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Physical parameters of the speech signal contain essential information
on the anatomical structure and the kinematies of the biological sound source,
i.e. the human speech organ. Several objective acoustical methods have been
proposed and developed recently, which not only assist, but in some cases are
even superior to the classical, mostly intrusive andjor subjective diagnostic
methods, commonly used at present in clinical practice in laryngology and pho-
niatrics.

The subject of the present paper is the theoretical fundamentals and the
engineering performance of some selected methods and systems for speech
signal processing and analysis, aimed at acoustical diagnosis of larynx and
vocal tract pathology. The current status of fundamental research in this domain
is briefly reviewed and discussed, including the scientific activity and achieve-
ments of the Department of Cybernetic Acoustics, IFTR —PAS. Preliminary
results of experimental research are given. Special attention is paid to the role
of model investigations in the development of acoustical diagnostic methods
and systems in laryngology and phoniatrics. The references play a role of the
reader’s guide throughout the rather scarce literature on the subject considered.

1. Introduction

For years physicians have used two traditional methods for the examina-
tion of speech organ disorders and pathology. The first method relies on the
subjective auditory evaluation of the qualities of the patient’s voice. The se-
cond method consists in visual observation of the articulatory effectors using
more or less complex techniques, such as direct or indirect laryngoscopy, la-
ryngeal stroboscopy ete. The principal handicap of the auditory methods is
their subjectivity and the lack of absolute quantitative standards, although
many attempts have been made to qualify and to quantify the subjective

* This paper was written under the nodal research problem 10.4 “The nervous system
and biocybernetic systems and elements”.
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measurements of voice quality defects (cf. PERKINS [29]). The main short-
coming of the visual methods is that they are as a rule uncomfortable, and
sometimes even painful to the patient, being besides ineffective for early de-
tection of pathology. Consequently, their application is usually confined to
diagnosis during the later stages of the disease and to surgical situations. More
advanced techniques, such as high-speed motion pieture analysis, glottography,
electromyography, pneumatachography ete. have mostly research appli-
cations.

New objective methods in phoniatric diagnostics became feasible in the
early sixties of this century, when FANT [4] presented his acoustical theory
of speech production and FLANAGAN [8] summarized the recent results of speech
communication research in his book on speech analysis, synthesis and percep-
tion. Since then the speech signal has been considered — from a physical point
of view — as the output of the concatenation of three independent acoustical
filters, which represent the glottal source, the vocal tract and the mouth and/or
nose radiation impedance, respectively. Moreover, the advanced computer
technique has offered new conspicuous facilities in speech signal processing
and analysis. Consequently, the research work in the new field of applied acous-
tics, viz. the acoustical diagnostics of speech organ disorders, was initiated
and has been henceforth intensively developed, offering many possibilities
of practical applications not only in the medicine: laryngology and phoniatrics,
but also in acoustic phonetics, applied linguistics and even in vocalistics.

2. General characteristics of acoustical methods

Acoustical diagnostic methods in laryngology and phoniatrics, which are
based — generally speaking — on an analysis of the information content of
the speech signal as the final and natural output of the speech organ, have
recently been applied in clinical practice [30-35]. They not only support,
but in some cases are even superior to the conventional methods, since

— they are used under normal conditions of phonation and articulation;

— they neither need any surgical tool nor foreign substance to be intro-
duced into the patient’s body, nor have to be aided by any painful and danger-
ous intrusive procedure;

— they enable the real-time visualization of the acoustic parameters
of the speech signal on the TV monitor, computer display or other conven-
tional peripheral device of a computer system, and are thus especially
convenient during rehabilitation process, since the loss of hearing, usually
associated with speech disorders, may be compensated by the additional and
auxiliary information channel of the sight organ;

— the printed output of the computer-aided analysis of the speech signal
may be inserted into the patient’s medical history and used afterwards for
the objective evaluation of the effectiveness of the therapy.
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Acoustical methods consist in the measurement and analysis of those
physical parameters of the speech signal which are tightly correlated with the
anatomical structure and with the kinematies of the biological source, i.e.
the human speech organ. The development and application of these methods
in clinical practice must be based on the understanding of the acoustics of
speech production and supported by the knowledge of versatile and universal
physical models of the biological system under consideration, i.e. the larynx
source and the vocal tract. In fact, modelling offers the best means of getting
an ingight into the funetional relations between the acoustical parameters of
the speech signal and the intrinsic structural and kinematic features of the
speech organ under both normal and pathological conditions.

The directly measurable diagnostic signal is the acoustic pressure p(i)
of the speech wave at a definite point on the symmetry axis of the subject’s
mouth. This signal may be considered, at least during the articulation of voiced
speech sounds with glottal excitation, as the response of a linear and passive
transmission system which represents the vocal tract and is described by its
transfer function H (s), being submitted to the action of the impulse excitation
function of the larynx source, i.e. the volume velocity U,(s) of air in the glottis
and loaded by the radiation impedance Z,(s). These relations are schemati-
cally shown in Fig. 1.

Zg

Uy(s) tUg H(s)

Fig. 1. Equivalent electrical circuit of the speech organ during the articulation of voiced
speech sounds with glottal excitation

Ug(a) — excitation function of the larynx source, Zg — internal impedance of the larynx source, Ug — volume

velocity of air in the glottis, U, — volume velocity of air in the mouth orifice, H(s) — transfer function of the

vocal tract, Z.(s) — radiation impedance of the mouth orifice, p({,1) — acoustic pressure of the speech wave in
the measurement point at a distance I on the symmetry axis of the mouth

The well known general expression for the sound pressure P (s) of the speech
wave in Laplace transform presentation according to [4] is given by the equation

P(s) = Z{p(t)} = Uy(s)H(s)Z,(s), (1)

where Z, stands for the radiation impedance of the mouth outlet orifice, usually
approximated as a circular vibrating piston set in a spherical or infinite flat
baffle which simulates the human head [8].
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It is evident from (1) that the speech wave reflects the intrinsic features
of both the larynx source and the vocal tract. This fact is very promising from
the point of view of further diagnostic applications, since the laryngeal pathology
and the anomalies of the vocal tract constitute the majority of speech organ
disorders most frequently occurring in clinical practice.

3. Physical models of the larynx source

According to the myoelastic-aerodynamic theory formulated by van den
BERG [1], the human larynx is — from a physical point of view — a relaxation
feed-back oscillator whose output, i.e. the flow or volume velocity U,(t) of
air in the glottis, affects the internal parameters of the system, including those
which determine the glottis impedance Z,. These relations are illustrated sche-
matically in the block diagram shown in Fig. 2.

Ug(t), Ag®)

fs Zy [(m,5,r) Ago]

Fig. 2. The larynx source as a feed-back relaxation orcillator
Pg — subglottal pressure, Zg, — acoustic impedance of the glottis, Ag(t) — area function of the glottis orifice, m,
s, A,o — acoustical parameters of the glottis, U () — volume velocity of air in the glottis as an excitation func_
tion of the larynx source

The vocal folds of a definite mass m, stiffness s and loss resistance r are
set in forced vibrations by the local variations of pressure in the glottis due to
Bernoulli effect [2]. The quasi-periodic vibrations of the vocal folds change
the acoustic impedance Z, of the glottis and thus modulate the air flow U,(¢)
which at the entrance to the vocal tract has the form of recurrent discrete
triangle shaped pulses. The latter play the role of an impulse source function
U,(t) which excites vibrations of air in the vocal tract at frequencies correspon-
ding to the resonances of the vocal-tract cavities.

The mechanical vibrating system of the vocal folds may be modelled in
many ways [18], starting with the simplest single — mass model with lumped
constants and one degree of freedom elaborated by FLANAGAN and LANDGRAF
[10], up to complex models with distributed constants composed of elementary
magses, stiffnesses and loss resistances, as proposed by IsHIZAXA [15]. Such
a sophisticated model is, however, neither necessary nor even convenient in
medical diagnosties, since the main physiological features of the human larynx
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may be simulated with sufficient accuracy in the two-mass model with lumped
constants, proposed by ISHIZAKA and MATSUIDARA [16], presented by FLANA-
GAN [9] to the 7Tth ICA Congress in Budapest and described in details by IsHI-
ZAKA and FLANAGAN [17].

In the latter model each vocal fold, left and right, is divided into two
partial masses m, and m, which represent its lower and upper parts, respec-
tively. The masses m, and m, are mutually coupled by the spring s, which repre-
sents the bending stiffness of the vocal folds in the vertical plane parallel to
the direction of vibrations. In this way the two-mass model simulates an essen-
tial physiological feature of the biological system,. i.e. the deformability of the
vocal folds and the phase difference between the displacements of their lower
and upper edges in quasi-harmoniec motion. The ratio at which the total mass
of each vocal fold is divided into its partial components m,; and m,, may vary
widely depending on the realistic physiological or pathological conditions.

The springs s, and s, associated with the masses m, and m, represent the
individual non-linear stiffnesses of both parts of each vocal fold, i.e. the lower
m, and the upper m, which are opposed to:

— the momentary displacements of the masses m,; and m, from their
neutral positions;

— the viscoelastic deformations of the vocal folds in the closing phase of
the glottis, when the opposite folds, i.e. left and right, contact one another,
being submitted to instantaneous and reversible deformations.

The loss resistances r, and r, of the vibrating system are attributed to:

— the viscous losses in the museular and connective tissue of the vocalfolds;

— the mutual adhesion of the vocal folds contacting one another in the
closing phase, when they move towards and away from one another.

The total mass m and stiffness s of the vocal folds determine the natural
frequency of vibrations according to the formula

3ol i
F(‘:%]/-’E’b_. (2)

Under real conditions of phonation and articulation, due to the contrac-
tion of the vocalis muscles, the vocal folds are shortened or elongated and their
tension Q varies to alimited extent. Their mass m and stiffness s also vary and
the pitch or larynx tone frequency changes from the value F, given by (2)
to the value F; expressed as follows:

i TsQ
By = =Y/ o= QT 3
=Y g = e (3)

The tension coefficient @ is commonly used in model investigations as
an additional parameter which determines the real physiopathological behaviour
of the subject’s larynx source.
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It is evident from this brief description that the two-mass model of the
human larynx is versatile enough to take into account and to reflect not only
in qualitative, but also in quantitative terms, several laryngeal disorders and
anomalies most frequently occurring in clinical practice. The following examples
may be quoted. Benign growths, such as vocal nodules and polyps located
on one or both folds, increase their mass, whereas the partial atrophy of the
vocal fold is equivalent to the reduction of its effective mass. The immobility
of one or both vocal folds due to unilateral or bilateral recurrent laryngeal
palsy (paralysis) may be expressed in terms of their stiffness value which ap-
proaches infinity in spastic cases and reduces to zero in paretic cases.

4. Objective evaluation of laryngeal pathology

It is evident from (1) that the acoustic measures of laryngeal pathology,
based on the analysis of the speech wave form p(t), are affected by the vocal
tract structure H(s) which, especially at an early stage of pathological devel-
opment, may distort or even mask some of the important acoustical attribu-
tes of larynx disorder. The technique of inverse filtering of speech may be used
to remove the influence of the supraglottal structure upon the speech wave form
p(t) and to obtain the residue signal whose characteristics are correlated with
the movements of the vocal folds only, as it was proposed by MILLER [26].
Thus, if the speech signal contains acoustical information indicative of laryngeal
pathology, the measures based on the residue signal should be as informative
a8 the original speech signal itself, if not more so. Valuable information con-
cerning the application of inverse filtering of speech for detecting and evalua-
ting laryngeal pathology may be found in the works of Davis [3], KoIke and
MARKEL [22], and MARKEL and GrAY [23].

If the speech signal expressed by (1) is submitted to pre-emphasis equiva-
lent to the reciprocal of the mouth radiation factor Z,(s) and if an inverse fil-
ter is used whose reciprocal is an estimate of the vocal tract transfer function
H (3), the result of inverse filtering is the residue signal which is associated with
the larynx source excitation function U,(s) only.

For normal voice, the residue signal has the form of a series of sharp spikes
at the initiation of the successive pitch periods T,, with an irregular or noisy
behaviour of relatively low amplitudes between the spikes. The eyclie oscilla-
tions within the pitch periods of the primary speech signal have been effec-
tively removed by inverse filtering. The noisy component in the residue signal
decays so that during the other half of each pitch period it is much smaller than
the spikes at the pitch period initiation. The most important feature of the
residue signal for normal voices is thus a high peak signal to noise ratio within
the other half of each pitch period.

In pathological cases, on the other hand, especially when an incomplete
glottal closure occurs, the assumption of vocal tract and larynx source separa-
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bility in the linear model of speech production is not valid. As a rule, the more
gevere the pathology is, the less distinet pattern of periodic spikes can be obser-
ved in the residue signal. In an extremely severe case of vocal fold fixation,
the acoustic wave form contains a small, if any, periodic component. In the
residue signal the eyeclic behaviour has been completely eliminated, leaving
a very noisy nonperiodie signal. The residue signals of a normal and two patho-
logical voices are shown in Fig. 3, after Koilke and MARKEL [22], and MARKEL
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Fig. 3. Examples of the original (4) and residual (B) speech signalg of a noxmal voice (1)
and of two pathological voices: with a small voeal nodule (2) and with an advanced laryngeal
cancer (3), after [22, 23]
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Thus the acoustic features extracted from the residue signal may have
potentially high value for the objective evaluation of the abnormal vocal fold
vibrations as a common effect of laryngeal pathology. In a recent study by
DaAvis [3], the six features which describe the acoustical structure of the speech
signal p(¢) previously submitted to inverse filtering, are the following:

— the piteh amplitude of the residue signal, PA;

— the piteh period perturbation quotient, PPQ;

— the pitch amplitude perturbation quotient, APQ;
— the coefficient of excess, EX;

— the spectral flatness of the inverse filter, SFF;

— the spectral flatness of the residue signal, SFR.
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These measures were then separately and jointly analyzed for their
effectiveness in discriminating between normal and pathological voices. In
a closed maximum likelihood test using sustained vowel sounds from 17 normal
and 21 pathological speakers, each single feature successfully discriminates
between 65 % and 85 % of normal and pathological sounds. The six features
jointly produce a 95 %, probability of detection for the pathological sounds
and a 6 9 probability of false alarm for the normal sounds. An analogous
joint diserimination test using the unprocessed vowel sounds gave results which
are approximately 10 % lower than the results obtained using the residue
signal, thus demonstrating the advantage of using the inverse filtered speech
for diagnostic purposes.

The handicaps of technical nature, associated with the process of inverse
filtering of the speech signal, may be avoided by using another method of objec-
tive evaluation of laryngeal pathology, viz. the one based on the direct meas-
urement and analysis of the larynx tone fundamental frequency as a function
of time F,(t) and estimating the statistical distributions of F, or T, values.
Preliminary investigations, recently performed at the Laboratory of Speech
Acoustics in the Institute of Fundamental Technological Research, Polish
Academy of Sciences have shown that such a diagnostic method is particu-
larly effective in the examination of vocal fold paresis and in post-operative
cases.

To this aim a specialized minicomputer system for the measurement,
on-line processing and analysis of the larynx tone fundamental frequency F(t)
during continuous speech was designed and developed [12, 24]. A simplified
block diagram of the system is shown in Fig. 4. The successive pitch period
values T, = 1/F, are measured by means of the intonograph INT-77 [25]
shown in Fig. 5.

C
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Fig. 4. Block diagram of the minicomputer system for the measurement and analysis of
the fundamental frequency and the pitch period of the larynx source, after [12, 24]
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Fig. 5. The intonograph INT-77 for the measurement and visualization of the inten-
sity and melody of speech

As soon as the test utterance has finished, the data are transmitted to the
minicomputer MERA-304 for further processing and analysis, according to
special software procedures. The phonetic material consists of standard senten-
ces, both affirmative and interrogative, and of a newspaper text of 1 minute
duration. The analyzed speech signal contains as a whole about 6000 samples
of T, or F, values and is thus long enough to be considered as a stationary ergo-
dic process.

Two kinds of criteria for the objective evaluation of laryngeal pathology
have been accepted. The first measure is the irregularity of the intonation
curve F,(t), which appears chiefly within the final parts of interrogative sen-
tences (Fig. 6). The second measure is the statistical distribution of the 7', or
F, values, which is computed by the long-term analysis of the speech gignal cor-
responding to the newspaper text. The results of the statistical analysis are
presented as printed output of the minicomputer in the form of histograms
of the momentary 7', values and histograms of the momentary incremental
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Fig. 6. Fundamental frequency F () of the larynx tone as a function of time, measured within

the final part of an interrogative sentence uttered by a male voice in bilateral vocal fold
paralysis, before (lower curve) and after (upper curve) medical treatment [13, 14]
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AT, values in sucessive pitch periods (Fig. 7). The histograms are deseribed by
several statistical parameters constituting the qua,ntltatwe measures of the
laryngeal pathology, such as e.g.: mean value F, or T,, variance D, standard
deviation ¢ and central moments of the 3rd and 4th order which are used for
computing the asymmetry AS and coefficient of excess EX of the T, or F,
distributions [13, 14].

The method was verified under clinical conditions in the Otolaryngologi-
cal Clinic of the Institute of Surgery, Medical Academy, in Warsaw, on 140
pathological voices with documented larynx disorders. It has been proved
that:

— for diagnostic purposes the AT, distributions are more informative
generally, than the T, distributions;

— the most effective measures for diseriminating between normal and
pathological voices are: the asymmetry AS and excess EX of both T, and AT,
distributions, as well as the standard deviation o of the AT, distribution;

— the inability of a pathological larynx to convey speech melody and
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Fig. 7. Examples of printed computer outputs as histograms of the momentary absolute

T, values (upper part of the figure) and histograms of the relative incremental AT, values

(lower part of the figure) in the case of a male voice with a unilateral vocal fold paralysis
after surgical intervention, before (a) and after (b) rehabilitation

intonation may be effectively evaluated by the analysis of the F,(f) curve
as a function of time within interrogative sentences (cf. Fig. 6).

The results obtained previously are promising and encourage further re-
search. The method and system proposed will hopefully provide facilities for
objective computer-aided evaluation of laryngeal pathology in routine clinical
practice before and after medical treatement or surgical intervention and du-
ring the process of rehabilitation.

5. Objective evaluation of vocal tract pathology

The most frequently occurring pathology of the vocal tract is the cleft
palate* (med.: palatoschisis) whose direct effect consists in the permanent and
uncontrolled acoustical coupling between the pharynx-mouth cavity and the

* (left palate oecurs — depending on demographic conditions — in one case for several
hundred to one thousand births.
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nasal tract, resulting in the forced nasalization of originally non-nasal speech
sounds.

To get a better insight into correlations between the spectral characteris-
tics of the speech signal and the effect of nasalization due to the cleft palate,
theoretical studies and model investigations have had to be carried out first. In
an earlier study by KAcPrROWSKI, MIKIEL and SZEWCZYEK [21], the resultant
transfer function H(w) of the simplified acoustical model of the human vocal
tract during the articulation of oral vowels which have been nasalized due
to the shunting effect of the nasal tract, was determined by an analytical me-
thod. Experimental verification was performed on an analogue model simu-
lating in an extremely simplified manner (scale of dimensions 5 :1, scale of
frequency 1 :5), the geometrical configuration of the vocal tract during the
articulation of the neutral vowel 3 in full or partial nasalization. A fairly good
conformity has been obtained between the analytical and experimental re-
sults (ef. Tables 3-5 in [21]).

In general, the effect of nasalization due to the cleft palate consists in
the deformation of the spectral envelope and in the enrichment of the vowel
formant structure. Beside additional formants which do not exist in purely
oral articulation, some antiformants appear due to the shunting effect of the
nasal tract. Specifically, in the considered case of the neutral vowel 3, the fol-
lowing effects may be observed:

— increase of the first formant frequency by about 12 %;

— additional formants at 1250 Hz and 1700 Hz;

— antiformants at 1400 Hz, 2800-2900 Hz and 4200 Hz;

— disappearance of the second formant F2 at a frequency F, = 1500 Hz
due to the appearance of an antiformant at 1400 Hz.

These effects are exemplified by spectral characteristics shown in Fig. 8.
The intensity of cleft palate, expressed in terms of a gradual increase of the
oral-nasal coupling factor from about 12 9, up to its maximal value, affects
both the formant-antiformant frequencies and amplitudes, as may be seen
in Figs. 10-14 of the previously cited work [21].

The results of our preliminary experiments have confirmed the potential
possibility of evaluating the cleft palate by spectral analysis of voiced speech
sounds, when using the phonospectroscopic method [30]. The future clinical
application of this metod must be based, however, on a better knowledge of
a universal articulatory model of the vocal tract, which could be adapted for:

— reproducing the anatomy of the vocal tract during the articulation
of sustained oral vowels in all individual variants, depending on the personal
features of the patient’s voice under both normal and pathological conditions;

— reflecting the losses in the vocal tract and the radiation impedance
of the mouth and nose orifices;

— introducing an additional parameter which would express in a guanti-
tative manner the degree of nasalization determined by the extent of cleft
palate.
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Fig. 8. Example of experimental spectraljcharacteristics of the neutral vowel 3 measured
on an analogue model of,the vocal;tract without nasalization (lower curve) and with
full nasalization (upper curve) [21].

[F}, Fg,".. . denote formants, and N, Ny,... — antiformants

An accurate modelling of the vocal tract using computer simulation is
the subject and goal of research work which is currently being carried on in
many countries. Particular areas and aims of the research, however, may be
different. The studies by FANT and his associates [5-7 s 36], and also the recent
works by MRAYATI, CARRE and GUERIN in France [27, 28] concentrate mainly
on the analysis of relations which exist between the vowel formant frequencies
and bandwidths on the one hand, and the acoustical characteristics of the phy-
sical model on the other hand, including the boundary effects related to the
subglottal system and glottis, losses in the vocal cavity walls and the lip ter-
mination. The primary aim of FLANAGAN and co-authors [9-11, 17], on the
other hand, has been to develop a working model of the vocal tract and the
larynx source for the synthesis of speech in man-machine voice communica-
tion systems.

The present state of art in vocal tract modelling and some of the problems
involved have recently been discussed in detail by WAKITA and FANT [36].
The conclusion is that much research work must still be done before an impro-
ved and standardized model of the vocal tract can be established. In the mean-
time, however, an approach has been made in the Department of Cybernetic
Acoustics, IFTR-PAS, toward a simulative model of the voeal tract including
the effect of nasalization due to the cleft palate (cf. KAcPROWSKI [19, 20]).
The model, which is intended for clinical application in computer-aided acousti-
cal diagnostics in laryngology and phoniatrics, is based on the distributed
element transmission line representation of the vocal tract, approximated in
the form of a concatenation of n elementary T - type four-poles, as proposed
by FLANAGAN [8], and resembles to some extent the recent French model
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described by MrAYATI, CARRE and GUERIN [27, 28]. An essential feature
and novelty of our model is, however, the four-pole presentation of the bifur-
cation of the voecal tract (med.: nasopharynx), i.e. that region where the input
impedance of the nasal tract due to the cleft palate shunts the pharynx-mouth
tract which constitutes the only path of energy transmission in purely oral arti-
culation. The general coneception of the acoustical structure of the latter model
is schematically shown in Fig. 9.

\
i
Glottis l«—— Pharynx tract ——L&ﬁmnmJ-—m fract:
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Fig. 9. Acoustical model of the pharynx-mouth vocal tract including the shunting

effect of the input impedance Z,, of the nasal tract (a) and its equivalent electrical four-pole
cireuit (b) [19]

Since our present interest is the objective evaluation of vocal tract patho-
logy in terms of formant-antiformant frequencies, amplitudes and bandwidths,
digital computer simulation of the model will be done in the frequency domain
only, in order to allow the frequency resolution up to a few Hz for the sake
of aecuracy, in the case of sustained voiced speech sounds with glottal excita-
tion.

6. Conclusions

The aim of the present paper has been to indicate the potential possibili-
ties of using acoustical diagnostic methods for objective evaluation of larynx
and vocal tract pathology, and to present the actual state of research in this
domain. Although some of the experimental methods and systems have re-
cently been applied with success in laryngology and phoniatrics, a great deal
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of research work must still be done before they become a routine in clinical prac-
tice. Since, however, the research is developing intensively in many countries and
the results obtained so far are encouraging and promising from both scientific
and practical, i.e. clinical, points of view, it is very probable, if not certain,
that the time is coming when the printed output of a computer-aided diagnostic
system of speech signal processing and analysis will be as a rule inserted into
the patient’s medical history as easily as at present an audiogram, electro-
cardiogram, electroencephalogram or X-ray picture, to be used later on for
year-to-year comparison and for objective evaluation of the effectiveness of
the therapy, surgical intervention or control and documentation of the rehabi-
litation process.
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