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ABSTRACT 

Roughly 1000 frames of cineradiographic and labiofilm data 
on the vocal tract corresponding to 10 French sentences uttered 
by two speakers have been analyzed statistically. The analysis 
resulted in an articulatory model consists of a limited number of 
linear components. With this model the temporal variations of 
the vocal-tract shapes are described by the frame-to-frame 
samples ofthe articulatory parameters. We observe that "target" 
parameter values for the same vowel vary significantly pre­
sumably due to different phonetic contexts. An acoustic calcu­
lation with the model predicts that a particular pair of articulators 
can compensate acoustically each other. For example, by an 
appropriate adjustment of the tongue-dorsal position, the model 
is capable of producing the same F1-F2 pattem for different jaw 
position, or vice-versa. The compensation between the jaw and 
the dorsal positions, however, is possible only for unrounded 
vowels. In the case of rounded vowels, the jaw position can be 
compensated by the lip aperture. The measured "target" values 
ofthe paired parameters indicated alinear relationship, suggesting 
that the speakers actually exploit the inter-articulator compen­
sation in the speech production. This explains the observed large 
"target" value variability. The comparison of parameter 
trajectories for the same sentences uttered by the two speakers 
indicates more similitude than difference, suggesting that the 
manner of the production involving the compensatory articulation 
could be relatively invariant. 

1. INTRODUCTION 

In continuous speech, we observe that the acoustic manifes­
tation of each phoneme deviates considerably from its ~trinsic 
characteristics, and depends on the phonetic context. Ohman 
(1966) has demonstrated that the formant trajectories in VCV 
(vowel-consonant-vowel) syllables are determined by a 
vowel-to-vowel gesture plus the consonant articulation. The 
acoustics of the consonant is, therefore, influenced by the sur­
rounding vowels. The coarticulatory "model" implicitly assumes 
a fiXed vowel target position of each articulator for a given vowel. 
The vowel-to-vowel gesture is specified as the disp~acement of 
each articulator from one vowel target to another. A local con­
sonantal articulation is superimposed on this vowel gesture. What 
is crucial here is the validity of a set of "fiXed" articulatory targets 
which provides an anchor point and therefore makes the 
description of the coarticulation simple and explicit. 

There are, however, numerous counter indications against 
fixed articulatory targets for vowels or in general for phonemes. 
The acoustics of a vowel can be modified as a function of the 
articulatory place of the following consonant, e.g., the plataliz­
ation or velarization of the vowel. When the intervocalic con­
sonant is a labial, the preceding vowel can be coarticulated heavily 
with the second vowel to such extent that its formant trajectories 
ofthe entire portion are modified (Vaissiere, 1987). The degree 
of the coarticulation tends to increase with speaking rate. 

Lindbiom et al. (1971) have demonstrated the existence of 
jaw-tongue compensation from their bite-block experiments. On 
one hand, they showed that a speaker can produce almost identical 
acoustic pattems of vowels regardless of the fact that the jaw 
position is fixed by the bite-block or not (also in Lindbiomet al., 
1979; Gay et al., 1981). On the other hand, a model analysis of 

x-ray data on various sustained vowel articulations indicated an 
ordered relation between the jaw position and the vowel height in 
the phonological sense. Without some constraints such ordered 
relationshouldn 'texist, since a vowel can be produced with almost 
any arbitrary jaw position. In order to account for the observed 
ordered jaw position, they have postulated a principle of "mini­
mum antagonism". In the articulation of a vowel with a given 
height, there is an optimum jaw position so that the antagonism 
between the jaw and the tongue-body gesture becomes minimum. 
The corollary is that the optimum jaw position is proportional to 
the vowel height. However its validity could be limited to the 
case of vowels in isolation. If such a principle were generalized 
literally to arbitrary sentences, then we would expect every vowel 
to be produced with their locally optimum and thus fixed targets, 
which is unlikely the case. Nevertheless, it is interesting to assess 
the presence or absence of fiXed articulatory targets for vowels in 
the utterance of sentences. 

In this paper, we shall document data in favor of the premise 
of the compensatory articulation operating in the production of 
vowels in "natural" speech (without a bite-block), and against the 
fixed target hypothesis. A salient feature of this study is that the 
simultaneous cineradiographic and labiofilm data are analyzed by 
using an articulatory model. The observed time-varying vocal­
tract shapes are described in terms of frame-by-flame variations 
of model parameters, such as the jaw and tongue-dorsal positions 
etc .. Since the model specifies the entire tract shapes, the acoustic 
characteristics are calculated for a given set of parameter values. 
This is important in that it allows us to describe and evaluate the 
consequences of a change in the individual articulator positions 
in terms of the acoustics, for example, of formant pattems. 

2. ARTICULATORY DATA 

The data consist of more than 1000 digitized tracings of vocal 
tract shapes corresponding to 10 French sentences uttered by two 
female speakers, PB and DF. Bach of the data frames representing 
the vocal tract proflles, from the glottis to the lip opening, and the 
frontallip shapes was obtained by manually tracing the simulta­
neous radiofilm and labiofilm with 50 frames per second (see 
Fig.la and Fig.lb). Detailed information, such as the Iist ofthe 
sentences, selected x-ray tracings and the corresponding acoustic 
data, is found in Bothorel et al, ( 1986). 

3. MEASUREMENT OF VOCAL-TRACT SHAPES 

The first step of the data analysis is to measure the vocal-tract 
shapes with appropriate references. This procedure is necessary 
because there is no frame-to-frame correspondence in a series of 
points which constitutes a particular contonr representing, for 
example, the rnidsagittal tongue shapes. The vocal tract is divided 
into three sections, the lip-opening tube, the principal tract 
corresponding to the buccal and pharynx cavities, and the laryn­
geal extreme. The mandibular position is also measured for each 
frame. 

The form of the interior and exterior tract walls in the principal 
section is measured using a sernipolar coordinate system as shown 
in Fig.1a. The coordinate is fiXed to the rigid maxillary structure. 
All movements, or deformations of the tongue, of the velum, of 
the rear pharynx walls, and of the Iarynx are therefore measured 
with relative to the maxilla. The intersections between the con­
tours and the grids, indicated by the dots in Fig.la, are detected 
by an automatic procedure based on a binary search algorithm. 
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A set of the coordinate values of the intersections in the order of 
the grid number then constitutes a vector representing the 
measured interior contour as shown in Fig.l c and exterior contour 
in Fig.ld. The vectors are considered as the tract shape sampled 
at the coordinate grids. 

In the case of the lip and the Iarynx tubes, the semipolar 
coordinate is useless, since these articulators tend to move in the 
direction perpendicular to the grid lines. Bach of the two points 
corresponding to the anterior and the posterior extremes of the 
Iarynx edge is specified by two values (x, y). The form of the 
Iarynx tube is specified by combining these two points and the 
intersections detected in the previous procedure. 

The lip-opening tube is modelled by a uniform elliptic tube 
with three variables, height, frontal width, and length (protrusion). 
The height and width are defined as, respectively, the distance 
between the highest and lowest points, and the distance between 
the most left and right points on the front inner lip contours. The 
four detected points are indicated by dots circles in Fig.lb. The 
protrusion is measured on the lip proflle as distance between the 
upper incisors and the point where the vertical separation of the 
upper and lower lips becomes minimal. These def'mitions of the 
three variables enable us to use a simple algorithm in the auto­
mated measurement. 

Vocal-tract proflies can be regenerated by projecting the 
measured vectors, shown in Fig.lc and Fig.ld, on the reference 
coordinate system. Combining the proflle with the lip tube and 
the Iarynx edge, the entire vocal tract shape is specified. The area 
function and then the transfer function and the formant frequency 
values are calculated from the regenerated vocal-tract. The 
calculated vocal-tract transfer is irnportant in that we actually 
model the measured vectors, and not directly the original vocal­
tract contours; therefore the transfer function can serve as a ref­
erence in the evaluation of the model in terms of its acoustic 
performance. 

4. LINEAR COMPONENT MODEL OF mE TONGUE 

An articulatory model is derived as the result of a factor 
analysis on the data. This does not necessarily mean thatthe model 
comesout automatically from such an analysis. We must have a 
basic idea about how to represent the vocal tract. In this regard, 
we follow a jaw ba~ed model proposed by Lindbiom et al. ( 1971 ), 
in which vocal tract shapes are determined as a function of 
parameters as jaw, tongue-body, tongue-tip,lip height and width, 
and Iarynx height. The underlying hypothesis is that, during 
speech production, the complex activities of the articulatory 
organs are organized into a lirnited number of independently 
controllable functional blocks and that the tract shapes are 
determined by the state of these blocks. Let us call these blocks 
as "elementary articulators" and their action as "elementary ges­
tures". We attempt to extract these elementary articulators from 
the data by means of a statistical analysis. 
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Figure 1. Measurements of the 
vocal-tract shapes. The dots 
indicate the measured points. ( a) 
Profile superimposed with a 
semipolar coordinate system. (b) 
Frontal view of the lip-opening. 
( c) A vector representation of the 
measured tongue shape including 
the upper laryngeal region. ( d) A 
vector representation of the 
exterior walls. 

The tongue shape of each frame can be described by the 
measured vector with about 30 variables, such as shown in Fig.l c. 
Their values depend on the states of the individual elementary 
articulators. The basic assumption is that the influence of each 
elementary gesture on the deviation of the tongue from its neutral 
shape is proportional to a parameter representing a strength ofthat 
gesture, and that the influences from the different articulators can 
be added up to produce the f'mal tongue shapes. In short, the 
measured vectors, thus the vocal-tract shapes, are represented by 
a linear combination of the effects of elementary gestures. 

The measured vocal-tract data are subjected to the so-called 
arbitraryfactor analysis (Overall, 1962; Maeda, 1979). Theresults 
indicated that the tongue contours can decompose into four arti­
culatorily relevant components representing the effects ofthe jaw, 
tongue-dorsal position, the tongue shape, and tongue-tip position. 
The lip section is specified by the jaw position plus two para­
meters, the height and protrusion. The width is predicted from 
these three parameters. The Iarynx edge depends the jaw and its 
own height. The vocal tract shapes, therefore, are specified by 
the seven parameters. Because of the truncation of higher com­
ponents, errors in the specification ofthe shapes occur, particularly 
in the laryngeal region. Consequently, the calculated transfer 
function exhibits a certain error at high frequencies. The current 
model, however, can be useful in investigating the articulato­
ry-acoustic relationships in terms of, say, the first three formants. 

5. ARTICULATORY -ACOUSTIC RELATIONSHIPS 

An irnportant advantage of an articulatory model specifying 
the entire vocal-tract isthat the relationships between the articu­
lation and its acoustic consequences can be studied independently 
of the data (Majid, 1982). In fact, such predicted relations help 
us to understand better the data representing the frame-by-frame 
samples of the individual articulatory gestures. 

InFig.2a, the acoustic effects of a change in the two articulatory 
parameters, jaw position marked by the open circles and 
tongue-dorsal position by the closed diamonds, are plotted on the 
Fl-F2 plane. The effects are calculated around each of the five 
cardinal vowels. All parameters values, except the value of the 
jaw, or of the dorsal parameter, are set.equal to those appropriate 
for each vowel. The parameter value in question is varied from 
-2.0 to 2.0 in seven steps. The magnitude of the variation is weil 
within that observed during speech, since it rarely exceeds below 
-3.0 or above 3.0 for any parameter. The parameter values are 
normalized by the corresponding standard deviations. 

The acoustic consequences of the two articulator movements 
are distinctively different for the two vowel groups, rounded 
vowels [u and o] and unrounded vowels [i, e, and a]. For the 
rounded vowels [u and o], on one hand, the trajectories indicating 



������������� !������!����
��!���
���"���& � 2443

(a) JAlJ non, TONGUE 11.11 

0 

200 Cb~ [i] 0 • [u] oo N 

~. :r: ...... 
'2:: 400 

e. 00 

a: ·~ oO 

L: • ••t .... 
~ [e] + 0 o [o] 
u..600 0 •• 

1-
(J) 
~ 0 
H 
u.. . 0 

800 f- +0..;. + o" 

[a] 

3000 2500 2000 1500 1000 
SECOND FORMRNT CHz) 

(b) 
JAlJ = "o", 

0 

200 r- Cl:t, [i] 
~ . 
N o 

I Oo 

!z: 400 
~ 
~ 
D 

u.. 600 f-
1-
r.J1 
0::: 
H 
u.. 

800 

o. 
0 

[e] '"T 
0 

LIP = "Y" 

0 
0 .., 

'1:>0 
[u] 'ß 
.~ 

• o9 
•.: [o] 

yO 

o:: 
[a]! o o • 

500 

3000 2500 2000 1500 1000 500 
SECOND FORMRNT CHz) 

Figure 2. (a) Acoustic effects of a change in the jaw position 
marked by the circles and in the tongue-dorsal position by the 
diamonds, around the five cardinal vowels. ( b) Same as ( a), except 
acoustic effects of a variation in the lip aperture marked by the 
triangles are superimposed with those in the jaw positions. 

the effects of the jaw parameter variation are almost vertical. 
Observe the dispersion ofthe open circles. The dispersion of the 
diamonds indicating the effects of the dorsal parameter variation, 
on the other hand, are almost horizontal. This means that for the 
rounded vowels the effect ofthe jaw appears on the Fl value alone, 
and those of the dorsal position primarily on F2. 

For the unrounded vowels [i, e, and a], the Fl-F2 dispersions 
of the two articulators tend to overlap each othe~. This means that 
a deviation in the position of one of the two articulators can be 
compensated by an adjustment of the remaining articulator to 
produce a "target" Fl-F2 pattem of these unrounded vowels. 

, Interestingly the situation is exactly opposite for the jaw and 
the lip aperture (as the results of the lip rounding or spreading 
gestnre). In Fig.2b, the Fl-F2 dispersions around the same five 
vowels as acoustic affects of the lip parameter, indicated by the 
closed triangles, are superimposed on these of the jaw. In contrast 
to the jaw-dorsal case, the overlap occurs for the rounded vowels 
[ u and o ], and the Fl-F2 dispersions ofthe two gestures are roughly 
orthogonal for tlre unrounded vowel series, [i, e, and a]. A 
deviation of the jaw position therefore can be acoustically com­
pensated for any vowel either by the adjustment of the dorsal 
position or by that ofthe lip rounding, depending on the two vowel 
categories. 

It is noted that the Fl and F2 frequencies are quite stable against 
the variation in die lip aperture, in particular for the vowel [i], 
where the triangles are closely dustered together. This does not 
mean no effect of the rounding gestnre on that vowel. The effects 
of the rounding can appear as a lowering of F3 frequency. The 
rounding puts the F3 closer to F2 and apart from F4, resulting in 
the sound change from [i] to [y]. 

6. COMPENSATORY ARTICULATION 

The articulatory-acoustic relationships have indicated that the 
compensation (or one might prefer the term, inter-articulatory 
coordination) between the jaw and tongue-dorsal positions is 
acoustically effective for the unrounded vowels, and between the 
jaw and lip positions for the rounded vowels. One might raise the 
question whether or not speak:ers actually exploit the compensa­
tory possibility during the production of speech. In order to 
provide an answer to this question, we have calculated the 
frame-by-frame Variation of the articulatory parameters for the 10 
sentences pronounced by the two speak:ers. The behavior of 
parameter trajectories during vowels is then investigated. 
Unfortunately, the number of the occurrences of the same vowel 
is small, rauging from only once to at most seven times. The data 
for only two vowels, [i and a], were used for the investigation. As 
a consequence of this, only the jaw-dorsal coordination is tested. 
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Figure 3. Superimposed trajectories of the jaw and tongue-dorsal 
parameters during the vowels [i and aj in different phonetic 
contexts, for the speaker PB at the left-hand and DF at the 
right-hand. 

The calculated trajectories of the jaw and dorsal parameters 
conceming the two vowels are superimposed by aliguing them at 
each vowel onset, as shown in Fig.3. They exhibit a large vari­
ability for the same vowel, which are in different phonetic con­
texts. It is noted that the vertical space between the two abscissas 
for each parameter equals to six times the observed standard 
deviation, which corresponds roughly to the maximum range of 
the parameter variation. What 's more striking however is the 
relatively close range of the two bundles of the trajectories 
corresponding to these two extreme vowels. As seen in the upper 
part of Fig.3, the vertical ranges of the jaw parameter trajectories 
of these vowels overlap considerably each other in particular for 
the speak:er PB. At the lower part of the figure, the dorsal position 
tends tobe more fronted for [i] than [a], but the ranges of the 
variations still overlap to some extent. 

Even though we do not expect an invariant target for individual 
articulators, it is still surprising to find such a poor contrast 
between high and low vowels. Indeed, the figures nicely fit with 
the prediction from the articulatory-acoustic relationships 
described above; such a magnitude of the variations and the poor 
contrast is possible, because the acoustic consequences can be 
compensated by the coordination between the jaw and the dorsal 
gesture. If this is the case, the two parameters should exhibit a 
linear or at least a monotonous relation for each vowel. 
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Figure 4. A linear relationship, indicated by the straight lines, 
between "target" positions of the jaw on abscissa and the 
tongue-dorsal on the ordinate,for the two unrounded vowels [i 
and a]; the speaker PB at (a) and DF at (b). 

In order to verify this hypothesis, the tongue-dorsal positions 
are plotted as a function of the corresponding jaw positions, as 
shown in Fig.4a for the speaker PB. The dorsal and jaw positions 
are sampled at minimum or maximum point of the contours within 
each vowel token. In the case where there is no such point, the 
parameter values are sampled at a center of the vowels. The 
jaw-dorsal plots of each vowel are indeed distributed along the 
corresponding straight lines drawn by visual inspection. The data 
conceming the second speaker DF are shown in Fig.4b. The linear 
relation is more pronounced for this speaker, supporting the 
prediction. 

7. CONCLUDING REMARKS 

The speaker's strategy in the articulation of sentences can be 
quite complex. With the possibility of the compensatory articu­
lation, it is not necessary to postulate flxed targets for the indi­
vidual articulators, and thus there is a certain degree of freedom 
in the articulatory strategy, which can be exp1oited, for example, 
to minimize articulatory efforts. In other words, the articulatory 
strategy can have multiple so1utions. It is then possib1e that every 
speaker has different so1utions even under the constraint such as 
the minimal effort. If this is the case, every speakers might 

articulate the same sentence differently. Consequently, the 1ine 
of study described here will become excessive1y complex in trying 
to relate the articulations, i.e., the coding process, with the pho­
netic universal, which is essentially speaker independent. A 
preliminary indication from the present data is in opposition to 
such a chaotic manner in articulation, however. 

When calculated parameter movements for the same sentence 
pronounced by the two speakers are compared, we are rather 
surprised to find more similitude than difference between them. 
This means that although there are multitude of different ways to 
produce the same sentence, both speakers use a similar strategy 
to pronounce it, suggesting a relatively invariant rule issuing 
commands to the articulators. Howeverwe do not expect a unique 
set of such rules for a given language. Probably there are many 
different set of rules. Without such multiplicity, it is difflcult to 
explain why there are so many different dialects and idiolects 
within the same language group. 

We feel that a 1arger body of data is needed to investigate 
further the question of the articulatory strategy, or simply the 
question of how people speak. In our hope, the work presented 
here has demonstrated convincingly that the analysis of the con­
ventional cineradiographic data using an articulatory model can 
provide a deeper insight into the speech production process, and 
that it can help us to understand better the inherent characteristics 
of speech, the variability . 
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