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ABSTRACT

Background: Voice disorders are related to both modest and severe health problems, including discomfort,
pain, difficulty speaking, dysphagia and also cancer. Widely adopted worldwide, the combined invasive
and subjective diagnosis of voice disorders is troublesome and error-prone. Contrarily, acoustic-based
digital assessment allows for a non-intrusive and objective examination, stimulating the applications of
computer-based tools.

Objective: Consequently, this work describes a novel algorithm to investigate speech pathologies from
the sounds of sustained vowels, particularly exploring a potential gap: the classification of co-existent
issues for which the major phonic symptom is the same, implying in similar inter-class features.
Method: By using the concepts of signal energy (SE), zero-crossing rates (ZCRs) and signal entropy (SH),
which provide a joint time-frequency-information map, the proposed approach classifies voice signals
based on the discriminative paraconsistent machine (DPM), allowing for the application of paraconsis-
tency to treat indefinitions and contradictions.

Results: An accuracy level of 95% was obtained under a subset of voices from the Saarbrucken voice database
(SVD), with just a modest training. In complement, the proposed approach offers wider possibilities in
contrast to current state-of-the-art systems, allowing for the inputs to be mapped into the paraconsistent
plane in such a way that intermediary states can be found.

Conclusion: Different from current algorithms, our technique focuses on a particular problem in the field
of speech pathology detection (SPD), not yet explored in detail, proposing a way to successfully solve it.
Furthermore, the results we obtained stimulate broaden studies involving speech data inconsistencies
whilst providing a valid contribution.
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1. Introduction ers may present a reflex action in their supra-glottal cavity, causing

wrong assessments. Therefore, non-invasive acoustic analysis of

Most of the times, voice disorders are identified by speech
pathologists through acoustic perceptual standards such as
breathiness, hoarseness and harshness [1,2]. Nevertheless, these
diagnoses depend on the professionals’ audition and require a sub-
jective identification. Pathologies with rigid characteristics may be
confused with those perceptually defined as hoarse [3], for instance.
The same problem occurs even when modern technologies such as
video-laryngoscopy and stroboscopic light are used as some speak-
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human voices represents an important tool for physicians during
the pre-diagnosis of larynx diseases, implying that discrete-time
processing of recorded voice signals [4,5] is useful to detect intrin-
sic characteristics that define normal and pathologically-affected
voices, as argued in articles [6-8].

Most of the algorithms for speech pathology detection (SPD) are
based on artificial neural networks and related approaches, such as
Support Vector Machines (SVMs) [9] and Gaussian Mixture Mod-
els [10], for instance. They are either designed to provide binary
outputs, distinguishing between “healthy” and “pathologically-
affected” voices [11], or multi-class results, identifying and possibly
quantifying specific issues [12-15]. Nonetheless, the latter algo-
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rithms have not been applied to solve cases in which different
pathologies co-exist and present the same major phonic symptom.
The main reason for that, as we have noted, is the significant sim-
ilarity among the inter-class features extracted from speech data,
producing inconsistencies and hindering the classifications. Thus,
this is just the gap we explore in this article: the automatic detec-
tion of multiple pathologies presenting the same major phonic
symptom.

To handle the cases we want to focus on, as just mentioned,
the Discriminative Paraconsistent Machine (DPM), described in
[8], was adopted. Receiving inputs drawn from signal energy (SE)
[16], zero-crossing rates (ZCRs) [17] and signal entropy (SH) [18],
DPM allows for the application of paraconsistency [19-21] to treat
indefinitions and contradictions coming from similar inter-class
features. Consequently, it offers expanded possibilities in contrast
to those provided by ordinary logic and regular algorithms. Thus,
the proposed approach for SPD provides a contribution to the field
of multi-class speech pathology classification.

For a better understanding, the remainder of this article is orga-
nized as follows. Section 2 presents a basic review on non-invasive
diagnosis of voice disorders, focusing on multi-class speech pathol-
ogy classification, and essential comments on DPM, SE, ZCR and SH.
Proceeding, Section 3 describes the proposed approach; Section 4
shows the tests and their corresponding results; Section 5 presents
adiscussion and, lastly, Section 6 presents the conclusions followed
by the respective references.

2. Theoretical background
2.1. Related works on multi-class speech pathology classification

Much literature has recently appeared describing different
techniques for SPD. On one hand, most of them, such as those
documented in references [22,24-43], are related to binary classi-
fiers that distinguish between normal and pathologically-affected
voices. On the other hand, a few articles present multi-class
algorithms capable of identifying specific issues, such as those doc-
umented in references [15,44-46], as follows.

Article [15] presents a wavelet-based and biologically-inspired
method to distinguish among six voice disorders, providing a
100% accuracy value in differentiating normal from pathologically-
affected cases. In article [44], the authors evaluate different
methods to detect multiple speech disorders based on noise con-
tent measures, spectral-cepstral modeling, nonlinear features and
stability of the fundamental frequency, obtaining accuracy values
varying from 81% to 99%. The authors of article [45] proposed a
method based on mel-frequency cepstral coefficients, linear predic-
tion, relative spectra combined with perceptual linear prediction,
Gaussian mixture models and SVMs. The highest accuracy value of
99.98%, with a standard deviation of 0.0263, was achieved in case
of detection. For multi-class pathology classification, those values
become 99.85% and 0.1657, respectively. Complementarily, article
[46] shows a strategy based on local discriminant bases and genetic
algorithm to separate voices of subjects affected by fold polyps from
those with spasmodic dysphonia and, accordingly, nodules from
keratosis leukoplakia, with a mean accuracy value around 85%.

Consulting the articles reviewed and numerous records avail-
able in Web of Science, we found no multi-class strategy specifically
designed to handle co-existing speech pathologies for which the
major phonic symptom is the same. Furthermore, article [8] is the
only existing reference which applies DPMs to detect voice dis-
orders. At that time, just after introducing the new machine, the
authors presented an experiment for differentiating normal from
pathologically-affected speech, i.e., co-existing pathologies were
not considered. Using a 60-signal database, corresponding to the

sustained Brazilian Portuguese phoneme /a/, the main interest was
the wavelet-transformed input visualization in the paraconsistent
plane so that one could examine their characteristics in a more
profound manner and successfully label them as “normal”, “patho-
logical”, “normal tending to pathological”, or “pathological tending
to normal”.

Therefore, this article provides an original contribution to the
state-of-the-art analysis, extending the experiments shown in [8]
while contrasting with all the others available in the literature.

2.2. DPMs

The DPM is a mechanism, based on paraconsistent logic, that
allows for wider analyses in contrast to binary classifiers [8]. It
properly handles two types of inconsistencies from features, i.e.,
indefinitions and contradictions, by projecting input data into a
point in the paraconsistent plane, as shown in Fig. 1. Its limits
represent one of the following cases:

e the input belongs exclusively to one class, i.e., C;;

¢ the input belongs exclusively to another class, i.e., C3;

e there is an indefinition, i.e., neither C; nor G, properly character-
izes the input;

¢ a contradiction is characterized, i.e., the input is likely to belong
both to C; and Gs.

Furthermore, when not exactly at the diamond limits of Fig. 1, the
projected point defines intermediary situations. The axes G; and G,
represent the coefficients of certainty and contradiction (-1 < Gy,
Gy, < 1), respectively, on a certain input vector whilst considering
a specific statement. Taking advantage of such an ability, the pro-
posed approach uses DPM to label an input voice as impressed by
one specific pathology, i.e., C;; another, i.e., C;; neither or, lastly;
both, i.e., C; and C,, allowing for indefinitions and contradictions
to be quantified.

Since DPM is fully described in [8], detailing its architecture
and training procedures, no further information is included in this
section, except for one important aspect: the capacity to treat
inconsistencies efficiently comes from the need of only a very mod-
est set for training in comparison with other algorithms such as
SVMs and deep neural networks [47]. Thus, finding just a small sub-
set of consistent features inside a big inconsistent group, as happens
in the proposed approach, allows for the required training.

2.3. SE, ZCR and SH

As shown in article [16], which serves as a tutorial on energy and
defines three methods to take advantage of such a concept, namely
A1,A; and As, the quantity SE reflects the potential to perform work
[48]. Thus, if s[-] of length M is the digital signal which stores a voice
signal,

M-1
SE(s[-D =) (si)°
0

i=

In the proposed approach, which uses method As, we are inter-
ested in analysing how the subjects’ acoustic mechanisms sustain
their total capacity while producing sounds over time. To use this
method, C is defined as the critical base-level of energy, (0 < C <
100%), and, then, the feature vector f]-], of size

100

—— —1 ifcismultipleof 100,
C
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LTJ otherwise,
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Fig. 1. The output plotted in the paraconsistent plane. Particularly, (G, G2)=(—1, 0), (G1, G2)=(1, 0), (G, G2)=(0, — 1) and (G4, G2) = (0, 1) represent an input purely matching
class Cy, solely corresponding to class C, an uncertainty, i.e., neither class, and a contradiction, i.e., both classes, respectively.

is determined as follows:

e fo is the percentage of s[-] length, starting from its beginning,
required to reach C% of the total signal energy;

¢ f1 is the percentage of s[-] length, starting from its beginning,
required to reach 2C% of the total signal energy;

¢ f, is the percentage of s[-] length, starting from its beginning,
required to reach 3C% of the total signal energy;

L[]

e fr_1 is the percentage of s[-] length, starting from its beginning,
required to reach (TC)% of the total signal energy, so that (TC) <
100%;

Essentially, A; works in the following manner: the more stable the
level of energy along s[-] is, the more aligned the points in f[-] are,
and vice-versa, as shown in the hypothetical example of Fig. 2. Thus,
As is used in this work as the basis to investigate the stability of
phonation intensity.

Proceeding, reference [17] consists of a tutorial on ZCR and
presents By, B, and B3 as being time-domain methods defined to get
a basic description of the fundamental frequencies which compose
s[-] so that

M-2
ZORGSL-1) = 5 > Isign(sy) —sign(se)l
j=0

1 ify>0
-1 otherwise
the proposed approach adopts B3 to convert from s[-] of size M to
fl-1of size T. It works exactly as As but considers ZCRs instead of SEs.
Thus, B3 is used here to analyse the spectral stability of phonation.

Lastly, we reviewed entropy, focusing on the concepts explained
in [18,49]. It consists of a signal predictability measure originally
defined as

K-1
H=-) pi-loggp) .
i=0

where p; is the probability of the it" symbol, or amplitude, in a set
of K different symbols, or signal amplitudes, and g is the basis used.
In this work, we adopted an alternative definition for SH in which
p; becomes the proportional energy of the i sample contained in
the input signal [50], being (0 < p; < 1). Specifically, s[-] of length
M is investigated over a sliding window of length L, with a pos-
sible overlap of V% between its consecutive placements, so that
the feature vector, f[-], of length T = LWJ contains the cor-
responding entropies. Hereafter and respecting the analogy, this
method is referred to as Cs. It is particularly used in this work to
calculate the information required to codify the speaker’s voice over
time, as previously shown [24].

where ZCR(s[-]) >0 and sign(y) = . Specifically,

3. The proposed approach

The proposed approach consists of a feature extraction (FE) step
followed by a paraconsistent evaluation (PE), as shown in Fig. 3.
FE corresponds to the extraction of three features from each signal
under analysis to form the feature vector X[-] = {x1, X2, X3}, as shown
in Fig. 4. On one hand, method Cs is carried out over half a second of
the input signal s[-], particularly at its central part due to stability
during vocalisation. On the other hand, A3 and B3 are performed
considering only 50 milliseconds only over the same region. The
specific algorithm is:

e BEGINNING
e STEP 1: obtain the standard deviation [23] over 9(f]), i.e.,

(3,
x1 =0(d(f[-1) = \/Z -

where vector d(f]-]) of size T—1 constitute the first-order
derivative of the T-sample long vector f[-], which was primarily
calculated based on As with € = 1% and using the voice signal s[-]
of size M as input. Thus, as explained in section 2 and in article
[16], A3 converts from s[-]={sg, S1, . - Sm_1} to fl-]1={fo, f1, f2, -
. fr_1} and, then, we use the latter vector to calculate x;, where
the derivative of f[-] can be obtained just by computing the differ-
ences between its consecutive samples, i.e., {fi — fo, > —f1./3 — f2,
b
STEP 2: repeat exactly the same procedure to obtain x,, but adopt-
ing B3 instead of As;
STEP 3: obtain the standard deviation calculated directly over f]-],
ie.,

T-1,2
x3=0o(f[-]) = \/Z“’U' f=°f]),

where the feature vector was first attained based on C3 with
parameters V=50%, 8=10 and L chosen to cover about 50 ms of
the input signal at each placement, which is a proper option [51].

e END.

_ 2
13010 )

T

Features x, serving as an alternative measure of signal shimmer [5],
and x,, used alternatively to express signal jitter [5], quantify the
degree of linearity with which SE and ZCRs vary along s[-], reflect-
ing the speakers’ ability to maintain their acoustic power and to
keep their vocal folds vibration pattern, respectively, as time runs.
Complementarily, x3, obtained on the basis of SH, expresses how
stable the information required to codify the speaker’s voice over
time is. Furthermore, as explained in articles [16-18], such features
encompass, jointly, temporal and spectral details about s[-], simi-



amplitude

amplitude
[
/<

sample
(a) original signals under analysis (b) corresponding feature vectors obtained based on A3 using C = 5%

Fig. 2. (a): Two speech signals superimposed, where the brown and green curves represent a stable and a decaying intensities, respectively. (b): the corresponding feature
vectors, plotted with the same colors, obtained by using A3, where the points in the brown curve are practically aligned due to the stability of the corresponding speech signal

in (a).
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Fig. 3. The proposed approach representation, where FE and PE are the active parts.
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Fig. 4. Overview of the proposed approach for FE.

larly to the Discrete Wavelet Transform [51-53]. And so, as shown
ahead, the set {SE,ZCR,SH} is relevant for the proposed approach,
justifying our choice.

Once FE is over, PE takes place. Specifically, R feature vectors
representing each one of the classes, C; and C;, as discussed ahead,
are used to train a DPM according to the procedures detailed in [8].
Since training is supervised [54], there is a need to use two labels
for each input: labCy and labC,. The former is set either to 1 or —1
to denote whether the input belongs, or not, to class C;, respec-
tively. Accordingly, 1 or —1 means whether the input matches, or
not, class Cy, respectively. Notably, if the input belongs to both
classes, both labC; and labC; are set to 1. Oppositely, if neither C;
nor C, matches the input, the labels are set to —1. Thus, if C; and
C, represent the pathologies P; and P,, respectively, assigning 1
to both labels indicates the subject is influenced by both P; and
P,. In contrast, assigning —1 to both indicates that neither P; nor

P, affects the subject. In the proposed approach, we particularly
adopted labC; =labC;, =—1 to label the healthy subjects.

Just after training, by using a personal computer running for
a few milliseconds to carry out this task, the remaining vectors
not used in such a procedure can be assessed in a way that, for
each input, the output corresponds to a point (Gq, Gy) in the para-
consistent plane, interpreted as previously explained and in article
[8]. All the procedures were implemented using MatLab 7.1 and
complemented with tests in C/C++ programming language.

4. Tests and results
4.1. Corpus and feature behaviour

To assess the corresponding experiments using DPM, the
Saarbrucken voice database (SVD) [56], organized by speech



pathologists from the Institut Fir Fonetik of the Universitdt des
Saarlandes, was adopted because it contains data from subjects
with multiple pathologies. Initially, our investigation involved four
groups: class C; with 34 voices from subjects affected only by
Reinke edema, class C; containing 82 files from patients exclusively
with laryngitis, 687 utterances from a group with healthy subjects
and, lastly, 10 recording from people with both Reinke edema and
laryngitis. During phonation, the speakers sustained, among others,
a phoneme sounding as /a/ in the American English word dogma for
a few seconds at a normal level. That utterance was selected due to
its higher information content needed to catalogue voice disorders,
according to previous reports [51]. The sampling of all signals were
carried out at 50000 samples per second, 16-bit, mono-channel, and
stored in wave files, implying that they contain frequencies within
the range [0-25000] Hz, according to Nyquist’s theorem [52].

Notably, the major phonic symptom of Reinke edema and laryn-
gitis is the same: hoarseness caused by vocal folds swelling. Thus,
their acoustic-based distinction is a challenge, justifying the use of
paraconsistency. This is what Fig. 5-(i,ii and iii) confirms. Its subfig-
ures indicate significant overlaps among the values of x1, X, and x3,
considering all the 34+82+687+10=813 vocalizations from the
four groups. Interestingly, Fig. 5-(iii) shows a quite relevant aspect:
the more affected the subject is, the greatest the standard deviation
over SH. In other words, healthy subjects are much more capable of
maintaining the information required to codify their voices along
phonation than those pathologically-affected, considering the fol-
lowing ascending scale of health: both pathologies, i.e., the worst
case, followed by Reinke edema, then laryngitis and, lastly, normal-
ity as the best condition.

4.2. The experiment

R=40 speakers’ sound clips were randomly chosen to be used
in conjunction with the DPM: 10 from the 34 subjects affected by
Reinke edema to represent class Cq, 10 from the 82 individuals
affected by laryngitis to represent class Cy, 10 from the 687 healthy
people and, lastly, 10 from patients affected by both pathologies.
Although 40 is a modest number, the absence of speakers affected
by multiple pathologies does not allow for a wider experiment
without unbalancing the classes during training. And since the
database contains only 10 subjects affected both by Reinke edema
and laryngitis, this is the limit adopted.

Proceeding, we carried out the tests on the basis of a hold-
out cross-validation procedure [54], repeating the above-described
casual selection ten thousand times. From each repetition, five fea-
ture vectors from Cy, five from C,, five from the speakers with no
pathology and five from both classes, totaling 20, were used to train
the DPM. Then, the remaining 20 vectors were used to test the sys-
tem. For training, each input was assigned to the proper labels,
informing whether or not a match with C;, a match with C, no
match or both matches, occurs.

Fig. 6, containing 20 plotted marks where some of them are
superimposed, shows both the worst and the best results. Consid-
ering the type of analysis we desire, interesting outcomes were
obtained, i.e., the closer (Gq, G») is to the corners (-1, 0), (1, 0), (O,
—1) and (0, 1), the more the input is likely to match C;, C3, none
or both, respectively. In other words, the distances from (Gq, G3)
to the corners reveal how likely the input matches each one of the
four states. For both the subfigures in Fig. 6, which are very simi-
lar and thus justify the absence of more specific statistical analyses
such as confidence intervals and confusion matrices, the results are
in accordance with the dataset remarks, i.e., stronger issues place
the point (G, G,) closer to the corresponding axes than modest
problems do.

Although there is one 2 closer to the As than to its own group
in Fig. 6-(a,b), implying in one subject affected by both pathologies

misclassified as affected only by Reinke edema and resulting in a
value of accuracy of % = 95%, we consider an excellent outcome
was obtained because inter-class features overlap significantly, as
previously shown. The misclassified sample corresponds to a severe
case of Reinke edema, much more significant than the laryngi-
tis, justifying the distribution of the symbols in the paraconsistent
plane. Furthermore, we observe that no pathologically-affected
subject was misclassified as being healthy, reassuring the efficacy
of the proposed approach.

5. Discussion and comparisons

Speech pathologists state that voice disorders affect a consid-
erable number of people, with significant lifetime prevalence [55].
From discomfort and pain to swallowing malfunction and cancer, a
diversity of problems might appear in connection to larynx patholo-
gies. Oncologists agree that vocal folds cancer, for instance, appears
as small areas of abnormal cells that multiply and consequently
undergo subsequent changes, ultimately leading to the develop-
ment of a significant problem [57,58]. Thus, we argue this study to
be of paramount importance.

Focusing on a non-intrusive and acoustic inspection, we have
concentrated our efforts on the analysis of co-existent issues for
which the major phonic symptom is the same, as previously
mentioned. With this in mind, we refrain from establishing a

detailed comparison between the proposed approach and current

algorithms, because their objectives are relatively different, i.e.,
although state-of-the-art articles such as [59-61] report accuracies
between 94.93% and 100% over SVD, no literature has been found
with a specific focus on the problem considered herein.

Nevertheless, to allow for just a basic comparison, engaging
readers into a discussion, a structure consisting of two SVMs [62]
with radial basis function (RBF) [63] kernels was created, as shown
in Fig. 7. They received the same feature vectors used with DPM as
input and, adopting the same hold-out cross-validation procedure,
were trained in a supervised manner so that each machine should
outputeither 1 or —1 to represent whether or not the input belongs
to a certain class, respectively. In the best scenario, a value of accu-
racy of % = 90% was obtained, where two individuals affected both
by Reinke edema and laryngitis were misclassified as a case of
Reinke edema only.

Notably, in Fig. 7, each SVM consists of a three-layer structure:
three passive neurons receiving the feature vectors as inputs, 20
active RBF neurons in the hidden layer and, lastly, one linear neu-
ron at the output. The dimension of the hidden layer is equal to
the number of training examples to allow for an one-step conver-
gence while adjusting the weights of the final layer in an supervised
manner. The hidden layer, which has no weight, was trained by
adjusting its kernels using an unsupervised procedure in such a
way that its ith unit outputs 1 to the ith training example. The out-
puts {SVMy,SVM} ~{-1,-1},{—-1,1},{1,—1}and {1, 1} indicate
a healthy subject, laryngitis, Reinke edema and both pathologies,
respectively.

Despite the fact that we almost obtained the same accuracy
value with both approaches, i.e., 95% for the DPM-based and 90%
for the SVM-based, different aspects of input data are explored by
each one of them: the latter does not allow for inconsistencies to
be clearly visualized in the paraconsistent domain while the former
was just designed to do so [8]. Furthermore, advanced state-of-the-
art multi-class algorithms, such as those based on deep learning
[47,65,66], can not be successfully used to solve the problem we
presented in this article due to a lack of training examples, i.e., five
feature vectors representing each class are not enough for an effec-
tive learning curve. Even SVMs, used here for basic comparisons, do
not generalize adequately with such an insignificant number of fea-
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Fig. 5. (i), (ii) and (iii): The way x1, x, and x3 vary for the four classes, respectively.
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Fig. 6. The outputs plotted in the paraconsistent plane for the practically-indistinguishable worst and best scenarios. The symbols €2, A, ®, T represent subjects affected by
both pathologies, with just with Reinke edema, with only with laryngitis and, lastly, healthy individuals, respectively. Please, recall that there are many superimposed marks.

SVM;: output is 1 to Reinke
edema and 0 otherwise

It: f 1
INPUT FE: SE, ZCR and SH-bascd Festt: Tour crasses are
= X identifiable by
SIGNAL feature extraction S
combining the outputs.

SVM,: output is 1 to laryngitis
and 0 otherwise

Fig. 7. SVM-based strategy used for comparisons with the proposed approach.

ture vectors [51]. The same holds true for the techniques presented Lastly, it is interesting to note that most of the standard multi-
in articles just mentioned, i.e., [59-61]. label classification algorithms, such as those applied in the field

In contrast, using a modest training set, as shown in the previous of speech pathology [15,44-46] and reviewed in section 2, were
section and exemplified in [8]-pp.399, DPM learned and allowed not particularly designed to consider the inter-class correlations
for their inputs to be visualized in the paraconsistent plane so associated with the feature vectors. To deal with this important
that four extreme and numerous intermediary outcomes could be information, a few complex and sophisticated strategies such as
detected. Additionally, indefinitions and contradictions caused by model stacking and chaining have been used [64], although with
overlapped inter-class features were successfully handled [8]. a considerable computational complexity. In contrast, DPM is a



straightforward tool capable of treating such an issue, supported
by the whole domain, without a complex structure [8].

6. Conclusions

Just after a brief study on recent strategies for cataloguing voice
disorders, as well as a brief review on important related concepts, a
novel algorithm to inspect human vocal apparatus was presented.
It focuses on the detection of co-existent laryngeal issues for which
the major phonic symptom is the same, producing features with
significant inter-class overlaps. Based on the combination of SE,
ZCR and SH, all used for feature extraction, associated with DPM,
specifically adopted for classification, the proposed approach was
successfully concluded, efficiently handling indefinitions and con-
tradictions with a value of accuracy of 95%. One limitation of this
work, imposed by the only public database available with the char-
acteristics needed, consists of the modest number of speech files
used for testing it. Therefore, future research will focus on experi-
menting DPM using a larger corpus, as soon as it becomes available,
particularly containing a more relevant number of speech files from
subjects with co-existent issues for which the major phonic symp-
toms are the same.
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