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Abstract: In recent years, fuzzy dispersion entropy (FDE) has been proposed and used in the feature
extraction of various types of signals. However, FDE can only analyze a signal from a single time
scale during practical application and ignores some important information. In order to overcome
this drawback, on the basis of FDE, this paper introduces the concept of multiscale process and
proposes multiscale FDE (MFDE), based on which an MFDE-based feature extraction method for
ship-radiated noise is proposed. The experimental results of the simulated signals show that MFDE
can reflect the changes in signal complexity, frequency, and amplitude, which can be applied in signal
feature extraction; in addition, the measured experimental results demonstrate that the MFDE-based
feature extraction method has a better feature extraction effect on ship-radiated noise, and the highest
recognition rate is 99.5%, which is an improvement of 31.9% compared to the recognition rate of a
single time scale. All the results show that MFDE can be better applied to the feature extraction and
identification classification of ship-radiated noise.

Keywords: multiscale fuzzy dispersion entropy; ship-radiated noise; feature extraction; coarse
granulation; fuzzy affiliation function

check for
updates

Citation: Li, Y;; Lou, Y;; Liang, L.; 1. Introduction

Zhang, S. Research on Feat : . . . .
ang, S. Research on Feature With the improvement of comprehensive national power, the exploration of oceans

has increased. Ships are one of the most important carriers in ocean activities [1-3], and the
feature extraction and identification of ship-radiated noise emitted by these vessels is of cru-
cial concern in hydroacoustic research [4,5]. However, by the complex marine environment
and sound production principles, ship-radiated noise collected in both air and underwater
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media exhibits non-stationary, non-Gaussian, and nonlinear characteristics [6-11], and the
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domain angles, which is insufficient in the actual signal feature extraction and can only
reflect the information from one scale.

Entropy is a nonlinear dynamical index [17,18] that has been widely used in re-
cent years for various applications including ship-radiated noise feature extraction, by
virtue of its ability to provide a measure of the uncertainty and irregularity of nonlinear
signals [19-24], and many scholars have improved entropy in various aspects in order
to improve its performance. In 2002, Bandt and Pompe [25] proposed the concept of
permutation entropy (PE) for describing the complexity of time series and chaotic dynam-
ical systems, which is also widely used in various types of hydroacoustic signal feature
extraction due to its simpler algorithm, faster computation, and better noise immunity.
To overcome the problem that entropy is constrained by data length in the calculation,
Richman et al. [26] proposed the concept of sample entropy (SE) in 2014, which is able
to reduce the calculation error in the case of more data loss and has less impact on the
data calculation results compared to other entropies [27]. In 2016, Mostafa Rostaghi and
Hamed Azami [28] proposed the concept of dispersion entropy (DE) to address the loss of
amplitude information in PE and the long computation time of SE in long signals, achieving
outstanding results in ship-radiated noise feature extraction. In 2022, Mostafa Rostaghi
et al. [29] also combined DE and fuzzy affiliation function to propose the concept of fuzzy
DE (FDE), which uses a fuzzy affiliation function to reduce the information loss of the
original signal in the calculation process, but it has not been applied to the analysis of
ship-radiated noise.

However, FDE is analyzed at a single time scale when the signal is distributed in
multiple scales, and there is a risk that signal information from other scales will be missed
when the analysis is performed only from a single scale [30]. In order to obtain the
complexity of signals at different time scales, the concept of multiscale is introduced in
this paper [30-33] combined with FDE. Then, a new concept of multiscale FDE (MFDE) is
proposed to obtain the complexity of analyzed signals at different scales. In addition, based
on MFDE, we propose a new ship-radiated noise feature extraction method, and its various
performances are verified by simulation and realistic signals experiments, respectively.

The main contributions of this paper are as follows: on the basis of FDE, coarse
granulation processing is introduced for the first time, and MFDE is proposed, which
can obtain more features and extract more useful information than FDE; in addition, a
MFDE-based ship-radiated noise feature extraction method is proposed, which achieves
accurate recognition of different types of ships.

The overall structure of this paper is as follows: Section 2 details the calculation
steps of DE, FDE, and MFDE and the steps of the MFDE-based feature extraction method;
Section 3 verifies the availability of FDE by means of several sets of simulated signals and
investigates the effect of different parameter variations on the entropy value of MFDE;
Section 4 explores the effectiveness of MFDE for the feature extraction and recognition of
ship-radiated noise under different features; Section 5 summarizes the whole article.

2. Theory and Method
2.1. Dispersion Entropy

DE is an index to measure the complexity of time series, which is often used as a
feature for time series feature extraction. The detailed calculation steps of the DE for a
specific time series X = {x1,x2,..., ¥y} can be described as:

Step 1: Use the normal cumulative distribution function (NCDF) to normalize the
series X and obtain a new series Y = {y1, 2, ...,yn}. The NCDF is described as follows:

! / e (i=12,...,N) )
| = —— e 2 i=12...,
vi OV271T J 00

where p and o, respectively, represent the mean and variance of the sequence X.
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Step 2: Map the series Y to a new series Z° = {z‘i,zé, .. .,z‘j\]} through the round
function. The calculation formula is described as follows:

zi = round(cy; +05), i=1,2,...,N ()

where c is the number of classes and z is the i-th element of Z¢, whose interval is an integer
between 1 to c.

Step 3: Given embedding dimension m and time delay 7, the phase space reconstruc-
tion of the Z]¢ is performed based on the following method:

m,c

2" = {z]c»,z]C-+T,...,z]C«+(m71)T},j: 1,2,..., N—(m—1)t (3)

Step 4: Obtain each embedding vector z]m’c that corresponds to one dispersion mode

Tlogoy... 01+

z]? =7
z¢, =0
7+t 1

4)

c —
Zj+(m71)7' = Um-1

Step 5: Calculate the probability of each dispersion mode 77y, ...0,, , according to the
following equation:

_ Number{t|t < N — (m —1)T, Toyo, .00 1 }

P(nvovlmvm—l) - N — (m o 1)T (5)

where Number { t ‘ t<N—(m—1)T, 0.0, 4 } is the number of embedding vectors mapped
t0 TTogv .0y 1 -
Step 6: Calculate the DE value of the sequence X:

DE(X,m,c,T) = — E P(nvovl---vm—l ) lnp(nvovl---vm—l) (6)
Step 7: Normalize the DE value as follows:

_ DE(X,m,c,T)

NDE(X,m,c,T) = In(c")

@)

2.2. Fuzzy Dispersion Entropy

Aiming at the problem that fuzzy entropy renders the calculation value of the original
short signal unreliable, the concept of fuzzy membership is introduced to replace the round
function method of DE. The calculation process of FDE is described as follows:

Step 1: The time series X = {xq,xp,...,xN} is processed by NCDF to obtain
Y = {y1,y2,...,yn}, and the steps of NCDF are the same as in Equation (1).

Step 2: Apply the following function to a linear transformation of series Y:

z{ =cy; +0.5 (8)

where c is the number of classes and z{ is the i-th element of Z¢.

Step 3: Use the fuzzy membership function to fuzzy treat sequence Z¢; different
intervals will also correspond to different functions, as follows for the fuzzy functions used
in this study:

0 z§ > 2
i, (z) = 92— 2§ 1<zf <2 )
1 0<zf<1
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0 zi <k-1
zi—k+1 k—-1<z{ <k

cy —
M) = K1 k<t <kt (10)
0 zi > k+1
0 zi <c—1
pm(zi) = q1+c—zf c—-1<z<c (11)
1 zi>c

Step 4: Given the embedding dimension m and time delay 7, the embedding vector
Z;’m can be obtained by phase space reconstruction according to the following formula:

2" =2 s B e f J= 12 N = (= 1) (12)

Step 5: Calculate the membership degree of each phase space reconstruction compo-
nent to obtain the membership degree of each dispersion mode:

paves s (2) =TT e, (i) 19

Step 6: Compute the probability of each dispersion mode. The process is described as
follows:
Z]I\LE (mil)d nquUl---vmfl (Z]mrc)
P(]’lvovlmvm—l) = N—(m—1)d

(14)

where P( Hogoy.. 01 ) denotes the summary of the membership degrees of the dispersion
mode l/lvovl---vm—l :

Step 7: Calculate FDE according to the theory of Shannon entropy. The calculation
formula is as follows:

Cm

FDE(X/ mlcld) == Z p(nvovlmvm—l)an(nvov]‘“vm*]) (15)

=1
Step 8: Normalize the FDE value as follows:

FDE(X,m,c,d)

NEDE(X, m,¢,d) = —— D

(16)

2.3. Multiscale Fuzzy Dispersion Entropy

In order to retain as much time series information as possible while reducing data
length and computation time, this study introduces the concept of coarse granulation based
on the FDE and proposes the MFDE, as well as the specific process, as follows:

Step 1: Coarse granulation processing is applied to the time series, and the series is de-
composed into a new subsequence by setting different scales, where the coarse granulation
formula is described as follows:

1 & N
y=s ¥ m i<js— 17)
i=(j—1)s+1

where s is scale factor and Y* = {ygs), ygs), ey yf‘:\; | } is the new subseries with scale factor

s. When s = 1, the new subseries is the same as the original series.
Step 2: Calculate the FDE value of the subseries Y® according to the steps in Section 2.2.
The final formula is described as follows:

MFDE(X,s,m,c,T) = NFDE(Y®,m,c, T) (18)
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2.4. The Proposed Ship-Radiated Noise Feature Extraction Method

Based on the MFDE proposed in Section 2.3, we propose a feature extraction method
for ship-radiated noise with the following steps:

Step 1: Input different types of ship-radiated noise and select the same number of
samples in each signal, while the number of sample points in each sample is kept the same.

Step 2: Calculate the MFDE values of the selected samples at s scales as the dataset
and label these values according to the ship-radiated noise.

Step 3: Randomly select 60% of the samples as the training set from the dataset and
the remaining 40% as the test set.

Step 4: Introduce the k-nearest neighbor (KNN) classifier to classify the dataset starting
from k features (with an initial value of 1 for k) and calculate the classification recognition
rate under the current number of features based on the classification results.

Step 5: Add 1 to the number of selected features and repeat the experiment in Step 4
until the classification recognition rate is satisfactory or the number of features is equal to s.

It should be noted that the ratio of the training and test sets selected in this paper is 3:2
based on the previous studies [21]. Figure 1 shows the flow chart of the proposed feature
extraction method.

Input five types of ship-radiated noise signal, and determine the
number of samples and the number of sample points

}

Use the four entropies of MFDE, MDE, MSE, and MPE for feature
extraction of the samples

}

Divide the dataset into training and testing sets in a certain
proportion

}

Classify the data set by KNN

}

Obtain the corresponding ship recognition rates under the four
entropies

Figure 1. The flow chart of the proposed feature extraction method.

3. Simulation Signal Feature Extraction Analysis

In this section, we mainly verify the performance of FDE at multiple scales by some
simulation signals and discuss the parameter selection in FDE and the simulated signals,
including Gaussian white noise, amplitude-modulated chirp signal, and various noise.

3.1. Gaussian White Noise Simulation Experiment

In this experiment, Gaussian white noise is used to compare the FDE and DE value
changes in the sequence length. Gaussian white noise is a random signal of a power spectral
density to be constant. In this section, 50 groups of Gaussian white noise with different
lengths are chosen for the comparison experiments, and the length of the time series is
also increased from 100 to 1000 in intervals of 100. Then, the FDE and DE values of these
Gaussian white noise are calculated at scales of 2 and 5, respectively, and the rest of the
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Entropy value

parameters, including m and c, are all set to 3. Figure 2 shows the multiscale results of the
FDE and DE of Gaussian white noise at different lengths.

s=2 s=5
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Figure 2. Multiscale results of FDE and DE of Gaussian white noise at different lengths (a) s = 2; (b) s = 5.

From Figure 2, we can observe that, no matter s = 2 or s = 5, as the length of Gaussian
white noise increases, the values of both MFDE and MDE tend to be closer to 1, indicating
that the longer the length of the time series, the more information can be extracted. Further,
it should be noted that MFDE is closer to 1 than DE, which means that MFDE can better
reflect the complexity of the signal; in addition, in terms of stability, the standard deviation
of MFDE is also smaller compared with MDE, regardless of the length of the signal, which
indicates that MFDE is more stable in terms of entropy value compared with MDE. In
conclusion, the entropy value of FDE is more stable than that of DE at multiple scales, and
it can reflect the complexity of the signal more effectively.

3.2. Amplitude-Modulated Chirp Signal Simulation Experiment

This experiment is conducted by amplitude-modulated chirp signal to compare the
sensitivity of FDE to changes in the frequency and amplitude of time series at multiple
scales. The amplitude-modulated chirp signal is generated by cosine amplitude modulation
debugging, and its frequency and amplitude will change continuously with time, and its
equation is as follows:

sam(t) = Ac X [2+ cos2mtfct] x x(t) (19)

where x(t) is the chirp signal, with a frequency increasing from an initial 5 Hz to a final
30 Hz. A, is the carrier amplitude and f. is the frequency of the debugging signal. Set
Ac = 1, fo = 0.2Hz. Figure 3 shows the amplitude-modulated chirp signal domain
waveform; its length is 20 s, and the sampling frequency is 1000 Hz.
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Figure 3. Amplitude-modulated chirp signal domain waveform (1000 Hz).

As can be seen from the Figure 3, the frequency of the signal becomes increasingly
faster as time increases, while the maximum amplitude shows a trend of oscillation. In this
experiment, a sliding window of length 1 s is set up, and the distance of each slide is 0.1 s,
which means that there is a 90% overlap between adjacent sliding windows. In this way, a
total of 190 windows can be obtained, and the FDE and DE values of these windows are
calculated, where the parameters m and c are all set to 3. Figure 4 shows the FDE and DE
variation curves of amplitude-modulated chirp signal at multiple scales; s =2 and s =5 are
chosen in this experiment.

s=2
T T T T 0.7
MDE | 065
0.6
o
>
®© 0.55
>
>
[=3
2
= 05
i
0.45
04r
. . . . . . . . . 0.35 . . . . . . . . .
20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Samples Samples
(a) (b)

Figure 4. FDE and DE variation curves of amplitude-modulated chirp signal at multiple scales:
(a)s=2;(b)s=5.

It can be seen from Figure 4 that the curves of MFDE and MDE show a growing trend,
regardless of whether s = 2 or s = 5, corresponding to the ever-faster frequency of the
time domain waveform in Figure 3, indicating that both MFDE and MDE can detect the
frequency change of the time series with each other; in addition, the amplitude change of
MFDE is more stable compared to MDE at each s, and in the case of s = 5, the amplitude
change of MDE is haphazard and difficult to effectively respond to the amplitude change of
the amplitude-modulated chirp signal, indicating that MFDE is more accurate in detecting
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the amplitude change of the time series compared to MDE. In short, FDE can detect the
frequency and amplitude changes of time series at multiple scales and is better compared
to DE.

3.3. Various Noise Simulation Experiments

The above comparison experiments mainly verify the various types of capabilities
of MFDE in detecting dynamic changes in time series. In this subsection, we introduce
various types of noise and demonstrate the influence of parameters by comparing their
differentiation capabilities under different combinations of parameters. Where white noise
has equal energy spectral distribution, blue noise and pink noise have higher energy
spectral distribution in the low and high frequency range, respectively.

First, we discuss the embedding dimension m in the MFDE calculation process, which
controls the number of elements contained in the pattern and has a great influence on
the entropy value. Twenty groups of white, blue, and pink noise, each with a length
of 5000 sample points, are randomly selected to calculate their MFDE values, where the
number of categories ¢ = 3; the time delay 7 = 1; the embedding dimension m is chosen in
order of 2, 3, 4, 5, and 6; and the scale s changes from 1 to 20 in increments of 1. Figure 5
shows the MFDE of three types of noise with different embedding dimensions and scales.

08l

Entropy value
o

08|

—— pink noise
—— white noise.
—F— blue noise

Entropy value
o

—— pink noise
—%&— white noise
—%— blue noise

09

Entropy value
&

Figure 5. MFDE of three types of noise with different embedding dimensions and scales: (a) m = 2;
bym=3,(cym=4;(d)m=>5;(e)ym=6.

From Figure 5, we can observe that regardless of the embedding dimension, the MFDE
values of the pink noise show an increasing trend as the embedding dimension increases,
while the entropy values of the remaining two types of noise show the opposite trend; in
terms of separability, except for m = 2, the separability of the three types of noise in the
remaining subgraphs is similar, and the three types of noise can be distinguished at low
scales, but it is difficult to distinguish at high scales; in terms of stability, the standard



J. Mar. Sci. Eng. 2023, 11,997

9o0f 16

deviations at different embedding dimensions are also similar, and all of them become
progressively larger as the scale increases. Therefore, we can conclude that the standard
deviation m has little effect on the MFDE value, and we suggest that m should be an integer
between 3 and 6.

Next, we focus on the effect of another important parameter, which is c. As the category,
c controls the range of element values and has a great influence on the entropy value. The
overall experimental procedure is the same as the embedding dimension experiment, where
the embedding dimension m is fixed to 3; the time delay T = 1; c is chosen to be 3, 4, 5, 6, 7,
and 8; and the scale is increased from 1 to 20 in increments of 1. Figure 6 shows the MFDE
of three types of noise with different categories and scales.

Entropy value
©

1 T T T T T

—F— pink noise

Entropy value
&

Entropy value

Entropy value
ki

Entropy value

T % T T T T
—— pink noise —&— pink noise
—%— white noise | | 005 R —&— white noise | |

—&— blue noise [ —3%— blue noise
&

Entropy value

Figure 6. MFDE of three types of noise with different categories and scales: (a) c=3; (b) c=4; (c) c =5;
(d)c=6;(e)c=7;(f)c=8.

From Figure 6, it can be seen that with the increase in scale, the trend of the MFDE of
each category of noise is the same as Figure 5. Further, with the increase in the number of
categories, the MFDE values of each category of noise do not change much. In addition,
with the same c, the standard deviation of MFDE becomes gradually larger with the increase
in scale. In brief, the change in the number of categories has no significant effect on MFDE,
and the smaller the scale, the more stable the MFDE; thus, we suggest that the number of
categories c can be taken as an integer between 3 and 8.

In summary, we suggest that in MFDE, m is taken from 3 to 6 and c is taken from 3
to 8; further, it is important to note that regardless of whether m or c is set smaller, the
time consumption will be shorter. On the contrary, setting them larger requires greater
computational resources but may produce stronger separability.
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4. Experiments for Ship-Radiated Noise
4.1. Introduction of the Ship-Radiated Noise and Experimental Parameter Setting

In this section, we compare the recognition rates of four entropies in the classification
of ship-radiated noise under different scale and scale combinations, using them to verify
the application capability of MFDE in the feature extraction and classification recognition of
ship-radiated noise. The four types of entropies and their parameter combinations chosen
are set as follows: MFDE (im = 6,c =4, T =1),MDE (m =6,c =4, 7 =1); MSE (m = 6,
T =1,r = 0.15); and MPE (m = 6, T = 1). In addition, five types of ship-radiated noise
are selected for comparison in this section, including Cruise Ship Underwater Recording,
State Ferry Hydrophone Recording, Freighter Hydrophone Recording, Small Diesel Engine
Hydrophone Recording, and Outboard Engine Whine and Acceleration, naming them
SHIP I, SHIP II, SHIP III, SHIP 1V, and SHIP V, respectively, all with a sampling frequency
of 44.1 kHz; more details can be found in [34].

4.2. Single Feature Analysis Experiment

This subsection focuses on the feature extraction effect of FDE on various types of
ship-radiated noise at a single scale. For each ship-radiated noise, 300 samples are selected,
each consisting of 2048 non-overlapping sampling points.

It can be seen from Figure 7 that as the scale increases, the degree of confusion of the
signals increases, except for Ship I, and the differentiation effect is better at low scale; at
scale 1, some samples of Ship I are difficult to distinguish from Ship IV, but as the scale
increases, the differentiation effect of these two types of noise increasingly improves. The
experimental results show that the entropy feature performs better at low scales; this is
because single scale time series are longer and contain more information, but combining
different scales can distinguish the easily confused ship-radiated noise.

To further study the effect of MFDE on ship-radiated noise classification at different
single scales, we introduce the ship-radiated noise feature extraction method in Section 2.4
and use the features under each type of entropy single scale as the input. Table 1 shows the
recognition rate of different entropy under different single features.

Table 1. Recognition rate of different entropy under different single features.

Scales
1 2 3 4 5 6 7 8 9 10

MFDE 74.67 74.00 79.17 81.00 81.00 77.50 71.83 70.33  62.00 56.83

Recognition MDE 55.17 55.17 70.50 71.83 65.17 60.33 60.50 53.00 46.67  46.50
rate (%) MSE 73.83 47.83 35.33 22.33 20.17 20.83 20.33 20.00  20.00  20.00
MPE 54.83 61.33 75.50 76.00 72.33 68.17 64.17 6250 6250  54.00

Entropy

As can be seen from Table 1, the recognition of the ship-radiated noise improves
first and then decreases as the scale increases, with the highest recognition rates of 81%,
71.83%, 73.83%, and 76% for MFDE, MDE, MSE, and MPE, respectively. In the case of a
single feature, the average recognition rate of MFDE is the highest among the four types
of entropy. In addition, MFDE always has the highest recognition rate for five types of
ship under different scale factors compared to the other four entropies. In summary, the
proposed MFDE has a stronger feature extraction ability and a higher recognition rate of
ship-radiated noise in the case of a single feature. Figure 7 shows the feature distribution of
MFDE at 10 scales.
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4.3. Double-Number Feature Analysis Experiment

Although the recognition rate of MFDE is the highest with a single feature, it only
reaches 81%, and the recognition effect is not obvious. This experiment compares the
feature extraction ability and recognition rate of MFDE, MDE, MSE, and MPE for ship-
radiated noise under the condition of combining double-number features, and further
studies the ability of MFDE for ship-radiated noise analysis. Due to the high number of
scale combinations under the double-number feature, in this experiment, only the scale
combinations under the highest recognition rate are analyzed. Figure 8 shows the feature
distribution of four types of entropy under the double-number feature.

0.95

* b 09+

0.85

0.8

o 0
w Wo7rs
Qo065+ i
0.7
0.6
| % shipl || 065 X shipl |7
055 Ship Ship I
® Sshiplll os| ® shpli| |
05F *  ShiplV| - *  ShiplV
Ship V Ship V
0.45 . . . ; 0.55 . . . . . . ’ .
02 03 0.5 0.6 0.7 08 05 055 06 065 07 075 08 08 09 095
DE 1 FDE 3

3.5

(a) (b)

09

X shipl
Shipll
Ship Il
Ship IV 08h * Kok x

* Ship V.

0.85

*
* e

0.75

071

PE 3

0.65

06

Ship1 | |
Ship Il

Ship 1l
Ship IV |
Ship v

0.55 -

05

0.45

0.8 1 12 1.4 1.6 0.45 . . . . X 0.75 0.8

Figure 8. Feature distribution of four types of entropy under double-number feature. (a) MDE;
(b) MFDE; (c) MSE; (d) MPE.

As can be seen from Figure 8, the entropy distribution of MFDE has the lowest degree
of confounding at the condition of the highest recognition rate, and the interval between
the entropy of various types of ships is more obvious; in the entropy distribution plots
of MDE, MSE, and MPE, each type of signal has different degrees of confounding. The
experimental results show that MFDE has better feature extraction than other entropies.

To further explore their classification recognition results, we use the feature extraction
method in Section 2.4 to classify the ship-radiated noise, where the input is the double-
number features. Table 2 shows the highest recognition rate of double-number features.
It can be seen from Table 2 that MFDE achieves the highest recognition rate of 99% when
the scale combinations are 2 and 9; in contrast, the recognition rates for MDE and MSE are
93.83% and 90.67%, respectively, and the lowest recognition rate for MPE is 64.83%. The
experimental results show that the average recognition rate of all four types of entropy
under the double-number feature is further improved compared with the single-number
feature; the recognition rate of MFDE is still the highest among the four types of entropy,



J. Mar. Sci. Eng. 2023, 11,997

13 of 16

Ship IV 0.6
* Ship V
* \ 0.5
*
¥ 5
X

which proves the advantage of MFDE under double-number features for applying the
feature extraction and classification recognition of ship-radiated noise.

Table 2. Highest recognition rate of double-number features.

Entropy MFDE MDE MSE MPE
Scale combination 2,9 (1, 10) 1,2 1,3)
Recognition rate (%) 99.00 93.83 64.83 90.67

4.4. Triple-Number Feature Analysis Experiment

In order to further improve the classification recognition rate of ship-radiated noise
and thus highlight the feature extraction effect of MFDE more intuitively, based on the
double-number features, this experiment conducts a comparative experiment on triple-
number feature extraction. This experiment still demonstrates the advantages of MFDE
by comparing the feature extraction ability and ship-radiated noise recognition rate of
MFDE with other three entropies (MDE, MSE, and MPE). Moreover, since there are more
combinations of triple-number features compared to double-number, this experiment only
analyzes the scale combinations at the highest recognition rate. Figure 9 shows the feature
distribution of four types of entropy under triple-number features.
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Figure 9. Feature distribution of four types of entropies under triple-number features. (a) MDE;
(b) MFDE; (c) MSE; (d) MPE.

As can be seen from Figure 9, the interval between the various types of ship-radiated
noise of MFDE is more obvious with the highest recognition rate, and the overlap between
the signals is lower, while there are different degrees of overlap between the various types
of signals of MDE, MSE, and MPE. The experimental results show that MFDE has a better
feature extraction effect and stronger differentiability than the other three entropies.

To further explore the classification recognition performance of MFDE, we use the
three-number features as input to the ship-radiated noise feature extraction method. Table 3
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shows the highest recognition rate of triple-number features. As can be seen from Table 3,
the highest recognition rate of MFDE reaches 99.5% under the scale combinations of 2, 5,
and 9, while the recognition rates of MDE and MPE are 97.67% and 90.67%, respectively;
the recognition rate of MSE is the lowest at 45.17%. The experimental results show that the
recognition rates of all four entropies under the triple-number feature are further improved
compared with the double-number feature; meanwhile, the recognition rate of MFDE is
still the highest among the four entropies, which proves the advantage of MFDE in the
application of ship-radiated noise feature extraction and classification recognition under
the triple-number feature.

Table 3. Highest recognition rate of triple-number features.

Entropy MFDE MDE MSE MPE
Scale combination 2,5,9) (1,5, 10) 1,2,3) 1,3,5)
Recognition rate (%) 99.50 97.67 45.17 90.67

Figure 10 shows the recognition rate of three types of entropy under different numbers
of features. From Figure 10, it can be seen that the entropy recognition rates of three types
of MFDE, MDE, and MPE increase, and MSE decreases as the number of features increases;
moreover, the recognition rate of MFDE is the highest for all numbers of features, which
reflects better complementarity between features at different scales in MFDE. The results
further demonstrate that MFDE performs best for the feature extraction and classification
recognition of ship-radiated noise.
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Figure 10. Recognition rate of three types of entropy under different numbers of features.
5. Conclusions

In this paper, an improved time series complexity analysis method based on FDE is
proposed, called MFDE, which combines the calculation method of FDE and the process of
coarse granulation to obtain multiscale features. In addition, based on MFDE, we propose
a new ship-radiated noise feature extraction method, with the main conclusions as follows:

The experiment of the simulated signals show that comparing the MDE, the MFDE
at different scales can better reflect the change in time series complexity and has better
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sensitivity to the signal and better feature extraction ability; the realistic experiments
show that compared to feature extraction based on methods other than commonly used
entropy, MFDE-based feature extraction methods have the highest recognition rate for
ship-radiated noise under a different number of features, and the highest recognition
rate is 99.50% for ship-radiated noise under triple-number features, indicating that the
MFDE-based feature extraction method has better performance in the feature extraction
and classification of ship-radiated noise; we also expect that MFDE can be applied to other
types of signal analysis.

In addition, MFDE relies on the length of the signal, which leads to a decrease in
performance and stability when analyzing shorter signals. Therefore, how to reduce or
even eliminate the impact of signal length on MFDE is our future research direction.
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