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ABSTRACT

The impact of voice pathologies caused by physiological
alterations of the vocal cords is becoming a very important issue 
due to vocal abuse and unhealthy habits. Early detection of
incipient damages to the cords may help in improving the
prognosis, treatment and care of these pathologies. Information
derived from the speech signal may help in detecting early
stages of pathology, and to prevent them by assisting experts in
voice therapy to correct vocal abuse in children and in
professionals depending on voice as speakers, singers or 
lecturers among others. The present paper is devoted to detect 
the presence of  certain pathologies in the voice or speech signal
from the cepstral contents of the mucosal wave reconstructed by
inverse filtering, using conclusions derived from the behavior of 
a 2-m vocal cord model. This can be of application in speech
and sing education, and in pathology screening. 

1. INTRODUCTION 

The modelling of the vocal folds has been an old objective since 
the early works of Flanagan and Ishizaka [10] with a double 
purpose: to detect the vocal tract model and the glottal pulse 
pattern on one side, and to synthesize speech with a higher
degree of naturalness on the other. Another important objective 
was to improve our understanding of the vocal folds operation
during phonation both during normal and disordered voice
production. A series of models devoted to explain the behavior 
of the vocal folds in 1-D, 2-D and 3-D have been produced
during the last three decades which have completed our view of
the phenomenon of voice production [13]. Under the purpose of 
the present work a model including the most relevant features 
have been used and adapted [8]: 2-mass assymetrical modelling, 
non-linear coupling between mass movement and glottal 
aperture, cord collision effects and non-linearities taken into 
account, defficient closure effects, lung flux excitation and vocal 
tract coupling effects. This is a modification of a well-known 
model through literature on the topic [3], [6]. The main
characteristics of the model may be seen in Figure 1. The 
dynamic equations of this system are a set of four integro-
differential equations, one for each of the masses in the system,
similar to the one relative to mass Mr1:
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Figure 1.  Schematic structure of the two-mass model. 
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Figure 2. First vibration mode of the vocal cords. a) Glottal 
aperture. b) Right cord speed (unidimensional). 

It is of most importance for our study to consider the behavior of
the model with one mass per cord (with Ml2=Mr2=0 for 
example), as depicted in Figure 2. The vibration cycle starts at
instant 1, when both cords innitiate a fast separation (in the case 
of the right cord toward larger values of x). At instant 2 the right 
and left cords (considered symmetric) have arrived to their 
maximum span where the speed of the cords becomes zero.
From this point on, the elastic forces restore the cords to their 
resting position, where at instant 3 both cords collide and bounce 
to 4. The time that both cords remain in contact is very short, 
depending on the second order vibration of the model (known as
mucosal wave). The intensity of the collision (the slope from 3
to 4) is of special importance to infer if phonation is
overstressed, pointing to damages in the vocal cords.

2. VOCAL CORD  BEHAVIOR 

The model can reproduce most of the features of normal or 
disordered voice, for instance Figure 3.a shows the glottal
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aperture synthesized under normal conditions, while its
derivative may be seen in  Figure 3.b. When the model is forced 
to operate with Ml2=Mr2=0, or when the mass-coupling stiffness
is large enough the 2-mass model tends to behave as a 1-mass 
model, and the second vibration mode disappears, the vibration 
patterns (see Figure 4) showing good agreement with the 
conditions given in Figure 2. Other vibration modes are also 
possible depending on the parameter configurations, as
commented for example in [12].

Figure 3. a) Glottal aperture for a symmetric distribution of 
parameters. b) Derivative of the glottal aperture. 

Figure 4. a) Glottal aperture for an excesive cord stiffness. b) 
Derivative of the glottal aperture. 

3. GLOTTAL APERTURE RECONSTRUCTION 

Through this section the reconstruction of the mucosal wave
from the speech trace is sought following the work of Childers
and others ([3], [2], [1]). The basics of inverse filtering as 
applied to this problem are explained in Figure 5. 
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Figure 5. Voice production model. 

The speech trace may be seen as the application of a train of 
delta pulses to a hypothetical glottal pulse generation model 
Fg(z), its output ug being modeled by the vocal tract transfer 
function Fv(z) to yield voice at the lips sl which is radiated as s.
These operations may be seen in the time domain as the results
of convolving the glottal  and the vocal tract impulse responses 
fg and fv with trains of delta pulses, and transforming the results 
to radiated voice at the lips by the radiation model r= -1{R(z)}:

rlsrvfgfrvfgfs **}*{*}*}*{{ (2)

The inversion of this model starts by removing  the radiation 
effects to get the radiation-compensated voice sl:

ls}h*{r*lsh*r}*l{sh*s rrr (3)

where it has been assumed that hr is the inverse operator to r in
the convolutional sense and obtaining a first estimation of the 
glottal inverse impulse response hg, such that the influence of 
the glottal pulse may be removed from the radiation-
compensated voice: 

ghlsvs * (4)

The resulting de-glottalized voice sv, may be seen as a first
estimation of the impulse response of the vocal tract. It may be 
inverted finding its equivalent inverse impulse response hv0

(equivalent Wiener Filter), such that: 

v0hvs * (5)

The inverse impulse response of the vocal tract may be used to
remove the influence of the vocal tract from the radiation-
compensated voice sl by direct convolution producing a more 
accurate estimation of the glottal pulse ug:

g0v0l uhs * (6)

These operations can be summarized as in Figure 6. 
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Figure 6. Estimation of the vocal tract inverse transfer function 
by coupled model inverter and convolver. 
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Figure 7. Implementation of the iteration scheme. 

The new estimation of the glottal pulse may be used to model its
inverse impulse response, which may be used to remove the
glottal pulse influence from the radiation-compensated voice by
convolution, producing a more accurate estimation of the de-
glottalized voice, and so on. Through successive iterations as 
shown in Figure 7 a good estimation of both the glottal pulse and 
the de-glottalized voice may be obtained. 
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Figure 8. Coupled model inverter and convolver implemented 
by paired lattices. 

Actually to carry out the described inversion processes the 
properties of lattice filters will be used. In fact, as shown for 
example in [4] the residual error from a lattice filter may be seen 
as the output of an all-pole filter inverse to the lattice input trace.
This result allows to jointly build the inverse impulse response 
to sv by a lattice reducing this signal to a white series, and at the 
same time convolve the associated signal sl with the same
inverse impulse response with a paired lattice using the same
reflection coefficients as shown in Figure 8. The structure of the
paired lattices is given in [9].

4. RESULTS 

It is well known that the absence of mucosal wave is an 
indication of certain laryngeal pathologies [11]. The 
reconstruction of the glottal aperture may be used to detect the
mucosal wave, as the second order vibration of the vocal cords. 
For such the above described algorithms have been applied to a 
normal segment of speech of 0.05 sec. duration corresponding to 
the vowel /a/ as shown in Figure 9.a 

Figure 9. (Top to bottom). a) Input speech for a normal voice. b) 
Differential glottal aperture. c) Glottal aperture. 

Figure 10. (Top to bottom). a) Mean component of the glottal 
aperture. b) Residual containing the mucosal wave. c) Cepstral

contents after liftering and differentiation. 

In Figure 9.b the differential glottal aperture resulting from
applying the above described methods to the trace in Figure 9.a
is shown. The integration of this last trace produces the glottal 
aperture in Figure 9.c, where the presence of a relatively large 
amount of mucosal wave may be observed as a ripple
superposed to the main pattern of the aperture. The detection of
the mucosal wave has been carried out in the present study
applying first a median filter to the glottal aperture estimating
the average value of the function on a 61 sample-wide sliding 
window:

K

Ki

ignKgn uu
2

1
(7)

subtracting this average from the trace, which produces a rough 
estimate of the mucosal wave:

gngngn uuw (8)

The average glottal aperture given in (7) is shown in Figure 10.a, 
whilst the estimation of the mucosal wave may be seen in Figure
10.b.

Figure 11. (Top to bottom). a) Input speech for a cord-stiffened 
pathological voice. b) Differential glottal aperture. c) Glottal 

aperture.
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Figure 12. (Top to bottom). a) Mean component of the glottal 
aperture. b) Residual containing the mucosal wave. c) Cepstral

contents after liftering and differentiation. 

From the study of the envelope of the power spectrum of the 
mucosal wave it is concluded that the energy of the mucosal
wave for normal voice concentrates mainly at lower frequencies
and is larger than for pathological voice, therefore cepstral
analysis may be used to detect the presence of pathology [4]
using 512-samples sliding windows. The cepstral coefficients
cn,m are differenciated in m, the coefficients above the tenth 
being disregarded (liftering). The coefficient values and their
statistical distributions are shown in Figure 10.c. These results 
have to be contrasted against others from speakers with
pathologies affecting the presence of mucosal wave. A segment
of 0.05 sec. of the vowel /a/ produced by a patient affected with
vocal cord stiffness may be seen in Figure 11.a. The relative 
speed between cords is shown in Figure 11.b, adhering to the
theoretical previsions and to the results of the model forced to 
vibrate following the first mode (see Figure 2 and Figure 4). The
reconstruction of the glottal aperture given in Figure 11.c shows
that the presence of mucosal vibration is much less strong than
in the normal case. The application of the median filter results in 
the trace given in Figure 12.a, and the mucosal wave estimation
is given in Figure 12.b. The plot in Figure 12.c shows the first
eight cepstral coefficients and their statistical distributions.

5. CONCLUSIONS 

From the results shown it seems evident that the sequence of the 
first differential cepstral coefficients reflects the presence of
mucosal wave. In general the presence of a strong mucosal wave
is correlated with a faster alternating pattern in the lower 
differential cepstral coefficients, while a slower fluctuation is 
associated with a lower amount of mucosal wave. The presence
of mucosal wave can be clearly established visually on the
glottal aperture. The quantization of this presence and its 
frequency distribution may be of great help in the detection of 
vocal fold pathologies. A more detailed study should have to be 
conducted based in Principal Component Analysis to establish
which cepstral coefficients are more relevant to the study for 
descriptors of pathologies, which could be used in data analysis
and evaluation to support diagnose aids by automatic pattern
classifiers, as for example Neural Nets or Gaussian Mixture
Models.
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