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abstract

Recently with the advancements in the corpus-base speech synthesis technology,
it becomes to be possible to obtain synthetic speech sounds with a high quality.
Generally different context environment and FO changes possibly induce some
changes in the frequency characteristics. For this reason, it is necessary to collect
huge speech data to cover all phoneme environment changes. This is not feasible
in fact. Moreover, to synthesize the emotional speech and/or personalized voice,
it requires database to have variety of speech with each style. To build a friendly
user interface between human and familiar equipments it requires us to develop
a compact speech synthesis method that can synthesize the desired voice quality
and speech styles. For this purpose, a human mechanism based speech synthesis
method is one of the solutions. This method has some definite advantages. One of
them is that the database can be compressed greatly because the parameters used
in the method vary slowly with time as human articulation. The other advantage is
that this model is able to produce various synthetic speech sounds by manipulating
the parameters instead of collecting the speech data. So far, a number of human
mechanism based models have been proposed, unfortunately, few models can be
used practically. One of the problems is that the physiological mechanism of speech
production has not fully understood yet because of the difficulty in measuring
speech organs during speech. The other problem is that the sound source and the
vocal tract shape have been modeled independently, the interaction between them
was not considered sufficiently. In addition, there are not enough the vocal tract
data with high quality for constructing the model. Due to the development of the
MRI technology in recent years, the measurement of the vocal tract shape under
various conditions has become to be possible. Therefore, we attempt to develop a
practical speech synthesis method based on human speech production mechanism
by means of the advanced MRI technology.

In this paper, we proposed a novel speech synthesis method based on human
speech production mechanism, where the human speech production is modeled as

a combination of a sound source and a filter, the resonance property of the vocal

v



tract. Based on the new observations using MRI technology, we refine the sound
source model and the filter (vocal tract) part respectively, and develop a speech
synthesis method by taking the interaction between the source and filter using a
2D physiological speech organs model. Furthermore, we challenge the bottleneck,
the sound quality, towards practical use of such a method. To break the bottleneck
and develop a practical system, we proposed a vocal-tract area function model by
applying an accurate 3D measurement method on dynamic vocal tract shapes.
The study was carried out in the following procedures. At first we investigated
FO control mechanism by analyzing the laryngeal complex and proposed a control
method. Then, we proposed a physiological model of the speech organs and used
it to confirm our observation of FO control mechanism. Finally, we proposed
a speech synthesis method which is suitable for practical application of text-to-
speech synthesis system by using vocal-tract area function model.

To investigate FO control mechanism, the MR images were measured during
phonations with different FO levels. It is found that a rotation of the cricoid
cartilage was always associated with laryngeal descent during lowering FO. The
function of the rotation is to shorten the vocal folds, and the mechanism was real-
ized by vertical sliding motion of the posterior plate of the cricoid cartilage along
the physiological curvature of the cervical vertebrae. This mechanism showed that
the laryngeal descent and strap muscle activity are responsible for FO lowering.
Based on this mechanism, changes in FO may cause a change of the tongue shape,
and vice versa. To investigate this relation, a physiological model of speech pro-
duction was designed to represent the interaction between FO change and tongue
shape change. The position of the speech organs was computed by driving their
static equilibrium using muscle forces. Speech was synthesized based on the cal-
culated vocal-tract shape and the length of vocal-fold. Simulation results of this
model demonstrated that the proposed model can represent the observed FO con-
trol mechanism and realize the interaction between FO control and articulatory
activity.

However, the proposed model cannot reproduce an acceptable individual speech.



Poor sound quality is the bottleneck for this method to be a practical one. To
solve the problem we extend the optimized parameters of vocal-tract from 2D to
3D. Accurate 3D vocal tract shapes were estimated from 3D MRI Movie data with
reference to the recorded speech data. The vocal-tract shape was represented by a
vocal-tract area function model. The results of a comparison between synthesized
and recorded speech sounds showed that the proposed method can provide high
quality speech sounds by using 3D MRI data. In the future, a compact text-to-
speech system is planed to be developed on the proposed approach by taking the

FO adjustment mechanism into account.
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O 4.1: The contours of laryngeal components and related structures traced from

an MRI picture. Each trace of the rigid structures has two landmarks to measure

positional changes. The landmarks on the cervical spine are difined by cricoid

position.
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0 4.2: Changes of the position of the cricoid cartilage and the shape of the cervical
spine in one of the subjects. The contours for all FO levels are superimposed on

the MRI picture for the highest FO. The other rigid structures, as shown in dotted

lines, are also for the highest FO.
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O 4.3: Trajectories of positional changes of the rigid structures. Each trajectory

(shown in bold line) indicates positional change of two landmarks on the contours.
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O 4.4: Movements of the rigid structures relative to the cricoid cartilage. The con-
tours are rotated and translated into the coodinate system defined by the cricoid
cartilage. Two circles illustrate approximate circular trajectory of the landmarks
on the thyroid cartilage. The center of the circles indicates the functional axis of

the cricothyroid joint.
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O 4.5: Vertical movement of the cricoid cartilage in all FO levels in four male
subjects. The subject A, B and C produced normal phonation, and the subject
D demonstrated two different phonation types (D-1; fixed larynx position, and
D-2; enhanced larynx movement). The height of the cricoid cartilage is relative to
the lower edge of the fourth cervical vertebra (C4). The values are plotted as a

function of the logarithm of F0, which is consistent in the following plots.
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The measures are standardized at the value for the lowest FO.
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O 4.7: Relative tilt of the posterior plate of the cricoid and the contour of the cer-

vical spine at the position of the cricoid cartilage. The measures are standardized

at the value for the highest FO.
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O 4.10: Midsagittal images of the cricoid cartilage, the hyoid bone and the anterior
contour of the cervical spine. The subject D produced the same range of FO with
fixed laryngeal position (D-1; 250Hz0 84Hz) and enhanced positional change (D-2;
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0 4.12: Proposed mechanism of FO control using larynx lowering along the cur-
vature of cervical spine. When the curvature of the vertebrae in available for FO
control, vertical movement of the larynx along the cervical induces the rotation of

the cricoid cartilage.
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0 4.13: Proposed mechanism of FO control using horizontal movement of the
hyoid bone. When the curvature of the vertebrae is not available for FO con-
trol, horizontal movement of the hyoid bone can cause the rotation of the thyroid

cartilage.
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O 5.1: Mechanisms of tongue-larynx interaction.
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O 5.2: A physioloial model of speech organs and the method for vowel synthesis.
(a) The articulatory part of the model deforms according to the mass-spring effects
of all the muscles acting on each components, deriving vocal tract shape and vocal
fold length. (b) Vowel synthesis involves estimation of the area function and the

two-mass model parameters.

0 5.1: Speech organs and muscles in the model.

Organs (fixed) Palate, Cervical spine, Sternum

Organs (mobile) Hyoid bone, Thyroid cartilage, Cricoid cartilage,
Arytenoid cartilage, Mandible

Extrinsic tongue muscles | Genioglossun (GGa, GGm, GGp), Styloglossus (SG),
Hyoglossus (HG)

Intrinsic laryngeal muscles | Cricothyroid (CTa, CTp), Vocalis

Suprahyoid muscles Digastric, Stylohyoid, Geniohyoid (GH)
Infrahyoid muscles Sternohyoid (SH), Sternothyroid (ST), Thyrohyoid (TH)
Others Cricothyroid joint, Cricoarytenoid joint, Ligaments,

Mandibular muscles, Stylopharyngeus
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0 5.3: Schematic drawing of the extrinsic tongue muscles (surrounded) and the

laryngeal muscles.
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O 5.4: Implementation of the extrinsic tongue muscles in the finite element tongue
model. The thick lines show standard muscle arrangements, and the thin lines

indicate ad hoc adjustments required for the subject.
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O 5.5: Tracings of mid-sagittal MR images of Japanese five vowels.
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0 5.6: Tracings of mid-sagittal MR images during sustained vowel /a/ superim-

posed for five FO levels.
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O 5.7: Normalized EMG activites of (a) the extrinsic tongue muscles and (b)
other muscles during sustained production of Japanese five vowels with constant
FO levels. EMG values are normalized by the maxima for the two experimental

tasks.
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O 5.8: Changes of EMG activities of (a) the extrinsic tongue muscles and (b)

other muscles during sustained vowel /a/ with a descending FO scale. The EMG

values are plotted in the same normalized axis.
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0 5.9: The vocal tract area functions (upper) and the mid-sagittal vocal tract

widths (lower) for Japanese five vowels, measured from reconstructed 3D MRI

data.
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O 5.10: Estimated three coefficients («, (3,7) for the conversion from mid-sagittal

vocal tract shape to the area function.
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0 5.11: Estimated mapping functions to obtain the mass and stiffness parameters

of the two-mass model from the change in vocal fold length.
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0 5.12: The relationship between F0 and vocal fold length derived from MRI mea-
surement and the synthesis by the model. The open circles indicate the measured
data, and the solid line shows the result from vowel sysnthesis by the model. The
measure for vocal fold length corresponds to the distance between the landmarks
on the arytenoid and thyroid cartilages, which is proportional to the anatomical

length.
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O 5.2: Acoustic results from a simulation of vowel enhancement.

Utterance | FO[Hz] | F1[Hz| | F2[Hz] | F3[Hz] | Vocal fold length [cm]
/a/ 138.7 494 1,212 2,304 1.170
/a/enhanced | 135.7 496 1,132 | 2,400 1.165
/i/ 143.6 222 2,105 2,709 1.197
/i/enhanced | 148.4 213 2,140 | 2,716 1.207
Ju/ 140.6 236 1,489 | 2,202 1.192
/u/enhanced | 141.6 187 1,444 | 2,208 1.200
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(a) High FO (b) Middle FO (c) Low FO

O 5.14: Examples of the model profile showing the effect of FO change on the

articulatory and laryngeal configuration.
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0 5.15: Changes in formant frequencies for the measured and synthesized vowels

during sustained vowel /a/ with a descending FO scale.
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