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ABSTRACT

A consonantal extension to our parameterised VT
area function model for vowels [1], is proposed. It
adds three new parameters to the minimum of the
three basic vocalic parameters. Applications to
retroflex, lateral and nasal sounds are discussed, in
part with reference to VT sweep-tone data.

INTRODUCTION

The aim of this project has been to extend a vocal
tract model of Swedish vowels [1] to be able to
cope with consonantal articulations.

The existing vocal tract model is based on X-ray
data of Swedish vowels, and is represented as an
area function of the vocal tract. The model is
basically controlled by 3 parameters, the size of the
constriction area A, the displacement of the
constriction X, and a lip rounding/opening
parameter /A. Vowel articulations are essentially
smooth shapes of the vocal tract. When it comes to
consonant articulations production theory gets
more complicated with abrupt closures and in some
cases incorporation of side branches and shunted
elements. A

The X-ray data material that was used for the
vowel model [1] also contains a number of X-ray
pictures of different Swedish consonants. The
material is based on one Swedish male speaker.
This gives us the possibility to extend our VT-
model to include consonant articulations. The
existing model is optimised for vowels and to be
able to cover both vowel- and consonant-
articulations in the same VT-area model, we have
chosen to extend the vowel model with an
independent consonant model.

The basic principle is to consider the consonantal
area function to be composed of two parts, one
vocalic area function with parameter settings
appropriate for the particular coarticulation and one
parametrically specified consonantal region that
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substitutes or modifies parts of the vocalic area
function.

Temporal continuity of articulation will involve
partially independent and covarying vocalic and
consonantal area function parameters and their
particular time constants.

The following consonantal articulations are
considered: apical, laminar, labial, lateral, nasal,
velar, palatal, pharyngeal and laryngeal.

METHOD

Consonantal articulation is introduced by an area
function superimposed on the vocalic area
function. The vocalic and consonantal parts are
mutually adjusted with respect to coarticulatory
requirements. The consonantal component is
specified by the coordinate of the constriction,
Xeons>» the cross-sectional area at this point, A
and an asymmetry parameter, Kqn,p,.. For simplicity
it is given a triangular shape of length W, see Fig 1.
Other sinusoidal shapes are possible: for more
rounded articulations.

To be able to control nasalisation of vowels and
produce nasals, a velum parameter is included,
which controls the opening area of the velar
passage.

Transfer functions and synthesised stimuli of the
complete model are computed with a frequency-
domain articulatory speech synthesiser, FLEA [2].

RESULTS

An apical retroflex articulation is illustrated in Fig.
2. The asymmetrical triangular function, is adopted
to represent the apical raise in a retroflex consonant
with front vowel coarticulation. There is a smooth
spatial connection to the posterior vocalic area
function.

Adding the consonantal component rises F2 and
lowers F3, F4 and F5.

1857



]
_—————ﬁ kshape
—_‘ﬁ

symmetrical

ACO“S X

cons

Fig 1. The consonant model with three different
shapes, two symmetrical (solid lines): one
triangular and onme sinusoidal curve with kgygp, =
0.5W. The asymmetrical curve (dotted line) is
modified with kgygp. < 0.5W, which implies a right
tilted curve. The constriction area Ay, is in cm’
and the displacement X, is in cm from the teeth.
W is the window length in cm.

Fig. 3, is an example of a lateral sound /V/. If we
combine a maximal elevation of the tongue-tip,
Acons= 0 cmz, which means total alveolar closure,
the airflow will be forced to the sidepaths of the
cheeks. These are introduced as a single narrow
passage that terminates in the front cavity. The
established production model [3} thus includes a
shunting element which is the air cavity behind the
apex as seen from the insertion point of the cheek
bypass, see Fig 3. Compared to an adjacent vowel
this configuration give rise to an extra pole-zero
pair, 2259 Hz and 2397 Hz. The zero is a property
of the shunting air cavity behind the apical
constriction.

Analogously, in nasal consonants, the mouth cavity
‘act as a shunt element to the nasal pathway.
Nasalisation is controlled by a velum parameter,
“which handles the opening area of the velo-
pharyngeal port. The nasal tract is modelled as a
separate branch with sinus cavities [4]. The degree
.of connection to the vocal tract is adjusted by the
velum opening area. Lowering the velum will
reduce the area of the vocal tract and increase the
posterior part of the nasal tract area function.

‘The nasal cavity area function adopted for vocal
tract simulations is based on the usual
representation [3, 4] assuming symmetry between
the left and right branches and with the lower,
middle and upper compartments combined. Two
nasal sinuses have been included, sinus maxillaris
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at 6 cm from the output end and the sinus frontalis
placed 2 cm more posteriorly [S]. These are
modelled as simple Helmholtz resonators. Sinus
frontalis was assigned a resonance frequency of
1400 Hz and sinus maxillaris a resonance
frequency of 350 Hz. The coupling of the sinuses
to the nasal tract is much dependent on their
impedance as set by the particular combination of
entrance length and area in relation to the resonator
volume. Our standard values of the resonator
volumes is close to that suggested by [6] and later
confirmed in MRI studies [7].

A minimal configurational distinction between an
/m/ and an /n/ articulation has been exemplified in
Fig 4. The main distinction lies in the labial versus
alveolar place of constriction. A fairly large
opening from the pharynx to the mouth cavity has
been assumed. The /m/ and the /n/ both display a
cluster of two poles and one zero between 1500 Hz
and 2000 Hz. In the alveolar /n/ the cluster occurs
at higher frequency than in the labial /m/.

DISCUSSION

The examples in Fig. 2-4, shows that it is possible
to combine a vocalic area function model, defined
by vowel X-ray data, with a model to cover
consonantal articulations.

Emphasis has been laid on providing representative
vocal-tract area descriptions and correct transfer-
functions of the consonantal articulations.

The apical modification applied to a front vowel
coarticulation, in Fig 2, causes a lowering of F3
and higher formants. A decrease of the front cavity
volume, following a more advanced place of
articulation, results in higher F3, F4 and FS which
is not uncommon in Swedish /1/.

The lateral /I/: The characteristic extra pole-zero
pair has also been observed in vocal tract sweep-
tone measurements [4] and in earlier simulations of
X-ray data [2] and [3]. Theoretically the first zero
should occur approximately at f = ¢/4*], where ¢ =
35300 cm/s and [/ the length of the shunting
element. With / = 4.5 cm, the predicted zero is
1960 Hz. The pole is theoretically a half wave-
length of the sidepath. With a length of the side
path along the cheeks, / = 8 cm, it is expected to
occur around 2200 Hz. The difference between
these simplified predictions and values, pole at
2259 Hz and zero at 2397 Hz, are within the
margins set by the highly simplified
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Fig. 2 The apical articulation in a front vowel
coarticulation, shows a lowering of F3 and higher
Jormants. Top: The vowel area function with
control parameters: A, X, and l/A and the transfer
Sfunction (solid line). The consonantal constriction
is Agons = 0.1 em’ and displacement X, ., = 3 cm
Jrom the teeth, here asymmetrical with kggp, = 0.8.
Bottom: Transfer function, numerical values are
Jformant frequencies and bandwidths in Hz.

approximations. The elements are not ideal
uniform tubes.

With minimal distinction between the labial and
alveolar nasal consonants, both the /m/ and the /n/,
display a ciuster of two poles and one zero. In the
labial /m/, the pole at 1185 Hz and the zero at 1227
Hz are close to the quarter wave-length of the
shunting mouth cavity as seen from the uvula, A/4
=7.5cm.

The higher pole-zero cluster of the alveolar /n/
could be expected from the smaller length of the
shunting mouth cavity. This is also a recurrent
observation in both the sweep-tone data and
simulations in {4] and has been explicitly noted in
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Fig. 3. Example of lateral /l/.

Top: Area function with lateral shunt element and
side-branch drawn in the same picture.

Bottom: Transfer function with extra pole-zero pair
due to the lateral shunt, numerical values are
Sformant frequencies and bandwidths in Hz.

[3]1. At the same time it is noticeable that there are
a number of pole-zero pairs that behaves the same
way, due to higher resonance modes. The pole-zero
pairs at 2406-2389 Hz and 3457-3437 Hz in the /m/
is at the higher frequencies in the /n/ articulation,
2904-2918 Hz and 4223-4233 Hz respectively.

This pilot study is our first attempt to model both
consonants and vowels in a VT model. In future
work we will continue to improve the model.
Experiments including matching of connected
speech are needed for a succesful representation of
the vowel-consonant transition patterns. In the first
place we intend to perform more systematic
modelling of the separate and combined effects of
oral opening and closure and nasal port opening
and closure in sequences of consonants and vowels.
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Such experiments will be. combined with
perceptual evaluations of synthesised speech.

One example is the coarticulatory sequence, from a
front vowel to a proper /r/-like articulation with its
secondary constriction in the uvular region
combined with an apical gesture of the tongue-tip.
In general, hyper- versus hypo-articulation causing
target overshoot and undershoot is an important
aspect of speech dynamics to be studied. These
phenomena are related to individual articulatory
habits as well as to normal variations in connected
speech.

The temporal aspects of articulation will be based
on a weighted sum of the contributions from past
and following elements of the phonological
representation.
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Fig 4. A minimal distinction between two nasal
consonants: an alveolar /n/ (solid) and a labial /m/
(dotted). Both nasals displays a cluster of two poles
and one zero in between 1500 Hz and 2000 Hz. Top:
VT areas, of the two nasal consonants, with the
nasal branch included.

Bottom: Transfer functions with poles and zeros.
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