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Background and objective: Crackle, wheeze and normal lung sound discrimination is vital in diagnosing
pulmonary diseases. Previous works suffer from limited frequency resolution and lack of the ability to
deal with oscillatory signals (wheezes). The main objective of this study is to propose a novel wavelet
based lung sound classification system that is capable of adaptively representing crackle, wheeze and
normal lung sound signal time-frequency properties.
Methods: A method which is based on rational dilation wavelet transform is proposed to classify lung
sounds into three main categories, namely, normal, wheeze and crackle. Six different feature extraction
methods were used with five different classifiers all of which were compared with the proposed method
on 600 lung sound episodes in a cross validation scheme. Six statistical subset features were extracted
from raw features and fed into classifiers. After comparative evaluation of the proposed method, an
ensemble learning scheme was built to increase the performance of the proposed method.
Results: It has been shown that performance of the proposed method was superior to previous methods in
terms of accuracy. Moreover, its computational time was far less than its nearest competitor (S transform).
It has also been shown that the proposed method was able to cope with oscillatory type signals as well
as transient sounds performing 95.17% average accuracy for energy subset and 97.38% ensemble average
accuracy showing a promising time-frequency tool for biological signals.
Conclusions: The proposed method has shown better performance even using only one subset of extracted
features. It provides better time-frequency resolution for all types of signals of interest and is less redun-
dant than continuous wavelet transform and significantly faster than its nearest competitor.
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1. Introduction

Stethoscope is a traditional tool in diagnosing respiratory dys-
functions and disorders. However, it is regarded to have low
diagnostic value due to its limited frequency response which atten-
uates frequencies greater than 120 Hz and due to the subjectivity
[1]involved in the evaluation of the auscultated sounds. Moreover,
the traditional stethoscope offers no option to record pulmonary
data for further analysis. Interdisciplinary efforts in medicine and
engineering as summarized in [2], which aim to make auscultation
amore valuable diagnosis tool, use advanced machine learning and
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signal processing algorithms to be utilized in treatment follow-ups
and remote diagnosis.

Lung sounds (LS) are believed to be produced by the turbulent
flow in the lung airways, and are essentially classified as adventi-
tious (abnormal) sounds and vesicular (normal) sounds [1,3]. The
normal breath sounds heard over the chest wall, which are syn-
chronous with air flow in the airways, are defined as vesicular
sounds. The frequency spectrum of vesicular sounds in healthy
people has 200-600 Hz dominant frequency range. Adventitious
lung sounds (ALS), which are specific markers of various respira-
tory diseases, are superimposed on vesicular sounds. Discontinuous
adventitious lung sounds (DALS) and continuous adventitious lung
sounds (CALS) are the two main categories of ALS. In literature,
crackles and wheezes can be exemplified as the most known com-
ponents of the CALS and DALS, respectively [4,5].

Crackles are non-musical instantaneous bursts, explosive in
nature and divided as coarse (lower pitch) or fine (higher pitch).
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List of abbreviations

ALS adventitious lung sounds

CALS continuous adventitious lung sounds
CWT continuous wavelet transform

DALS discontinuous adventitious lung sounds
DT decision tree

DWT discrete wavelet transform

ELM extreme learning machines

FT Fourier transform

LOOCV leave-one-out cross validation

LS lung sounds

MFCC  Mel frequency cepstral coefficients
NB Naive Bayes

PLP perceptual linear prediction

PSD power spectral density

RADWT rational dilation wavelet transform
S Transform Stockwell transform

SVM support vector machine

Crackles are believed to be generated by abnormally closed airway
openings [6]. The frequency spectrum of crackles varies between
200 and 2000 Hz range while their duration is usually less than
20 ms. In most of the pulmonary diseases, the severity of the disease
has a strong correlation with the number of crackles per breath.
Moreover, different lung diseases can be diagnosed by using the
occurrence times, durations and types of crackles within a breath
cycle [6]. For example, in bronchopneumonia and bronchiectasis
coarse crackles exist typically whereas the common symptoms of
pneumonia and interstitial fibrosis are fine crackles [7]. Crackles
in chronic obstructive pulmonary disease are coarse and occur in
early to mid inspiration whereas crackles in fibrosing alveolitis are
fine and occur in late inspiration [6]. Due to their transient wave-
form and scattered energy content over frequencies (200-2000 Hz),
crackles have barely noticeable impact on the total power spectrum
[7]. The frequency and time domain characteristics of vesicular and
crackle sounds overlap in both domains.

Wheezes are oscillatory waveforms, which last more than
80-250ms, and represent narrow-horizontal lines in the time-
frequency domain (>100Hz). Time-frequency representation of
two samples of crackles and wheezes is illustrated in Fig. 1. Var-
ious pulmonary diseases such as asthma and chronic obstructive
pulmonary disease, can be diagnosed by using the presence of
wheezes. As given in [8,9], the degree of airway obstruction may be
related to wheeze properties such as duration and pitch frequency.

The motivation of the proposed LS, CALS and DALS discrimina-
tion system is to overcome the subjectivity and low-performance
drawbacks of traditional non-automatic systems while increasing
the performance of automated systems by enhancing the frequency
selectivity of wavelet filters resulting in a better separation of over-
lapped components of these three lung sounds in time-frequency
domain.

In previous studies, crackle/non-crackle and wheeze/non-
wheeze episode discrimination has been extensively examined and
a summary can be found in [10,4]. In addition to binary discrimina-
tion approaches, there were also a few three class (crackle, wheeze
and normal classes) discrimination studies such as[11-16].In[11],
discrete wavelet transform (DWT) coefficients and artificial neu-
ral networks (ANN) based classification system was used to solve
a six-class (squawk, stridor and rhonchus in addition to crackle,
normal and wheeze classes) problem on 265 episodes using mean
and standard deviation based statistical features. 100% and 94.02%
accuracies were achieved for the training and validation sets,
respectively. However, when the episode number was increased

from 422 to 5786, the general accuracy decreased to 59.15% on the
validation set. In [12], the power spectral density (PSD) features,
obtained from three lung sound types, were fed into genetic algo-
rithm for feature selection. The selected features were forwarded
to multilayer perceptron neural network and 91.7% average accu-
racy was achieved when 96 subjects were used. In [13], the data
was modelled with maximume-likelihood approach and, Hidden
Markov Model (HMM) based classification was employed result-
ing in an average classification rate of 83% on 1544 episodes. In
[14], using multilayer perceptron neural network on 20 test epochs,
confidence levels of 90%, 87% and 89% were obtained for normal,
wheeze and crackle classes, respectively. In [15], a combination of
Mel frequency cepstral coefficients (MFCC) and Gaussian mixture
model (GMM) were used for classification resulting in 98.75% and
52.5% accuracies for the reference (50 epochs) and cross-validation
(24 epochs) set, respectively. Using 225 samples and S-transform
(which is a phase corrected version of continuous wavelet trans-
form (CWT) with a scalable Gaussian window) based statistical
features (mean and standard deviation), the study in [16] reached
overall classification accuracy of 94.99% with k nearest neighbor
(k-NN), 96.85% with support vector machine (SVM) and 98.52%
with extreme learning machines (ELM) classifiers. A summary of
the related works in literature is shown in Table 1.

Feature extraction in a classifier is one of the most critical steps
since the features’ discrimination ability is more important than
their number. The works [12,14] used Fourier Transform (FT) based
power spectral density features for classification. Moreover, the
study in [12] used an extra feature selection step based on genetic
algorithm. These methods, however, lacked localizing waveform
features in time domain. In [13,15] MFCC features were extracted
where these features were designed to represent human auditory
perception and used frequently in speech recognition. However, as
depictedin Table 1 the lowest accuracies were obtained using MFCC
features, the reason being that lung sound characteristics need not
be person specific as human voice [17]. The works of [11,16] used
wavelet transform based features where wavelet based features
had better time-frequency resolution than the others. However,
the wavelets employed in [11] had low Q-factors and this resulted
in poor frequency selectivity, which was a dramatic drawback in
the modelling of wheeze signals. In [11] a shrinkage denoising
technique was additionally used with the performance decreasing
severely with increasing number of episodes. In [16], best results
were reported in literature; however, database was relatively small
and all the episodes had the same, fixed length while crackle and
wheeze sounds had different durations in real cases.

In literature, wavelet transform based methods have been suc-
cessfully employed for feature-extraction and/or de-noising in
the pulmonary sounds [7,11,18]. The meaning of the Q-factor in
wavelet terminology is the ratio of bandpass filter’s center fre-
quency to its bandwidth. In the previous DWT based systems,
mostly, constant low Q-factor wavelets having poor frequency-
resolution were employed and satisfactory results were obtained
in the analysis of piecewise smooth signals. On the other hand, a
DWT having better and controllable frequency resolution must be
utilized in the analysis of oscillatory signals like wheezes to achieve
optimum time-frequency representation of signal of interest.
Hence in this study, unlike previous pulmonary signal processing
systems, rational dilation wavelet transform (RADWT) [19], whose
analysis and synthesis filters’ Q-factors can be tuned with respect
to the signal of interest, was proposed for feature extraction. Shan-
non entropy, standard deviation, energy, maximum/minimum,
mean and skewness/kurtosis values of each decomposed sub-band
were calculated as statistical feature-subsets. Later, these statisti-
cal feature-subsets were given into decision tree (DT), Naive Bayes
(NB), k-NN, SVM, and ELM models with the final aim of classify-
ing wheeze, crackle and normal lung sounds. Experimental results
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