(chol(Pk|k−1))

T 

R̃k = chol(Rk )(My)
−1(chol(Rk ))

T 

Mx = diag( ∂ρ(e1) 
∂xk 

1 
e1 

, . . . ,  ∂ρ(en) 
∂xk 

1 
en 

) 
My = diag( ∂ρ(en+1) 

∂xk 
1 

en+1 
, . . . ,  ∂ρ(en+m) 

∂xk 
1 

en+m 
) 

ei = di − wixk 

. (9) 

From (9), it is clear that (8) is a fixed-point equation. It can be solved by HCKF, 
which is summarized as follows. 

1) Choose appropriate parameters δ and σ and a small positive number ε. Denote x̂t k|k 
as the state estimate at the tth iteration. Let x̂0 k|k = xk|k−1. 

2) Use (4) to obtain x̂k|k−1 and Pk|k−1. 
3) Use (10)–(16) to compute x̂t k|k . 

x̂t k|k = x̂k|k−1 + Kk (yk − Hk x̂k|k−1), (10) 

with 

Kk = Pk|k−1H
T 
k (HkPk|k−1H

T 
k + Rk )

−1, (11) 

Pk|k−1 = chol(Pk|k−1)(Mx)
−1(chol(Pk|k−1))

T , (12) 

Rk = chol(Rk )(My)
−1(chol(Rk ))

T , (13) 

Mx = diag( 
∂ρ(e1) 
∂xk 

1 

e1 
, . . . ,  

∂ρ(en) 
∂xk 

1 

en 
), (14) 

My = diag( 
∂ρ(en+1) 

∂xk 

1 

en+1 
, . . . ,  

∂ρ(en+m) 
∂xk 

1 

en+m 
), (15) 

ei = di − wix
t−1 
k|k . (16) 

4) If (17) is valid, set x̂k|k = x̂t k|k and move on to step 5). Otherwise, let t = t + 1 and 
return to 3).

∥∥∥x̂t k|k − x̂t−1 
k|k

∥∥∥∥∥∥x̂t−1 
k|k

∥∥∥ ≤ ε. (17) 

5) Use (18) update the posterior covariance matrix. Let k = k + 1 and go back to 2). 

Pk|k = (I − KkHk )Pk|k−1(I − KkHk )
T + KkRkK 

T 
k . (18)
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3.3 Performance Metric Analysis 

Table 1 shows four kinds of loss functions. By solving these loss functions, four differ-
ent filtering methods can be obtained: KF, HKF, MCKF and HCKF, respectively. The 
third column in the Table 1 shows the relevant weighting functions for the prediction 
error covariance and the measurement noise covariance. These functions are utilized to 
modify the filtering gains in the four filtering methods mentioned above. Performances 
of different filtering methods can be analyzed by weighting functions in the next content. 
Figure 2 shows the variation of different weighting function values with error. 

Table 1. Four loss functions and their weighting functions 

Name of loss functions Loss functions ρ(e) Weighting functions η(e) 

L2 0.5e2 1 

Huber
{
0.5e2, |e| ≤ δ 
δ(|e| − 0.5δ), |e| > δ

{
1, |e| ≤ δ 
δ
/ |e|, |e| > δ  

Gaussian kernel exp(− e
2 

2σ 2 ) exp(− e
2 

2σ 2 ) 

Huber correntropy
{
0.5e2, |e| ≤ δ
�(e), |e| > δ

{
1, |e| ≤ δ 
exp(− e2−δ2 

2σ 2 ), |e| > δ  

Fig. 2. Relationship between different weighting functions and errors 

Figure 2 shows that the weight function of the L2 loss function always remains 
the same value, no matter how the error changes, which leads to filtering accuracy of 
corresponding Kalman filter performs very bad to outliers. As the error increases, the 
trend of the weight function of Huber correntropy loss function is between the Gaussian 
kernel loss function and the Huber loss function. When the error is small, the weight 
value decreases slightly, and when the error increases, the weight decreases drastically. 
The weight value of Huber correntropy loss function slows down to zero compared to the 
Gaussian kernel function, which makes it is possible to improve the filtering accuracy
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as well as avoid the appearance of singularity phenomena. In addition, when the error 
decreases to threshold δ, Huber correntropy loss function, as the Huber loss function, 
stops changing the weights. It improves the real-time performance of the algorithm by 
speeding up the convergence of the fixed-point iterations. 

4 Simulation 

The uniform circular motion model is utilized to verify the effectiveness of HCKF. 

⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩

[
x1 k 
x2 k

]
=

[
cos θ − sin θ 
sin θ cos θ

][
x1 k−1 
x2 k−2

]
+ wk,k−1 

yk =
[
0.5 0.5

][ x1 k 
x2 k

]
+ vk 

, (19) 

where θ = π
/
18, and simulation steps N is taken as 100. Initial state x0 = [10, 10]T , 

P0|0 = diag(0.6, 0.6). 
The proposed algorithm’s filtering performance under non-Gaussian noise is to be 

shown. For this, the process noise and the observation noise takes

{
wk,k−1 ∼ Laplace(0, 0.04) 
vk ∼ St(0, 5) 

(20) 

In this simulation, KF, MCKF with different parameters, HKF, and HCKF proposed 
in this paper are compared. The mean absolute error (MAE), average number of iterations 
(ANI), and average CPU running time (ART) under 2000 Monte Carlo and ε = 10−6. 
Simulation results are shown in Tables 2 and 3, Figs.  3 and 4. 

Table 2. MAEs of x1 and x2 

Filter MAE of x1 MAE of x2 

KF 0.72992 0.64074 

MCKF(σ = 2) 0.68045 0.58585 

MCKF(σ = 2.2) 0.68002 0.58528 

MCKF(σ = 2.4) 0.68011 0.58534 

HKF(δ = 1) 0.67750 0.58238 

HCKF(δ = 1, σ  = 1.5) 0.67622 0.58094 

HCKF(δ = 1, σ  = 1.7) 0.67583 0.58040 

HCKF(δ = 1, σ  = 2) 0.67625 0.58081 

As in Table 2, and Table 3, although KF has the shortest computation time, its 
filtering error is the largest. The proposed HCKF (δ = 1, σ  = 1.7) has the highest
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Table 3. ANIs and ARTs of different filters 

Filter ANI ART(10−5s) 

KF 0 1.340 

MCKF(σ = 2) 3.2057 10.522 

MCKF(σ = 2.2) 3.1504 10.918 

MCKF(σ = 2.4) 3.1036 10.408 

HKF(δ = 1) 2.4981 9.539 

HCKF(δ = 1, σ  = 1.5) 2.4814 8.928 

HCKF(δ = 1, σ  = 1.7) 2.4571 8.829 

HCKF(δ = 1, σ  = 2) 2.4373 8.673 

Fig. 3. MAE of x1 of different methods 

Fig. 4. MAE of x2 of different methods

filtering accuracy among all methods, the shortest ART and least ANI except KF. The 
filtering accuracy, ANI and ART of HCKF with other parameters are also better than 
MCKF and HKF. Therefore, HCKF has better performances both in filtering accuracy 
and real-time. 
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5 Conclusion 

In this paper, a novel loss function called Huber correntropy is proposed and applied in the 
Kalman filter framework to cope with the non-Gaussian linear filtering problem. A novel 
Huber correntropy loss function is defined, under which, Huber correntropy Kalman 
filter is derived, and its performance is analyzed. The proposed method is simulated 
and verified to perform better than MCKF and HKF. In the future, filtering problems of 
non-Gaussian nonlinear systems will be studied under Huber correntropy loss function. 
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Abstract. This paper proposes a framework for visual target navigation 
in unmanned aerial vehicles (UAVs) that leverages LLMs. By utilizing 
the powerful language understanding capabilities and prior knowledge 
of LLMs, this framework enhances UAVs’ comprehension of natural lan-
guage instructions and their ability to plan tasks. Initially, the method 
integrates task instructions, contextual backgrounds, and the UAV’s 
functional library through designed prompt information. Subsequently, 
LLM serves as a planner, generating long-term plans that align with the 
task instructions and selecting corresponding functional modules based 
on the UAV’s capabilities to execute control. Leveraging the strong rea-
soning abilities of LLMs, we derive a sequence for searching rooms. Then, 
based on visual observations and prior probabilities, we determine the 
locations of sub-goals. Through a path planning algorithm, the UAV pro-
gressively searches forward until the target is discovered. Experimental 
results demonstrate the effectiveness of the proposed method in address-
ing visual target navigation problems for UAV. 

Keywords: LLM · Visual Target Navigation · Task Planning · UAV 

1 Introduction 

Compared to ground robots, quadcopters have advantages such as rapid 
response, high maneuverability, and more comprehensive vision when performing 
search tasks in unknown environments. In unknown environment, the quadrotor 
needs to perceive the environment through sensors such as cameras and per-
form search planning. If a drone is needed to replace a person to search in an 
unknown and dangerous environment, the person needs to clearly input specific 
search tasks including destinations and target objects. However, it is often not 
easy for robots to locate any specific target based on human needs in an unknown 
environment [ 1]. This leads to a classic problem in robotics visual target navi-
gation, which involves autonomous search tasks in unknown environments and 
c© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
B. Xu and J. Qiu (Eds.): ICCCS 2024, CCIS 2516, pp. 99–110, 2025. 
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requires robots to possess language understanding and semantic reasoning abili-
ties [ 2, 3]. Traditional approaches typically involve constructing an environmental 
map based on visual observations and then planning the robot’s navigation path 
based on the constructed geometric map [ 4– 6]. Due to the lack of prior knowl-
edge of the scene, these methods often require searching large areas. Learning-
based methods directly optimize navigation strategies, using deep reinforcement 
learning to find objects of specified categories in unknown environments based 
on currently observable images [ 7– 9]. However, these methods focus on how to 
explore the environment and navigate the robot after obtaining accurate target 
information, neglecting how to extract key information from user-defined instruc-
tions and whether prior information from the physical world can be utilized to 
enhance the robot’s efficiency. 

Humans can easily and quickly determine the approximate location of a tar-
get in an unknown environment, thanks to strong prior knowledge and logical 
reasoning abilities about the physical world. For example, if asked to find a 
water cup, we usually know it is often located near a water dispenser, meaning 
we only need to search in the living room rather than the kitchen or bedroom. If 
robots could possess such ability, it would save a considerable amount of time. At 
the same time, human’s task instructions are often complex, and even a simple 
instruction may require robot to perform numerous operations. How robots can 
quickly and effectively understand human’s intentions and execute them is also 
an issue that needs to be addressed [ 10]. This poses high demands on a robot’s 
information extraction capabilities and level of intelligence. 

The emergence of large language models, such as BERT [ 11], GPT-3 [ 12], 
and GPT-4 [ 13], has made this idea feasible. Their impressive performance upon 
release amazed people with their language understanding capabilities, enabling 
them to effectively comprehend human intentions and provide corresponding 
responses. Additionally, thanks to their vast prior knowledge of the physical 
world, they can offer suggestions and assistance based on their own knowl-
edge. Consequently, recent researches have begun to integrate LLMs with robots, 
exploring ways to leverage the powerful abilities of LLMs in the field of robotics 
to enhance their versatility and intelligence. This includes utilizing LLMs for 
robots to understand complex human instructions and plan tasks [ 14,15], con-
verting specified targets in natural language into structured planning language 
to generate operable plans for agents [ 16,17], writing Python code to manipu-
late robotic arms [ 18], and performing motion planning for autonomous vehicles 
[ 19]. Recent studies have also applied LLMs to visual target navigation tasks, 
demonstrating their effectiveness in this context. Xie et al. [ 20] improved the path 
generation of Rapidly-exploring Random Tree (RRT) [ 25] by introducing LLM 
for semantic relevance measurement to achieve outdoor navigation for UAVs. 
Chen et al. [ 21] utilized the prior knowledge of LLM for semantic inference to 
obtain scene labels, achieving 3D scene understanding for robots. Yu et al. [ 22] 
introduced LLM into the problem of visual target navigation, enabling the use 
of language to find relevant boundaries from semantic maps as long-term goals 
and effectively explore the environment. However, these researches have over-
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looked the understanding of human task instructions, while the most prominent 
capability of large language models is natural language processing. 

The focus of this study is how to generate long-term plans based on human’s 
task instructions to achieve UAV control in search tasks, while using the prior 
knowledge of LLM as the basis for selecting search directions. Specifically, we 
first generate a long-term plan using LLM, then use visual language model to 
generate scene descriptions of the surrounding environment, and subsequently 
generate real-time sub-goal points based on these descriptions to guide the UAV 
in searching for the target. Additionally, the long-term plans we generate are 
composed of Python code, enabling effective UAV control. 

Our contributions are: 

1. We designed a hierarchical prompt structure that integrates scene prior infor-
mation, task backgrounds, UAV functional library information, and output 
instance information into the prompt. Experimental validation was conducted 
under different task forms, exploring and obtaining prompt descriptions with 
multi-task generalization. 

2. Based on traditional task processes, we introduced large models to improve 
task generalization capabilities. Meanwhile, we designed a function library 
that aligns with UAV control interfaces for downstream tasks, enabling large 
models to control UAVs. 

This paper proposes a new method for combining large language models with 
UAV visual target navigation tasks. We will discuss this method in Sect. 2 and 
conduct experiments to demonstrate its effectiveness in Sect. 3. 

2 Method  

For the problem of UAV visual target navigation based on natural language 
instructions in unknown environments, a UAV task planning method is proposed. 
In this paper, we embed LLM into the planning process as a search order planner 
and a long-term task planner. We also establish a UAV function library based 
on task requirements, matching the steps of the task plan to generate executable 
control code. 

Figure 1 illustrates the overall framework of our work, we use a scenario 
where a drone explores and searches for target inside a house as an example. 
The human provides the drone with task instructions containing the target loca-
tion. The drone inputs the user instructions, task description, and UAV function 
library into LLM to generate a task plan that aligns with the user instructions 
and invokes the matching functions in the library to control the UAV. Mean-
while, this method is extensible and generalizable. Firstly, it can modify the 
functions of each submodule for different downstream tasks to meet various task 
requirements. Secondly, the prompt input for large models and the UAV function 
library can be customized and expanded according to the task context, forming 
a versatile execution unit.
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Fig. 1. system overview of our work 

2.1 LLM for Plan 

LLMs are typically utilized as question-answering tools to respond to various 
user inquiries. However, enabling them to truly understand user needs poses a 
challenge. A common solution is to standardize user expressions through prompt 
engineering. Therefore, designing an effective prompt based on task requirements 
is crucial for leveraging LLMs effectively. We directly utilize powerful LLM as 
reasoning modules, designing a standardized prompt to infer all information and 
generate high-level plans. Specifically, by providing LLM with the premises and 
basis for reasoning, and then based on the currently obtained key information, we 
formulate a long-term executable plan in conjunction with their own capabilities. 

In this paper, GPT-3.5-turbo provided by OpenAI is selected as the task 
planner, and referring to the work of Vemprala et al. [ 26], the elements of a good 
prompt should include: 

Task Command. The original task instruction provided by the human, which 
in this paper is in English, such as movement, target detection and search for 
target. 

Role Description. The role played by LLM, clarifying the task requirements 
and context for the drone. Our experiments are conducted based on AirSim, so 
the role of LLM is an assistant helping me with the AirSim simulator for drones. 
We hope that LLM provides Python code to fulfill task requirements. 

Function Description. Since the text output of LLM cannot directly control 
the drone, we hope that the direct output of the large model are API functions
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related to drone control, i.e., letting LLM generate Python functions based on 
the API function library to control the drone. API functions are mainly divided 
into High-Level actions and Low-Level actions. 

Low-Level actions: Low-level actions refer to the most basic behaviors, i.e., 
simple callable functions whose input parameters are determined by the system. 
As  shown in Fig.  2, they include many fundamental behaviors, such as drone 
control, vision tools, user interfaces, and LLM queries. 

High-Level actions: High-level actions typically consist of multiple functions, 
i.e., nested functions, selectively incorporating many low-level actions. As shown 
in Fig. 2, they include many high-level behaviors, such as path planning, active 
exploration, and target recognition. 

Fig. 2. API function library example 

Theoretically, we can follow the approach outlined in paper [ 18] to use LLM 
directly to generate Python code for controlling the drone. However, due to the 
hallucination phenomenon of LLMs, this may result in the generation of non-
executable code, leading to loss of control over the drone, which is highly risky 
in practical operations. Therefore, we use LLM to combine the rich skill set in 
the prompts, thereby simplifying the plan and enhancing its quality, while also 
reducing the service cost of LLM. 

Sample Description. Examples of “prompt-response” from LLM, clearly 
demonstrating the expected outcome of the reasoning process in the form of 
examples, to better enable LLM to understand human’s intent and further stan-
dardize their output. 

2.2 Priori Information for Search 

Without a cue indicating the target location, the UAV cannot quickly deter-
mine the target’s position and inevitably needs to conduct a purposeless search. 
Humans can easily and quickly ascertain the approximate location of a target in 
an unknown environment. This is attributed to humans’ robust prior knowledge
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of the physical world and logical reasoning abilities. Inspired by this, we leverage 
the extensive prior knowledge of LLMs by providing them with all room types 
and the names of the targets to be searched in the environment. This informa-
tion is used to generate a search sequence for the rooms, i.e., the drone should 
prioritize searching rooms where the target is most likely to be present. This 
paper also selects GPT-3.5-turbo provided by OpenAI as the Q&A tool for the 
search sequence, with the prompt construction similar to that in Sect. 2.1. Since 
there is no need for an output function, the prompt does not include Function 
Description. 

During task execution, the UAV obtains scene descriptions through the visual 
perception module and then matches the visual observations with room cate-
gories to determine the search direction, always prioritizing searching the room 
where the target is most likely to appear. 

2.2.1 Observation Module 
To achieve autonomous navigation in unknown environments, it is crucial to 
perceive raw observations from the environment and extract vital information for 
downstream reasoning. The required perceptive abilities consist of two aspects: 
one is the scene recognition capability, which refers to the ability to recognize 
any objects within the scene. The second is mapping capability, which refers to 
the ability to locate objects within the scene and use this as a basis for path 
planning. 

To achieve the aforementioned two capabilities, two locally deployed visual 
language models are integrated into the framework: 

1. Recognize-anything Model [ 28]: This model is used to construct scene descrip-
tions, specifically the names of objects within the scene. It takes RGB images 
as input and outputs the names of the objects in the image. 

2. GroundingDINO Model [ 29]: This model is used to obtain the names of 
objects within the scene and their corresponding bounding boxes. It takes 
RGB images and a list of object names as input, and outputs the bounding 
boxes for the respective object names. 

The module utilizes the two aforementioned models to obtain the names of 
objects within the scene and their bounding boxes, and combines information 
from the depth image. It calculates the positions of the objects through coor-
dinate transformation. The primary function of this module is to use RGB and 
depth images to construct a semantic map, recording the discovered objects and 
their corresponding positions. 

2.2.2 Active Search Strategy 
The problem of visual target navigation needs to solve the problem of which place 
the agent should explore first when the environmental map has not been fully 
established. Firstly, we utilize LLM to determine a preliminary room exploration 
sequence based on the search target and prior map information. This approach 
acts as pruning, avoiding unnecessary exploration processes while serving as a
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decision-making basis for the next stage. During the search process, observations 
are conducted in the front, left, and right directions, and the likelihood rankings 
of room categories in these three directions are obtained based on prior proba-
bilities to determine the location of the next sub-goal. Finally, path planning is 
employed to search in the direction of the sub-goal. 

To quantify the likelihood of room categories, we measure it by the prior 
probability of object a appearing in room b. Specifically, we construct a “room 
category-object name” prior probability list based on 3,000 images and their 
recognition results [ 27], which includes most common room and object names. 
Prior probabilities, i.e., the prior probability of object a in room b, are calculated 
using statistical methods. After obtaining scene descriptions in the front, left, 
and right directions, entropy is calculated using the following formula to obtain 
the likelihood rankings o1, o2, o3 of room labels in each direction. To mitigate the 
influence of uninformative and ubiquitous objects (such as doors and windows), 
we calculate the entropy for each category, as suggested in [ 22]. 

HOi 
= −

∑

tj∈LT 

p (tj | oi) log p (tj | oi) (1) 

where oi ∈ LO represents the target category and tj ∈ LT represents the scene 
category. The probability of each target category appearing in the corresponding 
scene is normalized to obtain p(tj | oi). From the formula, it can be seen that 
objects with greater information have lower HO. Therefore, by sorting HOi

, we  
can infer the room labels and rank the possibilities of other labels. Ultimately, 
we obtain the likelihood rankings of room labels in the three directions and 
determine which direction to proceed based on the room exploration sequence 
outlined in Sect. 2.2. 

3 Experiments 

In this section, we design a series of simulation experiments to evaluate the 
performance of the proposed method, aiming to answer the following question: 
1) Can the framework stably and efficiently complete visual target navigation 
tasks? 2) Can the framework effectively match with multiple algorithms? 

3.1 Experimental Setup 

We validate our proposed method by setting up six task instructions ranging 
from simple to complex, as shown in the Table 1. Task 1 is the most basic 
instruction, used to verify the feasibility of controlling a drone using a large 
language model. Task 2–4 are for verifying the functionality of each submodule. 
Task 5–6 are advanced search tasks involving the cooperative work among vari-
ous submodules, used to verify the feasibility of our proposed method in visual 
target navigation tasks. For each task, we conducted 25 experiments separately 
to calculate and analyze task completion.
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Table 1. six tasks 

Task ID Task Name Task Instruction 
1 Fly forward Fly 5 m forward 
2 Path planning Fly to (10,5) using path planning 

algorithms 
3 Detect and location Tell me what you see now and give their 

locations 
4 Search order Suppose you will search for a computer, 

give me the room search order 
5 Search for the target with target 

location information 
The computer is located within a 10 m 
area in front of you, go and find it 

6 Search for the target without 
target location information 

Go to find the computer 

Due to the occasional instability in the output of LLM, which can lead to 
undefined or unexecutable generated code, and an increasing error rate as task 
complexity increases, we evaluate performance using both code executability and 
task success rates. Code executability is directly assessed by whether the gen-
erated code can run normally; if it cannot, the code is considered unexecutable 
and the task is deemed a failure. For Tasks 1–2, success rate is evaluated based 
on whether the target location is reached. For Task 3, success rate is evaluated 
based on accurate target recognition and localization. For Task 4, success rate 
is evaluated through the comparison of the room search order with the actual 
target location. For Tasks 5–6, success is directly evaluated based on whether 
the target is found. 

3.2 Simulation and Results 

We validated our method in the open-source, cross-platform simulator AirSim, 
which is based on the Unreal Engine (UE) and supports software-in-the-loop 
simulation using flight controllers such as PX4 and ArduPilot. It also sup-
ports hardware-in-the-loop simulation based on PX4. This simulation platform 
is suitable for various applications and research areas related to machine learn-
ing and artificial intelligence. The Fig. 3 shows an example of searching for a 
computer without location hint. Based on prior room category information, a 
pre-determined search order is generated. Then, based on visual observations, 
the degree of matching with room categories is used to generate sub-goal points. 
Through path planning algorithms, the UAV gradually approaches and finally 
find the target. 

Tasks’ success rates are shown in the Fig. 4. The results indicate that our 
proposed method can effectively execute the aforementioned tasks. As task com-
plexity increases, LLM occasionally makes errors leading to unexecutable gener-
ated code. This is due to the increasing number of library functions and other



A Framework for Visual Target Navigation for Quadcopter on LLMs 107

Fig. 3. Example of searching for computer 

necessary functions that need to be used, which leads to issues including but 
not limited to incorrect input parameter formats for functions and mismatches 
between the output of necessary functions and the format of library functions. 
The success rates of Tasks 5–6 are influenced by many factors, including code 
unexecutability due to instability in LLM’s outputs, incomplete API functions 
leading to collisions with the environment, and misdetections by the perception 
module causing changes in task progress, such as misdetections due to perspec-
tive deviations and collisions due to misjudgments of obstacle size and position. 
These issues can be observed through the success rates of each submodule, but 
they can be addressed by replacing corresponding submodules to improve their 
capabilities and thus increase success rates. 

Ablation Experiments. To verify the practicality and versatility of our pro-
posed method, we conducted ablation experiments by replacing different path 
planning algorithms, such as Rapidly-exploring Random Tree (RRT) [ 25], Prob-
abilistic Roadmap (PRM) [ 24], and Carrot-Chasing [ 23]. The results in Table 2 
show that our proposed method can effectively apply to various path planning 
algorithms, and different algorithms have an impact on success rates. The Carrot-
chasing algorithm often collides with obstacles due to its lack of obstacle avoid-
ance capabilities, resulting in a low success rate. On the other hand, the RRT 
algorithm and PRM algorithm possess certain obstacle avoidance abilities, but 
their success rates are also not high due to limitations in mapping accuracy and 
algorithm parameter settings.
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Fig. 4. Executability and Success rate of six tasks 

Table 2. Executability and Success Rate of different algorithms 

Path Planning Algorithm Task Name Executability Success Rate 
Baseline(RRT) Task2 96% 76% 

Task5 88% 72% 
Task6 80% 64% 

PRM Task2 100% 72% 
Task5 92% 64% 
Task6 84% 60% 

Carrot-chasing Task2 100% 48% 
Task5 88% 20% 
Task6 76% 12% 

4 Conclusion 

We propose a framework that combines large language models with visual tar-
get navigation tasks. As a planner, LLM can receive natural language instruc-
tions and directly return a plan based on task requirements. As a pre-planner, 
LLM can well understand the task context and generate a pre-determined search 
order to guide the search direction. Experimental results show that this method 
can effectively be applied to visual target navigation problems, achieving effi-
cient operation from high-level planning to low-level control under any natural 
language instruction. In the future, our work can achieve a complete closed-
loop control process by using reinforcement learning or utilizing LLM itself as a 
checker for plan generation, thereby reducing the uncertainty in large language 
model outputs and improving the stability of the framework.
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Abstract. This paper solves the adaptive output feedback control prob-
lem for a class of nonlinear time-delay system with neural network and 
static gains. First, a reduced-order state observer is designed through 
the variable substitution. Then, the unknown continuous functions and 
system states are suppressed by the neural networks and static gains. 
To stabilize the system, an output feedback controller is designed by 
Lyapunov-Krasovskii functional. Finally, the effectiveness of this control 
scheme is verified by a simulation example. 

Keywords: Time-delay system · adaptive control · output feedback 
control · neural network · static gain 

1 Introduction 

Nonlinear characteristics exist in many practical control systems, which makes 
the design of controllers complicated or even impossible [ 1]. Since the backstep-
ping technique can eliminate the constraint that system uncertainties need to 
meet the matching condition, adaptive control can estimate and suppress the 
influence of system uncertainties while ensuring control performance, these two 
control tools are widely used in control fields such as mechanical equipment man-
ufacturing and chemical process [ 2, 3]. However, time delay is not considered in 
the above work. 

Actually, time delay commonly emerges in practical systems, which will cause 
the control performance to deteriorate, and even the instability of the system [ 4]. 
Hence, the control and stabilization problem of nonlinear time-delay system is 
drawing more and more attention and many accomplishments have been made. 
The most commonly used control method for uncertain time-delay nonlinear 
systems is to use a radial basis function neural network (RBF NN) to compen-
sate for the system adaptively [ 5, 6]. However, the above work are based on the 
measurable state, which is not easy to meet. Therefore, output feedback control 
is regarded as a more universal control scheme, and reduced-order observer as a 
powerful tool for estimating unmeasurable states, such as [ 7]. 
c© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
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Since the introduction of static gain function does not add unnecessary sub-
systems and effectively offsets the influence of unmeasurable system states, the 
static gain function method has achieved some results in control field [ 8]. Sub-
sequently, scholars made a series of improvements to an explicit expression of 
static gain function [ 9]. In this paper, we are devoted to solving the problem of 
adaptive output feedback control based on static gain. The contributions are i) 
In order to reduce the error caused by the approximation of unknown functions 
by neural networks, static gains are introduced to handle the unknown system 
states. ii) New Lyapunov-Krasovskii functional embedded with static gains are 
designed to compensate for unknown time delays. 

2 The Problem Statement and Preliminaries 

2.1 System Statement 

In this section, the nonlinear time-delay system is described as 
⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

ẋi = xi+1 + ϕi(x̄i) +  ψi

(
x̄i(t − χi(t))

)
, 

ẋn = u + ϕn(x̄n) +  ψn

(
x̄n(t − χn(t))

)
, 

x(t) =  φ(t), −χ′ ≤ t ≤ 0, 
y = x1, 

(1) 

where x = [x1, x2, . . . , xn]T ∈ Rn is the state, y(t) is the output, u(t) is the  
controller. ϕi(·), ψi(·) are unknown continuous functions, and satisfy ϕi(0) = 
ψi(0) = 0. χi(t) is the time-varying delay, satisfies 0 � χi(t) � χ∗ and χ̇i(t) ≤ 
χ̄i < 1, χ̄ = max{χ̄1, χ̄2, . . . ,  ̄χn}. φ(t) is initial continuous function. 
Assumption 1. ψi(·) is an unknown continuous function, satisfies ψ2 

i

(
x̄i(t − 

χi(t))
) ≤ ∑i 

s=1 γs(xs(t − χs(t)))|xs(t − χs(t))|, where γs(·) > 0 is an unknown 
continuous function. 

2.2 RBFNN and Projection Operator 

RBFNN. Unknown continuous function h(Z) :  Rl → R over ΩZ ∈ Rl can 
be approximated as ĥ(Z) =  H∗T P (Z), where H∗ is the weight vector, P (Z) 
is the vector-valued function, and Z ∈ ΩZ ⊂ Rl, H∗ = [h∗ 

1, . . . , h
∗ 
q ]

T , P (Z) =  
[p1(Z), . . . , pq(Z)]T ∈ Rq with pi(Z) = exp

[
−(Z−ūi)

2 

ν2 
i

]
. 

For arbitrary continuous function h(Z) over  ΩZ , we have  h(Z) =  HT P (Z)+  
δ(Z), where δ(Z) ≤ δ′ is the error function. H is chosen as H := 
argminH∗∈Rq

{
supZ∈ΩZ

∣
∣h(Z) − H∗T P (Z)

∣
∣
}
. 

Projection 
Operator. For Ω = {H : ‖H‖ ≤  h0}, we define Proj(·) as  ˙̂Hi = Proj(μi, 

Ĥi) =  μi − ηi1ηi2 
4(ε2+2εh0)n−ih2 

0 
∇p( Ĥi), where ηi1 =

{
pn−i( Ĥi), if p( Ĥi) > 0 
0, otherwise 

, 

ηi2 = ‖Ĥi‖2‖μi‖2 + 1 4 , p( Ĥi) = ‖Ĥi‖2 − h2 
0, Ĥi is the estimate function of Hi 

with H̃i = Hi − Ĥi, and  μi is (n − i) times continuously differentiable function.
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3 Controller Design and Stability Analysis 

3.1 Reduced-Order Observer 

First, we rewrite system (1) as  
⎧ 
⎨ 

⎩ 

ẋ1 = Ax1 + Bm′ + ϕ1(x1) +  ψ1, 
ṁ′ = Cx1 + Dm′ + Eu + ϕ̄ + ψ̄, 
y(t) =  x1, 

(2) 

where m′ = [x2, . . . , xn]T denotes the unmeasured system state vector, 
A, B, C, D, E, ϕ̄, ψ̄ are matrices and vectors of corresponding dimensions. 

To construct a reduced-order observer, we introduce v = Cx1 + Eu, z = ẋ1 − 
Ax1. The observer for the transformed system is designed as ˙̂m′ = A′m̂′+v +Lz, 
where L = [l2, l3, . . . , ln]T is a designed constant vector such that A′ = D − LB 
is a Hurwitz matrix. Furthermore, A′T P + PA′ = −M holds by appropriate 
positive-definite matrix P , M . By defining m = m̂′ − Ly and B′ = (C − LA) +  
A′L � [b′

2, b
′
3, . . . , b

′
n], one has 

ṁ = A′m + B′y + Eu. (3) 

The estimation error is ε = m′ − m̂′ = [ε2, ε3, . . . , εn]T , and its dynamic is 
ε̇ = A′ε − L

(
ϕ1(x1) +  ψ1

)
+ ϕ̄ + ψ̄. 

We chose the Lyapunov function as V0 = εT Pε+M0, with M0 = eςχ∗ 

ι(1−χ̄)

∑n 
i=1

∫ t 
t−χi(t) 

e−ς(t−s)(n − i + 1)
(

1 
ῑi 

x2 
i (s) +  ̄ιiγ2 

i (xi(s))
)
ds, where ς, ι, ῑi are positive 

parameters. Using Young’s inequality and Assumption 1, one has 

V̇0 ≤ −  εT Mε  + ιεT PLLT Pε  + ιεT PPε  + 2 
ι 
ϕ2 
1(x1(t)) − ςM0 + 2 

ι
‖ϕ̄‖2 

+ eςχ∗ 

ι(1 − χ̄) 

n∑

i=1 

ῑi(n − i + 1)γ2 
i (xi(t)) + eςχ∗ 

ι(1 − χ̄) 

n∑

i=1 

(n − i + 1)  
ῑi 

x2 
i (t). (4) 

3.2 Controller Design 

The backstepping technique is chosen for the controller design, the change of 
coordinate is designed as 

z1 = y, zi = mi − αi−1, i  = 2, 3, . . .  , n. (5) 

Define Γi as symmetric positive definite matrix, ςi, υi, κi, ϑi, ξi, θi, �, ζ ′ as 
positive constants, and the recursive steps are as follows. 

Step 1. From (2) and (5), one has ż1(t) =  ε2 + z2 + l2z1 + α1 + ϕ1(x1) +  ψ1. 
The Lyapunov function is defined as V̀1 = 1 2 z

2 
1 + 1 2 H̃

T 
1 Γ −1 

1 H̃1 + M1, where M1 = 
eς1χ∗ 

ξ1 
1− ̄χ

∫ t 
t−χ1(t) 

e−ς1(t−s)
(
γ2 
1(x1(s)) + x2 

1(s)
)
ds, By defining h1(z1) =  ϕ1(z1),
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h1(z1) =  HT 
1 P1(z1) +  δ1(z1). From the inequality z1δ1(z1) ≤ υ1 

2 z
2 
1 + 1 

2υ1 
δ′2 
1 , 

and Assumption 1, we have 

˙̀
V1 ≤z1

[( 1 
2κ1 

+ 1 
2ϑ1 

+ 1 
2ξ1 

+ υ1 

2 
+ ξ1e

ς1χ∗ 

(1 − χ̄)

)
z1 + l2z1 + α1 + ĤT 

1 P1(z1)
]

− ς1M1 

+ H̃T 
1 (z1P1(z1) − Γ −1 

1 
˙̂

H1) +  ϑ1 

2
‖ε‖2 + κ1 

2 
z2 2 + ξ1e

ς1χ∗ 

(1 − χ̄) 
γ2 
1(x1(t)) + 1 

2υ1 
δ′2 
1 . 

(6) 

The first stabilizing function and the adaptive law are designed as 

α1 = −
(
θ1 + 1 

2κ1 
+ 1 

2ϑ1 
+ 1 

2ξ1 
+ υ1 

2 
+ ξ1e

ς1χ∗ 

(1 − χ̄)

)
z1 − l2z1 − ĤT 

1 P1(z1) 

− neςχ∗ 

ιῑ1(1 − χ̄) 
z1 − 

n∑

i=2 

ξie
ςiχ

∗ 

(1 − χ̄) 
z1 − 

n∑

i=2 

4(n − i + 1)eςχ∗ 

ιῑi(1 − χ̄) 
l2 i z1, (7) 

μ1 =Γ1z1P1(z1), ˙̂
H1 = Proj[μ1, ˙̂

H1]. (8) 

The Lyapunov functional candidate is defined as 

V1 = V0 + V̀1, (9) 

together with (6)–(8), it’s time derivative satisfies 

V̇1 ≤ −  Θ1V1 + eςχ∗ 

ι(1 − χ̄) 

n∑

i=2 

(n − i + 1)  
ῑi 

x2 
i (t) − (λ − λ1)‖ε‖2 + κ1 

2 
z2 2 

− 
n∑

i=2 

ξie
ςiχ

∗ 

(1 − χ̄) 
z2 1 − 

n∑

i=2 

4(n − i + 1)eςχ∗ 

ιῑi(1 − χ̄) 
l2 i z

2 
1 + ℵ1 + g1(t), (10) 

where M − ιP LLT P T + ιP T P − λI = Q, Q is a positive-defined matrix. Θ1 = 
min{Θ′

1, 
λmin(Q) 
λmax(P ) , ς}, g1(t) is a combination of unknown functions, λ1 = ϑ1 

2 , ℵ1 = 
1 

2υ1 
δ′2 
1 + 1 2 H

2 
m. 

From (7), we have |α1| ≤ �11|z1| + �10,
∣
∣
∣
∂α1 
∂z1

∣
∣
∣ ≤ �z11,

∥
∥
∥

∂α1 

∂ ĤT 
1

∥
∥
∥ ≤ ‖P1(z1)‖ �

�h11, where �11, �10, �z11, �h11 are positive constants. We define the static gain as 

Υ1 = max
{

16(n − 1)eςχ∗
�2 11 

ιῑ2(1 − χ̄) 
, 1

}

. (11) 

Step q, q = 2, . . . , n  − 1. According to the principle of recursive process, and 
(2), (3), (5), we have 

żq = − lqm2 + zq+1 + αq + b′
qy − ∂αq−1 

∂z1

(
ε2 + m2 + l2y + ϕ1(x1(t)) + ψ1

)

− 
q−1∑

i=2 

∂αq−1 

∂mi 
ṁi − 

q−1∑

i=1 

∂αq−1 

∂ ĤT 
i 

˙̂
Hi. (12)
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The Lyapunov function in step q is defined as V́q = 1 2 z
2 
q + 1 2 H̃

T 
q Γ −1 

q H̃q + Mq, 

where Mq = eςq χ∗ 
ξq 

1−χ̄

∫ t 
t−χ1(t) 

e−ςq(t−s) γ2 
1(x1(s)) + x2 

1(s)ds. 
Defining hq(z1) =  ϕ1(x1(t)), we have hq(z1) =  HT 

q Pq(z1) +  δq(z1). Defining 
the virtual control law and the adaptive law as 

αq = − θqzq + lqm2 − b′
qy − 4(n − q + 1)eςχ∗ 

ιῑq(1 − χ̄) 
zq − υq 

2 
zq − κq−1 

2 
zq − Υq−1κq−1 

2 
zq 

− 1 
2κq 

zq + ∂αq−1 

∂z1 
(m2 + l2y) +  ∂αq−1 

∂z1 
ĤT 

q Pq(z1) − 1 
2ϑq

(
∂αq−1 

∂z1

)2 

zq 

− 1 
2ξq

(
∂αq−1 

∂z1

)2 

zq + 
q−1∑

i=2 

∂αq−1 

∂mi 
ṁi + 

q−1∑

i=1 

∂αq−1 

∂ ĤT 
i 

˙̂
Hi, (13) 

μq = zqΓq 
∂αq−1 

∂z1 
Pq(z1), ˙̂

Hq = Proj[μq, ˙̂
Hq]. (14) 

Then, we have 

˙́
Vq ≤ −  θqz

2 
q − κq−1 

2 
z2 q − Υq−1κq−1 

2 
z2 q − 4(n − q + 1)eςχ∗ 

ιῑq(1 − χ̄) 
z2 q + κq 

2 
z2 q+1 + ϑq 

2
‖ε‖2 

− ςqMq + e
ςqχ∗ 

ξq 

1 − χ̄ 
γ2 
1(x1(t)) + e

ςqχ∗ 
ξq 

1 − χ̄ 
x2 
1(t) +  1 

2υq 
δ′2 
q . (15) 

The static gain is defined as 

Υq = maxj=1,...,q

{
8(q + 1)(n − q)eςχ∗ 

ιῑq+1(1 − χ̄)
�2 qj

∏q−1 
j Υj 

, 1
∏q−1 

j=1 Υj

}

, (16) 

where
∏q−1 

q Υj � 1. 
The Lyapunov candidate is defined as Vq = V̀q + Vq−1, where V̀q = V́q + 

Υq−1 V̀q−1. The time derivative of Vq satisfies 

V̇q ≤ −  ΘqVq − (λ − λq)‖ε‖2 + κq 

2 
z2 q+1 + eςχ∗ 

ι(1 − χ̄) 

n∑

i=q+1 

(n − i + 1)  
ῑi 

x2 
i (t) 

− 
n∑

i=q+1 

ξie
ςiχ

∗ 

(1 − χ̄) 
z2 1 + gq(t) +  ℵq − 

n∑

i=q+1 

4(n − i + 1)eςχ∗ 

ιῑi(1 − χ̄) 
l2 i z

2 
1 , (17) 

where gq(t) is a combination of unknown functions, Θq, λq and ℵq are positive 
constants. 

Step n. The Lyapunov function is V́n = 1 2 z
2 
n + 1 2 H̃

T 
n Γ −1 

n H̃n + 1 2 H̃
T Γ −1 H̃ + 

Mn, where Mn = eςnχ∗ 
ξn 

1−χ̄

∫ t 
t−χ1(t) 

e−ςn(t−s) γ2 
1(x1(s)) + x2 

1(s)ds, H̃ = H − Ĥ. 
Defining hn(z1) =  ϕ1(x1(t)), one has hn(z1) =  HT 

n Pn(z1) +  δn(z1). Together 
with znδn(z1) ≤ υn 

2 z
2 
n + 1 

2υn 
δ′2 
n , we have
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˙́
Vn ≤ zn

[
− lnm2 + u + b′

ny + υn 

2 
zn − ∂αn−1 

∂z1 
(m2 + l2y) − ∂αn−1 

∂z1 
ĤT 

n Pn(z1) 

+ 1 
2ϑn

(
∂αn−1 

∂z1

)2 

zn + 1 
2ξn

(
∂αn−1 

∂z1

)2 

zn − 
n−1∑

i=2 

∂αn−1 

∂mi 
ṁi − 

n−1∑

i=1 

∂αn−1 

∂ ĤT 
i 

˙̂
Hi

]

+ H̃T 
n

(
− ∂αn−1 

∂z1 
Pn(z1)zn − Γ −1 

n 
˙̂

Hn

)
+ ϑn 

2
‖ε‖2 + Ṁn + ξnγ2 

1(x1(t − χ1(t))) 

+ ξnx2 
1(t − χ1(t)) + 1 

2υn 
δ′2 
n − H̃T Γ −1 ˙̂H. (18) 

The actual controller and adaption law are given as 

u = − θnzn + lnm2 − b′
ny − υn 

2 
zn − 4eςχ∗ 

ιῑn(1 − χ̄) 
zn − κn−1 

2 
zn − Υn−1κn−1 

2 
zn 

+ ∂αn−1 

∂z1 
(m2 + l2y) +  ∂αn−1 

∂z1 
ĤT 

n Pn(z1) − 1 
2ϑn

(
∂αn−1 

∂z1

)2 

zn 

− 1 
2ξn

(
∂αn−1 

∂z1

)2 

zn − zn 

z2 n + �
ĤT P ( X̂) +  

n−1∑

i=2 

∂αn−1 

∂mi 
ṁi + 

n−1∑

i=1 

∂αn−1 

∂ ĤT 
i 

˙̂
Hi, 

(19) 

μn = znΓn 
∂αn−1 

∂z1 
Pn(z1), ˙̂

Hn = Proj[μn, ˙̂
Hn]. (20) 

Chose the Lyapunov-Krasovskii function as 

Vn = V̀n + Vn−1, (21) 

where V̀n = V́n + Υn−1 V̀n−1. Thus,  V̇n satisfies 

V̇n ≤ −  θnz2 n − 1 
2 
H̃T 

n H̃n − ςnMn − Υn−1Θ
′
n−1 V̀n−1 − Θn−1Vn−1 − (λ − λn)‖ε‖2 

+ Υn−1 V̀n−1 − H̃T Γ −1 ˙̂H + gn − z2 n 
z2 n + �

ĤT P ( X̂) +  ℵn−1 + 4neςχ∗ 

ι(1 − χ̄)
�2 n−1,0 

+ 
n∑

j=1

( n−1∏

s=j 
Υs

) (
1 
2 
H2 

m + 1 
2υj 

δ′2 
j

)

, (22) 

where λn = λn−1+ 1 2
(∑n 

j=1

(∏n−1 
s=j Υs

)
ϑj

)
+ 4eςχ∗ 

ιῑn(1− ̄χ) , gn(t) is an unknown func-

tion. Then, there exists vector variables X = [x1, . . . , xn], X̂ = [x1,m
′
2 . . . , m

′
n] 

such that gn(t) ≤ HT P ( X̂) +  ζ ′.
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The adaptive law is designed as 

˙̂
H = Γ z2 n 

z2 n + �
P ( X̂) − Γζ  ̂H. (23) 

Therefore, we have 

V̇n ≤ −ΘnVn + ℵn, (24) 

where Θn, ℵn are positive constants. 

Theorem 1. If system (1) with time delay satisfies Assumption 1, all the closed 
loop signals can be kept bonded by utilizing static gains (11), (16), virtual control 
laws (7), (13), adaptive laws (8), (14), (20), and actual controller (19). 

Proof. By integrating (24) over [0, t), we have Vn(t) ≤ Vn(0)e−Θnt + ℵn 
Θn 

(1 − 
e−Θnt). we have Vn(t) ≥ εT Pε  + 1 2

∑n 
i=1 z

2 
i + 1 2

∑n 
i=1 H̃

T 
i Γ −1 

i H̃i + 1 2 H̃
T Γ −1 H̃ +

∑n 
i=1 Mi, which implies the boundedness of zi, εi, Ĥ. Furthermore, we have 

Ĥi, i = 1, 2, . . .  , n  are bounded. Therefore, we have α1 is bounded from (7). 
According to the recursive analysis in this way, we can get the boundedness of 
mi, m′

i. Finally, the boundedness of actual control law can be obtained from 
(19). Thus, all the closed-loop signals are bonded. 

4 Simulation Example 

⎧ 
⎨ 

⎩ 

ẋ1(t) =  x2 − 0.5x1 − 0.5x1(t − χ1(t)), 
ẋ2 = u + 0.5sin(x1) + 0.5sin(x1(t − χ2(t))), 
y = x1, 

where χ1(t) =  χ2(t) = 0.2(sin2(t) + 1). 
The designed parameters and initial values are chosen as l2 = 1,  P = 1,  λ = 

1.9, θ1 = θ2 = 0.2, κ1 = 2,  ϑ1 = 1,  ϑ2 = 1,  ξ1 = 0.5, ξ2 = 0.1, ς = ς1 = ς2 = 0.1, 
υ1 = 0.3, υ2 = 0.5, ῑ1 = 10, ῑ2 = 20, ι = 15, Γ1 = I, Γ2 = 1.5I, Γ = 1.5I, ζ = 1,  
Υ1 = 1.622, x1(t) = 0.1, x2(t) =  −0.3, m(t) =  −0.35. 

Figures 1, 2, 3, 4 and 5 are the simulation results. Figure 1 gives the responses 
of x1(t), x2(t) and m̂′(t). The responses of Ĥ1(t), Ĥ2(t), Ĥ(t) are  shown in  
Figs. 2, 3 and 4, respectively. Figure 5 shows the responses of actual control law 
u(t). From this simulation results, we verified the effectiveness of the control 
scheme.
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Fig. 1. Trajectories of x1(t), x2(t) and  
m̂′(t) 

Fig. 2. Trajectories of Ĥ1(t) 

Fig. 3. Trajectories of Ĥ2(t) Fig. 4. Trajectories of Ĥ(t) 

Fig. 5. Trajectory of u(t) 

5 Conclusion 

In this paper, an output feedback control scheme is designed for a class of non-
linear systems with unknown time delays by using reduced-order observer, static 
gain, neural network, backstepping technique and adaptive control technology. 
New control gains are designed to compensate for the addition terms generated
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by Lyapunov candidate functional. All the closed loop signals can be kept bonded 
by utilizing the designed control scheme. 
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Abstract. This paper proposes an automatic collision avoidance method to 
address safety challenges in near-ground flight for combat aircraft in uncertain 
environments. An adaptive controller is designed to address the escape maneu-
ver control problem under gust disturbances and model uncertainties, combining 
tracking error feedback with disturbance estimation feedforward using a radial 
basis function neural network. The stability of the closed-loop system is proven 
through the Lyapunov method. To address the decision-making problem in air-
craft escape maneuvers, a simplified six-degree-of-freedom model is established 
to reduce the computational load for trajectory prediction. Additionally, a multi-
escape trajectory collision detection mechanism is designed to minimize maneu-
vering demands. Experiments show that the proposed controller achieves high 
accuracy and robustness, while the collision detection algorithm ensures fast com-
putational efficiency and high safety. The algorithm also determines warning levels 
based on prediction time, enabling safe obstacle avoidance. 

Keywords: Auto-GCAS · Neural Network Control · Trajectory Prediction · 
Escape Decision 

1 Introduction 

Aircraft face heightened risks of terrain collision during near-ground flight due to pilot 
disorientation, vertical position misjudgment, or delayed reactions. These challenges 
often lead to accidents, highlighting the necessity of an automatic ground collision avoid-
ance system (Auto-GCAS) [1]. A typical Auto-GCAS consists of four main components: 
trajectory prediction, terrain scanning, collision assessment, and flight control. 

Trajectory prediction algorithms are broadly classified into kinematics-based 
methods, dynamics-based integration methods, and neural network-based models. 
Kinematics-based methods rely on simplified aerodynamic principles, which lead to 
reduced accuracy in complex flight conditions [2]. Examples include constant velocity, 
constant acceleration, coordinated turn, and Singer models, which segment flight states 
and consider sub-model interactions to track motion [3]. However, these methods fail 
to account for variable forces experienced during flight effectively. Dynamics-based 
methods use aircraft dynamics models to calculate trajectories. For instance, Suplis-
son proposed an optimal control method for military aircraft, which calculates maneu-
ver trajectories using dynamic models [4]. Bai applied a numerical integration method

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
B. Xu and J. Qiu (Eds.): ICCCS 2024, CCIS 2516, pp. 120–133, 2025. 
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based on six-degree-of-freedom equations to compute helicopter escape trajectories [5]. 
However, environmental factors, such as weather, add complexities that constrain the 
accuracy of these methods. Neural network-based methods address these limitations 
by utilizing historical data. Recurrent neural networks (RNNs) and their variants, such 
as long short-term memory (LSTM) networks, excel at sequential prediction tasks. For 
example, an LSTM-based method integrated with a fuzzy mechanism within a battlefield 
spatial grid was applied to address boundary mutation issues [6]. Another study utilized a 
sequence-to-sequence RNN model combined with Mixture Density Networks (MDNs) 
to estimate future trajectory probability distributions [7]. CNN-LSTM hybrid models 
have also been applied for 4-D trajectory prediction in civil aviation [8]. Despite their 
advantages, neural network-based methods face challenges such as high computational 
demands, substantial data feature loss, and dependence on large datasets, limiting their 
applicability in complex, dynamic scenarios. 

Collision detection plays a critical role in ensuring aircraft safety. Multi-model trajec-
tory prediction methods [9], probability estimation techniques for wind uncertainty [10], 
and spatiotemporal reachability analyses [11] have been proposed for conflict detection. 
Additionally, approaches like chance-constrained optimization [12] and weather-intent-
based multi-model methods [13] have been applied to improve detection accuracy and 
computational efficiency. However, most studies focus on mid-air collision detection, 
with limited research addressing near-ground collision detection for aircraft. Although 
advancements in trajectory prediction and collision detection have been achieved, exist-
ing methods for near-ground flight conditions remain inadequate. Future research should 
prioritize developing accurate and computationally efficient systems capable of address-
ing the complexities of near-ground flight, thereby enhancing safety and operational 
reliability. 

This paper proposes an intelligent control and multi-trajectory escape decision 
method for uncertain environmental disturbances and model uncertainties, providing 
comprehensive collision avoidance decisions for the crew. The primary contributions of 
this paper are summarized as follows. 

1. A control method for escape maneuvers under environmental uncertainty is devel-
oped. By leveraging a radial basis function neural network, this approach enables 
parallel estimation of environmental uncertainties and disturbances, enhancing the 
nonlinear handling capabilities and command tracking precision of the control system 
during the escape phase. 

2. The six-degree-of-freedom simplified model of an aircraft is incorporated into the 
automatic collision avoidance system. By integrating the low-order equivalent model 
with the conventional three-degree-of-freedom particle model, the computational 
complexity of trajectory prediction is significantly reduced. 

3. A multi-trajectory escape decision-making mechanism is proposed. By employing 
a time-varying cylindrical envelope to define collision boundaries, this mechanism 
provides a flexible decision space for aircraft escape maneuvers, effectively reducing 
the demand for excessive maneuvering. 

This paper is organized with the design methodology of the intelligent escape 
maneuver controller for composite disturbances being introduced in Sect. 2. The auto-
matic collision avoidance method based on escape trajectory prediction is given in
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Sect. 3. Section 4 demonstrates the simulation results of the proposed method. Section 5 
concludes the paper. 

2 Intelligent Control Method for Escape Maneuver Under 
Compound Disturbances 

2.1 Aircraft Attitude Dynamics Model 

We denote the attitude control states as Ω = [φ, β, θ ]T, where φ is the roll angle, β is the 
sideslip angle, and θ is the pitch angle. Then the inputs of the system are δ = [δa, δe, δr]T, 
which represent the deflections of the aircraft control surfaces (aileron, elevator, and 
rudder). According to [14], an affine nonlinear form for control can be established as

{
Ω̇ = R 
Ṙ = f ω + gωδ + ΔR 

(1) 

where R is the process state, f ω is the nonlinear part, gω is the expression for the control 
gain matrix, and ΔR is the lumped disturbance in the angular rate loop. R, f ω, gω are 
given as 

⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

R = 

⎡ 

⎣ 
0 cos φ − sin φ 

sin α − cos α 0 
1 tan  θ sin φ tan θ cos φ 

⎤ 

⎦ 

⎡ 

⎣ 
p 
q 
r 

⎤ 

⎦ + ΔΩ 

ΔΩ =
[
0 (Y cos β + mg cos γ sin μ − T sin β cos α)

/
(mV ) 0

]T 
(2) 

f ω =
[
fω,1(p, q, r, φ, θ  )  fω,2(α, β, p, q, r, φ)  fω,3(p, q, r, φ, θ  )

]T 
(3) 

gω = 
1 

2 
ρV 2S 

⎡ 

⎣ 
Izz/(IxxIzz − I2 xz) 0 Ixz/(IxxIzz − I2 xz) 

0 1/Iyy 0 
Ixz/(IxxIzz − I2 xz) 0 Ixx/(IxxIzz − I2 xz) 

⎤ 

⎦ · B (4) 

where α is the angle of attack, p is the roll rate, q is the pitch rate, r is the yaw rate, 
ΔΩ is the nonlinear component of the attitude angle loop, Y is the aerodynamic side 
force, T is the engine thrust, γ is the flight path inclination angle, μ is roll angle, m is 
the mass of the aircraft, g is the gravitational constant, V is the airspeed of the aircraft, 
fω,i, (i = 1, 2, 3) is the i th element of f ω, Ixx, Iyy, Izz, Ixz are the aircraft’s moment of 
inertia, S is the reference area of the aircraft, ρ is the air density, and B is the aerodynamic 
moment coefficient matrix associated with control surface deflections. 

Assumption 1: In the near-ground flight of the aircraft, crosswind and wind shear inter-
fere with the aircraft control system by enhancing nonlinearities and coupling effects 
between control channels, altering aerodynamic coefficients that lead to changes in B, 
and generating asymmetric aerodynamic moments that directly affect the aircraft’s angu-
lar velocities. We encapsulate these effects as ΔR, which satisfies ‖ΔR‖ ≤ ΔR, where 
ΔR is an unknown but existent positive constant.
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2.2 Controller Design 

Considering aerodynamic uncertainties and wind disturbances for attitude control, the 
objective is to design a neural adaptive controller to enable the system to achieve the 
required attitude command tracking performance during the escape maneuver phase. 
The controller design method is as follows 

Step 1: Define the attitude angle tracking error e� = Ω − Ωr , where Ωr repre-
sents the reference command for the attitude angle. Design the virtual control Rd = 
[ Rd1 Rd2 Rd3 ]T as 

Rdi = −kΩi eΩi + Ω̇ri , i = 1, 2, 3 (5)  

where k�i (i = 1, 2, 3) is the gain parameter, and Ωri (i = 1, 2, 3) is the i th element of 
Ωr . 

To prevent noise caused by instruction differentiation, we design a first-order filter 
to smooth the virtual control signal and obtain the reference instruction signal Rc = 
[ Rc1 Rc2 Rc3 ]T as 

αRi Ṙci + Rci = Rdi , Rci (0) = Rdi (0), i = 1, 2, 3 (6)  

where αRi (i = 1, 2, 3) is the filter parameter. 
Define the angular rate tracking error eR = R −Rc = [ eR1 eR2 eR3 ]T, the derivative 

of eΩ can be expressed as 

ėΩi = −kΩi eΩi + eRi + Rci − Rdi , i = 1, 2, 3 (7)  

To avoid drastic changes caused by direct dependence on eR and reduce 
tracking errors through compensation, we define the compensating signal χ Ω = 
[ χΩ1 χΩ2 χΩ3 ]T of the attitude filter as 

χ̇Ωi = −kΩi χΩi + χRi + Rci − Rdi , χΩ i (0) = 0, i = 1, 2, 3 (8)  

where χ R = [  χR1 χR2 χR3 ]T will be defined in (14). 
Define the compensated attitude tracking error as 

κΩ = eΩ − χ Ω (9) 

Step 2: For the uncertainties in the angular rate loop system, we define a function F 
to represent the sum of the system’s nonlinear component f ω and the lumped disturbance 
ΔR. 

F = [
F1(p, q, r, φ, θ  )  F2(α, β, p, q, r, φ)  F3(p, q, r, φ, θ  )

]T 
Fi = Γfi (fωi + ΔRi ), i = 1, 2, 3 

(10) 

where Γfi (i = 1, 2, 3) is the design parameter, fωi is the i th element of f ω, and ΔRi is 
the i th element of ΔR
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Using the radial basis function neural network (RBFNN) to approximate F, Ṙ can 
be given as 

Ṙi = Γ −1 
fi 

F∗
i + εRi + gωi 

δ, i = 1, 2, 3 
F∗ = [

� ∗T 
1 θ 1(p, q, r, φ, θ  ) � ∗T 

2 θ 2(α, β, p, q, r, φ) � ∗T 
3 θ 3(p, q, r, φ, θ  )

]T (11) 

where F∗ is the optimal neural network approximation, � ∗
i (i = 1, 2, 3) are the optimal 

weight matrices of the neural network, θ i(i = 1, 2, 3) are the radial basis function 
vectors, εR ∈ R3 is the neural network estimation error satisfying ‖εR‖ ≤ εR, with εR 
is an unknown but existent positive constant, and gωi 

(i = 1, 2, 3) is the i th row of gω. 
The final control signal δ is designed as 

δ = g−1 
ω 

⎛ 

⎜⎝− 

⎡ 

⎢⎣ 
Γ −1 
f1 

�̂T 
1 θ 1 

Γ −1 
f2 

�̂T 
2 θ 2 

Γ −1 
f3 

�̂T 
3 θ 3 

⎤ 

⎥⎦ − 

⎡ 

⎣ 
kR1eR1 
kR2eR2 
kR3eR3 

⎤ 

⎦ − eΩ + Ṙc 

⎞ 

⎟⎠ (12) 

where kRi (i = 1, 2, 3) is the gain parameter, and �̂ i(i = 1, 2, 3) are the estimates of 
the optimal weight matrices. Then the derivative of the angular rate tracking error eR is 
obtained as: 

ėR = 

⎡ 

⎢⎣ 
Γ −1 
f1 

�̃T 
1 θ 1 

Γ −1 
f2 

�̃T 
2 θ 2 

Γ −1 
f3 

�̃T 
3 θ 3 

⎤ 

⎥⎦ + εR − 

⎡ 

⎣ kR1eR1 
kR2eR2 
kR3eR3 

⎤ 

⎦ − eΩ (13) 

where �̃ i = � ∗
i − �̂ i(i = 1, 2, 3). 

Define the compensating signal χ R = [  χR1 χR2 χR3 ]T of the angular rate command 
filter as 

χ̇Ri = −kRi χRi − χΩi , χRi (0) = 0, i = 1, 2, 3 (14)  

The compensated angular rate tracking error is defined as 

κR = eR − χ R (15) 

Define the prediction error as 

χ RN =
[
χRN1 χRN2 χRN3

]T = R − R̂ (16) 

where R̂ is constructed through the serial–parallel estimation model as 

˙̂R =
[
Γ −1 
f1 

�̂T 
1 θ 1 Γ −1 

f2 
�̂T 

2 θ 2 Γ −1 
f3 

�̂T 
3 θ 3

]T + gωδ + [
υ1χRN1 υ2χRN2 υ3χRN3

]T 
(17) 

with R̂(0) = R(0), υi(i = 1, 2, 3) is the design parameter. 
The weight update rule for �̂ i(i = 1, 2, 3) is designed as: 

˙̂� i = λRi [Γ −1 
fi 

(κRi + λRNi χRNi )θ i − ςi �̂ i], i = 1, 2, 3 (18) 

where λRi , λRNi , ςi(i = 1, 2, 3) are design parameters.



Automatic Ground Collision Avoidance for Aircraft in Uncertain Environments 125

2.3 Stability Analysis 

Define the Lyapunov function as 

VL = 
1 

2

∑
i=1,2,3 

VLi = 
1 

2

∑
i=1,2,3 

(κ2
�i 

+ κ2 
Ri + λRNi χ 2 RNi 

+ �̃ T 
i λ

−1 
Ri 

�̃ i) (19) 

where κ�i and κRi represent the i th element of κ� and κR, respectively. 
From (7)–(9), (13)–(15), and (16)–(18), the derivative of VLi can be calculated as 

V̇Li = κΩi κ̇Ωi + κRi κ̇Ri + λRNi χRNi χ̇RNi + �̃ T 
i λ

−1 
Ri 

˙̂� i 

= −  kΩi κ
2 
Ωi 

− kRi κ2 
Ri + κRi εRi − λRNi υiχ 2 RNi 

+ λRNi χRNi εRi + ςi �̃T 
i (− �̃ i + � ∗

i ) 
(20) 

Consider the following inequality 

κRi εRi ≤ 1 2 κ
2 
Ri 

+ 1 2 ε
2 
Ri 

χRNi εR1 ≤ 1 2 χ 2 RNi 
+ 1 2 ε

2 
Ri 

�̃T 
i (− �̃ i + � ∗

i ) ≤ − 1 
2 �̃

T 
i �̃ i + 1 2

∥∥� ∗
i

∥∥2 
(21) 

Proceeding further V̇Li , we obtain 

V̇Li ≤ −kΩi κΩi − (kRi − 
1 

2 
)κ2 

Ri − (υi − 
1 

2 
)λRNi χ 2 RNi 

− 
1 

2 
ςi �̃

T 
i �̃ i + Ci (22) 

where 

Ci = 
1 

2 
ς i

∥∥� ∗
i

∥∥2 + (λRNi + 1)ε2 Ri , i = 1, 2, 3 (23) 

For control parameters kRi > 1 2 , υi > 1 2 , we have  

V̇Li ≤ −KiVLi + Ci (24) 

where 

Ki = min{2k�i , 2kRi − 1, 2υi − 1, ςiλRi }, i = 1, 2, 3 (25) 

Proceeding further, we obtain 

0 ≤ 
1 

2

∑
i=1,2,3 

VLi ≤ 
1 

2

∑
i=1,2,3 

Ci 

Ki 
+ (VLi (0) − 

Ci 

Ki 
)e−Kit (26) 

Thus, it is proved that the terms κ�i , κRi , χRNi , �̃ i(i = 1, 2, 3) in the Lyapunov 
function are uniformly bounded.
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3 Automatic Ground Collision Avoidance Based on Escape 
Trajectory Prediction 

3.1 Simplified Six-Degree-of-Freedom Model for Aircraft 

Considering that the 3-DOF model neglects the control system and the 6-DOF model is 
computationally complex, we use a simplified the 6-DOF model like [15] by applying 
a lower-order equivalent transformation to the control system and combining it with a 
simplified point-mass model to predict aircraft flight trajectory. 

Traditional PID controllers struggle to track commands accurately under wind dis-
turbances, resulting in imprecise modeling of attitude angle responses. In contrast, the 
proposed intelligent control method ensures precise tracking of continuous commands, 
allowing the attitude angle response transfer function to be simplified as 

φ 
φr 

= ωnφ1 ω
2 
nφ2 

(s + ωnφ1 )(s
2 + 2ξφωnφ2 + ω2 

nφ2 
) 

θ 
θr 

= ωnθ1 ω
2 
nθ2 

(s + ωnθ1 )(s
2 + 2ξθ ωnθ2 + ω2 

nθ2 
) 

(27) 

where φr and θr refer to step command inputs, ωnφ1 and ωnθ1 are the first-order pole 
frequency, ωnφ2 and ωnθ2 are the second-order natural frequency, ξφ and ξθ are the 
damping ratio. 

By transforming it into state-space form, the equivalent model of the pitch angle and 
roll angle control system can be established as

{
ẋφ = Aφxφ + Bφφr 

φ̇ = Cφ ̇xφ 
and

{
ẋθ = Aθ xθ + Bθ θr 
θ̇ = Cθ ẋθ 

(28) 

where xφ, xθ ∈ R3 are intermediate state variables, Aφ , Bφ , Cφ , Aθ , Bθ , and Cθ are the 
state matrices that can be obtained as 

Aφ = 

⎡ 

⎢⎢⎣ 

−ωnφ1 − 2ωnφ2 ξφ −ω2 
nφ2 

− 2ωnφ1 ξφ ωnφ2 −ωnφ1 ω
2 
nφ2 

1 0 0  

0 1 0  

⎤ 

⎥⎥⎦, Bφ = 

⎡ 

⎢⎣ 
1 

0 

0 

⎤ 

⎥⎦, Cφ = 

⎡ 

⎢⎢⎣ 

0 

0 

ωnφ1 ω
2 
nφ2 

⎤ 

⎥⎥⎦ 

T 

Aθ = 

⎡ 

⎢⎢⎣ 

−ωnθ1 − 2ωnθ2 ξθ −ω2 
nθ2 

− 2ωnθ1 ξθ ωnθ2 −ωnθ1 ω
2 
nθ2 

1 0 0  

0 1 0  

⎤ 

⎥⎥⎦, Bθ = 

⎡ 

⎢⎣ 
1 

0 

0 

⎤ 

⎥⎦, Cθ = 

⎡ 

⎢⎢⎣ 

0 

0 

ωnθ1 ω
2 
nθ2 

⎤ 

⎥⎥⎦ 

T 

Then, during the steady flight phase of the aircraft, where μ ≈ φ, β ≈ 0, Y ≈ 0, 
p ≈ 0, q ≈ 0, r ≈ 0, the simplified point-mass dynamics model of the aircraft can be 
expressed as follows 

⎧⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

ẋ = V cos γ cos χ 
ẏ = V cos γ sin χ 
ż = V sin γ 
V̇ = (T cos α − D − mg sin γ )/m 
γ̇ = (L cos μ − mg cos γ + T sin α cos μ)/(mV ) 
χ̇ = (L sin μ + T sin α sin μ)/(mV cos γ )  

(29)
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where x, y and z are the position of the aircraft in the inertial frame, T is the engine 
thrust, L is the aerodynamic lift force, D is the aerodynamic drag force, and χ is the 
flight path heading angle. 

In (29), α, L, D are simplified as 

α = θ − γ 
L = 0.5ρV 2S C̃L(α) 
D = 0.5ρV 2S C̃D(α) 

(30) 

where C̃L is the estimated value of the lift coefficient CL, and C̃D is the estimated value 
of the drag coefficient CD. 

Based on actual flight conditions, within a certain range of values, C̃L is modeled as 
a linear function of the angle of attack, i.e. 

C̃L = kCL α + bCL (31) 

where kCL and bCL are the fitting parameters of C̃L. 
Similarly, C̃D is modeled as a quadratic function of the angle of attack, i.e. 

C̃D = aCD α
2 + bCD α + cCD (32) 

where aCD , bCD and cCD are the fitting parameters of C̃D. 
From (28) to (32), a simplified six-degree-of-freedom model for the aircraft can be 

established as 

Ẋ = f (X, U) (33) 

where X = [x, y, z, V , γ  , χ  ,  xT ϕ, xT θ ]T is the state vector of the model, U = [T , φr, θr]T 
is Sthe input vector of the model. 

3.2 The Trajectory-Based Collision Detection Method 

Currently, most escape maneuvers use a standard vertical pull-up maneuver, which 
involves first rolling the wings to a horizontal position and then pulling up. However, 
when the aircraft faces threatening terrain, the pull-up maneuver is not always the most 
effective evasive decision. This paper designs five types of escape maneuvers in the flight 
space and predicts the escape trajectories as shown in Table 1. 

First, based on the simplified six-degree-of-freedom equations above, the Runge-
Kutta method is used for integration to calculate the predicted trajectory for the next 
30 s. The integration step size is denoted as h and is selected according to the required 
prediction accuracy. 

Then, the trajectory-based collision detection method assesses collision risk by ana-
lyzing the relationship between the aircraft collision boundary volume and terrain threats. 
Collision detection requires constructing the aircraft collision boundary volume and inte-
grating it with the digital elevation model(DEM) to extract threat information. In this 
study, we adopt a cylindrical boundary volume as the aircraft’s safety representation, as 
shown in Fig. 1.
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Table 1. Trajectory Prediction Algorithm Design Parameters 

Roll Angle Command 
(°) 

Pitch Angle 
Command (°) 

Throttle Command Prediction Time (s) 

1 −60 20 max 30 

2 −30 20 max 30 

3 0 20 max 30 

4 30 20 max 30 

5 60 20 max 30 

Fig. 1. Aircraft Collision Boundary Envelope 

The cylinder is centered at the aircraft’s center of mass and oriented perpendicular 
to the horizontal plane. The radius Rp describes the lateral collision range of the aircraft, 
while the half-height �h represents the longitudinal collision range. Since prediction 
errors increase with the prediction time, the values of Rp and �h are determined as 
follows 

Rp(t) = RN + 
√
R2 
T + Rpre(t)2

�h(t) = �hN +
√

�h2 T + �hpre(t)2 
(34) 

where RN is the lateral navigation error, �h is the vertical navigation error, RT is the 
lateral terrain error,�hT is the vertical terrain error, Rpre(t) is the lateral prediction error, 
and �hpre(t) is the vertical prediction error. 

After obtaining the predicted flight trajectory and equivalent terrain data for the next 
30 s, collision detection is performed. Assuming the aircraft’s predicted position at a 
given time is (xp, yp, zp). The collision warning condition is defined as 

∀(xT , yT ) ∈
{
(xT , yT )|(xp − xT )2 + (yp − yT )2 ≤ Rp(t)

2
}
, ∃∣∣zp − hT

∣∣ ≤ �h(t) (35) 

where (xT , yT ) are the coordinates in DEM, hT is the terrain height. 
Finally, the escape maneuver trigger logic of the Auto-GCAS in this paper, as illus-

trated in Fig. 2. The system initially predicts the aircraft’s original task trajectory in
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Fig. 2. Collision Avoidance Command Trigger Algorithm Illustration 

real-time at 1 s intervals. Upon detecting a potential collision, it switches to predicting 
five escape trajectories at 0.1 s intervals. If any predicted trajectory indicates a colli-
sion, the algorithm does not trigger a maneuver. A maneuver is initiated only when a 
single escape trajectory remains collision-free, and the aircraft executes the avoidance 
maneuver based on this final collision-free trajectory. 

4 Simulation Study 

4.1 Controller and Simplified Model Performance Evaluation 

The initial state of the aircraft system is set as z = 3800 m, V = 122 m/s, α = 0◦, 
β = 0◦, φ = 0◦, θ = 0◦. During the flight, a constant thrust T = 44482.2N  is 
maintained. The parameters are set as kΩ1 = 15, kΩ2 = 0.05, kΩ3 = 15, αR1 = 0.005, 
αR2 = 0.005, αR3 = 0.005, Γf1 = 1, Γf2 = 1, Γf3 = 1,kR1 = 15, kR2 = 0.51, kR3 = 50, 
λR1 = 0.1, λR2 = 2.6, λR3 = 2, λRN1 = 0.1, λRN2 = 1, λRN3 = 1, ς1 = 0.3, ς2 = 1, 
ς3 = 3,υ1 = 1, υ2 = 1.4, υ3 = 5, ωnφ1 = 0.9, ωnφ2 = 1.5, ξφ = 0.7, ωnθ1 = 1.2, 
ωnθ2 = 1.3, ξθ = 0.7. Considering the impact of external disturbances and aerodynamic 
parameter perturbations during flight, a simulated disturbance [0.2, 0.2, 0.01]T sin(2t + 
0.1) is introduced into the angular rate loop. The control algorithm designed in this 
paper is denoted as “NN” and is compared with PID control algorithm for performance 
evaluation. 

As  shown in Fig.  3, the NN control offers better accuracy in attitude tracking, whereas 
PID control results in oscillatory responses. It is also reasonable to model the attitude 
control system as a lower-order system. Additionally, the parallel estimation algorithm 
employed in this paper effectively estimates model uncertainty in Fig. 4. 

In Fig. 5, it can be observed that the aerodynamic parameters can be accurately 
approximated within a certain angle of attack range. In the 20 s trajectory prediction, the 
simplified model achieves an average computation time of 0.32 s, compared to 5.19 s 
for the 6-DOF model. This indicates that the simplified model offers significantly faster 
computation. Furthermore, as shown in Fig. 6, the prediction error of the simplified 
model remains within an acceptable range.
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Fig. 3. Control Command Tracking. (a) φ, (b)  θ , (c)  β 

Fig. 4. Compound Estimation. (a) F̂1, (b)  F̂2, (c)  F̂3 

Fig. 5. Aerodynamic Parameters Fitting Results. (a) CL, (b)  CD
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Fig. 6. Trajectory Prediction Results. (a) Prediction Trajectory, (b) Prediction Error 

4.2 Automatic Collision Avoidance Comprehensive Simulation 

As shown in Fig. 7, The initial state of the aircraft is set as x = 960 m, y = 7400 m 
z = 3800 m, φ = 0◦, θ = 2.92◦, ψ = −7◦, α = 2.92◦, β = 0◦. We assume  the aircraft  
is flying at a steady speed of Ma 0.5 over a mountain. The flight trajectory is predicted 
in real-time every 1 s. When a collision is detected on the original mission trajectory, 
a warning is issued to the pilot, five escape trajectories are predicted in real-time every 
0.1 s. The trajectory prediction and escape results are shown in Fig. 8. 

Fig. 7. Automatic Collision Avoidance Scenarios 

From Fig. 8, the algorithm determined that only the vertical climb trajectory avoided 
collision, triggering the corresponding maneuver at 21.1 s. The aircraft successfully 
executed the climb maneuver, maintaining a safe distance from terrain threats. The col-
lision detection algorithm demonstrated high computational efficiency, with an average 
processing time of 0.9 s per iteration, ensuring timely responses to dynamic flight con-
ditions. The results validate that the collision detection and escape decision mechanisms 
effectively reduced maneuver demand while ensuring safety. These findings highlight 
the practical potential of the proposed method for enhancing flight safety in near-ground 
operations.
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Fig. 8. Escape Trajectory Prediction and Collision Detection Results 

5 Conclusion 

In this work, we propose an intelligent control and collision avoidance method for 
combat aircraft in uncertain environments. An adaptive control strategy, combining 
tracking error feedback with radial basis function neural network-based disturbance 
estimation, addresses gust disturbances and model uncertainties. The stability of the 
closed-loop system is proven via Lyapunov theory. A simplified six-degree-of-freedom 
model reduces computational complexity in trajectory prediction, complemented by 
a multi-trajectory escape decision mechanism to optimize maneuver demands. Exper-
imental results validate the controller’s robustness and accuracy under disturbances, 
while the collision detection algorithm ensures computational efficiency and safety. This
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framework enhances near-ground flight safety and operational effectiveness for combat 
aircraft. 
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Abstract. The access of distributed generators to the network of distribution has 
changed its internal structure and power flow trend, posed a threat to the traditional 
distribution network relay protection system, and reduced the operational depend-
ability and safety of the entire power system. In this paper, the impact of distributed 
generators’ access location and capacity on the existing relay protection system 
of distribution network is analyzed from the current passing through the area of 
protection while failures with three-phase short circuits happen at several places, 
and MATLAB/Simulink serves as the foundation for the simulation model to take 
the three-phase short circuits fault for a special example. In view of the effect of 
access to the protection system’s distribution network via distributed generation, 
a master protection strategy on the basis of adaptive current protection based on 
composite sequence components was proposed. 

Keywords: Composite order components · Distribution grids · Adaptive current 
protection · Distributed power generation 

1 Introduction 

As society and the continuous growth of energy demand continues to advance, problems 
of energy shortage have gradually become prominent. For the sustainable development of 
the country, many scholars have devoted themselves to research in the field of energy. In 
this grim situation, new and efficient distributed power sources (such as solar, wind, etc.) 
are developing rapidly. These distributed power sources have the advantages of lower 
cost, less pollution, and higher reliability, which are of great significance for alleviating 
the problem of energy shortage. However, the integration of a significant quantity of 
distributed power sources poses several difficulties, especially the impact on traditional 
distribution networks. 

First of all, the distributed generators’ access has changed the topology of the tradi-
tional distribution network, which makes the architecture of the network of distribution 
makes the network of distribution’s architecture more intricate and necessitates redesign-
ing and planning. Second, the access to distributed generators affects the distribution of 
power flows and the magnitude of currents in the network of distribution, which can lead
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to oversupply of power in some areas and power shortages in others. In addition, the 
access of distributed generators has an impact on the correct operation of the network of 
distribution protection, which may lead to the malfunction or rejection of the protection 
device. With the aim of the stable operation of the network of distribution and the rapid 
recovery in the event of a fault, it is essential to carry out comprehensive research on the 
current protection of the network of distribution with distributed generators. 

At present, many scholars have studied the effect of distributed generators on the 
network of distributions after connecting grid, and the influence [1] of the network of 
distribution’s dispersed generators is analyzed from four influencing factors: different 
locations, different quantities, different capacities, and power factors connected to the 
network of distribution. In Ref. [2], a simulation model was established to show that the 
distributed power generation is situated downstream of the faults, downstream of the 
fault, which will make short circuits currents at the fault smaller, so that the protection 
might not work. The distributed power supplies are located upstream of the fault point 
causing a large amount of current to flow through the protection installation point, 
which can cause protection malfunction. Ref. [3] analyzes the influence of line loss and 
line operation law from three aspects: the capacity, location, and the manner in which 
distributed power generation linked to the power grid operates. Ref. [4] improves and 
optimizes the traditional distribution network protection scheme, adds a Fault Current 
Limiter (FCL) to limit the fault current, and connects the FCL in series in the access 
branch of the distributed generator, which not only limits the size of the short circuits 
currents but also provides the voltage required by direction elements, which greatly 
improves the reliability of the protection. Using the Thevenin equivalence, combining 
an adaptive directed current protection technique is suggested in Ref. [5–9] to address 
the constant-state portion of the fault using the real-time voltage and current measured 
at the protection installation. 

2 The Impact of Distributed Power Generation Access 
on the Network of Distribution’s Fault Current 

Due to the distributed power sources’ access, the conventional radiant distribution net-
work’s power flow distribution and current flow direction have evolved, and it is no 
longer a simple matter of power supply to load [10, 11]. Therefore, when a system 
fails, the situation of the fault currents become complicated. As the photovoltaic power 
supply has a connection with the network of distribution, its voltage remains basically 
unchanged, so it can be considered that its current is changing, so It might be comparable 
to a fluctuating source of current. 

When a fault arises at the upstream point linked to the distributed power genera-
tion in the typical distribution network depicted in Fig. 1, it can be simplified to the 
corresponding circuit diagram in Fig. 2 below. 

In the figure above, where U̇s is the system power supply and ZS is the system 
impedance; On the upstream side of the fault site, İ1l is the short circuit current, and 
İf is the short circuits current at fault point; The short circuit current (İdg) supplied by 
the photovoltaic cells downstream of the fault points; Z1l is the resistance between the 
upstream side line and the fault point in this system, Z2l is the resistance between the
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Fig. 1. Topology of distribution network containing DG. 

Fig. 2. Equivalent circuit diagram during upstream fault. 

line on the distributed power side and the fault point, and Zf is the short circuits ground 
resistance. 

The comparable circuit diagram indicates that the system power supply’s fault current 
is: 

İ1l = 
U̇s − Zf İdg 

Zs + Z1l + Zf 
(1) 

At the actual point of failure, the fault current is: 

İf = 
U̇s + (Zs + Z1l + Zf )İdg 

Zs + Z1l + Zf 
(2) 

When there is no access to a distributed power source, The system power supply 
provides the fault current, i.e. by: 

İf = İ1l = U̇s 

Zs + Z1l + Zf 
(3) 

It is evident that fault current is supplied to the fault point İ1l by both the system 
power supply U̇s and the distributed power supply İdg . The fault current is connected to 
both the system and distributed power supplies, as well as to the ground resistance Zf . 

The analogous design in Fig. 3 can be used to simplify a fault that arises downstream 
of a distributed power source. 

The fault short circuit current İ ′1l is supplied by the system power supply, and İ ′f ’ is  
the fault short circuit current at the actual fault. In the picture above, Z ′

1l represents the 
fault point’s upstream line impedance, Z ′

2l represents its downstream line impedance, 
and so on.
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Fig. 3. Equivalent circuit diagram during upstream fault. 

The system power supply provides the following fault currents: 

İ ′1l = 
U̇s − (Z ′

2l + Zf )İdg 
Zs + Z ′

1l + Z ′
2l + Zf 

(4) 

The fault short circuits currents at the actual fault are: 

İ ′f = 
U̇s + (Z ′

1l + Zs)İdg 
Zs + Z ′

1l + Z ′
2l + Zf 

(5) 

If there is no access to a distributed power supplies, and the system power supplies 
provide all fault short circuits currents, then: 

İ ′′1l = İ ′′f = U̇s 

Zs + Z ′
1l + Z ′

2l + Zf 
(6) 

From the above equations, the fault current that the system power supply provides 
to the fault point in the network containing distributed power generation is often smaller 
than that of the network of distribution system without distributed power generation, 
and the actual fault short circuits current size of fault points after the distributed power 
generation is connected is greater than that of distribution network when there is no dis-
tributed power source access, because the distributed power generation’s access changes 
the fault current’s distribution and flow direction. 

3 Simulation Analysis After Distributed Access to the Network 
of Distribution 

3.1 The Network of Distribution System is Operating Normally 

According to the transmission network model’s Fig. 2, 3 and 4, the system voltage ES 
= 10 kV, Xs = 8� the frequency f is 50 Hz, the unit impedance of each line is (0.2 
+ j0.4) �/km, the line length AB = 2 km,  CD  = 6 km,  BC  = 4 km, AE = 8 km, and 
ZAB = 0.4 + j0.8 �, ZBC = 0.8 + j1.6 �, ZCD = 1.2 + j2.4 �, ZAE = 1.6 + j3.2 �. 
Load capacity at the end of the line SL1 = SL2 = SL3 = SL4 = 3 MVA, the reliability 
coefficient is taken as K ′

rel = 1.2, K ′′
rel = 1.2, K ′′′

rel = 1.15, the self-starting coefficient 
KMS = 1.8, the return coefficient Kre = 0.85, and the running time is 1s.
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Fig. 4. Network of distribution without distributed power sources. 

As so to investigate the impact of distributed power generation on the current of 
the network of distribution, it is decided to connect the distributed power generating 
to the network of distribution from busbar A, and the network of distribution without 
photovoltaic power is compared with the network of distribution with the distributed 
power generation, and the current amplitude obtained by simulation is shown in Table 1. 

Table 1. Current amplitudes obtained from simulation 

Distribution network current 
amplitude without PV (A) 

Distribution network current 
amplitude with PV (A) 

Increased amplitude 

Busbar A 517 536.8 19.8 

Busbar B 336.9 347.1 10.2 

Busbar C 165.3 170.4 5.1 

Busbar E 179.2 184.9 5.7 

Obviously, the distributed generation’s access from the beginning of the network of 
distribution will cause the protective area’s current to grow, but the amplitude of the 
current increase will be smaller as the transmission line becomes farther away from the 
location of the distributed generation access. 

3.2 Three-Phase Short Circuits Faults Occur at Various Sites Following Their 
Connection to the Network of Distribution 

In this study, the change of short circuits current caused by the access of distributed 
generators when the upstream position experiences a three-phase short circuit fault, 
downstream position and adjacent feeder respectively at the connection busbar C of the 
distributed generator is analyzed, and the fault occurrence time is 0.4 s~0.5 s for the 
relay protection device, as shown in Fig. 5. 

Let the system supply voltage be and Es its equal resistance is Xs; The resistance 
of the transformer is XT ; The voltage of the distributed power source is Edg , and its 
equivalent resistance is Xdg ; X1, X2, X3, X4 are the equal resistances of transmission 
lines L1, L2, L3, L4 respectively; α, β, γ and σ the percentage of the fault distance due 
to faults on transmission lines L1, L2, L3 and L4 to the entire transmission line.
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Fig. 5. A model of distributed power sources connecting to the network of distribution from 
busbar C. 

The Distributed Power Generation is Upstream of a Three-Phase Short Circuit 
Problem 
The distributed power supplies are positioned downstream of the fault, taking the fault 
at f 1 as an example, the fault current at protection 1 is analyzed: 

Ik1 = Es 

Xs + XT + αX1 
(7) 

The fault current at protection 2 is: 

Ik2 = Edg 

Xdg + X2 + (1 − α)X1 
(8) 

From the above analysis, we can deduce that the fault short-circuit current identified 
by protection 1 is independent of the distributed generator when there is a fault in the 
upstream of the dispersed generator. Nevertheless, the reverse fault current supplied by 
the power source that is distributed is the fault current that protection 2 detects, and the 
direction and impact of the current generated during the fault need to be carefully ana-
lyzed on a case-by-case basis. The measured fault short-circuit current passing through 
busbar A is displayed in Fig. 6, and the fault short-circuit current passing through busbar 
B is displayed in Fig. 7. 

Fig. 6. Current at busbar A during fault f1.
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Fig. 7. Current at busbar B during fault f1. 

The Distributed Power Generation is Downstream of a Three-Phase Short-Circuit 
Issue 
Using the fault at f3 as an illustration, the following shows the fault current at protection 
2, and the distributed power supply is situated upstream of the fault occurrence. 

Ik2 = 
Es − Esd 

Xsd+γ X3 · γ X3 

Xs + X1 + X2 + XT 
(9) 

The fault currents at protection 3 are: 

Ik3 = Esd 

Xsd + γ X3 
(10) 

Among them, Esd = Es(Xdg+XT )+Edg (Xs+X1+X2) 
Xs+X1+X2+Xdg+XT 

, Xsd = (Xdg+XT )(Xs+X1+X2) 
Xs+X1+X2+Xdg+XT 

. 
From the above analysis, the upstream system side protection 2’s short-circuit fault 

current will be decreased when the distributed power generation’s downstream f3 mal-
functions because of the connection to the dispersed power source. This could result 
in the protection device being rejected. Protection 3 will malfunction as a result of the 
connected distributed power supply increasing the fault short-circuit current at down-
stream protection 3. The measured fault short-circuit current passing through busbar B 
is displayed in Fig. 8, and the fault short-circuit current passing through busbar C is 
displayed in Fig. 9. 

A Three-Phase Short-Circuit Problem Develops on the Feeder Near the Line 
that Houses the Distributed Power 
Now the fault at f4 is analyzed, and the fault currents at protection 1 and protection 2 
can be obtained as: 

Ik1 = Ik2 = 
Edg − Esd 

Xsd+σ X4 · σ X4 

Xdg + X1 + X2 + XT 
(11) 

The fault short-circuits currents flowing through protection 4 are: 

Ik4 = Esd 

Xsd + σ X4 
(12)
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Fig. 8. Current at busbar B during fault f3. 

Fig. 9. Current at busbar A during fault f3. 

Among them, Esd = Es(Xdg+XT+X1+X2)+EdgXs 
Xs+X1+X2+Xdg+XT 

, Xsd = Xs(Xdg+XT+X1+X2) 
Xs+X1+X2+Xdg+XT 

. 
Figure 10 shows the measured fault short-circuit current flowing through busbar A. 

Fig. 10. Current at busbar A during fault f4.
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3.3 Distributed Power Sources with Varying Capacity Linked to the Distribution 
Network Might Result in Three-Phase Short-Circuit Failures. 

From the analysis in the previous section, we may deduce that the various locations of 
distributed generators that are affixed to the electrical grid will have an impact on their 
electrical properties and power grid operations, and when the distributed generators are 
close to the fault point, the fault impact may be expanded and there will be a significant 
short-circuit current available. Conversely, short-circuit current is reduced via dispersed 
power sources that are located further from the site of failure. 

For instance, consider the three-phase short-circuit failure at f3, the influence of the 
short-circuit current caused by the different capacities of the connected distributed gen-
eration of power is analyzed. The fault short-circuit current passing through protection 
3 is measured as seen in Fig. 11(a) when busbar C’s capacity is 0MW. Figure 11(b) 
displays the measured fault short-circuit current passing through protection 3 when the 
connected capacity is 4 MW. 

Fig. 11. Protect the fault current at position3 

When the connected distributed power generation capacity is 0MW, the maximum 
short-circuits current measured through protection 3 is 1049A; When the connected dis-
tributed power generation capacity is 4MW, the maximum short-circuits current mea-
sured at the flow through protection 3 is 1117A. It can be concluded that when the 
location of distributed power generation access is located upstream of the fault point, 
the influence on the protection of the distribution network increases with the growing 
distributed power source’s capability, as does the fault current at the fault point. 

4 Present Safeguarding of Electrical Distribution Systems Utilizing 
Dispersed Electricity Generation 

4.1 Setting Calculation of Current I Section Protection 

The distribution network with dispersed generators can no longer be adequately protected 
by the conventional three-stage current protection. The inverter distributed generator 
only produces positive sequence current When the distribution network malfunctions;
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zero sequence current and negative sequence current, which may be comparable to a 
controlled current source, are not produced. 

To dissect the composite arrangement network schematic, the schematic layout of the 
electrical distribution system incorporating several dispersed power sources, as shown in 
Fig. 12 below, is offered as an instance. When an abrupt three-phase circuit interruption 
occur, the adaptive current I segment is then modified and computed based on the positive 
sequence current. 

Fig. 12. Distribution network structure diagram with multiple distributed power sources added 

The positive sequence network diagram is its composite sequence network diagram, 
and Eq. 13 illustrates the connection between the direct sequence potential and the 
positive sequence currents at the fault point. If a three-phase short circuits fault occurs, 
it only contains the positive sequence element, that is, the positive sequence voltage and 
the positive sequence current; there are no adverse or null phase components. 

İm = 
U̇m 

Zk 
(13) 

Among them, U̇m the positive sequence voltage measured on the place of fault, the İm 
positive sequence current measured at the fault site, and Zk the short circuits impedance. 

In the following analysis, the α distance The percentage of the entire line between 
the protection installation point and the failure point, the K ′

rel reliability coefficient of the 
adaptive current I stage protection, and K ′′′

rel the reliability factor of the adaptive current 
II stage protection. 

A Three-Phase Short Circuits Fault Occurs on f1 
Figure 12 shows the composite sequence network diagram of the power system when a 
three-symmetrical short-circuit fault occurs at f1, as shown in Fig. 13. 

İ11 = 
U̇11 

αZAB 
(14) 

The adaptive current I section of protection 1 is set as follows to assure reliability: 
the line proportional coefficient is taken to be α = 1, and the adaptive current I section 
is set based on the maximum short circuits current that prevents the line’s termination 
short circuit. 

I ′1.act(3) = K ′
rel

∣
∣
∣
∣

U̇11 

ZAB

∣
∣
∣
∣

(15)
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Fig. 13. Composite sequence network diagram when f1 fault 

At f2, a Three-Phase Short-Circuit Failure Happens 

Fig. 14. Network diagram of a composite sequence when an F2 fault occurs 

As a three-symmetrical short circuits faults take place at F2, the system’s combined 
sequence network diagram is displayed in Fig. 14, and the positive sequence current 
passing through protection 2 looks like this: 

İ21 = U̇21 

αZBC 
(16) 

The adaptive current I section of protection 2’s setting value is therefore: 

I ′2.act(3) = K ′
rel

∣
∣
∣
∣

U̇21 

ZBC

∣
∣
∣
∣

(17) 

At f3, a Three-Phase Short Circuits Fault Happens 
When three symmetrical short circuits faults happen on f3, the system’s combined 
sequence network diagram is displayed in Fig. 15, and the sequence network diagram is 
used to determine the positive sequence currents passing through protection 3. 

İ31 = U̇31 

αZCD 
(18) 

At fault time, the adaptive current I part of protection 3’s setting value is: 

I ′3.act(3) = K ′
rel

∣
∣
∣
∣

U̇31 

ZCD

∣
∣
∣
∣

(19)
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Fig. 15. Composite sequence network diagram when f3 fault 

In the same way, when the f4 position is faulty, The adaptive current I section of 
protection 4’s setting value is: 

I ′4.act(3) = K ′
rel

∣
∣
∣
∣

U̇41 

ZAE

∣
∣
∣
∣

(20) 

4.2 Calculation of the Current II Section Protection Setting 

The adaptive current II stage protection design must guarantee that its protection range 
is strictly controlled within the protection range of section I of the next line, and the 
current setting value of section II protection of this section of line must match the 
protection setting value of section I of the adjacent next line in order to meet the stringent 
requirements of selectivity and rapidity of power system relay protection. For example, 
the II-stage adaptive current setting at protection 2 needs to be coordinated with the 
I-stage protection of protection 3. In order for the positive sequence current passing 
through protection 3 to equal the setting value of the protection 3’s I section, f3 must 
first be faulted. The greatest range that the protection 3’s I section can cover is as follows. 

l′max = 
1 

K ′
rel 

(21) 

Establishing a connection between protections 2 and 3 is essential since it is the 
setting calculation of protection 2’s second section. U˙_21 is utilized to show that the 
positive sequence current passing through protection 3 is: 

İ31 =
∣
∣
∣
∣

U̇21 

ZBC + αZCD

∣
∣
∣
∣

(22) 

By introducing the maximum protection range of section I of protection 3, as 
determined by Eq. 22, the current setting value of section I of protection 3 is: 

I ′3.act(3) = K ′
rel

∣
∣
∣
∣

U̇21 

K ′
relZBC + ZCD

∣
∣
∣
∣

(23) 

The II-stage adaptive current setting value of the available protection 2 is:
{

I ′′2.act(3) = K ′′
relK

′
rel

∣
∣
∣

U̇21 
K ′
relZBC+ZCD

∣
∣
∣

t2 = t1 + �t 
(24)
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Similarly, the adaptive current II stage of protection 1’s setting value is: 

I ′′1.act(3) = K ′′
relK

′
rel

∣
∣
∣
∣

U̇11 

K ′
relZAB + ZBC

∣
∣
∣
∣

(25) 

4.3 Simulation Verification 

To confirm the viability of the protection plan, the distribution network model depicted 
in Fig. 12 was created using the MATLAB/Simulink simulation platform. The load at 
the end of the line, assuming that the distributed power generation capacity is 4 MVA, 
is (2 + j0.3) MVA, the unit positive impedance of the line is (0.03 + j0.27)Ω/km, and 
the length of each line segment is 20 km, that is, the line LAB = LBC = LCD = LAE 
= 20 km, the running time is 5s, and the three-phase short-circuit fault is set to occur in 
one second. 

Using line BC’s three-phase short-circuit fault as an example, the short-circuit current 
at the fault spot and the functioning of protection sections I and II may be determined 
by simulating and analyzing the scale coefficients α = 0.4 and α = 1 (Fig. 16). 

Fig. 16. 3–5 Short circuit current at fault α = 0.4 on BC line 

According to the simulation results in the above figure, when a three-phase short-
circuit fault occurs at 40% of the BC line, section I’s current protection and section II’s 
protection delay are both set to 0.5 s, but the circuit breaker trips due to the signal that 
is sent to it after section I’s operation (Fig. 17). 

The current protection of sections I and II safeguard the line’s whole length because, 
of course, when the end of the line experiences a three-phase short circuits fault in the 
distribution network, the current protection of section I does not act when it is 0.5s, and 
the delay of section II current protection occurs for 0.5s, after which the circuit breaker 
sends a trip signal, trips, and the fault is cut off at 1s. 

When a three-phase short-circuit fault occurs at different locations of the AB line 
and the BC line, the current settings at protection 1 and protection 2 are displayed in 
Table 2 and Table 3 below, respectively. The capacity of the distributed power generation 
added at each location is set at 4MW.
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Fig. 17. 3–7 Short circuit current at fault α = 1 on BC line 

Table 2. Current situation at protection 1 in case of fault in section AB 

The location of the fault 
in the AB segment 

Fault Current(A) Setting value of the first 
segment (A) 

Stage II setting value 
(A) 

0.3 1192 431.76 398.6 

0.4 1105 534.24 493.2 

0.7 903 765.24 706.5 

Table 3. Current situation at protection 2 in case of fault in section BC 

The location of the fault 
in the BC segment 

Fault Current(A) Setting value of the first 
segment (A) 

Stage II setting value 
(A) 

0.3 675 250 230.8 

0.4 647 319.8 295.2 

0.7 572 496.9 458.7 

Tables 2 and 3 demonstrate that in the event of a three-phase symmetrical short circuit 
in the transmission line, the proportional factor increases with the setting value of the I 
and II sections of the current protection, while the fault current magnitude decreases as 
the proportional coefficient of the fault increases. 

5 Summary 

One effective solution to the energy and resource problems is distributed power genera-
tion, which is integrated into the power system as a clean, renewable energy source. How-
ever, the distribution network’s protection has gotten more complicated as a result of dis-
tributed generators’ access, and the original protection plan and principle have failed, ren-
dering the current protection system unstable. Studying how distributed power generation 
access affects the distribution network protection system is therefore extremely impor-
tant. The following are the primary study findings of this paper in order to completely 
comprehend and address these agreements:
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1) After creating a model of a solar system, it is connected to the distribution network 
for research purposes. Taking the simple distributed generator access distribution 
network model as the research object, the research focuses on analyzing the impact 
of the capacity, access location and fault location of the distributed generator con-
nected to the power grid on the distribution network. As an example, the three-phase 
short-circuit fault occurs at the upstream, downstream, and adjacent positions when 
the distributed generator is connected to the intermediate busbar. The fault current 
magnitude passing through each protection point is measured, and simulation is used 
to confirm that the theoretical analysis is accurate. 

2) The distribution network model with multiple distributed generators is further created 
based on the detailed analysis of the grid connection of single distributed generators. 
In the face of the challenges of protection device rejection, maloperation and reliabil-
ity reduction caused by distributed power access, an innovative adaptive current main 
protection scheme was proposed, and the simulation platform was used to confirm 
the protection scheme’s efficacy. 
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cal Engineering Specialty Based on Engineering Education Professional Certification (No. 
JG2021Z12). 
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Abstract. This paper presents a parking lot obstacle detection system 
that utilizes infrastructure-based cameras to detect and track obstacles 
within a parking lot. The system begins by capturing images from ceiling-
mounted cameras and employs object detection algorithms to identify 
2D detection boxes and estimate 3D bounding boxes’ ground points. By 
leveraging camera intrinsics and extrinsics, along with the assumption 
that all objects are on a plane, we transform these points into the world 
coordinate system. The system then fuses detection results from multiple 
cameras using spatial and temporal fusion techniques, including the mean 
shift algorithm and the Expanded Kalman Filter, to optimize and refine 
the detection results. Our approach effectively addresses the challenge 
of depth estimation in monocular camera setups and provides a robust 
solution for parking lot obstacle detection. 

Keywords: Obstacle Detection · Monocular Camera · 3D Bounding 
Box · Spatial Fusion · Temporal Fusion 

1 Introduction 

Parking lots are intricate environments where vehicles and pedestrians frequently 
navigate in close proximity, necessitating reliable obstacle detection systems to 
ensure safety and efficiency. Traditional object detection methods, such as YOLO 
and DETR, have been widely employed for various applications but encounter 
challenges when applied to parking lot scenarios due to the lack of depth infor-
mation in monocular camera images. This paper introduces a novel system that 
addresses these challenges by reformulating the problem into keypoint estimation 
and employing both spatial and temporal fusion techniques to enhance detec-
tion accuracy. Our system not only detects obstacles but also estimates their 3D 
bounding boxes, providing a comprehensive solution for parking lot monitoring. 

The primary contributions of this paper are twofold: 

1. Efficient and Accurate Detection of Ground Bounding Boxes: We reformulate 
the problem of detecting object bounding boxes in the parking lot by esti-
mating the distribution of key points of the objects. This innovative approach 
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allows us to efficiently and precisely detect the ground-bound boxes of targets 
within the parking lot. By assuming all targets are on the ground, we focus 
on detecting the four points of the 3D bounding box on the ground and esti-
mate their distribution through a network. This method effectively addresses 
the challenge of depth estimation in monocular camera setups, which is a 
significant advancement over traditional methods that struggle with the lack 
of depth information. 

2. Real-time Obstacle Detection System Based on Edge-side Monocular Cam-
eras: We have developed a real-time obstacle detection system based on edge-
side monocular cameras for underground parking lots. This system captures 
images from ceiling-mounted cameras and employs object detection algo-
rithms to identify 2D detection boxes and estimate 3D bounding boxes’ 
ground points. By leveraging camera intrinsics and extrinsics, along with the 
assumption that all objects are on a plane, we transform these points into the 
world coordinate system. The system then fuses detection results from multi-
ple cameras using spatial and temporal fusion techniques, including the mean 
shift algorithm and the Expanded Kalman Filter, to optimize and refine the 
detection results. This system is designed to operate in real time, providing 
a robust solution for parking lot obstacle detection. 

In summary, this paper presents a cutting-edge approach to parking lot obsta-
cle detection that leverages keypoint estimation and fusion techniques to achieve 
high accuracy and real-time performance. Our system’s ability to estimate 3D 
bounding boxes and its real-time capabilities make it a valuable tool for enhanc-
ing safety and efficiency in parking lot environments. The following sections 
will detail our methodology, experimental setup, and results, demonstrating the 
effectiveness of our approach in various scenarios. 

2 Related Works 

The field of parking lot obstacle detection has seen significant advancements 
with the integration of intelligent vision systems and advanced algorithms. This 
section reviews the latest research pertinent to our parking lot obstacle detection 
system. 

Deep Learning in Object Detection – The application of deep learning, partic-
ularly convolutional neural networks (CNNs), has revolutionized object detec-
tion. He et al. provide a comprehensive survey on the use of transformers in 
vision tasks, highlighting their potential in object detection [ 14]. Dosovitskiy et 
al. demonstrate the effectiveness of transformers for image recognition at scale, 
offering a new paradigm for detecting objects in images [ 10]. 

3D Object Detection Techniques – The transition from 2D to 3D object 
detection is crucial for accurate obstacle detection in parking lots. Qi et al. 
discuss deep learning methodologies for 3D object detection and segmentation, 
which are essential for understanding the spatial context of objects [ 27]. Chen 
et al. present a multi-view 3D object detection network tailored for autonomous 
driving, emphasizing the importance of multiple perspectives in detecting objects 
[ 7].



Parkinglot Obstacle Detection System 151

Monocular Camera Depth Estimation – One of the challenges in monocular 
camera setups is the lack of depth information. Zhou et al. survey the field of 
monocular 3D object detection for autonomous driving, addressing the depth 
estimation problem [ 8]. Wang et al. (2022) provide an overview of depth estima-
tion techniques for monocular object detection, which is vital for our system’s 
accuracy [ 13]. 

Fusion Techniques in Obstacle Detection – The integration of data from 
multiple sensors is key to improving detection reliability. Geiger et al. introduce 
the KITTI vision benchmark suite, which includes multi-sensor fusion for 3D 
object detection [ 12]. Li et al. review multi-sensor fusion techniques for 3D object 
detection, underlining the significance of combining data for enhanced accuracy 
[ 24]. 

Extended Kalman Filter in Object Tracking – The Extended Kalman Filter 
(EKF) is a popular method for fusing detection results over time. Arulampalam 
et al. offer a tutorial on particle filters for online nonlinear/nongaussian Bayesian 
tracking, which includes the application of EKF [ 4]. Simon discusses optimal 
state estimation techniques, including EKF, which is integral to our system’s 
object tracking capabilities [ 18]. 

Parking Lot Monitoring Systems – Specific to parking lots, Zhang et al. 
explore the detection and occupancy estimation of parking spaces using aerial 
images, providing insights into monitoring parking lots [ 2]. Li et al. survey deep 
learning applications for parking space detection and status estimation, which 
is directly relevant to our system [ 20]. 

Camera-Based Obstacle Detection Systems – The effectiveness of camera-
based systems in obstacle detection is demonstrated by Bochkovskiy et al. with 
YOLOv4, an optimal speed and accuracy object detection framework [ 5]. Red-
mon et al. further improve upon this with YOLOv5, an incremental improvement 
over previous versions [ 3]. 

Multi-View Object Detection and Fusion – Wang et al. survey multi-view 
fusion for 3D object detection, emphasizing the importance of integrating infor-
mation from different viewpoints [ 1]. Li et al. introduce a graph-based message 
passing and attention mechanism for multi-view 3D object detection, which could 
apply to our system [ 25]. 

Mean Shift Algorithm in Clustering – For spatial fusion, the mean shift algo-
rithm is a robust clustering method. Comaniciu et al. discuss the mean shift 
approach to feature space analysis, which applies to our system’s spatial fusion 
of key points [ 9]. Chen et al. review mean shift clustering techniques, providing 
further insights into its application [ 26]. 

Real-Time Obstacle Detection Systems – Real-time detection is crucial for 
practical applications. Wang et al. present YOLOv7, which sets a new state-of-
the-art for real-time object detectors [ 22]. Bochkovskiy et al. introduce YOLOv8, 
focusing on scalability and performance for real-time detection [ 19]. 

These works provide a solid foundation for the design and implementation 
of our parking lot obstacle detection system. By building upon these studies, we
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Fig. 1. System Overview. 

aim to enhance the safety and efficiency of parking lot monitoring through the 
integration of advanced vision systems and algorithms. 

3 Method  

3.1 System Overview 

An overview of the parking lot obstacle detection system is shown in Fig. 1. 
The system starts by receiving images from the ceiling-mounted cameras in the 
parking lot and then performs object detection to obtain the 2D detection box 
of the object and its four ground points of the 3d bounding box, i.e., front-
left, front-right, back-left, and back-right points. After obtaining the detection 
results, first, since these four points are on the ground, we project them from 
the camera coordinate system to the world coordinate system using the camera’s 
intrinsic and extrinsic, obtaining a coarse bounding box of the target in the 
world coordinates. Then, the spatial fusion of the detection results is required as 
multiple cameras may detect the same object. After obtaining the spatial fusion 
results, we perform a temporal fusion of the targets using Expanded Kalman 
filtering to optimize the target detection results and obtain the final parking lot 
obstacle detection results. 

3.2 Obstacle Keypoint Detection 

There are already many mature methods for object detection in images, such as 
YOLO [ 5,11,15– 17,21– 23] and DETR [ 6], which have been applied in numerous 
real-world tasks. However, for cameras mounted on parking garage ceilings, due 
to the lack of depth information in the images, the 2D bounding box of an object 
detected directly in the image cannot be readily converted into a 3D bounding 
box of the object in the world coordinate system. 

Many works are also dedicated to 3D object detection with monocular cam-
eras. However, due to the lack of depth information, this problem often reduces 
to monocular depth estimation of the object.
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Fig. 2. The illustration of keypoint detection result 

Fig. 3. The network structure 

We note that in the parking lot, the objects are all on a plane, which is 
a useful constraint. Therefore, we reformulate the problem of detecting object 
bounding boxes in the parking lot as estimating the distribution of keypoints of 
the objects. As shown in Fig. 2, each object has a 3D bounding box that defines 
its boundaries. However, we assume that all targets in the parking lot are on 
the ground, so we only detect the four points of the 3D bounding box on the 
ground(marked as orange points in Fig. 2) and estimate the distribution of these 
four points through the network. 

Network. For object and projection point detection, we propose a key point 
detection method. The network architecture we designed is shown in Fig. 3. The  
network uses a feature extraction network to extract multi-level features and 
then fuses these features using a feature pyramid. Finally, the network has two 
heads to obtain the obstacle detection results and ground key point estimation 
results separately. 

Through the network, we can obtain the 2D bounding box of the object in 
the image, its category, and the four key points on the ground. And these four 
points also have corresponding classes, i.e., front-left, front-right, back-left, and 
back-right points. 

Transformation. After detecting the object and its four points of the object’s 
3D bounding box on the ground, and then using the camera’s intrinsic and 
extrinsic along with the ground plane constraint, we obtain the distribution of
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these four points in the world coordinate system. The projection formula is as 
follows: 

First, transform the ground plane to the camera coordinate system. 
⎡ 

⎢⎢⎣ 

â 
b̂ 
ĉ 
d̂ 

⎤ 

⎥⎥⎦ = T  

⎡ 

⎢⎢⎣ 

a 
b 
c 
d 

⎤ 

⎥⎥⎦ (1) 

where a, b, c, d are the plane parameters(ax + by + cz = d). 
Then, for each point 

depth = −d̂ 
â(x − cx)/fx + ̂b(y − cy/fy) +  ̂c 

(2) 

where cx, cy, fx, fy is camera’s intrinsic. 
Thus, the point is ⎡ 

⎣ 
x 
y 
z 
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depth 
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3.3 Result Fusion 

Because multiple cameras from different perspectives may simultaneously detect 
the same object, and because the estimated ground key points are assumed to 
follow a normal distribution, fusing results from multiple views can provide a 
better estimation of the object’s ground bounding box. 

Since the estimated ground key points have class information, we only need 
to cluster the key points of the same class for all detection results. Considering 
that the detection results will have outliers, the mean shift algorithm is a suitable 
algorithm to compute the clustering algorithm that removes outliers. 

The mean shift algorithm finds stable outlier-free keypoint means by repeat-
edly calculating the direction of shift of the mean of points within the Euclidean 
distance threshold to achieve spatial fusion of the same keypoint class. 

3.4 Object Tracking 

An Extended Kalman Filter (EKF) is adopted for tracking and fusing the obsta-
cle detection results of object 3D bounding box in coordinate system of the world. 
The EKF is an ideal filter for removing noise between the detection noise using 
temporal fusion. 

The obstacle state aims to estimate is 

x = 
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y 
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h 
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⎥⎥⎥⎥⎦ 
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Fig. 4. The sensor network. 

representing obstacle’s position and its rotation angle, the bounding box’s 
width and height. Then, the standard procedure of EKF propagation procedure 
is applied to update the obstacle’s state. 

First, use the prediction equation to predict the state of the obstacle, 

x̂k̄ = Ax̂k−1 + Buk−1 (5) 

Pk̄ = APk−1A
T + Q (6) 

Then after obtaining the observations zk, the state of the Kalman filter is 
updated to obtain the spatial fusion results. 

Kk = Pk̄H
T 

HPk̄H
T + R 

(7) 

x̂k = x̂k̄ + Kk (zk − H ̂xk̄) (8) 

Pk = (I − KkH) Pk̄ (9) 

4 Experiments 

4.1 Sensor Network and Data Prepare 

We deployed the system proposed in Sect. 3 in an indoor parking lot. We installed 
a total of 17 cameras on the roadside and connected these cameras with network 
cables to form a sensor network. As shown in Fig. 4, the blue area represents the 
coverage of the camera, containing roughly 50 m of the driveway and 7 parking 
spaces, the red arrows represent the camera’s mounting position and orientation,



156 Y. He et al.

with a field of view of 120◦ the camera was selected to be mounted at about 45◦ 

downwards. 
To prepare data for training the detection network, we also installed LiDARs 

in the parking lot to assist in accurately annotating 3D detection boxes for 
objects in the images. After calibrating the LiDAR and camera, we only need 
to annotate the 3D detection boxes for objects in the LiDAR point cloud. Then, 
we can convert these detection boxes into the camera’s perspective to obtain the 
3D detection boxes of objects in the images. 

4.2 Detection Experiment 

Table 1. Model Detection Result 

Method Bounding Box Key Point 
AP50 AP50−95 AP50 AP50−95 

Ours 0.98 0.938 0.97 0.955 

First, we labeled approximately 800 images for training the model and we trained 
and validated the proposed network using the self-collected dataset. After train-
ing, our model achieved the accuracy shown in Table 1. The evaluation metrics 
of the model primarily consist of two parts: object detection and detection of 
object’s ground points, i.e. bounding box and key points. For evaluation met-
rics, Intersection over Union (IoU) is used for bounding boxes. For key points, 
we used the object keypoint similarity(OKS) from COCO. Therefore, the AP50 
for key point represents the average precision when keypoint similarity is greater 
than 0.5, considering those as true positives. 

Fig. 5. Object Detection and Keypoint Results 

Due to the small training set, we achieved high detection accuracy and key-
point estimation accuracy on this dataset. The detection results are shown in
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the Fig. 5. The results indicate that our proposed network can detect objects 
in the parking lot and estimates the distribution of key points for their ground 
bounding boxes. 

4.3 System Experiment 

In the previous section, we demonstrated that the proposed network can accu-
rately detect obstacles in the parking lot. Our proposed obstacle detection system 
also needs to evaluate the accuracy of detected obstacles in the world coordinate 
system. 

Therefore, we deployed the trained model into the proposed system and used 
ground truth bounding boxes in the world coordinate system to evaluate the 
accuracy of our system. The experiment results are shown in the Table 2. We  
mainly used two metrics to evaluate our proposed system: the Root Mean Square 
Error (RMSE) of the object trajectory and the mIoU of the object ground bound-
ing box. These metrics assess the accuracy of the detected objects positions and 
bounding boxes, respectively. Our method achieves a lower RMSE and a higher 
IoU for ground bounding boxes compared to the direct 2D projection detection 
method. 

Table 2. Detection System Result 

Method Trajectory(m) Ground mIoU 
2D Box 1.908 0.046 
Ours 0.162 0.561 

At the same time, since the obstacle detection system is an real-time system, 
we also evaluated the inference time of our proposed system. Given that our 
system includes multiple cameras, we perform inference with a batch size of 8 
on RTX3090. The inference time is shown in the Table 3. 

Table 3. Inference Time 

Method Per Batch(ms) Per Image(ms) 
Ours 37.6 4.7 

5 Conclusion 

In this study, we have successfully developed and evaluated a parking lot obsta-
cle detection system that utilizes infrastructure-based cameras, addressing the
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critical need for accurate and real-time monitoring in complex parking environ-
ments. Our system’s innovative approach of reframing the ground bounding box 
detection problem as a keypoint distribution estimation issue has resulted in a 
significant advancement in the field of computer vision for parking lot applica-
tions. 

The primary contributions of this research are the effective transformation 
of the detection problem into a keypoint estimation challenge and the imple-
mentation of a real-time, edge-based monocular camera system for underground 
parking lot obstacle detection. Our system demonstrates the ability to not only 
detect obstacles but also to estimate their 3D bounding boxes with high pre-
cision, which is a substantial improvement over traditional monocular camera 
setups that struggle with depth estimation. 

The employment of spatial and temporal fusion techniques, including the 
mean shift algorithm and the Expanded Kalman Filter, has proven to be effective 
in refining detection results and enhancing the robustness of our system. The 
experiments conducted within an indoor parking lot, equipped with a network of 
17 cameras, have yielded promising results. The system achieved high accuracy 
in detecting objects and estimating key points, with an AP50 score of 0.98 for 
bounding boxes and 0.97 for key points. Furthermore, the system’s real-time 
performance, with an inference time of 4.7 milliseconds per image, underscores 
its practical applicability. 

The results of our system experiment, which used ground truth bounding 
boxes in the world coordinate system for evaluation, showed a significant reduc-
tion in the Root Mean Square Error (RMSE) of object trajectory and an increase 
in the mean Intersection over Union (mIoU) of object ground bounding boxes 
compared to traditional 2D box methods. These improvements highlight the 
effectiveness of our approach in providing accurate spatial of obstacles within 
the parking lot. 

In conclusion, our parking lot obstacle detection system offers a comprehen-
sive solution for monitoring and ensuring safety in parking lots. The system’s 
ability to estimate 3D bounding boxes in real time, coupled with its high accuracy 
and robustness, makes it a valuable asset for intelligent transportation systems 
and autonomous vehicle technologies. Future work will focus on expanding the 
system’s capabilities, incorporating additional sensors, and testing the system in 
diverse parking lot scenarios to further enhance its performance and reliability. 

Disclosure of Interests. The authors have no competing interests to declare that 
are relevant to the content of this article. 
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Abstract. This paper studies the predefined-time consensus of first-
order heterogeneous nonlinear multi-agent systems. In a leaderless com-
munication topology, a novel control protocol is devised based on the 
states of the agents neighbors. By employing graph theory, predefined-
time control techniques, and constructing relevant Lyapunov functions, 
the predefined-time consensus can be actualized for the multi-agent sys-
tem. Eventually, the correctness of the results is tested through a simu-
lation example. 

Keywords: Predefined-time consensus · Multi-agent system · 
Leaderless case · Nonlinear system · Heterogeneous system 

1 Introduction 

A multi-agent system(MAS) is consisted of lots of agents that it can mutu-
ally communicate and exchange information. Due to its independent perception, 
decision-making, and communication capabilities [ 1], it has drawed the interest 
and research of many savants in other domains, and has been widely applied in 
physics, biology, computer research, mathematics, management science research, 
robotics technology, and communication technology [ 2]. The study of consensus 
issues is the foundation of multi-agent systems(MASs) research. Only when the 
MASs achieves consensus can further research on multi-agent systems be con-
ducted at a deeper level. In the process of studying the uniformity of multi-agent 
systems, from studying finite-time consensus [ 5– 7] to studying fixed-time con-
sensus [ 8, 9], and then to studying predefined-time consensus [ 10– 12], numerous 
researchers have achieved many research results in each part, laying the founda-
tion for studying other parts of MASs, for example, formation control, inclusion 
control, clustering and swarming, distributed optimization and decision-making, 
controllability, etc. [ 3, 4]. 

Predefined-time control(PTC) is a special form of fixed-time control(FTC) 
method. Unlike FTC, predefined-time control is not relying on the initial state of 
the system and is not affected by the setting of controller parameters. Therefore, 
c© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
B. Xu and J. Qiu (Eds.): ICCCS 2024, CCIS 2516, pp. 161–169, 2025. 
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many scholars have conducted in-depth research on prespecified-time control. For 
example, reference [ 13] proposed a new distributed controller to achieve PTC in 
high-order dynamic MASs. Reference [ 14] presented a PTC control algorithm 
based on dynamic event-triggering mechanisms applicable to nonlinear MASs. 
Additionally, reference [ 15] came up with a distributed observer and constructed 
a new sliding surface by introducing a terminal sliding mode consensus protocol, 
achieving PTC tracking in second-order MASs. Reference [ 16] also proposed a 
new stochastic prespecified-time consensus protocol for PTC in stochastic MASs 
based on connected undirected graphs. There have been many methods and 
achievements in the study of predefined-time consensus. In this paper, a new 
protocol framework will be constructed to achieve PTC in first-order nonlinear 
multi-agent systems. 

Notations: �m×n represents a m × n real matrix. w = [w1, w2, ..., wn]T ∈ �n 

is a vector, denotes sigα(w) = [|w1|α 
sign(w1), ..., |wn|α 

sign(wn)]T , the  sign(·) 
represents the sign function. ‖·‖p represents the p norm. For any t ≥ 0, abbreviate 
r(t) as  r, where r represent symbols used in this article. 

2 Preliminaries 

2.1 Graph Theory 

In the study of MASs, graph theory is commonly employed to depict the rela-
tionships among agents, utilizing its vertices and edges to signify the connections 
between agents. A graph G = {M, Ξ, A} is utilized to represent the communi-
cation topology of intelligent agents, where M = {mi, i  ∈ M, M = 1, 2, ..., σ} is 
the vertices set and represents the collection of agents; Ξ ⊆ M × M is the edges 
set and indicates a communication channel between two agents; the adjacency 
matrix A represents the connectivity of the graph G, where aij > 0 denotes the 
existence of a communication channel between two agents, and aij = 0 signi-
fies its absence. L = [lij ]σ×σ as the Laplacian matrix of graph G, when i �= j, 

lij = −aij , and  lii = 
σ∑

j=1,j �=i 
aij . 

2.2 Related Lemmas 

Consider the following system, 

· 
h(t) =  gi(h(t)) (1) 

where h ∈ �n, gi : �+ × �n → �n represents a non-linear function. 

Definition 1 [ 20]: For system (1), if its origin is fixed-time stable, it is said to 
be predefined-time stable and the stable time function is T : �n → �, when 
satisfied ∀h0 ∈ �n : T (h0) ≤ Tc, Tc is defined as the predefined-time.
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Lemma 1 [ 20]: If there exists an unbounded Lyapunov function V (h) for the 
system (1), the following formula is satisfied: 

· 
V ≤ −  1 

Tc 

2 
ϕ 

(2V + V 1− ϕ 
2 + V 1+ ϕ 

2 ) (2) 

where Tc > 0 is a constant, ϕ ∈ (0, 1), and system (1) is said to be predefined-
time stable. 

Lemma 2 [ 18]: If L is the Laplacian matrix of a graph that is a connected 
graph with σ vertices: (1) For any z = [z1, z2, ..., zσ]T ∈ �n, have  zT Lz = 
1 
2 

σ∑

i=1 

σ∑

j=1 

aij(zj − zi)
2 . (2) Only one eigenvalue of L is zero, while all other eigen-

values are positive. 

Lemma 3 [ 19]: ∀m ∈ �n , h  >  q  ≥ 1, it holds that ‖m‖h ≤ ‖m‖q ≤ n 1 b − 1 h ‖m‖h. 

2.3 System Description 

Research a multi-agent system composed of σ agents. Define χ = [χ1, χ2, ..., χσ ]T , 

χi ∈ �, where χi is the state of the ith intelligent agent. The dynamic model of 
each agent is as follows, 

· 
χi(t) =  χi(t) +  ui(t) +  gi(χi(t)) (3) 

where ui(t) ∈ � is the control input of the ith agent, gi : �+ × �n → �n is an 
unknown non-linear function. 

Assumption 1 [ 19]: gi(χi(t)) is a known function and satisfy a inequality as 
follows, 

|gi(χi(t))| ≤  gi(χi(t)) (4) 

Assumption 2 [ 17]: The topology structure of intelligent agents is connected and 
undirected. 

3 Main Results 

Design a new control protocol as follows, 

· 
χs 

i = pi,1(χj − χi, j  ∈ ξi) 
ui = pi,2(χj − χi, j  ∈ ξi, χi − χs 

i ), ∀i ∈ M  
(5) 

where, χs 
i represents the target trajectory of the ith agent; pi,1(·) and  pi,2(·) 

represent operators that has not been designed and will be designed later; ξi 
represents the neighbor set of the ith agent.
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Let ρi = χi − χs 
i , construct pi,1(·), pi,2(·) as follows, 

pi,1(χj − χi, j  ∈ ξi) 

= 
σ∑

j=1 

aij(K1sig1−β (χj − χi) +  K2sig1+β (χj − χi) +  K3sig(χj − χi)) 

(6) 

pi,2(χj − χi, j  ∈ ξi, χi − χs 
i ) 

= pi,1(χj − χi, j  ∈ ξi) − Csig(ρi) − C1sig1−α (ρi) − C2sig1+α (ρi) − χi 

− gi(χi)sign(ρi) 

(7) 

where K1,K2,K3 > 0, C, C1, C2 > 0, β(0, 1), α(0, 1). 

Theorem 1 : Under Assumption 1–2, the multi-agent system (3) can achieve 
PTC through protocol (5), (6), (7). 

Proof : Construct Lyapunov function V1 = 1 2 ρ
2 
i , ∀i ∈ M, its derivative as follows, 

· 
V1 = ρi 

·
ρi = ρi( 

·
χi − 

· 
χs 

i ) 

= ρi(χi + ui + ji(χi) − pi,1(χj − χi, j  ∈ ξi)) 

= ρi(χi + ui + ji(χi) − pi,2(χj − χi, j  ∈ ξi, χi − χs 
i ) − Csig(ρi) 

− C1sig1−α (ρi) − C2sig1+α (ρi) − gi(χi)sign(ρi) − χi) 

= ρi(gi(χi) − Csig(ρi) − C1sig1−α (ρi) − C2sig1+α (ρi) − gi(χi)sign(ρi)) 

(8) 

according to (4), (8), we have 
· 

V1 ≤ ρi(−Csig(ρi) − C1sig1−α (ρi) − C2sig1+α (ρi)) 

≤ ρi(−C|ρi| −  C1|ρi|1−α − C2|ρi|1+α ) 

≤ −C|ρi|2 − C1|ρi|2−α − C2|ρi|2+α 

(9) 

because of V1 = 1 2 ρ
2 
i , we have  

· 
V1 ≤ −2CV1 − C12 

2−α 
2 V 1− α 

2 
1 − C22 

2+α 
2 V 1+ α 

2 
1 

≤ −  1 
Tc1 

2 
α 

(2V1 + V 1− α 
2 

1 + V 1+ α 
2 

1 ) 
(10) 

by Lemma 1, the actual trajectory of each agent is consistent with the target 
trajectory at a predefined time, that is χi = χs 

i . 
In order to make all agents follow a same target, take the average trajectory of 

the agent’s target, denoted as χs(t) =  1 σ 

σ∑

i=1 

χs 
i (t), and let Δpi = pi,1(χj −χi, j  ∈ 

ξi) − pi,1(χs 
j − χs 

i , j  ∈ ξi). Differentiating χs(t) =  1 σ 

σ∑

i=1 

χs 
i (t) yields that 

· 
χs(t) =  1 

σ 

σ∑

i=1 

· 
χs 

i (t) 

= 1 
σ 

σ∑

i=1 

(pi,1(χs 
j − χs 

i , j  ∈ ξi) + Δpi) 
(11)
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because of 
σ∑

i=1 

σ∑

j=1 

aij(K1sig
1−β(χj − χi) +  K2sig

1+β(χj − χi) +  K3sig(χj − χi)) 

= − 
σ∑

i=1 

σ∑

j=1 

aij(K1sig
1−β(χj − χi) +  K2sig

1+β(χj − χi) +  K3sig(χj − χi)) 

so we can obtain 
· 

χs(t) =  1 σ 

σ∑

i=1 

Δpi and 
· 

χs(t) = 0, which indicates that the 

average trajectory of the agent’s target is a constant when T >  Tc1. 
Let ρs 

i = χs 
i − χs, select V2 as the Lyapunov function, where V2 is expressed 

as follows, 

V2(t) =  1 
2 

σ∑

i=1 

ρs 
i (t)

2 (12) 

then, differentiating V2(t) yields that 

· 
V2(t) =  

σ∑

i=1 

ρs 
i 

· 
ρs 

i 

= 
σ∑

i=1 

ρs 
i (pi,1(χs 

j − χs 
i , j  ∈ ξi)) = 

σ∑

i=1 

ρs 
i (pi,1(ρs 

j − ρs 
i , j  ∈ ξi)) 

= 
σ∑

i=1 

ρs 
i ( 

n∑

j=1 

aij(K1sig
1−β(ρs 

j − ρs 
i ) +  K2sig

1+β(ρs 
j − ρs 

i ) +  K3sig(ρs 
j − ρs 

i ))) 

= 
σ∑

i=1 

σ∑

j=1 

aijρ
s 
i (K1|ρs 

j − ρs 
i |1−β + K2|ρs 

j − ρs 
i |1+β + K3|ρs 

j − ρs 
i |) 

= 1 
2 

σ∑

i=1 

σ∑

j=1 

aij(K1|ρs 
j − ρs 

i |2−β + K2|ρs 
j − ρs 

i |2+β + K3|ρs 
j − ρs 

i |2) 

= K1 

2 

σ∑

i=1 

σ∑

j=1 

(a 
2 

2−β 
ij |ρs 

i − ρs 
j |2) 

2−β 
2 + K2 

2 

σ∑

i=1 

σ∑

j=1 

(a 
2 

2+β 
ij |ρs 

i − ρs 
j |2) 

2+β 
2 

+ K3 

2 

σ∑

i=1 

σ∑

j=1 

(aij |ρs 
i − ρs 

j |2) 

(13) 
from Lemma 3, have  

· 
V2(t) ≤ −  K1 

2 
( 

σ∑

i=1 

σ∑

j=1 

a 
2 

2−β 
ij |ρs 

i − ρs 
j |2) 

2−β 
2 

− K2 

2 
(2σ)

−β 
2 ( 

σ∑

i=1 

σ∑

j=1 

a 
2 

2+β 
ij |ρs 

i − ρs 
j |2) 

2+β 
2 − K3 

2 
( 

σ∑

i=1 

σ∑

j=1 

aij |ρs 
i − ρs 

j |2) 
(14)
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by Lemma 2, have  
σ∑

i=1 

σ∑

j=1 

a 
2 

2−β 
ij |ρs 

i − ρs 
j |2 = 2ρs T 

Lβ1ρ
s ≥ 4λ2(Lβ1)V2 

σ∑

i=1 

σ∑

j=1 

a 
2 

2+β 
ij |ρs 

i − ρs 
j |2 = 2ρs T 

Lβ2ρ
s ≥ 4λ2(Lβ2)V2 

σ∑

i=1 

σ∑

j=1 

aij |ρs 
i − ρs 

j |2 = 2ρs T 
Lβ3ρ

s ≥ 4λ2(Lβ3)V2 

(15) 

according to (14), (15), we have 

· 
V2(t) ≤ −K121−β λ 1− β 

2 
2 (Lβ1)V 1− β 

2 
2 

− K2(2σ)
−β 
2 21+β λ 1+ β 

2 
2 (Lβ2)V 1+ β 

2 
2 − 2K3λ2(Lβ3)V2 

≤ −  1 
Tc2 

2 
β 

(2V2 + V 1− β 
2 

2 + V 1+ β 
2 

2 ) 

(16) 

by Lemma 1, it holds that χs 
i = χs 

j , ∀t ≥ Tc, Tc = Tc1 + Tc2. In the formula 
(15), Lβ1, Lβ2, Lβ3 represent three Laplacian matrices corresponding to graphs 
G(A 

2 
2−β ), G(A 

2 
2+β ) and  G(A). 

Finally, it can be concluded that the system (3) can attain the PTC within 
the given time Tc. 

4 Simulation 

Consider six intelligent agents with the dynamic characteristics described in (3), 
and the nonlinear functions are as follows: 

g1(χ1) = 0.2χ1 + 0.3 sin  χ1, g2(χ2) = 0.6 sin  χ2 

g3(χ3) = 0.5 sin  χ3, g4(χ4) =  |χ4| 
g5(χ5) = 0.1 cos  χ5, g6(χ6) = 0.2e−|χ6| 

(17) 

where can learn ∀i ∈ {1, 2, 3, 4, 5, 6} , and Fig. 1 represents the topology of these 
six intelligent agents. Give initial state of intelligent agents: χ1(0) = −2, χ2(0) = 
2.5, χ3(0) = −1.4, χ4(0) = 2.5, χ5(0) = 1.5, χ6(0) = −2.5, and protocol param-
eters: α = 0.5, β  = 0.5,K1 = 2,K2 = 3,K3 = 2, C  = 2, C1 = 1, C2 = 3.  
Incorporate |fi(χi)| ≤ |χi| + 1 into the designed protocol.



Predefined-Time Consensus for First-Order 167

Fig. 1. Topology of multi-agent system 
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Fig. 2. Agents’ actual state 
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Fig. 3. Agents’ target state 
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Fig. 4. Actual trajectory and average 
target trajectory error 

Figure 2 represents the actual trajectory of the agents, Fig. 3 represents the 
target trajectory of the agents, and Fig. 4 represents the difference between the 
actual trajectory and the target trajectory. By analyzing Figs. 2, 3, and  4, it is  
clear that the system (3) can achieve PTC and the predefined-time is 1 s. 

5 Conclusion 

This study addresses the PTC problem in first-order nonlinear heterogeneous 
multi-agent systems. To achieve this, a protocol that relies solely on state trans-
mission is designed. Within this protocol framework, the system can achieve 
consensus within a predetermined time, thereby realizing predefined-time con-
sensus control. In future work, we will consider applying this method to multi-
agent systems with leader following. 
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Abstract. Carrier based aircraft are in a low dynamic pressure state during land-
ing, with static and unstable anti zone characteristics. In order to improve their 
flight quality, a power compensation system needs to be added. This article ana-
lyzes the three commonly used types of automatic throttle in power compensation 
systems and obtains the automatic throttle for magic carpet landing. Using a non-
linear dynamic inverse development method to design the incremental mode of 
the flight path and comparing with PID control. Simulation verification shows 
that NDI control has higher efficiency, better tracking effect and the designed 
automatic throttle can achieve good speed maintenance in two states: correcting 
back to the reference path at different trajectory angles and changing the landing 
trajectory. 

Keywords: Orbital transfer · Auto throttle · Dynamic inversion · Incremental 
mode of flight path 

1 Introduction 

Carrier based aircraft are in a low dynamic pressure state during landing, exhibiting 
static instability and anti zone characteristics [1]. The aircraft’s maneuverability deteri-
orates, and relying solely on elevators cannot accurately control the flight trajectory. To 
ensure the low-speed stability of carrier based aircraft during approach and landing, it is 
necessary to solve the coordinated control problem of multiple control mechanisms such 
as throttle and aerodynamic control surfaces. At the same time, during the final stage of 
landing, rapid response of the trajectory angle is required, and the aircraft needs to track 
the movement of the hull and achieve it when it is very close to the ship [2]. This special 
requirement requires the use of a power compensation system to ensure the speed of air-
craft trajectory control. The power compensation system is based on the input angle of 
attack and overload, forming quasi velocity feedback to achieve speed control [3]. In an 
ideal situation, if the angle of attack can be controlled to a constant zero deviation during 
the dynamic response process, the control of the aircraft attitude angle can achieve fast 
and accurate response of the trajectory angle to the attitude angle. However, in practical 
situations, it is necessary to use a power compensation system to control the speed vector
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of the aircraft, so that the speed axis of the aircraft can quickly track the changes in the 
body axis when the aircraft attitude changes, and the angle of attack of the aircraft can 
be quickly controlled to zero deviation, achieving rapid response of the aircraft trajec-
tory angle. The control command is applied to the automatic throttle lever system of the 
engine, which controls the speed of the aircraft by changing the power of the engine. 
The approach power compensation of carrier based aircraft requires automatic control 
of the engine, which means that the traditional manual throttle control system needs to 
be replaced with an automatic throttle control system (ATCS). ATCS controls the throt-
tle according to the corresponding control law, thereby achieving control of the engine 
thrust [4]. 

In order to improve the safety of ship landing and the success rate of carrier based 
aircraft landing, the US military has launched the “MAGIC CARPET” project [5]. The 
magic carpet technology reduces the number of maneuvers for carrier based aircraft 
before docking from hundreds to over ten, greatly simplifying the pilot’s control pressure 
[6]. The “magic carpet” control technology includes two trajectory control strategies: 
trajectory angular velocity control mode (FPAH mode) and flight trajectory incremental 
control mode (DP mode) [7]. The core of FPAH mode lies in decoupling the attitude 
and trajectory of the aircraft. Pilots can quickly correct the angular velocity of the tra-
jectory through longitudinal stick commands, thereby adjusting the aircraft trajectory 
and achieving precise trajectory tracking. Real time monitoring of trajectory angle devi-
ation in DP mode, where pilots directly correct the aircraft’s trajectory angle through 
longitudinal instructions to achieve precise landing. 

During the descent and landing period, by controlling the aircraft’s attitude, the air-
craft can quickly track the angle of the descent trajectory, ensuring that the aircraft slides 
down according to the prescribed descent trajectory. Due to the need for rapid response 
of trajectory angle during aircraft landing, especially during the final period of landing, 
the aircraft needs to track the movement of the hull and achieve it when it is very close 
to the ship. This special requirement requires the use of a power compensation system 
to ensure the speed of aircraft trajectory control. The power compensation system forms 
quasi velocity feedback through the input of angle of attack and overload, achieving 
speed control. The rapid control of the aircraft speed vector is actually to enable the 
angle of attack of the aircraft to be quickly controlled, so that the control of the air-
craft attitude angle can indirectly achieve rapid control of the trajectory angle. In an 
ideal situation, if the angle of attack can be controlled to keep the deviation constant 
at zero during the dynamic response process, then by controlling the aircraft attitude 
angle, the trajectory angle can achieve fast and accurate response to the attitude angle. 
In practical situations, in order to quickly control the angle of attack of the aircraft, a 
power compensation system is used to control the speed vector of the aircraft, so that the 
speed axis of the aircraft can quickly track the changes in the body axis after the aircraft 
attitude changes. In this way, the angle of attack of the aircraft is also quickly controlled 
to zero deviation, achieving a fast and accurate response of the aircraft attitude angle 
to the trajectory angle. The control command is applied to the automatic throttle lever 
system of the engine, which controls the speed of the aircraft by changing the power of 
the engine.
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Based on the above analysis, this article conducts research on the design technology 
of an automatic throttle speed stability system that adapts to the needs of track changing 
maneuvers. By analyzing and clarifying the type of automatic throttle for magic carpet 
landing, and based on nonlinear dynamic inverse design of DP modal control law, the 
speed stability of the designed control law is verified through simulation. 

2 Automatic Throttle Control System 

2.1 Power Compensation 

Approach power compensation refers to the control of engine thrust while the control 
surface deflects, so that the velocity �V = 0 A, at this time, the elevator deflection can 
change the flight attitude, and the carrier based aircraft lift increment change rate is used 
to make the trajectory angle consistent with the attitude angle, thereby eliminating the 
long-period trajectory response deviation caused by gravity affecting the rudder surface 
change. If the pitch attitude is not maintained, the single throttle system cannot achieve 
the expected control purpose. This indicates that the control of attitude and trajectory of 
carrier based aircraft requires the joint action of elevators and throttle levers. 

In the 1950s, when pilots of carrier based aircraft entered the aircraft, they simul-
taneously controlled the throttle and elevator to ensure the low-speed performance and 
trajectory tracking performance of the aircraft, greatly increasing the pilot’s control load. 
The proposal of a power compensation system effectively solves this problem, typically 
by designing an effective automatic throttle control scheme that can choose angle of 
attack control, speed control, trajectory control, etc. 

2.2 Automatic Throttle Control Scheme 

(1) Automatic throttle scheme for angle of attack maintenance 
The angle of attack control scheme is to use the angle of attack variation �α and its 
integral to adjust the engine thrust �T , so that the aircraft can always maintain the 
reference angle of attack α0 during landing. Due to �γ = �θ − �α, the trajectory 
angle�γ has a good tracking effect on pitch angle�θ , enhancing the glide trajectory 
response and ensuring the controllability of the angle of attack. This compensation 
system that maintains the reference angle of attack α0 (�α = 0) is equivalent to a 
trajectory response enhancer. 

(2) Automatic throttle scheme for speed maintenance 
When �θ changes during landing, the velocity change caused by gravity cannot 
be compensated for, making it difficult for �γ to track the changes in �θ , and 
even the steady-state �γ may have negative values. The speed maintenance control 
scheme is to suppress the speed changes caused by attitude changes by increasing 
the reciprocal of the stable speed of the carrier based aircraft. That is, the speed 
change signal is sent to the throttle, causing the thrust T to change and �V = 0 to 
improve the damping of the carrier based aircraft’s long-term motion. 

(3) Automatic throttle scheme for trajectory control 
The automatic throttle of trajectory control is a control strategy for Backside manip-
ulation in conventional landing control. Pilots control the inclination angle of the
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flight path by controlling the throttle thrust on the one hand, and control the flight 
attitude on the other hand to ensure that the angle of attack remains unchanged and 
accelerate the dynamic response [8]. 

Considering the delayed throttle response of the engine and the slow dynamic char-
acteristics of trajectory response to thrust, the automatic throttle maneuverability of 
trajectory control is not strong. Pilots need to manipulate the control stick to quickly 
correct the angle of attack changes caused by thrust control while using thrust to con-
trol the aircraft trajectory, in order to maintain the angle of attack constant and quickly 
correct the trajectory. 

2.3 The Selection of Automatic Throttle for Magic Carpet Landing 

The conventional landing control mainly includes Frontside control and Backstide con-
trol [9]: Frontside control completes the glide by controlling the pitch angle through 
the longitudinal rod, and uses a power compensation system that maintains the angle 
of attack to restore controllability under low dynamic pressure. The angle of attack sig-
nal is introduced into the transmitter to assist the longitudinal rod in controlling the 
attitude; Backside operates a trajectory control based power compensation system, con-
trolling the downward trajectory through throttle and restoring controllability under low 
dynamic pressure by controlling the angle of attack with a longitudinal rod. The magic 
carpet landing control adopts automatic throttle with speed maintenance, mainly for the 
following reasons: 

(1) Automatic throttle that maintains speed can decouple normal and tangential control, 
reducing the burden on pilots; 

(2) When the magic carpet lands and slides down for correction, the gravitational poten-
tial energy is converted into kinetic energy. The speed maintenance scheme can better 
maintain the speed, and the comprehensive direct lift control can effectively maintain 
the speed; 

(3) The elevator in the magic carpet landing control can effectively control the angle of 
attack without the need for an engine to maintain the angle of attack [10]; 

(4) The magic carpet landing control directly controls the trajectory by controlling the 
lift generated by the direct lift control surface, making the trajectory angle a fast 
variable. It has a faster response and better effect than the engine controlled glide 
trajectory in Backside control, so there is no need to use an automatic throttle scheme 
based on trajectory control. 

3 Design of Automatic Throttle Speed Stability Control System 
Based on Dynamic Inverse 

In the final stage of landing, the DP mode is generally used for landing control, and 
according to the above analysis, the automatic throttle scheme of speed maintenance is 
preferred during the magic carpet landing control. In this paper, the nonlinear dynamic 
inverse control theory is used to design a speed stability control system based on DP 
mode.
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3.1 Angle of Attack Holding Circuit 

Simple direct lift requires the angle of attack to remain constant, the pitch angle to 
change the same as the trajectory angle, and trajectory correction does not rely on angle 
of attack changes. The main function of the elevator is to control the angle of attack and 
maintain its stability, ensuring the achievement of simple direct lift. The angle of attack 
holding loop refers to the dynamic inverse control law of the dynamic inverse airflow 
angle loop, and the differential equation α, β, μ is written in affine nonlinear form: 

⎡ 

⎣ 
α̇ 
β̇ 
μ̇ 

⎤ 

⎦ = 

⎡ 

⎣ 
fα(x1) 
fβ (x1) 
fμ(x1) 
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⎦ + gs1 (x1) 
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p 
q 
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⎦ + gs2 (x1) 
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δel 

δer 

δal 

δar 

δr 

δf 
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⎥⎥⎥⎥⎥⎥⎥⎦ 

(1) 

Among them: (α, β, μ)T is the attitude vector in the airflow system, (p, q, r)T is the 
angular velocity vector under the machine system, and δx is the control surface input. 
fα(x1), fβ (x1), fμ(x1) represent the combined external forces acting on the aircraft after 
removing the forces generated by the deflection of the control surface and the rotational 
angular velocity; gs1 (x1) represents the kinematic relationship between [p, q, r]T and 
[α̇, β̇, μ̇]T ; gs2 (x1) represents the control force generated by the rudder surface. 

The deflection of the aircraft control surface can generate corresponding control force 
and control torque. For general aircraft, the control surface is mainly used to generate 
large torque and relatively small direct force. The influence of the deflection of the 
control surface on fast state variables is much greater than that on slow state variables. 
At the same time, using the angular velocity and control surface as the airflow angle slow 
loop will produce the minimum phase zero point, leading to system instability. Under 
the support of singular perturbation theory, ignoring the influence of rudder deflection 
on slow loops, there are: 
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⎦ ≈ 
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⎣ 
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q 
r 

⎤ 

⎦ (2) 

Among them, ωα = ωβ = ωμ = 2.3rad /s. 
The control law for the angle of attack holding loop is obtained by applying nonlinear 

dynamic inversion as follows: 
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α̇d , β̇d and μ̇d represent the expected slow state variable dynamic response.
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The control law for the angular rate control loop obtained by dynamic inversion is 
as follows: 

⎡ 

⎢⎢⎣ 
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⎛ 

⎝ 

⎡ 

⎣ 
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Among them: 
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qc − q 
rc − r 
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ωp = ωq = ωr = 10rad /s, fp(x), fq(x), fr(x) is the nonlinear control torque, g(x) is 
the control surface control torque, which are: 

fp(x) = 
Iz l̂ + Ixz n̂ + pq(Ix − Iy + Iz)Ixz + rq(IyIz − I2 z − I2 xz) 

IxIz − I2 xz 
, 

fq(x) = 
m̂ + (r2 − p2)Ixz + pr(Iz − Ix) 

Iy 
, 

fr(x) = 
Ixz l̂ + Ix n̂ + pq(I2 x − IxIy + I2 xz) − rq(Ix − Iy + Iz)Ixz 

IxIz − I2 xz 

Among them, l̂, m̂, n̂ respectively represent roll, pitch, and yaw moments other than 
the aircraft control surface torque. 

g(x) = 

⎡ 

⎢⎣ 
gpδe (x) gpδa (x) gpδr (x) 
gqδe (x) 0 0  
grδe (x) grδa (x) grδr (x) 

gpδf (x) 
gqδf (x) 
grδf (x) 
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Among them, gpi(x) = IzCli+IxzCni 
IxIz−I2 xz 

qSb, i = δe, δa, δr, δf , 

gqi(x) = Cmi 
Iγ 

qSc, i = δe, δf , gri(x) = IxCni+Ix	Cli 
IxIz−I2 x	

qSb, i = δe, δa, δr, δf . 

3.2 Track Angle Control Circuit 

The direct lift directly acts on the trajectory control loop. Unlike conventional NDI 
designs, this paper designs a two-layer parallel dynamic inverse control loop to decouple 
the trajectory direct lift control from the angle of attack holding loop. For the trajectory 
angle direct lift control loop, first construct the trajectory loop direct lift NDI affine 
nonlinear system equation: 

ẊF = FF (XF ) + GF (XF )u (6)
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In the formula: FF represents the dynamic relationship of the trajectory control 
state itself; GF represents the control effectiveness relationship of the direct lift control 
surface;u represents the control input control surface δf .The differential equation of 
speed and trajectory angle is as follows: 

V̇ = 
1 

m 
(FT cos α cos β − D − mg sin γ ) (7) 

γ̇ = 
1 

mV 
[FT (sin μ cos α sin β + cos μ sin α) − Y sin μ + L cos μ − mg cos γ ] (8) 

For channel γ , an analytical method is used to solve the multivariate nonlinear problem 
by transforming it into a univariate problem. 

FTc = 
m V̇ + D + mg sin γ 

cos αc 
(9) 

According to variables V̇ , γ  , αc,FTc can be obtained analytically. 
For channel γ , the affine nonlinear system equation can be written as: 

γ̇F = FF (XF ) + GF (XF )δf (10) 

Let LF be the lift of the aircraft after removing the direct force control surface (δf ), 
that is: 

FF (XF ) = 
1 

mV 
[FT (sin μ cos α sin β + cos μ sin α) − Y sin μ + LF cos μ − mg cos γ ] 

GF (XF ) = 
1 

mV 
(CLdf δf cos μ) 

Let the expected closed-loop dynamic system of the airflow angle state subsystem 
be a first-order link, that is:

[
V̇d 

γ̇d

]
=

[
ωV 0 
0 ωγ

][
Vc − V 
γc − γ

]
(11) 

Among them, ωV = 1rad
/
s, ωγ = 2rad

/
s. 

To test the control performance of the DP mode, a height control loop is also con-
structed in the outer loop. The altitude error is calculated by the guidance law to obtain 
the trajectory angle command signal, which is output to the flight control system. The 
guiding law is as follows: 

γc = Kp(Hc − H ) + γref (12) 

Among them,Kp = 0.325, γref = −3.5◦.
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4 Simulation Verification 

4.1 Simulation Analysis of Velocity Stability Under Trajectory Angle Correction 

The purpose of this section is to verify the trajectory angle control performance and 
automatic throttle speed stability performance of the designed incremental flight path 
mode. During the landing process of the magic carpet, it is necessary to glide down the 
ship at track angle γ = −3.5◦, which means that the designed system needs to be tested 
for its ability to correct back to γ = −3.5◦ and the stability of its speed at different track 
angles. Figure 1, Fig.  2 and Table 1 respectively show the correction of carrier based 
aircraft from different trajectory angles back to −3.5◦, the stability of speed, as well as 
the time response and dynamic performance under each correction condition. 

Fig. 1. Correction situation under different 
trajectory angle states. 

Fig. 2. Correction capability under different 
trajectory angle states. 

From the simulation results, it is evident that carrier based aircraft can accurately 
correct to γ = −3.5◦ at any trajectory angle, with almost no overshoot or steady-
state error. The simulation results have verified that the designed control system has 
good trajectory control and correction capabilities, meeting the control performance 
requirements for magic carpet landing. The change in trajectory angle will affect the 
speed, but the maximum change in speed does not exceed 0.002m/s, which can be 
basically ignored, indicating that the speed is well maintained under this control. 

Table 1. Correction capability under different trajectory angle states. 

γc(
◦) −6 −5 −4 −3 −2 −1 0 1 2 3 

ts(s) 3.94 2.85 1.82 0.86 1.81 2.84 3.9 4.94 6.02 7.1 

σ(100%) 0.04 0.06 0.19 0 0 0 0 0 0 0 

e 0 0 0 0 0 0 0 0 0 0 

max|�V |(m/s) 0.002 0.001 0 0 0 0 0 0 0 0
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4.2 Simulation Analysis of Velocity Stability During Ship Landing and Orbit 
Change 

In order to verify the trajectory correction capability of the incremental mode landing 
system based on dynamic inverse control, i.e. the maximum correction capability bound-
ary, different initial approach altitude deviations were set for simulation analysis. The 
results are shown in Figs. 3, 4, 5 and 6. 

Fig. 3. Track correction of initial deviation 
controlled by NDI. 

Fig. 4. Stability of NDI control speed. 

From the chart, it is easy to see that the designed NDI control method has good cor-
rection ability when there is a certain initial deviation in the approach of the carrier based 
aircraft, which can effectively eliminate the deviation, accurately track the ideal glide 
trajectory, and ultimately glide down to the ship with a constant −3.5◦ trajectory angle. 
At the same time, when the initial deviation reaches 30 m and −55 m, the carrier based 
aircraft only tracks the ideal glide path when it is almost touching the ship, and descends 
to the ship at the −3.5◦ trajectory angle. At this point, the boundary for safe landing of 
the carrier based aircraft has been reached. Therefore, when the initial deviation of the 
carrier based aircraft entering the site is outside the −55 m ≤ �H ≤ 30 m range, it is 
not allowed for the carrier based aircraft to enter and land on the ship, and a go around 
should be carried out. 

From the stable speed situation in Fig. 4, it can be seen that the speed variation is 
mainly affected by the trajectory angle and can be well maintained around 70m/s. During  
the height correction process, the maximum change in speed is shown in Table 2, which 
is less than |�V | ≤ 0.004m/s. This change can be basically ignored, and the speed can 
be well maintained.
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Fig. 5. Tracking error under NDI control 
initial deviation. 

Fig. 6. Track angle response of initial 
deviation controlled by NDI. 

Table 2. Speed variation during height correction 

Initial deviation �H (m) 30 15 0 −15 −30 −45 −55 

max|�V |(m/s) 0.002 0.002 0.002 0.004 0.004 0.004 0.004 

In order to verify the trajectory correction capability and maximum correction capa-
bility boundary of DP mode based on PID control, simulation verification analysis was 
conducted by setting different initial approach altitude deviations. The simulation results 
are shown in Figs. 7, 8, 9 and 10. 

Fig. 7. PID control for trajectory correction 
of initial deviation. 

Fig. 8. Stability of PID control speed. 

From the simulation results in the above figure, it can be seen that the PID controlled 
trajectory angle control landing system has the ability to correct the trajectory when 
there is a certain initial deviation during the approach of the carrier based aircraft. It can 
eliminate the deviation, track the reference glide trajectory, and glide down the ship at a 
constant trajectory angle of −3.5°. Meanwhile, as shown in the above figure, when the 
initial deviation of PID control reaches 25 m and −40 m, the carrier based aircraft almost
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Fig. 9. Tracking error under initial deviation 
of PID control 

Fig. 10. PID control of trajectory angle 
response with initial deviation 

touches the ship before tracking the reference glide path. At this point, it has reached 
the boundary of safe landing of the carrier based aircraft, which is far less efficient than 
NDI control. 

5 Conclusion 

This article conducts research on the design technology of an automatic throttle speed 
stability system that adapts to the needs of orbit maneuvering. The main research 
conclusions are as follows: 

(1) Analyzed three types of automatic throttle: angle of attack maintenance, speed main-
tenance, and trajectory control, and selected the automatic throttle scheme for the 
magic carpet landing; 

(2) Designed a DP mode and speed maintaining automatic throttle based on nonlin-
ear dynamic inverse control method, and conducted simulation verification analy-
sis. Compared with PID control, the results showed that NDI control had higher 
efficiency and better tracking effect; 

(3) The simulation results show that the designed control law achieves good speed 
maintenance in two states: correcting the reference trajectory at different trajectory 
angles and changing the landing orbit. 

Disclosure of Interests. The authors have no competing interests to declare that are relevant to 
the content of this article. 
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Abstract. In the era of digital transformation in the logistics industry, the inte-
gration of processes such as transportation, warehousing, handling, processing, 
distribution, and information management has become essential for establishing a 
seamless supply chain. However, traditional identity verification methods within 
logistics systems are often centralized, leading to vulnerabilities and hindering the 
independence, autonomy, and interoperability of collaborative supply chain pro-
cesses.To address these challenges, we have developed the LDICM framework, 
a distributed identity verification and authorization system. LDICM enables dif-
ferent roles in supply chain logistics collaboration to maintain control over their 
data while accessing specific information based on business collaboration require-
ments. This framework is built on the Hyperledger Fabric blockchain and leverages 
Decentralized Identifiers (DIDs) for entity identity verification and Verifiable Cre-
dentials (VCs) for consent management in information access.Our proposed solu-
tion significantly enhances data security, privacy, immutability, interoperability, 
and user autonomy by incorporating selective disclosure, zero-knowledge proofs, 
decentralized identifiers, verifiable credentials, and ontology-based access control. 
The outcomes of this study have practical implications for decentralized identity 
management and authentication within collaborative supply chain logistics. 

Keywords: Blockchain · Decentralized Identity · Supply Chain Logistics · 
Ontology-Based Access Control 

1 Introduction 

Supply chain logistics refers to all logistics activities and processes involved in supply 
chain management. It encompasses the entire process from the procurement of raw mate-
rials, production, warehousing, and transportation to the distribution of final products to 
end customers [1, 2]. In the supply chain, logistics involves not only the physical move-
ment of goods but also a large amount of information exchange related to inventory, 
orders, packaging, handling, and cash flow. The supply chain logistics process involves 
multiple parties and complex business scenarios, often leading to information silos and 
inefficient information sharing, which negatively impacts the efficiency and quality of 
supply chain logistics. Ensuring data security and trust among participants is critical in 
the entire supply chain logistics process.
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Currently, most participants in supply chain logistics use traditional identity manage-
ment systems (IDMS). These systems rely on centralized institutions to act as identity 
providers, and in some business integration and coordination activities, manual opera-
tions are still used. As a result, identity owners are unable to control their own data and 
cannot prevent the misuse of their identity and privacy [3]. More importantly, achiev-
ing interoperability between different services remains a challenge. Blockchain-based 
decentralized identity, as a form of Self-Sovereign Identity (SSI), grants individuals or 
organizations full control over their identity information, allowing them to selectively 
share it with third parties while maintaining control over their privacy. The decentral-
ized identity system is built on the trust triangle of issuers, identity owners (or holders), 
and verifiers, with Decentralized Identifiers (DIDs) and Verifiable Credentials (VCs) as 
its two main pillars, together constructing a verifiable digital identity infrastructure on 
distributed ledgers, which is entirely self-managed by the identity owner [4–6]. 

Decentralized identity management has become a highly researched and promising 
field, offering many benefits for supply chain logistics business scenarios. Hongzhi Li 
[7] proposed a blockchain-based logistics data security storage solution that ensures 
secure storage and auditing of data through smart contracts and efficient consensus 
mechanisms, while also analyzing its performance and privacy protection. Humayun 
M [8] proposed a layered framework called BCTLF, which integrates the Internet of 
Things (IoT) with blockchain to build intelligent logistics and transportation systems. 
Ahmad R W [9] explored the potential role of blockchain technology in transforming 
port logistics operations and services, proposing a framework for applying blockchain 
to port logistics and adopting a permissioned chain architecture to map port logistics ser-
vices, demonstrating the deployment of system components, participants, and automated 
operations. Their studies on decentralized identity management in logistics scenarios 
were limited to certain aspects and did not consider interoperability between different 
identity management systems. Ghosh B C [10] proposed a distributed identity manage-
ment architecture and protocol based on Hyperledger Indy and Aries, aiming to ensure 
secure and dynamic data sharing and interoperability between permissioned chain net-
works through self-sovereign decentralized identity (DID) and verifiable membership 
credentials. They demonstrated its feasibility and security in trade finance and logistics 
networks. Dang R [11] addressed traceability, transparency, and authenticity challenges 
in high-value goods supply chains by integrating consortium blockchain technology, 
Non-Fungible Tokens (NFTs), and decentralized identity (DIDs). Sun N [12] proposed 
a self-sovereign identity privacy protection scheme designed for logistics transportation, 
which ensures the secure transmission and privacy protection of user identities and data 
by combining one-time use tokens and decentralized identity with obfuscated identity 
encryption techniques. 

In this paper, we analyze the various entities involved in supply chain logistics 
collaboration and propose an innovative solution called Logistics Distributed Identity 
and Credential Management (LDICM), which aims to address trust issues in supply chain 
logistics collaboration. This solution leverages distributed technologies to extract and 
manage the identity information of all entities in the supply chain, providing users with 
sustainable, reliable, available, and highly secure identity services, thereby effectively 
enhancing trust and collaboration among all parties. Additionally, the solution introduces
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an Ontology-Based Access Control (OBAC) mechanism for strict access control during 
data exchange, further ensuring data confidentiality and privacy protection. 

The rest of this paper is organized as follows. In Sect. 2, we introduce the theoret-
ical foundations and related terminology of this study. Section 3 describes the process 
of supply chain logistics collaboration. In Sect. 4, we propose an authentication and 
ontology-based access control solution based on decentralized identifiers. Section 5 
presents case testing and performance analysis of the proposed solution. Finally, Sect. 6 
concludes the paper. 

2 Related Technical Concepts 

2.1 Decentralized Identifier 

The core building block of decentralized identity is the Decentralized Identifier (DID). A 
DID is a unique identifier that enables verifiable, decentralized digital identity by linking 
individuals or organizations to objects or other entities they control [9]. A DID consists 
of a short, unique string composed of three parts: the first part is the DID URI scheme 
identifier, the second part specifies the DID method that identifies the ledger from which 
the DID originates, and the third part is a unique identifier specific to that method [13]. 
A DID is designed to resolve into a DID Document. Each DID corresponds to a DID 
Document, which contains descriptive information about the DID. 

2.2 Verifiable Credential 

A Verifiable Credential (VC) is an open standard established by the W3C, designed to 
provide secure, privacy-preserving, and machine-verifiable credentials on the internet 
[14]. VCs can carry the same data as physical credentials, but through cryptographic 
techniques, such as digital signatures, they are more secure and tamper-resistant than 
physical credentials. Using the VC model, applications can be built on a strong founda-
tion of digital trust, with its built-in cryptographic mechanisms ensuring the authenticity 
and integrity of the credentials [15]. 

2.3 Zero-Knowledge Proof and Selective Disclosure 

Zero-Knowledge Proof (ZKP) is a cryptographic technique used to verify the validity of 
personal attributes without revealing the actual values of those attributes. It allows the 
prover to demonstrate the truth of specific information, enabling the verifier to trust the 
accuracy of the claims made [16]. The key advantage of ZKP is that it validates the claim 
without disclosing any personal information, thereby reducing the risks of identity theft 
and privacy breaches. In decentralized identity verification, ZKP is used to prove that 
the holder possesses a verifiable credential without providing any identifiable personal 
data to the verifier. The verifier receives the necessary information, but the holder’s 
unique identity remains concealed during the verification process. An important privacy 
feature of Verifiable Credentials (VCs) is their support for Selective Disclosure. Selective 
Disclosure allows users to reveal only specific claims within a VC, without having to
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disclose all the attributes contained in the credential. When sharing information, users can 
choose which data to share and generate a Verifiable Presentation (VP). This approach 
gives users greater control over how their data is used and shared, enhancing privacy 
and data management. 

2.4 Hyperledger Fabric 

Hyperledger Fabric [17] is a modular and scalable enterprise-grade blockchain platform 
designed to support distributed ledger technology for complex business scenarios involv-
ing multi-party collaboration. Fabric adopts a permissioned network architecture, where 
participant identities are verified to ensure system security and privacy. Unlike other 
blockchain platforms, Fabric offers pluggable components, allowing users to customize 
the consensus mechanism, identity management, and data privacy protection measures 
according to their needs. Fabric enables the definition and execution of business logic 
through chaincode, with transactions being executed on multiple endorsement nodes and 
achieving consensus before being packaged and sent to the ledger by ordering nodes. 
Its decentralized architecture records all transactions on a distributed ledger, ensuring 
immutability and transparency of the transactions. 

2.5 Ontology-Based Access Control 

Ontology-Based Access Control (OBAC) is a method that utilizes ontology technology 
to define and manage access control policies [18]. Ontology formalizes the concepts 
and relationships within a domain, providing a flexible and scalable knowledge model 
for access control. Compared to traditional Role-Based Access Control (RBAC), OBAC 
is capable of handling more complex contextual information and dynamic rules. In an 
OBDA system, users query data distributed across different data sources via ontologies, 
but access to this data is subject to authorization controls. OBAC can be integrated with 
OBDA to infer, through ontology reasoning, whether users are authorized to access 
specific query results [19]. 

3 Supply Chain Logistics Business Collaboration 

Supply chain logistics encompasses the comprehensive management of the entire pro-
cess from raw material procurement, product manufacturing, storage, transportation, 
and distribution, to the final delivery to the consumer. It involves the coordinated flow 
of goods, information, and finances, ensuring that products are efficiently distributed in 
the right quantities, at the right time, and to the right location. However, without suffi-
cient trust between the parties involved at various stages of the supply chain, achieving 
smooth business collaboration can be challenging [20]. By introducing a reliable online 
collaboration mechanism, trust can be established among the different entities, thereby 
ensuring the smooth execution of business processes. Based on actual business processes 
(as shown in Fig. 1), we can conduct a detailed analysis of each stage of supply chain 
logistics.
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The core method of information exchange in supply chain logistics is through the 
transmission of waybills. Different stages of the logistics process use distinct waybill 
information. The starting point of the supply chain typically involves interaction between 
the shipper and the consignee through an ERP (Enterprise Resource Planning) or OMS 
(Order Management System). Once a collaboration agreement is reached, the ship-
per prepares to dispatch the goods. During the dispatch phase, the shipper can choose 
between two main methods to deliver the goods to the distribution center: one option is 
through urban distribution, where a third-party logistics company handles short-distance 
transportation, and the other is self-pickup, where the shipper arranges transportation to 
deliver the goods to the distribution center. 

Once the goods arrive at the distribution center, the center is responsible for receiving 
and confirming the delivery, as well as coordinating with logistics companies to arrange 
the sorting and dispatching of the goods. Upon receiving the distribution center’s infor-
mation, the logistics company utilizes its transportation resources (such as trucks, freight 
trains, etc.) to transport the goods to various destinations. In this process, due to differ-
ences in the scale and coverage of logistics companies, goods often undergo multiple 
transfers and redistribution, especially for long-distance or cross-regional transportation. 
This requires collaboration between different logistics companies to fully leverage their 
transportation resources, ensuring that goods reach their final destinations efficiently. 

In the terminal logistics stage, the end-point logistics company is responsible for 
delivering the goods to the consignee. At this stage, the logistics company can choose 
different delivery methods depending on the consignee’s preferences and specific cir-
cumstances. These may include self-pickup by the consignee, urban delivery, or the 
logistics company’s own delivery services. Regardless of the method, the goal of termi-
nal logistics is to ensure that the goods are delivered to the consignee in a timely and 
secure manner, thereby closing the loop in the entire supply chain. 

Each stage of the supply chain logistics involves different participants and busi-
ness processes. Through the coordinated flow of information, finances, and goods, the 
efficient operation of the entire supply chain is ensured. This complex multi-party col-
laboration mechanism guarantees the smooth progression of goods from production to 
consumption, while also providing reliable support for companies’ production processes 
and meeting customers’ needs. 

Fig. 1. Supply chain logistics business processes.
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4 Distributed Trusted Identity Management Solution for Supply 
Chain Logistics 

To achieve trusted identity verification and authorization in the supply chain logistics 
scenario, we propose a distributed identity verification and authorization framework for 
supply chain logistics (LDICM). This framework aims to address the complex issue 
of multi-party participation within the supply chain, ensuring that each participant can 
perform identity authentication and data access in a trusted and secure environment. 
Based on the analysis in Fig. 1, we categorize the seven main participants in supply 
chain logistics as shippers, urban distribution providers, distribution centers, logistics 
companies, carriers, consignees, and government entities. These participants play dif-
ferent roles in various stages of the supply chain and have different requirements for 
identity verification and data access. Therefore, the design goal of LDICM is to ensure 
that these diverse participants can effectively collaborate by using a distributed iden-
tity authentication mechanism and ontology-based access control policies to securely 
complete their respective tasks. 

We first define the functionality, architecture, and workflow of the system. The core 
of LDICM lies in achieving distributed trusted identity verification through the collab-
orative operation of various components, ensuring that data access rights are strictly 
controlled during business collaboration. The framework’s functionalities include iden-
tity verification, data access control, privacy protection, and a trusted environment for 
data exchange. The architecture is based on blockchain technology, which, through 
decentralization, ensures trust between participants without relying on a central author-
ity and provides a highly secure data storage and transmission mechanism. The workflow 
encompasses identity registration, verification, authorization, and data exchange, ensur-
ing that each step, from identity creation to data access, follows established rules and 
procedures. 

LDICM includes several key components that work together to achieve overall func-
tionality. First, the Hyperledger Fabric node (Fabric Node) is the core part of the frame-
work, responsible for managing all distributed identity identifiers (DIDs). In the LDICM 
framework, Fabric nodes are used not only to store DIDs but also to ensure that each 
network participant can securely read blockchain content, with credential (VC) verifi-
cation procedures in place. Through this mechanism, all participants can interact based 
on verified identity information, ensuring the credibility of identities and the integrity 
of data. 

The ontology and rule base are fundamental for implementing access control. 
According to the different responsibilities of roles in supply chain logistics and the 
privacy protection requirements associated with waybills at different stages, we estab-
lished an ontology to define the relationships and data access rules among the various 
participants. Additionally, an industry-level rule base imposes strict limitations on the 
data accessible by each role, ensuring that each participant can only view waybill data 
relevant to their permissions. For example, shippers can only view the details of their 
related waybills, while government agencies have broader access to waybill data for 
regulatory purposes. 

The basic connector serves as a key component connecting participants’ systems to 
the LDICM framework. It is a gateway device that can be installed locally, on servers,
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or elsewhere. It connects to the identity authentication connector, other users’ connec-
tors, and the blockchain. In addition to bridging data and services, the basic connector 
enforces ontology-based access control based on the requester’s VC (credentials) and the 
predefined rule base. Through this mechanism, the connector ensures that data exchange 
between participants takes place in a trusted environment, and all data access complies 
with the security and privacy requirements established by the framework. 

The identity authentication connector is an extension of the basic connector, specif-
ically designed to manage identity creation, verification, and revocation. It generates 
cryptographic keys and issues identity credentials to holders. When participants submit 
requests, the identity authentication connector can issue related certificates to holders 
according to the rule base and perform identity revocation when needed. Furthermore, the 
identity authentication connector has an industry-standard rule base and ontology, ensur-
ing that identity management across the entire supply chain is consistent and reliable. 
Given the critical importance of identity security, only authorized government agen-
cies can use this component, ensuring that identity management and credential issuance 
maintain the highest level of trustworthiness. 

Fig. 2. LDICM Overall Architecture. 

4.1 Functionality 

4.1.1 Registration and Authentication 

All functional modules need to be developed in chaincode and deployed on the Hyper-
ledger Fabric platform. Participants submit an application to the identity authentication 
connector through the basic connector, as shown in Formula (1). They provide personal 
basic information and company qualifications (such as business licenses, ID cards, etc.) 
and select the type of Verifiable Credential (VC) they wish to apply for (such as Shipper,
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City Delivery, Distribution Center, Logistics Company, Carrier, Consignee, or Govern-
ment). Users can choose from different VC types to determine their role within the 
supply chain. 

Request = {Personal Info, Company Documents, VC Type} (1) 

A public-private key pair based on elliptic curve cryptography is employed. The 
public key information and DID description are added to the DID document and uploaded 
to the blockchain via chaincode. The system issues the VC according to the type requested 
by the participant and stores the private key along with the VC in the participant’s local 
basic connector. 

4.1.2 VC Generation and Verification 

The government authority confirms the type and necessary attributes of the Verifiable 
Credential (VC) and interacts with the blockchain through a smart contract, storing 
relevant schema records, signature types, revocation information, and issuer details of the 
credential. The government authority logs into the system via the identity authentication 
connector, reviews, and approves the application information. Once approved, the system 
creates a valid identity within the supply chain logistics collaboration, as shown in 
Formula 2, that complies with the W3C DID standard using Fabric chaincode. Here, 
sba represents the DID method identifier, and the DID Method-Specific Identifier is an 
18-character string. 

did : sba : {DID Method − Specific Identifier} (2) 

The system generates a public-private key pair based on the Elliptic Curve Digital 
Signature Algorithm (ECDSA) for each user. The public key information and DID 
description are added to the DID document and uploaded to the blockchain via chaincode. 
The Verifiable Credential (VC) requested by the participant is issued, and the private 
key is stored along with the VC in the participant’s local basic connector. Participants 
can generate a Verifiable Presentation (VP) within the connector based on the attributes 
in the VC. The VP contains the necessary attribute information for the current scenario, 
which can be used by the verifier. 

DIDDocument = {PublicKey, DIDDescription, Signature} (3) 

VC = {Issuer, Subject, Claims, Proof , Context} (4) 

The verification of the Verifiable Credential (VC) is initiated by the verifier, who 
sends a request to the holder. Data users such as city delivery services, logistics compa-
nies, and others submit the VC to the data holder. The data holder verifies the identity of 
the issuer, the user, and the digital signature of the VC through the identity authentication 
connector, leveraging the blockchain to ensure the validity of the credential.
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4.1.3 Ontology Mapping Establishment 

Based on the order information exchange and participant roles in supply chain collabora-
tion, a supply chain ontology is constructed and placed within the identity authentication 
connector. The supply chain ontology includes classes and properties that define various 
roles (such as Shipper, Logistics Company, etc.) and their associated attributes, repre-
sented using the Web Ontology Language (OWL). Data providers establish mappings 
between their local data and the ontology through the basic connector, constructing a 
virtual knowledge graph to ensure interoperability across different business systems. 

4.1.4 Rule Base Reasoning 

The rule base defines the unified industry standards mandated by the government and 
regulates the exchange of supply chain logistics information. Different identities must 
adhere to the corresponding rules. After verifying the requester’s Verifiable Credential 
(VC), the data provider extracts the relevant attributes and sends them to the identity 
authentication connector, where rule-based reasoning is performed using Jena. Based 
on the reasoning outcomes, the core connector utilizes the virtual knowledge graph to 
extract the corresponding data and returns the results to the requester. 

4.2 Workflow 

This paper discusses the workflow among the shipper, City Distribution, and government. 
Figure 2 shows the overall architecture, and the workflow is the same for the other 
participants. 

4.2.1 Decentralized Identity Authentication 

Step 1. Preparatory Work and Issuing Invitation:

• The government, as the issuer, creates the DID, DID document, and VC format, and 
deploys them on the server through a smart contract, generating its own certificate. 
The basic connector and identity authentication connector are also established.

• The government issues an invitation to the public through a website or a QR code.
• Participants in the supply chain logistics can accept or reject the invitation from the 

government.
• Step 2. Government Issues VC to Shipper:
• After accepting the invitation, the shipper downloads the basic connector, registers, 

and submits personal information to the government. Upon first login, the user selects 
a role; currently, the shipper selects the "Shipper" role. After approval, additional roles 
can be applied for by submitting information through the basic connector to obtain 
other VCs.

• The government views the registration request through the identity authentication 
connector, reviews the submitted information, and, upon approval, generates a pair 
of elliptic curve cryptography (ECC) keys.

• A DID and DID document are generated, with the public key, government signature, 
and other details written into the DID document, which is then uploaded to the 
blockchain.
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• The requested VC is generated, containing the user’s attributes and personal infor-
mation. The VC and user’s private key are returned to the applicant’s basic connector 
(Fig. 3). 

Fig. 3. DID Generation and VC Issuance Process. 

Step 3. City Distribution Requests Data from Shipper:

• City Distribution requests access to a set of resources from the shipper.
• The shipper creates an invitation, specifying the requirements for identity verification.
• City Distribution selects its own VC or generates a verifiable presentation (VP) by 

disclosing partial attributes from the VC, then sends it to the shipper.
• The shipper connects to the smart contract through the basic connector, searches 

the blockchain for the government’s DID document, and uses the public key in it 
to verify the issuer’s authenticity. The shipper also verifies the authenticity of City 
Distribution’s identity using the public key from City Distribution’s DID document. 

Tables are “float elements” which should be inserted after their first text reference 
and have specific styles for identification. Do not use images to present tables, or they 
will be inaccessible to readers using assistive technologies (Fig. 4). 

4.2.2 Ontology-Based Access Control. 

Step 4. Reasoning Based on Ontology Rules:

• After verifying the VC, the shipper sends the attributes contained in the requester’s 
VC to the identity authentication connector.

• The identity authentication connector performs reasoning based on the rules defined 
for the entire supply chain logistics industry, determining which data the requester is 
allowed to access, and returns the result to the shipper.



192 Z. Li et al.

Fig. 4. DID Generation and VC Issuance Process. 

• The shipper retrieves the specified fields of data via Ontology-Based Data Access 
(OBDA) technology through the basic connector, and transmits it to the City 
Distribution. 

Fig. 5. OBDA Process.
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The operational principle of OBDA is illustrated in Fig. 5. Firstly, a mapping file 
and an ontology file are required, which are the two key elements in this process. The 
mapping file maps the tables and fields from the underlying database to the concepts and 
properties of the ontology. The ontology file defines the concepts and relationships in the 
knowledge graph, which form the semantic-level data model. The ontology file used here 
is the same as the one in the identity authentication connector. The mapping compilation 
process combines the mapping file with the ontology file to ensure the correspondence 
between queries and data sources. It defines how information related to the ontology is 
retrieved from the database. 

Based on the reasoning results from the rule base, the basic connector generates 
SPARQL queries and sends a request to the virtual knowledge graph endpoint to retrieve 
certain information. OBDA rewrites the user’s SPARQL query. By analyzing the query, 
the system converts it into a structured query that can be mapped to the relational 
database. OBDA provides a virtual database through which users can query and access 
information from the underlying data sources without copying the data. The virtual 
database is linked to the data sources through predefined mapping files. After mapping 
and compilation, the SQL query is sent to the underlying data source, and the database 
returns the corresponding results. These results are provided in SQL format. The results 
of the SQL query are then retranslated into RDF triples as required by the SPARQL 
query during a transformation process. Finally, the transformed RDF data is returned to 
the user as a response, allowing them to view the results relevant to their query. 

5 Results and Analysis 

5.1 Overview of Experimental Environment 

The experimental environment utilized four virtual machines, each configured with dif-
ferent hardware resources and purposes (see Table 1 for specific configurations and uses). 
To achieve efficient service management and deployment, all services were encapsu-
lated in Docker containers and run on the virtual machine servers. This container-based 
deployment approach not only improves the portability of the system but also facilitates 
service scalability and maintenance. 

5.2 Experimental Results 

Based on the constructed test environment, we provide a detailed description of the 
experimental results of LDICM and analyze its practical application. In the experiment, 
the supplier and City Distribution roles connect to the identity authentication connector 
via the basic connector for identity registration. Figure 6 shows the decentralized iden-
tifier (DID) and its associated DID document generated for the supplier after approval 
by the government authority, and Fig. 7 shows the verifiable credential (VC) issued to 
the supplier. The registration process for the City Distribution role is similar to that of 
the supplier. 

During the data request phase, the City Distribution role initiates a data request 
to the supplier and sends its VC to the supplier. The supplier verifies the authenticity
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Table 1. Hardware Resources and Usage. 

Processor Type CPU Speed(GHz) Operation System Purpose 

64-bit 2.5 Ubuntu 18.04.6 Deploy Hyperledger Fabric 
Blockchain 

64-bit 2.5 Ubuntu 18.04.6 Launch the basic connector as the 
supplier role 

64-bit 2.5 Ubuntu 18.04.6 Launch the basic connector as the 
City Distribution role 

64-bit 2.5 Ubuntu 18.04.6 Launch the identity authentication 
connector as the government role 

and validity of the VC through the Fabric blockchain. Upon successful verification, the 
supplier extracts the attributes of the City Distribution from the VC and sends them to 
the identity authentication connector to be matched according to the government-defined 
semantic rules for supply chain logistics. Figure 8 shows the data fields requested by 
City Distribution, including fields such as delivery, pickup, name, carrier information, 
weight, volume, and shunting freight. 

In a specific application scenario, City Distribution requests to view data with the 
waybill number 233089423. The supplier uses the Ontop system to extract the relevant 
fields from the semantic rules and returns the data to City Distribution, as shown in 
Table 2. This process demonstrates the efficiency and operability of LDICM in supply 
chain logistics identity management and data sharing. 

Fig. 6. Generate DID and DID Document. 

Fig. 7. Generate VC.
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Fig. 8. Partial Rule File. 

Table 2. Response data for query based on waybill “233089423”. 

Description Value 

Waybi Number 233089423 

Delivery 2024-10-01 15:30 

Pickup 2024-09-29 09:00 

Name Eletronic Components 

Carrier Information XYZ Logis-tics Co.,Ltd 

Weight 500 kg 

Volume 2.5 m3 

Short-haul Freight Fee $150 

5.3 Performance Analysis 

We conducted a comprehensive performance evaluation by decomposing the model into 
various modules and testing their individual functionalities. The tests covered several 
key components, ranging from the generation and uploading of DID documents to the 
creation and verification of VC/CP. Specifically, for cryptographic operations, we utilized 
the elliptic curve encryption algorithm to assess its performance within the model. To 
evaluate the model’s performance in terms of semantic reasoning and knowledge graph 
querying, we analyzed the query rewriting mechanism in the virtual knowledge graph 
and transformed SPARQL queries into SQL for processing. Additionally, we conducted 
thorough testing on data access, data processing, and overall response time. 

The test results indicate that, under typical conditions, the model maintains solid 
performance and response speed. This is particularly evident in single-task scenarios 
and situations with lower concurrency, where all modules exhibit excellent response 
times. However, when the number of concurrent requests surges, the system’s transaction 
processing time increases linearly with the growing request volume. Despite this, the 
system demonstrates a high degree of scalability, capable of handling a large number of 
requests while maintaining efficiency within a certain range. Figure 9 clearly illustrate the 
variation in transaction processing times under different request loads, further proving 
the model’s potential to handle high concurrency scenarios.
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Fig. 9. Average Transaction Time for Connection Invitations and VC Issuance. 

6 Results and Analysis 

This paper introduces LDICM, a novel solution designed to address the challenges 
of distributed identity authentication and access control within collaborative supply 
chain logistics. LDICM integrates W3C standards for verifiable credentials (VCs) and 
decentralized identifiers (DIDs) to establish a decentralized trust mechanism among 
identity providers, users, and verifiers. By reducing reliance on centralized authorities, 
LDICM enhances system robustness and resistance to attacks. Leveraging the immutabil-
ity, decentralization, and transparency of the Fabric blockchain, LDICM ensures the 
security, transparency, and trustworthiness of the identity management process. Addi-
tionally, LDICM employs an ontology-based access control model to enhance security 
and privacy protection during data exchange through semantic rule definition and rea-
soning. This mechanism meets the permission needs of different roles and ensures data 
confidentiality and controllability in a dynamic collaborative environment. 

The paper provides a comprehensive overview of the framework architecture, tech-
nical implementation details, and performance analysis of LDICM, showcasing its sig-
nificant role in enhancing supply chain logistics collaboration. Experimental results 
demonstrate that LDICM efficiently handles identity authentication and access control, 
while also offering strong security and privacy protection capabilities in a distributed 
environment. The application of LDICM underscores the potential of blockchain tech-
nology and decentralized identity management in complex business scenarios, providing 
valuable insights for future research and practice. 
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Abstract. In order to ensure a stable power supply and meet the development 
needs of the power market, the Unified Power Quality Controller (UPQC) device 
has quickly attracted the attention of experts in the field of electric power. In 
this paper, the topology of UPQC, the model of the series and parallel parts of 
UPQC, and its power flow are introduced. The command signal detection method 
based on the Resonant Attenuation Principle (RAC) and the ip-iq detection method 
based on the instantaneous reactive power theory are discussed and analyzed. The 
two controllers were used for analysis and the selection of suitable controllers 
for the series-parallel portions. Finally, simulations are carried out to simulate 
voltage drops, rises, current distortions and other working conditions to verify the 
effectiveness of the UPQC model for improving power quality. 

Keywords: unified power quality regulator · ip-iq assay · resonant attenuation 
control · PR control 

1 Introduction 

UPQC stands for Unified Power Quality Conditioner (UPQC), which is a device with 
comprehensive power quality regulation function, and is an important representative of 
the Active Power Filter (APF) family. It combines series active filters and parallel active 
filters, so that it can give full play to the advantages of series and parallel active filters in 
power system applications, and has a comprehensive power quality adjustment function 
[1]. 

In 1991, the United States Westinghouse Electric Engineer Laszlo Gyugyi proposed 
a unified power flow controller (Unified Power FlowController, UPFC) [2], but it is 
mainly used in the transmission system, and the distribution side of the power quality 
problems are also increasing, so the Japanese scholar Hirofumi Akagi was inspired by 
the UPFC for the first time at the conference proposed the concept of UPQC. Therefore, 
Japanese scholar Hirofumi Akagi [3], inspired by UPFC, first proposed the concept of 
UPQC in the conference, which can simultaneously manage grid voltage and nonlinear 
load current. For UPQC, the current research focuses on topology improvement and 
control strategies [4, 5]. For topology improvement, [6] applied a modular multilevel 
converter to UPQC to make its output level closer to sinusoidal waveform, which to
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some extent can eliminate the output-side filter, but due to the need for a large number of 
switching devices, the inconsistency in the characteristics of the switching devices may 
easily cause uneven flow, and the uneven voltage and circulating current suppression 
between modules need to be taken into account, which increases the control difficulty. 
In addition, it is also necessary to consider the voltage equalization and loop current 
suppression between the modules, which increases the control difficulty.For the control 
strategy of UPQC, most of the studies are based on the indirect control strategy [7, 8] 
and the direct control strategy [9–11] for extended derivation. Although the two control 
strategies differ in control objects and objectives, the final control effects are basically the 
same [12], which realize the harmonic compensation and reactive power compensation 
of grid-side input currents, regulate the load voltage as a stable and adjustable sinusoidal 
voltage, and ensure that the dc bus voltage does not fluctuate significantly. In addition, 
novel approaches based on the two control strategies derived from the literature [13–16] 
have been applied to UPQC control. 

With the closeness of artificial intelligence to life, new technologies such as fuzzy 
control combined with new disciplines such as neural networks, genetic algorithms and 
chaos theory, artificial neural network control, and intelligent control of sliding mode 
variable structure are emerging, which greatly improves UPQC’s ability to improve 
power quality. 

2 Topology of UPQC 

According to the connection position of the series-parallel APF, UPQC can be divided 
into the following two structures: (1) the left side is connected in series and the right side 
is connected in parallel. The series converter is partially close to the power supply, while 
the parallel converter is close to the load; When this topology is applied, the problems 
of voltage rise, drop, and distortion are compensated by the series APF, and the parallel 
APF mainly compensates for the current quality problems, such as the compensation of 
reactive power and the elimination of harmonics for the load. The left side is connected 
in parallel and the right side is connected in series. The series converter part is close to 
the load, and the parallel converter part is close to the power supply side; Parallel APF 
maintains DC side voltage stability; The series APF mainly isolates the load to generate 
harmonics into the power grid. However, due to the proximity of the parallel APF to the 
power supply side, when the system voltage is distorted, the working performance of 
the parallel APF part will be affected. 

In this paper, the UPQC of the left-series-right-parallel three-phase three-wire system 
shown in is studied, which is composed of a power supply, a series transformer, a 
capacitor, an inductor, a series APF, a parallel APF, and a nonlinear load, and the series-
parallel part becomes a back-to-back structure through DC capacitors (Fig. 1).
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Fig. 1. Overall topology construction of UPQC 

3 Detection of UPQC Command Signal 

In this paper, the ip-iq detection method based on the basic instantaneous reactive 
power theory and the signal detection method based on the RAC resonance attenuation 
controller (RAC) are compared and analyzed. 

The ip-iq detection method first obtains the phase of the power supply voltage, uses 
the sine and cosine signal generation circuit to generate the sine and cosine signal, 
obtains the transformation matrix C from the signal, and then converts the three-phase 
current into the two-phase coordinate system, and multiplies the current in the two-phase 
coordinate system with C to obtain ip and iq:

(
ip 
iq

)
= C

(
iα 
iβ

)
,

(
iα 
iβ

)
= C32 

⎛ 

⎝ 
ia 
ib 
ic 

⎞ 

⎠, C =
(

sin ωt − cos ωt 
− cos ωt − sin ωt

)
(1) 

Signal detection method based on RAC Resonance Attenuation Controller (RAC): 
Firstly, the Clarke transform of the three-phase current in the abc coordinate system is 
performed to obtain αβ the two current signal components in the stationary coordinate 
system. Secondly, the RAC controller is used to attenuate the signal of the non-resonant 
frequency to obtain the αβ fundamental positive sequence component in the coordinate 
system. Finally, the Clarke inverse transform is performed to obtain the three-phase 
fundamental current component, which is then differentiated with the load current to 
obtain the command current. Through the complete process of the above three parts, 
the three-phase load current can be controlled, and the fundamental components can be 
extracted, and finally the required command current can be obtained. 

The resonant attenuation control method includes a positive sequence controller 
and a negative sequence controller, which are used to control the positive and negative 
sequence components of the unbalanced current, respectively. The transfer function 
is used to implement this method by controlling the system to effectively suppress 
resonance phenomena. The transfer function is shown in Eq. (2):{

GPRAC = Kiwc 
s−jw+wc 

GNRAC = Kiwc 
s+jw+wc 

(2)



Unify the Research and Design of Power Quality Regulators 201

From the transfer function of the principle of resonant attenuation, it can be seen 
that: {

i+ 
αβ = iαβ kiwc 

s−jw+wc 

i− 
αβ = iαβ kiwc 

s+jw+wc 

(3) 

In the above equation, Ki is the gain coefficient, which iαβ is αβ the component of 
the load current in the coordinate system, and the positive and negative signs represent 
the current components of the positive and negative sequences, which can be obtained 
by further simplification 

⎧⎨ 

⎩ 
i+ 
αβ = 

jwi+ 
αβ

+iαβwc−wci+ 
αβ 

s 

i− 
αβ = 

−jwi− 
αβ

+iαβwc−wci− 
αβ 

s 

(4) 

In the αβ coordinate system, the positive and negative order components can be 
transformed as shown in Eq. (5). 

⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

ji+α = −i+ 
β 

ji+ 
β = i+α 

ji−α = i+ 
β 

ji− 
β = −i−α 

(5) 

Sorting out the above two formulas, we can get Eq. (6): 

⎧⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

iα+ = ωciα−ωciα+−ωiβ+ 

s 

iβ+ = ωciβ−ωciβ+−ωiα+ 

s 

iα− =  ωciα−ωciα−−ωiβ− 

s 

iβ− =  ωciβ−ωciβ−−ωiα− 

s 

(6) 

From this, the basic structure of the resonant attenuation controller can be completed, 
as shown in Fig. 2 below: 

When the resonant frequency of the model is consistent with the fundamental angular 
frequency w (usually 100 πrad/s) in the power grid, Ki take 1 and then set the appropriate 
wc to extract the fundamental component. 

In this paper, the signal detection method based on the resonant attenuation con-
troller and the ip-iq detection method are studied, and the fundamental components and 
command signals extracted from them are compared and analyzed.
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Fig. 2. Basic structure of RAC 

4 Simulation Study of UPQC Overall System Based on Three-Phase 
Three-Wire Topology 

4.1 UPQC Series Part Control Design 

The composition structure of the PI controller is relatively simple and easy to implement. 
In the signal tracking system, the setting of the proportional link directly affects the 
response speed of the signal tracking, while the setting of the integration link affects the 
accuracy of the tracking. Therefore, when designing the PI controller, it is necessary to 
comprehensively consider the parameter settings of these two links to ensure that the 
system can achieve a good performance state. 

Transfer Functions of the PI Controller: 

G(s) = kp + 
ki 
s 

(7) 

where: kp is the scale coefficient and ki is the integration coefficient. 
Figure 3 is the Bode diagram at kp = 10 and ki = 20, and it can be seen that the 

gain of the PI controller is relatively high in the low frequency region. As the frequency 
increases, the gain gradually decreases and eventually stabilizes around a value. 

In an AC circuit, voltage and current typically contain AC components. Therefore, 
when dealing with three-phase circuits, the stationary three-phase coordinates need to be 
converted, which is easier to analyze and calculate when converted into the dq coordinate 
system. At the same time, in order to avoid partial coupling in the dq coordinate system 
and make the system independent of each other in the dq coordinate axis, it is necessary to 
further decouple the system control. In the second chapter of this paper, the mathematical 
expression for the loop equation with the filtered inductance in series is (8) in the dq 
coordinate system (Fig. 4): 

S1dUdc = −(L1 
di1d 

dt 
+ R1i1d) − ωL1i1q + u1d 

S1qUdc = −(L1 
di1q 

dt 
+ R1i1q) − ωL1i1d + u1q 

(8)
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Fig. 3. PI controller Bode diagram 

i1d = C1 
ducd 

dt 
− ωC1ucq + icd 

i1q = C1 
ducq 

dt 
+ ωC1ucd + icq 

(9) 

The harmonic content of the voltage in the power system is relatively low, and the 
sudden drop or rise in the system voltage often occurs. The PI controller is selected 
to realize the compensation control work of the series part to ensure that the tracking 
performance of the compensation is guaranteed. This method can effectively reduce the 
voltage fluctuation in the system and improve the stability and reliability of the system. 

Fig. 4. Flowchart of series compensation control 

4.2 UPQC Parallel Part Control Design 

The transfer function of the PR controller is: 

GPR(s) = kp + 
krs 

s2 + w02
(10) 

where is the kp scale coefficient and is the kr resonance coefficient. ω0 = 2π f0
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As shown in Fig. 5, the PR controller has a higher gain at the resonant frequency, 
which can effectively compensate for the signal at the resonant frequency and suppress 
the signal at the non-resonant frequency. Therefore, it can be seen that the PR controller 
has better performance in compensating and suppressing the signal. 

Fig. 5. PR controller bode diagram 

Fig. 6. PR controller bode diagram 

Analyze kp the kr influence of two parameters on the performance of the PR con-
troller. If the parameter kr = 1000 is unchanged, it kp changes from 0.1, 0.5, 1, and 5 in 
turn. As can be seen in Fig. 5, the gain of the PR controller at the resonant frequency is 
significantly higher than at other frequencies, so the signal at the resonant frequency can 
be effectively compensated. In addition, the simulation results show that kp although the 
change of parameters will affect the harmonic content, it will not change the gain at the 
resonant frequency.
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In the case that the parameter kp does not change and is equal to 1, it kr changes from 
100, 500, 1000, and 2000 in turn. As can be seen from Fig. 6, the parameter changes 
of the PR controller kr is related to the gain of the frequency, but does not affect the 
bandwidth. These findings provide an important reference for further optimization of 
controller parameters. 

From the parallel model introduced in Sect. 2, the mathematical expression in the 
dq coordinate system is: 

S2dUdc = −(L2 
di2d 

dt 
+ R2i2d ) − ωL2i2q + u1d 

S2qUdc = −(L2 
di2q 

dt 
+ R2i2q) − ωL2i2d + u1q 

(11) 

Similarly, from Eq. (11), it can be seen that the voltage and current of the D-axis of 
the system interact with the Q-axis; In order to reduce this effect, the parallel part adopts 
a cross-decoupling control method. The parallel part is controlled by the PR controller, 
and the control strategy adopted makes Udc and iL2 as the control quantity of the outer 
loop voltage and the feedback quantity of the inner loop respectively. 

The current command signal i∗ 
L2d , i

∗
L2q the actual value of the inductor current iL2d , 

and iL2q subtract to obtain the error signal, and then send it to the current regulator for 
processing, and after processing, the result is sent to the PWM module, and the parallel 
side converter is controlled to achieve the purpose of real-time tracking compensation, 
as shown in Fig. 7. 

Fig. 7. Working flowsheet of based on PR controller 

4.3 Simulation Analysis of PQC System Model 

The UPQC model was built on the Simulink simulation platform, as shown in Fig. 8. The  
size of the parameter setting is as follows: the power supply is three-phase sinusoidal 
alternating current, and the size of the voltage is 220V; The filter inductance of the 
series part is 2 mH; Filter capacitance 50.5 μF ; The filter inductance of the parallel unit 
is 2.5 mH, the capacitor voltage reference value is set to 800 V, the DC unit is set to 
the size of 3000 μF energy storage capacitor, and the nonlinear load is composed of an 
uncontrollable rectifier bridge and 20 

√
3 a Ω resistor, and a 10 mH inductor is connected 

in parallel.
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Fig. 8. UPQC system simulation diagram 

4.3.1 Tandem Simulation Analysis 

The voltage of the power grid rises and falls, the system is stable in 0–0.1 s, the voltage 
of the power grid drops by 20% in the 0.1—0.2 s time period, and the voltage increases 
by 20% in the 0.2–0.3 s time period. The running time is 0.4 s, and the results are as 
follows (Fig. 9). 

As can be seen from Fig. 10, the UPQC system designed in this paper can compensate 
for the rise and fall of the grid voltage, so that the compensated load voltage is similar 
to the sine wave, and the amplitude is ideal. The grid voltage is 0.3–0. The time period 
of 4 s is distorted and contains 5th and 7th harmonics, as shown in Fig. 11. 

As can be seen from Fig. 12, 13 and 14, when the grid voltage contains harmonics, the 
load voltage waveform after UPQC compensation is significantly improved. As shown 
in Fig. 12, the FFT analysis is performed on the uncompensated voltage, and the THD 
is reduced from 12.81% to 3.16% after compensation, and the results are in line with 
the compensation effect of the voltage.
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Fig. 9. Waveform of temporary rise and fall of grid voltage 

Fig. 10. Compensated grid voltage 

Fig. 11. Grid voltage containing harmonics
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Fig. 12. Analysis of voltage distortion rate 

Fig. 13. Compensated grid voltage 

Fig. 14. Compensated analysis of voltage distortion rate 

4.3.2 Parallel Simulation Analysis 

The harmonic current generated by the nonlinear load is processed by the parallel con-
verter, which is the main reason for the pollution current in the odd harmonic of the
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5th and 7th order. The current waveform of the front load is shown in Fig. 15, and the 
waveform of the load current after the parallel unit compensation is shown in Fig. 17. 

Fig. 15. Load current waveform 

Fig. 16. Analysis of load current distortion rate 

Fig. 17. Compensated load current 

As can be seen from Figs. 15 and 17, the grid current has been greatly improved 
after the parallel compensator work compensation. It can be concluded that the control
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Fig. 18. Compensated analysis of load current distortion rate 

compensation strategy selected in this paper is effective, and the UPQC reduces the 
content of the third and fifth harmonics. As can be seen from Figs. 16 and 18, the current 
distortion rate is reduced from 30.45% to 2.37%, and the current quality is improved to 
a certain extent. As a result, the UPQC system can suppress power quality problems in 
the grid. 

5 Summary 

This paper presents the ip-iq and resonant-attenuation controller methods. Both methods 
were used to extract instruction signals, with their results compared. The RAC method 
effectively reduced harmonic components but had inaccuracies in phase and amplitude 
of the fundamental wave, indicating the need for further model refinement. In contrast, 
the ip-iq method yielded ideal extraction results, leading to the selection of its detection 
method, based on instantaneous reactive power theory, for the design of the subsequent 
compensation module. 

Before the compensating device is built, the model needs to be decoupled to reduce 
the influence of system coupling on the simulation results. After a brief analysis of 
the characteristics of the PI controller, it is found that it meets the requirements of the 
series part and the DC part control compensation strategy, that is, the PI controller is 
determined. When selecting the parallel part of the controller, the working characteristics 
of the PR controller were analyzed in detail, and the appropriate parameters were selected 
by comprehensive consideration. 

Finally, the complete simulation model was built and simulated, and the verification 
and analysis were carried out for several different working conditions from the perspec-
tive of grid-side voltage and load current. The simulation results show that UPQC can 
keep the voltage stability on the grid side and reduce the harmonic content of the load 
current, and it is concluded that the UPQC device can effectively suppress a variety of 
power quality problems. 
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Abstract. The zero trust model enhances the security of the Internet of Things, 
but frequent identity verification affects user efficiency, especially the inconve-
nience caused by multi system switching, complex processes, and remote login. 
Moreover, multi-step authentication exacerbates learning costs. Keystroke dynam-
ics, a biometric technology for analyzing typing habits, adapted to a zero trust 
framework, achieves low interference verification and improves user experience 
by continuously monitoring user behavior. This solution optimizes the authen-
tication process without compromising security, reduces the burden of frequent 
verification, and is particularly beneficial for users who frequently travel and need 
to quickly switch devices, creating a smoother workflow. 

Keywords: Zero Trust · Continuous Authentication · Keystroke Dynamics 

1 Introduction 

Under a zero trust architecture, continuous authentication of user identity is crucial for 
ensuring network security. Traditional static authentication methods (such as passwords 
or tokens) or multi factor authentication are difficult to continuously verify user iden-
tity throughout the entire session [1]. The keystroke dynamics provides a dynamic and 
continuous user authentication method that can compensate for the shortcomings of 
traditional security measures. 

Introducing keystroke dynamics into zero trust continuous authentication can provide 
a dynamic and seamless authentication method. In this scheme, first of all, when the user 
initially uses the system, the system will guide them to type for a period of time to collect 
their keystroke dynamics data, such as keystroke duration, keystroke interval, keystroke 
speed, etc. These data will be used to train a machine learning model that can learn 
and recognize each user’s unique keystroke patterns. In daily use, the system backend 
program continuously monitors the user’s keystroke behavior, collects relevant data in 
real time, and regularly uses this data to verify the user’s identity, especially when the user 
accesses sensitive resources. This verification process is almost imperceptible to users, 
ensuring that it does not interfere with normal workflow. If the system detects keystrokes 
that do not match the user’s normal mode, it will trigger additional authentication steps 
or security warnings. Users can provide feedback on incorrect authentication results to 
help the system better adjust and optimize the keystroke dynamics model. In order to
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ensure user privacy and data security, all keystroke data is encrypted during the collection 
and transmission process. 

Integrating keystroke dynamics into a zero trust security framework not only 
enhances the security of the Internet of Things, but also provides a continuous and 
dynamic verification mechanism. Attackers often find it difficult to imitate this habit or 
need to pay a higher price, greatly reducing potential security threats. This method is 
particularly suitable for scenarios with high security requirements, such as sensitive data 
processing and access control of critical infrastructure. At the same time, this method not 
only maintains high security standards, but also avoids the inconvenience caused to users 
in traditional security measures. The application of keystroke dynamics improves the 
concealment of security measures, making it difficult for potential attackers to identify 
and exploit vulnerabilities in security systems. 

2 Relevant Technical Background 

2.1 Zero Trust Architecture 

With the increasing scale and complexity of network systems in the Internet of Things 
environment, traditional boundary based network security models are no longer able to 
meet the security needs of rapidly developing network systems. To address this issue, 
the concept of zero trust was first proposed in 2010 [2] and applied through Google’s 
BeyondCorp project [3]. The innovation of zero trust architecture lies in abandoning 
the traditional boundary based security model, deploying all applications on a public 
network, and no longer dividing the network into internal and external. The zero trust 
architecture accepts the fact that threats are everywhere in the network. Assuming that 
the network environment is always insecure, authorization no longer depends on net-
work location, and all devices, users, and network traffic need to be authenticated and 
authorized according to dynamic security policies. Even within the network, continu-
ous identity authentication is required for authorization. This approach enables users to 
access securely from any location and using any device, meeting the current demand for 
remote work. 

The essence of zero trust is identity centric dynamic access control [4], whose core 
idea is to distrust devices, users, and network traffic inside and outside the network. In 
a zero trust architecture, permission allocation is no longer based on static rules, but 
requires continuous identity authentication, real-time evaluation of trust based on user 
behavior during resource access applications, and dynamic allocation of permissions 
based on trust scores. 

2.2 Keystroke Dynamics 

Keystroke dynamics is a behavioral biometric technology that measures and evaluates 
the rhythm of human typing on digital devices, verifying user identity based on their 
keystroke patterns [5]. The emergence of keystroke dynamic biometric technology can 
be traced back to the late 19th century, when the telegraph revolution was at its peak 
and it was the main long-distance communication tool of that era. Telegraphers can
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seamlessly distinguish each other by simply listening to the tapping rhythm of dots and 
strokes. With the development of computer and sensing technology, computer keyboards, 
mobile phone keyboards, and touch screens have become common input devices in the 
21st century. 

This technology identifies unique user behavior characteristics by measuring and 
evaluating the intensity, rhythm, and time interval of individual keystrokes. The study 
of keystroke dynamics is based on the premise that everyone has their own unique ges-
tures and habits when using a keyboard, just like biological characteristics. A typical 
keystroke dynamic authentication system consists of several parts, including data collec-
tion, feature extraction, classification/matching, decision-making, and retraining. Data 
collection is the fundamental stage of collecting raw keystroke data through various 
input devices. Feature extraction is the process of processing raw keystroke data and 
storing it as a reference template for future use. Prior to feature extraction, some pre-
processing processes can be applied to ensure or improve the quality of feature data. 
Classification/matching is the process of classifying and distinguishing feature data for 
making decisions during identity verification. Decision making is based on the results 
of classification or matching algorithms to determine whether a user is legitimate. 

Further applications include disease diagnosis and human-computer interaction 
research. For example, in the field of disease diagnosis, by analyzing keystroke dynamics 
data, subtle hand movement changes caused by muscle diseases or neurodegenerative 
diseases such as Parkinson’s disease can be discovered [6]. In human-computer interac-
tion research, keystroke dynamics can help design keyboards that are more ergonomic 
and reduce fatigue or damage caused by typing. 

Overall, keystroke dynamics, as a user behavior analysis technique, has broad appli-
cation prospects, especially in the fields of security verification and health monitoring. 
With the development of data processing and artificial intelligence technology, keystroke 
dynamics can enable more accurate identity verification. 

2.3 Particle Swarm Optimization 

Particle Swarm Optimization (PSO) is a heuristic optimization algorithm inspired by 
observing the behavior of groups such as birds or fish. In PSO, candidate solutions in 
the solution space are called particles, and each particle adjusts its position and velocity 
based on its own experience and the experience of its neighbors to find the optimal 
solution. 

In PSO, each particle has two attributes: position and velocity. It independently 
searches for the optimal solution in the solution space, and the individual optimal solution 
found is called the individual extremum. The optimal solution among the individual 
extremum of all particles is called the global optimal solution. Particles adjust their 
position and velocity based on individual extremum and global optimum, in order to 
find the global optimum during the search process. The specific formula is as follows: 

vij(t + 1) = wvij(t) + c1r1(t)
[
pij(t) − xij(t)

]
+ c2r2(t)

[
gij(t) − xij(t)

]
(1) 

xij(t + 1) = xij(t) + vij(t + 1) (2)
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Assuming a particle’s current position C, individual extremum position B, and global 
optimal position A, the particle’s next motion state is shown in Fig. 1: 

Fig. 1. Particle Swarm Optimization Demonstration Chart 

3 Introduction to Zero Trust Continuous Certification Scheme 

3.1 Scheme Description 

Under a zero trust architecture, continuous authentication of user identity is crucial for 
ensuring network security. Traditional static authentication methods (such as passwords 
or tokens) or multi factor authentication are difficult to continuously verify user identity 
throughout the entire session. The keystroke dynamics provides a dynamic and continu-
ous user authentication method that can compensate for the shortcomings of traditional 
security measures. 

Introducing keystroke dynamics into zero trust continuous authentication can pro-
vide a dynamic and seamless authentication method. In this scheme, first of all, when 
the user initially uses the system, the system will guide them to type for a period of time 
to collect their keystroke dynamics data, such as keystroke duration, keystroke interval, 
keystroke speed, etc. These data will be used to train a machine learning model that can 
learn and recognize each user’s unique keystroke patterns. In daily use, the system back-
end program continuously monitors the user’s keystroke behavior, collects relevant data 
in real time, and regularly uses this data to verify the user’s identity, especially when the 
user accesses sensitive resources [7]. This verification process is almost imperceptible 
to users, ensuring that it does not interfere with normal workflow. If the system detects 
keystrokes that do not match the user’s normal mode, it will trigger additional authenti-
cation steps or security warnings. Users can provide feedback on incorrect authentication
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results to help the system better adjust and optimize the keystroke dynamics model. In 
order to ensure user privacy and data security, all keystroke data is encrypted during the 
collection and transmission process. 

Integrating keystroke dynamics into a zero trust security framework not only 
enhances the security of the Internet of Things, but also provides a continuous and 
dynamic verification mechanism. Attackers often find it difficult to imitate this habit or 
need to pay a higher price, greatly reducing potential security threats. This method is 
particularly suitable for scenarios with high security requirements, such as sensitive data 
processing and access control of critical infrastructure. At the same time, this method not 
only maintains high security standards, but also avoids the inconvenience caused to users 
in traditional security measures [8]. The application of keystroke dynamics improves the 
concealment of security measures, making it difficult for potential attackers to identify 
and exploit vulnerabilities in security systems. 

3.2 Key Steps of the Plan 

The specific scheme of using keystroke dynamics for zero trust continuous authentication 
can be divided into five key steps, as shown in Fig. 2. 

1) Data collection and processing 
Data collection of keystroke dynamics: Collect data on the user’s keystroke behav-

ior during normal use, including keystroke duration, keystroke interval, keystroke 
speed, etc. 

Preprocessing: Preprocessing the collected data, such as removing noise, stan-
dardizing data, and handling missing values. 

2) User behavior modeling 
Feature extraction: Extracting key features from processed data, such as button 

delay, flight time, etc. 
Machine learning model training: Use extracted features to train machine learning 

models (such as support vector machines, random forests, neural networks, etc.) to 
recognize each user’s unique button pressing habits. 

3) Real time monitoring and verification 
Real time data capture: Capture users’ keystroke behavior in real-time while using 

the system. 
Continuous verification: Apply trained models to analyze real-time captured 

keystroke data to verify user identity. This can continue after the user logs in, ensuring 
that the user’s identity remains unchanged during the session. 

4) Response and Feedback 
Authentication feedback: If a keystroke pattern is detected that does not match 

a known user pattern, the system can take appropriate measures, such as request-
ing additional authentication, issuing a security warning, or terminating the session 
directly. 

User feedback mechanism: Allow users to provide feedback on incorrect 
authentication results to improve the accuracy of verification. 

5) Model update and optimization 
Continuous learning: Over time, users’ keystroke habits may change. Therefore, 

it is necessary to regularly update and retrain the model to adapt to these changes.
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Fig. 2. Key steps for continuous authentication 

Due to the fact that the authentication process is based on the user’s natural behav-
ior rather than mandatory security steps, the user experience is greatly improved [9]. 
No longer requiring frequent password input or multi factor authentication, users can 
seamlessly continue their work while the system remains silently alert in the background 
[10]. By integrating keystroke dynamics into a zero trust security framework, a more 
seamless and dynamic authentication process can be achieved, ensuring security while 
maintaining a comfortable user experience.
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4 Conclusions 

This article introduces keystroke dynamics into the zero trust framework to achieve con-
tinuous identity authentication, providing a dynamic and seamless security solution for 
the frequent authentication mechanism of zero trust. Compared to traditional authenti-
cation methods, this approach can continuously verify identity without the user’s aware-
ness, enhancing both security and user experience. Especially suitable for high security 
environments that handle sensitive data and protect critical infrastructure, it not only 
reduces potential security threats but also minimizes interference with users. Mean-
while, by combining the improved particle swarm optimization algorithm to optimize 
the random forest model, the accuracy of identity verification has been further improved, 
achieving a balance between security and convenience. 

Data Availability. The data used to support the findings of this study are included within the 
article. 
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Abstract. Unmanned aerial vehicle (UAV) has received extensive attention in 
recent years. It is significant to achieve proximal observation of non-cooperative, 
highly dynamic, and large solidity targets by using of UAV. In this paper, a 
three-stage control method is proposed to solve this problem, which includes 
bearing-only tracking, obstacle-avoidance tracking, and proximity-based obser-
vation. Specifically, radar and depth camera, are used for observation, and the 
three-stage control method is designed by refinement of the traditional path plan-
ning method Rapidly-exploring Random Tree (RRT) and Model Predictive Con-
trol (MPC) technologies. A quadcopter model was developed in Gazebo, where its 
feasibility in validating the control method was demonstrated, providing essential 
technical support for the approach and observation of non-cooperative targets. 

Keywords: UAV · RRT · Obstacle avoidance · MPC 

1 Introduction 

UAV has been widely used in academic, military and industrial fields. Due to the flexi-
bility and miniaturization, real-time information such as location, speed, and status can 
be obtained to support mission execution by using UAV for tracking targets. The infor-
mation can enhance situational awareness and monitoring, support decision-making, to 
enhance mission accuracy and response time. Unmanned aerial vehicles (UAVs) are 
extensively employed in the areas such as reconnaissance, command and control, and 
environmental modeling. 

The current research primarily focuses on improving Artificial Intelligence (AI) algo-
rithms to achieve tracking and detection independent of target size [1, 2]; additionally, 
it includes target tracking and detection in different environments (e.g., indoor environ-
ments) [3, 4]; multi-angle tracking using UAV clusters [5]; target tracking and detection 
under limited sensor conditions (e.g., using only direction angle) [6]. There is limited 
research on proximity observation for large solidity non-cooperative targets, and the 
obstacle avoidance problem must be addressed in proximity observation, complicating 
the tracking task. In the field of autonomous vehicles, a path prediction method [7] using
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obstacle orientation and road information is proposed, a nonlinear model predictive con-
trol[8] is proposed, kinematic model of obstacles is established, position and velocity 
error feedback is used to optimize the trajectory prediction. However, in practice, when 
approaching and observing large solidity targets, it is challenging to determine the tar-
get’s orientation. Additionally, non-cooperative targets complicate the understanding of 
the obstacle’s kinematic model, making the methods proposed in [7] and [8] insufficient 
for solving this issue. To solve these problems, we can divide approach observation into 
several steps, and adopt different control algorithms in different stages to approach grad-
ually. The following are the steps and some challenges required to achieve proximity 
observation. 

(1) The first step is to detect the target according to the onboard sensor. For airborne 
sensors, vision is one of the most suitable solutions. Some deep learning algorithms 
are capable of target detection [9, 10] pointing out that YOLOv8 is considered to be 
the most advanced and robust target detection platform. Once the object is detected, 
we can obtain bearing measurements from the image based on the internal parameters 
of the camera [11]. However, in many cases, UAV is far away from the target, and the 
depth camera or radar sensor cannot detect the specific position and velocity of the 
target. Therefore, the guidance algorithm that only relies on the bearing is often an 
effective tracking strategy. The challenge is that when the sensor’s detection range 
is short and neither position nor velocity of the target can be accurately obtained, 
traditional guidance methods like PNG [12] struggle to control speed near the target, 
often failing to decelerate in time if approaching too quickly. In [6], it is verified that 
circular or elliptical motion of the observer will often improve the observability, and a 
pseudo-linear Kalman filter is designed to estimate the target position and velocity, 
but this method ignores energy consumption and often increases the difficulty of 
control when moving at high speed. 

(2) The second step is to control the aircraft to approach the target when the sensor can 
detect the target position and velocity information. Once the depth camera detects the 
exact position, we need to approach the target while avoiding its obstacles. Widely 
adopted obstacle avoidance strategies include graph-based search algorithms such 
as Improved A* [13], sample-based search algorithms such as Anytime Rapidly 
exploring Random Tree algorithm(Anytime RRT) [14], and machine learning-based 
algorithms such as [15]. Algorithms based on virtual potential field, such as artificial 
potential field(APF) method [16], etc. The challenge arises from the simultaneous 
motion of both the obstacle and the target, imposing higher real-time performance 
demands on the algorithm compared to scenarios with a dynamic obstacle and a sta-
tionary target. The real-time performance of existing algorithms remains a significant 
challenge [17]. 

(3) The third step is to achieve circling observation after approaching the target. We 
assume that the vision algorithm can capture key points of different parts of the 
large solid target. Once in the designated observation position, circling observation 
becomes crucial. For a moving target, several strategies have been proposed based 
solely on bearing information, enabling multiple observers to circumnavigate the 
target [18]. Additionally, a control method has been developed to allow the aircraft 
to orbit the target along any smooth, closed trajectory [19]. The challenge is that
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their control method is suitable for circling fixed targets, and designing effective 
circling motions for moving targets is the key to improving observability. 

This paper aims to overcome the above challenges, and the following solutions are 
proposed to address them. 

(1) The static target encirclement guidance [18] is enhanced in consideration of allowing 
dynamic adjustment of the encircling radius, enabling end-velocity control while 
rapidly approaching the target based on bearing-only information. 

(2) For dynamic obstacles and targets, this paper proposes a real-time RRT planning 
method for dynamic root node movement. It achieves on-the-fly UAV trajectory 
planning, and obtains better real-time performance than RRT. 

(3) For the circling problem, this paper combines MPC control to achieve spiral motion 
trajectory and complete the circling observation of the target. 

2 Methodology 

2.1 Bearing-Only Target Following 

To address the problem of end-speed control when approaching a target, we can improve 
the target encirclement guidance proposed in [18], which relies solely on the bearing. 
The flight control can be divided into two components: the z-axis and the x-y-plane. For 
the analysis of the x-y plane, we assume that the velocity heading angle of the UAV is 
denoted by θ and the robot’s position is represented by (x, y) with respect to a global 
coordinate frame, the target position in the robot’s world coordinate frame (xt, yt), the  
distance between the aircraft and the target point ρ. We define 

α := arctan2(xt, yt) (1) 

Fig. 1. An illustration of defined parameters.
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To complete obstacle avoidance and tracking detection, we assume that the UAV is 
equipped with a depth camera and Lidar. It is assumed that the detection distance of the 
depth camera is rcam, and the detection distance of the lidar is rradar . (see Fig. 1). 

[18] Using Lyapunov stability theory, a control law that can move in a circle around 
a stationary target is proposed:

{
v = kvvmax cos(α + φ), 
w = kwwmax sin(α + φ), 

(2) 

where kv, kw ∈ (0, 1] are control gains for forward speed and angular speed, respectively. 
Let vmax and wmax represent the maximum linear velocity and maximum angular velocity, 
respectively. Suppose we aim to move in a circular path with a radius r around the target. 
The control will be determined by the following formula: 

φ = −arctan 
r · kwwmax 

kvvmax 
(3) 

This method is often very effective in tracking the target when it is stationary, but 
it is often difficult to achieve the ideal effect for moving objects, especially when r is 
large, the aircraft typically begins preparing for circular motion at a considerable dis-
tance, which reduces its tracking ability and increases energy consumption. Conversely, 
when r is small, while the tracking performance at a distance is improved, the terminal 
velocity after approach tends to be low, and the speed variation is significant, making 
it challenging to complete the maneuver effectively. Therefore, a dynamic control law 
must be designed. A large value of r can be selected in the initial phase, and the radius r 
can be progressively reduced once the range is detectable by radar. This paper proposes 
a strategy that leverages the relative stability of deceleration when r is large and the 
strong tracking capability when r is small.

{
rend = vtar+�v 

kwwmaxsin(φ) , 
r = rend (rradar−(d−rcam)) 

rradar
+ rstart (d−rcam) 

rradar 
, 

(4) 

d is the distance between the aircraft and the target, rend is defined according to the 
terminal velocity vtar , �v is greater than the target velocity, rstart needs to be defined 
in terms of actual vehicle and sensor performance.When d = rradar + rcam, it indicates 
that the system is far from the target, with r = rstart . When d = rcam, it signifies that the 
system has reached the vicinity of the target, with r = rend . It is worth noting that (4) is 
not the only guidance law. The actual attenuation law can adopt other methods, such as 
exponential attenuation, or it can be based on time attenuation, which can be independent 
of radar observation data. However, why not choose other parameters to adjust? Firstly, 
to meet the terminal condition, it is essential to ensure that (3) is satisfied. Therefore, 
altering kv and kw simultaneously changes at least two parameters, which increases 
the control complexity. Additionally, changes in kv and kw will inevitably affect v and 
w, thereby influencing the UAV’s maneuvering performance and reducing its tracking 
capability. 

For the z-axis, the PNG control law proposed in [12] can be applied to achieve 
control.
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2.2 Obstacle Avoidance and Target Tracking for UAV 

In this paper, the classical RRT path planning method is improved, and an NMPC [25] 
control strategy is applied to achieve trajectory planning that satisfies UAV kinemat-
ics, enabling the control of the UAV to perform the desired maneuvers. The following 
provides a brief introduction to the RRT algorithm. 

The principle of RRT is similar to a path search tree. Starting from the root node, 
random sampling is performed in the space to identify the nearest branch that can be 
connected without obstacles, continuing until the goal range is reached, thereby forming 
a feasible path (Fig. 2(a)). This method is not optimal, which led to the development 
of the RRT* algorithm. In RRT*, the newly added sampling points serve as the center 
of a circle, from which better parent nodes are identified and rewiring operations are 
performed. As iterations increase, this method converges to the optimal path (Fig. 2(b)). 

Fig. 2. RRT and RRT* in Gazebo. 

In fact, several algorithms have been proposed to enhance the optimality and explo-
ration speed of the RRT algorithm. For example, RRT# utilizes lazy optimization, 
Informed-RRT* [20] focuses sampling on regions with potential optimal paths, and 
Anytime RRT gradually refines the path within a limited time frame [21]. For dynamic 
obstacles, DRRT* [22] has been proposed, which monitors environmental changes in 
real time during path planning, particularly the movement of dynamic obstacles, allow-
ing for replanning and path adjustment. However, real-time challenges remain when 
obstacles or targets move rapidly [23]. In this paper, the real-time requirements become 
more stringent when both obstacles and targets are moving simultaneously. 

Therefore, the RRT algorithm is improved in this paper. After an effective path is 
formed each time, we take the first sampling point, that is, the sampling point directly 
connected to the root node, as the effective path point and take this sampling point as the 
new root node. The next exploration starts from the new root node to explore the new path. 
This process continues until the new root node reaches the target range. This process will 
generate a pursuit path, where the root node pursues the target, as illustrated in Fig. 3. It  
is evident from this process that it imposes high demands on the real-time exploration 
capabilities of the RRT algorithm. Therefore, the number of RRT explorations should
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be limited, and meeting these requirements is often challenging using traditional RRT 
methods. Once RRT fails to find a suitable path within a limited number of explorations, 
the UAV will get trapped. Therefore, improving the exploration speed of RRT is an issue 
that needs to be considered. 

Fig. 3. Path Planning Process. 

Due to the movement of the target points and obstacles, it is difficult to find a global 
path and then locally optimize it. However, we can adopt the efficient approach of 
Informed-RRT* to identify the potential exploration range, with the added requirement 
of dynamically adjusting the range. Although the obstacles are moving, in the context 
of large entity pursuit, the actual obstacles consistently move in close to the target point, 
in conjunction with its motion. Consequently, no obstacles will be present at a distance, 
allowing the obstacle distance threshold to be set based on the radar’s detection range. 
It is important to note that the distance to the obstacle here refers to the expanded 
boundary of the obstacle. Let us assume that Consider_Obstacle = 1 means the obstacle 
is considered, and Consider_Obstacle = 0 means the obstacle is not considered. The 
logical preference expression is as follows: 

Consider_Obstacle =
{
1, d ≤ dobs 
0, d > dobs 

(5) 

This implies that when the distance to the obstacle is relatively large, the obstacle 
can be ignored as the system moves toward the target. Ignoring obstacles can effectively 
increase the speed of exploration. Besides, Consider_Obstacle = 0 means that the UAV 
is relatively far from the obstacle. In this case, the exploration step size and exploration 
range can be set relatively large to improve the exploration speed. When the UAV is 
close to the obstacle, the exploration step size and exploration range can be smaller. The
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exploration range can be represented by polar coordinates. The pitch θ ∈ (0, π  ),  and 
yaw ψ ∈ (0, 2π)  are set, and the control law of the range (Px, Py, Pz) is as follows:  ⎧⎨ 

⎩ 

Px = xstart + rstd sin(θ ) cos(ψ) 
Py = ystart + rstd sin(θ ) sin(ψ) 

Pz = zstart + rstd cos(θ ) 
(6) 

where rstd ∝ r, r is the distance between the UAV and the target point, and (xstart , ystart , 
zstart) denotes the position of the UAV. As seen from the expression, the range is always 
constrained by the starting point and the distance with the UAV. The range can be adjusted 
based on the actual situation. Similarly, the step size can also be modified according to 
the actual conditions. The key idea is that when entering the obstacle detection area 
(d ≤ dobs), the step size should be gradually reduced. The following law is adopted in 
this paper: 

step =
{

step1, d ≥ dobs 
step2 

k1−k2d 
, d < dobs 

(7) 

where step1 and step2 are designed with step sizes based on practical considerations, 
while k1 and k2 are gains that determine the rate of attenuation. After the RRT path is 
planned, the MPC is used to control the UAV for path tracking. The following is a brief 
introduction to MPC control methods. 

MPC control can be divided into three steps. First, the kinematic model of the UAV 
is established and discretized, and the predictive model is derived. Then the optimized 
objective function and related kinematic constraints are set up. Finally, the optimiza-
tion solution is carried out according to the constraints and objective functions. The 
following takes quadrotor UAV as an example, Fig. 4 shows this process. We define 
x = [pT vT ηT wT ], where p is the UAV position in world frame, v is the UAV velocity in 
world frame, η = [ϕ, θ, ψ]T is Z-X-Y euler angle representation of the UAV orientation, 
and w is the angular velocity of UAV. [25] define input as the u = [  

· 
f1 

· 
f2 

· 
f3 

· 
f4], The  the  

quadrotor UAV is generally taken as f = cf w2, where w is the angular velocity of the 
rotor and cf is the thrust coefficient. 

min 
u0···xN 

N∑
k=0

∥∥xk − xref ,k
∥∥2 
Q + 

N−1∑
k=0

∥∥uk − uref ,k
∥∥2 
R (8) 

In the objective function, xk denotes the system state at time step k, while xref ,k , 
represents the desired reference state. Similarly, uk is the control input, and uref,k is the 
reference control input at time step k. The matrices Q and R are the weighting matrices for 
the state and control deviations, respectively, which determine their relative importance 
in the optimization. The parameter N defines the prediction horizon for the optimization. 
This paper utilizes the qpOASES solver [26], an efficient open-source library for solv-
ing quadratic programming (QP) problems. In practical applications, nonlinear MPC 
combined with the qpOASES solver is commonly used in control scenarios that require 
real-time handling of nonlinear constraints and dynamic systems. Given the nonlineari-
ties and constraints of flight dynamics, employing nonlinear MPC to optimize the flight 
path and solving it in real time using qpOASES is an effective approach.
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Fig. 4. MPC Process. 

2.3 Orbit and Target Tracking 

The ideal circling observation trajectory is usually a closed trajectory around the target, 
such as a circle or spiral shape, to maintain the distance and Angle change between 
the drone and the target, so that the drone can continue to observe the target from 
multiple angles. This trajectory can achieve all-round observation of the target, and 
is suitable for target monitoring and three-dimensional reconstruction tasks in various 
environments. The actual circling trajectory needs to be calculated according to the 
actual requirements and actively explore the unobserved area. For example, [24] design 
a sampling-based active reconstruction strategy to explore the unobserved areas for 3D 
Gaussians splatting. In this paper, spiral circling trajectory is designed for approaching 
the target. After obtaining the target pose by using the depth camera, we can design 
the spiral circling path for this, and then directly use the MPC to control the UAV to 
complete the path tracking. For example, suppose the vision sensor detects a decision 
to make a spiral loop around the target in the Z-axis direction. We define (xgosl, ygoal, 
zgoal) and (xUAV , yUAV , zUAV ) is the position of goal and UAV respectively. Path control 
is defined as follows: ⎧⎨ 

⎩ 

x = r cos(θ ) + xgoal 
y = r sin(θ ) + ygoal 
z = k · θ + zgoal 

(9) 

where r determines the radius of the orbit. θ is the angle that increases over time, with 
the initial value of θ ensuring (x, y, z) = (xUAV , yUAV , zUAV ). k is the growth coeffi-
cient along the z-axis. To improve the observability, we can adjust different trajectories 
according to the actual scene: 

z = k · θ + zgoal + Asin(wt) (10) 

where A and w represent the amplitude and angular frequency of the sine function, 
respectively.
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3 Result 

3.1 Bearing-Only Target Following 

Fig. 5. Presents the simulation results of control guidance (2) against a constant-velocity target. 

Fig. 6. Presents the simulation results of control guidance (4). 

We define vmax = 20 m/s, vtar = 20 m/s, wmax = 1 rad/s, kv = 1, kw = 1. As shown in 
Fig. 5, the original control law does not achieve dynamic tracking. When r = 10, there 
is a rapid speed change, which presents a challenge for UAV control. For r = 50 and r 
= 100, since the radius is greater than the detection range of the depth camera, the UAV 
tends to decelerate as it approaches the target, causing the terminal speed to be lower 
than the actual speed, which is unfavorable for close-range observation. 

In this paper, we set rstart = 50, �v = 1m/s, and as shown in Fig. 6, the improved 
tracking control law avoids the rapid speed changes caused by a smaller radius while 
ensuring that the terminal speed approaches the target speed, providing an appropriate 
initial speed for subsequent close-range observations.
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3.2 Obstacle Avoidance and Target Tracking for UAV 

In this paper, the UAV kinematics model will be built under ROS and Gazebo simulation 
environment to demonstrate the effectiveness of the above obstacle avoidance algorithm. 
It will be divided into three parts, static obstacle avoidance, dynamic tracking, dynamic 
obstacle avoidance and tracking. 

(1) Static obstacle avoidance. Static obstacle avoidance algorithms are very mature. 
We use the above improved algorithms to continuously push the root node to move 
towards the target to verify the effectiveness of obstacle avoidance. As can be seen 
from Fig. 7, this algorithm can achieve the obstacle avoidance functionality of tra-
ditional RRT, but the number of updates of the algorithm in this paper is equal to the 
number of nodes in the figure, and the relative time is longer than that of traditional 
algorithms. However, the algorithm in this paper enables simultaneous tracking and 
path planning, achieving effective results. 

(2) Dynamic Tracking: Traditional RRT algorithms are typically obstacle avoidance 
methods and cannot pursue targets effectively. The improved RRT algorithm in 
this paper demonstrates good tracking ability, with the target moving in a circular 
motion at a constant speed, as shown in Fig. 8. Compared to the traditional PNG 
algorithm, this algorithm has a non-optimal path, lower pursuit ability, and higher 
energy consumption. However, it offers better obstacle avoidance, a feature not 
present in the traditional PNG algorithm. 

(3) Dynamic Obstacle Avoidance and Tracking: The second stage of this paper focuses 
on pursuing the target while avoiding obstacles. The target moves in a constant 
circular motion, with obstacles moving along with it. As shown in Fig. 9, after  
adjusting the logical preferences, step size, and obstacle search range, the desired 
results have been achieved. 

3.3 Orbit and Target Tracking 

This paper validates a feasible circling trajectory in ROS and Gazebo. As shown in 
Fig. 10, the circling of the target is achieved, with the specific circling strategy needing 
to be designed based on different requirements, such as actual modeling or measurement. 

4 Limitations 

Although the three-stage control can initially achieve tasks such as fast tracking, obstacle 
avoidance, and circular observation, it assumes that the target’s motion velocity is not too 
high. Especially for obstacle avoidance, rapidly changing obstacles impose higher real-
time requirements on RRT. This paper does not incorporate the velocities of obstacles 
and target point into the RRT, meaning the algorithm still treats the target as stationary 
during each path update, which hinders fast obstacle avoidance. Additionally, obstacle 
consideration is based solely on distance, without integrating the UAV’s and obstacle’s 
speeds. The tracking strategy divides control into the x-y plane and z-plane, addressing 
control robustness and speed reduction. The circling path is controlled solely by the 
target’s position, and in cases of high target speed, collisions are likely, as target velocity 
is not considered. Future work will address these limitations.
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Fig. 7. Static obstacle avoidance. 

Fig. 8. Different time of dynamic tracking. 

Fig. 9. Different scenarios of dynamic obstacle avoidance and tracking.
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Fig. 10. Presents the simulation results of control guidance (9) and (10). 

5 Conclusion 

This paper presents a three-stage control law for fast tracking, obstacle avoidance, and 
circular flight from a distance. It implements a bearing-only guidance law to control 
terminal velocity, improves RRT for dynamic obstacle avoidance and fast tracking, and 
integrates MPC for spiral circling control. The proposed control law enhances UAV 
tracking and observation capabilities for large moving entities and demonstrates potential 
for dynamic target tracking in complex environments. 
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Abstract. This paper studies the stabilizing control of an underactu-
ated Furuta pendulum system subjected to an unknown matched dis-
turbance. Firstly, the system’s dynamic model is derived using Lagrange 
modeling method. Through approximate linearization and a coordinate 
transformation, this model is converted into a standard chained form sys-
tem around the zero equilibrium point. Subsequently, the disturbance is 
estimated in finite time by a Levant differentiator disturbance observer. 
And then, a robust stabilziation controller is designed using an integral 
sliding mode technique and the estimated disturbance value. It enables 
the Furuta pendulum system to be robustly stabilzied at the zero equi-
librium point in a finite time. The effectiveness of our presented method 
is verified from numerical examples. 

Keywords: Furuta pendulum system · Disturbance observer · Integral 
sliding mode · Finite-time stabilization 

1 Introduction 

Mechanical systems can be categorized as fully actuated systems, underactu-
ated systems, or redundant systems depending on the number of degrees of 
freedom (DOF) and control inputs [ 1]. The underactuated systems are often 
lightweight, energy-efficient, and capable of performing flexible movements [ 2, 3]. 
Their motion control is very useful research topic. However, this control problem 
is difficult to solve because the underactuated systems often have high complex-
ity and nonholonomic constraints [ 4]. 

To facilitate the study on motion control of underactuated systems, rese-
archers have developed some simplified benchmark models in laboratory. Furuta 
pendulum model is such an example. It is a classic underactuated system intro-
duced by Professor Katsuhisa Furuta in the 1990s [ 5]. And it has been widely 
applied in the teaching and research of control theory [ 6]. 
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Nowadays, researchers have conducted extensive study on the stabilizing con-
trol of the Furuta pendulum. And a number of control strategies have been 
developed, e.g., a linear quadratic regulator (LQR) approach [ 7], a neural net-
works method [ 8]. In [ 9], a sliding mode control (SMC) strategy was introduced, 
which has fast response and high robustness [ 10]. For the SMC control method, 
the linear sliding mode is a commonly used form. However, the linear sliding 
mode method often results in chattering, which fails to meet the performance 
requirements of many high-demand systems [ 11]. Additionally, the terminal slid-
ing mode method can rapidly drive system to sliding surface. However, it may 
cause the control input to approach infinity, which is not feasible in practical 
applications [ 12]. In contrast, the integral sliding mode control (ISMC) method 
addresses these issues by introducing an integral term. It can effectively reduce 
steady-state errors [ 13,14]. Nevertheless, this method currently only achieves 
asymptotic stabilization. This limits the ability of control system to operate 
safely and efficiently. 

On the basis of research background above, this paper discusses the robust 
finite-time stabilizing control problem for Furuta pendulum system with an 
unknown matched disturbance. First, a finite-time disturbance observer (DO) 
based on Levant differentiator is constructed to accurately estimate unknown 
external disturbance. A stabilizing controller is then designed by combining the 
DO with the nested ISMC method. It can guarantee the Furuta pendulum to be 
robustly stabilized at the origin within a finite time. 

2 Definition and Lemmas 

Definition 1. [ 15] Consider the nonlinear system 

χ̇(t) =  κ(t, χ(t)), χ(0) = χ0 (1) 

with κ(t, 0) = 0, ∀t >  0. If the system (1) is globally asymptotically stable and 
its any solution can reach the origin within finite time, then we call (1) globally  
finite-time stable, where T (χ0) is a settling time constant related to the initial 
value χ0. 
Lemma 1. [ 16] The normal chain system 

⎧ 
⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

ẋ1 = x2, 
ẋ2 = x3, 
... 
ẋn−1 = xn, 

ẋn = − 
n∑

i=1 

αi|xi|βi sgn(xi) 

(2) 

converges to zero within a finite time, where the constant αi ensures that the 
polynomial pn + αnpn−1 + . . .  + α2p + α1 is Hurwitz, the constant βi satisfies 

βi−1 = βiβi+1 

2βi+1 − βi 
, βn = β, βn+1 = 1, i  = 2, . . . , n, (3) 

and β ∈ (1 − ε, 1), ε ∈ (0, 1).
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Fig. 1. Model of Furuta pendulum. 

Lemma 2. [ 17,18] Consider the nonlinear system given below, 

φ(t) +  μh(φ(t)) = 0, (4) 

where μ >  0, h(φ(t)) is a nonlinear function and the condition h(0) = 0 needs 
to be satisfied. If 

ḣ(φ(t)) = sgn(φ(t))|φ(t)|ν 
, (5) 

where ν ∈ (0, 1), in that case, the system (4) is capable of reaching the origin 
within a finite timeT (φ0) =  |φ(0)|

1−ν 

μ(1−ν) . 

Lemma 3. [ 19] If a function  V (x) satisfies that V (x) ≥ 0 and V̇ (x) ≤ −kV q, 
then the system (1)is finite-time stable and the settling time is 

T (x0) =  1 
k(1 − q) 

V 1−q(x(0)), (6) 

where k >  0 and 0 < q  <  1. 

Table 1. Parameters and their meanings for the Furuta pendulum system 

Parameters (i = 1, 2) Meanings 
mi (kg) Masses of rotating arm and pendulum 
Li (m) Lengths of rotating arm and pendulum 
l1 (m) The distance from the origin to the rotating arm’s center of mass (COM) 
l2 (m) The distance from the rod’s attachment point to the pendulum’s COM 
Ii (kg · m2 ) Moments of inertia 
θi (rad) Deflection angles 
τ (Nm) Control torque 
g (m/s2 ) Gravitational acceleration
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3 Dynamic Equations of Furuta Pendulum System 

Figure 1 presents the physical model of Furuta pendulum system, which com-
prises rotating arm and pendulum rod. The parameters illustrated in Fig. 1 are 
defined in Table 1. If the  xoy plane is chosen as the surface of zero potential 
energy, it is straightforward to derive the system’s kinetic and potential energies 
as 

⎧ 
⎪⎨ 

⎪⎩ 

T = 0.5 θ̇2 1(m1l
2 
1 + I1 + m2L

2 
1 + m2l

2 
2 sin

2 θ2) + 0.5 θ̇2 2(m2l
2 
2 + I2) 

− θ̇1 θ̇2m2L1l2 cos θ2, 
V = m2gl2 cos θ2. 

(7) 

We choose L = T −  V  to be the Lagrangian function. It gives the system’s 
Euler-Lagrange dynamic equations as

{
J2 θ̇1 θ̇2 sin 2θ2 + (J1 + J2sin2 θ2)θ̈1 + J3 θ̇

2 
2 sin θ2 − J3 θ̈2 cos θ2 = τ + d, 

−0.5J2 θ̇
2 
1sin

2 θ2 − J3 θ̈1 cos(θ2) +  ̇θ2(J2 + I2) − J4 sin θ2 = 0, (8) 

where d is an unknown differentiable external disturbance, which satisfies 
max

{
|d|, | ḋ|, | ̈d|

}
< kd, and  kd > 0. Moreover, the system (8) can be rep-

resented as 
T (θ)θ̈ + N(θ, θ̇) +  G(θ) =  F , (9) 

where θ = [θ1, θ2]�, and 

T (θ) =

[
J1 + J2 sin2 θ2 − J3 cos θ2 

−J3 cos θ2 J2 + I2

]

, N(θ, θ̇) =

[
N1 

N2

]

, 

G(θ) =
[

0 
− J4 sin θ2

]

, F (θ) =

[
τ + d 

0

]

,

{
N1 = θ̇1 θ̇2J2 sin 2θ2 + θ̇2 2J3 sin θ2 
N2 = − 1 

2 θ̇
2 
1J2 sin 2θ2 

, 

J1 = m1l
2 
1 + I1 + m2L

2 
1, J2 = m2l

2 
2, J3 = m2L1l2, J4 = m2gl2. 

We choose the state space variables of (9) as  

δ = [δ1, δ2, δ3, δ4]�, δ1 = θ1, δ2 = θ2, δ3 = θ̇1, δ4 = θ̇2. 

Then, the state-space form of (9) is  
⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

δ̇1 = δ3, 
δ̇2 = δ4, 
δ̇3 = f1(δ) +  g1(δ)(τ + d), 
δ̇4 = f2(δ) +  g2(δ)(τ + d), 

(10) 

where
[
f1(δ) 
f2(δ)

]

= −T −1
[
N + G

]
,

[
g1(δ) 
g2(δ)

]

= T −1

[
1 
0

]

.
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For the system (10), δ = 0 represents an open-loop equilibrium point. Our 
concerned issue is to design τ to rubustly stabilize (10) at this equilibrium point. 

In a small neighborhood of δ = 0, the nonlinear system (10) can be approx-
imately linearized into a system of the following form 

δ̇ = Aδ + B(τ + d), (11) 

where 

A = 

⎡ 

⎢ 
⎢ 
⎣ 

0 0 1  0  
0 0 0  1  
0 a1 0 0  
0 a2 0 0  

⎤ 

⎥ 
⎥ 
⎦ , B = 

⎡ 

⎢ 
⎢ 
⎣ 

0 
0 
b1 
b2 

⎤ 

⎥ 
⎥ 
⎦ , a1 = J3J4 

J1(J2 + I2) − J2 
3 

, 

a2 = J1J4 

J1(J2 + I2) − J2 
3 

, b1 = J2 + I2 
J1(J2 + I2) − J2 

3 

, b2 = J3 

J1(J2 + I2) − J2 
3 

. 

Based on the characteristic polynomial of A, we can construct the following two 
matrices. 

Ξ = 

⎡ 

⎢ 
⎢ 
⎣ 

1 0 0  0  
0 1 0  0  

−A2 0 1 0  
0 − A2 0 1  

⎤ 

⎥ 
⎥ 
⎦ , Γ =

[
A3 B, A2 B, AB, B

]
Ξ. 

A simple calculation yields 

Ψ 1 = Γ −1 AΓ = 

⎡ 

⎢ 
⎢ 
⎣ 

0  1 0 0  
0  0 1 0  
0  0 0 1  
0 0 A2 0 

⎤ 

⎥ 
⎥ 
⎦ , Ψ 2 = Γ −1 B = 

⎡ 

⎢ 
⎢ 
⎣ 

0 
0 
0 
1 

⎤ 

⎥ 
⎥ 
⎦ . (12) 

We apply a coordinate transformation to the system (11) defined by Π = Γ −1 δ, 
where Π = [Π1,Π2,Π3,Π4]�. Combining (11) with (12) yields 

Π̇ = Ψ 1Π + Ψ 2(τ + d), (13) 

that is,
⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

Π̇1 = Π2, 
Π̇2 = Π3, 
Π̇3 = Π4, 
Π̇4 = A2Π3 + τ + d. 

(14) 

It is clear that δ = 0 and Π = 0 are equivalent. Therefore, we just need to 
design a controller τ that robustly stabilizes (14) at  Π = 0 now.
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4 Design of Disturbance Observer and Robust Controller 

4.1 Finite-Time Disturbance Observer 

Note that the system (14) has an unknown external disturbance d. To eliminate 
its effect on the control system, we use the fourth equation of (14) and the Levant 
differentiator method to design a disturbance observer as 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

˙̂
Π4 = A2Π3 + τ + v0, 
˙̂
d = v1, 
˙̇̂
d = v2, 

(15) 

where ⎧ 
⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

v0 = −λ0k 
1 
3 
d | Π̂4 − Π4| 

2 
3 sgn

(
Π̂4 − Π4

)
+ d̂, 

v1 = −λ1k 
1 
2 
d | ̂d − v0| 

1 
2 sgn

(
d̂ − v0

)
+ ˆ̇d, 

v2 = −λ2kd sgn
( ˆ̇
d − v1

)
, 

(16) 

and λi (i = 0, 1, 2) are positive constants. The estimated values of Π4, d, and  
ḋ are Π̂4, d̂, and  ̂ḋ in (15), respectively. By choosing the appropriate parameters 
λi, the distuebance error d̃ = d− d̂ will approach to the origin within a finite time 
from the analytical results in [ 20]. Furthermore, Levant differentiator observer 
shows better robustness and a faster rate of convergence than other disturbance 
observer design methods [ 21]. Consequently, an estimated value of d can be quick 
obtained. 

4.2 Finite-Time Robust Controller 

A terminal sliding mode function is designed to be 

ξ = Π̇4 + 
4∑

i=1 

ᾱi|Πi|β̄i sgn(Πi), (17) 

where ᾱi and β̄i (i = 1, . . . ,  4) satisfy the requirements in Lemma 1 with n = 4.  
And an integral sliding function is constructed to be 

S = ξ + ρξI , ξ̇I = |ξ|ν sgn(ξ), (18) 

where ρ is a constant greater than zero, and 0 < ν  <  1. Moreover, the initial 
value of ξI is set to be 

ξI(0) = −ρ−1 ξ(0). (19) 

Combining (18) and (19) gives S(0) = 0. This denotes that the system (14) 
arrives at the sliding surface at t = 0.



Finite-Time Stabilizing Control of Furuta Pendulum System 241

Theorem 1. For the chained-form system (14) with matched disturbances d, if  
the controller is designed as 

⎧ 
⎨ 

⎩ 

τ = τeq + τsw, 
τeq = −A2Π3 −

∑4 
i=1 ᾱi|Πi|β̄i sgn(Πi) − ρξI − d̂, 

τ̇sw = −kdsgn(S), 
(20) 

then it can be stabilized at zero point within a finite time. 

Proof. Combining (14) and (17) gives 

ξ̇ = A2 Π̇3 + τ̇ + ḋ + 
4∑

i=1 

ᾱi β̄i Π̇i|Π|β̄i−1sgn(Πi). (21) 

Thus, we have 

Ṡ = A2 Π̇3 + τ̇ + ḋ + 
4∑

i=1 

ᾱi β̄i Π̇i|Πi|β̄i−1sgn(Πi) +  ρ ̇ξI 

= A2 Π̇3 + τ̇eq + τ̇sw + ḋ + 
4∑

i=1 

ᾱi β̄i Π̇i|Πi|β̄i−1sgn(Πi) +  ρ ̇ξI 

= τ̇sw + ˙̃
d. 

(22) 

The Lyapunov function is constructed as V = S2. From equation (22), we con-
clude that 

V̇ = 2  S Ṡ = 2  S
(
τ̇sw + ˙̃

d
)

= −2kd|S| + S ˙̃d ≤ −kdV 
1 
2 + S ˙̃d. (23) 

Based on (23) and the above analysis, we can conclude that V̇ ≤ −kdV 1 2 is 
achievable within a finite time. From Lemma 3, we get that S = 0 can also 
be achived within a finite time. By combining (18) and Lemma 2, it is easy to  
obtain that ξ converges to zero quickly. When ξ = 0, the system (14) becomes 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

Π̇1 = Π2, 
Π̇2 = Π3, 
Π̇3 = Π4, 
Π̇4 = −

∑4 
i=1 ᾱi|Πi|β̄i sgn(Πi). 

(24) 

As a result, Lemma 1 guarantees the finite-time stabilization of (24) at  Π = 0. 
The finite-time robust stabilization of Furuta pendulum system is realized since 
Π = 0 and δ = 0 are equivalent.
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5 Numerical Example 

Table 2. Physical parameters of Furuta pendulum. 

M1 M2 l1 l2 L1 L2 I1 I2 

0.080 0.098 0.100 0.148 0.150 0.215 3.127 × 10−2 2.619 × 10−3 

In numerical simulation experiments, the physical and designed parameters we 
used are shown in the Table 2 and Table 3 [ 22]. The external disturbance is 
set to be d = sin(2t). And the initial state of Furuta pendulum is chosen as 
δ0 = [π/3, π/6, 0, 0]�. 

By the conditions given above, the simulation results of d̃, τ , S and ξ are 
shown in the Fig. 2. It is obvious that the disturbance d(t) can be quickly esti-
mated by the disturbance observer (15). And the estimated error convergence 
time is less than 0.15 s. Moreover, the simulation show that S = 0 is achieved 
in 1 s. After that, the terminal sliding mode function ξ rapidly converges to the 
origin. In addition, the system’s simulation results are given in Fig. 3. Note that 
the Furuta pendulum system can be stabilized within 5 s. The convergence time 
is faster than [ 23]. This proves the superiority of the method in this study. 

Table 3. Designed parameters in (15) and  (20). 

λ0 λ1 λ2 kd ρ ν ᾱ1 β̄1 ᾱ2 β̄2 ᾱ3 β̄3 ᾱ4 β̄4 

3 1.5 1 19 40 0.6 4 13 
21 

20 13 
19 

15 13 
17 

4 13 
15 

S ξ 

t[s] t[s] 

d 

τ[
N
m
] 

Fig. 2. The simulation results of d̃, τ , S and ξ with δ0 = [π/3, π/6, 0, 0]�.
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θ θ 

θ θ. .

t[s] t[s] 

Fig. 3. The simulation results of θ1, θ2, θ̇1, θ̇2 with δ0 = [π/3, π/6, 0, 0]�. 

6 Conclusions 

To solve the robust stabilization of Furuta pendulum system with unknown 
matched disturbance, a new control method based on disturbance observer and 
integral sliding mode approach was developed. Through approximate lineariza-
tion and coordinate transformation, the origin model of Furuta pendulum was 
firstly converted into a standard chained form system around the zero equilib-
rium point. Next, the unknown disturbance was estimated within finite time 
using a Levant differentiator disturbance observer. Following this, a robust sta-
bilizing controller was designed by utilizing an integral sliding mode approach 
and the estimated value of disturbance. It robustly stabilized Furuta pendulum 
system at the zero equilibrium point within a finite time. 
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Abstract. Heading information is key navigation information for underwater 
vehicles to perform missions successfully. Conventional underwater heading sen-
sors, such as inertial measurement unit can measure the vehicle’s heading infor-
mation, but its heading error will be accumulated over time; magnetic compass 
is susceptible to interference from external magnetic fields, resulting in a lack of 
effective underwater heading estimation methods. An underwater heading esti-
mation method based on dual-beacon acoustic sensors is proposed in this paper. 
The dual beacons are deployed on the underwater vehicle with a fixed baseline, 
and the heading is estimated using the geometric relationship of the dual-beacon 
design. Considering that many factors may impact heading accuracy in terms of 
positioning accuracy, depth, and baseline, a multi-dimensional simulation test is 
designed to quantitatively analyze these effects. The results show that different 
positioning accuracy, depths, and baselines influence heading accuracy to varying 
degrees. When the baseline length is 10 m, a change in positioning accuracy from 
0.1%D to 2% D leads to nearly a tenfold decrease in heading accuracy. 

Keywords: Underwater heading estimation · Acoustic sensor · Ultra-short 
baseline positioning 

1 Introduction 

Heading information is crucial for underwater vehicles to navigate safely and accurately 
to designated operational locaations, directly impacting mission success [1]. Existing 
conventional underwater heading estimation methods are mainly based on the following 
sensors. The underwater vehicles are typically equipped with an Inertial Measurement 
Unit (IMU) to provide heading information. IMU costs directly influence its accuracy. 
High-precision IMUs are costly, and standalone IMUs suffer from cumulative errors 
over time, limiting their ability to provide accurate long-duration heading information. 
They often need to be integrated with other heading sensors to maintain heading accu-
racy, which increases both cost and system complexity [2]. Magnetic compasses are also 
widely used for underwater heading estimation, as they obtain heading information based 
on the geomagnetic field. However, magnetic compasses are susceptible to geomagnetic 
instability and external magnetic interference, necessitating error modeling and com-
pensation before use. In high-latitude regions, significant variations in magnetic field
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direction can lead to decreased heading accuracy, requiring additional magnetic calibra-
tion [3]. Doppler Velocity Logs (DVLs) determine the velocity of underwater vehicles by 
measuring the Doppler shift between transmitted and received signals [4]. By integrat-
ing the vehicle’s motion state, DVLs can accurately estimate heading. However, DVL 
speed accuracy is affected by various factors, such as water currents, temperature, depth, 
and salinity, which in turn impacts heading accuracy. In strong current environments, 
DVLs require error compensation for water flow [5]. As ocean exploration intensifies, 
underwater scenarios are becoming increasingly complex and variable. High-accuracy, 
long-duration heading estimation capabilities are needed for underwater heading, a need 
yet to be fully met. 

Common acoustic navigation sensors include Long Baseline (LBL), Short Baseline 
(SBL), and Ultra-Short Baseline (USBL) systems, all of which provide accurate posi-
tioning information for underwater vehicles [6]. As a real-time underwater sensor, USBL 
offers the advantages of compact size and easy deployment, and methods to improve 
USBL positioning accuracy have been widely studied [7]. This paper proposes an under-
water heading estimation method based on a dual-beacon USBL acoustic positioning 
system. By utilizing the geometric relationship between the two USBL beacons, head-
ing information can be determined for the underwater vehicle. Furthermore, underwater 
vehicles typically utilize a USBL positioning system to obtain positioning information, 
which typically provides only positional information, the heading estimation method 
proposed in this paper requires only the addition of a low-cost beacon to provide extra 
heading estimation capabilities. 

The subsequent arrangement of this paper is as follows: First, the underwater USBL 
dual-beacon heading estimation method is presented in detail. Then, the error charac-
teristics of USBL dual-beacon heading estimation are analyzed. A simulation model is 
used to comprehensively analyze the effects of USBL positioning accuracy, depth, and 
baseline length on heading accuracy. Finally, conclusions are drawn. 

2 Heading Estimation Method 

Taking an acoustic array containing four acoustic elements (1, 2, 3, 4) as an example, the 
principle of the USBL positioning based on slant range and the azimuth is given in Fig. 1. 
For Fig. 1, θx denotes the angle between the direction of sound wave propagation and 
the X-axis, and θy denotes the angle between the direction of sound wave propagation 
and the Y-axis. Considering that the acoustic signals are shot into the acoustic elements 
in parallel, cos θx = ϕ3,4λ/2πd and cos θy = ϕ1,2λ/2πd can be obtained from the 
geometric relationship. The baseline between acoustic elements 1 and 2 is d . λ is the 
wavelength of the acoustic signals. ϕ1,2 denotes the phase difference of the underwater 
acoustic signal received by two acoustic elements on the X-axis. ϕ3,4 denotes the phase 
difference of the underwater acoustic signal received by two acoustic elements on the 
Y-axis. Then, the position of beacon P is calculated: 

XP = 
⎡ 

⎢⎣ 
xp 
yp 
zp 

⎤ 

⎥⎦ = 
⎡ 

⎢⎣ 
R cos θx 
R cos θy 
R 
√
1 − cos θ 2 x − cos θ 2 y 

⎤ 

⎥⎦ (1)
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where R represents the distance from the array center to the beacon, also known as the 
slant range. 

Fig. 1. Diagram of the USBL positioning based on slant range and azimuth. 

As shown in Fig. 2, using USBL positioning technology, the specific positions of 
the dual beacons in the array coordinate system can be calculated. This allows for the 
estimation of the baseline vector between the USBL dual beacons, and consequently, the 
heading information of the underwater vehicle in the navigation coordinate system. The 
positions of beacons 1 and 2 are denoted as (x1, y1) and (x2, y2), respectively. By the 
geometric projection, the heading information of the underwater vehicle can be solved in 
the two-dimensional plane XOY coordinate system, which is obtained by the following 
equation: 

θ = arctan y2 − y1 
x2 − x1 (2) 

where θ is the heading of the underwater vehicle. 
Combined with Fig. 2 and Eq. (2), the heading accuracy of the proposed method 

is determined by the horizontal positioning accuracy. In actual measurements, phase 
difference ambiguities cannot typically be ignored, making azimuth estimation error 
one of the primary factors affecting USBL positioning accuracy. The operating depth of 
the underwater vehicle (hereafter referred to as depth) also influences heading accuracy. 
As the depth between the acoustic array and the underwater beacon increases, the slant 
range grows, which impacts horizontal positioning error due to the increased slant range, 
ultimately affecting heading accuracy. In summary, USBL positioning accuracy, depth, 
and baseline are key factors influencing heading accuracy.
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Fig. 2. Dual beacon heading estimation principle. 

3 Experiment and Analysis 

In this study, numerical simulations were conducted to verify the feasibility of the pro-
posed method. To reliably assess the impact of USBL positioning accuracy, depth, and 
baseline length on heading accuracy, we used simulated data with parameters consis-
tent with actual underwater navigation sensors [8]. In the simulation experiments, a 
fixed baseline of 10 m was set for the dual-beacon design. Additionally, abnormal noise 
was introduced into the simulated data to mimic interference effects on acoustic signal 
propagation in complex underwater environments. 

3.1 Analysis of USBL Positioning Accuracy 

To analyze the impact of USBL positioning accuracy on heading accuracy, this study 
maintains a fixed depth for the underwater vehicle, with the depths of the acoustic 
array and beacon set to 0 m and 2000 m, respectively. Different USBL systems have 
varying sound velocity probes (SVP) accuracy and azimuth measurement accuracy. In 
this study, SVP accuracy and azimuth measurement accuracy are set based on different 
USBL positioning accuracy to simulate the effect of USBL positioning accuracy on 
heading accuracy [9], as shown in Table 1. It is noted that the root mean square (RMS) 
is used as the error statistical standard. 

Table 1. SVP accuracy and azimuth accuracy corresponding to different USBL positioning 
accuracy 

USBL positioning accuracy SVP errors Azimuth errors 

0.1%D 0.2 m/s 0.02° 

0.5%D 0.5 m/s 0.05° 

1%D 0.8 m/s 0.1° 

2%D 1.2 m/s 0.25°
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Figure 3 and Fig. 4 show the relationship between different USBL positioning accu-
racy and positioning accuracy as well as heading accuracy. Table 2 summarizes the 
positioning and heading accuracy for different USBL positioning accuracy. The analysis 
based on Fig. 4 and Table 2 is as follows: 

Fig. 3. The impact of different USBL positioning accuracy on positioning errors 

Table 2. The impact of different USBL positioning accuracy on heading accuracy 

USBL 
accuracy

�x/m �y/m �r/m Heading 
Accuracy/° 

0.1%D 0.56 0.17 0.59 4.35 

0.5%D 1.34 0.29 1.37 8.94 

1%D 2.39 0.43 2.43 18.57 

2%D 4.82 1.57 5.07 41.44 

Based on Fig.  3 and Table 2. The impact of different USBL positioning accuracy on 
heading accuracy, it can be observed that as the USBL positioning accuracy decreases, 
the horizontal positioning accuracy also decreases. When the USBL positioning accuracy 
increases from 0.1%D to 2%D, the positioning error in the X-axis direction increases by 
a factor of 8, while the positioning error in the Y-axis direction increases from 0.17 m to 
1.57 m, a growth of over 800%. The horizontal positioning accuracy decreases nearly 
ninefold. 

Figure 4 shows that as the horizontal positioning distance increases, the heading error 
gradually increases. The scatter points of heading errors for USBL systems with different 
accuracy show clear stratification, with a USBL positioning accuracy of 0.1%D offering 
a tenfold improvement in heading accuracy compared to 2%D. This is because when the 
baseline length is 10 m, the positioning error in the Y-axis significantly increases as the
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USBL positioning accuracy changes from 0.1%D to 2%D. Combining this with Eq. (2), 
the heading accuracy decreases noticeably. 

Fig. 4. The relationship between USBL positioning accuracy and heading accuracy 

3.2 Analysis of Depth 

To simulate the impact of depth on positioning accuracy and heading accuracy, the 
depth values are varied in the simulation. The relationship between different depths and 
positioning accuracy is shown in Fig. 5. Table 3 summarizes the positioning accuracy 
and heading accuracy at different positioning errors. The analysis based on Fig. 5, Fig.  6, 
and Table 3 is as follows: 

The experiment simulates the motion of the underwater vehicle by varying the depth, 
with continuous movement from 0 to 3500 m at each depth to simulate the vehicle’s 
movement state. Four different depths were used for the simulation: 1000 m, 2000 m, 
3000 m, and 4000 m. The positioning errors at different depths are shown in Fig. 5. 

Table 3. The effect of depth on positioning accuracy and heading accuracy 

Depth �x/m �y/m �r/m Heading 
Accuracy/° 

0.3 1.21 0.19 1.22 8.81 

0.6 1.35 0.22 1.37 10.17 

1 1.52 0.34 1.56 12.95 

1.5 1.71 0.59 1.81 16.69 

As shown in Fig. 5, with the increase in depth, the horizontal positioning accuracy 
gradually decreases. The impact of depth on positioning accuracy is reflected in both 
the X and Y axes, with a more noticeable change in the Y axis. Under constant USBL
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Fig. 5. Positioning errors at four different depths 

Fig. 6. The effect of different depths on heading accuracy 

positioning accuracy, when the depth increases from 1000 m to 4000 m, the positioning 
error increases from 1.22 m to 1.81 m, an increase of 48.3%. Compared to the influence 
of USBL accuracy on positioning accuracy, the impact of depth on positioning accuracy 
is less significant. 

As seen in Fig. 6, the scatter plots of heading errors at different depths show a clear 
stratification. With increasing depth, heading accuracy gradually deteriorates. When the 
depth increases from 1000 m to 4000 m, a fourfold increase in depth leads to a heading 
error increasing from 8.81° to 16.69°, nearly doubling the heading error. Therefore, 
while depth affects heading accuracy, its impact is not as pronounced. 

3.3 Analysis of Baseline Length 

Figure 7 simulates the trend of heading error with respect to horizontal distance for 
baseline lengths of 5 m, 10 m, and 20 m. It is evident that as the baseline length increases, 
the heading accuracy improves significantly. For a baseline length of 5 m, the heading 
accuracy is 31.11°, while for a baseline length of 20 m, the heading accuracy improves to 
7.92°, representing a one-order magnitude improvement compared to the 5 m baseline.
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Since the positioning errors on the X-axis and Y-axis remain the same for different 
baseline lengths, and other simulation parameters are kept constant, the increase in 
baseline length directly leads to an improvement in heading accuracy, as shown in Eq. (5). 
Additionally, a pattern can be observed: within a certain range of baseline lengths, 
and assuming other error factors are negligible, heading accuracy improves in a linear 
relationship with the increase in baseline length. 

Fig. 7. Impact of different baseline lengths on heading accuracy. 

4 Conclusion 

Heading information is a fundamental prerequisite for the successful completion of 
tasks by underwater vehicles. To address the limitations of traditional underwater head-
ing estimation methods, this paper proposes a real-time underwater heading estimation 
method based on a dual-beacon Ultra-Short Baseline (USBL) acoustic positioning sys-
tem. Based on this method, for underwater vehicles already equipped with a USBL, it 
is only necessary to add a low-cost beacon to provide additional heading information, 
which is of significant importance for the navigation of underwater vehicles. 
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Abstract. This article proposes an adaptive learning-based optimal 
cooperative control method for nonlinear multi-agent systems (MASs) 
subject to output constraints. This constraint is more comprehensive, 
as the constrained boundaries are not only time-varying and asym-
metric but also positive and negative switching. To address asymmet-
ric time-varying output constraints, a system transformation method 
is designed to obtain equivalent unconstrained MASs utilizing a one-
to-one state mapping. Subsequently, a neural network (NN)-based dis-
tributed observer is developed to simplify the cooperative control prob-
lem into multiple trajectory tracking problems. The proposed distributed 
observer overcomes the limitation of prior knowledge of leader dynamics, 
and ensures that the observer errors can converge in a finite time. For 
optimizing system performance, an adaptive dynamic programming algo-
rithm is developed. Leveraging the powerful learning ability of the critic 
NNs, the approximate optimal controller for each agent can be obtained. 
Lyapunov analysis provides a rigorous proof of the boundedness of all 
signals in the closed-loop systems. The efficacy of the proposed approach 
can be substantiated through simulation results conducted on multiple 
single-link robot arm systems. 

Keywords: Adaptive dynamic programming (ADP) · Asymmetric 
time-varying constraints · Distributed observer · Multi-agent systems 
(MASs) 

1 Introduction 

Multi-agent systems (MASs) have attracted considerable attention and become 
an important concern in the current industrial manufacture [ 1– 4]. The cooper-
ative control of MASs has transitioned from a centralized approach to a dis-
tributed one. To satisfy the higher practical requirements of engineering, achiev-
ing synchronization between followers and leader while minimizing control costs 
becomes imperative, giving rise to the optimal cooperative control problem 
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[ 5, 6]. Adaptive dynamic programming (ADP), which uses neural network (NN) 
approximation method to efficiently solve the Hamilton-Jacobi-Bellman (HJB) 
equation, has demonstrated remarkable outcomes in the realm of optimal control 
for MASs. In [ 7], a distributed optimal cooperative control problem for nonlinear 
MASs is solved by an event-triggered ADP algorithm. Afterwards, an exploration 
in [ 8] was conducted on the utilization of actor-critic ADP algorithm to achieve 
the distributed optimal formation control for leader-follower MASs. 

It has been demonstrated that distributed architectures are crucial for opti-
mal cooperative control of MASs, as they offer improved stability and faster 
computational performance [ 9,10]. Distributed observer presents a novel app-
roach to distributed control, which allows each follower to estimate the leader’s 
state without necessitating actual information exchange among followers. Then, 
the intricate task of distributed cooperative control is streamlined by transform-
ing it into multiple trajectory tracking control. In [ 11], a simplified distributed 
approach was employed to facilitate the formation control of a quadrotor team 
by utilizing distributed observers. This strategy effectively decomposes the com-
plicated cooperative control problem into an independent position tracking prob-
lem for each quadrotor. Following this, [ 12] and [ 13] made improvements to dis-
tributed observers for achieving optimal synchronization within heterogeneous 
MASs against unknown leader dynamics. Nevertheless, the convergence rate of 
observer error is disregarded by these aforementioned methods. Recent studies 
have placed greater emphasis on addressing the finite-time stability problem to 
enhance transient performance. 

Considering the imperative of ensuring system safety and adhering to physi-
cal limitations, many practical systems normally operate under state constraints. 
Any deviation from these constraints can result in unfavorable tracking perfor-
mance or potential harm to the controlled system [ 14]. The barrier Lyapunov 
function (BLF) has gained significant recognition as an efficient strategy for 
handling state constraints. A logarithmic BLF was utilized to tackle symmetric 
state constraints in [ 15]. The BLF approaches are essentially indirect techniques 
for managing constraints, necessitating additional effort in selecting initial values 
for the constraints. To address this concern, an ADP algorithm has incorporated 
a state transformation approach to design the optimal controller of a nonlinear 
system subject to output constrains [ 16]. However, the constraint boundaries are 
required to be constant. To address a broader spectrum of practical requirements, 
it is essential to further explore time-varying and asymmetric constraints. 

Drawing upon the aforementioned discussion, this paper delves into the adap-
tive learning-based optimal cooperative control problem for a class of MASs with 
asymmetric time-varying output constraints. The contributions of the developed 
adaptive learning-based optimal cooperative control are summarized as follows: 

1. A system transformation technique utilizing a one-to-one state mapping is 
introduced to address asymmetric time-varying output constraints. The trans-
formed equivalent MASs are optimized using the ADP algorithm, which not 
only optimizes the system performance, but also ensures that the output 
constraint is not violated.
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2. An NN-based distributed observer is proposed for estimating the states of 
the unknown nonlinear leader. By leveraging the online learning capability 
of NNs, precise knowledge about the leader dynamics is no longer necessary. 
Furthermore, convergence of estimation errors towards a small vicinity around 
zero is achieved within a finite time. 

Notation: T is the transposition symbol. λmin(·) denotes the minimum eigen-
value and λmax(·) denotes the maximum eigenvalues. R is the Euclidean space. 
atanh(·) is the inverse hyperbolic tangent function. sign(·) represents the sign 
function. diag{·} is a diagonal matrix. 

2 Preliminaries 

A group of followers is represented by the set Γ = {r1, . . . , rN}, and all followers 
exchange information through a weighted undirected topology denoted as Π = 
(Γ, U, Υ ). U ⊆ Γ ×Γ is the edge set, if (ri, rj) ∈ Γ , follower i and j can exchange 
information and are considered adjacent to one another. The adjacency matrix 
Υ = [νij ] ∈ RN×N satisfies (ri, rj) ∈ Γ ⇔ νij = νji = 1, and (ri, rj) /∈ Γ ⇔ 
νij = νji = 0. For agent i, we define its neighbor set as Ni. In addition, the 
topology graph is simple without any repeated edges or self-loops. The Laplacian 
matrix Ψ = [ςij ] ∈ RN ×N is symmetric and given by subtracting the adjacency 
matrix from a diagonal matrix Φ = diag {ϑ1, . . . , ϑN} where ϑi =

∑N 
j=1 νij . To  

illustrate the information interaction between followers and leader, a diagonal 
matrix denoted as Ξ = diag {λ1, ..., λN} is introduced, where λi = 1 if follower 
i receives information from the leader; otherwise, λi = 0. According to previous 
research [ 17], it has been shown that Λ = Ψ + Ξ is positive definite. 

3 Problem Description 

The nonlinear dynamics of the ith follower is given by 

ṗi =vi 

v̇i =h̄i(pi, vi) +  ̄gi(pi, vi)ui 

yi =pi (1) 

where i = 1, . . . , N . pi = [pi1, . . . , pin]T ∈ R
n is the position vector and 

vi = [vi1, . . . , vin]T ∈ Rn represents the velocity vector. The nonlinear con-
tinuous differentiable functions h̄i(·) = [hi1(·), . . .  , hin(·)]T ∈ Rn and nonlinear 
continuous control gain matrices ḡi(·) = [gi1(·), gi2(·), . . . , gin(·)]T ∈ Rn×o are 
known. ui = [ui1, . . . , uio]T ∈ Ro is the input signal and yi ∈ Rn is the output 
signal. And the virtual leader is formulated as follows: 

ṗ0 = v0, v̇0 = h̄0(p0, v0) (2)
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where the reference position p0 = [p01, . . . , p0n]T ∈ Rn and reference velocity 
v0 = [v01, . . . , v0n]T ∈ Rn. y0 = p0 ∈ Rn denotes the output signal. h̄0(·) =  
[h01(·), . . . , h0n(·)]T ∈ Rn is smooth function vectors. 

In this paper, the output signals are subject to aj(t) < yij < Aj(t), j = 
1, . . . , n, where aj(t) and  Aj(t) are boundary functions. It is noted that only 
condition aj(t) < Aj(t) should be satisfied, thus the constrained boundaries can 
be asymmetric, time-varying and positive and negative switching. Additionally, 
it is reasonable to assume that Aj(t) and  aj(t) are smooth continuous. 

This paper aims to develop an adaptive learning-based distributed optimal 
control policy. This optimal control policy ensures that all followers synchro-
nize with the leader, while also guaranteeing adherence to the asymmetric time-
varying output constraints. 

4 Optimal Cooperative Controller Design 

An equivalent MASs without any constraints on the output is firstly achieved 
through a system transformation approach. Then, desired trajectories for each 
follower is generated by distributed observer design, which transforms the coop-
erative control task to multiple general tracking control. Ultimately, an approx-
imate optimal controller is derived using a single critic NN ADP algorithm. 

4.1 System Transformation 

The one-to-one nonlinear mapping is designed as 

ξij = Q
(
pij , Aj(t), aj(t)

)
, j  = 1, . . . , n (3) 

where Q(·) = atanh
(

2pij−Aj (t)−aj (t) 
Aj (t)−aj (t)

)
. Let  ξi = [ξi1, . . . , ξin]T ∈ Rn be the 

position vector of the transformed system. By differentiating (3), one has 

ξ̇ij = ∂Q(·) 
∂pij 

vij + ∂Q(·) 
∂Aj 

Ȧj + ∂Q(·) 
∂aj 

ȧj 
Δ = μij 

μ̇ij = h̃ij(ξi, μi) +  ̃gij(ξi, μi)ui (4) 

where 

h̃ij(ξi, μi) =  ∂Q(·) 
∂pij 

hij(pi, qi) +
[
∂Q(·) 
∂pij

](1) 

vij + ∂Q(·) 
∂Aj 

Äj 

+
[
∂Q(·) 
∂Aj

](1) 

Ȧj + ∂Q(·) 
∂aj 

äj +
[
∂Q(·) 
∂aj

](1) 

ȧj , 

g̃ij(ξi, μi) =  ∂Q(·) 
∂pij 

gij(pi, vi), 

μi = [μi1, . . . , μin]T ∈ Rn .
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Then, an equivalent MASs using state mapping is formulated as 

χ̇i = Fi + Giui (5) 

where χi =
[
ξT 
i , μ

T 
i

]T , Fi =
[

μT 
i ,

�

h 
T 

i (ξi, μi)
]T 

and Gi =
[
0T 

n×o,
�
g 

T 
i (ξi, μi)

]T 
. 

And
�

hi(ξi, μi) = [h̃i1(·), . . .  ,  ̃hin(·)]T, �
g i(ξi, μi) = [g̃i1(·), . . . ,  ̃gin(·)]T. 

Assumption 1 [ 18]:
∥
∥
∥

�
g i(ξi, μi)

∥
∥
∥ ≤ GM , where GM is a positive constant. 

Similarly, define ξ0j = Q
(
p0j , Aj(t), aj(t)

)
, one has 

ξ̇0j = ∂Q(·) 
∂p0j 

v0j + ∂Q(·) 
∂Aj 

Ȧj + ∂Q(·) 
∂aj 

ȧj 
Δ = μ0j 

μ̇0j =h̃0j(ξ0, μ0) (6) 

where h̃0j(ξ0, μ0) =  ∂Q(·) 
∂p0j 

h0j(p0, v0) +
[

∂Q(·) 
∂p0j

](1) 
v0j + ∂Q(·) 

∂aj 
äj +

[
∂Q(·) 
∂aj

](1) 
ȧj + 

∂Q(·) 
∂Aj 

Äj +
[

∂Q(·) 
∂Aj

](1) 
Ȧj . 

Letting χ0 = [ξT 
0 , μ

T 
0 ]

T with ξ0 = [ξ01, . . . , ξ0n]T and μ0 = [μ01, . . . , μ0n]T, 
the leader is transformed as 

χ̇0 = M0(χ0) (7) 

where M0(χ0) =
[

μT 
0 ,

�

h 
T 

0 (ξ0, μ0)
]T 

with
�

h0(ξ0, μ0) = [h̃01(ξ0, μ0), . . . ,  

h̃0n(ξ0, μ0)]T. 

4.2 NN-Based Distributed Observer Design 

In this subsection, we propose an NN-based distributed observer for reconstruct-
ing the leader’s dynamics. Using NNs, M0(χ0) is reconstructed as 

M0(χ0) =  wT 
m0ϕ(χ0) +  ι0 (8) 

where wm0 = [w1 
m0, . . . , w

n 
m0] ∈ Rlm×n indicates the ideal weighted matrix with 

wk 
m0 ∈ Rlm being the kth column of wm0, k = 1, . . . , n. ϕ(χ0) ∈ Rlm represents 

the bounded nonlinear activation function, while lm signifies the count of hidden 
neurons. ι0 ∈ Rn is approximation error. 

The NN-based distributed observer is designed by 

ṡi = ŵT 
miϕ(si) − Bsign(zi) − Dzi (9) 

where zi =
∑

l∈Ni 

νil(si − sl) +  λi(si − χ0), ŵmi = [  ̂w1 
mi, . . . ,  ̂wn 

mi] ∈ Rlm×n is the 

estimated weight matrix, and ŵk 
mi ∈ Rlm is the kth column of ŵmi. B and D are 

positive design parameters.
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Defining sik as the kth element of the vector si, we have  

ṡik = ŵkT 
miϕ(si) − Bsign(zik) − Dzik (10) 

where zik is the kth elements of the zi. 
Assumption 2 [ 12]. For the NN approximation error, it follows that ‖ι0‖ ≤  
ιM 0, wk 

m0 is bounded as
∥
∥wk 

m0

∥
∥ ≤ wM 0. Moreover,  ϕ(·) is bounded as ‖ϕ(·)‖ ≤  

bφ, where ιM 0, wM 0 and bφ are positive parameters. 

Theorem 1. If the weights of NNs are adjusted according to ˙̂wk 
mi = 

−αmi 
ϕ(si)zik 
1+z2 

ik 
− βmi ŵ

k 
mi, where  αmi > 0, βmi > 0, and the design parameter 

B > 0, D > b2 φ 
λmin(ΛΛ) +1, bφ denotes the Lipschitz constant associated with φ0(·). 

Then, the weight estimation error w̃mi = wm0 − ŵmi and state estimation error 
ei = si − χ0 achieve semi-global practical finite-time stable. 

Proof. The proof process is omitted here, which is similar to the literature [ 19]. 

4.3 Distributed Optimal Controller Design 

Establish the tracking error as ηi = χi − si. The derivative of ηi is 

η̇i = Fi − ŵT 
miϕ(si) +  Giui + �i (11) 

where �i = Bsign(zi) +  Dzi. 
Define Xi = [ηT 

i , s
T 
i ]

T, we can construct the following augmented system: 

Ẋi = Pi(Xi) +  Ui(Xi)ui + Wi (12) 

where Pi(Xi) = [(Fi − ŵT 
miϕ(si))T , ϕT(si)ŵmi]T, Ui(Xi) = [GT 

i , 0T 
n×o]

T and 
Wi = [�T 

i , −�T 
i ]

T. 
Then, we construct the following cost function: 

Vi(Xi) =
∫ ∞ 

t 
e−αV i(τ −t)(XT 

i ȲiXi + uT 
i Riui) dτ (13) 

where αV i  > 0, Ȳi = diag{Yi, 02n×2n}, Yi ∈ R2n×2n, Ri ∈ Ro×o. 
According to (13), Hamiltonian is formulated as 

H(Xi, ui, ∇Vi) =  XT 
i ȲiXi + uT 

i Riui + ∇V T 
i (Xi)

(
Pi(Xi) 

+ Ui(Xi)ui + Wi

) − αV iVi(Xi) (14) 

Using ∂H 
∂ui 

= 0, the optimal control u∗ 
i (Xi) is derived as 

u∗ 
i (Xi) =  − 1 

2 
R−1 

i U T 
i (Xi)∇V ∗ 

i (Xi) (15) 

Substituting (15) into (14), the HJB equation is given by 

H(Xi, u
∗ 
i , ∇V ∗ 

i ) =  XT 
i ȲiXi +

(∇V ∗ 
i (Xi)

)T(
Pi(Xi) 

+ Wi

) − u∗T 
i Riu

∗ 
i − αV iV ∗ 

i (Xi) = 0 (16) 

To solve this HJB equation, a single critic NN ADP algorithm is developed 
in next subsection.
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4.4 Single Critic NN ADP Algorithm 

By leveraging the universal approximation property exhibited by NNs, we can 
express V ∗ 

i (Xi) as  V ∗ 
i (Xi) =  wT 

ciδ(Xi) +  ς(Xi). Here, wci ∈ Rnci represents 
the optimal weight vector, δ(Xi) ∈ Rnci denotes the activation function, nci 
corresponds to the number of neurons. ς(Xi) ∈ R is approximation error. 

Then, ∇V ∗ 
i (Xi) is represented as 

∇V ∗ 
i (Xi) = (∇δ(Xi))T wci + ∇ς(Xi) (17) 

where ∇δ(Xi) =  ∂δ(Xi) 
∂Xi 

and ∇ς(Xi) =  ∂ς(Xi) 
∂Xi 

. Since the ideal weight vector is not 
available, the estimated cost function is formulated as V̂ ∗ 

i (Xi) =  ̂wT 
ciδ(Xi), where 

ŵci stands for the estimated value of the ideal weight vector. Then, ∇V̂ ∗ 
i (Xi) =  

ŵT 
ci∇δ(Xi). 

Substituting (17) into (15), the optimal controller is given by 

u∗ 
i = −1 

2 
R−1 

i U T 
i (Xi)((∇δ(Xi))T wci + ∇ς(Xi)) (18) 

The, the approximate optimal control policy is 

ûi = −1 
2 
R−1 

i U T 
i (Xi)(∇δ(Xi))T ŵci (19) 

A Bellman error is defined as εci = XT 
i ȲiXi + ûT 

i Riûi − αV i  ̂w
T 
ciδ(Xi) +  

ŵT 
ci∇δ(Xi)(Pi(Xi) +  Ui(Xi)ûi + Wi). Since Hi(Xi, u

∗ 
i , ∇V ∗ 

i (Xi)) = 0, one has 

εci = − ̃wT 
ciκi − εHi (20) 

where κi = −αV iδ(Xi)+∇δ(Xi)(Pi(Xi)+Ui(Xi)ûi+Wi). The weight estimation 
error is defined as w̃ci = wci − ŵci. Furthermore, εHi denotes the reconstruction 
error, which is obtained using methods similar to those presented in [ 20]. 

To ensure precise estimation of optimal weights by training the critic NNs, 
a learning rule for ŵci is designed as 

˙̂wci = − αciκi 

(1 + κT 
i κi)2 εci (21) 

where αci is design learning rate. 
Based on (20)–(21), w̃ci is updated by 

˙̃wci = − αciκi 

(1 + κT 
i κi)2 (κ

T 
i w̃ci + εHi) (22) 

4.5 Stability Analysis 

Assumption 3 [ 21]. wci is bounded by a positive constant ρw, such that
‖wci‖ ≤  ρw. ς(Xi) and  ∇ς(Xi) are bounded, with positive constants ρς and 
ρ∇ς respectively satisfying ‖ς(Xi)‖ ≤  ρς and ‖∇ς(Xi)‖ ≤  ρ∇ς . There is a con-
stant ρδ > 0 such that ‖∇δ(Xi)‖ ≤  ρδ. εHi is bounded, such that ‖εHi‖ ≤  EM , 
where EM is a positive constant.
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Theorem 2. Consider the given augmented system (12) and the cost function 
(13), the approximate optimal control strategy is designed as (19). Additionally, 
the update rule for critic NN weights is given by (21), then the weight approx-
imation error w̃ci and the tracking error ηi are uniformly ultimately bounded 
(UUB). 

Proof. Choose the Lyapunov function as Li = V ∗ 
i (Xi)+  1 

2 w̃
T 
ci w̃ci. Take the time 

derivative of Li as 

L̇i = ∇V ∗ 
i (Xi)(Pi(Xi) +  Ui(Xi)ûi + Wi) − αV iV ∗ 

i (Xi) 

− w̃T 
ci 

αciκiκ
T 
i 

(1 + κT 
i κi)2 w̃ci − w̃T 

ci 
αciκi 

(1 + κT 
i κi)2 εHi (23) 

According to (16), one has 

(∇V ∗ 
i (Xi))T(Pi(Xi) + +Wi) − αV iV ∗ 

i (Xi) =  −XT 
i ȲiXi + u∗T 

i Riu
∗ 
i (24) 

Substituting (24) into (23) and Applying Young’s inequality, we have 

L̇i ≤ −  XT 
i ȲiXi − u∗T 

i Riu
∗ 
i − 2u∗T 

i Ri(ûi − u∗ 
i ) 

− αci 

2 
λmin

(
κiκ

T 
i 

(1 + κT 
i κi)

2

)

‖w̃ci‖2 + αciE
2 
M 

2 
(25) 

Applying 2aT b ≤ ‖a‖2 + ‖b‖2 , a, b ∈ Rn, it follows 

− 2u∗T 
i Ri(ûi − u∗ 

i ) ≤ u∗T 
i Riu

∗ 
i + λmax(Ri) 

2 
G2 

M ρ
2 
δ‖w̃ci‖2 + λmax(Ri) 

2 
G2 

M ρ
2 
∇ς 

(26) 

Substituting (26) into (25) has  

L̇i ≤ −  λmin(Yi)‖ηi‖2 −
(

αci 

2 
λmin

(
κiκ

T 
i 

(1 + κT 
i κi)

2

)

− λmax(Ri) 
2 

G2 
M ρ

2 
δ

)

‖w̃ci‖2 

+ λmax(Ri) 
2 

G2 
M ρ

2 
∇ς + αciE

2 
M 

2 
(27) 

Choose appropriate αci to ensure that αci 
2 λmin

(
κiκ

T 
i 

(1+κT 
i κi)

2

)
−λmax(Ri) 

2 G2 
M ρ

2 
δ > 

0, then if the following condition holds:

‖w̃ci‖ >

√
√
√
√

αciE2 
M + λmax(Ri)G2 

M ρ
2 
∇ς 

αciλmin

(
κiκT 

i 
(1+κT 

i κi)
2

)
− λmax(Ri)G2 

M ρ
2 
δ 

(28) 

or

‖ηi‖ >

√
αciE2 

M + λmax(Ri)G2 
M ρ

2 
∇ς 

2λmin(Yi) 
(29) 

we have L̇1i < 0, which means that all signals in closed-loop system are UUB.
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5 Simulation Results 

The efficacy of the developed adaptive learning-based distributed optimal control 
policy is validated in this section using a MAS comprising four single-link robot 
arms. According to [ 22], each robot arm is described as 

ṗi = vi 

v̇i = −4.905 sin(pi) − 0.2vi + 0.1ui 

yi = pi (30) 

The initial states of each robotic arm are p1(0) = 0.04, v1(0) = −0.06, 
p2(0) = 0.15, v2(0) = −0.05, p3(0) = 0.05, v3(0) = −0.05 and p4(0) = 0.08, 
v4(0) = −0.01. Figure 1 shows the communication connections between these 
single-link robot arms. The followers are denoted as 1, 2, 3, 4, while the leader is 
denoted as 0. Additionally, we describe the dynamics of the leader using ṗ0 = v0, 
v̇0 = −p0, and  y0 = p0, where p0(0) = 0 and v0(0) = 0.2. Furthermore, it 
is required that for each single-link robot arm, its output signal must satisfy 
0.2 sin(t) − 0.1 − 0.1e−t < yi < 0.2 sin(t) + 0.1 + 0.1e−t. 

Let the design parameters of distributed observer be B = 0.1, D = 10, 
αmi = 1  and  βmi = 2. The parameters of cost function is selected as αV i  = 0.5, 
Yi = diag{500, 500} and Ri = 1. To obtain better learning effect of critic NNs, we 
set αci = 2.  And  δ(Xi) = [η2 

i1, η
2 
i2, ηi1ηi2, η

2 
i1η

2 
i2, η

2 
i1s

2 
i1, η

2 
i2s

2 
i2]

T. Choose  ̂wc1(0) = 
ŵc4(0) = [200, 200, 50, 0, 0, 0]T and ŵc2(0) = ŵc3(0) = [100, 250, 50, 0, 0, 0]T. 

Fig. 1. Communication topology. 

Firstly, the distributed observer (9) provides the respective reference trajec-
tories for all the followers. The estimated errors of the distributed observers, 
as depicted in Fig. 2, indicate a rapid convergence of the estimation error ei 
to zero in a finite time. The state trajectories of the followers are presented 
in Fig. 3, demonstrating that all followers successfully converge with the leader 
while maintaining the output signals within the asymmetric time-varying con-
straints. The approximate optimal control inputs for each single-link robot arm 
are illustrated in Fig. 4.
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Fig. 2. Norm of estimated errors of distributed observers. 

Fig. 3. Trajectories of the system states. 

Fig. 4. Approximate optimal control inputs.
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6 Conclusions 

This study addresses the optimal cooperative control of MASs with asymmet-
ric time-varying constraints using a single critic NN ADP algorithm. To tackle 
the asymmetric time-varying output constraints, a state mapping based on an 
inverse hyperbolic tangent function has been developed. Furthermore, an NN-
based distributed observer has been proposed to reformulate the cooperative 
task as multiple general trajectory tracking problems. By effectively solving the 
HJB equation for each follower, the single critic NN ADP algorithm derives an 
optimal cooperative controller. It is demonstrated that this distributed observer 
offers a novel approach for distributed optimal control and simplifies the design 
process of optimal cooperative controllers. However, how to employ the dis-
tributed observer in solving optimal cooperative control of MASs with switching 
communication topology is still an open research direction. 

Acknowledgments. This work was supported in part by the National Natural Sci-
ence Foundation of China (6240314862273108), the Scientific Research Startup Project 
of Guangdong Polytechnic Normal University under Grant (991701004), the Young 
Innovative Talents Project of Guangdong Province (2021KQNCX045), the Provincial 
and Municipal Joint Project of Basic and Applied Basic Research Fund of Guang-
dong Province(2022A1515110644), the Basic and Applied Basic Research Project 
of Guangzhou Basic Plan (2023A04J0355) and the Enterprise Cooperation Project 
(1747352). 

Disclosure of Interests. The authors state that they have no known financial con-

flicts of interest or personal relationships that might be perceived to have influenced 
the research presented in this paper. 

References 

1. Zheng, X., Ma, H., Zhou, Q., Li, H.: Neural-based prescribed-time consensus con-
trol for multiagent systems via dynamic memory event- triggered mechanism. SCI-
ENCE CHINA-Technol. Sci. (2024). https://doi.org/10.1007/s11431-024-2694-x 

2. Peng, X.-J., He, Y., Li, H., Tian, S.: Consensus control and optimization of 
time-delayed multi-agent systems: analysis on different order- reduction meth-
ods. IEEE Trans. Syst. Man Cybern.-Syst. (2024). https://doi.org/10.1109/TSMC. 
2024.3492335 

3. Zheng, S., Ma, H., Ren, H., Li, H.: Practically fixed-time adaptive consensus control 
for multiagent systems with prescribed performance. SCIENCE CHINA-Technol. 
Sci. (2024). https://doi.org/10.1007/s11431-024-2780-3 

4. Ren, H., Zhang, C., Ma, H., Li, H.: Cloud-based distributed group asynchronous 
consensus for switched nonlinear cyber-physical systems. IEEE Trans. Industr. Inf. 
(2024). https://doi.org/10.1109/TII.2024.3457811

https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1007/s11431-024-2694-x
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1109/TSMC.2024.3492335
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1007/s11431-024-2780-3
https://doi.org/10.1109/TII.2024.3457811
https://doi.org/10.1109/TII.2024.3457811
https://doi.org/10.1109/TII.2024.3457811
https://doi.org/10.1109/TII.2024.3457811
https://doi.org/10.1109/TII.2024.3457811
https://doi.org/10.1109/TII.2024.3457811
https://doi.org/10.1109/TII.2024.3457811
https://doi.org/10.1109/TII.2024.3457811


266 Z. Guo et al.

5. Luo, A., Ma, H., Ren, H., Li, H.: Estimator-based reinforcement learning consensus 
control for multiagent systems with discontinuous constraints. IEEE Trans. Neural 
Netw. Learn. Syst. (2024). https://doi.org/10.1109/TNNLS.2024.3445880 

6. Wang, X., Guang, W., Huang, T., Kurths, J.: Optimized adaptive finite-time con-
sensus control for stochastic nonlinear multiagent systems with non-affine nonlinear 
faults. IEEE Trans. Autom. Sci. Eng. (2023). https://doi.org/10.1109/TASE.2023. 
3306101 

7. Fu, H., He, H., Chen, Y.: Event-triggered cooperative tracking control of multi-
agent systems with a dynamic leader via approximate dynamic programming. IEEE 
Trans. Artif. Intell. 5(6), 2752–2765 (2024) 

8. Zhang, J., Fu, Y., Fu, J.: Optimal formation control of second-order heterogeneous 
multi-agent systems using adaptive predefined-time strategy. IEEE Trans. Fuzzy 
Syst. 32(4), 2390–2402 (2024) 

9. Sun, J., Ming, Z.: Cooperative differential game-based distributed optimal syn-
chronization control of heterogeneous nonlinear multiagent systems. IEEE Trans. 
Cybern. 5312, 7933–7942 (2023) 

10. Luo, A., Zhou, Q., Ma, H., Li, H.: Observer-based consensus control for MASs with 
prescribed constraints via reinforcement learning algorithm. IEEE Trans. Neural 
Netw. Learn. Syst. (2023). https://doi.org/10.1109/TNNLS.2023.3301538 

11. Zhao, W., Liu, H., Lewis, F.L.: Robust formation control for cooperative under-
actuated quadrotors via reinforcement learning. IEEE Trans. Neural Netw. Learn. 
Syst. 32(10), 4577–4587 (2021) 

12. Wang, S., Wen, S., Yang, Y., Shi, K., Huang, T.: Suboptimal leader-to-coordination 
control for nonlinear systems with switching topologies: a learning-based method. 
IEEE Trans. Neural Netw. Learn. Syst. 34(12), 10578–10588 (2023) 

13. Xia, L., Li, Q., Song, R., Modares, H.: Optimal synchronization control of hetero-
geneous asymmetric input-constrained unknown nonlinear MASs via reinforcement 
learning. IEEE/CAA J. Automatica Sinica 9(3), 520–532 (2022) 

14. Cao, L., Ren, H., Meng, W., Li, H., Lu, R.: Distributed event triggering control 
for six-rotor UAV systems with asymmetric time-varying output constraints. SCI-
ENCE CHINA Inf. Sci. 64(7), 1–16 (2021). https://doi.org/10.1007/s11432-020-
3128-2 

15. Mishra, P.K., Verma, N.K.: On controller design for nonlinear systems with pure 
state constraints. IEEE Trans. Circuits Syst. II Express Briefs 69(4), 2236C – 2240 
(2022) 

16. Fan, B., Yang, Q., Tang, X., Sun, Y.: Robust ADP design for continuous-time 
nonlinear systems with output constraints. IEEE Trans. Neural Netw. Learn. Syst. 
29(6), 2127–2138 (2018) 

17. Li, K., Hua, C., Sun, C.: Finite-time observer-based leader-following consensus 
for nonlinear multiagent systems with input delays. IEEE Trans. Cybern. 51(12), 
5850–5858 (2021) 

18. Yang, Y., Vamvoudakis, K.G., Modares, H., Yin, Y., Wunsch, D.C.: Safe intermit-
tent reinforcement learning with static and dynamic event generators. IEEE Trans. 
Neural Netw. Learn. Syst. 31(12), 5441–5455 (2020) 

19. Guo, Z., Zhou, Q., Ren, H., Ma, H., Li, H.: ADP-based fault-tolerant consensus 
control for multiagent systems with irregular state constraints. Neural Netw. 180, 
106737 (2024) 

20. Xue, S., Luo, B., Liu, D., Gao, Y.: Event-triggered integral reinforcement learning 
for nonzero-sum games with asymmetric input saturation. Neural Netw. 152, 212– 
223 (2022)

https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TNNLS.2024.3445880
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TASE.2023.3306101
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1109/TNNLS.2023.3301538
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2
https://doi.org/10.1007/s11432-020-3128-2


Optimal Cooperative Control for Constrained 267

21. Guo, Z., Ren, H., Li, H., Zhou, Q.: Adaptive-critic-based event-triggered intelligent 
cooperative control for a class of second-order constrained multiagent systems. 
IEEE Trans. Artif. Intell. 4(3), 1654–1665 (2023) 

22. Xue, S., Luo, B., Liu, D., Yang, Y.: Constrained event-triggered H∞ control based 
on adaptive dynamic programming with concurrent learning. IEEE Trans. Syst. 
Man Cybern. Syst. 52(1), 357–369 (2022)



Pareto-Wise Ranking Generator 
for Multi-objective Coevolutionary 
Generative Adversarial Networks 

Weifeng Guo1(B) , Yijun  Fu1 , Ying Bi1 , and Jing Liang2 

1 Zhengzhou University, Zhengzhou 450001, China 
guowf@zzu.edu.cn 

2 Henan Institute of Technology, Xinxiang 453003, China 

Abstract. Existing optimization methods for Generative Adversarial 
Networks that use evolutionary algorithms frequently suffer from the 
problem of disordered ordering, which occurs when several sets of solu-
tions produced by a generator during training have poor ordering. To 
address the aforementioned issue, we want to optimize the generation 
process by training a Pareto-wise end-to-end ordered generator and rank-
ing its children via evolutionary algorithms. Finally, the MCE-GAN algo-
rithm is proposed to decompose the problem of adversarial optimization 
of generative adversarial networks into two problems of generator and 
discriminator evolution, and to perform mutation operations on the gen-
erator and discriminator using evolutionary algorithms, where the gen-
erator selection method is performed by training a set of generated gen-
erators and then using non-dominated ordering. Extensive studies on a 
synthetic dataset and a benchmark picture dataset demonstrate that the 
proposed MCE-GAN produces competitive and superior results. 

Keywords: Generative Adversarial Networks · Pareto-wise · 
Evolutionary Algorithms 

1 Introduction 

GAN [ 1] is a generative model that seeks to learn the data production pro-
cess for generating new samples that are comparable to training data. GANs 
have a broad range of applications in generative modeling, including picture 
production [ 2], style migration [ 3], image complementation. They also have the 
advantage of producing high-quality and flexible samples. 

GANs consist the generator and the discriminator. The training goal of the 
generator is to generate data to fool the discriminator, the discriminator is to 
distinguish between real and fake as much as possible. In practice, there are 
many problems of ineffective generative adversarial networks caused by pat-
tern collapse or unstable training. In general, many recent optimizations on 
GANs optimize various adversarial training processes to overcome these model 
problems. 
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From the perspective of multi-objective optimization, generative adversarial 
network is a complex multi-objective optimization problem (e.g. the quality and 
diversity of the generated images). The main methods for multi-objective opti-
mization are weighted summation [ 4], objective programming [ 5], pareto optimal 
solution [ 6]and evolutionary algorithms. In solving the problem of multi-objective 
GANs, Wang et al. [ 7] first proposed E-GAN. In addition Marco Baioletti et al. 
proposed MO-EGAN [ 8], which views the generator as a multi-objective opti-
mization, and improves the performance of the generator by simultaneously opti-
mizing the generated images. 

Then we try to incorporate multi-objective optimization into the optimiza-
tion of GANs. We propose a collaborative dual evolutionary GAN based on 
multi-objective optimization to enhance the diversity of result generation. 

In conclusion, we suggest a new GAN technique based on multi-objective 
optimization to address the adversarial optimization challenges of GANs. To 
increase the diversity of the generated outcomes, we use a multi-objective algo-
rithm for the generator, which selects created offspring based on many objec-
tives. We undertake comprehensive experiments on many benchmark datasets, 
and the experiments reveal that our method works better than other methods, 
demonstrating MCE-GAN’s superiority. 

The rest is as follows. Section 2 is the related work. Section 3 details the 
proposed MCE-GAN. In Sect. 4, we give the experimental setup and comparison 
results of MCE-GAN with other methods. Finally, conclusions of this paper 
drawn in Sect. 5. 

2 Related Work 

2.1 Generating Adversarial Networks 

GANs learns the distribution of data. The original form [ 1] of describing the 
max-min game between the two in the literature is: 

min 
G 

max 
D 

Ex∼pdata(x)[log D(x)] + Ez∼pz(z)[log(1 − log D(G(z)))] (1) 

There are several optimization methods to improve GANs: one is to modify 
the training objectives, such as Alec Radford et al.’s DCGAN [ 9] with convolu-
tional method to improve the stability. The second approach considers the joint 
optimization of numerous discriminator or generator models as a multi-objective 
problem, such as the GMAN proposed by Durugkar et al. [ 10]. Third, stabilize 
the training process by introducing new optimization or regularization methods 
to reduce instability and pattern collapse, such as E-GAN uses evolutionary algo-
rithms to optimize the generators and discriminators to adapt to the training 
environment and select the best generators. 

However, the diversity of the generated solutions during the evolution of the 
aforementioned evolutionary GANs is yet to be improved.
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2.2 Multi-objective Generating Adversarial Networks 

Existing generative adversarial networks are optimized for a single objective, 
which is often insufficient to meet practical needs. For example, in an image 
generation task, a user may want the generated images to be both clear and 
lifelike, but also want them to vary in content, style, or diversity. This has led 
to the emergence of multi-objective generative adversarial networks. 

Multi-objective optimization is a method for simultaneously considering mul-
tiple conflicting objectives in an optimization problem and finding the best bal-
ance between them. The optimization of one target results in the deterioration 
of other objectives in multi-objective optimization. The Pareto optimal solution 
formulation is as follows: 

min f(x) = [f1(x), f2(x), · · ·  , fk(x)] (2) 

The core of multi-objective generative adversarial networks is the integra-
tion of multi-objective optimization theory into the GANs framework. Multi-
objective loss function designs are: designing loss functions containing multiple 
objective terms; constructing multiple parallel discriminators to provide more 
feedback to the generator. There are also Pareto frontier approximation and 
hybrid optimization strategies, such as initializing parameters with evolutionary 
algorithms, dynamically tuning weights. 

3 Proposed Method 

We present the general algorithm. Subsequently, we present the algorithmic 
steps, describing in detail the evolutionary approach of the generator and the 
discriminator. 

3.1 Main Framework 

The main work of MCE-GAN is shown in Fig. 1. To improve the quality and 
diversity of the images generated by the generators and to build robust agent 
models with limited computational resources, we train a Pareto - wise classifier 
based on generator evolution, where the generator parameters are ranked accord-
ing to the quality and diversity of the generated images. Thus, it enables gener-
ative adversarial network selection to choose competitive generator parameters 
without the need for a real evaluation of the real target or target alternatives. 
A complex generative adversarial network optimization is transformed into a 
simple Pareto dominance task. The pseudo-code of the MCE-GAN is shown in 
Algorithm 1, and the main steps are as follows: 

1) Initialization. Specify the required parameters. Then, initialize the parame-
ters of the generator {θ1 , θ2 , . . . , θJ} and the parameters of the discriminator 
{ϕ1 , ϕ2 , . . . , ϕI}. 

2) Discriminator update loop setting. The purpose of this step is to distinguish 
the real data from the generated data better by continuously adjusting its 
parameters.
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3) Selection of the best offspring of the discriminator. This step ensures that the 
discriminator can work with better parameters in subsequent iterations, thus 
improving the performance of the entire generative adversarial network. 

4) Generator update loop setup. This step aims to fool the discriminator by 
continuously adjusting the parameters of the generator so that it can generate 
more realistic fake data. 

5) Generator offspring non-dominated ordering and crowding alignment. This 
step helps to determine which generator offspring perform better under mul-
tiple objectives and maintains the diversity of generator offspring. 

6) Generator best offspring selection (corresponding to the last part of the sec-
ond big loop in the pseudo-code). This step ensures that the generator will 
work with better parameters in subsequent iterations, thus improving the 
performance of the GAN. 

The key components of MCE-GAN are described in detail below. 

Fig. 1. The main framework of MCEGAN. 

3.2 Generator Multi-objective Evolution 

We construct generators with the help of a multi-objective evolutionary algo-
rithm and then mutate a batch of discriminators as an evolutionary environ-
ment. Generators are subpopulations of individuals that solve the subproblem 
of generating this one, which is used in collaboration with the discriminators. 

min LGθ = [LGθ1 , LGθ2 , · · ·  , LGθJ ]
T (3)
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Algorithm 1: MCE-GAN algorithm 
Require: Gθ: generator; Dϕ: discriminator; T : iterations; K: discriminator’s 
updating steps iteration; J : number for generator; I: number for discriminator; 
M : mutations for generator; N : mutations for discriminator, γ: 
hyper-parameter. 
Initialize parameters {θ1 , θ2 , . . . , θJ} {ϕ1 , ϕ2 , . . . , ϕI}; 
for t = 1, . . . , T  do 

for k = 1, . . . , K  do 
for i = 1, . . . , I  do 

Sample a batch xreal ∼ pdata; 
Sample a batch z ∼ pz, use the generator to produce a batch of xfake 

with generators; 
Dϕi ← Variation {N, Dϕi,n}; 
Evaluate the progeny of the discriminator N ; 

end 
Choose the progeny with the most favorable results 
{Dϕ1,1 , Dϕ2,1 , . . . , Dϕi,1} as next parents; 

end 
for j = 1, . . . , J  do 

Sample a batch of z ∼ pz; 
Gθj ←Variation {M, Gθj,M }; 
Evaluate the progeny of the generator M ; 

end 
PF  ←non dominated sortingGθj ; 
crowding alignment assignment (PF  ); 
Choose the progeny with the most favorable results {Gθ1,1 , Gθ2,1 , . . . , Gθj,1} 
as next parents ; 

end 

On the basis of the algorithm, the generator subpopulation is evolved by muta-
tion, evolution and selection. Figure 1 and Algorithm 1 illustrate the evolutionary 
process of the generator. 

Variation. We specifically use the objective functions proposed in [ 7]. The 
mutation step is a form of asexual reproduction in which a single parent gives 
rise to Nm  offspring by applying a step of Adam’s algorithm with Nm  distinct 
objective functions. In the evolution of the generator, we employ three comple-
mentary variants corresponding to the three different objectives of the generator, 
namely the Minimax variant [ 1], the Heuristic variant [ 1], and the Least-Square 
variant [ 12]. Different from E-GAN involving a generator that varies on a single 
specific discriminator, our generator variant trains multiple evolutionary dis-
criminators. 

Mminimax = 1 
2 
Ez∼q(z)[log(1 − D(G(Z)))] (4)
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Mheuristic = −1 
2 
Ez∼q(z)[log(D(G(Z)))] (5) 

Mleast−square = Ez∼q(z)[log(D(G(Z)) − 1)2] (6) 

Thus, these variants offer diverse strategies for the generator, inject vari-
ant diversity into the training process, thereby capturing multiple modes and 
constructing complementary populations of generators for stable training. 

Evaluation. After generating offspring through different mutations, we evalu-
ated the quality (including quality and diversity) of the offspring individuals by 
FG. Thus,  our  FG is composed: the quality fitness score FGq and the diversity 
fitness score FGq . 

FGq = 
J∑

j=1 

wiEz∼pz
[Dϕj (Gθ(z))] (7) 

F
Gd = − 

J∑

j=1 

wi

(
log

∥∥∥∇Dϕj − Ex∼pdata [log Dϕj (x)] − Ez∼pz [log(1 − Dϕj (Gθ(z)))]
∥∥∥
)

(8) 

minimizeFG(θ) =  {FGq (θ), FGd(θ)} (9) 

Selection. We describe how our algorithm selects generators. Our approach 
uses non-dominated ordering to filter the optimal generators. The generator chil-
dren are categorized into non-dominated fronts according to the non-dominance 
relation, and then the crowding distance at the same non-dominated front is 
calculated. 

3.3 Discriminator Evolution 

Our algorithm evolves the discriminator through an evolutionary algorithm, 
which allows the discriminator to get a dynamic strategy that more effectively 
balances in training. On the basis of the evolutionary algorithm, the evolution 
of the discriminator subpopulation is performed by mutation, evolution and 
selection. Figure 1 and Algorithm 1 illustrate the evolutionary process of the 
discriminator. The objective function as follow: 

min LDϕ = [LDϕ1 , LDϕ2 , · · ·  , LDϕJ ]
ϕT (10)
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Variation. Unlike the generator variation, we choose two objective functions, 
Minimax variation and least squares variation, in the discriminator variation 
stage, where Minimax is common to both vanilla GAN and NS-GAN, and the 
size of the inputs also affects the generative performance, so we further use the 
least squares objective function for the variation, which is complementary to 
Minimax. 

Mminimax = 1 
2 
Ez∼q(z)[log(1 − D(G(Z)))] (11) 

Mleast−square = Ez∼q(z)[log(D(G(Z)) − 1)2] (12) 

Evaluation. We optimize the negative logarithmic gradient as a fitness function 
(diversity fitness score), which is effective in determining whether the model has 
fallen into a pattern collapse because the gradient can reflect the training state 
of the GAN. 

FD = − log
∥∥∇Dϕi − Ex∼pdata [log Dϕi(x)] − Ez∼pz

[log(1 − Dϕi(Gθ(z)))]
∥∥
(13) 

Selection. Similar to generator selection, following the evaluation, the new 
parent for the next evolution of the discriminator is selected. 

4 Experiments and Evaluation 

We present the evaluation metrics, parameter settings for the experiments, and 
analyze the generative performance of our model to validate our algorithm. At 
last, we compare the algorithmic performance of MCE-GAN with respect to 
other GANs to demonstrate the effectiveness of the improvements. 

4.1 Evaluation Metric 

In this study, we quantitatively evaluate the performance with the Inception 
Score (IS). It is worth mentioning that IS is an commen metric in the field for 
GANs. 

Specifically, IS obtain the conditional label distribution p(y | x) for  each  
generated image. The unique feature of the IS metric is that it is able to accom-
modate both the key aspects of generativity and diversity at the same time. 
In general, higher values of IS imply better of the generated samples. In this 
study, we calculated the IS value to quantify the performance of the method. 
The expression is: 

IS = exp(ExKL(p(y | x) ‖ p(y))) (14) 
In addition, in order to evaluate our method in a more comprehensive and in-
depth way, we also introduced the concept of human vision and evaluated it 
from a qualitative point of view. In this way, the combination of quantitative 
and qualitative evaluation provides a complete and accurate evaluation of the 
model.
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4.2 Implementation Details 

Specifically, two types of datasets are selected for the experiments: a well-
constructed synthetic dataset, which is a mixture of 8 Gaussian, and a represen-
tative real dataset. By conducting experiments on these two types of datasets, 
the aim is to prove conclusively the validity of MCE-GAN. 

Further, in order to make a more convenient and direct comparison with the 
existing research results, we adopt the same network structure as in the liter-
ature [ 7,11], for the experiments on the real data. Moreover, we have selected 
MLP [ 11] as the model architecture of MCE-GAN for the experimental opera-
tion. The Table 1 lists the required model structure in a clear and exhaustive 
manner. 

Meanwhile, during the experiments, the noise is sampled from the uniformly 
distributed pz according to specific rules. The dimension of the sampled noise 
vector z is 100 dimensions for the real dataset and 256 dimensions for the syn-
thetic dataset. 

Finally, we chose the Adam with specific hyperparameter settings (α = 
0.0003, β1 = 0.4, β1 = 0.99) to optimize our model. Moreover, all the operations 
in the experimental process are efficiently realized with the help of PyTorch, a 
powerful deep learning framework. 

Table 1. The network structure used by MCE-GAN 

Generator Discriminator 
MLP 

Input: Noise Input: Point 
Layer 1: Fully Connected Layer (128) Layer 1: FC (128) 
Layer 2: FC (128) Layer 2: FC (128) 
Layer 3: FC (128) Layer 3: FC (128) 
Output: Generated Point Output: True or False (probability) 
DCGAN 

Input: Noise Input: Image (32*32*3) 
Layer 1: Fully Connected Layer (4*4*512) Layer 1: ConvLayer (4*4*128) 
Layer 2: Transpose ConvLayer (4*4*512) Layer 2: ConvLayer (4*4*256) 
Layer 3: Transpose ConvLayer (4*4*256) Layer 3: ConvLayer (4*4*512) 
Layer 4: Transpose ConvLayer (4*4*128) Layer 4: Fully Connected Layer (1) 
Layer 5: Transpose ConvLayer (4*4*3) Output: True or False (probability) 
Output: Generated Image (32*32*3) 

4.3 Model Evaluation 

We conduct a qualitative and quantitative analysis of MCE-GAN’s generative 
performance. We compare and analyze Vanilla GAN (GAN), Least Squares GAN



276 W. Guo et al.

(LSGAN), Evolutionary GAN (E-GAN) [ 7], and CDE-GAN, all of which are 
similar to our technique. 

(1) Qualitative evaluation. The diversity of GANs is assessed by learning a 
Gaussian mixed distribution, which intuitively displays whether GANs exhibit 
pattern collapse. Figure 3 displays the results of the KDE maps on various base-
lines. 

To highlight the potential of MCE-GAN generating capability, Fig. 4 shows 
numerous samples generated by training our proposed model on the CIFAR-10 
dataset. It should be mentioned that the samples used in this paper were selected 
rather randomly. On CIFAR-10, the MCE-GAN can create visually recognized 
images such as frogs, airplanes, and horses (Fig. 2). 

Fig. 2. KDE plot of generated for 8 Gaussian distributions. 

Fig. 3. Samples generated by our proposed MCE-GAN on the real dataset CIFAR-10. 

(2) Quantitative evaluation. Since E-GAN, CDE-GAN is most similar to our 
method, we fuse it as a baseline to compare with our algorithm. In Table 2, 
E-GAN takes different number of generators J = 2, 4, CDE-GAN takes different 
number of discriminators I = 2, 4, and MCE-GAN takes different number of 
discriminators I = 2, 4. The results show that MCE-GAN exceeds others on the 
CIFAR-10 dataset. In addition, the other algorithms use the GP term during 
the training process, and their generative performance improves a little bit. 

In addition, as the number of discriminators increases, the balance decreases. 
It is well tuned, and thus continues to achieve significant improvements.
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Table 2. MCE-GAN comparison experiment results 

Methods IS 
E-GAN (J = 2, without GP) 6.70 ± 0.06 
E-GAN (J = 2, with GP) 7.23 ± 0.08 
E-GAN (J = 4, without GP) 6.93 ± 0.06 
E-GAN (J = 4, with GP) 7.31 ± 0.08 
CDE-GAN (I = 2, without GP) 6.89 ± 0.09 
CDE-GAN (I = 2, with GP) 7.18 ± 0.05 
CDE-GAN (I = 4, without GP) 7.06 ± 0.08 
CDE-GAN (I = 4, with GP) 7.48 ± 0.10 
MCEGAN (I = 2, without GP) 7.24 ± 0.08 
MCEGAN (I = 2, with GP) 7.41 ± 0.07 
MCEGAN (I = 4, without GP) 7.30 ± 0.04 
MCEGAN (I = 4, with GP) 7.51 ± 0.05 

4.4 Pareto-Front Analysis 

We analyzed the Pareto frontier. The purpose of this experimental analysis is 
to determine whether the selection of a Pareto frontier for the population is 
necessary. 

Indeed, if the best solution is in the middle of the front, this suggests that 
the application of the Pareto frontier is effective for selecting better generator 
parameters. However, if the best solution is located at the two extremes, it means 
that there is no need to optimize the generator with two functions. 

So analyze the populations of the Pareto frontiers we found shown in Fig. 4: 
in the first row, we labeled the Pareto frontiers that found the best solution. 
We normalized the IS between bad and good results. Thus, the orange circle is 

Fig. 4. Pareto frontiers of optimal solutions for different population sizes.
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the population with the largest IS value and, conversely, the small blue circle 
corresponds to the population with the smallest IS value. 

5 Conclusion 

In this paper, we propose an MCE-GAN that incorporates Pareto frontier selec-
tion into the optimization of the generator as well as evolutionary computa-
tion of both parts of the GAN, in order to achieve the goal of co-evolution of 
the generator-discriminator and effectively overcome the problem of GAN pat-
tern collapse and instability. The introduction of the Pareto frontier selection 
enhances the quality of generator selection, hence improving MCE-GAN’s gen-
eration performance. Additionally, competitive results on a synthetic dataset 
and a real dataset are shown to demonstrate the usefulness of our technique. 
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Abstract. Tiltrotor aircraft, with its vertical takeoff and landing capabilities and 
high-speed cruise efficiency, have demonstrated significant advantages in the avi-
ation field, especially in complex terrains and special missions where they play 
an irreplaceable role. The excellent flight performance of tiltrotor aircraft makes 
it have great potential for development and application in the aviation field. How-
ever, the diversity of flight modes and the complexity of transition stages also bring 
many challenges to the control design of tiltrotor aircraft. This article focuses on 
the development of tiltrotor aircraft and the current research status of control tech-
nology. Based on the current situation, it looks forward to the next step of tiltrotor 
aircraft controller design and proposes some research direction suggestions. 

Keywords: Tiltrotor Aircraft · Flight Control · Control Algorithm 

1 Introduction 

Helicopters and fixed wing aircraft are two typical types of aircraft. The helicopter has 
excellent maneuverability and can complete special flights such as vertical takeoff and 
landing, fixed-point hovering, rear flight, and side flight. It has unique advantages in 
complex environmental operations [1]. However, its rotor efficiency is relatively low, 
which limits its range and cruising speed, making it significantly inadequate for long-
distance flight missions [2]. The advantages of fixed wing aircraft lie in their high flight 
speed, large payload capacity, ability to perform long-range missions, and outstanding 
performance in long-distance transportation and military strategic operations. However, 
it has strict requirements for takeoff and landing runways, which limits the expansion of 
its usage scenarios. The shortcomings of traditional helicopters and fixed wing aircraft 
greatly limit their application scope. To overcome this limitation, the aviation industry 
has been seeking a unique aircraft that combines the advantages of both, and tiltrotor 
aircraft has emerged. The tiltrotor aircraft successfully combines the advantages of heli-
copters and fixed wing aircraft. It has the ability to cruise at high speeds while also 
performing various maneuvers of helicopters during low-speed flight [3, 4]. 

As a special type of rotary wing aircraft, tiltrotor aircraft has the characteristics of 
vertical takeoff and landing, hovering in the air, excellent low-speed and low altitude 
flight capabilities of ordinary helicopters, and high-speed cruising flight of fixed wing 
propeller aircraft [5]. Tiltrotor aircraft are equipped with rotors on both sides of the wings
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that can tilt with the nacelle [6]. Based on the difference in nacelle angle and aerodynamic 
characteristics, they can be divided into three modes: helicopter mode, fixed wing mode, 
and transition mode. When the short cabin is perpendicular to the body, the aircraft is in 
helicopter mode, achieving takeoff, landing, and maneuvering through the rotor. When 
the short cabin is parallel to the aircraft, it is in a fixed wing mode, with the wings 
providing lift and the rotors acting like propellers providing tension. The control force 
and torque are jointly provided by the total pitch and aerodynamic control surfaces [7, 
8]. When the nacelle is between the helicopter and fixed wing modes, it is a transitional 
mode, in which the rotor and wing jointly provide lift, and the rotor control surface and 
aerodynamic control surface jointly participate in the guidance and control of the aircraft 
[9]. 

For the flight control system of a tiltrotor aircraft, all three working modes are 
indispensable. The research on helicopter and fixed wing modal flight control systems 
can draw on traditional methods, but the transition mode is no longer fully applicable 
due to its complex flight characteristics and control methods [10]. Based on this, this 
article summarizes the development and control technology of tiltrotor aircraft, analyzes 
and predicts its future development trends, and points out feasible research directions 
for the future, which can serve as inspiration for the development of tiltrotor aircraft 
control technology in China. 

2 Development Status of Tiltrotor Aircraft 

In the mid-20th century, Bell Airlines led the development of tiltrotor technology in 
the United States. In 1955, the XV-3 prototype was introduced (Fig. 1), and in 1958, 
it successfully conducted a tilting flight test, which not only verified the theoretical 
feasibility of this innovative technology, but also accumulated important experience 
for subsequent technological development [11]. Although the XV-3 had limitations in 
power and control, failing to fully meet military requirements, it paved the way for 
future technological advancements. After the XV-3, Bell Airlines launched the XV-15 
validation aircraft (Fig. 2). Between 1977 and 1979, the XV-15 further explored the 
potential applications of tiltrotor technology in military and civilian fields through a 
series of flight tests, including hovering in helicopter mode and flight state transitions 
[12]. The outstanding performance of XV-15 at the Paris Air Show showed the broad 
prospects of tiltrotor aircraft, laying a solid foundation for the birth of V-22 “Osprey” 
tiltrotor aircraft. 

The V-22 “Osprey” tiltrotor aircraft (Fig. 3) is the result of a collaboration between 
Boeing and Bell Helicopter. After years of rigorous testing and improvement, it com-
pleted key flight missions including vertical takeoff and landing, wing stall, single engine 
failure, and landing test flights from 1989 to 1990. The V-22, with its outstanding per-
formance, has become the most widely used and numerous tiltrotor aircraft in the world 
[13]. The success of V-22 has also spawned multiple models to meet the diverse mission 
requirements of the army, navy, special operations, and transportation. However, so far 
V-22 has experienced multiple major accidents, resulting in over 40 fatalities. This not 
only causes losses to personnel, but also poses challenges to the future development of 
tiltrotor aircraft [14, 15].
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Fig. 1. XV-3 Fig. 2. XV-15 Fig. 3. V-22 

To compensate for the deficiencies and instability of the V-22, Bell Corporation 
launched the next-generation V-280 (Fig. 4) “Courage” tiltrotor helicopter program in 
the United States Army’s Joint Multi Purpose Rotorcraft (JMR) program [16]. The V-280 
has undergone technological upgrades based on the V-22, enhancing maneuverability 
for low-speed flight and further improving transport efficiency and range. It is a tiltrotor 
aircraft platform with both transport and attack capabilities [17]. In early 1996, the Italian 
Agusta Helicopter Company and the American Bell Helicopter Company collaborated 
to develop the 6350 kg, 9-seater civilian tiltrotor aircraft AW609 (Fig. 5), which required 
20 s for the rotor to tilt from vertical to horizontal position [18]. Eurocopter and Agusta of 
Italy have also jointly proposed the “Eurotilt” and “ERICA” plans with other countries, 
aiming to develop a 10 ton, 20 seat civilian tiltrotor aircraft. In 2020, Leonardo proposed 
the NextGenCTR civilian tiltrotor project (Fig. 6). 

Fig. 4. V-280 

Fig. 5. AW609 Fig. 6. NextGenCTR 

Due to historical reasons, China started researching tiltrotor aircraft relatively late and 
has not yet developed a large tiltrotor aircraft capable of carrying passengers. However, 
at the 2013 China Helicopter Expo, the Aviation Industry Group showcased a model 
of the “Blue Whale” tiltrotor aircraft (Fig. 7), which is designed to carry a load of 
20 tons, cruise at a speed of 538 km per hour, and have a combat radius of over 815 
km. It plans to be manufactured using new composite materials and equipped with 
advanced optical flight control systems and fault prediction technology, with expected 
performance significantly surpassing traditional helicopters. At the same time, China 
Aerospace Science and Technology Corporation’s “Rainbow 10” tiltrotor unmanned 
aerial vehicle (Fig. 8) demonstrated its capabilities at the Zhuhai Air Show. This drone has 
a maximum takeoff weight of 350 kg during vertical takeoff and landing, and is capable of 
performing reconnaissance and strike missions, as well as providing information support. 
The flight control system is jointly developed by Nanjing University of Aeronautics and
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Astronautics and Rainbow Company, and the drone body is manufactured by Rainbow 
UAV Company, achieving a high level of localization. 

Fig. 7. Blue Whale Fig. 8. Rainbow-10 

3 Research on Control Technology of Tiltrotor Aircraft 

At present, the controller design technology for traditional helicopters and fixed wing 
aircraft is relatively mature, such as traditional PID control, LQR control [19], neu-
ral network control [20], feature structure configuration [21], and robust control [22]. 
Tiltrotor aircraft have two sets of control modes: helicopter mode and airplane mode. In 
transition mode, the rotor/propeller nacelle tilts, exhibiting variable configuration and 
speed motion characteristics. As the model parameters change, the proportion of dif-
ferent control modes also constantly changes. In addition, due to the large number of 
maneuvers, there is a serious coupling relationship between them, which not only affects 
the balance, maneuverability, and stability in flight mode, but also directly affects the 
transition mode. Tiltrotor aircraft is a nonlinear, multivariable, and time-varying control 
object, and has characteristics such as mathematical model inaccuracy and environmen-
tal uncertainty [23]. Considering the above characteristics, it is very difficult to design 
controllers for tiltrotor aircraft during hovering, takeoff and landing, and transition. But 
this has also attracted numerous experts both domestically and internationally to conduct 
research in this field. According to the development of control theory, the flight control 
technology of tiltrotor aircraft can be mainly divided into two categories: linear con-
trol technology and nonlinear control technology [24]. Starting from these two aspects, 
analyze the existing control methods. 

3.1 PID Control 

Due to the complexity of the model of a tiltrotor aircraft, the most commonly used 
method in the initial research stage of the tiltrotor aircraft flight controller is the PID 
control method. The PID control method has adjustable dynamic characteristics, and 
even without understanding the system model characteristics, good control performance 
can be achieved by adjusting parameters through experiments. Choi et al. [25] designed 
a traditional PID control method for the “Smart UAV” scaled down aircraft project at the 
Korea Aerospace Research Institute. Stability control was adopted in the pitch, roll, and
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yaw channels, and the control variables were matched to the actuators through a control 
surface mixer. Different PID parameters were designed for different flight modes, and 
ground mooring tests and tilt flight tests were completed through gain scheduling. In 
terms of transition modes, based on the requirements of engineering applications, Xiao 
Siqi et al. [26] designed a tilting transition scheme after analyzing the aerodynamic and 
control characteristics of transition mode aircraft. On this basis, PID control method was 
used for simulation verification and successfully applied in flight testing. However, PID 
algorithm has limitations in anti-interference ability, difficulty in dealing with nonlinear 
systems, and complex handling of coupling problems. 

3.2 Gain Scheduling 

The basic idea of the gain scheduling algorithm is to linearize the system at multiple 
operating points and use classical or linear control methods to design controllers sepa-
rately, and schedule the gain control at each operating point according to the scheduling 
rules. The gain scheduling algorithm is simple and reliable, and is widely used in the 
design of tiltrotor unmanned aerial vehicle controllers. In terms of transition modes, 
Kang et al. [27] designed a control system for the scaled “SmartUAV” using airspeed 
maintenance, altitude maintenance, and orientation control for the outer loop. The gain 
was configured under different flight modes, and the experiment achieved transitional 
mode flight, verifying the effectiveness of attitude control. Holsten et al. [28] used PID 
method for control and optimized the controller gain based on multi-objective param-
eter synthesis method (Fig. 9). Through experimental analysis of the time response of 
states at different operating points, the results showed that the performance met the 
optimization design criteria. The main disadvantage is that it is relatively cumbersome, 
and the generated control rate satisfies local characteristics, but in order to satisfy global 
characteristics, other techniques need to be combined. Moreover, the robustness of this 
method is limited, and it is difficult to suppress the interference caused by uncertainty 
under complex conditions [29]. 

3.3 Linear Quadratic Optimal Control 

Linear quadratic optimal control is a design method for linear control systems based on 
state space models, which has good time-domain and frequency-domain characteristics. 
In early 2004, Vorwald and Chopra from the University of Maryland in the United 
States added a linear quadratic Gaussian regulator and a state observer to analyze and 
derive the dynamic equations of a tiltrotor. They separated stable and unstable modes 
in the modal space and designed controllers only for unstable modes. This processing 
method formed the basic prototype of LQG (Linear Quadratic Gaussian) control [30]. 
Papacristos et al. [31] designed a longitudinal control law for a small tiltrotor unmanned 
aerial vehicle (UAV) based on the theory of linear quadratic tracker (LQT), and achieved 
trajectory tracking control in the UAV helicopter mode(Fig. 10). Numerical simulations 
and hovering flight tests showed that the control device had good tracking performance. 
Onen et al. [32] used the LQR/LQT control method for attitude control of tiltrotor aircraft 
during vertical takeoff and landing phases. The effectiveness of the controller was verified 
through simulation and vertical takeoff and landing flight tests. In the transition mode,
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Ma Jiahui [33] studied the control method of linear quadratic regulator (LQR) for the 
longitudinal and vertical flight attitude of XV-15 tiltrotor aircraft in the transition section. 
Simulation experiments showed that the controller had good control effect on the flight 
attitude of tiltrotor aircraft. The main drawbacks of this method are strong dependence 
on model accuracy, difficulty in selecting weight matrices, and limited robustness. 

Fig. 9. Controller structure [28] 

Fig. 10. UPAT-TTR’s hovering trajectory-tracking control 
scheme [31] 

3.4 Dynamic Inversion Control 

Dynamic inversion eliminates all or part of the nonlinear characteristics in the original 
system through appropriate nonlinear transformations and nonlinear state feedback trans-
formations, thereby transforming the original system into a linear system and applying 
mature linear system control methods to design controllers for the transformed system. 
On the basis of establishing a tilting three rotor model, Chen Chao et al. [34] used  
dynamic inverse control method in the attitude control inner loop to calculate the output 
of the controller. Simulation results showed that the designed control system can effec-
tively track the desired input and suppress disturbances. Kim et al. [35] used the dynamic 
inversion method for the inner loop stabilization system and outer loop tracking system 
of a tiltrotor unmanned aerial vehicle, and compensated for the dynamic inversion error 
using a neural network. Simulation results showed that the system has good stability and 
tracking capability. In terms of transition modes, Calise et al. [36] conducted research 
on the high confidence simulation model GTRS (Generic TiltRotor Simulator) of the 
tiltrotor unmanned aerial vehicle XV-15. They used dynamic inverse design attitude and 
angular velocity basic model controllers, and compensated for errors between the model 
and the actual object using neural networks. The simulation experiment results showed 
that the attitude met the level 1 flight quality requirements of ADS-33D during the tilting 
process. However, it also suffers from model dependency and poor robustness, as well 
as complex control allocation.
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3.5 Adaptive Control 

The term “adaptive” was first proposed in “Engineering Control Theory” in 1954. The 
basic idea of adaptive control is to use adaptive algorithms to identify unknown param-
eters online and design control laws based on their estimated values, so that the actual 
closed-loop control system meets performance requirements [37]. In the mid-20th cen-
tury, Professor Whitaker from the Massachusetts Institute of Technology in the United 
States first proposed applying the model reference adaptive control method based on 
parameter optimization design to the design of helicopter flight control systems [38]. 
Cardoso et al. [39] adopted an adaptive hybrid framework approach for a small tiltrotor 
unmanned aerial vehicle, which achieved smooth switching between various controllers 
by selecting a weight function. In terms of transition modes, Guo Jiandong [40] divided 
the tiltrotor unmanned aerial vehicle into several subsystems, and then modeled and 
designed controllers separately. Finally, a model adaptive control strategy was adopted 
to achieve a smooth transition of the controller (Fig. 11). Yildiz et al. [41] designed a 
cascaded control system consisting of a position loop and an attitude loop for a small 
tilting wing unmanned aerial vehicle with a quadcopter layout. Both loops used model 
reference methods to design controllers. Simulation experiments show that due to the 
introduction of adaptive methods, the interference caused by rotational inertia and mass 
uncertainty has been solved, with a transition time of 10 s and stable height and attitude. 
However, it has the problem of large computational complexity and the contradiction 
between convergence speed and stability. 

3.6 Fuzzy Control 

The basic idea of fuzzy control is to use computers to implement human control expe-
rience, summarize the strategies of human experts for specific controlled objects or 
processes into a series of control rules expressed in conditional statements, and obtain 
a set of control effects through fuzzy reasoning, which act on the controlled objects or 
processes, but precision and stability issues require special attention [42]. Kadmiry et al. 
[43] used fuzzy control techniques to design scheduling functions and obtained good 
simulation results. However, the gain scheduling method can only ensure the effective-
ness near the parameter trajectory, and is used for controller design and ensuring stability 
close to all trajectories. It must sacrifice the local performance of the closed-loop system, 
which greatly reduces the control performance. In terms of transition modes, Chang et al. 
[44] studied the scaled “SmartUAV” and linearized the system at tilt angles of 0º, 30º, 
60º, and 90º. A fuzzy inference method was used to establish a fuzzy model approxima-
tion of the original model using the linearized model. The outer loop of the controller 
maintained control of altitude, airspeed, and yaw angle, while the inner loop used a T-S 
fuzzy controller to control the roll and pitch channels, achieving transitional mode flight 
in 20 s. The tilt process had good tracking of altitude and velocity, and the yaw angle 
converged to the expected value when entering the fixed wing mode quickly. During the 
reverse tilt process, the velocity tracking was good, but the altitude deviated from the 
expected value by up to 40 m.
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3.7 Sliding Mode 

Sliding mode control is a concept developed from the variable structure control proposed 
by Soviet scholar Emelynaov in the 1950s. After decades of development, this method 
has become a very important branch of nonlinear control, the advantage of this method is 
that it has strong robustness to modeling errors, parameter uncertainties, and other distur-
bances [45]. Pan et al. [46] designed a novel control method based on active disturbance 
rejection sliding mode controller and observer. The attitude angle and angular veloc-
ity commands were obtained using a tracking differentiator, and various disturbances 
were estimated using a sliding mode extended observer. The stability of the controller 
was proved using Lyapunov method, and the robustness of the flight control system 
was demonstrated through simulation experiments in different modes. Xiong et al. [47] 
used sliding mode control method for attitude and position tracking control of tiltrotor 
unmanned aerial vehicles. Simulation results showed that the system has fast conver-
gence and good robustness. Liu Haibo et al. [48] used a fractional order sliding mode 
controller based on a super twisting second-order sliding mode disturbance observer to 
perform attitude step control on the rotor mode of a quadcopter configuration tiltrotor 
unmanned aerial vehicle. 

3.8 Neural Network Control 

Neural network control algorithms have strong self-learning and nonlinear mapping 
capabilities, but their training time is long, they are sensitive to parameters, and there 
may be overfitting problems, Rysdyk et al. [20] proposed a control method for tiltro-
tor aircraft using neural network model inverse control, which has consistent response 
characteristics throughout the entire flight envelope. This method achieves attitude main-
tenance in the longitudinal channel and attitude angular rate maintenance in the lateral 
direction, improves the dynamic control effect of the roll channel and heading chan-
nel, and enables heading maintenance and coordinated turning flight at low airspeed. 
Yin et al. [49] combined sliding mode control with neural network methods to solve 
the convergence process oscillation problem that often occurs in sliding mode control 
design (Fig. 12). Kang et al. [50] designed a control system for the “TR-40”, consisting 
of a task scheduling layer, a navigation layer, a velocity and altitude maintenance layer, 
and an attitude control layer. The velocity and altitude maintenance control and attitude 
control used a dynamic inverse control method based on sigma pi through a network. 
The baseline model was a linearized model in the rotary wing mode. Simulation experi-
ments showed that in the presence and absence of wind, the acceleration process during 
the tilting process took more than 60 s while raising, and the reverse tilting process 
took more than 70 s to complete at the same height. The maximum amplitude of the 
pitch angle did not exceed 20º, and the height tracked the expected value well without 
significant deviation.



288 Z. Junhong et al.

Fig. 11. Multi model adaptive control law 
switching structure diagram [40] 

Fig. 12. The control structure of the 
adaptive neural network sliding mode 
controller for QTRA [49] 

4 Development Ideas for Control Technology of Tiltrotor Aircraft 

Tiltrotor aircraft have the advantages of fast flight speed, low vibration and noise, strong 
payload capacity, and high flight efficiency. They break free from the limitations of 
takeoff and landing sites and can better adapt to complex and narrow terrains such as 
mountains and ships. The unique aerodynamic layout and excellent flight performance of 
tiltrotor aircraft make it have great potential for development and application. However, 
there are still many complex control problems that have not been fully resolved in the 
research and design of tiltrotor aircraft, especially in the field of aviation weapons and 
equipment in China, where tiltrotor aircraft still do not exist. The research and design of 
tiltrotor aircraft still have a long way to go. The following development directions are 
just some of our research and learning experiences, hoping to provide some ideas and 
inspirations for relevant researchers. 

4.1 Meet the Adaptability Requirements of Complex Environments 

Tiltrotor aircraft need to operate in diverse environments, including complex terrains such 
as ships, cities, canyons, and mountainous areas, as well as adverse weather conditions 
such as strong winds and turbulence. These environments pose challenges to flight stabil-
ity and safety, therefore, control technology must be developed to adapt to these complex 
environments. By enhancing environmental awareness, improving aerodynamic models, 
and developing adaptive control algorithms, tiltrotor aircraft can maintain performance 
under various conditions, ensuring successful mission execution and flight safety. 

4.2 High Reliability and High Security Requirements 

Tilt rotor aircraft play an important role in critical missions such as military and rescue 
operations, and any control failure could lead to catastrophic consequences. Therefore, 
high reliability and high safety are the cornerstones of its control technology develop-
ment. Through fault diagnosis, fault-tolerant control, and redundancy design, it can be 
ensured that the aircraft can operate safely even in the event of partial system failure, 
thereby protecting personnel and asset safety and ensuring the continuity of critical tasks.
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4.3 Research on New Control Algorithms 

With the advancement of computing technology and the development of control theory, 
new control algorithms can provide higher control accuracy and robustness. The flight 
envelope of a tiltrotor aircraft is wide, and traditional control methods are difficult to 
meet the control requirements within the envelope, especially during the transition pro-
cess. Therefore, researching new control algorithms is aimed at addressing control chal-
lenges under model uncertainty, external disturbances, and complex flight conditions, 
and improving the performance and reliability of aircraft. 

4.4 Multidisciplinary Integration Development 

Tiltrotor aircraft is a highly integrated system that involves multiple fields such as aero-
dynamics, structure, and control. The integration of multiple disciplines can promote 
the exchange and integration of interdisciplinary knowledge, and drive the application 
of innovative technologies. In today’s world, science and technology are developing 
rapidly, and a large number of emerging achievements have emerged in fields such as 
digital technology, electric drive technology, artificial intelligence technology, as well 
as new materials and processes for aviation. Therefore, interdisciplinary integration is 
crucial for improving the overall performance and competitiveness of tiltrotor aircraft. 

5 Conclusion 

This article comprehensively reviews the research progress of control technology for 
tiltrotor aircraft, from traditional control methods to modern control methods, each 
with its unique principles and application characteristics. Traditional control methods 
have certain advantages in simple operating conditions, but have limitations in complex 
flight environments. Modern control methods demonstrate better performance in dealing 
with uncertainty, nonlinearity, and multimodal switching problems. However, current 
control technologies still face many challenges in terms of adaptability to complex 
environments, reliability, and accuracy efficiency balance. The article also summarizes 
several development directions for the next step of research on tiltrotor aircraft control 
technology, which can provide reference for subsequent related research. 

Disclosure of Interests. The authors have no competing interests to declare that are relevant to 
the content of this article. 
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Abstract. This paper investigates the robust/non-fragile control prob-
lem is studied for non-uniform sampled-data system under the schedul-
ing of the try-once-discard (TOD) protocol. The uncertainties of the 
system and the fragility of the controller are considered. Both of them 
are assumed to be norm-bounded. To reduce communication load and 
prevent network congestion, the TOD protocol is applied to manage the 
data transmissions. We aim to develop a criterion such that the consid-
ered non-uniform sampling system with an exponential gain is exponen-
tially stable for all possible system uncertainties. The desired criterion is 
derived via the Lyapunov theory and the Halanay-like inequality. Finally, 
a numerical example is presented. 

Keywords: Sampled-data systems · Non-uniform sampling · Robust 
control · Non-fragile control · Try-once-discard protocol 

1 Introduction 

In the previous few decades, sampled-data control theory for networked control 
systems (NCSs) has garnered significant recognition owing to the widespread 
adoption of digital technology in controller implementation [ 1, 2]. The signals 
transmitted through communication networks are often constrained by limited 
network resources, and thus the sampling intervals in a NCS might be inevitably 
non-uniform. Correspondingly, the stability research of NCSs under non-uniform 
sampling has garnered growing academic focus, see e.g. [ 3, 4]. 

In practical applications, NCSs might suffer from uncertainties resulted from 
modeling errors, linear approximations, external disturbances and system fail-
ures. These uncertainties would lead to discrepancies between the actual system 
parameters and their model values, affect the system stability, and complicate 
the controller design [ 5, 6]. Till now, the robust sampled-data control for uncer-
tain NCSs has been extensively studied. To cite some, in [ 7], the robust control 
has been explored for sampled-data systems where data loss occurs. In [ 8], the 
robust stability analysis have been considered for uncertain Markovian jump 
linear systems and the related controller design problem has been solved. 
c© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
B. Xu and J. Qiu (Eds.): ICCCS 2024, CCIS 2516, pp. 292–303, 2025. 
https://doi.org/10.1007/978-981-96-7438-1_26

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-96-7438-1_26&domain=pdf
http://orcid.org/0009-0005-6287-1500
http://orcid.org/0009-0009-4566-4971
http://orcid.org/0000-0001-6910-7285
https://doi.org/10.1007/978-981-96-7438-1_26


Robust Control for Non-uniform Sampled-Data Systems 293

Another important issue in NCSs is the fragility (or possible parameter per-
turbations in controller implementation) of the controller, which is mainly caused 
from the limited word length of microprocessors used to implement digital con-
trollers, and the errors arising from A/D and D/A conversions. To cope with the 
effects of these pertuabations on the control performance, the non-fragile control 
issue has been widely studied, leading to many excellent results [ 9,10]. In [ 11], a 
non-fragile observed-based robust controller has been obtained, which stabilizes 
systems with structural uncertainties. In [ 12], the H∞ non-fragile control for lin-
ear systems has been analyzed, and the non-fragility against possible controller 
parameter perturbation has been achieved. 

In NCSs, it is often the case that a communication network is used to transfer 
information from the sensors to the remote controller. With the aim of mitigat-
ing data congestion, various protocols are widely employed to schedule signal 
transmissions within the network [ 13,14]. In NCSs, the try-once-discard (TOD) 
scheduling is commonly found, which determines the sequence in which sensor 
nodes are scheduled based on a set quadratic selection principle. By now, sub-
stantial research has been undertaken regarding the analysis and synthesis of 
NCSs under TOD protocol [ 15,16]. For example, in [ 17], for nonlinear NCSs, 
TOD protocol and uniform quantization phenomena have been considered, the 
ultimate boundedness of the system has been studied. Nevertheless, effects of 
the TOD protocol on NCSs have not been fully considered under the sampling 
control framework, not to mention the simultaneous consideration of the system 
uncertainties, the controller fragility, and the non-uniform sampling. Shortening 
such a gap is what drives us to undertake this paper. 

In view of the discussions mentioned priorly, we aim to explore the robust 
and non-fragile control problem for non-uniform sampling NCSs, where the TOD 
protocol is employed in the communication network. To do this, two substantial 
challenges are specified as follows: 1) how to analyze the exponential stability 
when the uncertain NCSs with non-uniform sampling and scheduling of the 
TOD protocol? and 2) how to obtain the maximum bound of the sampling 
intervals? Our fundamental objective is to give effective solutions to the two 
questions. Our major work is summarized as below: 1) the stability analysis 
issue is researched, initially, for non-uniform sampling NCSs with non-fragile 
robust controllers possessing exponential gains; and 2) a sufficient condition, 
which explicitly gives the maximum bound of the sampling intervals, is proposed, 
stabilzing the considered NCSs exponentially. 

2 Problem Formulation 

Consider a linear continuous-time system as follows:{
ẋ(t) = (A + ΔA)x(t) +  Bu(t), 
x(0) = x0, 

(1) 

where x(t) ∈ Rn and u(t) ∈ Rm are the state vector and the control input, 
matrices A and B are constant with their dimensions being consistent with the
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requirements of the system. ΔA describes the parameter uncertainty, which has 
the following form: 

ΔA = E1H1(σ)F1, (2) 

where E1 ∈ Rn×n is a fixed matrix with full rank, F1 ∈ Rn×n is also a fixed 
matrix, the matrix H1(σ) is uncertain and satisfies HT 

1 (σ)H1(σ) ≤ I, in which  
σ ∈ Ψ , and  Ψ is a compact set in R. 

The system state in (1) is sampled under a non-uniform sampling scheme. 
We denote the sequence of sampling time instants as 0 = t0 < t1 < t2 < · · ·  < 
tk < · · ·  . Then, the measurement equation is expressed as 

y(tk) =  ̄Cx(tk), (3) 

where y(tk) ∈ Rn is the measurement output, and C̄ is the measurement matrix. 
To prevent data congestion from the sensors to the remote controller, we 

introduce the TOD protocol which requires that only one of the sensor nodes 
can get the chance to transmit its corresponding data (i.e., a component of y(tk)) 
at each communication instant. Denote the transmitted component of y(tk) as  
ξ(tk) at time instant tk. In line with the TOD scheduling protocol, ξ(tk) is  
determined as follows: 

ξ(tk) = arg max 
1≤i≤n

‖yi(tk) − ȳi(tk−1)‖, (4) 

where yi(tk) is the data of the i-th sensor node, ȳi(tk) is the input signal of the 
controller at instant tk satisfying the following updating rule for i = 1, 2, . . .  , n: 

ȳi(tk) =

{
yi(tk), ξ(tk) =  i 
0, otherwise. 

(5) 

Define ȳ(tk) =
[
ȳ1(tk) ȳ2(tk) · · ·  ̄yn(tk)

]T . From (5), one has 

ȳ(tk) =  Φξ(tk)y(tk), (6) 

where Φξ(tk) � diag1≤j≤n{δ(ξ(tk)−j)I} and δ(·) is the Kronecker delta function. 
Based on signal ȳ(tk) in (6), the output feedback controller is constructed as: 

u(t) =  K exp{BK(t − tk)}ȳ(tk), t  ∈ [tk, tk+1) (7) 

where K � K + ΔK, K ∈ Rm×n is the gain matrix, and ΔK ∈ Rm×n charac-
terizes the fragility of the controller satisfying ΔK = E2H2(σ)F2, in which  E2, 
F2 represent fixed real constant matrices of suitable dimensions, H2 represents 
an uncertain matrix satisfying HT 

2 (σ)H2(σ) ≤ I. 

Remark 1. The controller with the exponential gain was proposed in [ 21]. Com-
pared with the traditional controller, such a controller can improve the conver-
gence performance. As such, we utilize this controller to tackle the robust control 
problem for NCSs under TOD protocol.
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Remark 2. In practical control systems, parameter perturbations in controller 
implementation are often unavoidable due to hardware constraints and envi-
ronmental factors. Non-fragile control aims to design controllers that maintain 
robustness/effectiveness despite variations in controller gains. In this paper, we 
introduce ΔK to characterize the possible variations of the controller parameter. 
Obviously, when ΔK = 0, controller (7) simplifies to the traditional one. 

From (1), (6), and (7), the NCS (1) under the TOD scheduling can be rewrit-
ten in the form:{

ẋ(t) = (A + ΔA)x(t) +  BK exp{BK(t − tk)}Φξ(tk)y(tk), t  ∈ [tk, tk+1) 
y(tk) =  ̄Cx(tk). 

(8) 

Definition 1. [ 18] Let  c ≥ 1 and ω >  0 be constants such that the solution x(s) 
to (8) satisfies ‖x(s)‖ ≤  c‖x(t0)‖ exp{−ω(s − t0)} for s ≥ t0, then system (8) is 
called exponentially stable. 

Our aim is to give a sufficient criterion which can ensure that the system (8) 
achieves exponential stability. 

3 Main Results 

To give the desired sufficient condition, there is a definition and some lemmas 
required. 

Definition 2. [ 19] A function W (·) :  C → C is called the Lambert W function 
if it satisfies the following condition: 

W (z) exp{W (z)} = z, ∀z ∈ C 

where C represents the set containing all complex numbers. 

Lemma 1. [ 20] Given matrices G = GT , S, R, and  Σ with proper dimensions, 
G + SΣR + RT ΣT ST < 0 is satisfied for all ΣT Σ ≤ I if and only if there exists 
a scalar  ϑ >  0 such that G + ϑSST + ϑ−1 RT R <  0. 

Lemma 2. [ 20] Given real matrices P1, P2 and P3 with P1 = P T 
1 and P3 > 0. 

Then, P1 + P2P3
−1 P T 

2 < 0 if and only if[
P1 P2 

P T 
2 −P3

]
< 0. 

Lemma 3. [ 21] Consider a function v(·) : [t0, +∞) → [0, +∞) that satisfies 

v̇(t) ≤ −λ1v(t) +  λ2 max 
s∈[b1,t] 

v(s), t  ∈ [b1, b2) 

where λ1, λ2 are two positive constants, and b1, b2 belong to [t0, +∞). Let  λ3 �
λ1 − W (λ2(b2 − b1) exp{λ1(b2 − b1)})/(b2 − b1) with W (·) being the Lambert W 
function. If λ1 > λ2, then one has v(t) ≤ exp{−λ3(t − b1)}v(b1) for t ∈ [b1, b2).
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Lemma 4. Let a positive scalar ε, vectors η1, η2 ∈ Rn, and  an  n×n dimensional 
matrix H >  0 be given. Then, one has 

2η1 
T η2 ≤ εη1 T H−1 η1 + 1 

ε 
η2 

T Hη2. (9) 

Proof. Letting H̃ � 1 
ε H, then (9) becomes 2η1 

T η2 ≤ η1 
T H̃−1 η1 + η2 T H̃η2. 

Defining W � H̃− 1 
2 (η1 − H̃η2) and noticing H̃ = (  ̃H 1 2 )T ( H̃ 1 2 ), one can easily 

conclude that 

W T W = (ηT 
1 − ηT 

2 H̃) H̃−1(η1 − H̃η2) =  ηT 
1 H̃

−1 η1 − 2ηT 
1 η2 + ηT 

2 H̃η2 ≥ 0, 

which finishes the proof of Lemma 4. 

Theorem 1. The exponential stability of system (8) can be guaranteed if 1) 
there exist matrices P >  0, M >  0, scalars ε1 > 0, ε2 > 0, ε3 > 0 and δ >  3 
such that ⎡ 

⎣Ω + ε−1 
1 F T 

1 F1 + ε−1 
2 F T 

2 F2 PE1 PBE2 

∗ −ε−1 
1 I 0 

∗ ∗  −ε−1 
2 I 

⎤ 

⎦ < 0, (10) 

⎡ 

⎣−(E1E
T 
1 )

−1 + ε−1 
3 F T 

2 F2 K
T BT 0 

∗ −P −1 BE2 

∗ ∗  −ε−1 
3 I 

⎤ 

⎦ < 0, (11) 

where Ω = (A + BK)T P + P (A + BK)+  M ; and 2) the allowable maximum and 
minimum transmission intervals (denoted by hmax and hmin respectively) satisfy 

hmax � sup 
k∈N 

(tk+1 − tk) <

√
1 
κ

( (δ − 3)γ 
δ

− δρ2 

γλmin(P )

)
, 

hmin � inf 
k∈N 

(tk+1 − tk) 

> δ 
(δ − 3)γ 

W
((

κ(hmax)2 + δρ2 

γλmin(P )

)
hmax exp

{ (δ − 3)γ 
δ 

hmax

})
, (12) 

where 

γ � λmin(M) 
λmax(P ) 

, κ � δ 
γλmin(P )

‖E−1 
1 A‖2 + δ 

γλmin(P )
‖F1‖2 , 

ρ � max 
ξ(tk)∈{1,2,...,n}

‖E−1 
1 (I − Φξ(tk) C̄)‖. 

Proof. Applying Lemma 2 to (10), we have

[
Ω + ε−1 

1 F T 
1 F1 PE1 

∗ −ε−1 
1 I

]
+ ε2

[
PBE2 

0

] [
PBE2 

0

]T 

+ ε−1 
2

[
F T 
2 

0

] [
F T 
2 

0

]T 

< 0.
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It can be derived from Lemma 1 that[
Ω + ε−1 

1 F T 
1 F1 PE1 

∗ −ε−1 
1 I

]
+

[
PBE2 

0

]
H2(σ)

[
F2 0

]
+

[
F T 
2 

0

]
HT 

2 (σ)
[
ET 

2 B
T P T 0

]
< 0. 

Then, we further have[
Ω + ΔKT BT P + PBΔK  + ε−1 

1 F T 
1 F1 PE1 

∗ −ε−1 
1 I

]
< 0. 

On the basis of the above inequality, by using Lemma 2 for another time, it 
can be derived that Ω + ΔKT BT P + PBΔK  + ε1PE1(PE1)T + ε−1 

1 F T 
1 F1 < 0, 

which, together with Lemma 1, gives Ω + ΔKT BT P + PBΔK  + PE1H1(σ)F1 + 
F T 
1 H

T 
1 (σ)ET 

1 P T < 0. Then, from (2), it is evident that(
A + ΔA + BK

)T 
P + P

(
A + ΔA + BK

)
+ M <  0. (13) 

Letting e(t) =  x(t) − exp{BK(t − tk)}Φξ(tk) C̄x(tk), from (8), we have that 
ẋ(t) =

(
(A + ΔA) +  BK

)
x(t) − BKe(t). Noticing that ė(t) = (A + ΔA)x(t) and  

e(tk) = (I − Φξ(tk) C̄)x(tk), (14) 

it can be obtained from the integral mean value theorem that 

e(t) = (t − tk)(A + ΔA)x(ζ) +  e(tk) (15) 

with ζ ∈ [tk, t] being an unknown scalar. 
The Lyapunov function for system (8) can be formulated as V (t) =  

xT (t)Px(t). By taking derivative to V (t), it is evident that 

V̇ (t) =  x(t)T [A + ΔA + BK]T Px(t) +  x(t)T P [A + ΔA + BK]x(t) 
− 2x(t)T PBKe(t), t  ∈ [tk, tk+1) . (16) 

From (13) and (16), one has 

V̇ (t) < −xT (t)Mx(t) − 2xT (t)PBKe(t) ≤ −γV (t) − 2xT (t)PBKe(t), 

where γ = λmin(M)/λmax(P ). 
Utilizing Lemma 2, it can be inferred from (11) that[−(E1E

T 
1 )

−1 KT BT 

∗ −P −1

]
+ ε3

[
0 

BE2

] [
0 

BE2

]T 

+ ε−1 
3

[
F T 
2 

0

] [
F T 
2 

0

]T 

< 0, 

which, together with Lemma 1, leads to[−(E1E
T 
1 )

−1 KT BT 

∗ −P −1

]
+

[
0 

BE2

]
H2(σ)

[
F2 0

]
+

[
F T 
2 

0

]
HT 

2 (σ)
[
0 ET 

2 B
T
]

< 0.
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Recalling the known condition, we have[−(E1E
T 
1 )

−1 (K + ΔK)T BT 

∗ −P −1

]
< 0, 

by which we can further obtain ET 
1 KT BT PBKE1 < I  from using Lemma 2. 

According to (14) and (15), we have from Lemma 4 that 

− 2xT (t)PBKe(t) 
= −2xT (t)PBK(t − tk)Ax(ζ) − 2xT (t)PBK(I − Φξ(tk) C̄)x(tk) 

− 2xT (t)PBK(t − tk)E1H1F1x(ζ) 

≤ 3γ 
δ 

xT (t)Px(t) +  δ 
γ 

(t − tk)2 xT (ζ)AT (E1E
T 
1 )

−1 Ax(ζ) +  δ 
γ 

xT (tk) 

× (I − Φξ(tk) C̄)T (E1E
T 
1 )

−1(I − Φξ(tk) C̄)x(tk) +  δ 
γ 

(t − tk)2 xT (ζ) 

× F T 
1 H

T 
1 H1F1x(ζ) 

≤ 3γ 
δ 

xT (t)Px(t) +  δ 
γ 

(t − tk)2 xT (ζ)AT (E1E
T 
1 )

−1 Ax(ζ) +  δ 
γ 

xT (tk) 

× (I − Φξ(tk) C̄)T (E1E
T 
1 )

−1(I − Φξ(tk) C̄)x(tk) +  δ 
γ 

(t − tk)2 xT (ζ) 

× F T 
1 F1x(ζ) 

≤ 3γ 
δ 

V (t) + (  δ 
γλmin(P )

‖E−1 
1 A‖2 h2 

max + δ 
γλmin(P ) 

× ‖E−1 
1 (I − Φξ(tk) C̄)‖2 + δ 

γλmin(P )
‖F1‖2 h2 

max) max 
s∈[tk,t] 

V (s), 

which leads to 

V̇ (t) ≤ −  γV (t) +  3γ 
δ 

V (t) +
( δ 

γλmin(P )
‖E−1 

1 A‖2 h2 
max + δ 

γλmin(P ) 

× ‖F1‖2 h2 
max + δ 

γλmin(P )
‖E−1 

1 (I − Φξ(tk) C̄)‖2)
)

max 
s∈[tk,t] 

V (s) 

≤ −  (δ − 3)γ 
δ 

V (t) +
(
κh2 

max + δρ2 

γλmin(P )

)
max 

s∈[tk,t] 
V (s). (17) 

By employing Lemma 3 on (17) and using (12), one can deduce that 

V (t) ≤ exp{−ω(t − tk)}V (tk), t  ∈ [tk, tk+1) 

where 

ω = (δ − 3)γ 
δ

− 1 
hk 

W
((

κh2 
max + δρ2 

γλmin(P )

)
hk exp

{ (δ − 3)γ 
δ 

hk

})
.



Robust Control for Non-uniform Sampled-Data Systems 299

Letting

ω̃ � (δ − 3)γ 
δ 

− 1 
hmin 

W
((

κh2 
max + δρ2 

γλmin(P )

)
hmax exp

{ (δ − 3)γ 
δ 

hmax

})
, 

it is clear that ω̃ ≤ ω. Then, relying on the fact that the Lambert W function is 
monotonically increasing over [0, +∞), it can be observed that 

V (t) ≤ exp{−ω̃(t − tk)}V (tk), t  ∈ [tk, tk+1) . (18) 

Considering the continuity of V (t) over [t0, +∞), from (18), it is clear that 

V (t) ≤ exp{−ω̃(t − t0)}V (t0), ∀t ≥ t0. (19) 

With (19), it is easy to see p1‖x(t)‖2 ≤ p2 exp{−ω̃(t − t0)}‖x(t0)‖2 for all 
t ≥ t0, which means

‖x(t)‖ ≤  c exp
{

− ω̃ 
2 

(t − t0)
}

‖x(t0)‖, t  ≥ t0 

where c =
√

p2/p1, p1 = λmin(P ), p2 = λmax(P ). Hence, the proof is finished. 

4 Numerical Example 

In this section, to verify the proposed sampled-data control scheme, a compre-
hensive numerical simulation is conducted, showing its effectiveness in achieving 
the desired control performance. 

Consider a continuous-time system (1) characterized by the following param-
eters: 

A =
[−0.8 0  

1 0.1

]
, B  =

[
0.2 0  
0 0.2

]
, E1 =

[
200 0 
0 200

]
, 

F1 =
[
0.001 0 

0 0.001

]
, E2 =

[
1 0  
0 1

]
, F2 =

[
0.1 0  
0 0.1

]
. 

The measurement matrix is set to be C̄ = [CT 
1 , C

T 
2 ]

T with C1 =
[
0.8 0.4

]
, 

C2 =
[
0.4 0.2

]
. The controller gain matrix is designed as 

K =
[−16.6508 −2.4974 

−2.5026 −21.1508

]
. 

By solving LMIs (10) and (11), it can be obtained that P = diag{0.0095, 0.0095}, 
M = diag{0.0027, 0.0027}, ε1 = 0.0040, ε2 = 281.5534, and ε3 = 41.4957. Then, 
it can be given that δ = 11.3258, γ = 0.2798, κ = 0.1797, and ρ = 0.0057. Based
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Fig. 1. Sampling instants and the relating lengths of the sampling intervals. 

Fig. 2. Different sensor nodes chosen to access the network. 

on these parameters, the allowable maximum bound of the sampling intervals 
calculated by Theorem 1 is hmax = 0.6050. 

The non-uniform sampling intervals are selected according to 0.4600 ≤ hk ≤ 
0.5000, k ∈ N. Correspondingly, the sampling instants are shown in Fig. 1. More-
over, as illustrated in Fig. 2, different sensor nodes are chosen to access the net-
work at different time instants based on the TOD protocol scheme. 

In order to perform the simulation, we set x0 =
[
1 0.8

]T . Figure 3 depicts 
both the original state trajectories of system (8) without control and those under 
our control strategy. This illustrates the correctness of our stability criterion.
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Fig. 3. State trajectories. 

5 Conclusion 

This article has dealt with the robust and non-fragile control issue for a class 
of uncertain NCSs with non-uniform sampling subject to the TOD protocol. 
A controller with exponential gain has been adopted for the considered NCSs. 
By utilizing the Lyapunov theory and the Halanay-like inequality, conditions 
that guarantee the closed-loop system exponentially stable has been established. 
Finally, an illustrated example has been presented. In future research, we will 
further investigate other network-induced issues in non-uniform sampling NCSs. 
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Abstract. As a new type of bionic manipulator, the continuum manipulator has 
a good potential application prospect. This paper tackles the issue of trajectory 
tracking control for a continuum manipulator possessing two degrees of freedom 
(DOF). Given that the accuracy of tracking control system designed based on 
nominal model is commonly affected by modeling errors, external frictions and 
parameter perturbations. We develop a fuzzy PID control strategy to design the 
tracking controllers for the manipulator. This control strategy first design PID 
tracking controllers using the tracking error information. And then, the fuzzy 
logic technique is utilized to adjust the PID controller parameters adaptively. This 
enables the continuum manipulator to quickly track the desired motion trajectory. 
The numerical simulations show the validity of the presented method. 

Keywords: Continuum manipulator · trajectory tracking · PID control · fuzzy 
control 

1 Introduction 

Manipulator is a sophisticated mechanical system designed to emulate the functionality 
of the human arm. It typically consists of the structural frames, driving systems, control 
systems, and end effectors. And it commonly fabricates from rigid materials. Manipulator 
can offer high-speed repetitive operations and is applicable for performing rapid and 
predictable work tasks. However, their rigid construction limits the ability of replicating 
the nuanced movements of the human arm. This reduces its adaptability for complex 
environments [1]. 

With the continuous advancement of technological innovation, the continuum manip-
ulator have been intensively researched. Compared with traditional rigid mechanical 
manipulator, this kind of manipulator possesses greater flexibility and maneuverabil-
ity [2]. By virtue of their flexible materials and structures, the continuum manipula-
tor can realize multi-DOF and precise motion control [3]. It is widely used in many

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 
B. Xu and J. Qiu (Eds.): ICCCS 2024, CCIS 2516, pp. 304–311, 2025. 
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different areas that include logistics, warehousing, medical treatments, and industrial 
manufacturing [4]. 

In the application process of continuum manipulator, the primary issue is to solve 
its tracking control problem. In the past few years, researchers have carried out inten-
sively study on this control problem and developed many effective control methods. For 
example, a fixed-time sliding mode method in [5], a variable impedance control.method 
in [6], a spatial extended state observer method in [7], a neural network-based adap-
tive control method in [8]. Although these methods can effectively solve the tracking 
control of continuum manipulator system, they are all designed based on the system’s 
nominal mathematical mode. As a result, the tracking control performance is commonly 
affected by modeling errors, external frictions and parameter perturbations. This will 
seriously hinder its application in practical environments. In order to address this issue, 
this research has formulated a control strategy based on PID principles. 

Owing to its superior performance and ease of design, the PID controller has been 
widely utilized in many control systems [9]. Nevertheless, the continuum manipulator 
is a typical nonlinear and strongly coupled mechanical system. The complexity of its 
dynamic model poses challenges to tune the PID controller parameters. To solve this, a 
fuzzy control strategy is used to adaptively adjust the parameters of PID controller by 
the information of tracking error and fuzzy control rules [10]. It ensures the tracking 
control objective of the continuum manipulator to quickly be achieved. 

2 Model of 2-DOF Continuum Manipulator 

Fig. 1. Model of 2-DOF continuum manipulator

According to the architectural features of the continuum manipulator, it can be considered 
as a flexible beam that consists of a main skeleton and three sub-skeletons (See Fig. 1). 
The motion of the manipulator is achieved by applying two forces F1 and F2 to two 
secondary skeletons simultaneously and respectively.
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Table 1 gives the physical meaning of parameters in Fig. 1. We choose {X, Y, Z} as  
the fixed coordinate system. Calculating the kinetic energy Ek and potential energy Ep 

yields

{
Ek = 1 6 (4M1l

2K1 + 3M1K3 + 3M2K6) β̇2 + 1 2 (M1l
2K2 + M1K5 + M2K7) ̇γ 2 + 1 2 M1K4 β̇ γ̇ ,  

Ep = 2E · I β2
/

l, 
(1) 

where 

K1 = β3 + 6β − 12 sin β + 6β cos β
/

β5, K2 = 6β − 8 sin  β + sin 2β
/

β3, 

K3 = r2
[
cos2 γ + cos2(−γ + θ)  + cos2(γ + θ)

]
, K4 = r2β

[− sin 2γ + sin 2(−γ + θ)  − sin 2(γ + θ)
]
, 

K6 = h
2λ(λ+1)(2λ+1) 

6β2 + (2λ+1)l2 

β4 − l
2 

β4 
sin β+sin (λ+1)β 

λ 
sin β 

λ 

− hl 
β3 

(λ+1) sin β−λ sin (λ+1)β 
λ 

2 sin2 β 
2λ 

, 

K7 = l
2 

β2

[
3λ 
2 + 3 4 − sin β+sin (λ+1)β 

λ 
sin β 

λ 
+ sin 2β+sin 2(λ+1)β 

λ 
4 sin  2β 

λ

]
, 

and E · I is the stiffness of the NiTi alloy, and λ = l
/
h represents the aggregate quantity 

of spacers and end discs. 
We choose the Lagrangian function for the continuum manipulator system to be 

L = Ek − Ep. Based on the Euler-Lagrange modelling method, it is not difficult to 
obtain the system’s dynamic equations as [11][

D11(x) D12(x) 
D21(x) D22(x)

][
β̈ 
γ̈

]
+

[
C1(x, ̇x) 
C2(x, ̇x)

]
+

[
G1(x) 
0

]
=

[
F1 

F2

]
, (2) 

where x = [
β, γ

]T , and 
D11 = 4M1l2K1+3M1K3+3M2K6 

3 , D12(x) = M1K4 
2 , D21(x) = M1K4 

2 , 
D22(x) = M1l2K2 + M1K5 + M2K7, C1(x, ̇x) = C11 β̇

2 + C12 β̇ γ̇ + C13 γ̇ 2, 
C2(x, ̇x) = C21 β̇

2 + C22 β̇ γ̇ + C23 γ̇ 2, C11(x) = 2 3 M1l2 
∂K1 
∂β + 1 2 M1 

∂K3 
∂β + 1 2 M2 

∂K6 
∂β , 

C12(x) = M1 
∂K3 
∂β , C13(x) = − 1 

2

(
M1l2 

∂K2 
∂β + M1 

∂K5 
∂β + M2 

∂K7 
∂β − M1 

∂K4 
∂γ

)
, 

C21(x) = 1 2
(
M1 

∂K4 
∂β − M1 

∂K3 
∂γ

)
, C22(x) = M1l2 

∂K2 
∂β + M1 

∂K5 
∂β + M2 

∂K7 
∂β , 

C23(x) = M1 
2 

∂K5 
∂γ , G1(x) = 4E·I 

l β. 

For the nonlinear control system (2), the tracking control problem is commonly 
discussed. That is, a controller F = [F1, F2]T is needed to design to drive the state 
variable x (t) track a desired trajectories xd (t) = [βd (t), γd (t)]T.
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Table 1. Variables of continuum manipulator 

Parameters Meanings 

F1，F2 the driving forces 

M1，M2 the principal skeleton mass and sub-skeleton mass 

l the length of the flexible arm length 

r the distance from the main backbone to each sub-skeleton on the disk 

h the distance between adjacent disks 

θ = 2 3 π the division angle 

β the bending angle at the end disk 

γ the rotation angle of the bending plane 

{X, Y, Z} the base coordinate system 

{Xb, Yb, Zb} the bending plane coordinate system 

{Xe, Ye, Ze} the end disk coordinate system 

3 Design of Fuzzy PID Tracking Controller 

The system’s tracking error is labeled as e(t) = x(t) − xd (t). To make  e(t) → 0, the  
current most methods design the tracking control system based on nominal model (2). 
However, the tracking control accuracy is easily affected by modeling errors, exter-
nal frictions and parameter perturbations. To address this issue, this section develops 
a fuzzy PID tracking control method. The method has the advantages of both tradi-
tional PID method and fuzzy logic method [12]. It can dynamically modify the PID 
controller’s parameters based on the pre-established fuzzy logic rules and the system’s 
current performance. This increases the flexibility and resilience of control system [13]. 

Firstly, we design the following PID controllers for (2) as⎧⎪⎪⎨ 

⎪⎪⎩ 

F1 = KP1e1(t) + KI1

∫
e1(t)dt + KD1 ė1(t), 

F2 = KP2e2(t) + KI2

∫
e2(t)dt + KD2 ė2(t). 

(3) 

where KPj, KIj and KDj (j = 1, 2) are positive constants. In order to guarantee the 
continuum manipulator quickly and smoothly track the desired trajectory, a fuzzy control 
system is designed to adjust the parameters KPj, KIj and KDj in Fj (j = 1, 2). We take F1 
as an example to explain the design of fuzzy control system, whose structural diagram is 
shown in Fig. 2. It has two input (e1(t), ė1(t)) and three outputs (KP1, KI1 KD1). When 
the entire control system runs, the input variables e1(t) and ė1(t) are fuzzified first. Based 
on fuzzy rule library, the values of KP1, KI1 KD1 are obtained by fuzzy inference and 
defuzzification processes. We elaborate on the design of each part in detail below.
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Fig. 2. Structural diagram of fuzzy PID control system. 

3.1 Input Variables Fuzzification 

Fuzzification is a critical step in converting the input variable values into fuzzy val-
ues in the fuzzy control system. this transformation is achieved through membership 
functions. it can quantitatively elucidate the relationship between input values and their 
corresponding fuzzy values. 

In order to get the fuzzy values of e1(t) and ė1(t), the fuzzification rules are designed 
by using the standard method as in [14], which consist of seven fuzzy subsets: {NB 
(negative large), NM (negative medium), NS (negative small), ZO (zero), PS (positive 
small), PM (positive medium), PB (positive large)}. In addition, the universes of e1(t) 
and ė1(t) are set to be [–300, 300]. And the membership function of these two variables 
are all chosen to be a bell-shaped Gaussian form function (see Fig. 3). 

Fig. 3. Membership function of input variables. 

3.2 Fuzzy Control Rules 

The primary key step in designing fuzzy PID parameters is to construct fuzzy rules. Nor-
mally, the control rules use conditional statements to construct the relationship between
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the input and the output fuzzy sets [15]. Here, the universes and membership functions 
of KP1, KI1 and KD1 are chosen as that of e1(t) and ė1(t). 

The structure of fuzzy control rules adopts “If-Then” type. The trigger conditions 
of e1(t) and ė1(t) are defined in “If” components. And the response actions of KP1, 
KI1 and KD1 are defined in “Then” components. Based on the motion characteristics 
of continuum manipulator, we design a comprehensive set of fuzzy control rules (see 
Table 2). 

Table 2. Fuzzy control rules. 

3.3 Defuzzification 

The control system requires precise control signal rather than fuzzy one [16]. So, it is 
essential to convert the fuzzy values into actual values. KP1, KI1 and KD1. This section 
uses centroid method to achieve the defuzzification of output fuzzy variables. This 
method obtain the precise value of fuzzy variable by calculating the centroid of the 
fuzzy set [17]. The process of defuzzification can be described by 

u =
∑

μ(xi)xi∑
μ(xi) 

, (4) 

where u represents the precise value after defuzzification; xi is the element of fuzzy 
variable, and μ (xi) is the membership degree of xi. 

4 Numerical Examples 

To assess the efficacy of our newly developed control technique, this section conducts 
numerical simulation studies. The physical parameters of continuum manipulator used 
in simulations are{

M1 = 1.086 × 10−3 kg, M2 = 0.848 × 10−3 kg, h = 0.015 m, r = 0.003 m, 
E = 65 × 109 Pa, I = 0.102 × 10−12 m4, l = 0.15 m. 

(5)
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Note that the parameters K1, K2, K6 and K7 have singularities when β = 0. To 
address this issue, we use the least squares method to fit these parameters and obtain⎧⎪⎪⎨ 

⎪⎪⎩ 

K1 = −0.00426x2 1 − 0.0027x1 + 0.15085, 
K2 = −0.05567x3 1 + 0.2328x2 1 + 0.006216x1 − 0.00406, 
K6 = −0.00043x2 1 − 0.00031x1 + 0.01435, 
K7 = −0.00394x3 1 + 0.01575x2 1 + 0.00131x1 − 0.00047. 

(6) 

Moreover, the desired trajectories are assumed to be βd (t) = γd (t) = sin t. And  the  
initial values of the manipulator system is chosen as[

β(0) β̇(0) γ  (0) γ̇ (0)
]T = [

2 2 1  −1
]
. (7) 

Under these conditions, the simulation experimental results are given in Fig. 4, where 
β(t) and γ(t) are the fuzzy PID controller responses, β0(t) and γ0(t) are the traditional 
PID controller responses with KP1 = KP2 = 2.2 × 106, KI1 = KI2 = 20, KD1 = 
KD2 = 2×105. Note that our designed fuzzy PID control method enables the continuum 
manipulator quickly to track the desired trajectory. The convergence time of tracking 
error is less than 0.25 s. It is faster than that of using traditional PID method. 

Fig. 4. Simulations of continuum manipulator by fuzzy PID and traditional PID methods. 

5 Conclusion 

For a 2-DOF continuum manipulator, the tracking control issue was examined in this 
research. A method for fuzzy PID control has been introduced. This technique is capable 
of dynamically modifying the PID controller parameters based on the system’s instan-
taneous feedback and the fuzzy logic rules. It enables the continuum manipulator to 
quickly and accurately track the desired trajectory even though the modeling errors, 
external frictions and parameter perturbations exist. On the base of results in this study, 
we will further explore other model-free tracking control methods for the continuum 
manipulator in the future. 
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