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Abstract: Reducing the impact of underwater disturbance targets and improving the ability to
recognize real moving targets underwater are important directions of active sonar research. In
this paper, the highlight model of underwater targets was improved and a method was proposed
to acquire highlight images of the echoes of these targets. A classification convolutional neural
network called HasNet-5 was designed to extract the global features and local highlight features
of the echo highlight images of underwater targets, which achieved the true/false recognition of
targets via multi-classification. Five types of target highlight models were used to generate simulation
data to complete the training, validation and testing of the network. Tests were performed using
experimental data. The results indicate that the proposed method achieves 92% accuracy in real
target recognition and 94% accuracy in two-dimensional disturbance target recognition. This study
provides a new approach for underwater target recognition using active sonar.

Keywords: underwater target recognition; highlight images of echoes; zero-shot learning; target
highlight models

1. Introduction

Underwater target recognition is an important research direction in the field of hy-
droacoustic engineering. Eliminating the effects of disturbance targets and recognizing
the target of concern are among the important research topics. Geometric features are
crucial for underwater target recognition. However, they are not exclusive to real targets;
numerous interfering targets also have geometric features [1,2]. Disturbance targets (such
as towed acoustic decoy) have echo-scattering features, geometric features, and motion
features similar to those of real targets, which makes it difficult to recognize underwater
moving targets such as large underwater unmanned vehicles or submarines.

Active sonar, which radiates pulsed acoustic waves directionally through transducer
arrays, plays an important role in the field of target recognition and is capable of obtaining
feature information and classifying targets from target echoes at a long distance [3]. At
present, active sonar recognition methods mainly include traditional target feature ex-
traction methods, methods involving echo information extraction combined with deep
learning, etc.

Active sonar is used to obtain the target’s features, such as the distance, bearing,
intensity, echo extension, echo energy and target size. Feature transform, fusion and logical
judgment for target recognition belong to the traditional target feature extraction methods.
The authors of [4-7] investigated a recognition method based on the undulation of the
bearing of the target echoes, which can obtain the one-dimensional (1D) geometric scale
of an underwater target, and solved the problem of recognizing point-source disturbance
targets and real targets. The authors of [8-11] obtained the two-dimensional (2D) geometric
scale of the target, implying that their methods had the ability to recognize point-source
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disturbance targets, 1D disturbance targets and real targets. However, it is difficult for the
above methods to discriminate between 2D disturbance targets and real targets.

Preprocessing, data conversion and low-level feature extraction are performed on
active sonar echo data. Subsequently, through deep learning, the fine features of underwater
targets can be extracted, improving the target recognition capability. Therefore, echo
information extraction combined with deep learning is becoming a research hotspot.

In [12], an echo feature extraction method based on human auditory experience was
proposed. In [13], the Wigner-Ville distribution (WVD) time-frequency features of the
echoes were extracted and a Gustafson-Kessel (GK) clustering classification algorithm was
proposed, which was validated using data from the scaled model of the pool. In [14], the
power spectral statistics, linear predictive coding (LPC) coefficients and auto regressive
(AR) coefficients of the echoes were extracted and a classification method based on the
feed-forward neural network was proposed, in which the pool data of six types of targets
were collected. The classification accuracy was higher than 90%. In [15], the target echo was
acquired via multibeam sonar and the classification of the seabed substrate was achieved
using the k-medoids algorithm. The feature extraction and classification of multiple materi-
als and different volumes of spherical targets were conducted in [16] using convolutional
neural networks (CNNs) based on short-time Fourier-transform time-frequency spectra
and wavelet scale spectra. The simulation data demonstrated a geometric size classification
accuracy of 97%. The above methods can extract fine features such as the geometry and
material of underwater targets, but the influence of the hydroacoustic channel when the
target is far away has not been verified.

In [17-22], imaging sonar (including forward sonar, side-scan sonar and synthetic
aperture sonar) was used to acquire sonar images of underwater targets and deep learning
networks, such as CNNs, were utilized to classify the underwater targets with a high target
discrimination capability. However, the datasets used in the above studies consisted of
near-range underwater static target data.

In [23], the multiple signal classification (MUSIC) algorithm was used to estimate the
geometric scattering of underwater targets and was validated experimentally in an anechoic
tank. In [24], the shape and size features of underwater targets were extracted using Wigner-
Ville distribution time-frequency features and classified via a support vector machine,
and the experiments indicated that the weak highlight echo signal of elastic scattering
plays an important role in target recognition. In [25], chirplet atomic decomposition was
used to improve the extraction of the geometric highlight features of underwater targets,
and the simulation analysis indicated that the recognition capability can be improved.
In [26], a combination of high-resolution direction of arrival (DOA) estimation, time-delay
compensation and data fusion was proposed for estimating the geometric structure of
underwater targets and was validated through simulation analysis. These studies indicate
that the fine geometric structural features of underwater targets have attracted attention
from industry. However, the main research focus is target geometric feature extraction.

The aforementioned algorithms can be classified into four distinct categories, and their
respective merits and demerits are presented in Table 1. Target scale recognition algorithms
face challenges in distinguishing between 2D disturbance targets and real targets. Acoustic
imaging recognition algorithms encounter difficulties in recognizing moving targets at
long distances (beyond 350 m). While time-frequency feature recognition algorithms and
geometric structure recognition algorithms can extract the fine features of underwater
targets, there has been no significant breakthrough in the recognition of long-distance
moving targets.
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Table 1. Summary of various algorithms.

Algorithm Type

Advantages

Unsolved Problems

Target scale
recognition algorithms

The algorithm is straightforward and
computationally efficient, rendering it
suitable for stationary as well as low- and
high-speed moving targets.

It is challenging to discriminate between 2D
disturbance targets and real targets.

Time-frequency feature
recognition algorithms

These algorithms are capable of extracting
intricate features that accurately capture the
geometric shape, size and material properties
of targets.

The validation of these algorithms is based
on the data obtained from pool tests, and the
recognition capability for long-distance
moving targets has not been verified.

Acoustic imaging
recognition algorithms

The acquisition of images that capture the
geometric shape and echo intensity of targets
can be achieved.

Currently, long-distance moving target
recognition remains unfeasible
for application.

Geometric structure
recognition algorithms

Relevant information regarding the target,
such as its geometric shape, size and
structure, can be effectively extracted.

The validation relies on pool test data, while
the investigation of long-distance moving
targets recognition remains unexplored.

To address the challenge of long-distance recognition of underwater moving targets,
we propose the EHITRA (echo highlight image target recognition algorithm), an underwater
target recognition method based on target echo highlight image extraction. Specifically, our
contributions are as follows:

1. The underwater target highlight model has been enhanced to depict more accurately
the distance, echo intensity, horizontal angle, pitch angle and frequency response
of each highlight scattering region of targets. This model serves as the theoretical
foundation for extracting highlight information and can be utilized to generate the
simulation data of underwater targets in order to address the issue of data scarcity.

2. The paper proposes a methodology for acquiring the highlight image of underwater
targets by utilizing cross-spectral directional or high-resolution DOA algorithms,
thereby enabling the retrieval of multi-highlight information from moving targets
at long distances. Furthermore, it employs the principle of orthogonal projection to
derive the distribution map of the highlight scattering region on the target.

3. The HasNet-5 convolutional classification network is established, which leverages the
concept of zero-shot learning. The network is trained using simulation data from four
typical disturbance targets and an underwater vehicle, enabling it to effectively extract
both global features and local highlight features of underwater targets. The effective-
ness of the recognition method is validated through experimental data, demonstrating
a recognition probability of 92% for actual targets and 94% for 2D disturbance targets.

The method proposed in this paper demonstrates the characteristics of a straightfor-
ward classification network and effortless applicability, rendering it suitable for active sonar
systems on mobile platforms such as UUVs or torpedoes. However, it is recommended
that the sonar system consists of at least 10 array elements to enhance the directional ability
and signal-to-noise ratio (SNR). The proposed technology exhibits promising application
potential in counter-jamming and acoustic decoy scenarios, as well as for the recognition of
large underwater vehicles or submarines.

The remainder of this paper is organized as follows. Section 2 introduces the theoret-
ical methods, including the improvement of the underwater target highlight model, the
acquisition method for underwater target highlight images and the design of the HasNet-5
convolutional neural network. Section 3 describes the training, validation and testing of
the network model using the generated simulation data. Finally, the target classification
method is tested using experimental data and the results are analyzed and discussed.
Section 4 summarizes the paper.
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2. Theory and Methodology
2.1. Improvement of Underwater Target Highlight Model

According to the target highlight model, the spatial geometric structural characteristics
of underwater targets (including disturbances, which can be considered as pseudo-targets)
can be obtained, including structural characteristics such as the scale, shape and distribution
of the strong scattering zones of the target [27]. From the perspective of a linear time-
invariant system, considering only the three parameters of amplitude, time delay and
phase jump of the target highlight or equivalent highlight echo, the highlight echo model of
the underwater target can be obtained using a single-frequency signal wy [27,28], as follows:

N . .
H(r,w) =) A(r,w)e/%el%, (1)
k=1

where w = wy + Aw, with Aw being the Doppler shift. k represents the kth target echo
highlight. N represents the number of target highlights. A(r, w) denotes the amplitude
reflection factor, which is a function of the vector r and the signal frequency w. 7, = 2d/c
denotes the time-delay factor, which is determined by the difference in acoustic range of
the kth highlight with respect to the reference point dy and c represents the speed of sound.
@k denotes the phase jump factor of the kth highlight.

The target highlight echo model established in the literature [29] divides the amplitude
factor into two parts—the hydroacoustic channel loss and the target reflection factor—and
introduces the horizontal and pitch angles of the sonar with respect to the target, as follows:

N
Z (8, 9, w) AL (r, w)el“Tel P, ()

where AL(6, , w) denotes the local plane wave reflection factor of the kth highlight of
the target, which is a function of the horizontal angle 6, the pitch angle i and the signal
frequency w. Af(r, w) denotes the hydroacoustic channel propagation loss factor.

In this study, the above underwater target highlight echo model is modified according
to the requirements of extracting underwater target echo highlight images. Taking the
acoustic reference center of the active sonar as the observation point and the target reference
center as the origin, the horizontal and pitch angles of the observation point relative to
the target highlight or equivalent highlight are refined. Furthermore, the target highlight
distance is used instead of the target distance to obtain a more accurate model of the
underwater target highlight, as given by Equation (3).

N(9 ¥) o
Z A1, @) Vi, i, ) el kel P 3)

Here, N(6, ) denotes the number of highlights when the horizontal angle of the
sonar relative to the target reference center is 6 and the pitch angle is ¢. A(ry, w) denotes
the hydroacoustic channel propagation loss factor and r; denotes the vector distance of
the kth highlight of the target relative to the observation point. Vi (6, §x, w) denotes the
local plane wave reflection factor of the kth highlight of the target, which indicates the
spatial characteristics of the echo intensity in the scattering zone of each highlight of
the target and is a function of the horizontal angle 0y, the pitch angle i, and the signal
frequency w. R = {ry} is a second-order tensor. Let the vector distance r be (xy, Y, zk);
then, the relationship among 7y, 6 and ¥, can be expressed as x; =|r¢|- cos(¢y) cos(6),
Yk =|rk|- cos(yy) sin(fk) and zi = [ri|- sin(gpy).

Examples of highlight models for underwater vehicles and four types of typical
disturbances are given below to provide simulation data generation models for studying
the proposed method.
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Underwater vehicles (such as submarines) are generally streamlined. Under active
sonar excitation, they exhibit several types of scattering, such as geometric specular reflec-
tion, angular scattering, multilayer structural scattering and elastic wave scattering [30].
Previously developed underwater vehicle target highlight models [28,31-35] treat the tar-
get’s echo as a superposition of 3-12 strong highlights. In [23,25,26,36], theoretical analysis
and pool tests confirmed that weak highlights exist in underwater targets and that the
features of the weak highlights of underwater targets can be extracted via high-resolution
time-delay estimation, time-frequency analysis and chirplet atomic decomposition. It can
be seen that 3-12 strong highlights are insufficient for the desired effect of simulating
the echo highlights of underwater vehicles and that its weak highlights should also be
considered. In this study, to more accurately simulate the echo-scattering signals of an
underwater vehicle, a highlight model that can characterize its fine features is established,
including seven strong highlights, six weak highlights and six dim highlights. The im-
proved highlight model of the underwater vehicle is illustrated in Figure 1. In Figure 1, the
term “Bow” denotes the bow section of the underwater vehicle, “Foreship” refers to its
frontal part, while “Hull1” and “Hull2”, respectively, represent the two middle sections.
Lastly, “Stern” designates the rear section of the underwater vehicle. Black circles represent
strong highlights, gray circles represent weak highlights, and light gray circles represent
dim highlights.

o
O
O @
O @) @ o OL> @ O
O lf‘) O
Stern Hull 2 Hull 1 Foreship Bow

Figure 1. Improved highlight model of the underwater vehicle.

Some active sonar disturbances have receiving and transmitting sensors. A spatial dis-
tribution of multiple acoustic signal transmitting sensors is used to simulate the distribution
of strong highlights of underwater vehicles to achieve the purpose of confusing the active
sonar. Typical 1D disturbance (such as towed anti-torpedo acoustic decoy) can only model
the horizontal strong highlight distribution characteristics of underwater vehicles [37]. The
ongoing research focuses on the development of an enhanced active sonar acoustics decoy;,
aiming to accurately simulate both the horizontal and vertical dimensions of underwater
vehicles. According to the developmental trajectory of active sonar jammers, active sonar
may encounter four types of disturbances, as illustrated in Figure 2, and their highlight
models are established with six to seven distinct focal points.

Type Lis a 1D disturbance target with 1D geometric features and highlight distribution
characteristics. Types II-1V are 2D disturbance targets with 2D geometric features and high-
light distribution characteristics. The Type IV distribution closely resembles the highlight
distribution of strong highlights on underwater vehicles, posing significant challenges for
active sonar in terms of recognition. However, it remains challenging to accurately simulate
the characteristics of localized weak highlights exhibited by real targets. In this study, the
highlight images of underwater targets based on the above target highlight models are
obtained. The data from these five types of targets (four types of disturbance targets and
underwater vehicles) are used to study and validate the proposed method.



Electronics 2024, 13, 457

6 of 17

®
e o o o o ° ®
| J
®
Typel Type Il
® ®
®
¢ ®
° e o o o o
Type Il Type IV

Figure 2. Models of four types of typical disturbance targets.

2.2. Method for Underwater Target Highlight Image Acquisition

During dynamic target recognition, the active sonar carrier and the target are generally
in motion at relatively high speeds. It is difficult to achieve hydroacoustic imaging of the
target in this case; however, using the highlight model described in the previous section,
the highlight distribution image of the target can be obtained by acquiring the highlight
information of the target. Cross-spectral orientation techniques [38] or high-resolution
DOA estimation algorithms [23,24] can be used to extract the horizontal bearing, vertical
bearing, distance and energy amplitude of the target’s multiple highlights. The acquired
multi-highlight bearings and distances of the target are generally based on a spherical
coordinate system, and they are transformed into coordinates in the three-dimensional (3D)
Cartesian coordinate system. The distribution of some of the close-range echo highlights of
common underwater vehicles in the 3D Cartesian coordinate system is shown in Figure 3.

15 — .
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=
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3 [ |
I 5
200
N 100
0 5 10
; 15 2 g ¢
) 20 25 Distance / m
Width / m

Figure 3. Distribution of some of the echo highlights of the underwater vehicle.

According to the principle of orthogonal projection, the distribution of highlights is
transformed from the 3D space to the 2D space. The projection is performed along the
target distance axis onto the surface with target horizontal and vertical scales. To use the
convolutional classification network, the highlight distribution image needs to be further
processed into a canonical grayscale image. The brief transformation process is as follows:
(1) determine the size of the field of view according to the size characteristics of the target;
(2) if the horizontal or vertical size is larger than the field of view, shrink all of the highlights
isometrically into the field of view and calculate their pixel positions in the field of view;
(3) if the horizontal or vertical size is smaller than the field of view, enlarge all of the
highlights isometrically in the field of view appropriately and calculate their pixel positions
in the field of view; (4) normalize the energy values of all of the highlights according to
the highlight with the largest echo energy value. The normalized values are multiplied
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by 255 and rounded to the nearest whole number, and the gray value Gr[x;, y;| of the ith
highlight of a certain detection cycle is calculated as

wli] 1
Grlxi yi) = f(P0) = g + o @
arg, szungpw k] 2

where N represents the number of target highlights acquired in a given detection cycle, py|i]
denotes the energy value of the ith highlight and i € [1, N]. According to the establishment
conditions of the linear time-invariant system, the target channel is a time-varying space-
varying channel considering different detection cycles of the active sonar. The number of
echo highlights N of the underwater target should be a time-varying function. Therefore, N
can be simply expressed as N(t,), i.e., the number of target highlights in the nth detection
cycle of the active sonar. Let the width of the field of view of the highlight image be W
and the height be H. The positions and gray values of the N(#,) highlights are represented
into the field of view, and the gray values of the coordinates of the highlights that do not
exist in the grayscale image are set to 0. As such, a highlight image of the target is obtained.
Describing the data from the image point of view, the highlight image data of the target £,
cycle Im(ty, x;,y;) can be expressed as follows:

pw[tnr Xi, yl] + 1
arg max Pw[tnrxi/]/i} 2’

(xi/ Yi

(5)

Im(ty, xi, i) =

where 0 < x; < W —1,0 <y; < H— 1. Some of the echo highlights of the underwater
vehicle shown in Figure 3 are graphically represented in Figure 4. In Figure 4, the pixel
gray value increases proportionally with the darkness of the color.

15.0

12.5 H

~ 10.0 1

= |

.-EL' 7.5 1 .
[.}]

< 5.0 -

O O
25{ © u

0.0

T T T T

0 5 10 15 20 25
Width / m

-

Figure 4. Local description of underwater vehicle’s echo highlights.

2.3. Design of the HasNet-5 Convolutional Neural Network

Underwater target recognition is generally a binary classification problem, i.e., recog-
nizing the true target among many disturbances. In this study, considering the diversity
of the geometric features of underwater disturbances, the target recognition problem is
transformed into a multi-classification problem and a true-false judgment is performed
on the target. For the classification of underwater target highlight images, a streamlined
active sonar highlight model CNN network called HasNet-5 based on the LeNet-5 network
structure was designed. The network structure of HasNet-5 is shown in Figure 5.
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Figure 5. Structure of the HasNet-5 CNN.

The network consists of seven layers: three convolutional layers, two max pooling
layers and two fully connected layers. It receives a 96 X 16 grayscale image as input, and
the output corresponds to the probabilities of the five types. The first fully connected layer
(F6) directly compresses the feature maps of the stereo output of the third convolutional
layer (C5) into a 1D vector containing 768 neurons. The second fully connected layer (F7)
contains five neurons, i.e., the probabilities of the five types, obtained using the softmax
classifier. Table 2 presents the network parameters for each layer of HasNet-5.

Table 2. HasNet-5 model summary.

Kernel . Number e Output
Layer Size Stride of Filters Activation Shal;e
Input Image - - - - 96 x 16
1 Convl 3x3 1 8 ReLu 96 x 16
2 Pool2 2x2 1 - 48 x 8
3 Conv3 3x3 1 32 ReLu 48 x 8
4 Pool4 2x2 1 - - 24 x 4
5 Conv5 4 x4 4 128 ReLu 6x1
6 FC6 - - - - 768
Output FC7 - - - Softmax 5

The main reasons for HasNet-5 to be based on the LeNet-5 network structure are as
follows: underwater target highlight images are similar to images of handwritten digits and
LeNet-5 can efficiently classify images of handwritten digits and is a small model, which is
favorable for engineering implementation. The differences between HasNet-5 and LeNet-5
include the following: the activation function of the convolutional layer is modified to the
rectified linear unit (ReLu), which reduces the number of calculations; the convolutional
layer uses a complementary method; the thickness of the first two convolutional layers is
increased; and one fully connected layer is eliminated. In this study, the HasNet-5 network
is implemented using the deep learning framework PyTorch.

3. Validation and Analysis
3.1. Dataset

The training, validation and test samples of the HasNet-5 classification network were
generated by employing the established highlight models of underwater vehicles and
four types of disturbance targets based on Equation (3) of the underwater target highlight
model. Considering the general application of underwater target recognition, samples were
generated at 10° intervals from 30° to 60° and from 120° to 150° for the horizontal bow
angle of the active sonar relative to the center of the target reference and at —4°, —2°,0°, 2°,
and 4° for the pitch angle. The distance between the sonar reference center and the target
centroid was assumed to be 400 m. The target speed was 4 m/s, and the sonar platform
speed was 10 m/s. The sonar operates using a linear frequency modulation (LFM) signal,
with a center frequency of 30 kHz and a frequency bandwidth of 1.5 kHz. The signal pulse
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width was set to 15 ms, while the noise followed a Gaussian distribution. Additionally,
the SNR was 6 dB. Based on these sonar parameters, the array sensor data for active sonar
were generated using the target highlight model examples and Equation (3) in Section 2.1.
Furthermore, the method described in Section 2.2 was employed to obtain the highlight
images from the generated data. The overall process is illustrated in Figure 6. A total of
40 combinations of bow angles and pitch angles were generated, with each combination
producing 250 samples for five types of targets. A total of 50,000 samples were obtained as
the generated training sample set. The sample parameter configurations are presented in
Table 3.

Target
Parameters Generating Multi- Orthogonal Extracting Target Target
and —) array Metadata of » Downsampling of |—)» Highlight —3» Highlight
Sonar Active Sonar Array Domain Data Information Image
Parameters

Figure 6. Process of sample generation.

Table 3. Parameter configuration for the generated samples.

Target Type Tilt Angle (°) Number of Samples
Underwater vehicle 30, 40, 50, 60, 120, 130, 140, 150 —4, —2,0,2,4 10,000

Horizontal Bow Angle (°)

Type I disturbance 30, 40, 50, 60, 120, 130, 140,150 —4, —2,0,2,4 10,000
Type Il disturbance 30, 40, 50, 60, 120, 130, 140,150 —4, —2,0,2,4 10,000
Type Il disturbance 30, 40, 50, 60, 120, 130, 140,150  —4, —2,0,2,4 10,000
Type IV disturbance 30, 40, 50, 60, 120, 130, 140, 150 —4, —2,0,2,4 10,000

Total 50,000

Following the aforementioned 40 combinations, a total of 10,000 samples were re-
generated for the five types of targets. Each combination generated 50 samples for each
target, with 5000 of them used as the validation sample set and 5000 of them used as the
test sample set. The validation and test samples were invisible to the network during
the training process. The generated validation samples were used to evaluate the model
training effectiveness after completing a round of training. The generated test samples
were used to evaluate the performance of the trained HasNet-5 network.

Echo data from Type I-1V simulated disturbances and underwater vehicles were
collected via active sonar in a lake/sea to form a test sample set for the experimental data.
The experimental data included 200 samples of Type I disturbance A (three array elements),
100 samples of Type I disturbance B (four array elements), 50 samples of Type II disturbance
(four array elements), 50 samples of Type III disturbance (four array elements), 50 samples
of Type IV disturbance (five array elements) and 100 samples of underwater vehicle targets.

The dataset comprises a generated training sample set, a generated validation sample
set, a generated test sample set and an experimental data test sample set. The specific
number of samples in each set is presented in Table 4.

Table 4. Quantification of each dataset.

Type of Sample Set

Generated Training

Generated Validation  Generated Test Sample
Sample Set Sample Set Set

Test Sample Set of
Experimental Data

Number of samples

50,000 5000 5000 550

3.2. Evaluation Metrics

According to the principle of minimizing the risk of missed detection, the HasNet-5
network was evaluated using the recall rate and its confusion matrix. The network was
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evaluated using the classification error rate in the training and validation process, as given
by Equation (6). Lower error rates indicate better network training.

(TP +TN)
(TP + TN + FP + FN)

ErorrRate = 1 — Accuracy = (6)

Here, TP, TN, FP and FN represent the numbers of true positive, true negative, false
positive and false negative cases, respectively.

The confusion matrix was used to evaluate the classification effectiveness of the trained
network model for the five types of target test data. The recall rate was used to evaluate the
generalization ability of the trained network for target classification, and it was calculated
using Equation (7). A higher recall indicates a higher rate of correct classification for a

particular type of data.
TP

TP+ FN @
Finally, experimental data samples were used to verify that the algorithm can discrim-
inate among the four types of typical 2D disturbance targets to recognize the real targets.

Recall =

3.3. Validation

As depicted in Table 1, the progress in identifying moving targets at long distances
remains limited for time-frequency feature recognition algorithms, sonar imaging recogni-
tion algorithms and geometric structure feature recognition algorithms. Consequently, this
study initially verifies the target scale recognition algorithm (TSRA) using experimental
data while analyzing its existing issues. Subsequently, the proposed echo highlight image
recognition method is validated and compared against the target scale recognition algo-
rithm. The methods mentioned in the literature [8-11] essentially employ the target scale
recognition algorithm, which involves determining both the horizontal and/or vertical
scales of targets. Utilizing the experimental data from Section 3.1, we conduct a target
classification test using the TSRA and present the classification results (confusion matrix)
in Table 5.

Table 5. Test results of the TSRA.

Classification Results

Classification Recognition
Data Type Typel Type II Type 111 Type IV Underwater Correctness Correctness
Disturbance A  Disturbance B Disturbance Disturbance Vehicle Rate Rate
Typel o o
disturbance A 197 0 0 0 3 98.5% 98.5%
Typel o o
disturbance B 9% 0 0 0 4 96% 96%
Type Il o o
disturbance 1 0 0 0 49 2% 2%
Type I . .
disturbance 2 0 0 0 48 4% 4%
Type IV o, 0,
disturbance 0 0 0 0 50 0% 0%
Underwater 1 0 0 0 99 99% 99%
vehicle

The classification correctness rates of the samples for Type I disturbance A and dis-
turbance B were 98.5% and 96%, respectively, and the misclassified samples were all
recognized as underwater vehicles. Type II-IV disturbances were incorrectly recognized as
underwater vehicles because most of the samples exceeded the threshold values for the
horizontal and vertical sizes. The samples of underwater vehicle targets were correctly
recognized 99% of the time, with one sample recognized as a Type I disturbance. In Table 5,
the “classification correctness rate” is the percentage of test results that were identical to
the label (recall rate) and the “recognition correctness rate” is the percentage of times that
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the disturbance was not recognized as an underwater vehicle or the underwater vehicle
was not recognized as disturbance during the test.

The classification results of the TSRA indicate that it only had a high recognition rate
for Type I disturbance; it could not discriminate among 2D disturbance targets and the
underwater vehicle. It can be seen that simply extracting the horizontal and vertical sizes
of the target is insufficient for classifying the 2D disturbance targets and the underwater
vehicle. In this paper, a method for obtaining the underwater target’s active sonar echo
highlight image is proposed. The global and local features of the target’s echo highlight
image are extracted, and the classification and recognition of the target are achieved using
the convolutional network.

Active sonar echo data for underwater targets are scarce owing to the high cost of
acquiring experimental data for various underwater targets at different distances, bow
angles and navigational states. In this study, to solve the problem of the lack and imbalance
of measured experimental data from underwater targets, a generation model for highlight
image data based on hydroacoustic physics is established as the theoretical basis and
combined with examples of highlight models of underwater vehicles and the four types
of disturbance targets given in Section 2.1. The generation model has similar ideas to
the approach of establishing generative models based on visual features and semantic
vectors in zero-shot learning [39,40] but with explicit physical implications. Drawing on
the idea of data invisibility in the target-domain tasks for zero-shot learning, generated
data classification is considered as a source classification task in which visual features and
lexical vectors are used to perform one-to-one matching in the target-domain classification
task. Therefore, the validation process was as follows: training, validation and testing of
the network using generated data to obtain a classification network that performs well for
the source classification task, followed by testing of the network using experimental data to
verify the performance of the recognition algorithm in the target-domain task. The process
of training and testing is illustrated in Figure 7.

Parameters Update

Parameters Update

y No No

Training Yes |Source Domain Yes | Target Domain Test

and Classification Classification [ R eslt
Validation Network Network esults
Generated Generated
Test and Test Experimental
Validation Samples Data Samples
Samples

Figure 7. Training and testing process.

First, the training and validation of the network were performed using the gener-
ated 50,000 samples and 5000 validation samples, with the learning rate set to 0.0001 for
10 epochs of training and validation. The training and validation error curves obtained
after training are shown in Figure 8.

The error curves of the training process indicate that the HasNet-5 network completed
training. Classification tests were performed using 5000 test samples of the generated
five types of targets. In testing, HasNet-5 classified more than 99% of the simulated data
correctly. Partial feature maps of the second convolutional layer obtained using the learning
network from Type I-IV disturbances and underwater vehicle simulation data are shown
in Figures 9-11. In Figures 9-11, the pixel gray value increases proportionally with the
brightness of the color. The feature maps reveal distinct global and local highlight features
between the underwater vehicle and Type I-III disturbances. While the underwater vehicle
shares similar global highlight features with Type IV disturbances, they exhibit noticeable
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differences in terms of local highlight features. The target recognition method proposed in
this paper aims to utilize the highlight features for achieving target classification. Therefore,
the extracted highlight feature maps and the classification accuracy of the simulation data
demonstrate the robust capability of HasNet-5 in both feature extraction and classification.

Error curve of training process

80 1 —— Training error
= Validation error
60 A
b
£ 40 -
-
=l
=
m
20
D -
T T T T T T
0 2 4 6 8 10
Epochs

Figure 8. Error curves of the training process.
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|
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Figure 9. Feature maps of the second convolutional layer for Type I and II disturbances.

Type 111 Type IV

Figure 10. Feature maps of the second convolutional layer for Type III and IV disturbances.
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Underwater Vehicle Underwater Vehicle

Figure 11. Feature maps of the second convolutional layer for the underwater vehicle.

Finally, the classification network was tested using the experimental data samples
to evaluate its generalization performance and ability to classify target echo highlight
images. The test results (confusion matrix) are presented in Table 6. Some of the feature
maps of the second convolutional layer of the highlight image of the underwater vehicle
in Figure 3 are shown in Figure 12, which have a high degree of similarity to the middle
portion of Figure 11.

Table 6. Test results for HasNet-5 experimental data.

Classification Results

Classification Recognition
Data Type Typel Type II Type III Type IV Underwater Correctness Correctness
Disturbance A  Disturbance B Disturbance Disturbance Vehicle Rate Rate
Typel o o
disturbance A 188 9 0 0 3 94% 98.5%
Typel o o,
disturbance B 96 3 0 0 1 96% 99%
Typell 1 49 0 0 0 98% 100%
disturbance
Type I 2 0 48 0 0 96% 100%
disturbance
Type IV 1 0 0 46 3 92% 94%
disturbance
Underwater 1 1 2 4 92 92% 92%,
vehicle

Figure 12. Feature maps of the second convolutional layer for the underwater vehicle.

3.4. Analysis

In the training of HasNet-5, convergence was generally achieved after 4-5 epochs.
A classification correctness of higher than 99% was achieved using the generated test
data, indicating that the algorithm extracted and classified the local and global features
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of the echo highlights of the underwater target with excellent performance in the source
classification task. Tests were conducted using 550 samples of experimental data to verify
the generalization ability of the model and the effectiveness of the algorithm for the
target-domain classification task. As shown in Table 6, during the testing process, it was
found that the classification correctness rates of the experimental data samples for Type
I disturbance A and Type I disturbance B were 94% and 96%, respectively. Meanwhile,
there was a possibility of the disturbance being recognized as an underwater vehicle in
the case of misclassification. This was found to be due to the fact that the simulated data
of the underwater vehicle used in the training had a small size in the vertical direction
and the echo image was highly similar to that of the Type I disturbance features. The
classification correctness rates of the experimental data samples for Type II and Type III
disturbances were 98% and 96%, respectively. Meanwhile, there was a possibility of the
disturbance being recognized as a Type I disturbance in the case of misclassification. The
classification correctness rate of the experimental data samples for Type IV disturbances
was 92%, and there was a possibility of the disturbance being recognized as an underwater
vehicle or a Type I disturbance in the case of misclassification. The experimental data
samples from the underwater vehicle were classified correctly 92% of the time, and among
the misclassifications, there was a high probability of the vehicle being recognized as Type
IV disturbance. This phenomenon can be attributed to the similarity of global highlight
features between the two types of targets. The classification network primarily distinguishes
Type IV and underwater vehicles based on the local highlight features characterized by
weak highlights. In addition, in the network training process, appropriately increasing the
thickness of the convolutional layer and adjusting the length of the fully connected layer
significantly improved the feature extraction and generalization ability of the classification
network. Compared with LeNet-5, removing one fully connected layer enhanced the
ability to extract the weak highlight features and significantly increased the classification
correctness rate for the underwater vehicle and Type IV disturbance. Finally, the target
recognition results of the proposed algorithm were compared with those of the TSRA, as
shown in Figure 13. The validation results indicated that the proposed underwater target
highlight image recognition method is capable of effectively recognizing 2D disturbances
and underwater vehicles.

Comparison of Target Identification
Between Two Algorithms

120%
100(%) @ ie s g e ss e s e @ rrerrryseveseece B sssssssdsssssiss L T ®
- L R A ®
80%
60%
40%
--®- EHITRA Accurate
20% » = TSRA Accurate
0% ' ¢
Type IA Type IB Typell Type Il THRERy  LHCEasos
Vehicle

Figure 13. Comparison of classification ability between the EHITRA and TSRA.
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4. Conclusions

The underwater target highlight model is enhanced in this study, wherein a novel
method for the feature extraction from underwater moving target highlight images is
proposed. Highlight model concrete examples are established for four typical disturbances
and an underwater vehicle, and the simulation data for these five target types under multi-
ple scenarios are generated. The HasNet-5 classification network is constructed, trained,
validated and tested using the generated data from the five types of targets. This enables
the network to effectively extract and classify the global and local highlight features of
underwater targets. Finally, experimental data from the five types of targets are used
to obtain test samples for evaluating the performance of the classification network. The
results demonstrate that the recognition probability for underwater vehicles reaches 92%,
while disturbances have a recognition probability higher than 94%, indicating excellent
performance in classifying targets within the designated domain. Consequently, the pro-
posed active sonar echo highlight image classification method exhibits robust capability
in mitigating 2D disturbances and accurately identifying real underwater targets. The
method is proved advantageous in long-distance identification tasks for active sonars from
moving platforms (e.g., UUVs or torpedoes), surpassing traditional target scale recognition
algorithms. It exhibits promising application potential in countering disturbances and
acoustic decoy scenarios as well as identifying large underwater vehicles or submarines.
However, further investigation is warranted for the classification approach of underwa-
ter target echo highlight imagery due to the limited and unbalanced test data, with the
potential exploration of additional types of underwater target recognition problems.
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