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Abstract

The quasi-periodic oscillation of the vocal folds causasysbations in the length of the glottal cycles that are know
as jitter. The observation of the glottal cycles variatignggests that jitter is a random phenomenon described by
random deviations of the glottal cycle lengths in relatioratcorresponding mean value and, in general, its values
are expressed as a percentage of the duration of the glatsd.pThe jitter has been the subject for researchers due
to its important applications such as the identificationathplogical voices (nodules in the vocal folds, paraly$is o
the vocal folds, or even, the vocal aging, among others)gé &alues for jitter variations can indicate a pathological
characteristic of the voice. In this paper the construciiatochastic model for jitter using an one-mass mechanical
model of the vocal folds is proposed. The correspondirfinstss of each vocal fold is considered as a stochastic
process and its modeling is propose d. The probability defisnction of the fundamental frequency related to the
voice signals produced are constructed and comparedfferelit levels of jitter. Some samples of synthesized voices
in these cases are obtained. Then, using experimentalsigicals, the stochastic process modelled will be identified
The idea is to generate voice signals which the level of jiteich can be associated to the experimental voice used.

Keywords: Stochastic modeling, Identification of stochastic proesssgoice production, mechanical models, jitter.

1. Introduction

In voiced speech production, the production of the voicedaigs due to the oscillation of the vocal folds, which
modifies the airflow coming from the lungs into pulses of die(so-called glottal signal), which will be further filtered
and amplified by the vocal tract and, finally, radiated by theuth. The oscillations of the vocal folds are not exactly
periodic and, consequently, the pulses of air which complusglottal signal have not the same time duration. The
small random fluctuation in each glottal cycle length isexlitter and it is a way to characterize voice signals even
those with pathological characteristics. Typical valukgtier are between A% and 1% of the fundamental period,
for the so-called normal voices; that is, without preserfqgathologies. The jitter value can be seen as a measure of
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the irregularity of a quasi-periodic signal and it can be adymdicator of the presence of pathologies such as vocal
fold nodules or a voca | fold polyp [1, 2]. In general, the arthwho work with models of jitter (or the variations
of the fundamental frequency) do not introduce mathemlaticalels for the voice production and only a few authors
consider stochastic models [7-9, 11, 12]. Some motivationgeveloping models of jitter include the discussion
about the mechanisms that may cause the movements of thefelolsato be aperiodic, which can be modeled as
a random phenomenon. The objective of this paper is to ussttichastic model of jitter proposed by Cataldo and
Soize [9], which is based on the use of the voice productiderdenistic model introduced by Flanagan and Landgraf
[10], including the modifications carried over from the l=dika and Flanagan model [5] and those introduced by the
authors. This model proposes a stochastic model for tlfimesss that is a stochastic process. In this paper, the
objective is to identify some parameters of this stochastidel solving a statistical inverse problem.

2. Deterministic model used

The underlying deterministic model used is the nonline&-orass model proposed by Flanagan and Landgraf to
generate voice. The complete model is composed by two stgmsgsthe subsystem of the vocal folderce and
the subsystem of the vocal tradiltér). The two subsystems are coupled by the glottal flow. Durirggghonation,
the filter is excited by the sequence of pulses of the gloijaiad. Each vocal fold is represented by a mas$rstss-
damper system and a symmetric system is composed of two faddal The vocal tract is represented by a standard
configuration of concatenated tubes. The complete modasidered here presents some modifications in relation to
the original Flanagan and Landgraf model. Some of them haga mtroduced by Ishizaka and Flanagan, and others
by Cataldo et al. [7, 13]. The system offdirential equations to be solved can be divided in three (satsFig. 1 that
il lustrates a sketch of the model)
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Figure 1: Sketch of the Flanagan and Landgraf model (1968).

All the equations related to this model can be seen in detaj.

3. Stochastic modeling of jitter

All the procedure to be followed to generate jitter is the sdahat the one used in [9]. Summarizitk(t),t € R}
is a stochastic process indexed by the reallRnwith values inR*, which models sffnesk. The vocal folds dynamic
equation inx(t), the position of the vocal focal, depending wyft), the glottal flow, becomes a nonlinear stochastic
differential equation for the stochastic proc¥$g coupled with the stochastic procdsg, such that

d?X(t) dX(t)

dt2 dt
wherem s the corresponding mass of the vocal foldgndc* are values related to the damping of the vocal folds,
a; anda; are constantgg is a function related to the air pressure gnt) is the subglottal pressure. The stochastic
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procesK(t) is written as

K(t) = ko + (k- ko)(z+ Z(1))*. (2)
wherek, is a constant. The stochastic proc&sand the real constaatmust be constructed in order that, for &ih
R, E{(z+ Z0)? =1 andE{(z + Z(t))*} < +o0. The stochastic proce¢&(t),t € R} is constructed as a second-order
Gaussian stochastic process, indexe®bwvith values inR, which is centered, mean-square continuous, stationary
and ergodic, physically realizable, whose power spectasily functionSz(w) is written as

1 a2

S = v

a>0 , b>0, (3

in whicha andb must satisfy the constraint equatiEr{(;+ Z(t))2} = 1 that can be written as

N 2-1-%
_+Iw mdw:l - _21—%, (4)
which yields the following constraint inequality farandb,

b>0 , O<a< V2b. (5)

Consequently, Gaussian stochastic proZessn be viewed as the linear filteridg= h = N, of the centered Gaussian
white noiseN., (generalized stochastic process) whose power spectratrapeensity function iSy_ (w) = 1/(2n),
by the causal and stable linear filter whose frequency resspfumctiorh(w) = f()+°° e “h(t) dt = a/(iw + b) (because

Sz(w) = |F(<u)|2 S\, (w)). Introducing the linear 1td stochasticfidirential equation,
dY(t) = -bY(t)dt+adWt) t>0, (6)

with the initial conditionY(0) = 0 a.s., in whichW is the real-valued normalized Wiener process indexed bydd],

it can be proved [17] that Eq. (6) has a unique solufiéft),t > 0} such that, foty — +o0, the stochastic process
{Y(t),t > to} is stochastically equivalent to the stationary stochgsticessZ (note thaty is not stationary ofR* for

the positive shift, but is asymptotically stationary). agtice, this means that,tif is chosen stliciently large,Y and

Z are thesameGaussian stationary and ergodic second-order centeretubstiic process for which the power spectral
density function is given by Eq. (3). Consequently, Eq. &) be used for generating trajectories of stochastic psoces
Z. Some results obtained with the vowels synthesis, in thergnistic case, and with twofiierent levels of jitterd =

40 anda = 160) can be found and heard in htfpsww.dropbox.consmwaq3u6ad96po7male140Hz.zip?ci0,

for which detncorresponds to the case without jittBk, corresponds ta = 40 andN, corresponds ta = 160. The
idea is then to solve the corresponding stochastic inverddem to identify the parameteasandb associated to real
voices obtained experimentally.

4. The corresponding inver se problem

Let us consider the duration between two successive tirhedjrst one corresponding to the instant the glottis
opens and the second one the instant for it closes complédteiy duration, denoted by;,ng, is @ random variable,
and its inverse is defined as the fundamental frequencyshiaeéirandom variablEyng = 1/T fung.

For each value ofg, b), the probability density function df;,nq is estimated using the realization of the stochas-
tic process corresponding to the output pressure. The thlgds then to identify parameteesandb such that the
probability density functions of the random varialfle,,q associated to a simulated voidg, is near to the proba-
bility density function associated to the real voidg, The distance between the two probability density funtiisn
calculated by

d(fs, fr) = fl | fs(t) - fa(®) | dt. @)

Details about simulation of the stochastic model can be sef@). The values of the parameters for the determin-
istic model are the following:



Ago = 0.05x1072n?, p = 0.12kg/m?, ¢, = 3463 m/s, u = 1.86x107*kg/(n?s), m = 0.24x1072kg, £ = 1.4 x107°m,

d = 0.3 x 102m, ko = 40N/m. For the damping cd&cient, it was considered= 0 anda = 1, i.e, only during the
collision the damping was considered. The stochastic sigwbe Monte Carlo method.

Two experimental signals were taken into account. One ohtisecalledexpef and the other one isxpep. Oneis a
voice signal from a man and the another from a woman. At finstparameter corresponding to the mean value of
was considered in a way that the mean of the random variabte@ted with the fundamental frequency simulated
was very near to the mean value associated to the real voieepdrametera andb were used to fit the probability
density function.

4.1. Identifying parameters for exper

The first voice signal to be considered is the production of/@nmel /a/ and the output pressure is shown in
Fig. 2. After solving the inverse stochastic problem, thkiga obtained wera = 3.2834 andb = -1000. The
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Figure 2: A window of the output pressure of the voice sigmabtipced by the experimental voice.
mean value of the fundamental frequency of the real voice2v@05Hz and the standard deviation wa$2Hz.

For the simulated voice, the mean value of the fundamergguincy was 2727Hz and the standard deviation
was 151Hz Figure 3 shows the two pdfs (simulated and real). The valuel(fs, fr) is 0.098. The parameters
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Figure 3: pdf of the random fundamental frequency corredimanto a real voice (solid line) and the corresponding sated (dotted line).

a andb have been identified taking into account the two probabdiypsity functions related to the fundamental
frequency. As a way to verify what happens when a sound ishegited considering these parameters, a voice
signal was simulated. The original signal and the corredpmansimulated one can be heard following the link
https/www.dropbox.consty3kuhooxuypgtmurAAWIY NkdIIN3xUxajaV6HQPa?d0 . It is interesting to say
that only the similarity between fundamental frequencies waking into account. Maybe other quantities should
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be taken into account to become the sounds more similar. i beaaid that this signal is a good signal. It can also
be observed that the amplitude of this signal does né¢shigh variations. The next signal to be considered is not as
good as this one.

4.2. ldentifying parameters for exper

The second voice signal to be considered is the producti@mafowel/g/ and the output pressure is shown in
Fig. 4. It can be noted that the variation of maximum ampébuds larger than the signakped. After solving

! . | | | | | |
800 900 1000 1100 1200 1300 1400 1500 1600
N (number of points)

Figure 4: A window of the output pressure of the voice sigmabtipced by the experimental voice.

the inverse stochastic problem, the values obtainecgare3.2834 andb = —1000. Figure 5 shows the two pdfs
(simulated and real). It can also be observed that the pditnaeted from the experimental signal is not so symmetric
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Figure 5: pdf of the random fundamental frequency corredimanto a real voice (solid line) and the corresponding sated (dotted line).

as the one constructed with the sigealpetl. The original signal and the corresponding simulated @meatso be
heard following the link httpgwww.dropbox.consty3kuhooxuypgtmutAAAWIY NkdIIN3xUxajaV6HQPa?dk0 .

In this case, it can be noted that the simulated sound is nmfiezeht from the original than the first case considered,
theexped.

5. Conclusions

An approach has been proposed for constructing a stocimastel for creating jitter in a mechanical model that
allows for producing voice and identifying two parametefrghés model. A stochastic inverse problem was solved and
the criterion used was the distance between the probatiditgity functions related to the random variable assatiate
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to the fundamental frequency. Two parameters were thetifdehand the pdf constructed from the simulated voices

were so near of the pdf constructed from real voices. Theesponding sounds obtained were also available. The
next idea is use other parameters, and not only the fundahfeequency, to solve the stochastic problem and verify

if the sounds are more similar.
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