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The quasi-periodic oscillation of the vocal folds causes perturbations in the length of the glottal cycles that are known as jitter. The observation of the glottal cycles variations suggests that jitter is a random phenomenon described by random deviations of the glottal cycle lengths in relation to a corresponding mean value and, in general, its values are expressed as a percentage of the duration of the glottal pulse. The jitter has been the subject for researchers due to its important applications such as the identification of pathological voices (nodules in the vocal folds, paralysis of the vocal folds, or even, the vocal aging, among others). Large values for jitter variations can indicate a pathological characteristic of the voice. In this paper the construction a stochastic model for jitter using an one-mass mechanical model of the vocal folds is proposed. The corresponding stiffness of each vocal fold is considered as a stochastic process and its modeling is propose d. The probability density function of the fundamental frequency related to the voice signals produced are constructed and compared for different levels of jitter. Some samples of synthesized voices in these cases are obtained. Then, using experimental voice signals, the stochastic process modelled will be identified. The idea is to generate voice signals which the level of jitter which can be associated to the experimental voice used.

Introduction

In voiced speech production, the production of the voice signal is due to the oscillation of the vocal folds, which modifies the airflow coming from the lungs into pulses of air (the so-called glottal signal), which will be further filtered and amplified by the vocal tract and, finally, radiated by the mouth. The oscillations of the vocal folds are not exactly periodic and, consequently, the pulses of air which compose the glottal signal have not the same time duration. The small random fluctuation in each glottal cycle length is called jitter and it is a way to characterize voice signals even those with pathological characteristics. Typical values of jitter are between 0.1% and 1% of the fundamental period, for the so-called normal voices; that is, without presence of pathologies. The jitter value can be seen as a measure of the irregularity of a quasi-periodic signal and it can be a good indicator of the presence of pathologies such as vocal fold nodules or a voca l fold polyp [START_REF] Wong | Observation of perturbations in a lumped-element model of the vocal folds with application to some pathological cases[END_REF][START_REF] Hirose | Clinical Aspects of Voice Disorders[END_REF]. In general, the authors who work with models of jitter (or the variations of the fundamental frequency) do not introduce mathematical models for the voice production and only a few authors consider stochastic models [7-9, 11, 12]. Some motivations for developing models of jitter include the discussion about the mechanisms that may cause the movements of the vocal folds to be aperiodic, which can be modeled as a random phenomenon. The objective of this paper is to use the stochastic model of jitter proposed by Cataldo and Soize [START_REF] Cataldo | Voice Signals Produced With Jitter Through a Stochastic One-mass Mechanical Model[END_REF], which is based on the use of the voice production deterministic model introduced by Flanagan and Landgraf [START_REF] Flanagan | Self-oscillating source for vocal-tract synthesizers[END_REF], including the modifications carried over from the Ishizaka and Flanagan model [START_REF] Ishizaka | Synthesis of voiced sounds from a two-mass model of the vocal folds[END_REF] and those introduced by the authors. This model proposes a stochastic model for the stiffness that is a stochastic process. In this paper, the objective is to identify some parameters of this stochastic model solving a statistical inverse problem.

Deterministic model used

The underlying deterministic model used is the nonlinear one-mass model proposed by Flanagan and Landgraf to generate voice. The complete model is composed by two subsystems: the subsystem of the vocal folds (source) and the subsystem of the vocal tract (filter). The two subsystems are coupled by the glottal flow. During the phonation, the filter is excited by the sequence of pulses of the glottal signal. Each vocal fold is represented by a mass-stiffnessdamper system and a symmetric system is composed of two vocal folds. The vocal tract is represented by a standard configuration of concatenated tubes. The complete model considered here presents some modifications in relation to the original Flanagan and Landgraf model. Some of them have been introduced by Ishizaka and Flanagan, and others by Cataldo et al. [START_REF] Cataldo | Probabilistic modeling of a nonlinear dynamical system used for producing voice[END_REF][START_REF] Cataldo | Synthesis of voiced sounds using low-dimensional models of the vocal cords time-varying subglottal pressure[END_REF]. The system of differential equations to be solved can be divided in three parts (see Fig. 1 that il lustrates a sketch of the model) All the equations related to this model can be seen in details in [START_REF] Cataldo | Voice Signals Produced With Jitter Through a Stochastic One-mass Mechanical Model[END_REF].

Stochastic modeling of jitter

All the procedure to be followed to generate jitter is the same that the one used in [START_REF] Cataldo | Voice Signals Produced With Jitter Through a Stochastic One-mass Mechanical Model[END_REF]. Summarizing, {K(t), t ∈ R} is a stochastic process indexed by the real line R, with values in R + , which models stiffness k. The vocal folds dynamic equation in x(t), the position of the vocal focal, depending on u g (t), the glottal flow, becomes a nonlinear stochastic differential equation for the stochastic process X(t) coupled with the stochastic process U g , such that

m d 2 X(t) dt 2 + {c + c * (X(t))} dX(t) dt + K(t) X(t) + a 1 p B (X(t), U g (t)) = a 2 p s (t) , (1) 
where m is the corresponding mass of the vocal folds, c and c * are values related to the damping of the vocal folds, a 1 and a 2 are constants, p B is a function related to the air pressure and p s (t) is the subglottal pressure. The stochastic process K(t) is written as

K(t) = k 0 + (k -k 0 )(z + Z(t)) 2 . ( 2 
)
where k 0 is a constant. The stochastic process Z and the real constant z must be constructed in order that, for all t in R, E{(z + Z(t)) 2 } = 1 and E{(z + Z(t)) 4 } < +∞. The stochastic process {Z(t), t ∈ R} is constructed as a second-order Gaussian stochastic process, indexed by R, with values in R, which is centered, mean-square continuous, stationary and ergodic, physically realizable, whose power spectral density function S Z (ω) is written as

S Z (ω) = 1 2π a 2 ω 2 + b 2 , a > 0 , b > 0 , (3) 
in which a and b must satisfy the constraint equation E (z + Z(t)) 2 = 1 that can be written as

z 2 + +∞ -∞ a 2 2π(ω 2 + b 2 ) dω = 1 =⇒ z 2 = 1 - a 2 2b , (4) 
which yields the following constraint inequality for a and b,

b > 0 , 0 < a < √ 2b . (5) 
Consequently, Gaussian stochastic process Z can be viewed as the linear filtering Z = h * N ∞ of the centered Gaussian white noise N ∞ (generalized stochastic process) whose power spectral spectral density function is S N ∞ (ω) = 1/(2π), by the causal and stable linear filter whose frequency response function h(ω)

= +∞ 0 e -iωt h(t) dt = a/(iω + b) (because S Z (ω) = | h(ω)| 2 S N ∞ (ω)).
Introducing the linear Itô stochastic differential equation,

dY(t) = -b Y(t) dt + a dW(t) t > 0 , (6) 
with the initial condition Y(0) = 0 a.s., in which W is the real-valued normalized Wiener process indexed by [0, +∞[, it can be proved [START_REF] Soize | The Fokker-Planck Equation for Stochastic Dynamical Systems and its Explicit Steady State Solutions[END_REF] that Eq. ( 6) has a unique solution {Y(t), t ≥ 0} such that, for t 0 → +∞, the stochastic process {Y(t), t ≥ t 0 } is stochastically equivalent to the stationary stochastic process Z (note that Y is not stationary on R + for the positive shift, but is asymptotically stationary). In practice, this means that, if t 0 is chosen sufficiently large, Y and Z are the same Gaussian stationary and ergodic second-order centered stochastic process for which the power spectral density function is given by Eq. (3). Consequently, Eq. ( 6) can be used for generating trajectories of stochastic process Z. Some results obtained with the vowels synthesis, in the deterministic case, and with two different levels of jitter (a = 40 and a = 160) can be found and heard in https://www.dropbox.com/s/mwaq3u6ad96po7x/male140Hz.zip?dl=0, for which detn corresponds to the case without jitter, N 1 corresponds to a = 40 and N 2 corresponds to a = 160. The idea is then to solve the corresponding stochastic inverse problem to identify the parameters a and b associated to real voices obtained experimentally.

The corresponding inverse problem

Let us consider the duration between two successive times, the first one corresponding to the instant the glottis opens and the second one the instant for it closes completely. This duration, denoted by T f und , is a random variable, and its inverse is defined as the fundamental frequency that is the random variable F f und = 1/T f und . For each value of (a, b), the probability density function of F f und is estimated using the realization of the stochastic process corresponding to the output pressure. The objective is then to identify parameters a and b such that the probability density functions of the random variable F f und associated to a simulated voice, f S , is near to the probability density function associated to the real voice, f R . The distance between the two probability density functions is calculated by

d( f S , f R ) = I | f S (t) -f R (t) | dt . ( 7 
)
Details about simulation of the stochastic model can be seen in [START_REF] Cataldo | Voice Signals Produced With Jitter Through a Stochastic One-mass Mechanical Model[END_REF]. The values of the parameters for the deterministic model are the following: A g0 = 0.05 ×10 -2 m 2 , ρ = 0.12 kg/m 3 , c a = 346.3 m/s, µ = 1.86×10 -4 kg/(m 2 s), m = 0.24 ×10 -2 kg, ℓ = 1.4 ×10 -2 m, d = 0.3 × 10 -2 m, k 0 = 40 N/m. For the damping coefficient, it was considered c = 0 and α = 1, i.e, only during the collision the damping was considered. The stochastic solver is the Monte Carlo method. Two experimental signals were taken into account. One of them is called exper 1 and the other one is exper 2 . One is a voice signal from a man and the another from a woman. At first, the parameter corresponding to the mean value of K was considered in a way that the mean of the random variable associated with the fundamental frequency simulated was very near to the mean value associated to the real voice. The parameters a and b were used to fit the probability density function.

Identifying parameters for exper 1

The first voice signal to be considered is the production of an vowel /a/ and the output pressure is shown in Fig. 2. After solving the inverse stochastic problem, the values obtained were a = 3.2834 and b = -1000. The mean value of the fundamental frequency of the real voice was 272.05 Hz and the standard deviation was 1.52 Hz. For the simulated voice, the mean value of the fundamental frequency was 272.17 Hz and the standard deviation was 1.51 Hz. Figure 3 shows the two pdfs (simulated and real). The value for d( f S , f R ) is 0.098. The parameters a and b have been identified taking into account the two probability density functions related to the fundamental frequency. As a way to verify what happens when a sound is synthesized considering these parameters, a voice signal was simulated. The original signal and the corresponding simulated one can be heard following the link https://www.dropbox.com/sh/3kuhooxuypgtmuh/AAAWiYNkdIlN3xUxajaV6HQPa?dl=0 . It is interesting to say that only the similarity between fundamental frequencies was taking into account. Maybe other quantities should be taken into account to become the sounds more similar. IT can be said that this signal is a good signal. It can also be observed that the amplitude of this signal does not suffer high variations. The next signal to be considered is not as good as this one.

Identifying parameters for exper 2

The second voice signal to be considered is the production of an vowel /a/ and the output pressure is shown in Fig. 4. It can be noted that the variation of maximum amplitudes is larger than the signal exper1. After solving the inverse stochastic problem, the values obtained are a = 3.2834 and b = -1000. Figure 5 shows the two pdfs (simulated and real). It can also be observed that the pdf constructed from the experimental signal is not so symmetric as the one constructed with the signal exper1. The original signal and the corresponding simulated one can also be heard following the link https://www.dropbox.com/sh/3kuhooxuypgtmuh/AAAWiYNkdIlN3xUxajaV6HQPa?dl=0 . In this case, it can be noted that the simulated sound is more different from the original than the first case considered, the exper1.

Conclusions

An approach has been proposed for constructing a stochastic model for creating jitter in a mechanical model that allows for producing voice and identifying two parameters of this model. A stochastic inverse problem was solved and the criterion used was the distance between the probability density functions related to the random variable associated to the fundamental frequency. Two parameters were then identified and the pdf constructed from the simulated voices were so near of the pdf constructed from real voices. The corresponding sounds obtained were also available. The next idea is use other parameters, and not only the fundamental frequency, to solve the stochastic problem and verify if the sounds are more similar.
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 1 Figure 1: Sketch of the Flanagan and Landgraf model (1968).
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 2 Figure 2: A window of the output pressure of the voice signal produced by the experimental voice.
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 3 Figure 3: pdf of the random fundamental frequency corresponding to a real voice (solid line) and the corresponding simulated (dotted line).
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 4 Figure 4: A window of the output pressure of the voice signal produced by the experimental voice.
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 5 Figure 5: pdf of the random fundamental frequency corresponding to a real voice (solid line) and the corresponding simulated (dotted line).
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