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ABSTRACT

We present an experiment in which lips are perturbed by a 20-
mm diameter tube, for the production of the French vowel [u].
Nine naive speakers are analysed in 3 successive sessions: (1)
without perturbation; (2) with the lip-tube; (3) with the lip-
tube and with some information to help them to compensate.
The analysis is based on X-ray views and formant patterns.
Compensation abilities are evaluated by considering the first
two formants. After the 2nd session, only one speaker could
compensate the perturbation. All other speakers showed a
strong increase of F2. In the 3rd session, behaviours of the
speakers were observed depending on the given information:
articulatory, acoustic or both. Results are analysed in the
light of the classical control theories of speech production.

Keywords: Speech production, speech control, perturbation,
compensation.

1. INTRODUCTION

Acoustic studies on vowel production have shown that
several, and sometimes very different, vocal tract
configurations could produce fairly identical formant patterns
[6, 10]. However, articulatory measurements [13] or the
exploitation of articulatory models [1] tend to suggest that, in
natural conditions, a human speaker does not use all these
different possibilities: even for different phonetic contexts, the
geometry of the vocal tract remains fairly constant as concerns
constriction location and area, and/or lip geometry. In order
to understand this phenomenon, different explanations, based
on two different theoretical frameworks, could be proposed: -
— the acoustic space is the task space [8, 12], but
articulatory constraints limit the range of the vocal tract
configurations associated with a given formant pattern,
— the acoustic space is the task space, and during speech
acquisition, some optimization principles (as for instance
gestural facility) induce an encoding of the task at the
geometric level [3],
— as proposed by Stetson [11] speech is "a set of
movements made audible", and the articulatory space is
the task space [9].
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As regards these arguments, the speech perturbation paradigm
could be very helpful. Interesting results were thus obtained
by Lindblom et al. [5] using the so-called bite-blocks
experiment: with a bite-block between the teeth that induces
an unnatural jaw position, speakers could compensate the
perturbation and produced good vowels without specific
learning phase; the geometric characteristics of the
constriction were hardly modified as regards the natural
conditions. These results attest for the important role played
by the oral constriction for vocalic sounds, but the bite-block
experiment is insufficient to plead for any of the above
presented explanations. If the bite-blocks indeed perturb the
individual positions of the articulators, they do not prevent
the speaker from reaching the standard geometric configuration
of the vocal tract.

2. THE LIP-TUBE EXPERIMENT

a. A labial perturbation. In this study, another type of
perturbation is proposed that actually affects the pertinent
geometric characteristics of the vocal tract. Quite obvioulsy
it is much more simple to perturb the lip than the oral
constriction. In this prospect, we propose to induce a lip
perturbation for the French rounded vowel [u]: 2 20-mm
diameter plexiglass tube (called lip-tube) is inserted between
the lips; the length of the lip-tube is adapted in order to induce
no (or hardly any) modification of the length of the vocal
tract. Moreover, a small speaker-dependent bite-block is
inserted between the teeth, in order to lock the jaw in its
natural position for this vowel, and to prevent any disturbance
by the lip-tube due to the possible mechanical coupling
between jaw and lips.

b. Theoretical acoustic correlates of the lip
perturbation.  The acoustic consequences of this
perturbation are analysed in reference to nomograms, which
are obtained with the Fant's four-tube model of the vocal tract
and which show the formants' evolution when the oral
constriction is moved from the glottis to the lips [2]).
Starting from the standard geometric configuration of the
French vowel [u] (constriction centred at 10 ¢cm from the
glottis, constriction area at 0.6 cm? and lip area at 0.16 cm?),
lip area is increased to 4 cm?, which is similar to the lip-tube
area. The most important acoustic consequence consists in an
increase of the second formant F2. Following the nomograms
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and assuming a fairly constant length of the vocal tract, it
appears that the only way to compensate this F2 variation is
to move the constriction location back 7 cm from the glottis,
which corresponds to a displacement of the comstriction
location from the velopalatal towards the velopharyngeal part
of the vocal tract.

c. Experimental procedure. Nine French adult speakers
(eight males and one female) are analysed; all of them are
naive in the field of speech control and speech acoustics. The
experiment is divided into two successive sessions
corresponding to two different conditions. In the first session
(normal condition) speakers are instructed to pronounce the
vowel [u] with the bite-block, and without constraint on the
lips, in such a manner that a reference vocal tract shape is
available for each speaker. In the second session (perturbed
condition) speakers are instructed to produce, in spite of the
lip-tube and with the same bite-block, the vowel [u]
attempting to match the quality of that produced in normal
conditions. In order to find the appropriate strategy, twenty
attempts are allowed for each speaker, and only the last one,
assumed to be the best one, is recorded and analysed.

Two different types of data are considered for the analysis: X-
ray views of the entire vocal tract in the midsagittal plane, and
the simultaneous signal hold for 1-s. From each X-rays view
the sagittal outline of the vocal tract and the front of the head
are traced. In order to be able to appreciate the articulatory
differences for each speaker, the successive sagittal contours
are superimposed considering the front of the head and the
superior incisive as static references.

The acoustic signal is processed by LPC analysis. For each
condition, the first three formant frequencies are calculated as
the average of the corresponding values measured at the
beginning, in the middle and at the end of the vowel.

The efficiency of the compensation is evaluated in the
acoustic space: the first two formants are considered in
reference to perceptual difference limens [7].

d. Results. First of all, the observed reactions to the
perturbation are characterized by a great speaker-variability.
However, the different behaviours could be categorized into
two classes.

No obvious tongue displacement (case 1). For two speakers,
the tongue shape remains fairly invariant, as illustrated in
figure 1 for speaker YP. As predicted by acoustic theory, the
F2 value therefore increases strongly (see Table 1).

It seems thus, that this group of speakers did not find any
compensation strategy, and provided the usual geometric
configuration of the vocal tract, in spite of an unsatisfactory
acoustic result.

Backward tongue displacement. In this class, two different
cases could be considered depending on the extent of the
articulatory gesture and on its influence on the formant
pattern. For six speakers (case 2), the backward movement of
the tongue illustrated by speaker MP on figure 2, does not
induce a clear change in the constriction location, which
remains in the velopalatal region. Consequently formant F2
decreases, but as regards acoustic results, the amplitude is
unsufficient to reach the normal formant pattern.

Figure 2: Vocal tract shapes in normal (solid line), perturbed
(dashed line) and guided perturbed (dotted line) conditions.
Speaker MP.

For one speaker only (OD) the backward displacement of the
tongue body is sufficient to effectively change the constriction
location from the velopalatal to the velopharyngeal part of the
vocal tract (Figure 3). Consequently, as predicted by Fant's
four-tube model, the pattern of the first two formants can be
considered as identical to the one produced in the normal
condition. Following this criterion, it is correct to consider
that speaker OD is able to deal with lip perturbation and to
compensate for it in order to achieve the required acoustic
goal.

Figure 1: Vocal tract shapes in normal (solid line), perturbed
(dashed line) and guided perturbed (dotted line) conditions.
Speaker YP
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Figure 3: Vocal tract shapes in normal (solid line) and perturbed
(dashed line) conditions. Speaker OD.
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In summary, seven of the nine speakers tend to move the
tongue in the right way to compensate the lip perturbation,
but only one speaker (OD) achieves a sufficient amplitude of
the gesture and obtains a good formant pattern. In other
words, the majority of the speakers seem to know the
compensation strategy, but they seem at the same time to be
prevented to sufficiently move the tongue.

Is that common behaviour due to implicit speech production
constraints, which would tend to maintain the constriction at
a specific location (for a given vowel)? This hypothesis could
be well supported for the two speakers who did not produce
any movement. To further check this hypothesis, we
proposed another experiment to the eight speakers who were
not able to achieve an efficient compensation.

3. THE GUIDED LIP-TUBE
EXPERIMENT

a. Experimental procedure. In this new experiment,
the speakers are again instructed to produce the vowel [u],
with the same lip-tube and the same bite-block, but we gave
them some information in order to help them achieve the
expected compensation. Based on their own observed
compensation abilities, we separated the speakers in three
different groups, and we gave each group different
information. For the acoustic group, speakers heard the
vowel they produced at the end of the second session and
received verbal instruction to produce a "more grave" sound
than the one produced before. For the articulatory group,
speakers looked at their first two sagittal outlines and received
verbal instruction to move their tongue back in the
velopharyngeal part of the vocal tract. In the acoustic and
articulatory group, speakers had both information.

In order to give speakers of case 1 (less compensation ability)
maximum help, we placed them in the acoustic and
articulatory group. To study the consequence of each
information (acoustic and articulatory) given to the speakers,
we placed the speakers of case 2, in the two remaining
groups.

Results were analysed with respect to the different type of
information given to each group of speakers and compared to
those obtained before.

b. Results. For each speaker of the acoustic group, we
obtained no significant formant pattern modification (Table 1)
and no or small constriction location modication as illustrated
in figure 4 (dotted line): speaker GA made no modification of
his tongue whereas he had moved backward before (dashed
line).

Inversely, for each speaker of the articulatory group we can
note an important decrease of F2. This is a consequence of
the increase of the backward gesture amplitude (Figure 3,
dotted line). Nevertheless, this increase is still too weak to
change constriction location and produce a good vowel.
Results of the acoustic and articulatory group showed a
limited constriction location modification (Figure 1, dotted
line) with no significant formant pattern modification.
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Figure 4: Vocal tract shapes in normal (solid line), perturbed
(dashed line) and guided perturbed (dotted line) conditions.
Speaker GA.

Speakers Conditions Formants
F1 F2 F3
oD N 312(0) 801 (34 1795 (38)
P1 312(0) 703 (35) 2187 (30)
N 290 (19) 789 (34) 1854 (86)
BC P1 319 (15) 923 (22 2143 (32)
317 (13) 958 (37) 2251 (34)
Acoustic N 234 (0) 638 (21) 1979 (138)
CH P1 343 (16) 827(39) 2291 (52)
Group P2 348 (11) 854 (32) 2169 (180)
N 234 (0) 710 (15) 1622 (84)
GA P1 211 (22) 935 (18) 2020 (55)
PR 267 (32) 1035 (53) 1989 (56)

N 241 (15) 710 (30) 2225 (71)

Y Pl 352(7) 1263 (19) 2575 (38)
315(10) 1020 35) 2611 (375)
Articulatory N 312(0)  655(17) 2144 (39)
LJ P1 392(8) 938 (5) 2306 (57)
Group P2 340 (27) 793 (18) 2372 (41)
N 254 (20) 667 (24) 1922 (281)
MP P 269 (12) 853 (15) 2281 (37)
273 (10) 820 (20) 2460 (43)
Acoustic N 273(0) 658(22) 1917 (375)
ML Pl 388 (8) 1169 (32) 2511 (94)
and P2 348 (11) 1074 20) 2327 (36)
Articulatory N 295 (19) 664 (11) 2164 (86)
YP Pl 345 (14) 933 (27) 2229 (144)
Group P2 273 (17) 1041 (57) 2222 (29)

Table 1: Average of formant frequencies (Hertz) and their standard
deviation for each speaker in normal (N), perturbed (P1) and
guided perturbed (P2) conditions.

4. CONCLUSION

The perturbation induced at the lips by the insertion of a large
(20-mm diameter) tube is very strong for the production of the
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rounded vowel [u]: the acoustic theory of speech production
actually predicts that compensation is only possible with an
important reorganization of the articulatory pattern usually
required for this vowel. It was therefore, a priori not obvious
that speakers should be able to compensate. However, after
this experiment, no doubt remained, if one accepts that
compensation ability can be evaluated through the F1-F2
pattern accurracy: speaker OD actually produced a correct [u],
in spite of the perturbation and without any external help.
This is a very important result, which allows us to propose
the following points:

@ The regularities observed for each vowel on the
geometrical configurations of the vocal tract are not
due to any physical or anatomical constraint limiting
the articulatory patterns being likely to satisfy a given
acoustic requirement; but they are due to specific
control strategies acting on the articulators.

@ Speech is an acoustic task (but is that really
surprising?), since different articulatory strategies could
be involved for the same phonemic command; this
must be taken into account for the understanding of
compensation strategies.

However, the majority of the analysed speakers do not
spontaneously achieve the compensation task, and tend to
favour the stability of the constriction location in the vocal
tract, in spite of a bad acoustic result. Contrary to the bite-
block experiment, compensation is in general only possible
after a learning phase.

These results support the hypothesis that the geometrical
parameters of the vocal tract have a strong importance in the
encoding of the speech task. In this perspective, speech
production can be defined as an acoustic task which is realised
with the help of an articulatory encoding; it seems therefore
correct to describe normal speech in the articulatory space, by
some prototypical gestures, as proposed by [9]. But the fact
that one speaker (OD) is able to produce good compensation
shows the necessity to introduce a control loop between the
acoustic domain and the articulatory one, which would be
added to the usual control system in the articulatory space, as
proposed by [4]. The observed speaker-variability would then
reveal the different ways in which speakers are able to manage
both requirements, namely task objectives versus encoding, if
they are not compatible. The guided experiment focuses the
attention of the speakers in different ways: in the articulatory
space (i.e the space where encoding is made), or in the
acoustic space (i.e. the task space), or in both. Assuming that
the given information are equivalent, the analysis of the
results suggests that compensation becomes possible if the
speaker is explicitly instructed not to use the usual
articulatory encoding, and if no specific acoustic requirement
is made.

Further insight into the different skills of speakers requires the
notion of a forward model, i.e. the mental representation that
a speaker has of the relations between his articulators and his
speech acoustics. This representation could be different for
each speaker depending on his own speech experience: the
variability could thus also be explained, and the relative
success of the articulatory group would be due to the fact that
the articulatory solution is given, and that the forward model
is not used.

But a question remains: why speakers, who received both
information, did not achieve a good compensation? It could
be explained by the fact that by focusing on the acoustic
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domain, the instructions induced the speakers to use the usual
representation that they had about the relations between the
articulatory and the acoustic domains: the encoding or the
forward model.
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