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Abstract: The Saarbruecken Voice Database (SVD) is a public database used by voice pathology
detection systems. However, the distributions of the pathological and normal voice samples show a
clear class imbalance. This study aims to develop a system for the classification of pathological and
normal voices that uses efficient deep learning models based on various oversampling methods, such
as the adaptive synthetic sampling (ADASYN), synthetic minority oversampling technique (SMOTE),
and Borderline-SMOTE directly applied to feature parameters. The suggested combinations of
oversampled linear predictive coefficients (LPCs), mel-frequency cepstral coefficients (MFCCs), and
deep learning methods can efficiently classify pathological and normal voices. The balanced datasets
from ADASYN, SMOTE, and Borderline-SMOTE are used to validate and evaluate the various deep
learning models. The experiments are conducted using model evaluation metrics such as the recall,
specificity, G, and F1 value. The experimental results suggest that the proposed voice pathology
detection (VPD) system integrating the LPCs oversampled by the SMOTE and a convolutional neural
network (CNN) can effectively yield the highest accuracy at 98.89% when classifying pathological and
normal voices. Finally, the performances of oversampling algorithms such as the ADASYN, SMOTE,
and Borderline-SMOTE are discussed. Furthermore, the performance of SMOTE is superior to
conventional imbalanced data oversampling algorithms, and it can be used to diagnose pathological
signals in real-world applications.

Keywords: pathological voice; disordered voice; imbalanced learning; voice pathology classification;
SMOTE; ADASYN; Borderline-SMOTE; deep learning; intelligent medical diagnosis system

1. Introduction

Artificial intelligence has been used successfully in medical applications in recent
years [1-10]. Pathological voice detection systems based on deep learning algorithms
and characteristic parameters have become popular research topics. In biomedical signal
processing, different parameters are extracted from databases to create voice pathology
detection (VPD) systems that effectively classify pathological and normal voices. Most
studies have experimented with the Saarbruecken Voice Database (SVD) and Massachusetts
Eye and Ear Infirmary (MEEI) database [11], which are widely used in VPD systems [12,13].
However, in previous studies on VPD, many researchers failed to consider the imbalanced
distributions of the voice samples when using SVD and MEEI databases.

The MEEI Voice Disorders database was developed by the Kay Elemetrics Corp and
was released in 1994 [11]. The recordings consist of sustained phonations of the vowel /ah/
(657 pathological and 53 normal) and rainbow passage sentences (657 pathological and
53 normal). The SVD includes 2000 voice samples and electroglottography (EGG) signal sets.
It contains the records of 687 healthy people (428 women and 259 men) and 1356 people
(727 women and 629 men) with different pathologies [12]. The recordings include the
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/i, a, u/ vowels produced by a normal voice, the /i, a, u/ vowels with high and low pitches,
and the German sentence “Guten Morgen, wiegeht es Ihnen?”. This dataset is pretty recent
and is useful for research related to voice disorders [14-18]. In conclusion, the distributions
of pathological and normal voices are disproportionate in these two databases [1-10,13-18].
Therefore, considering the accuracy metric as the evaluation result of a classifier, the
performance of the constructed classification model for pathological voice may be better
than the actual performance. This is because, when trained on imbalanced datasets, it
is generally a biased classifier that achieves better performances for majority classes and
poorer performances for minority classes [19-21]. In real-world applications, imbalanced
class data are caused by insufficient and disproportionate samples in the utilized disordered
voice database. This also prevents algorithms that detect various types of pathological
speech from performing well in the existing VPD systems. However, collecting balanced
class datasets in experiments on medical diagnosis and rehabilitation is very difficult
because signal acquisition through the patient’s laryngoscope and labeling through manual
supervision are required. Given its importance, the diagnosis of pathological voices using
disproportionate data has attracted researchers’ attention [22,23]. Therefore, when using
a class-imbalanced pathological speech database, imbalanced learning methods must be
implemented using oversampling to model an effective VPD system.

Few studies have applied oversampling methods to the SVD and MEEI [2,22,24-26];
however, here, we introduce two representative papers. Recent work has demonstrated
the development of a system to automatically classify pathological and normal speech on
an imbalanced class dataset, utilizing a fuzzy clustering synthetic minority oversampling
technique algorithm (FC-SMOTE) [24]. The accuracy (90%) obtained from FC-SMOTE with
a convolutional neural network (CNN) was superior to that of the traditional oversampling
algorithms using imbalanced data [24]. Kwok et al. proposed CGAN-IFCM combining
a conditional generative adversarial network (CGAN) and an improved fuzzy c-means
clustering (IFCM) algorithm [22]. The classification ability of the CGAN-IFCM exceeded
that of existing models, with an accuracy of 95.15%.

The synthetic minority oversampling technique (SMOTE) is the oversampling method
most commonly used to manage imbalanced data [27]. The SMOTE improves the ran-
dom oversampling (ROS) method to reduce the risk of overfitting, but it can be a source
of overgeneralization [28]. The proposed SMOTE-based methods include Borderline-
SMOTE [29], adaptive synthetic sampling (ADASYN) [30], and Random-SMOTE [31].
However, most of these approaches are highly complex or mitigate only some of the
drawbacks of SMOTE [32]. In imbalanced deep learning scenarios, overlapping between
the classes and unclear boundaries affects the performance of oversampling techniques.
Eventually, noisy samples without an information value are generated. In particular, the
k-nearest neighbors algorithm can be useful for a pathological voice dataset with ambigu-
ous boundaries and overlapping between classes [33]. Thus, we use this advantage of
the k-nearest neighbors method in imbalanced learning as an integrated technique for
oversampling tasks. Furthermore, related studies [32] mainly use the k-nearest neighbors
algorithm. Various oversampling methods based on the k-nearest neighbors algorithm
are used in this study; these methods can overcome the influences of unclear points and
noise and the simultaneously imbalanced distributions within and between classes. Finally,
representative minority samples with as many discriminating features as possible should
be generated to increase the accuracy of pathological voice classification models.

Most pathological voice detection and intelligent diagnostic studies typically use MEEI
and SVD as standard databases for VPD systems, but they do not consider imbalances in the
number of pathological and normal samples in each database [1-10,14-18]. Accuracy is not
suitable for an imbalanced class dataset because it makes model performances inaccurate
as a measure of model evaluation. To address these problems, this work proposes a
VPD system that combines various oversampling methods based on SMOTE, ADASYN,
and Borderline-SMOTE and deep learning models such as CNN and feedforward neural
network (FNN) to classify between normal and pathological voices with the imbalanced
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SVD. In addition, this study proposes oversampled linear predictive coefficients (LPCs)
and mel-frequency cepstral coefficients (MFCCs) as the input parameters of the model.
Then, the balanced class datasets with the oversampled MFCC or LPC inputs are utilized
to validate and evaluate the combinations of deep learning models in the modeling phase
of the VPD system. Finally, evaluation metrics [34] such as recall, specificity, G, and F1
are presented for the classifier model. The contributions of this study can be summarized
as follows:

e  This paper introduces efficient deep learning models based on various oversampling
methods, such as the SMOTE, Borderline-SMOTE, and ADASYN, and directly applies
them to feature parameters for VPD.

e  The suggested combinations of the oversampled MFCCs, LPCs, and deep learning
methods can efficiently classify pathological and normal voices.

e  Several experiments are conducted to verify the usefulness of the developed VPD
system using the SVD.

e  The results highlight the excellence of the proposed classification system, which inte-
grates a CNN and LPCs based on the SMOTE in terms of monitoring voice disorders;
it is an effective and reliable system.

2. Materials and Methods
2.1. Database

The SVD, which was developed by the Phonetics Research Institute at Saarland Uni-
versity, Germany [12], contains more than 2000 voiced samples of sustained /a/, /i/, and
/u/ vowels and the sentence “Guten Morgen, wie geht es Ihnen?”. All recordings are
sampled at 50 kHz, and their resolutions are 16 bits. The lengths of the speech files with
sustained vowels are between 1 and 3 s. However, the dataset consists of recordings of the
/a/, /i/,and /u/ vowels from 687 normal voices and 1354 pathological voices with one
or more of 71 different pathologies. Table 1 shows the dataset information regarding the
SVD utilized in this study. Although the numbers normal and pathological voice samples
are imbalanced, they are balanced after oversampling proposed in this paper. Then, the
pathological samples are the same for the two datasets, and the 687 normal samples appear
also in the balanced set.

Table 1. Number of samples in the experimental dataset.

Imbalanced Class Balanced Class
Number of normal voices 687 1354
Number of pathological voices 1354 1354

2.2. Overview of the Framework

Figure 1 shows the overall structure proposed in this study. The framework includes
four steps, feature extraction, oversampling algorithm processing, model validation, and
evaluation, all of which are used to address the class imbalance of the SVD and develop a
VPD classification system. First, the MFCCs or LPCs extracted from the input signals are
oversampled to create a balanced dataset. An important point in this work is to make new
minority samples and obtain balanced datasets using various oversampling techniques for
feature parameters such as MFCCs and LPCs. Then, various combinations of deep learning
models are evaluated and validated using the balanced dataset as the final task.

2.3. Feature Extraction

The theoretical background of the MFCC [35] and LPC [35,36] feature parameters is
briefly described in this section. The MFCC approach is the most widely known feature
extraction method for automated VPD systems. Its steps consist of preprocessing, fast
Fourier transform, mel filtering, log power determination, and discrete cosine transform
(DCT). Firstly, the voice signal is pre-emphasized, framed, and windowed. Then, the
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magnitude spectrum is extracted from a short-time Fourier analysis. The magnitude
spectrum is obtained into a mel spectrum with an equal center frequency distribution using
24 overlapping triangular windows for the mel scale windows [24]. The square of the mel
spectrum—that is, the log power of each filter bank output—is calculated [24]. Finally, the
20th-order MFCCs are extracted via the log power by applying the DCT [35,36].
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Figure 1. Structure of the proposed algorithm.

Vocal tract information of a given speech is successfully extracted through linear
predictive analysis. That is, LPCs represent source behaviors that are periodic and steady:.
Linear prediction (LP) is the analysis approach most used in speech signal processing. LP
is based on the theory that a speech sample can be approximated as a linear combination
of previous samples [35]. Then, a unique set of prediction coefficients is established by
minimizing the sum of the squared differences between the actual speech and the linearly
predicted samples during a finite interval [35,36]. Two independent components of LP
analysis, vocal tract parameters and a glottal excitation, are obtained. They are referred
to as LP coefficients and LP residuals, respectively. It is assumed that speech is generated
by the excitation of an impulse train and random noise for voiced and unvoiced speech,
respectively [36,37]. In this research, the 20th MFCC and LPC parameters for each speech
frame (window size = 40 ms; frame overlapping rate = 50%) are computed during the
feature extraction stage [38].

2.4. Oversampling Methods

The SMOTE [27] generates synthetic samples for the minority class to balance the
dataset. This approach can solve the overfitting problem due to random oversampling.
First, the SMOTE creates synthetic data samples using the k-nearest neighbors method.
It starts by randomly selecting data from the minority class and sets up the k-nearest
neighbors algorithm for the data. Synthetic data are then created between the random
data and the randomly selected k-nearest neighbors data [27]. Figure 2 shows the working
procedure of the SMOTE. The SMOTE does not consider the data locations of the adjacent
majority class while generating the synthetic data of the minority class. Therefore, the
classes can overlap or create noise, so this method is inefficient for the classification of high-
dimensional data. However, in this experiment, the SMOTE is considered effective because
it is a binary classification technique that classifies pathological and normal voice samples.

ADASYN [30] is a generalized form of the SMOTE algorithm. This algorithm also
intends to oversample data of the minority class by creating synthetic data. However,
ADASYN differs from the SMOTE in that it considers the density distribution to deter-
mine the number of synthetic data. The advantage of this algorithm is that it can adap-
tively change its decision boundaries based on challenging samples. Figure 3 shows the
ADASYN procedure.
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Minority class | Example case with k = 4
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Figure 2. Working procedure of SMOTE. Source: https:/ /github.com/minoue-xx/Oversampling-
Imbalanced-Data (accessed on 20 February 2023).
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X14
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Weight: w1 oc #(majority)/#(minority)
oc # of synthesized data to generate
Figure 3. Working procedure of ADASYN. Source: https:/ /github.com/minoue-xx/Oversampling-
Imbalanced-Data (accessed on 20 February 2023).

If observations that appear in multiple classes away from the minority classes are
present, they create multiple classes and line bridges, causing problems for the SMOTE.
Borderline-SMOTE [29] addresses the above issue. Figure 4 shows the Borderline-SMOTE
procedure. The starting point of this algorithm is to classify the minority class observations.
If the observations are disregarded while generating synthetic data and the majority class
include all neighbors, any minority observations are classified as noise points. The algo-
rithm also classifies minority points as boundary points with both multiple and minority
layers as neighbors and resamples them completely.

Border Points

O Ignore noise point and
normal minority points

O Use border points for
synthetic data generation

Noise Points

source. Clasy i

Figure 4. Working procedure of Borderline-SMOTE.
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3. Results
3.1. Experimental Setup

The 20-dimensional MFCC and LPC parameters are obtained from each speech file of
the SVD. The modules used to extract the MFCC and LPC are set to a frame size with 40 ms
and a frame overlapping rate of 50%. The SMOTE, ADASYN, and Borderline-SMOTE
algorithms with the four nearest neighbors are used (k = 4), with a total of 42 random
states. We experimented SMOTE, ADASYN, and Borderline-SMOTE algorithms with k = 3,
4, and 5. When k was equal to 4, it was confirmed that the best performance was shown.
This study focuses on the effectiveness of using the proposed method to generate minority
class samples rather than controlling the hyperparameters of the deep learning classifier
to achieve optimal classification performance. Table 2 lists the main parameters of each
model. First, we study the classification between normal and pathological voices using
an FNN with two hidden layers. A rectified linear unit (ReLU) is activated after the first
layer, and the activation of softmax function occurs after the last layer [38]. The main
parameter values are shown in Table 2. This study also uses a CNN with four consecutively
convolutional layers, in which the convolutional mask has a kernel of size 3 x 3 and ReLU
activation functions with 64, 64, 32, and 32 convolutional masks for each layer. The CNN
also has four max pooling layers with sizes of 2 x 2, one dense layer with 512 nodes
where each node has an ReLU activation function, and one softmax output layer with four
neurons. The details are presented in Table 2. Experimental results are obtained through
10-fold cross-validation to ensure that each fold of the training (70%) and testing (30%) data
contains at least one sample from the minority class. The models are implemented using
Python 3.7 with the scikit-learn, imbalanced-learn, and PyTorch libraries.

Table 2. The main parameters of each model.

Main Hyperparameters CNN FNN
Activation function ReLU ReLU
Kernel size 3,3 -
Optimizer SGD + momentum SGD + momentum
Number of epochs 100 100
Loss function Cross-entropy Cross-entropy
Dropout 0.3 .
Pooling window Max pooling (2,2)
Neurons in the dense layer 512 .
Learning rate 0.001 0.00001

3.2. Model Evaluation Measures

Accuracy is one of the most common tools used to measure classifier performance.
However, general measurements of classifier performance are inadequate for imbalanced
datasets because the results can be biased for one class. Selecting the wrong metric to
evaluate the model can lead to the selection of a defective model or incorrect recognition of
the expected performance of the model in the worst-case scenario. Therefore, this study
uses several evaluation metrics, such as recall, specificity, G, and F1, to determine the
performance of the model using an imbalanced class dataset. Recall indicates the accuracy
over the minority class. Specificity measures the accuracy over majority class. Additionally,
the G and F1 values consider the classification performance achieved for the minority
class [24]. In short, these evaluation metrics are generally considered “unbiased” because
they are unaffected by the numbers of samples obtained from different classes and can
be used in the database in which the classes are unbalanced [24]. They are calculated
according to Equations (1)—(5). Table 3 contains the values of TP, TN, FP, and FN. In this
work, TP refers to actual normal samples predicted as normal samples and is the number
of true-positive samples. FN refers to actual normal samples predicted as pathological
samples and is the number of false-negative samples. FP refers to the actual pathological
samples predicted as normal samples and is the number of false-positive samples. TN
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means the actual pathological samples predicted as pathological samples and is the number
of true-negative samples [24].

TP

Precision — — 1
recision TP+ EP @D
TP
Recall = ———— 2
= TPYEN @
TN
Specificity = ———— 3
pecificity TN £ EP 3)
G = /Recall * Specificity )
2 x Precision * Recall
F1 = 5
Precision + Recall ©®)
Table 3. The confusion matrix.
Prediction Results
Actual Class Positive Class Negative Class
Positive class TP FN
Negative class FP TN

3.3. Oversampling Method Comparison

Figure 5 shows the fifth and fifteenth MFCC distributions of the normal voice samples
obtained before and after using various oversampling methods, including the ADASYN,
SMOTE, and Borderline-SMOTE on the SVD database. Figure 5a,b show the fifth and
fifteenth MFCCs of the original samples, respectively. Overall, when comparing the over-
sampled waveform with the original waveform, the amplitude is slightly higher, and the
samples are slightly tighter in the oversampled MFCCs. The different components are
partially marked with circles. In Figure 5c, the samples oversampled by the SMOTE are
observed in the second and third circles. This waveform is more densely oversampled
than the Borderline-SMOTE waveform of the original sample, as shown in Figure 5a. In
Figure 5e, it is possible to observe the aspects oversampled by ADASYN in the last circle.
When oversampled with Borderline-SMOTE, the dense waveforms can be observed in the
first circle of Figure 5g. When oversampling the fifth MFCCs extracted from the normal
voices using the three methods discussed, the SMOTE best interpolates the samples while
maintaining the characteristics of the original MFCC of the fifth waveform, and the fifth
MFCC oversampled by ADASYN appears to be the most similar to the original MFCC of the
fifth waveform. In the case of the fifteenth MFCCs, in Figure 5d, the samples oversampled
by the SMOTE are clearly observed in the first and second circles. When oversampling the
fifteenth MFCCs extracted from normal voices using the three methods mentioned, the
SMOTE best interpolates the samples, allowing for tight waveforms. The fifteenth MFCC
oversampled by Borderline-SMOTE appears to be most similar to the original MFCC of the
fifteenth waveform.

Figure 6 shows the fifth and fifteenth LPC distributions obtained for the normal voice
samples before and after using various oversampling methods, including the ADASYN,
SMOTE, and Borderline-SMOTE, on the SVD database. Figure 6a,b show the original LPCs
of the fifth and fifteenth samples, respectively. As is true of the aspects observed in the
MEFCCs, when comparing the oversampled waveform with the original waveform, the
amplitude is slightly higher, and the samples are slightly tighter in the oversampled LPCs.
The different components are partially marked with circles. In the LPCs oversampled by
Borderline-SMOTE in Figure 6g,h, significant differences are observed in all circles.
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Figure 5. MFCC:s of the fifth and fifteenth normal voice samples oversampled using various over-

sampling methods.

Similarly, based on the results of other oversampling methods, such as ADASYN and
the SMOTE, prominent differences are observed in the various circles shown in Figure 6c—f.
Therefore, among the three methods, Borderline-SMOTE best interpolates the samples
while maintaining the characteristics of the original LPC waveform.

The fifth and fifteenth percentiles of the MFCCs and LPCs are randomly selected to
show the oversampling phenomenon visually. Overall, as shown in Figures 5 and 6, the
samples oversampled for the LPC tend to be better interpolated than those of the MFCC.
In both cases, the samples oversampled using the ADASYN method tend to be similar to
the original waveform. Consequently, an equal number of normal and pathological voice
samples are produced. Although the data lengths in (c) to (h) appear to match those in (a)
and (b) in Figures 5 and 6, this is because the oversampled samples overlap at the same
time and are plotted together. In reality, the normal voice data samples are as numerous as
the pathological voice data samples.

3.4. Experimental Results and Analysis

The model evaluation measures are obtained through 10-fold cross-validation with
the specificity, recall, G, and F1 value. Table 4 presents the results measured by the FNN
and CNN models before using oversampling methods. The performances of all models
are poor. In SVD, most model evaluation metrics are lower than 0.6 because the number
of class distribution in the sample is unbalanced. Figure 7 shows the confusion matrix
produced by each deep learning model using feature parameters to classify pathological
and normal voices in the initial imbalanced class dataset. As shown in Table 4 and Figure 7,
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the recognition rate of classifiers is biased toward samples of the majority class composed
of pathological voices, whereas the accuracy for samples of the minority class composed
of normal voice is insufficient. Therefore, the model misleads the overall accuracy results.
From Figures 7-10, 72.96% accuracy is shown for the combination of MFCCs and the FNN.
Additionally, accuracies of 72.31% and 71.34% are obtained with a combination of LPCs
and MFCCs using the FNN and CNN, respectively. The lowest performance of 66.94% is
obtained using the LPCs and CNN, as shown in Figure 10a.
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Figure 6. LPCs of the fifth and fifteenth normal voice samples oversampled by various oversam-

pling methods.

Table 5 shows the model evaluation matrices obtained from each classifier after per-
forming imbalanced handling using various oversampling algorithms. The results in terms
of binary class confusion matrices are shown in Figures 8 and 9. Model evaluations of
FNN and CNN classifiers described in Table 5 show that VPD systems with SMOTE have
better specificity, recall, G value, and F1 value. Compared to various deep learning models
and the feature parameters, the combination of the CNN and LPCs oversampled by the
SMOTE has the highest accuracy (98.89%), and the best overall performance is achieved
when evaluating the model metrics with the implementation of the SMOTE algorithm. The
optimal classifier, such as the CNN with LPCs oversampled by the SMOTE, increases the
recall, the specificity, the G value, and the F1 value to 1.0, 0.97, 0.98, and 0.99, respectively.
These studies are conducted on an imbalanced dataset, with significant deviations ranging
from 0.20 to 0.73 between the recall and specificity. Our proposed method, which com-
bines the CNN and LPCs oversampled by the SMOTE, improves the recall and specificity
from 0.01 to 0.73 and 0.00 to 0.28, respectively, compared to the performance of other
conventional methods.
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Table 4. Evaluation measures obtained by each model on the class-imbalanced SVD.

FNN
MFCC Recall 043
Specificity 0.88
G value 0.62
F1 value 0.51
LPC Recall 0.35
Specificity 0.90
G value 0.56
F1 value 0.45
CNN
MFCC Recall 0.44
Specificity 0.87
G value 0.62
F1 value 0.51
LPC Recall 0.27
Specificity 0.95
G value 0.51
F1 value 0.40
sEl 89 | 17 sE 2 | 134
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Figure 7. The confusion matrices produced for the MFCCs and LPCs by the FNN and CNN on the
initial class-balanced dataset.
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Figure 10. Performance comparison among various combinations of methods on the class-imbalanced
and class-balanced dataset.

Table 5. Evaluation measures produced by each model on the class-balanced SVD.

FNN SMOTE ADASYN Borderline-SMOTE
MFCC Recall 0.85 0.7 0.85
Specificity 0.85 0.69 0.84
G value 0.85 0.69 0.85
F1 value 0.85 0.69 0.85
LPC Recall 0.92 0.92 091
Specificity 091 0.91 0.9
G value 0.91 0.91 0.9
F1 value 0.91 091 0.9

CNN

MFCC Recall 0.88 0.8 0.82
Specificity 0.88 0.78 0.81
G value 0.88 0.79 0.81
F1 value 0.88 0.8 0.82
LPC Recall 1.0 0.95 0.99
Specificity 0.97 0.92 0.98
G value 0.98 0.94 0.98

F1 value 0.99 0.93 0.98
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Figures 8 and 9 show the confusion matrices of each deep learning model using feature
parameters to classify normal and pathological voices in the balanced dataset. Comparing
the distributions of the confusion matrices in Figures 7-9, we find that the classification
performance for majority class samples composed of pathological voices is lower for the
VPD system using the FC-SMOTE algorithm, but it signiFlcantly improves its ability to
classify minority class samples composed of normal voices.

Figure 10b demonstrates that utilizing the CNN classifier with the LPCs oversampled
by the SMOTE yields the highest accuracy at 98.89% compared to combinations of the other
deep learning classifiers and feature parameters. Additionally, the next-highest perfor-
mances (98.28% and 93.61%) are obtained via the LPCs oversampled by Borderline-SMOTE
and ADASYN, respectively, with the CNN classifier. In the FNN classifier, the best accuracy
(91.52%) is achieved with the LPCs oversampled by the SMOTE. The combination of the
MEFCCs oversampled by ADASYN and the FNN classifier yields the lowest performance
of 69.53%.

Overall, as a deep learning model, the CNN outperforms the single deep learning
classifier for disordered voice detection, which has also been featured in the most recent
published paper on this topic [6]. Additionally, the proposed method, such as the combina-
tion of the LPCs oversampled by the SMOTE and the CNN in the binary class confusion
matrix of two models, is generally superior in terms of the exact prediction for each normal
and pathological voice. The experimental results indicate that the SMOTE is a useful ap-
proach for building a binary classification model between pathological and normal voices.
It also confirms that our suggested VPD algorithm can train minority classes better and can
achieve an improved binary classification performance.

Because the MFCC is widely used in speech signal processing, the VPD system can
also achieve good classification and detection performances on imbalanced datasets, as
demonstrated in a recent study [39,40]. Therefore, the performances obtained from the
MFCCs are better than those of the LPCs when using the two deep learning models in the
class-imbalanced binary classification, as shown in Figure 10a. The performance of the
FNN is approximately 6% better than that of the CNN. However, regarding the accuracies
obtained on the balanced class dataset, all the models represent good predictive ability
in the results of binary classification for normal and pathological voices, with LPCs over-
sampled by various methods. The deep learning model using the CNN achieves the best
performance overall. Experimentally, the LPC appears to be more sensitive to oversampling
methods than the MFCC. In conclusion, the CNN (as a deep learning model) and LPCs
oversampled by the SMOTE as feature parameters obtain the highest performance in classi-
fication between pathological and normal voice using the SVD. Notably, the classification
rate of the VPD system configured using the SMOTE method demonstrates considerable
improvement compared to the results of the non-sampling. Therefore, we conclude that the
proposed method, such as the combination of the CNN and the LPCs oversampled by the
SMOTE, can efficiently increase the performance for classification between the pathological
and normal voices.

In summary, our VPD system uses the SMOTE, ADASYN, and Boderline-SMOTE
algorithms to generate the binary imbalanced class data in the SVD, and the accuracy of
the algorithm is verified using a set of deep learning classifiers such as FNN and CNN.
To classify normal and pathological voices, when compared with a VPD system without
various oversampling algorithms, all performances of our VPD system with the SMOTE
method with the recall, specificity, G value, and F1 value are higher than those of the former.
These results confirm that our proposed method is a good strategy for achieving successful
classification between pathological and normal voices. It also justifies that our methods
for solving class imbalances in a limited pathological speech database can be applied to
pathological speech detection in the field of biomedical engineering.
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3.5. Comparison with Existing Techniques

In the previous subsections, the performance of our method is compared with that of
deep learning methods using vocal tract-based cepstral features and their combinations
as references. The results in Figure 10b and Table 6 show that the LPC combination
based on the SMOTE + CNN yields the best overall detection accuracy. In this subsection,
this optimal combination is compared with existing methodologies and deep learning
techniques. Many studies have developed different VPD techniques over the past few
decades; in our work, we select four studies with databases and deep learning methods
similar to those used in our research, as shown in Table 6.

Table 6. Comparative analysis between related works tested on various datasets.

Work Feature Database Methodology Accuracy

[2] MECC SVD BPGAN and GAN 87.60%
[24] MECC MEEI FC-SMOTE and RF 100%
MECC SVD FC-SMOTE and CNN 90%

[22] . SVD IFCM and CGAN 95.15%

[26] Spectrogram Spanish Parkinson’s Disease Dataset (SPDD)  Semi supervised GAN 96.63%
LPC based on the o

Proposed method =~ MFCC and LPC SVD SMOTE and CNN 98.89%

Table 6 presents the databases, methodologies, features, deep learning methods, and
performances of competing approaches under the binary detection model scenario for voice
disorder detection. In [22], the CGAN-IFCM algorithm achieves an accuracy of 95.15%,
with 869 normal and 1356 pathological voice data in the SVD. Although our study also
uses all the SVD data, we are not sure why the number of points differs from the total
amount of data in this study. The authors of [24] prove that the proposed FC-SMOTE
method outperforms the other oversampling methods by 100% and 90% in terms of the
accuracy of the CNN model with the MEEI and SVD, respectively. Then, for the SVD
data, 687 normal and 194 pathological voice data are used, and pathological voice data
are augmented to 687 via oversampling. Although the approach in [26] demonstrated
good performance, that study used the SPDD. In a comparison with [2,22,24] using the
SVD, the proposed combination containing LPCs based on the SMOTE and the CNN
improved the resulting accuracy by 3.74-11.29%. Compared to [26], using the SPDD, our
proposed method increased the performance by 2.26%. All existing works [2,22,24,26]
solved imbalanced class issues with various features, databases, and methodologies. In
conclusion, our method (LPCs based on the SMOTE and the CNN) has improved accuracy
by up to 11.29% compared to papers using the same parameters (MFCC) and database
(SVD) as our experiments.

4. Conclusions

This paper recommends a VPD system combined with various imbalanced learning
algorithms. By analyzing the distributions between and within the sample classes, various
oversampling methods are applied to minority class samples. This study also proposes
oversampled MFCCs and LPCs as the input parameters of the deep learning model.

First, we perform empirical and numerical experiments on SVD. We evaluate and
validate deep learning model sets using the resulting balanced class dataset as input and
select a reasonable metric set as the model evaluation scale. The experimental results are
evaluated using several model evaluation metrics such as recall, specificity, G, and F1,
which are reasonable measures for imbalanced class learning. The experimental results
suggest that the VPD system without the various oversampling algorithms has a very poor
performance in classifying minority and majority classes and struggles to distinguish patho-
logical voices from normal voices. The VPD system with the CNN and LPCs oversampled
by the SMOTE is a useful method for building the deep learning model for pathological
voice classification, which means that the VPD model can train minority classes better
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and achieve improved performance. Vocal tract information of pathological and normal
voices is successfully extracted through linear predictive analysis. Finally, the performances
of oversampling algorithms such as the SMOTE, ADASYN, and Borderline-SMOTE are
discussed though waveform analysis in Figures 5 and 6. In pathological voice detection,
the SMOTE achieves better performance than traditional oversampling methods.

In the future, our method may help clinicians diagnose pathological voices, solving
problems related to insufficient medical resources and shortening the diagnosis time re-
quired for patients. In addition, the SMOTE can learn more pathological voices to form an
effective VPD system for the classification of a wider range of class-imbalanced pathological
voices encountered in multi-classification problems. In addition, we will undertake a study
to classify disease types and grade, roughness, breathiness, asthenia, strain (GRBAS) scales
of pathological voices.
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