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ABSTRACT

This paper presents an approach to
study and to predict the effects of
articulatory gestures on formants for
vowels. The classical sensitivity
functions have been extended to macro-
variations: large variations have been
applied to the seven control parameters of
an articulatory model for ten French
vocalic prototypes. Non linearities have
been analysed and the importance of the
different articulators has been expressed
in terms of audibility.

FROM SENSITIVITY FUNCTIONS...

In the tradition of dividing the vocal
tract into a set of n-tubes of varying
lengths and sections, sensitivity functions
have been considered as a fairly efficient
tools to study articulatory-to-acoustic
relationships. In fact the expression
sensitivity function was first coined in
1974 by Fant & Pauli[1], who then
developed this notion in the frame of
speech production theory. Sensitivity
functions enable an evaluation of the
consequences of small variations in area
function (A A;/ A or Al;/ ;) of an
undamped vocal tract on the
corresponding resonance frequencies:
transversal and longitudinal sensitivities.

Recently a variational formulation of
the resonance modes in the vocal tract has
been presented by Jospa [2]. This
formulation provides and explicits (non
linear) link between the formant
frequencies and the area function:
analytical expressions for the sensititivity
functions that take into account wall
admittance and lip radiation effects.

If [1o] and {[14] are units of area and
length, the sensitivity function defined by
Jospa, for a resonance mode n is:

Sn(x) =[1a)! 81,/ fn

It expresses the ratio of variation due
to a small variation of the arca function at
the position x and corresponding to a
Dirac distribution:

8 A(x) =[IA] 8 (x' -x)

Sensitivity functions can be useful to
study the effects of small changes in area
function, particularly at the constriction.
However, it is not possible to extrapolate
sensitivity functions to large variations.
This is due to the fact that the relationship
between area function and the
corresponding formants can be highly
non-linear (sometimes non-monotonous).
This important property is at the origin of
Stevens' Quantal Theory [3].

...TO MACRO-VARIATIONS

In fact, the approach which considers
the vocal tract as a set of n-tubes whose
dimensions (area and length) can be
manipulated independently, without
referring to an underlying articulatory
model, even with few articulatory
constraints, seems intrinsically very
limited. The area function may not be the
right control parameter for the vocal tract.
This explains why the acoustic propertics
attributed to a sct of n-tubes are of little
use for the study of spcech production if
they do not correspond to realistic
operations at the articulatory level. We
thus propose to deal with the relations
between vocal tract and acoustic by
means of an articulatory model.
Moreover, we have introduced the notion
of macro-variation (4] corresponding to
large variations (and not differential) of
an articulatory command for a given
articulation.

Non linearities

Using Maeda’s model [5]
implemented in an adapted environment
[6], we have generated macro-variations
for the prototypes of French vowels [i €
eayg e uo o] elaborated by Boé et al.
[7, 8] for variations of the seven
command parameters (Lip Height and
Protrusion; Jaw Height; Tongue Dorsum,
Body and Apex; Larynx Height), within
a range of * 15, and a step of 0.250
(except for the larynx: range of * 30,
and step of 0.16). Configurations with
constrictions under a threshold of 0.3
cm? were not considered as vowels and
thus discarded. A dictionary of 1,421
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configurations has thus been generated.

To evaluate the non linearity of the
articulatory-acoustic relationship, the first
four formants have been expressed as
first degree polynomial combinations of
the seven articulatory parameters:

y
F(P) =wo+ 3, Wi P;

i=1l

where the wj coefficients have been
determined by optimisation [9). The
relative mean quadratic errors (root mean
square error / standard-deviation) are
respectively, 43%, 18%, 46% and 54%
for the first four formants. For 40% of
the items in the dictionary, the explained
percentage of the variance is less than
90% with a linear model. Two forms of
non linearity can be observed: saturation
and non-monotony (Figure 1).
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Figure 1: Forms of non linearity between
articulatory parameters P; and formants
F;: saturation and non-monotony.

Vowels presenting non linear
relationships are listed in Table 1. The
relation between LipH and F; for [i, y] is
a typical example of the saturation
mentioned by Stevens [3]. Dorsum
presents non-monotonous relationships
with Fj and F,.

Fi Fy F3 F4
LipH iy 1y iy ieys
Jaw fo)
Body y uyod ieeageuo
Dorsum iy@eo eeay®d
Apex e a
Table 1: Vowels presenting non-linear relationships between aticulatory parameters

and formants (explained variance < 50% with a linear relation).

From the point of view of the
articulatory-acoustic relationship,
independence can also be considered as a
non linearity. This is the case of labial
protrusion for all vowels and all
formants. Independence and saturation
result in non-audible gestures, i.e.
gestures without acoustic effects, as
defined by Abry and Schwartz [10].

Multinomial fits

Each formant frequency Fjin the
dictionary was modelled by a separate
multinomial function (degree up to 3) of
the seven articulatory parameters [9].

FP) =wy+ z w; Pi+ Z z Wij Pipj
i

i

+ Z 2 z Wijk PinPk
ij2i k2j

Table 2 shows the RMSE (Root Mean
Square Error / Standard Deviation) as a
function of the polynom degree. A fit of
degree 3 leads, for the main cardinal
vowels [i a u], to relative errors less than
6% for the first four formants, except for
a 10% error on F of [u].

deg. 1 deg. 2 | deg.3
Fy 43.1 13.8 4.5
Fa 18.1 8.8 3.8
F3 45.7 19.1 8.4
F4 53.8 26.6 12.6
Table 2: RMSE in % and polynom degree

Influence of gestures on formants

The influence of an articulatory
parameter on a formant can be expressed
by the relative variation of the formant for
a given variation of the parameter. Thus,
the resulting variations of the formants
for variations of 10 of each of the seven
parameters, and for each vowel
prototypes, have been compared to
perceptual thresholds, in order to
determine their audibility. The thresholds
were 5% for Fy and 10% for F; Fi,
approximately following Flanagan [11].
Non audible gestures

Tables 3 and 4 indicate the cases
where the variation of a given parameter
(within the range of + 1o, whenever
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possible, but avoiding constrictions
under 0.3 cm?2) is not audible. Note that
the larynx has no effect at all. As well,
protrusion is an articulatory parameter
with low acoustic influence.
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displacement of the focalisation F3-F4
towards a focalisation F;-F3 with
lowering of Fy, F3 and to a lesser extent
of Fp [12]. At the articulatory level, this
is achieved by an important decrease of
lip height, an important increase of

LipH | LipP | Jaw | Body | Drsm | Apex protrusion [13], a slight backward
il e . . . . displacement of tongue body [14] and a
el o . slight larynx lowering [15]. The
€ o . observation of macro-variations
a . o . . corresponding to these gestures allow to
< predict these acoustic effects. Protrusion,
y S - which has no acoustic effect, could be
g interpreted as a gesture facilitating the
®© hd hd accurate realisation of a small area at the
u b hd lips.
[ ® L]
o) L L]
Table 3: Non audible a;g;;stures foran F; Fa
increase of lip height rotrusion; a -
raising bff jgw, dg;Jrsum £1d apex; a 1 +JB ody +g}1
backward displacement of tongue. : :pv;x Il 5
LipH | LipP [ Jaw Drsm | Apex e |-Body -25
el Lip Body Drsm Ape LipH 24
. 3 +Body +19
€ +Jaw 15
£ hd e -Jaw _ +14
a b M e [-LipH -22
yf ¢ | ¢ hd hd -Body -20
8 * d ° +Body +13
(3 hd hd hd +Jaw __ -10
uj ¢ a [-LipH -24 |-Body +22
ol * hd . +Body -21
5 . . . y |+LipH +17
Table 4: Non audible gestures for a -Jaw 415
decrease of lip height and protrusion; a +Jaw  -13
lowering of jaw, dorsum and apex; a +Body +13

Jorward displacement of tongue.

Audible gestures

Table 5 presents the relative variations
of F; and F, that are larger than 10% for
F1, and 20% for F,. Note that variations
for F3 did never reach 20%. The body is
the most influencing for all vowels,
mainly for F5 [a ¢ & u 0 5], but also for
Fi[ieey ¢ ®]. LipH is mainly influent
on Fj of all vowels except [i]; Jaw has
influence on Fy only, for[ieey ¢]. At
last, dorsum influences only F, of [5].

An example of combination of audible
and non-audible gestures

Taking into account the sensivity
functions of [i], it is impossible to infer
the gesture of the [iy] transition. At the
acoustic level: stability of Fy,

¢ {-LipH -32 {-Body +21
+LipH +19 (+Body -20
-Body -17
+Jaw___ -11

@ |-LipH -29 [-Body +24
-Body  -17 |+Body -21

u | +LipH +73 |-Body 426

o |+LipH +40 [-Body +37
+LipH 426

o |-LipH -27 {-Body +30
+Drsm__-12 | +LipH +29

Table 5: Percentages of variation of the
audible gestures corresponding to
2 1o variations of articulatory
parameters.

>

T e e -

ICPhS 95 Stockholm

CONCLUSION

With an articulatory model which
integrates morphological constraints, it
becomes possible to relate geometric
variations and associated formant
changes to real behaviours in speech
production systems.

We have presented an approach that
exploits the notion of macro-variations,
instead of using sensitivity functions.
Thus, the macro-sensitivity functions can
be interpreted in terms of non-audible and
audible gestures of speech production
and motor control commands.

Non-linearities have been quantified
by means of a polynomial fit, and it has
been show that a multinomial fit of at
least the third degree is needed.

The influence of the different
articulators on formants for the French
vowels has been analysed. Particularly,
non audible gestures have been enlighted:
larynx height and lip protrusion
variations, observed during speech
production, seem to have small effects on
formants. Protrusion may be interpreted
as a gesture facilitating the control of a
parameter such as lip area. Oppositely, it
has been verified and quantified that the
forward/backward displacement of
tongue body is one of the most imortant
control parameters for Fy and Fy, with lip
height and jaw opening for Fj.
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