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Abstract: Whale sound is a typical transient signal. The escalating demands of ecological research and
marine conservation necessitate advanced technologies for the automatic detection and classification
of underwater acoustic signals. Traditional energy detection methods, which focus primarily on
amplitude, often perform poorly in the non-Gaussian noise conditions typical of oceanic environ-
ments. This study introduces a classified-before-detect approach that overcomes the limitations
of amplitude-focused techniques. We also address the challenges posed by deep learning models,
such as high data labeling costs and extensive computational requirements. By extracting shape
statistical features from audio and using the XGBoost classifier, our method not only outperforms the
traditional convolutional neural network (CNN) method in accuracy but also reduces the dependence
on labeled data, thus improving the detection efficiency. The integration of these features significantly
enhances model performance, promoting the broader application of marine acoustic remote sensing
technologies. This research contributes to the advancement of marine bioacoustic monitoring, offering
a reliable, rapid, and training-efficient method suitable for practical deployment.

Keywords: classified-before-detect; shape statistical features; southern right whale; XGBoost

1. Introduction

Underwater environmental monitoring, biological detection, and communication
all depend heavily on transient signals in aquatic settings that come from both natural
occurrences and human activity. Researchers working to comprehend and safeguard marine
ecology depend on these signals, which include undersea explosions, hull collisions, fish
vocalizations, and changes in ship velocity. They are essential to military and navigation
systems in addition to ecological monitoring.

Among these, whale calls represent a key subset of marine transient signals. Cetaceans,
as apex predators and vital ecological components, significantly contribute to biodiversity
and the balance of marine ecosystems [1]. However, the escalation of marine activities, such
as increased shipping and expansive marine construction, poses unprecedented threats to
their natural habitats. These activities introduce substantial noise pollution and can alter
whale behaviors, affecting crucial aspects of their life cycles, including breeding, migration,
and foraging [2]. Consequently, the real-time monitoring and precise identification of
these underwater acoustic signals, particularly cetacean vocalizations [3], are essential for
evaluating and mitigating the impacts of human activities on these key marine species.

Passive acoustic monitoring (PAM) has become a cornerstone in marine biological
surveys and environmental assessments [4,5]. This system allows researchers to remotely
and continuously monitor the sounds of whales and other marine organisms without
disturbing them. However, the complex nature of the marine environment and the presence
of high background noise [6] pose significant challenges for traditional acoustic data
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analysis methods for detecting specific transient signals, such as whale sounds. While the
transient characteristics of these sounds—being short, non-periodic, and broadband—offer
potential for signal classification, they also substantially increase the analytical complexity.

Given these difficulties, this paper presents a novel approach that uses shape statis-
tical features to detect typical transitory signals in aquatic environments. These features,
including standard deviation, take important information out of the unpredictability and
distribution of sound waves, making it possible to identify individual passing occurrences
in intricate ocean soundscapes—such as distinct whale calls—with accuracy. This work
thoroughly analyzes the performance of these shape statistical features in different signal-
to-noise ratio conditions with the goal of improving the automation and accuracy of sound
signal processing models. The intention is to monitor maritime noises, including whale
sounds, more efficiently.

The practical applications of our approach are numerous: It aids in marine biodiversity
conservation by accurately identifying whale calls and other marine mammal vocalizations,
which is essential for monitoring the health and behavior of these species. It also provides
a reliable tool for assessing the impact of noise pollution from shipping and construction
on marine life, enabling the development of strategies to mitigate these effects. In ad-
dition, accurate detection of underwater signals is crucial for naval operations and safe
navigation, helping to avoid collisions and identify potential threats. Furthermore, our
approach enhances the ability to monitor various underwater events, contributing to a
better understanding of the marine environment and its changes over time.

The article is organized as follows: The relevant literature is compiled in the second
section, while the theoretical approaches and statistical features are explained in the third
section. The experimental data and the preparation techniques are presented in the fourth
section. The experimental findings and analysis are presented in the fifth part. The study’s
primary conclusions are finally outlined in the sixth part, which also discusses the study’s
shortcomings and potential future research areas.

2. Related Work
2.1. Challenges of Traditional Methods

In traditional marine bioacoustic research, manual recognition and basic automatic
detection techniques, such as energy detection and spectral feature matching, are effective
for small-scale datasets and environments with low noise levels. However, as the volume of
data expands and environmental complexity increases, these methods encounter significant
challenges [7]. Particularly in scenarios requiring large-scale data processing and in complex
acoustic environments, the limitations of these traditional approaches become increasingly
apparent, often leading to low processing efficiency and high error rates.

The energy detection method relies on sound intensity and is relatively effective in
environments where background noise is stable and predictable. However, in a dynamic
marine setting, factors such as ship activity and wave impact introduce unstable noise,
significantly increasing the false alarm rate of energy detection methods. Moreover, due to
this method’s sensitivity to environmental noise, it struggles to accurately identify target
sounds in conditions of high sound variability.

The spectral feature matching method relies on a predefined sound feature library,
which often becomes a bottleneck when analyzing the diverse sounds of marine life.
This method struggles to maintain high accuracy for species with constantly changing
sound characteristics or those that have not been extensively studied. The inability of
traditional spectral feature matching methods to accommodate sound diversity renders
them inefficient in practical applications.

2.2. Innovations and Challenges in Deep Learning Models

The detection and categorization of marine biological sounds has been greatly im-
proved in recent years by the use of deep learning technologies in acoustic signal process-
ing [8], especially convolutional neural networks (CNN) and recurrent neural networks
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(RNN). Based on signal properties, the “classification-before-detection” approach has be-
come more and more popular. With their precise identification and detection of marine
organism noises, these technologies prove to be excellent in the real marine environment.
High degrees of automation and reliable performance are displayed by them, especially
when handling big information.

The deep learning model can extract multi-dimensional features from audio sig-
nals [9,10], enhancing the accuracy and robustness of sound recognition through techniques
such as data augmentation and transfer learning. For instance, the two-stream convolu-
tional network model (TSCA) integrates signal processing in both time and frequency
domains [11], effectively reduces background noise through the use of an attention mecha-
nism, and significantly speeds up the detection and recognition of marine biological sounds.
Additionally, in [12], the ORCA-SPOT toolkit demonstrated remarkable generalization
capabilities and effectiveness in processing large-scale datasets, particularly in detecting
killer whale sounds.

On the other hand, the classification model with a multi-channel parallel structure [13]
achieves highly accurate sound classification by integrating audio features from various
channels and employing a trainable, fully connected layer to fuse these features. This model
consistently demonstrates high accuracy across multiple experiments, achieving an average
accuracy of 95.21% with a standard deviation of 0.65%. These results underscore the
advancement and effectiveness of deep learning technology in acoustic signal processing.

Furthermore, using convolutional neural networks to automatically recognize hump-
back whale songs in large passive acoustic datasets [14], deep learning’s tremendous
potential for spectrogram categorization and audio event identification is revealed. The
use of an active learning technique in this study allows the model to more correctly correct
the coverage error of the initial batch labels, resulting in improved performance through
iterative improvement of the model configuration.

Despite this progress, traditional methods for detecting marine biological sounds,
such as pattern recognition techniques based on specific sound features, still require a
large amount of manually labeled data and lack flexibility when dealing with unknown
or mixed signals. Commonly employed sound recognition technologies, including sound
spectrum analysis, energy detectors, and monitoring of specific frequency bands, often
perform poorly with real marine environmental data.

Although deep learning models theoretically offer superior performance [15], they en-
counter several challenges in practical applications. These include the high costs associated
with data labeling, demands for processing large-scale data, and maintaining stability in ex-
treme noise conditions. Additionally, these models typically require substantial computing
resources, which can limit their deployment in real-time monitoring and scenarios where
computing resources are constrained.

2.3. New Methodology for Enhanced Detection

To address these problems, this study presents a novel methodology that combines
traditional acoustic feature analysis with modern machine learning techniques to improve
the accuracy and efficiency of marine biological sound detection. Our method focuses on
efficiently using basic shape statistical aspects to promote adaptability to complex marine
sound environments while keeping the model simple. This work elucidates the significance
of each feature to marine biological sound detection by testing the model’s performance
under various signal-to-noise ratio settings. It also provides novel design insights for future
acoustic monitoring technology.

The objectives of this paper are as follows: Firstly, the audio is preprocessed for noise
reduction, and basic sound features are extracted. These features are then used to detect
Southern right whale (SRW) calls. The XGBoost classifier model is employed to determine
the weight of each feature in the automatic detection process, and simulated audio is
utilized to assess the performance of each feature under different signal-to-noise ratios.
We will thoroughly detail the model design, data processing methods, and experimental
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results, and discuss the challenges and prospects of this approach. Additionally, we will
explore the potential applications of the proposed methods in marine biological protection
and biodiversity monitoring. Figure 1 illustrates the workflow for whale sound detection
and classification using XGBoost (Version: 2.0.3).
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3. Methodology
3.1. Pretreatment

Five popular denoising methods are used to preprocess the audio, which are spectral
subtraction, Wiener filtering, EMD, EEMD, and VMD. The brief introduction is as follows:

3.1.1. Spectral Subtraction with Maximum Noise Residue Smoothing

Spectral subtraction is a widely used technique for noise reduction in speech signals,
functioning by [16–18] manipulating the signal’s spectrum. This method fundamentally
estimates noise within silent segments, typically calculated by averaging multiple silent
segments. Enhanced by maximum noise residue smoothing, this approach further improves
the denoising effect.

The mathematical expressions for noise estimation (Equation (1)) and spectral subtrac-
tion (Equation (2)) are as follows:

Nest( f , t) = α · median(X( f , t)), (1)

Y( f , t) = max(X( f , t)− Nest( f , t), ϵ). (2)

Here, (X( f , t)) represents the signal spectrum at frequency f and time t, Nest( f , t) is
the estimated noise spectrum, and α and ϵ are adjustment parameters and a small positive
number to ensure operational stability. This method effectively reduces residual noise and
enhances the clarity of the speech signal.

Our approach consists of performing an STFT with a window length of 1024 and a
skip length of 512 on the noisy audio to extract frequency domain information. The noise
spectrum was estimated using the first 5 min of audio segments in which no whale calls
occurred, which are assumed to contain predominantly background noise, and are then
used to calculate the average power spectrum for noise estimation. The main parameters
include alpha (α), set to 4 for aggressive noise reduction; beta (β), set to 0.02 to ensure
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signal distortion is minimized; and smoothing coefficient (k), set to 2 for averaging the
power spectrum and reducing artefacts. The residual threshold is 0.1 to keep the processed
sound natural. The enhanced amplitude spectrum is recombined with the original phase,
and after inverse STFT for time domain reconstruction, the output is saved.

3.1.2. Wiener Filtering

Wiener filtering, a classical signal denoising method based on statistical properties,
designs filters by minimizing the expected mean square error. For theoretical foundations
and practical applications of Wiener filtering, readers may consult references [19,20]. The
frequency domain expression (Equation (3)) of the Wiener filter is:

H( f , t) =
Sx( f , t)

Sx( f , t) + Sn( f , t)
. (3)

Here, Sx( f , t) and Sn( f , t) represent the power spectral densities of the signal and
noise at frequency f and time t, respectively.

For the short-time Fourier transform (STFT), we chose a window size of 1024 and a
hop length of 512, which are critical for balancing the frequency resolution and temporal
resolution of our signal analysis. The noise spectrum was estimated using the first 5 min
of audio segments, in which no whale calls occurred, which are assumed to contain
predominantly background noise. This estimation helps to set a baseline for the noise level
of the entire audio file.

3.1.3. Empirical Mode Decomposition

Compared with spectral subtraction and Wiener filtering, the modal decomposition
denoising method has the advantages of stronger adaptability, a wide application range,
and retaining signal characteristics, so it may be a better choice in some cases. The modal
decomposition method can decompose the signal adaptively according to the characteristics
of the signal and can selectively remove some modes to achieve denoising. This adaptability
can better adapt to different types and complexity of signals. The modal decomposition
method is not limited by the stability of the signal and can deal with non-stationary signals,
such as speech signals, music signals, etc. In contrast, spectral subtraction and Wiener
filtering have higher requirements for signal stability. The modal decomposition method
can usually retain the important features and structural information of the signal while
removing the noise and avoiding the signal distortion problem that may be introduced
by the spectral subtraction and Wiener filtering methods. It is usually not necessary
to accurately estimate the statistical characteristics of the signal and noise, so it is less
dependent on prior knowledge and easier to apply in practical scenarios. In addition, the
parameters of the modal decomposition method are usually lower and easier to adjust.
In contrast, the spectral subtraction and Wiener filtering methods may involve more
parameter selection and tuning, and more experience and experiments are needed to adjust
the parameters.

Empirical mode decomposition (EMD) is a method for analyzing nonlinear and non-
stationary time-series data [21,22]. It reveals the essential characteristics and trends in
the data by decomposing the data into a series of intrinsic mode functions (IMFs) and a
residual term. EMD denoising is the process of using this decomposition technique to
reduce the noise of the signal. The original signal is decomposed into multiple IMFs and
a residual. Each IMF should satisfy two conditions: in the entire dataset, the number of
extreme points and the number of zero-crossing points must be equal or, at most, one; at any
point, the mean value of the upper envelope defined by the local maximum and the lower
envelope defined by the local minimum is zero. The IMFs that are noise components are
then identified. In general, high-frequency IMFs (usually the first few IMFs) are considered
to contain more noise. Threshold processing is performed on IMFs identified as noise to
reduce noise. This can be achieved by the soft threshold or hard threshold method. The
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processed IMFs and the unprocessed residuals are used to reconstruct the signal to obtain
the denoised signal. The definition of IMF (Equation (4)) is:

mean(envelopemax(x(t)) + envelopemin(x(t))) = 0, (4)

where envelopemax(x(t)) and envelopemin(x(t)) are the upper and lower envelopes com-
posed of local maximum and local minimum points, respectively. The signal reconstruction
formula (Equation (5)) is:

xreconstructed(t) =
N

∑
i=1

IMFi(t) + r(t), (5)

N is the number of IMFs, and r(t) is the final residual.
In our study, EMD adaptively decomposes the raw data into 10 different IMFs. This

decomposition is achieved by iteratively separating the intrinsic characteristics of the
oscillatory modes directly from the data by EMD without the need for predefined basis
functions. By analyzing the frequency content and energy distribution of each IMF, we
identify three specific IMFs that are essential for capturing the fundamental characteristics
of the original signal while minimizing noise. We then reconstruct the signal using these
selected IMFs, utilizing their combined information content to maintain the integrity and
fidelity of the original audio while effectively reducing background noise.

3.1.4. Ensemble Empirical Mode Decomposition

Ensemble empirical mode decomposition (EEMD) is an improved version of EMD.
EEMD adopts the idea of set average. By adding random noise to the original signal and
performing EMD decomposition multiple times, the random error is finally reduced by
averaging the results of each decomposition. Refs. [23–25] improve the stability and reliability
of decomposition. Given a signal with noise, the signal is decomposed by EEMD many times,
and different random noise is added to each decomposition. The average IMF is obtained
by averaging the IMF obtained by each decomposition. The average IMF is combined
into a denoised signal. The formula of EEMD is similar to that of EMD, and the specific
decomposition process (Equation (6)) can be expressed by the following basic formulas:

c(k)(t) = x(t) + ε(k)(t)− ∑n
i=1 h(k)i (t). (6)

Here, c(k)(t) is the residual signal obtained by the kth decomposition, x(t) is the original
signal, ε(k)(t) is the random noise added by the kth decomposition, ∑n

i=1 h(k)i (t) is the ith IMF
obtained by the kth decomposition, and n is the number of IMFs. This process is repeated many
times. The average IMF is obtained by averaging the IMF obtained by each decomposition.
Then, the average IMF is added to obtain the denoised signal (Equation (7)) as:

xdenoised(t) =
1
K

K

∑
k=1

m

∑
i=1

h(k)i (t), (7)

where K is the number of decompositions and m is the number of IMFs. The selection of
the appropriate IMF and the number of decompositions are usually determined based on
the energy distribution of the signal and noise in the IMF.

In our study, the EEMD was employed to adaptively decompose the original data into
seven distinct IMFs. We utilized the EEMD algorithm with specific parameters, setting
the number of ensemble members to 100 and the ensemble noise level at 0.1 of the data
standard deviation. These parameters were carefully chosen to enhance the robustness
of the decomposition while ensuring that each IMF reliably represented inherent signal
characteristics without being overly influenced by the added noise. By analyzing the
frequency content and energy distribution of each IMF, we identified three specific IMFs
that were critical for signal reconstruction. These selected IMFs contained the essential
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characteristics of the original signal, effectively capturing its core dynamics while mini-
mizing noise components. This selective reconstruction approach allows us to preserve
the integrity and fidelity of the signal, highlighting the efficacy of the EEMD in handling
complex signal environments.

3.1.5. Variational Mode Decomposition

Variational mode decomposition (VMD) solves the process of signal decomposition
by optimizing the problem. Refs. [26,27] decomposed the signal into multiple modes, with
each mode representing a frequency band of the signal. The bandwidth of each mode
is determined by constraints or parameters in the optimization process. Given a signal
with noise, the appropriate parameters are selected, including the number of modes and
constraints. By solving the optimization problem of VMD, the signal is decomposed into
multiple modes. According to the energy distribution of the signal and noise, the appro-
priate mode is selected for reconstruction to obtain the denoised signal. The optimization
problem of VMD (Equation (8)) can be expressed in the following basic forms:

min
{uj,ωj}

K

∑
j=1

∣∣uj |22 + λ|∇Tuj −ωj|22, (8)

where uj is the jth mode, ωj is the frequency parameter, K is the number of modes,
λ is the equilibrium parameter, and ∇T is the gradient of operator T. When selecting
the appropriate mode for reconstruction, the denoised signal (Equation (9)) can be obtained
by adding the selected modes, that is:

xdenoised(t) =
m

∑
i=1

ui(t), (9)

where m is the number of selected modes. The selection of which modes is usually based
on the energy distribution of the signal and noise in the mode.

In our study, VMD was configured to decompose the original data into 5 IMFs. These
intrinsic mode functions were chosen to balance complexity and computational efficiency,
and the decomposition process allowed for a maximum of 300 iterations to ensure complete
convergence and stability of the results. Through our analysis, we selected two IMFs for
reconstructing the signal.

In this study, we selected variational mode decomposition (VMD) for the processing
of our datasets. VMD offers superior control over the frequency range of each mode
by adjusting the bandwidth parameters, thus providing better frequency resolution. In
contrast, empirical mode decomposition (EMD) and ensemble EMD (EEMD) have weaker
control over frequency resolution and may experience modal aliasing. VMD exhibits
strong robustness against signal changes and noise, enabling more stable decomposition
of nonlinear and non-stationary signals. Conversely, EMD and EEMD may result in
more unstable outcomes when dealing with noisy and nonlinear signals. The bandwidth
parameters in VMD allow for tailored signal decomposition to fit specific application
scenarios and requirements, ensuring more satisfactory results. Unlike methods that
rely on accurate statistical signal characteristics estimation, such as Wiener filtering and
spectral subtraction, VMD simplifies the process without requiring detailed tuning of filter
parameters, making it more user-friendly in practical applications. Figure 2 shows the
signal-to-noise ratio (SNR) results after applying five different noise reduction methods to
the processing. These data come from a one-hour-long live audio selected from dataset 1,
which recorded a whale call and its background noise in a natural environment. Each part
of the box plot represents different statistical characteristics of the data distribution. The
signal-to-noise ratio (SNR) is calculated by first identifying the audio segments that contain
the signal and distinguishing these from the background noise. Then, the average power
of both the signal and the noise segments is calculated. Finally, the SNR is determined by
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comparing these power levels to assess how much clearer the signal is in relation to the
noise. The line in the middle of the box indicates the median, while the bottom and top of
the box denote the lower and upper quartiles, respectively. The height of the box represents
the middle 50% range of the data (interquartile range, IQR). Extensions beyond the box
indicate maximum and minimum values, usually capped at 1.5 times the IQR, with outliers
marked separately on the plot. “SSS” in the figure refers to smoothed spectral subtraction.
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3.2. Shape Statistical Features

These features provide the statistical properties of the spectrum, including the mean,
standard deviation (Std), skewness, and kurtosis. It focuses on extracting the statistical
features of the original audio directly [28]. The statistical [29] calculation of the shape
includes:

In audio analysis, the mean (Equation (10)) indicates the segment’s average amplitude
level, which reflects the overall intensity of the audio signal, whereas the standard deviation
(Equation (11)) measures the dispersion of amplitude values around the mean, with a higher
standard deviation suggesting more amplitude variance. Skewness (Equation (12)) is a
statistical measure of the asymmetry of a probability distribution, with positive skewness
indicating higher amplitude values and negative skewness indicating lower amplitude
values in the segment. Kurtosis (Equation (13)) describes the sharpness of the amplitude
distribution; high kurtosis indicates more extreme amplitude values, whereas low kurtosis
indicates a flatter distribution. These metrics work together to help assess and understand
the features of audio data.

The calculation formula of these features is:

Mean : µ =
1
N

N

∑
i=1

xi, (10)

Std : σ =

√√√√ 1
N − 1

N

∑
i=1

(xi − µ)2, (11)

Skewness =
1
N

N

∑
i=1

(
xi − µ

σ

)3
, (12)
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Kurtosis =
1
N

N

∑
i=1

(
xi − µ

σ

)4
− 3. (13)

Here, µ denotes the mean, which is the average value of the dataset. N represents the
total number of observations or data points in the dataset. xi stands for the individual data
points in the dataset. σ symbolizes the standard deviation, a measure of the dispersion or
spread of the data points around the mean.

When we merely want to know the overall statistical properties of the audio or reduce
the processing flow, extracting the statistical features of the original audio is a more direct
and easy way. This method is especially useful for situations that do not require extensive
time-frequency information and only need to grasp the overall features of the audio.

By directly extracting the shape statistical features of the original audio, we can quickly
obtain the general information of the entire audio segment, such as the mean. These features
can help us understand the overall distribution of the audio, the shape characteristics of
the waveform, etc., which is of great significance for quickly analyzing the characteristics
of the audio and comparing the differences between different audio [30].

First, the audio data are normalized so that the maximum absolute value is 1. For each
audio segment, the following features are calculated: (mean): (Std) (skewness) (kurtosis).
Then, the values of each feature at each time frame are considered separately. If the value
exceeds a certain threshold, the signal frame is classified as the target sound. Figure 3 is an
example of the detection results of dataset 1. The white box indicates that the time frame
containing the call of the whale has been identified.
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3.3. XGBoost Model

Extreme gradient boosting (XGBoost) is an optimized distributed gradient boosting
library that implements gradient boosting algorithms [31,32]. It is a tree-based model that
iteratively trains multiple decision tree models and combines them to improve prediction
performance. XGBoost uses the gradient boosting algorithm as the basis to continuously
improve the performance of the previous model by training a new model in each iteration.
In each round, the new model will try to fit the residuals of the previous model. The basic
learner in XGBoost is the decision tree. Typically, classification and regression trees (CARTs)
are used as the base decision tree, but other types of tree models are also supported. Each
decision tree is gradually constructed by continuously splitting nodes to minimize the loss
function. A regularization term is introduced to control the complexity of the model and
prevent overfitting. This includes pruning the leaf nodes of the tree and limiting the node
splitting to avoid overly complex models. XGBoost can provide the importance score of
each feature in the model. These scores [33] can help understand how the model predicts
and help with feature selection and model interpretation. For the classification problem,
XGBoost outputs the probability of the category.

XGBoost is an independent library that implements the gradient boosting algorithm. It
optimizes calculation speed and memory usage and provides multiple language interfaces,
including Python. In this study, four statistical features were extracted from audio data and
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used as feature vectors for input to the XGBoost model. After each feature is calculated,
they are aggregated into a feature vector and added to the feature list, which is then
converted into a vector with the label instrument so that it can be directly used for training
and testing of machine learning models. In order to improve the training efficiency and
performance of the model, the feature vectors are standardized. Next, an instance of the
XGBoost classifier is created. During the training process, logloss is used as an indicator
to measure the difference between the predicted probability and the actual label. In the
experiment, the value of logloss is 0.071, which is a relatively low value, indicating that
on average, the model provides a high probability for correct labels. During the training
phase, the model is trained using both features and corresponding labels. Once training
concludes, the test set is processed, yielding probabilities that represent the likelihood
of the positive category—in this case, whale calls. These probabilities serve as the basis
for evaluating the model’s performance and for comparative analysis. Additionally, by
examining feature importance, we gain insights into the relative contributions of individual
features to the model’s predictions. Figure 4 shows the flow chart describing the XGBoost
optimization process [34]. The direction of the flowchart is from top to bottom. Each step is
represented by a box with corresponding labels describing the content of the step. Arrows
between nodes indicate the order of execution. We extracted four statistical features from
the audio data—mean, standard deviation, skewness, and kurtosis—and normalized them
to improve model performance. First, we defined the objective function, including the
mean square error and the regularization term of the model complexity. Then, the model
parameters were initialized and iterative training starts. In each iteration, the gradient
of the objective function was calculated and the model parameters were updated using
gradient descent. We also applied regularization techniques to control the complexity of
the model and prevent overfitting. By monitoring the convergence criterion, when the
convergence condition was satisfied, the iteration stopped and the final model was output.

Here is an explanation of the symbols used in the formulas within the flowchart:
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Loss: Represents the objective function, which combines the mean squared error of the
predictions and a regularization term to control model complexity.
ytrue: The true label or actual value in the dataset.
ypred: The predicted value generated by the model.
γ: A regularization parameter that controls the weight of the complexity term in the
objective function.
Complexity (Tree): Represents the complexity of the decision tree model, which includes
terms to prevent overfitting.
∂Loss
∂ypred

: The gradient of the loss function with respect to the predicted values, indicating the
direction and rate of change needed to minimize the loss.
learning_rate: A parameter that controls the step size during the gradient descent update
process.
λ: A regularization parameter used to control the impact of the regularization term on the
model complexity.

∑
(

leaf_weights2
)

: The sum of the squared weights of the leaf nodes in the decision tree,
used to measure the complexity of the tree and prevent overfitting.

In our study, we chose XGBoost instead of a deep neural network. This superiority
can be attributed to several factors. Firstly, XGBoost is inherently robust to uninformative
features due to its built-in feature selection mechanism, which iteratively adds the most
informative features and ignores the irrelevant ones. In contrast, deep neural networks
are highly sensitive to all input features, including uninformative ones, which can lead
to overfitting and reduced generalization performance. Secondly, XGBoost demonstrates
greater robustness to low signal-to-noise ratio (SNR) data. The boosting process in XGBoost
effectively minimizes the impact of noise by combining multiple weak classifiers to form a
strong classifier, whereas deep neural networks tend to overfit noise in the data, despite
the use of regularization and data augmentation techniques. Lastly, deep neural networks
often produce overly smooth solutions due to their reliance on continuous activation
functions, making them less capable of capturing complex, non-linear patterns inherent in
shape statistical features. XGBoost, on the other hand, constructs more flexible decision
boundaries through its ensemble of decision trees, enabling it to better fit complex data
distributions without over-smoothing. These advantages make XGBoost a more suitable
choice for modeling with shape statistical features in our experiments.

4. Experiment
4.1. Data

The dataset in this paper consists of two parts. Both contain the sound of whales.
Dataset 1 is audio data captured by a hydrophone off the coast of Falls Bay, South Africa.
Dataset 2 is simulated audio that uses whale calls to embed background noise in the marine
environment. The following describes them in detail.

Dataset 1 consists of two audio segments, one lasting 45 min and the other 60 min.
These segments contain approximately 300 Southern right whale (SRW) vocalizations.
Southern right whales can emit a variety of types of sounds, including but not limited to low-
frequency calls; “up-calls”, a rising-tone sound often used in social and foraging settings;
pulse sound; and continuous sound. The SRW’s call was captured by a drifting buoy 9 m
below the sea surface at 96 kHz. The drifting buoy was placed for two to four hours in the
summer and then recovered. The Southern right whale’s data are downsampled to 8000 Hz,
and most calls show good signal-to-noise ratios (between 15 and 20 dB). The duration of
the call is between 250 and 700 milliseconds. It also includes recording the time when the
manually marked whale call appears in the audio. The first 45 min segment is used for
training the model, and the subsequent 60 min segment is used for testing. Both segments
include manually marked timestamps indicating the presence of whale calls, providing
ground truth for training and evaluation.
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Dataset 2 consists of hydrophone recordings sourced from eight different NOAA NCEI
stations, capturing diverse marine environmental background noises and vocalizations from
various marine mammals. The above stations are part of a series of passive acoustic data
monitoring stations deployed by the National Oceanic and Atmospheric Administration’s
(NOAA) Pacific Environment Laboratory (PMEL). These stations cover the data collection pe-
riod from 2014 to 2021 and are located along the coast of North America, in the Caribbean Sea,
and in the North Pacific Ocean. From these recordings, we specifically selected 50 segments
containing whale calls with high signal-to-noise ratios and 150 segments without whale calls,
each 5 s in duration. Figure 5 contains example calls from the datasets.
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4.2. Detection Methods

This section describes the bioacoustic recording and its application in detection experi-
ments. The performance of the shape statistical detection method is compared with the
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other three popular detection methods to evaluate their efficiency in identifying bioacoustic
signals from stable and broadband noise.

Convolutional neural network (CNN) can automatically extract important features
from audio data, which is very suitable for processing data with highly spatio-temporal
structural features, such as audio and images. It is suitable for complex audio classifi-
cation tasks that require automatic feature extraction. The input to our CNN comprises
spectrograms derived from audio recordings. Our CNN architecture includes three con-
volutional layers that help in emphasizing different aspects of the input features, each
followed by max-pooling layers to reduce spatial dimensions while preserving essential
features. The network continues with two fully connected layers and incorporates dropout
regularization to mitigate overfitting. The final layer uses a sigmoid activation function to
classify the presence of bioacoustic events. The model is trained using a dataset of labeled
audio segments, ensuring broad representation under various conditions. We utilized the
Adam optimizer and a learning rate determined by validation set performance, conducting
training over 10 epochs with batch sizes of 32. Similar architectures have been applied to
tasks like environmental sound classification [35,36] and audio event detection.

Mel frequency cepstral coefficients (MFCCs) are a feature commonly used in speech
and audio processing. They can capture the main energy distribution of audio and are
especially suitable for tasks such as speech recognition and music classification. MFCCs can
effectively characterize the characteristics of audio. MFCCs are used as the audio feature
and are combined with logistic regression model for classification. Logistic regression
is a simple and effective classification algorithm. For this study, we computed the first
13 MFCCs from each audio frame, using these coefficients as features for logistic regression—
a straightforward yet powerful classification method. The logistic model was trained on a
robust dataset of annotated audio recordings, applying feature scaling and L2 regularization
to optimize performance. This combination has been extensively used in speech and
audio processing [37,38], proving effective in tasks like speech recognition and music
classification.

The band-limited energy detection (BLED) obtains the input record and calculates
the energy within a specific frequency bandwidth, and then compares the energy with the
detection threshold to determine whether it contains the signal of interest. It successfully
detects potential vocalizations quickly in the presence of weak background noise, and is
often used as a detection benchmark.

For the shape statistical features, the XGBoost classifier is used to combine the four
features for model training. In order to optimize the performance of the model, the
parameters are tuned by GridSearchCV. Use the best model trained before to predict it.

For each method, a time frame of 1 s is used, with a 50% overlap. The detection results
of the four methods are compared in the case of a training set of 30 min and 45 min.

4.3. Evaluation

In this study, we utilized a refined evaluation system to quantify the detection per-
formance of whale calls. We calculated true positives (TPs), false positives (FPs), false
negatives (FNs), and true negatives (TNs), based on the comparison between the automati-
cally detected events and manually labeled time periods. This comparison enabled us to
assess whether each time frame was correctly identified as containing whale calls.

The metrics used for evaluating the model’s performance—precision (Equation (14)),
recall (Equation (15)), and the F1 score (Equation (16))—are commonly employed in ma-
chine learning to measure the accuracy of classification models. The formulas used are:

Precision =
TP

TP + FP
, (14)

Recall =
TP

TP + FN
, (15)
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F1 = 2 × Precision · Recall
Precision + Recall

. (16)

5. Results
5.1. Detection Results of Two Datasets

In Figure 6, the curves of the XGBoost model on dataset 1 consistently maintains a high
level of precision, indicating that the XGBoost model has good stability and generalization
ability on dataset 1. In comparison to dataset 1, the curves of the XGBoost model on dataset
2 still maintain a high level of precision when the recall rate is low, but as the recall rate
increases, the precision decreases significantly.
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The curves of the mean and skewness models for both datasets reveal poorer precision,
particularly in the region with higher recall. The Std model’s curves are flatter, indicating
that its accuracy is generally constant over varying recall rates; on dataset 2, the curves
of the Std, skewness, and kurtosis models show a similar performance trend, indicating
relatively low accuracy. The steeper slopes of these models on dataset 2 compared to
dataset 1 suggest that these models had higher difficulty when dealing with the dataset
2 with various maritime ambient sounds.

5.2. Test Results of Four Methods

The detection results of the data with a training set of 45 min are shown in Figure 7.
In our study, we systematically divided the audio data from dataset 1, which consists of
two audio recordings, into training and testing sets to ensure robust model evaluation.
Specifically, the first audio segment was used for training. The entire second audio segment,
which lasts for one hour, was then utilized as the testing dataset.

It can be seen from the figure that in the case of fewer data in the training set, the
detection results using the four shape features still obtain F1 scores of more than 90%. The
performance of the deep learning convolutional network and shape statistical features is
better, while the performance of band-limited energy detection is slightly worse.
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5.3. Detection Results of Two Features

The five noise reduction methods were applied to dataset 1, and then the Std and
kurtosis features were used. The detection results of dataset 1 are shown in Figure 8. In
the figure, “SSS” refers to smoothed spectral subtraction. In our study, we analyzed the
effectiveness of individual statistical features, specifically standard deviation, in distin-
guishing bioacoustic signals from background noise. For each time frame, we calculated
the standard deviation, using these values as the decision-making basis by setting various
thresholds. Decisions were labeled as positive if the standard deviation of a segment
surpassed a predetermined threshold, aligning these against ground truth annotations to
calculate precision and recall for various thresholds.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 16 of 20 
 

 

performance of the deep learning convolutional network and shape statistical features is 
better, while the performance of band-limited energy detection is slightly worse. 

5.3. Detection Results of Two Features 
The five noise reduction methods were applied to dataset 1, and then the Std and 

kurtosis features were used. The detection results of dataset 1 are shown in Figure 8. In 
the figure, “SSS” refers to smoothed spectral subtraction. In our study, we analyzed the 
effectiveness of individual statistical features, specifically standard deviation, in distin-
guishing bioacoustic signals from background noise. For each time frame, we calculated 
the standard deviation, using these values as the decision-making basis by setting various 
thresholds. Decisions were labeled as positive if the standard deviation of a segment sur-
passed a predetermined threshold, aligning these against ground truth annotations to cal-
culate precision and recall for various thresholds. 

  
(a) (b) 

Figure 8. Precision–recall curves: (a) using Std; (b) using kurtosis. 

5.4. Feature Importance 
Figure 9 is a Shapley additive explanations (SHAP) summary diagram, which pro-

vides a visual representation of the influence of each feature on the model output, and can 
be used to analyze the contribution of features to model prediction. Each point represents 
the SHAP value of a data point, indicating the contribution of the feature to the model 
prediction. The size and sign (positive and negative) of the SHAP value tell us how the 
feature affects the model prediction. The positive value indicates that the feature promotes 
the model prediction to the positive class on this data point, and the negative value is the 
opposite. The color represents the size of the eigenvalues, from low (blue) to high (pink). 
This helps to explain why some eigenvalues drive the predicted value to shift in a specific 
direction. 

 
Figure 9. SHAP summary diagram. 

Figure 8. Precision–recall curves: (a) using Std; (b) using kurtosis.

5.4. Feature Importance

Figure 9 is a Shapley additive explanations (SHAP) summary diagram, which provides
a visual representation of the influence of each feature on the model output, and can be
used to analyze the contribution of features to model prediction. Each point represents
the SHAP value of a data point, indicating the contribution of the feature to the model
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prediction. The size and sign (positive and negative) of the SHAP value tell us how the
feature affects the model prediction. The positive value indicates that the feature promotes
the model prediction to the positive class on this data point, and the negative value is the
opposite. The color represents the size of the eigenvalues, from low (blue) to high (pink).
This helps to explain why some eigenvalues drive the predicted value to shift in a specific
direction.
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This SHAP value distribution graph provides a clear visualization of how each feature
contributes to the model’s predictions. Higher kurtosis tends to push predictions towards
the positive class, indicating that sharper peaks in data distributions are crucial for certain
outcomes. In contrast, lower kurtosis pulls predictions towards the negative class. Standard
deviation primarily influences predictions negatively when the values are low, but its effect
is more nuanced at higher values, demonstrating both positive and negative impacts.
The mean shows a broad spread of SHAP values across both positive and negative sides,
highlighting its pivotal role in driving predictions. Skewness, mostly clustering near zero,
has a relatively minor but occasionally significant impact. By observing the absolute size
of the SHAP value (distance from the zero point), it can be seen that the contributions of
kurtosis and Std are relatively large.

The analyses show that the standard deviation (Std) remains stable in both datasets.
This suggests that changes in amplitude of audio segments are a reliable indicator for
detecting cetacean sounds/Kurtosis performs slightly less well, implying that asymmetry
in the amplitude distribution and tail coarseness may not be sufficiently reliable.

The kurtosis feature is poorly detected after noise reduction using smoothed spectral
subtraction and EMD modal decomposition and Wiener filtering. Whereas, both EEMD
and VMD have good detection results. This shows that EEMD and VMD methods are more
resilient in noise reduction.

The experiments were completed on the same computer. The LAPTOP-0NCUK0A6
(Huawei, Shenzhen, China) was equipped with an Intel Core i7-10750H processor, 16 GB of
RAM, and a 64-bit Windows operating system. The detection algorithm was implemented
in the Python (version: Python 3.7.0) environment. The timing results are shown in Table 1.
CNN has the longest execution time and the most memory consumption. The running
time and memory usage of shape statistical features (SSFs) are second only to band-limited
energy detection (BLED), and the detection effect is better than the BLED, which indicates
that the detection method of shape statistical features is more rapid and reliable.

Table 1. The memory consumption, total algorithm time, and F1 score of convolutional neural
network (CNN), MFCC, band-limited energy detection (BLED), and shape statistical feature (SSF).

Memory Consumption Total Time F1 Score

CNN 580.54 MB 293,940 ms 0.93
MFCC 58.43 MB 40,870 ms 0.88
BLED 8.35 MB 1330 ms 0.81

SSF 10.39 MB 17,470 ms 0.97
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6. Conclusions and Discussion

Obviously, when the Std feature is used for automatic detection, the detection algo-
rithm performs well, and an F1 score of more than 90% is obtained. The performance of
kurtosis is slightly worse, and the performance of the standard deviation and skewness is
the worst, with an F1 score of 40%. When using the XGBoost model to combine the four
features for automatic detection, the automatic detection effect is the best. This study also
highlights the advantages of mixing numerous characteristics, particularly when employ-
ing machine learning models like XGBoost. The integration of mean, standard deviation,
skewness, and kurtosis significantly improves the detection accuracy, which is better than
the performance of a single feature. This highlights the complementarity of these features
in capturing different aspects of cetacean sounds, thereby improving the robustness of the
overall detection.

The findings of this study have significant implications for the development of au-
tonomous detection systems in marine biology and conservation activities. These algo-
rithms can effectively recognize and classify cetacean sounds in a variety of auditory
situations utilizing shape statistical properties, promoting study of marine species’ behav-
ior, distribution, and population dynamics.

Furthermore, the application of the detection methods in dataset 2 highlights their
utility in practical applications, as environmental noise is often a major obstacle to ex-
isting detection methods. By incorporating these features into autonomous monitoring
systems [39], we can provide continuous, non-invasive monitoring of marine habitats,
thereby helping to protect and maintain biodiversity.

Although the findings are promising, future research should focus on numerous
areas: Currently, this study uses a simple way of directly extracting statistical features
from the original audio, which is ideal for situations that do not require comprehensive
time–frequency information. Spectrum analysis, on the other hand, is extremely useful
for applications that require detailed time–frequency information and frequency-related
properties. Such analysis can provide essential frequency domain information, such as the
distribution of sound frequencies and spectral energy. This makes it easier to extract time–
frequency characteristics related to sound features, such as spectrum average, standard
deviation, skewness, and kurtosis. These features help distinguish between distinct sounds,
analyze sound frequency distributions, and aid in tasks such as sound categorization,
recognition, and analysis. Future study could also benefit from investigating advanced
feature engineering approaches, such as wavelet analysis or higher-order statistics, in order
to discover more distinguishing features and improve detection accuracy. Continuous
refinement and optimization of machine learning models, including the investigation of
alternative classifiers and ensemble approaches [40], is critical for increasing detection
accuracy and generalizability. Field testing and verification study in a variety of marine
conditions are required to determine the practicality and scalability of the automatic
detection system [41]. Extending the method to include a broader variety of marine
species and sound categories may increase the use of automatic detection systems in
ecological research and conservation monitoring. Furthermore, combining these systems
with existing acoustic monitoring networks, such as the Ocean Observing Initiative (OOI)
or the Integrated Ocean Observing System (IMOS), will allow for large-scale, collaborative
research initiatives and improve our understanding of marine ecosystems.

Finally, using shape statistical features in conjunction with machine learning technol-
ogy to recognize marine organism sounds is quite important. Researchers can obtain new
insights into the underwater world by using data-driven methodologies, which will help
to maintain and manage marine biodiversity in a sustainable manner.
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