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ABSTRACT

Recently, we have proposed a deep learning based heart sound recognition framework, which can provide
high recognition performance under clean testing conditions. However, the recognition performance can
notably degrade when noise is present in the recording environments. This study investigates a spectral
restoration algorithm to reduce noise components from heart sound signals to achieve robust S1 and S2
recognition in real-world scenarios. In addition to the spectral restoration algorithm, a multi-style train-
ing strategy is adopted to train a robust acoustic model, by incorporating acoustic observations from
both original and restored heart sound signals. We term the proposed method as SRMT (spectral restora-
tion and multi-style training). The experimental procedure in this study is described as follows: First,
an electronic stethoscope was used to record actual heart sounds, and the noisy signals were artificially
generated at different signal-to-noise-ratios (SNRs). Second, an acoustic model based on deep neural
networks (DNNs) was trained using original heart sounds and heart sounds processed through spectral
restoration. Third, the performance of the trained model was evaluated using the following metrics: accu-
racy, precision, recall, specificity, and F-measure. The results confirm the effectiveness of the proposed
method for recognizing heart sounds in noisy environments. The recognition results of an acoustic model
trained on SRMT outperform that trained on clean data with a 2.36% average accuracy improvement (from
85.44% and 87.80%), over clean, 20dB, 15dB, 10dB, 5dB, and 0dB SNR conditions; the improvements are
more notable in low SNR conditions: the average accuracy improvement is 3.87% (from 82.83% to 86.70%)
in the 0dB SNR condition.

© 2018 Published by Elsevier Ltd.

1. Introduction

model, which learns the patterns of the two heart sound signals;
successful models include neural network (NN) [6] and decision

Auscultation serves as an effective and reliable method for per-
forming automatic diagnosis of certain lethal cardiac disorders (e.g.,
valvular heart disease and congestive heart failure) at a low cost.
In an automatic cardiac-disorder-diagnosis system, the recogni-
tion of the first heart sound (S1) and the second heart sound (S2)
plays an essential role. Generally speaking, automatic heart sound
recognition methods can be divided into unsupervised and super-
vised classification ones. An unsupervised classification method is
usually derived based on the specific characteristics of S1 and S2
signals; notable approaches include the envelogram analysis [4]
and the high frequency-based wavelet decomposition [5]. A super-
vised classification method usually involves a pattern recognition
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tree [7]. Meanwhile, some methods are derived based on the regu-
larity of S1-S2 intervals with assumed average heart rates [8,9].

In our previous study [10], we have proposed a supervised
method for S1 and S2 recognition that uses voiceprint analysis,
deep learning, and Mel-frequency cepstral coefficients (MFCCs).
MFCCs are features commonly used in acoustic event classifica-
tion [11,12]. The Mel-frequency cepstrum is designed based on
the frequency-domain perception system of a human ear. More-
over, we used a heart sound activity detector (HSAD), rather than
manual means, to identify the segments of S1 and S2 heart sounds
from an entire audio recording of heart sounds [13]. Subsequently,
a k-means algorithm [14] was used to cluster a heart sound seg-
ment into two centroids, which were then used to form a long
vector. Finally, S1 and S2 were classified using deep neural network
(DNN)based classifiers. The experimental results show that the sys-
tem can achieve high recognition performance in a clean recording
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condition [10]. Despite the satisfactory recognition performance
achievedinaclean condition, the performance robustness in a noisy
condition is also an important consideration that determines the
applicability of the system in real applications. In this study, we
investigated the system robustness using noisy heart sound signals.
To further improve the system robustness, we adopted a spectral
restoration algorithm to reduce noise components from the noisy
heart sound signals. Furthermore, a multi-style training strategy is
used to estimate a robust acoustic model by incorporating diverse
acoustic information from both original and restored acoustic heart
sound signals.

A spectral restoration algorithm estimates a gain function for
reducing noise in the frequency domain to retrieve cleaner sound
spectra from noisy observations. Well-known spectral restoration
methods include the Wiener filter [ 15] and spectral subtraction (SS)
[16], with their related extensions [17,18]. Additionally, some spec-
tral restoration methods are based on probabilistic models, such
as the minimum mean square error (MMSE) [19-21], maximum
a posteriori spectral amplitude (MAPA) [22,23], maximum likeli-
hood spectral amplitude (MLSA) [24,25], and generalized MAPA
(GMAPA) [26]. In [27], we investigated the integration of spectral
restoration and deep-learning-based acoustic modeling on a robust
speech recognition task. The experimental results showed that a
direct combination of these two approaches may not effectively
improve the speech recognition performance. A possible reason
is that although spectral restoration can suppress noise compo-
nents, the restored signals may suffer from signal distortions and
still differ from clean signals. Motivated by the findings in [27],
the present study proposes an alternative way to integrate spectral
restoration and deep-learning-based acoustic modeling. Since the
characteristics of DNNs can learn different patterns of sound signals
[28-31], we use the spectral restoration method to generate useful
and discriminative heart sounds as augmented data for training the
acoustic model to improve performance robustness.

We evaluated the proposed approach using a noisy heart sound
dataset, which was formed by artificially adding noise signals to
clean heart sounds at varying SNR levels. The clean heart sounds
were recorded by an electronic stethoscope in a quiet environment.
The noise signals, which included electrical and background noises
from the environment, were recorded using the same electronic
stethoscope. The MMSE method and the minimum controlled
recursive averaging (MCRA) noise tracking algorithm [32] were
used to perform spectral restoration in this study. Four DNN-based
acoustic models were prepared, based on the following different
training sets: (1) clean heart sounds, (2) noisy heart sounds, (3)
restored heart sounds, and (4) spctral restoration and multi-style
training, namely a combination of clean, noisy, and restored heart
sounds. The same noisy testing heart sounds were used to eval-
uate the performance of these four models. Experimental results
showed that the model based on the multi-style training gave the
best recognition accuracy under various noisy conditions, showing
that the multi-style training approach can effectively improve the
performance robustness over the conventional heart sound recog-
nition system, as proposed in [10].

The rest of this paper is structured as follows. Section 2 describes
the spectral restoration algorithm and multi-style training strat-
egy. Section 3 introduces the S1 and S2 recognition system used in
this study. Section 4 illustrates the experimental setup and results.
Finally, Section 5 presents conclusions.

2. Spectral restoration and multi-style training
This section provides an overview of spectral restoration, which

is used to reduce noise components in noisy heart sound signals.
Assume that a pure signal s [n] is affected by background noise v[n]

y[nl FET Y[m,d] &Sm.d] T 3[n]

G[m,d]

Noise | | Gain
Tracking Estimator

Fig. 1. Block diagram of a spectral restoration system.

to produce a noisy signal y [n]. The goal of spectral restoration is to
calculate restored signal § [n] from y [n], as close to s[n] as possible.
Since the restored signal $[n] is less affected by noise, the recogni-
tion system should achieve better results by properly incorporating
the information of $[n].

2.1. Spectral restoration processing

Fig. 1 presents the overall procedure of the spectral restoration
method, which consists of four parts: short-time Fourier trans-
form (STFT), noise tracking, gain estimator, and inverse short time
Fourier transform (ISTFT). In the time domain, the noisy signal can
be represented as

y[nl=s[n]+v(n] (1)
where n is the time index. The noisy signal y [n] is first transformed
into the frequency domain using the STFT. Then, we obtain:

Y[m,d]=S[m,d]+V[m,d],0<d<D-1, (2)

where d is the frequency bin of w; with wy = 27d/D, m is the frame
index, and S[m, d] and V [m, d] are the clean signal and noise spec-
tra, respectively. For ease of notation, we denote Y [m, d], G[m, d],
S[m,d],and V[m, d] as Y, G, S, and V, respectively, in the following
discussion.

Next, when representing Y and S by their amplitude and phase
components, we have:

Y = Ygexp (joy) . (3)
S = Sgexp (j@s) , (4)
where Yq = |Y|, Sg = |S|, fy = 2V, and 65 = /S. The a priori SNR
&; and the a posteriori SNR y; are defined as & = o2/0? and
Yq =Y2/oZ, where 62 = E [|5’2:|.O'3 =E “Vﬂ ,and q denotes the
amplitude part of the signals. Based on the a priori SNR &; and a
posteriori SNR y4, we compute a gain function G, which is used to
filter Y to obtain the estimated S. Generally, we adopt the phase of
the noisy input as the enhanced sound by assuming:

exp (js) = exp (i) (5)

where 0s denotes the estimated phase for the restored signal. Then,

the restored signal is computed as

S= §qexp (j@y) =G-Y (6)
Finally, the ISTFT is applied to generate the restored sound signal

S[n].

2.2. MMSE based spectral restoration method

By assuming that both the clean sound and noise spectra can
be modeled by Gaussian distributions, the conditional probability
density function (PDF), p (Y|Sq, 95), can be derived as

1 v’
p(Y1Sq, 05) = —ep| 5 |- (7)
v

v
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Fig. 2. Flowchart of the proposed SRMT strategy.
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The amplitude and phase components of the complex Gaus-
sian random variables with zero mean are known to be statistically
independent [18]. Thus, p (Sq, 65) becomes

P (Sq,05) =p (Sq) -p (65) » (8)
where p (Sg) is modeled by the Rayleigh distribution

25, -s2
p(Sq) = que"” (Uzq) , (9)

where o2 denotes the hyper-parameter in the density. p (05) is
modeled by a uniform density with

1
The spectral amplitude of the MMSE estimator is given by the
conditional expectation

Sq=E [SqlY] =/ Sqp (SqlY) dSq
0

_ I Jo Sap (Y1Sq, 6q) P (Sq. 65) dOsdSq
fOOO foﬂp (Ylslb 95) p (qu 95) d@sdsq '

By substituting Eqs. (7) and (8) into Eq. (11), combined with
some derivations, the MMSE-based gain function, Gyysg, can be
expressed as

GMMSE =1 (%) yijexp (28) |:(1 +8) 10 (g) +(SI] (§>:| ,

(12)
where § = [“g‘q/ (l +Sq)] vq; I'(+), Io(-), and I; (-) denote the
gamma function, zero-order modified Bessel function, and first-
order modified Bessel function, respectively. The enhanced sound
spectrum for the MMSE estimator can then be estimated by S =
Gmmse - Y.

(11)

2.3. Multi-style training criterion

The multi-style training strategy is a simple, yet effective
approach to improving performance robustness of acoustic models.
This approach estimates acoustic models by using sound data from
diverse acoustic conditions (e.g., collecting sound data in different
recording conditions or injecting noise into clean audio record-
ings)[33,34]. Several techniques have been implemented using the
multi-style training approach, for instance: mixed sound data [35],
noise injection [31], and mixed bandwidth data [36].

The main concept of spectral restoration with multi-style train-
ing, termed SRMT, in the following discussion is to improve the
classification ability based on a collection of diverse training pat-
terns (original and restored sound), to determine more accurate
decision boundaries under heterogeneous conditions. In this study,
the MMSE algorithm, as presented in the previous section, is used
to generate restored sound data. Fig. 2 presents the architecture

Training Data
.\Il'( y
HSAD = H | Feature ’5
(for testing only) MFCE e Extract :

t
1

Testing Data
Feature Classifier
Extract (DNN) Results

Fig. 3. Framework for identifying S; and S, system.

of the SRMT system, which consists of 1) spectral restoration to
generate additional training data; 2) feature extraction from sound
signals; 3) acoustic model training; and 4) a testing stage to perform
recognition on the testing data using the trained acoustic model.

The procedure of the SRMT approach consists of training and
testing stages, as can be noted in Fig. 2. In the training stage, the
original training data R¥ is processed to generate restored sound
data R¥. Next, R* and R* are augmented to form a larger training
dataset. Then, the sound data RX and R* are converted to the acous-
tic features FX and FX, respectively, which are then used to train
the acoustic model. In the testing stage, feature extraction is carried
out over the test sound data RY to generate the acoustic features
FY, which are finally used to test the recognition with the trained
acoustic model.

3. DNN-based heart sound recognition system

Fig. 3 shows the framework of the DNN-based heart sound
recognition proposed in our previous study [10]. First, S1 and S2
heart sound segments were converted into acoustic features. Sec-
ond, the training acoustic features were used to train the DNN.
Finally, the testing data was classified by the DNN classifier.

3.1. Feature extraction

The feature extraction process includes three parts: (1) HSAD,
which preprocesses the entire sound signal and locates heart sound
areas, (2) MFCC feature extraction, and (3) k-means clustering,
which processes heart sound segments to yield final features.

3.1.1. Heart sound activity detector

The sound activity detection process is often applied in speech
coding and acoustic event recognition. It is also used to prepro-
cess classification problems to improve the recognition capability.
The objective function of the HSAD algorithm is to identify acoustic
segments as S1 or S2. Ideally, the heart sound signals received by a
stethoscope are larger than noise. Therefore, the heart sound seg-
ments were determined according to the energy level of the audio
segments.

3.1.2. MFCC feature extraction

MFCC feature extraction entails six steps: 1) pre-emphasis, 2)
windowing, 3) fast Fourier transform (FFT), 4) Mel-filtering, 5) non-
linear transformation, and 6) discrete cosine transform (DCT). It
has been widely shown that pattern recognition is enhanced when
differential parameters are used to describe temporal characteris-
tics. A differential cepstral parameter can be defined as the slope
of a parameter with relation to time, which represents dynamic
changes in cepstral parameters. Therefore, three times of dimen-
sions of original features were obtained after appending velocity
and acceleration features [37].
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Fig. 4. The architecture of a DNN model.

3.1.3. K-means algorithm

The primary objective of the k-means algorithm is to combine
numerous data points to form representative ones, which can be
referred to as cluster centers. In this study, the number of cluster
center was two, and the two groups of cluster centers formed by
the MFCC of each heart sound segment were concatenated into a
set of super-vectors as the final features. From our observation in
most cases, one of the two clusters represents the features located
in the central part, and the other contains the features in the outer
part of the entire heart sound segment.

3.2. Deep neural network

An NN is a mathematical model that imitates the structure and
functionality of a biological NN to perform classification or regres-
sion. Numerous NN models have been proposed to solve problems
in different fields, such as the feed-forward network, the Hop-
field network, and the radial basis function network. Moreover,
a multilayer NN, commonly known as a DNN, has recently been
demonstrated to be effective in a number of tasks, such as speech
processing [38,39], speech recognition [40-42], and visual pattern
recognition [43,44]. A DNN uses a plurality of hidden layers to
strengthen its classification and regression capabilities. Fig. 4 illus-
trates the framework of a DNN model. The input (a;) and output
(a;,1) of each hidden layer of the model are defined as follows:

a=FWa_;+b),1=1,2,...,L, (13)

where W, and b, are the weight matrix and bias of the I -th layer,
respectively, F (- ) is the activation function, and L is the number of
hidden layers. On the basis of Eq. (13), the output of the current hid-
den layer is used as the input of the next. For the first layer, we have
ay = x, where x is the input data. Moreover, the last output layer
uses the softmax function, C( -), to yield the classification results,
which can be expressed by

y=_C(a) (14)

where ¥ is the classification result. The parameters of the DNN are
estimated as follows:

A = argmin{Q (%, y; A)+ YR(W) + np(A)} (15)

where y is the correct label, A = {W,, b,l=1,2,..., L} is the set
of parameters of the DNN, Q (x,y; A) is a loss function, R(W) is
a regularization function, and p (A) is a sparsity penalty; the latter
two are used at the DNN training stage to mitigate overfitting. Back-
propagation is conducted to estimate the parameter set, A, and the
estimation process is detailed in [10].

Analog ) L/R Analog
IN Audio Codec system Channcl Out
|
DSP | Digital Audio RAW Data/ | Memory
i Itation Lt
(Core Chip) Auscu (SD Card))

Fig. 5. Block diagram of signal processing in the electronic stethoscope (IMEDIPLUS
DS 301) used for data collection.

4. Experiments

The feature extraction process conducted in this experiment is
described in Section 3. After MFCCs were extracted, the k-means
algorithm was used to obtain super-vectors as final features. At the
training stage, heart sounds were manually segmented and labeled
either S1 or S2 by amedical doctor. We used clean heart sounds with
noise at different SNRs, as well as heart sounds that were processed
through spectral restoration to train the DNN model. During the
testing stage, the trained DNN model was used to recognize the
heart sounds with noise at different SNRs.

4.1. Experimental setup

The data collection procedure, which entailed recording the nor-
mal sounds of the human heart and typical environmental and
mechanical sounds, was approved by a local institutional review
board. Before the trial, two qualified and licensed physicians were
sought to define the correct locations and method of heart sound
measurement. Subjects were asked to wear a thin cloth. The mate-
rial of the clothes was not particularly limited. The heart sounds
were recorded with a handheld electronic stethoscope (IMEDIPLUS
DS301 [45]). The recording condition was clean, and each loca-
tion was recorded twice, with 10s each time. The recorded data
were checked again by another group of physicians to ensure the
recording quality before conducting experiment. Fig. 5 depicts the
block diagram of the signal processing in the electronic stethoscope
adopted to collect data. In Fig. 5, the Analog In unit receives sounds,
the Audio Codec system contains the A/D, filter switching, and D/A
units. The A/D (analog-to-digital) unit transforms an analog signal
into a digital signal at a sampling frequency of 48 kHz, the filter
switching unit emphasizes signals in lower frequency bands, and
the D/A (digital-to-analog) unit reconstructs the digital signal into
an analog form. The digital signal processing (DSP) unit processes
the digital signal for storage in the memory unit, and the memory
unit stores the signal for further analysis.

We collected two sets of data: a training set and a testing set.
The training set comprised 313 S1 heart sounds and 313 S2 heart
sounds, which were collected from 11 male and five female sub-
jects. Processed by the HSAD, the testing set comprised 87 S1 heart
sounds and 87 S2 heart sounds, which were collected from three
male and three female subjects. In this study, we assume that the
HSAD can perfectly detect heart sounds even at low SNR levels.

Fig. 6 depicts the locations of heart sound recordings, which are
the pulmonary valve auscultation area Q) and the second aortic
valve auscultation area 3. We prepared noisy training and test-
ing sets by artificially contaminating the clean training and testing
heart sounds. The noise signals included electrical noise and back-
ground noise from the environment, such as human speech and
fricative noises. These noise sources were recorded using the same
electronic stethoscope shown in Fig. 5 and then divided into two
parts, one for generating training data and the other for generating
testing data. Therefore, the noise components in the training and
testing sets were similar, but not completely the same. We consid-
ered this setup similar to the real-world scenarios, where the noise
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Fig. 6. Locations of heart sound recording.

Table 1
Parameters of the DNN model used in this study.

Table 2
Objective assessment matrix.

Parameters Value Actual class (observation)

x input (N) 78 Predicted class Tp (True positive) Fp (False positive)
y output (M) 2 (Expectation) Type I error
Hidden layers (L) 3 Fn (False negative) Tn (True negative)
Neurons in one hidden layer 100 Type Il error

Activation function Sigmoid

signals may be informed when building the recognition system.
With the two parts of noise signals, the noisy training and testing
heart sounds were artificially simulated by mixing the clean heart
sounds with noise signals at specific SNR levels. The final training
setincluded clean heart sounds and noisy heart sounds at 0, 10, and
20dB SNR levels. The testing set included six subsets: one subset
is the clean heart sounds (from the original test set), and the other
five subsets include the noisy heart sounds at 0, 5, 10, 15, and 20 dB
SNR levels. Please note that we intentionally designed the training
and testing sets to have mismatched SNR conditions, namely 5 dB
and 15 dB SNR conditions.

The experimental setup was based on the optimal parameters
obtained in our previous study [10]. The sampling frequency was
set to 5 kHz (down-sampled from 48 kHz to 5 kHz), 13-dimensional
MFCCs were expanded to 39-dimensional ones, and the frame size
was set to 15 ms with a 10-ms overlap. The k-means algorithm was
applied on the MFCC features in a heart sound segment to form
a super-vector as the final feature. Table 1 shows the parameters
specified in the DNN model.

In this study, we investigated four types of acoustic models,
the model trained with original clean data, the model trained with
the noisy data, the model trained with the restored data, and the
model trained with the combination of clean, noisy, and restored
data. Two types of testing data were investigated: the noisy testing
data(including the original noise-free testing data) and the restored
testing data, which was obtained by applying MMSE-based spectral
restoration on the noisy testing data.

4.2. Evaluation metrics

To evaluate the proposed system, we adopted evaluation met-
rics typically used in pattern recognition and information retrieval,
including precision, recall, specificity, and F-measure. To com-
pute these metrics, we consider the four recognition results listed
in Table 2. F-measure is also known as F1 measure, which indi-
cates that precision and recall are equal in weight. Recall, which
is also called sensitivity, refers to the number of true positive (Tp)
instances over the total number of positive instances (Tp + Fn). Pre-
cision denotes the number of true positive (Tp) instances over all
detected instances (Tp +Fp). Specificity, also known as true neg-
ative rate, refers to the number of true negative (Tn) instances

out of the total number of negative instances (Fp + Tn). Accuracy
denotes the ratio of true positive and true negative instances over
the total number of instances evaluated. Equations (16)-(20) show
the definitions of these metrics.

Precision - Recall

F=2" Precision + Recall (16)
Recall = Tp?Fn (17)
Precision = Tp?—jFp (18)
Specificity = FpTTn (19)
Accuracy = % (20)

4.3. Experimental results

This section presents the experimental results, which can be
divided into two parts: For the first part, we demonstrate the spec-
trograms of the heart sound signals as a qualitative analysis. Then,
we present the objective analysis results of the MMSE-based sig-
nal restoration algorithm using a standardized evaluation metric:
speech distortion index (SDI) [18]. The SDI metric has been widely
used to perform speech signal analyses, and here we used it to
quantitatively analyze the processed heart sound signals.

For the second part, we show the S1 and S2 recognition results.
As mentioned earlier, we designed two testing tasks: (1) original
heart sounds, denoted as “Test Set-0"; and (2) MMSE restored heart
sounds, denoted as “Test Set-R”. For each task, we tested recogni-
tion using four acoustic models, which were trained on (1) clean
training data, denoted as the “clean model”; (2) noisy training data,
denoted as the “MT model”; (3) restored training data, denoted as
the “SR model”; (4) spectral restoration with multi-style training
data, denoted as the “SRMT model”. It is clear that the training set
for training SRMT model was larger than the other three sets. In
order to have a fair comparison, we duplicated the training samples
for the other three sets, and thus the four training sets contained
the same amount of training data. For all of four models, the DNN
model had the same structure as reported in Table 1. Accuracy was
used as the main evaluation metric to test these models.
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Table 3

SDI values of the MMSE-based spectral restoration algorithm (denoted as “MMSE”)
on the testing data. SDI values of the non-processed original data (denoted as “Orig-
inal”) are also listed for comparison.

20dB 15dB 10dB 5dB 0dB
Original 14.77 15.07 16.29 20.61 35.13
MMSE 0.44 0.49 0.58 0.88 1.10

Table 4
Recognition accuracies of clean, MT, SR, and SRMT acoustic models tested on the
Test Set-O.

Condition Clean MT SR SRMT
Clean 87.40 88.18 87.87 88.22
20dB 86.30 88.07 88.20 88.61
15dB 86.08 87.47 87.73 87.69
10dB 85.33 87.20 87.73 87.76
5dB 84.71 86.54 87.69 87.84
0dB 82.83 85.72 86.50 86.70
Average 85.44 87.20 87.62 87.80

4.3.1. Qualitative heart sound signal analysis

Fig. 7(a) and (b) show the spectrograms of clean heart sound
and pure noise, and Fig. 7(c) and (d) show the noisy sound at 0dB
SNR level and the restored heart sound, respectively. These spec-
trograms can display how the frequencies present in a heart sound
signal varying over time [46].

From Fig. 7(a)-(d), we can first note that the noise compo-
nents may considerably blur the acoustic patterns of the clean
heart sound, as shown in Fig. 7(c). Furthermore, we note that the
noise components can be effectively removed by the MMSE spec-
tral restoration algorithm, as shown in Fig. 7(d), where the heart
sound signals can be easily noted.

4.3.2. Quantitative heart sound signal analysis
The SDI metric corresponds to the ratio of the energies of the
residual signal and clean speech signals:

E {(s[n]_g[n])z]

E [s?[n]] 1)
where (s[n] - §[n]) denotes the residual signal, and s[n] denotes
the clean signal. A lower SDI indicates a smaller difference between
the clean signal and the target signal to be compared with. In
Table 3, we list the SDI results of the MMSE spectral restoration
method (where s[n] and §[n] are clean signal and the restored sig-
nal, respectively). The SDI results of the original noisy signals are
also presented for comparison (where s[n] and $ [n] are clean signal
and the noisy signal, respectively). The testing data were used to
compute the SDI values in Table 3.

From the results in Table 3, we can easily note the differences
of noisy and clean heart sounds: the SDI results for 20dB to 0dB
monotonously increased from 14.77 to 35.13. On the other hand,
the MMSE algorithm considerably reduced the differences: the SDI
results for 20dB to 0 dB ranged from 0.44 to 1.10. The results con-
firm the effectiveness of the MMSE to reduce the noisy components
and to restore the clean signals.

4.3.3. Recognition results on Test Set-O (original heart sounds)

In this section, we tested recognition on Test Set-O, including
clean, 0, 5, 10, 15, and 20dB SNR levels of heart sounds. In our
preliminary experiments, we noted that the DNN training model
with randomly starting values may lead to different results for each
test. Therefore, we ran each experiment 25 times and reported the
average of 25 results for each testing condition. Table 4 lists the
testing results of clean, MT, SR, and SRMT models.

Table 5
Recognition accuracies of clean, MT, SR, and SRMT acoustic models tested on the
Test Set-R.

Condition Clean MT SR SRMT
Clean 78.87 76.84 79.09 82.14
20dB 81.52 82.25 87.12 88.62
15dB 80.82 81.02 86.96 86.87
10dB 80.51 79.29 84.75 84.97
5dB 78.83 76.07 85.08 86.5

0dB 70.81 69.44 76.27 78.74
Average 78.56 77.49 83.21 84.64

From Table 4, we first note that when the clean acoustic model
was used, the accuracy of the noise-free testing condition reached
87.40%. However, as the noise increased, the accuracy decreased
accordingly, culminating with a mean of 82.83% at the 0dB SNR
condition. These results show that the noise involvements notably
reduced the recognition accuracy. Next, when compared with the
clean model, the MT model can give higher accuracies, for both
clean and noisy testing conditions, suggesting that noisy training
can increase the stability of the model when dealing with noisy
testing data.

Moreover, the results in Table 4 also show that the SR model
yielded higher accuracies than the clean model while similar per-
formance as compared to the MT model, showing that both MT and
SR can be used to improve model robustness against noise inter-
ferences. Finally, the SRMT model yielded a similar performance
to the MT and SR models under noise-free testing conditions, and
demonstrated better average recognition performance among the
four models in the range of 0-20dB SNR noisy conditions. The
results confirm that the proposed SRMT is the best option under
both clean and noisy conditions, given the original test data

4.3.4. Recognition results on Test Set-R (restored heart sounds)

Next, we compare the testing results of the clean, SR, MT, and
SRMT acoustic models tested on Test Set-R. The results are pre-
sented in Table 5. When comparing the results of Tables 4 and 5,
we note that the recognition accuracy dropped significantly across
different testing conditions. The results show that the online spec-
tral restoration may not effectively enhance recognition accuracies.
On the other hand, the offline SRMT-based training can build an
acoustic model that is robust to noise interferences, as shown in
Table 4.

In addition to recognition accuracies, we used a statistical
hypothesis test, the dependent t-test [47,48], to verify the sig-
nificance of performance improvements. The t-test was used
to compare two methods by testing the matched-pair accuracy
results, and the p-values were used to report the t-test results.
Small p-values suggested consistent improvements of method-II
over method-I. We compared the results of clean and SRMT in
Table 4 and Table 5, and the corresponding p-values are 0.0015 and
0.00025, respectively. With such small p-value, we confirm that the
results of the SRMT model significantly outperformed the one of the
clean model.

4.3.5. Recognition results of other evaluation metrics

From the results of Tables 4 and 5, we note that the SRMT
model tested on the original test data demonstrates better per-
formance. The best results are achieved using the MMSE-based
spectral restoration technique to synthesize more training data,
with no usage of additional online spectral restoration process.
In this section, we provide other evaluation metrics of clean and
SRMT models to further demonstrate the effectiveness of the SRMT
approach. Fig. 8 presents the average precision, recall, specificity,
and F-measure of S1 over 0-20 dB SNR conditions for the Clean and
SRMT models, both tested with original test data. Because the S1
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Fig. 7. Spectrograms in 0-500 Hz of (a) clean heart sound, (b) pure noise, (c) noisy heart sound at 0dB SNR, and (d) restored heart sound with the MMSE-based spectral

restoration.
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Fig. 8. Precision, recall, specificity, and F-measure scores of S1 obtained using Clean
and SRMT on original test data.

and S2 recognition is a binary classification task, the S1 specificity
equals the S2 recall, and the S2 specificity equals the S1 recall. From
theresultsinFigs. 8 and 9, we note that SRMT model achieves higher
average precision, recall, specificity, and F-measure than the clean
model.

We also list the average precision, recall, specificity, and F-
measure of S2 over 0-20 dB SNR conditions for the clean and SRMT
models, both tested with original test data in Fig. 9. Similar find-
ings as those observed in Fig. 8 are also noted, again showing the
effectiveness of the combination of SR and MT for improving per-
formance robustness in noise.

5. Conclusion

This study proposed a spectral restoration with multi-style
training (SRMT) approach to improve the model robustness against
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&
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Fig. 9. Precision, recall, specificity, and F-measure scores of S2 obtained using Clean
and SRMT on original test data.

noise interferences. The experimental results confirmed that the
presented SRMT method yields higher accuracy than the clean
model, confirming that through the SRMT approach, the acoustic
models can be trained to be robust under noisy conditions. We also
used two different test sets, original testing data and MMSE-based
restored testing data. The results show that the models trained by
SRMT yield higher accuracy with the original test data than that
with the MMSE-based restored testing data. The findings from this
study show that by incorporating the restored data, the model can
be trained to be robust against noise interferences, and no spectral
restoration operations are required online. Moreover, the proposed
SRMT method can compensate for mismatch issues and maintain
system stability. In the future, we will test the proposed SRMT using
more challenging noise types. Meanwhile, we will try to incorpo-
rate deep learning based spectral restoration techniques into the
SRMT framework.
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