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Multi-scale permutation
Lempel-Ziv complexity and its
application in feature extraction
for Ship-radiated noise
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2Shaanxi Key Laboratory of Complex System Control and Intelligent Information Processing, Xi’an
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Permutation Lempel-Ziv complexity (PLZC) is a recently proposed method for

analyzing signal complexity. However, PLZC only characterizes the signal

complexity from single scale and has certain limitations. In order to

overcome these shortcomings and improve the performance of feature

extraction for underwater acoustic signal, this paper introduced coarse

graining operation, proposed the multi-scale permutation Lempel-Ziv

complexity (MPLZC), and proposed an automatic hybrid multi-feature

extraction method for ship-radiated noise signal (S-S) based on multi-scale

Lempel-Ziv complexity (MLZC), multi-scale permutation entropy (MPE) and

MPLZC. The results of simulation and realistic experiments show that MPLZC

can better reflect the change of signal complexity in detecting the dynamic

change of signals, and more effectively distinguish white noise, pink noise and

blue noise than MPE and MLZC; compared with the three feature extraction

methods based on MLZC, MPE and MPLZC respectively, the proposed method

has the highest recognition rates of six S-Ss under the same number of

features, and the recognition rate reaches 100% when the number of

features is 5; the introduction of MPLZC significantly improves the

performance for ship-radiated noise signal of the automatic hybrid multi-

feature extraction method. It is indicated that the proposed method, as a new

underwater acoustic technology, is valid in other underwater acoustic signals.

KEYWORDS

multi-scale permutation Lempel-Ziv complexity, multi-scale permutation entropy,
multi-scale Lempel-Ziv complexity, ship-radiated noise, feature extraction
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Introduction

Nonlinear dynamics index is a powerful metric for analyzing

signals with non-stationary, non-Gaussian and non-linear

characteristics. Among them, the nonlinear dynamic indexes

based on entropy and Lempel-Ziv complexity (LZC) are

effective, which have been widely used in underwater acoustic

signal processing, fault diagnosis and biomedicine in recent

years, and have reached some achievement (Zhang et al., 2016;

Li et al., 2021; Zhang et al., 2021; Shi et al., 2022a; Li et al., 2022).

The nonlinear dynamic index based on entropy can reflect

the complexity of the signal. The common nonlinear dynamic

indexes based on entropy include approximate entropy (AE),

sample entropy (SE), and permutation entropy (PE). Pincus

et al. proposed AE (Pincus, 1991), and AE does not need a large

amount of data to measure the complexity of time sequences.

Richman et al. proposed the SE as an improved algorithm of AE

(Richman and Moorman, 2000), the calculation of SE does not

depend on the length of time series, and the calculation error is

small. Bandt and Pompe proposed PE (Bandt and Pompe, 2002),

compared with AE and SE, PE has stronger anti-noise ability and

higher calculation speed.

The nonlinear dynamic index based on LZC can reflect

the irregular degree of signal (Cui et al., 2016; Li et al., 2020).

The frequently used nonlinear dynamic indexes based on

LZC include: LZC, weight Lempel-Ziv complexity (WLZC)

and permutation Lempel-Ziv complexity (PLZC). Lempel

et al. proposed LZC (Lempel and Ziv, 1976), and LZC has

the advantages of easy calculation and no parameter setting

(Xie et al., 2012). introduced the concept of weight into LZC

and proposed the WLZC, WLZC can better detect the

changes of time sequences through weighted calculation.

Bai proposed the PLZC the by combining the PE and LZC

(Bai et al., 2015), and the proposed PLZC can more simply,

stably and effectively quantize the dynamic changes

of signals.

However, for the nonlinear dynamic indexes based on

entropy and LZC, both of which are difficult to fully reflect the

signal effective information from a single scale, many scholars

introduced the coarse graining operation into these indexes

(Anne, 2020), including multi-scale permutation entropy

(MPE) and multi-scale Lempel-Ziv complexity (MLZC).

Previous studies have shown that the MLZC achieved

satisfactory results in the fields of biomedicine and mechanical

fault diagnosis (Yeh and Shi, 2018; Yan et al., 2021; Shi et al.,

2022b), and MPE has been applied in the fields of underwater

acoustic signal with excellent performance (Choi et al., 2016; Liu

et al., 2017; Chen et al., 2019).

Ship-radiated noise signal (S-S) as a kind of underwater

acoustic signal (Li et al., 2019; Zhang et al., 2020; Esmaiel et al.,

2022), which can indicate the physical characteristics of ships

(Wang et al., 2017; Yang et al., 2022). The extraction of
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nonlinear dynamic indexes from S-Ss are helpful to the

classification and recognition of different ships (Bao et al.,

2010). It has been found that dispersion entropy-based

Lempel-Ziv complexity (DELZC) is introduced into the feature

extraction method for S-Ss, which effectively improves the

recognition rate of different S-Ss (Li and Geng, 2022). In the

past decade, PE and PE-based improved multi-scale algorithms

have been applied successively in the field of feature extraction

for S-Ss, such as MPE and multi-scale weight permutation

entropy (MWPE), and the separability of extracted features for

S-Ss is improved (Li and Li Y, 2016; Li and Li Y, 2017; Xie et al.,

2021). As the results shows that the introduction of multi-scale

in entropy improved the feature extraction performance of S-Ss.

However, multi-scale also has not been introduced into PLZC

at present.

In order to comprehensively reflect the complexity of PLZC

and improve the feature extraction performance of S-Ss, we

proposed the multi-scale permutation Lempel-Ziv complexity

(MPLZC) by introducing coarse graining operation, in addition,

we combined with MLZC, MPE and MPLZC to propose the

automatic hybrid multi-feature extraction method for feature

extraction of S-Ss. The overall structure of this paper is as

follows: Section 2 introduces the principle of MPLZC and the

automatic hybrid multi-feature extraction method; in Section 3,

the effectiveness of MPLZC is verified by simulation signal

experiment; Section 4 performs single feature extraction

experiments and multi-feature extraction experiments of six S-

Ss and classification experiments based on K-Nearest Neighbor

(KNN) classifier; finally, Section 5 gives the main conclusions of

the full paper.
Theory and method

Multi-scale permutation Lempel-
Ziv complexity

MPLZC is used to detect the dynamic changes of nonlinear

systems, which combines the coarse graining operation, the

permutation pattern of PE and LZC. The specific calculation

steps of MPLZC are as follows:

(1) For a given series X={x1,x2,…,xN} , the series Y (g) =

fy(g)1 , y(g)2 ,…, y(g)j ,…, y(g)l g is obtained by coarse graining

operation. y(g)j can be expressed as:

y(g)j =
1
go

jg
i=(j−1)g+1xi, 1 ≤ j ≤ l (1)

where g represents the scale factor, l is equal to ½Ng �, and ½Ng �
represents the largest integer not greater than N

g . If g = 1, Y(g) is

the same as the original sequence X.

(2) For series Y(g), phase space reconstruction is performed

to obtain the following reconstructed time series matrix:
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y(g)(1) y(g)(1 + t) … y(g) 1 + (m − 1)tð Þ
y(g)(2) y(g)(2 + t) … y(g) 2 + (m − 1)tð Þ
y(g)(3) y(g)(3 + t) … y(g) 3 + (m − 1)tð Þ
⋮ ⋮ … ⋮

y(g)(k) y(g)(k + t) … y(g) k + (m − 1)tð Þ

2
666666664

3
777777775

(2)

where m is the embedding dimension; t is the delay time,

and k represents the number of reconstructed row vectors which

value of k is N – (m–1)t.
(3) Each reconstructed row vector is rearranged in ascending

order as follows:

y(g) i + (j1 − 1)tð Þ ≤ y(g) i + (j2 − 1)tð Þ ≤ …

≤ y(g) i + (jm − 1)tð Þ, 1 ≤ i ≤ k (3)

if the values of two elements are equal in the same row vector

as:

y(g) i + (j1 − 1)tð Þ = y(g) i + (j2 − 1)tð Þ, (j1 < j2) (4)

their order can be arranged as follows:

y(g) i + (j1 − 1)tð Þ ≤ y(g) i + (j2 − 1)tð Þ (5)

any reconstructed line vector corresponds to a symbol

sequence s(i):

s(i) = ½j1, j2,…, jm� (6)

where i = 1,2,…,k, and k ≤m!. The matrix composed of these

symbol sequences is defined as:

S =

s(1)

⋮

s(k)

2
664

3
775 (7)

(4) Matrix S has k symbol sequences, each symbol sequence

is numbered according to the class of corresponding patterns,

and there are m! classes of patterns in total. For example, for a

given finite symbol sequence withm = 3, there are a total ofm! =

6 patterns, the corresponding relationships are [1, 2, 3]!1, [1, 3,

2]!2, [2, 1, 3]!3, [2, 3, 1]!4, [3,1, 2]!5, [3, 2, 1]!6, and

there are similar corresponding relationships when m is set to

other values.

(5) After the conversion in step (4), the numbers

corresponding to each s(i) are arranged in rows. Then we get a

pattern sequence G with length k, and all the elements are

integers between 1 to m!.

(6) Take G as a new sequence and perform LZC

calculation on it , more specifical ly, i ts normalized

complexity is as follows:

LZC(G) =
c(k)

lim
k!∞

c(k)
≈
c(k)logm !k

k
(8)
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where c(k) represents the complexity of sequence G by

process of LZC, and the specific steps of LZC are described in

reference (Lempel and Ziv, 1976)

(7) The LZC of the series Gunder different g are calculated,

and the MPLZC of the original series X is obtained, which can be

expressed as:

MPLZC(X, g) = LZC(G) (9)
Automatic hybrid multi-feature
extraction method

Flow chart of the automatic hybrid multi-feature extraction

for S-Ss is shown in Figure 1, the specific steps are as follows:
(1) Input the different types of S-Ss.

(2) Calculate the MLZC, MPE and MPLZC of various S-Ss

under different scale factors (SFs) and mix them to

obtain hybrid features (HF).

(3) Initialize the number of extracted features i = 3.

(4) Judge whether i is greater than 10, if it is greater than 10,

the process ends; otherwise, execute the next step.

(5) Select i features of various S-Ss, and KNN classifier is

used to classify S-Ss.

(6) Output the highest average recognition rate (ARR)

under the current i, judge whether ARR is equal to

100%, if the ARR reaches 100%, the process ends;

otherwise, the i is increased by 1 and return to step (4).
Simulation signal complexity analysis

MIX signal

To verify the effectiveness of PLZC in reflecting the

complexity change when the random sequence becomes a

periodic deterministic time series, Mixed signal is used in this

experiment, which can be defined as:

MIX(t) = (1 − z)� x(t) + z� y

x(t) =
ffiffiffi
2

p
sin (2p t=12)

(
(10)

where z is a random variable that decreases from 0.99 to

0.01, x(t) is a periodic function, and y is a variable evenly

distributed in [ −
ffiffiffiffiffi
3  

p
,

ffiffiffi
3

p
]. In the process of signal generation,

the greater the z value, the stronger the randomness; the smaller

the z value, the stronger the periodicity.

The sampling frequency of the Mix signal is 1000Hz, and

the total sampling time is 15s. The sliding window with 1000

sampling points is used to move sampling at the overlap rate
frontiersin.org
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of 90%, a sliding window is a sample, a total of 140 samples.

Three kinds of complexity of each sample are calculated

respectively, in which the embedding dimension m of PE

and PLZC are set to 4, and the delay time t are set to 1.

Figure 2 shows Waveform and complexity curves Mix signal:

(a) Waveform; (b) Complexity curves. It can be seen from

Figure 2B that the increase of periodicity for Mix signal with

the time increase, and the complexity of Mix signal should

also reduce.

It can be seen from Figure 2B that PE, PLZC and LZC all

have a downward trend, which can reflect the complexity change

of Mix signal; the PLZC curve is smoother and has less

fluctuation than LZC and PE when falling. The experimental

results indicate that PLZC can better reflect the complexity

change of Mix signal.
Frontiers in Marine Science 04
Logistic model

To verify the effectiveness of PLZC, a comparative

experiment was performed to detect the dynamic changes of

logistic model. Logistic model can be defined as:

xi+1 = u� xi � (1 − xi) (11)

where x1 is 0.65 u is the control parameter with the range of

[3.5,4]. LZC, PE and PLZC are calculated respectively, the

parameters of PE and PLZC are set to m = 4 and t = 1.

Figure 3 depicts waveform and complexity curves of logistic

model: (a) Waveform; (b) Complexity curves.

It can be seen from Figure 3A that the randomness of logistic

model becomes generally higher with the increase of u. It can be

concluded from Figure 3B that the curves of LZC, PE and PLZC
FIGURE 1

Flow chart of the automatic hybrid multi-feature extraction for S-Ss.
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FIGURE 2

Waveform and complexity curves Mix signal: (A) Waveform; (B) Complexity curves.
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FIGURE 3

Waveform and complexity curves of logistic model: (A) Waveform; (B) Complexity curves.
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all have an upward trend in general; LZC cannot detect the

complexity upward trend of logistic model when u is in the range

of 3.57 to 3.62, only PLZC can accurately reflect the complexity

downward trend of logistic model when u near 3.63.

Experimental results show that PLZC is more sensitive to

complexity changes of logistic model than PE and LZC, and

can better describe dynamic changes for logistic model.
Different noise signals

To confirm the ability of MPLZC to discriminate different

noise signals, a comparison experiment was conducted for pink

noise, white Gaussian noise (WGn) and blue noise. Figure 4

shows the normalized results of three types for noise signal.

20 samples are taken for the three noise signals separately,

and the number of sampling points of each sample is 5000.

MLZC, MPE and MPLZC of each sample are calculated

respectively. The SF of MLZC, MPE and MPLZC changes

from 1 to 20, the embedding dimension m of MPE and

MPLZC are set to 2, and the delay time t are set to 1. Figure 5

is means and standard deviations of complexity for three noise

signals under different SFs.

From Figure 5, the mean and standard deviation curves of

MPE are overlapped for pink noise, white noise and blue noise;
Frontiers in Marine Science 07
for MLZC and MPLZC, mean and standard deviation curves of

three noise signals all have significant difference. The

experimental results suggest that compared with MPE, MLZC

and MPLZC have better ability to distinguish three noise signals,

especially when SF is less than 5.
Feature extraction of S-Ss

Six types of S-S

Six types of S-Ss are used in this feature extraction

experiment with the sampling frequency of 44.1kHz and

sampling interval is [1, 200000] which are from the online

website (National Park Service) and called as Ship-①, Ship-②,

Ship-③, Ship-④, Ship-⑤ and Ship-⑥ respectively. Figure 6 shows

the normalized results of six types of S-Ss.
Single feature extraction and classification

100 samples are selected for each S-S, and the sampling

points of each sample is 2000. MLZC, MPE and MPLZC of the

six kinds of S-Ss are extracted with the SF from 1 to 10. For

comparison and analysis, the parameters of MPE and MPLZC
FIGURE 4

The normalized results of three types for noise signal.
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FIGURE 5

Means and standard deviations of complexity for three noise signals under different SFs: (A) MLZC, (B) MPE, (C) MPLZC.
FIGURE 6

The normalized results of six types of S-Ss.
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FIGURE 7

The feature distributions of MLZC for six S-Ss under each SF:(A) SF1, (B) SF2, (C) SF3, (D) SF4, (E) SF5, (F) SF6, (G) SF7, (H) SF8, (I) SF9, (J) SF10.
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FIGURE 8

The feature distributions of MPE for six S-Ss under each SF:(A) SF1, (B) SF2, (C) SF3, (D) SF4, (E) SF5, (F) SF6, (G) SF7, (H) SF8, (I) SF9, (J) SF10.
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FIGURE 9

The feature distributions of MPLZC for six S-Ss under each SF:(A) SF1, (B) SF2, (C) SF3, (D) SF4, (E) SF5, (F) SF6, (G) SF7, (H) SF8, (I) SF9, (J) SF10.
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are set to m = 5 and t = 1. Figures 7–9 demonstrate the feature

distributions of MLZC, MPE and MPLZC for six S-Ss under

each SF, where SF1 represents scale factor 1, SF2 represents scale

factor 2 and so on.

From Figures 7–9, for MLZC, MPE and MPLZC, the

overlapping phenomenon of the feature distributions for the

six S-Ss gradually became serious with the increase of SF; for

MPE and MPLZC, compared with MLZC, the feature

dstributions of the six S-Ss have more significant differences

under each SF; compared with other SFs, the feature

distributions of MPE for six S-Ss have less overlapping parts

under SF1, SF2 and SF3, especially ship-② and ship-⑥; from SF4

to SF8, the MPE of ship-④ and ship-⑤ are approximate, which is

difficult to distinguish these two S-Ss; for MPLZC, the

distinguishing effect between the feature distributions of ship-

② and ship-④ under SF2 is better than that under SF1; the

difference between the MPLZC of ship-② and ship-③ under SF1

is more obvious than that in SF2; from SF5 to SF10, the MPLZC

distributions of ship-② and ship-⑤ are seriously overlapped,

which is difficult to distinguish these two S-Ss. In summary,

under different SF, MLZC, MPE, and MPLZC also have different

ability to distinguish different S-Ss, only the single feature is

adopted, which is difficult to distinguish the six S-Ss.

To more clearly compare the ARRs of six S-Ss, six S-Ss are

classified by KNN classifier (Venkatesan et al., 2018). 100

samples of each S-S are selected, of which the 50 samples are

used as training samples and the other 50 samples are test

samples. Table 1 shows the ARRs of six S-Ss under each SF.

From Table 1, with the increase of SF, the ARR of single

feature extraction methods based on MLZC, MPE and MPLZC

is decreased generally; for the three feature extraction methods

based on MLZC, MPE and MPLZC, the highest ARR is 63.7%

under SF1, 75.3% under SF2 and 68% under SF1. In conclusion,

the ARRs of the six S-Ss are lower than 80%, and single feature

extraction method is difficult to accurately identify various S-Ss.
Automatic hybrid multi-feature
extraction and classification

The automatic hybrid multi-feature extraction and

recognition method is adopted to further improve the

recognition rates of six S-S, and three multi-feature extraction
Frontiers in Marine Science 12
methods based on MLZC, MPE and MPLZC are used as

comparative experiments. Figure 10 shows that the triple

feature distributions corresponding to the highest ARRs of six

S-Ss, MLZC1 is the MLZC under SF1, MLZC2 is the MLZC2

under SF2 and so on, the same is true for MLZC and MPLZC.

Table 2 shows that the ARRs of the triple feature extraction

methods for six S-Ss.

As can be seen from Figure 10 and Table 2, compared with

the single feature distributions, the triple feature distributions

of six S-Ss have stronger separability; for ship-①, the

recognition rate of the multi-feature extraction method based

on MLZC is the highest; from ship-② to ship-⑥, the recognition

rates of multi-feature extraction method based on MLZC are

the lowest, and the ARRs of the automatic hybrid multi-feature

extraction method are the highest; compared with the other

three multi-feature extraction methods, the automatic hybrid

multi-feature extraction method based on HF has the highest

average ARR for six S-Ss. The analysis indicate that the

automatic hybrid multi-feature extraction method can better

identify the six S-Ss.

Since the ARR of the six S-Ss do not reach 100% and the

number of extracted features is also less than 10, the number of

extracted features is increased and the ARRs are calculated.

Table 3 shows the highest ARRs of multi-features for six S-Ss.

According to Table 3, under the same number of features,

the ARRs of multi-feature extraction method based on

MLZC are the lowest for six S-Ss, and the ARRs of the

automatic hybrid multi-feature extraction method are the

highest; for proposed method and multi-feature extraction

method based on MPE, the highest ARR increases with the

increase of the number of extracted features; when the

number of extracted features is 5, the ARR of the proposed

method reaches 100%. Hence, the automatic hybrid multi-

feature extraction method proposed in this paper has the best

feature extraction performance.

Table 4 shows the feature combinations corresponding to

the multi-feature extraction methods. It can be concluded from

Table 4, for the feature extraction methods based on MLZC,

MPE and MPLZC, the features of the same SF can be selected

under different number of extracted features, such as MLZC1;

for the automatic hybrid multi-feature extraction method based

on HF, MLZC is not selected when the number of extracted

features is 3, and MPE is not selected when the number of
TABLE 1 The ARRs of six S-Ss under each SF.

Type Average recognition rate (%)

SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8 SF9 SF10

MLZC 63.7 50.7 36.7 34.7 35.7 31.0 31.3 24.3 28.0 19.3

MPE 72.0 75.3 68.3 58.0 49.3 49.3 49.3 38.3 39.0 38.0

MPLZC 68.0 63.3 54.7 50.3 48.7 45.7 37.3 40.7 36.3 37.0
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FIGURE 10

The triple feature distributions under the highest ARRs of six S-Ss: (A) MLZC, (B) MPE, (C) MPLZC, (D) HF.
TABLE 2 The ARRs of the triple feature extraction methods for six S-Ss.

Triple feature Recognition rate Averagerecognition rate

ship-① ship-② ship-③ ship-④ ship-⑤ ship-⑥

MLZC 98.0% 94.0% 90.0% 82.0% 56.0% 82.0% 83.7%

MPE 94.0% 100% 100% 98.0% 98.0% 94.0% 97.3%

MPLZC 92.0% 100% 98.0% 100% 90.0% 94.0% 95.7%

HF 94.0% 100% 100% 100% 100% 96.0% 98.3%
Frontiers in Marine Scien
ce 13
TABLE 3 The highest ARRs of multi-features for six S-Ss.

Multi-feature Number of extracted features

3 4 5

MLZC 83.7% 81.7% 80.0%

MPE 97.3% 98.3% 98.7%

MPLZC 95.7% 97.0% 96.3%

HF 98.3% 99.3% 100%
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extracted features is 4; MPLZC is selected in the automatic

hybrid multi-feature extraction method under the different

number of extracted features. The results indicate that MPLZC

plays a significant role in automatic hybrid multi-feature

extraction, and the introduction of MPLZC improves the S-S

feature extraction performance.
Conclusions

This paper raised the MPLZC as well as employed it in the

field of underwater acoustic, and presented an automatic hybrid

multi-feature extraction method for S-Ss. The superiority of

MPLZC in feature extraction for S-Ss and feasibility of the

proposed method are verified by simulation and realistic

experiments, and the main conclusions are as follows:
Fron
(1) PLZC is a complexity metric that combines LZC and PE,

which has certain advantages in detecting dynamic

changes for nonlinear sequences. Experiments show

that PLZC can more accurately detect the complexity

changes of Mix signal and logistic model than LZC and

PE.

(2) This paper presented MPLZC as a complexity feature,

which is on the basis of PLZC and combines with coarse

graining operation. Compared with MLZC and MPE,

MPLZC can more effectively distinguish pink noise,

white Gaussian noise and blue noise.

(3) Combining with MLZC, MPE and MPLZC, a new

automatic multi-feature extraction method for S-Ss is

proposed. The highest ARR of proposed method for six

S-Ss is higher than other three methods under the same

number of features, and the ARR reaches 100% when

five features are extracted.

(4) Under each feature number, the feature combinations

corresponding to the highest ARRs of automatic hybrid

multi-feature extraction method for S-Ss all include

MPLZC. Therefore, the introduction of MPLZC

improves the S-S feature extraction performance.
tiers in Marine Science 14
In the future research, we will apply the automatic hybrid

multi-feature extraction method to other underwater

acoustic signals, such as marine background noise,

marine animals, etc.
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TABLE 4 The feature combinations corresponding to the multi-feature extraction methods.

Multi-feature Number of extracted features

3 4 5

MLZC MLZC1, MLZC2,
MLZC4

MLZC1, MLZC2,
MLZC4, MLZC8

MLZC1, MLZC2, MLZC4,
MLZC6, MLZC8

MPE MPE1, MPE3,
MPE10

MPE1, MPE2,
MPE4, MPE10

MPE1, MPE2, MPE3,
MPE5, MPE8

MPLZC MPLZC1, MPLZC2,
MPLZC10

MPLZC1, MPLCL2,
MPLZC4, MPLZC10

MPLZC1, MPLZC2, MPLZC3,
MPLZC4, MPLZC10

HF MPE1, MPE3,
MPLZC10

MLZC1, MPLZC1,
MPLZC2, MPLZC9

MLZC1, MPE3, MPE10, MPLZC1, MPLZC4
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