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A labial perturbation of the French rounded vowel [u] was used to examine the respective weights
of the articulatory and acoustic levels in the control of vowel production. A 20-mm-diam lip tube
was inserted between the lips of the speakers. Acoustic and x-ray articulatory data were obtained for
isolated vowel productions by 11 native French speakers in normal and lip-tube conditions.
Compensation abilities were evaluated through accuracy of the F1-F2 pattern. Possible
compensations were examined from nomograms using the new model of Fant [ISCLP 92
Proceedings (University of Alberta, Edmonton, 1992)]. Acoustic interpretations of the articulatory
changes were made by generating area functions from midsagittal views, used together with a
harmonic acoustic model. For the first perturbed trial, immediately after the insertion of the tube, no
speaker was able to produce a complete compensation, but clear differences between speakers were
observed: Seven of them moved the tongue and hence limited the deterioration of the F1-F2
pattern, whereas the remaining four did not show any pertinent articulatory change. These data
support the idea of speaker-specific internal representations of the articulatory-to-acoustic
relationships. The results for the following 19 perturbed trials indicate that speakers used the
acoustic signal in order to elaborate an optimal compensation strategy. One speaker achieved
complete compensation by changing his constriction location from a velo-palatal to a
velo-pharyngeal region of the vocal tract. Six others moved their tongues in the right direction,
achieving partial acoustic compensation, while the remaining four did not compensate. The control
of speech production thus seems to be directed toward achieving an auditory goal, but completely
achieving the goal may be impossible because of speaker-dependent articulatory constraints. It is
suggested that these constraints are due more to speaker-specific internal representation of
articulatory-to-acoustic relationships rather than to anatomical or neurophysiological limitations.
Speech control could thus be ensured partly with the use of this internal representation, and partly—
particularly under perturbed conditions—by monitoring the acoustic signal. © 1995 Acoustical
Society of America.

PACS numbers: 43.70.Aj, 43.70.Bk

INTRODUCTION

Speech production consists in transforming an abstract
linguistic representation of a message into an acoustic signal,
in such a way that it can be captured, decoded, and inter-
preted by a listener. The peripheral part of this transforma-
tion process successively involves different, but related
physical levels: Electrical muscular activation is responsible
for the spatial positions of the speech articulators, which, in
turn, specify the geometry of the vocal tract which finally
determines the acoustic characteristics of the speech signal.
Considering hypothetical compensation possibilities at each
of these levels, the transformations between these different
physical spaces should a priori be many-to-one. In other
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words, several different muscular recruitments (see, e.g.,
Abbs and Gracco, 1984), articulatory positions (see, e.g.,
Lindblom and Sundberg, 1971; Maeda, 1990), and geometric
configurations of the vocal tract (see, e.g., Atal et al., 1978)
can a priori be associated with a unique formant pattern.
Such a finding emphasizes the difficulty in understanding
strategies adopted for the control of speech production. In
particular, the nature of the controlled parameters is far from
being obvious: Are they related to the final acoustic product,
to the area function, to articulatory positions, or to individual
muscle recruitments? This question seems to be all the more
relevant, since in a phoneme-based perspective of speech
production, it may have interesting implications in the debate
on the nature of targets (Lindblom, 1967; MacNeilage, 1970;
Kelso et al., 1986; Stevens and Blumstein, 1981), and in the
interpretation of the results of some perturbation experiments
(Folkins and Abbs, 1975; Lindblom er al., 1979).
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In 1928, Stetson, in his book significantly entitled Motor
Phonetics, proposed that speech is “rather a set of move-
ments made audible than a set of sounds produced by move-
ment.” By reducing the role of acoustics to one of a physical
medium conveying articulatory information, like the optical
signal which allows perception of geometric objects, Stetson
relegated speech motor control to the articulatory domain
(Stetson, 1928). In the same vein, several years later, Liber-
man and colleagues (Liberman et al., 1967; Liberman and
Mattingly, 1985) argued in favor of a Motor Theory of
Speech Perception involving, in the speech perception sys-
tem, a specific precognitive phonetic module capable of re-
covering the articulatory gestures that are at the origin of the
sound from the acoustic signal. Following these two propos-
als, producing perceivable speech would then explicitly con-
sist in achieving appropriate articulatory gestures. However,
several studies have emphasized the noticeable within
speaker variability observed for the production of the same
vowels (Maeda, 1990), or cross-speaker differences in posi-
tion of articulators for production of acoustic features asso-
ciated to the same linguistic category (Johnson er al., 1993).
Therefore, if something is controlled at the articulatory level,
it would imply a coordination of articulators, rather than the
movement of each articulator separately. This type of control
corresponds to the proposals made at Haskins Laboratories
(Kelso et al., 1986; Saltzman, 1986; Saltzman and Munhall,
1989) using the task-dynamic model, in which the controlled
variables (defining the task space) are specific parameters
(vocal tract variables) describing the successive geometric
targets of the vocal tract expressed in terms of constriction
location and degree. Following this point of view, individual
articulatory positions would then only be by-products of the
control of vocal tract (VT) variables, and would be derived
from the trajectory in the task space, using a programmed
functional coupling between articulators called coordinative
structure. This approach contains some very appealing as-
pects. It allows, in particular, a quantitative implementation
of articulatory phonology (Browman and Goldstein, 1989),
and also makes it possible to reproduce experimental data on
compensation strategies (Kelso ef al., 1986). Moreover, it
proposes a means of producing variable movements (reduced
syllables) with different amounts of temporal overlap of in-
variant specifications in the task space (Browman and Gold-
stein, 1990). This approach has made an important contribu-
tion to the debate on invariance and variability in speech
(see, e.g., Perkell and Klatt, 1986). More generally, it is con-
sistent with some basic and historical principles underlying
conventional phonetic description that characterize the vowel
(Jones, 1918) in articulatory terms (tongue height, tongue
frontness/backness, and lip shape).

With the help of their bite-block experiment, Gay et al.
(1981) showed strong evidence in favor of a control of the
oral constriction in vowel production, and thus suggested
that: “The target of a vowel is coded neurophysiologically in
terms of area-function related information and is specified
with respect to the acoustically most significant area-
Sunction features, the points of constriction along the length
of the tract” (our emphasis). Even if the importance of geo-
metric features is also clearly emphasized here, the authors
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do not deny the essential role played by acoustic factors in
the control of speech production. The observed regularities
of these area-function features would be the consequence of
a mapping of acoustic factors in the articulatory space, using
an articulatory encoding procedure for speech production. It
can be assumed that this encoding procedure is acquired by
the child during the speech learning phase, by defining, for
instance, the most efficient way to produce the required per-
ceptual effects. Browman and Goldstein (1990) would not
disagree on this last point: “[...] the language-specific values
of constriction location and degree associated with each of
these (constriction) gestures must be acquired by the child
[from listening to the acoustic output. [ ...] Contrastive values
Jor constriction location and degree tend to evolve in such a
way that the acoustic praperties associated with a given set
of parameter values are relatively stable [...] and tend to
differ from the parameter values for other contrasting ges-
tures” (our emphasis). However, one questions to what ex-
tent can their position be convincing, when it goes as far as
stating that: “Once the pattern of gestures for a given lan-
guage is acquired, we argue, variation with respect to speak-
ing style and prosodic context follows from very general
principles of gestural overlap and magnitude that are blind
to their acoustic consequences” (our emphasis). As empha-
sized by Lindblom (1987, 1990) the final goal of the speaker
is the correct perception of speech by a listener. It is there-
fore difficult to imagine that speakers do not control, via
their own perceptual system, the real acoustic product of
their articulation. Listener oriented tuning of speech produc-
tion ensuring fine control of the perceptual output is demon-
strated, for example, by hypo/hyperarticulation (Lindblom,
1990), or the Lombard effect (Junqua, 1993). If such a con-
trol exists, it would mean that there are specific acoustic
requirements associated with perceptual goals—at least in
parallel with articulatory requirements based on a possible
articulatory encoding of the task. It is of course another ques-
tion whether these requirements are in the form of invariant
acoustic features (Stevens and Blumstein, 1981), of a sys-
temic acoustic coherence (Lindblom, 1987), or of acoustic
events allowing the direct perception of vocal tract activities
(Fowler, 1986).

The aim of this paper is to address, for vowel produc-
tion, the question whether some specific acoustic require-
ments might persist after the acquisition of speech that would
actively constrain the process of speech production. More
specifically, the goal is to evaluate geometric and acoustic
requirements for speech production control. However, this
matter is fairly complex, because both levels are generally
strongly associated in normal speech (Wood, 1979; Boé
et al., 1992). An efficient approach, however, consists in us-
ing a perturbation which induces a modification of the usual
speaker behavior. From this standpoint, different studies
(e.g., Fowler and Turvey, 1980; Edwards, 1992) have ex-
ploited the already mentioned bite-block experiment (Lind-
blom er al., 1979). However, bite-block experiments are not
relevant to the problem that we want to address here, since a
bite block inserted between the teeth does not prevent speak-
ers from attaining the “learned” geometric shape (area func-
tion) of the vocal tract associated with a given formant pat-
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FIG. 1. Nomograms obtained with Fant’s model in normal (solid lines) and lip-tube (dashed lines) conditions. The constriction location for the vowel fu]is
indicated by solid arrow (below the X axis) for the normal condition and by dashed arrow (below the X axis) for the lip-tube condition. The transition from
solid circle to solid square simulates the influence of the lip tube without any constriction change. The consequence of the backward displacement of the
constriction is simulated by the transition from the solid square to the dashed circle.

tern. It only perturbs the normal articulatory configuration by
inducing unusual individual articulatory positions. Thus an-
other perturbation is used here, which explicitly affects an
important geometric characteristic of the vocal tract, namely,
the lip area.

. METHOD

It is generally accepted (Stevens and House, 1955; Fant,
1960) that the main characteristics of vocal tract configura-
tions for vowels, as regards acoustics, are constriction loca-
tion and aperture in the oral cavity, and for labial sounds, lip
area and protrusion. Obviously, it is much simpler to perturb
the lips than an oral constriction; therefore, the current study
used a lip perturbation for the French rounded vowel [u]. A
20-mm-diam Plexiglas tube (called a lip tube) was inserted
between the lips with one end against the incisors. In order to
ensure that the lip tube influenced the VT output without
inducing a significant increase of VT length, the lip-tube
length was either 20 or 25 mm depending on the speaker.

A. Theoretical acoustic predictions

The effect of the lip perturbation was first simulated
with a model to understand the acoustic effects of the lip
tube on speakers and to analyze possible compensation strat-
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egies. The acoustic consequences of this perturbation were
analyzed using vocalic nomograms, as obtained from a re-
cent three-parameter model (Fant, 1992). Nomograms give
the variation of formant patterns when the oral constriction
location is moved from the glottis to the lips.

Modeling the VT area function as stipulated by Fant’s
(1992) model (see also Stevens and House, 1955; Fant,
1960) implies a separation of the VT into a back and a front
cavity, which provides a means of understanding the relation
between geometry and formants. For a small amount of cou-
pling between cavities (small constriction area) each formant
can be affiliated with a unique resonance mode of these cavi-
ties. In a normal production condition, the first three for-
mants of the vowel [u] can be characterized in the following
way: F1 and F2 are Helmholtz resonances, respectively, of
the set “back cavity +constriction” and the set “‘front cavity
+lips”; F3 is the half-wavelength resonance of the back
cavity.

Figure 1 shows nomograms obtained when the oral con-
striction location (X,) varies for two distinctive conditions:
(i) the standard area constriction (A,.=0.6 cm?) and the lip
geometry (4,=0.3 cm® and L,=2.0 cm) of the vowel [u]
(solid lines); and (ii) the lip-tube condition (dashed lines),
where the lip area is increased to A, =4.9 cm’.
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FIG. 2. Percent of formant frequency variation in relation to the initial
reference values (condition A) for different articulatory changes: In condi-
tion B, the lip area is increased in accordance with the lip-tube condition:
condition C is obtained from condition B by moving the constriction back-
ward; condition D summarizes the successive articulatory changes with an
additional narrowing of the constriction.

For the French vowel [u], the constriction is located
around 11 cm from the glottis (represented by the solid arrow
below the X axis in Fig. 1) and the corresponding formant
pattern (solid circles) is F1=250 Hz, F2=850 Hz, and F3
=2700 Hz. Starting from this standard configuration, the ef-
fects of the lip tube correspond to the switch from the solid
lines to the dashed lines in Fig. 1. The increase of lip area
essentially changes the resonance mode of the front cavity,
and its associated resonance F2 then becomes a quarter-
wavelength resonance. The acousiic consequences for the
vowel [u] are illustrated in Fig. 1 by the swiltch from the
solid circles to the solid squares. This induces an increase of
F1, a significant increase of F2 to 1500 Hz, and a slight
mncrease of F3 to 2900 Hz.

As can be seen on the nomograms and assuming a fairly
constant length of the vocal tract, it appears that the only
way to compensate for this formant modification would be to
move the constriction location backward to 8 cm from the
glottis (dashed arrow below the X axis). This backward dis-
placement of the constriction location allows lengthening of
the front cavity, thus decreasing the aftiliated quarter-
wavelength resonance. The acoustic consequences are shown
on the dashed lines by the switch from the squares to the
dashed circles: F'1 increases, F2 substantially decreases, and
3 is stable. The decrease of F2 is sufficient to attain its
initial value. However, the F1 value is much higher than in
the initial condition: This is due, first, to the increase of the
lip area, which affects the back cavity resonance due to cou-
pling effects and. second, to the decrease of the back cavity
volume associated with the decrease of X, . Following Helm-
holiz resonance principles, one way of lowering F'1, without
significantly changing the other frequencies, is to decrease
the constriction area and/or to increase the constriction
length.

Figure 2 shows the different formant changes from the
initial condition (A) to a final ideal compensated solution
(D). Condition A is the initial condition for which reference
formant values are obtained. Condition B corresponds to the
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increase of lip area and, in condition C, the consequences of
an additional backward movement of the constriction are
simulated. Finally, the values obtained for condition D show
the effects of an additional reduction of the constriction area
to 0.2 cm™ and of an increase of the constriction length. The
two horizontal dotted lines correspond to a 10% variation of
the initial valnes: In this range, one could assume that for-
mant changes are not significant (see below for perceptual
evidence). In condition B, only F3 is within this appropriate
range. The backward displacement for condition C causes
F2 to be in the correct range, but F1 is then too high; an
adequate compensation is finally obtained by the additional
narrowing and lengthening of the constriction, as shown in
condition D.

Thus formant calculations using Fant’s model show a
possible compensation for the acoustic consequences of an
increase of lip area (essentiaily characterized by a large
change in £2). The solution consists in moving the constric-
tion location backward in the vocal tract (toward the glottis).
A decrease of F2 could also be obtained by a large increase
of the constriction area A but it would simultaneously cause
a large raising of F1. Consequently, the solution proposed in
Fig. 2 is a unique one. This strategy corresponds, in terms of
articulatory gestures, to a backward movement of the tongue
body that leads to a change in constriction location from the
velo-palatal region to the velo-pharyngeal part of the vocal
tract. This is in accordance with a strategy inferred from an
articulatory model of the vocal tract (Bog€ et al., 1992). To
compensate {or the possible resulting increase of F1, speak-
ers have to reinforce this backward gesture so that the con-
striction is further narrowed and/or lengthened.

Hence, using these articulatory maneuvers, it is theoreti-
cally possible to compensate for all formant deviations and
consequently to obtain similar F1 - F2—F3 formant patterns
in normal and in lip-tube conditions.

B. Apparatus and procedure

The speakers were 11 French adults, all naive in the field
of speech control and speech acoustics. Data recordings were
carried out in the Department of Radiology of Michallon
significant difference between teleradiography and standard
x-ray techniques is that in the first case, the x-ray emitter is 4
m from the subject. At this distance, image deformation by
parallax is much smaller than that of standard radiographic
techniques. Each subject was seated on a chair with his head
in the x-ray field. To prevent any movement, the head was
restrained in an x-ray headholder. An image of the entire
head was recorded: from the top of the head to the base of
the neck in the vertical plane and, in the horizontal plane,
from the most posterior part of the head to the nose. In ad-
dition to the x rays, a simultaneous recording of the acoustic
signal was made using a large bandwidth tape recorder (a
Betamax standard); a front face photograph of the lips was
also acquired.

The insertion of the lip tube between the teeth would
obviously produce a lowering of the mandible. Since only
voluntary movements corresponding to a real compensation
strategy were of interest, the jaw was fixed in its natural
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TABLE L. Formant frequency means (Hz), standard deviations (Hz), and deviations (%) from the normal values

for the vowel [u] in normal (N) and perturbed conditions—first trial (PF) and last trial (PL). Eleven speakers.

Formants

Speakers Conditions F1(a)[AF(%)] F2(a)[AF(%)] F3(a)[AF(%)]
N 327 (2) 769 (20) 1840 (9)

oD PF 331 (2) [+1.2] 855 3)[+11.2] 2058 (8) [+11.8]
PL 334 (2) [+2.7] 734 (29) [—4.8] 2212 (7) [+20.2]
N 272 (3) 686 (12) 2003 (42)

MP PF 304 (5) [+11.8] 875 (12) [+27.6] 2147 (13) [+7.2]
PL 284 (4) [+5.5] 853 (5) [+24.3] 2272 (10) [+13.4]
N 303 (12) 759 (27) 1881 (26)

BC PF 377 (5) [+24.4] 1079 (9) [+42.2] 2028 (9) [+7.8]
PL 330 (5) [+8.9] 927 (11) [+22.1] 2118 (19} [+12.6]
N 224 (3) 632 (12) 1994 (34)

CH PF 276 (9) [+23.2] 805 (20) [+27.4] 2131 (22) [+6.9]
PL 364 (3) [+62.5] 842 (14) [+33.2] 2279 (7) [+14.3]
N 236 (9) 720 (5) 1630 (69)

GA PF 255 (17) [+8.1] 1092 (10) [+51.7] 1972 (18) [+21]
PL 206 (3) [—14.6] 945 (9) [+31.3] 2007 (62) [+23.1]
N C 282 (5) 656 (6) 2034 (16)

M PF 417 (8) [+47.9) 874 (8) [33.2] 2032 (47) [+0.1}
PL 343 (10) [+21.6] 851 (10) [+29.7] 2103 (13) [+3.4]
N 262 (T) 716 (17) 2055 (71}

JY PF 340 (7) [+29.8] 1105 (13) [+54.3) 2213 (14) [+7.7]
PL 362 (7) [+38.2] 1259 (8) [+75.8] 2552 (12) [+24.2]
N 327 4) 677 (13) 2150 (19)

LI PF 349 (2) [+6.7] 829 (7)Y [+22.5] 2273 (7Y [+5.7]
PL 418 (11) [+27.8] 945 (5) [+39.5] 2334 (30) [ +8.6]
N 288 (8) 663 (7) 2386 (77)

ML PF 353 (36) [+22.6] 1241 (8) [+87.2] 2480 (16) [+3.9]
PL 388 (17) [+34.7] 1170 (11) [+76.5] 2527 (22) [+5.9]
N 298 (8) 601 (30) 2432 (15)

LR PF 339 9) [+13.8] 1025 (29) [+70.5] 2142 (50) [-12.5]
PL 344 (7) [+15.4] 876 (8) [+45.8] 2272 (37) [—6.5]
N 301 (5) 668 (11) 2194 (18)

YP PF 376 (5) [ +24.9] 1006 (14) [+50.6) 2158 (16) [—1.7]
PL 354 (4) [+17.6] 930 (22) [+39.2] 2229 (19) [ +1.6]

position. This was done for each speaker using a bite block.
It should be noted here that the size of the bite block was
chosen by the speaker, so that no serious inconvenience was
expetienced while producing the vowel [u]. Bite blocks of
three different sizes (3, 5, and 8 mm) were available. All
speakers chose the convenient bite block without difficulty;
thus the bite block was not perceived by any speaker as a
perturbation. This procedure ensured that the distance be-
tween the teeth for both normal and perturbed conditions
remained identical during the experiment.

The experimental procedure was as follows. First, each
speaker was instructed to produce the isolated vowel [u] with
the speaker-dependent bite block inserted between the teeth
(the so-called normal condition). Second, immediately after
inserting the lip tube between the lips, the speaker was in-
structed to produce the same vowel while preserving the
vowel quality obtained in the normal condition (perturbed
first condition). After this initial trial, 19 trials were allowed
in the perturbed condition as a means of finding the appro-
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priate strategy (adaptation procedure). In the last trial, the
speaker was instructed to reproduce the best [u] attained dur-
ing the adaptation procedure (perturbed last condition). The
acoustic signal was recorded for all trials, but x-ray data
were acquired only for the normal, perturbed first (PF) and
perturbed last (PL) conditions. For each x-ray recording, the
speaker was instructed to hold the vowel for at least 2 s:
Clear x-ray data and sufficient steady-state signals were thus
obtained.

C. Data analysis

The entire sagittal outline of the vocal tract, from the
lips to the vocal folds, was traced by hand from the x-ray
images. The front and the back of the head as well as the
upper incisors were traced and used as static references. Fur-
thermore, the mandible was traced to verify the stability of
the jaw position as imposed by the bite block. To allow the
detection of articulatory differences between the normal and
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perturbed conditions, successive sagittal contours were com-
pared by superimposition, overlaying the reference points.
From each tracing, a midsagittal function was deter-
mined. This was done in several steps. First, midsagittal pro-
files were digitized using a system composed of a video cam-
era and automatic contour detection software (LATTIN'); and,
second, the sagittal distance was calculated as the distance,
measured on a line perpendicular to the vocal tract midline,
between the dorsal and the ventral contours. The variation of
this sagittal distance from the glottis to the lips was obtained
by a grid that divides the vocal tract into sections. Following
Heinz and Stevens (1964) and more recently Maeda (1990)
or Perrier et al. (1992), this grid is made up of three main
parts, going from the glottis to the teeth: a linear part located
between the glottis and the low pharynx, with its vertical axis

parallel to the posterior pharyng

alls 1 fen
pharyngeal Wai, a poiar pa.u 1ITom

the low pharynx to the midregion of the mouth, and another
linear part that goes from this midregion of the mouth up to
the teeth. The parameters of this complex grid were adjusted
to ensure that each grid line was roughly orthogonal to the
VT midline. Individual sections were then defined by the
boundaries formed by the respective segments of the dorsal
and ventral VT contours and the corresponding grid lines.
For each section, the area and the center of gravity were
obtained with a pixel counting algorithm. The VT midline
was then drawn as the line linking each center of gravity. The
length of a section was estimated as the distance, measured
on the VT midline, between two successive grid lines. Fi-
nally, assuming that each section could be characterized as a
trapezoid, the midsagittal distance was calculated by divid-
ing the area of a section by its length.

The lip parameters (width A and height B) were deter-
mined directly from the frontal picture of the face.

The acoustic signal was processed by LPC analysis
(window length: 20 ms; window overlap: 10 ms). The for-
mant pattern corresponding to the first three formant fre-
quencies was extracted for each window, and an average was
calculated for the steady-state portion of the vowel.

Several studies (Carlson et al., 1970; Bladon and Fant,
1978) have shown that the relevant formants for the percep-
tion of the rounded vowel [u] are the first two formants.
Hence, compensation efficiency was evaluated in the acous-
tic space by observing only the first two formants. However,
in order to facilitate acoustic analysis, the third formant was
also taken into account.

Developing a criterion for evaluating the perceptual
similarity between two formant patterns is a complex task.
The perception of vowel quality involves the entire spectrum

3 titati tacta h N
(Bladon and Lindblom, 1981). Quantitative tests have been

carried out in order to establish difference limens (DLs).
These DLs account for the influence of individual formant
variations on vowel perception (Flanagan, 1955; Mermel-
stein, 1978; Kewley-Port and Watson, 1994). As stated by
Flanagan, DLs are simply a “detection of something differ-
ent” and therefore represent a minimum perceptible change.
It is thus not easy to exploit DLs directly in the framework of
this study. However, following Mermelstein’s data and spe-
cific measurements for second formant frequencies of Japa-
nese [u] by Nakagawa er al. (1982), it seems reasonable to
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FIG. 3. Vocal tract shapes in normal (solid line) and perturbed (dashed line)
conditions, speaker YP.

consider a threshold of 10% formant variation below which
the perceptual change would not be relevant.

Il. RESULTS AND DISCUSSION
A. Experimental results

The three formant patterns obtained for each speaker are
presented in Table I: The first pattern (N) corresponds to the
normal condition and should be considered as a reference for
further analysis; the second pattern (PF) was obtained in the
PF condition, just after the insertion of the tube and attests to
the inability of speakers to compensate immediately for the
perturbation (see below for more comments); the last pattern
(PL) corresponds to the last perturbed condition.

The observed articulatory reactions to the perturbation
are characterized by significant interspeaker variability.
However, the different behaviors could be classified into two
main classes.

1. Speakers without obvious tongue displacement

For 4 (LJ, ML, LR, and YP) out of 11 speakers, the
tongue shape remained fairly invariant even after 20 trials.
This is illustrated by speaker YP in Figs. 3 and 4. Figure 3
shows the outline of the VT shapes for the normal and per-
turbed conditions superimposed with the upper incisor as the
fixed reference. Figure 4 shows, for this speaker, the VT
sagittal function (calculated as presented in Sec. II C). The
most evident feature in r‘lg 3 is that the snape of the wnguc
remains fairly the same in both conditions. In particular, the
position and the size of the constriction are quite identical.
This is evident in Fig. 4, which shows more precisely the
differences between the perturbed and the normal conditions.

The formant pattern differences between the N and the
PL and PF conditions (Table I) agree with the predictions
obtained from the nomograms (cf. Fig. 2): Compared to the
initial values, the second formant F2 substantially increases,
the first formant F1 increases, and the third formant F3
remains fairly constant.
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2. Speakers with a backward tongue displacement

In this class, two different cases can be considered de-
pending on the extent of the articulatory gesture and its in-
fluence on the formant pattern.

For six speakers (MP, BC, CH, GA, JM, and IY), back-
ward movement of the tongue changed the constriction loca-
tion which, however, remained in the velo-palatal part of the
vocal tract. Figure 5 shows the tongue gesture produced by
speaker MP to compensate for the perturbation of the lip
area. With reference to the jaw, the speaker moved his tongue
backward inducing a slight backward displacement of the
constriction. Two main changes in the vocal tract can be
noted: first, the apex of the tongue moved backward, induc-
ing an increase of the length of the front cavity and, second,
the tongue root backward displacement decreased the back
cavity length. The sagittal function estimated for this speaker

FIG. 5. Vocal tract shapes in normal (solid line) and perturbed (dashed line)
conditions, speaker MP.
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(Fig. 6) confirms these tendencies, and shows more precisely
that the extent of the constriction displacement was less than
1 cm. It can also be observed that the size of the constriction
remains quite the same.

The acoustic results for speaker MP (Table I) show that
the amplitudes of these displacements are insufficient to at-
tain the normal formant pattern. However, compared with the
first speaker (YP), the difference from the normal value of
F2 is reduced. The F2 increase is thus partly compensated
for, but presumably the compensation is not sufficient to pro-
duce the desired perceptual effect.

Finally, for one speaker (OD) in this group, the back-
ward displacement of the tongue body was large enough to
change the constriction location from the velo-palatal region
to the velo-pharyngeal part of the vocal tract (Figs. 7 and 8).
Figure 7 shows the superimposed VT shapes for both condi-
tions. The tongue movement was greater for this speaker
than that of the previously described speaker. The amplitude
of the gesture was such that the shape of the tongue changed
significantly. Figure 8 shows more precisely the consequence
of this gesture on VT cross dimensions. The constriction 10-
cation moved 3 cm backward, so that the volume of the front
cavity noticeably increased in the alveolar region. Moreover,
the constriction size decreased slightly.

As for the acoustic results (Table I), OD’s third formant
is significantly higher in the perturbed than in the normal
condition. However, as predicted by nomograms for a similar
constriction displacement (see Fig. 2, case D), the first two
formants in the lip-tube condition are identical to those pro-
duced in the normal condition. Speaker OD therefore pro-
duced the gesture required to obtain the desired perceptual
goal.

B. Interpretations using harmonic simulations

The analysis of articulatory changes is made in the sag-
ittal plane. However, they are only relevant to our topic if
they are related to the main changes observed in the acoustic
signal. In order to evaluate their relevance, it seems useful to
generate the acoustic signal from these sagittal data. For this,
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FIG. 6. Vocal tract cross dimensions in normal (solid line) and perturbed (dashed line) conditions, speaker MP.

we provide a 3-D geometric description of the VT, i.e., the
area function, from which formant patterns can be calculated.
It is well known that the transition from the sagittal plane to
area function is very complex (see, e.g., Perrier er al., 1992;
Baer et al., 1991; Sundberg ef al., 1987). The purpose here is
not to recover exactly the original formants for each speaker,
but rather to generate in a reliable manner area functions
likely to explain the main characteristics of the formant
variation. This was done using the method proposed by Per-
rier et al. (1992). 1n brief, this method models the transition
from the midsagittal function to an area function with the
well-known equation A=ad? (Heinz and Stevens, 1964),
where 8=1.5 and a is a coefficient varying with the region
in the vocal tract and with the range of the sagittal distance
(d). The limits of each region are related to the same ana-
tomical characteristics for all speakers. The lengths of these

FIG. 7. Vocal tract shapes in normal (solid line} and perturbed (dashed line)
conditions, speaker OD.
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regions are then speaker dependent. The « coefficients used
for the present work are the same for all speakers, and are
identical to those proposed by Perrier et al., except for the
hard palate region where a is reduced by 20%. The lip area
was calculated for the normal condition using the Abry and
Boé equation (1986) A;=0.75AB, where A is the width of
the lips extracted from the frontal picture of the face and B is
the height of the lips given by the sagittal function. Thus lip
shape, from the incisor to the end of the vocal tract, was
modeled as a uniform tube whose area was A;. In the per-

turbed condition, lip area was e

Transfer functions calculated from different area func-
tions were obtained using a frequency domain model of the
vocal tract (Badin and Fant, 1984). This model includes all
boundary conditions; heat and viscosity losses are taken into
account with a unity shape factor. Radiation losses at the lips
are modeled by a piston in a spherical baffle, and wall vibra-
tions are modeled by a distributed impedance. There is no
subglottal coupling.

The acoustic simulations for three speakers are given in
Table II. Formants were extracted directly from the calcu-
lated transfer functions with an error smaller than 2 Hz.

To explain the simulation results, the three main speaker
groups identified by the experimental results were consid-
ered: first, the speaker who produced good compensation
(speaker OD); second, the group of speakers who did not
produce a compensation gesture amplitude that was large
enough (speakers MP, BC, CH, GA, JM, and JY); and, fi-
nally, the group of speakers who did not compensate at all
(speakers LJ, ML, LR, and YP).

Simulations obtained for speaker OD show the same
trends as those observed in the experimental data. As ex-
pected, the simulated formant values are not exactly the
same as the experimental ones (Table II); however, the ob-
served variation between normal and perturbed conditions
are virtually identical: a small increase of F1 and a small
decrease of F2. The area function shown in Fig. 9(a) pro-
vides the geometric basis for an explanation of these formant
variations: The constriction location is displaced from a

nal to the ]ip-fllhf-‘ area.

a
Qb Wwas Lyual AU 2 LAELD o L
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FIG. 8. Vocal tract cross dimensions in normal (solid line) and perturbed (dashed line) conditions, speaker OD.

13-cm distance to a 10-cm distance from the glottis and its
area is slightly reduced. A large increase of the front cavity
length and a clear reduction of the back cavity volume are
then observed. The increase of the front cavity length is large
enough to decrease the quarter-wavelength resonance (F2),
close to the normal condition value. The displacement of the
constriction is, however, not large enough to induce a change
in the affiliation of F3 (occurring around X.=9 cm on the
nomograms in Fig. 1): F3 thus remains a back cavity reso-
nance and therefore increases with the reduction of the
length of this cavity. The F3 value is now higher than in the
normal condition. The back cavity Helmholtz resonance
(F1) is influenced by both the volume decrease of the back
cavity and the narrowing of the constriction. These two ef-
fects counteract each other: Thus speaker OD can maintain
the same range for F'1 even in the perturbed condition. These
simulations thereby attest that the backward tongue gesture
is an efficient part of the compensation strategy used by
speaker OD.

For the second class of speakers, represented by speaker
MP, acousiic simulations are again in agreemeni with experi-
mental data, their main feature being an increase of F2. Fig-
ure 9(b) displays the geometric changes in the vocal tract,
characterized mainly by a lengthening and a small backward
movement of the constriction. This induces a large reduction
of the back cavity length, but a small increase of the front
cavity length. The increase is not large enough to compen-

TABLE II. Simulated formant frequencies (Hz) and deviations (%) from the
normal values, in normal (N) and perturbed (P) conditions, three speakers.

Formants
Speakers  Conditions F1(%) F2(%) F3(%)
oD N 265 783 2022
P 313 (+18.1) 771 (—1.6) 2593 (+28.2)
MP N 280 725 2019
p 367 (+31.1) 863 (+19.0) 2226 (+10.3)
YP N 337 665 2278
P 413 (+22.6) 1059 (+59.2) 2404 (+5.5)
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sate completely for the F2 change associated with the lip
perturbation. The reduction of the back cavity length pro-
vides a good explanation for the increase of both F'1 and F3.
The increase of the Helmholtz resonance F1 is, however,
limited by the fact that the slightly backward movement of
the constriction position caused an increase of the constric-
tion length. This tends to compensate, in terms of Helmholtz
resonance, for the decrease of the back cavity volume.

The simulations thus show that the acoustic data can be
explained by a small (1 ¢cm) tongue displacement, which is
not large enough to produce the required increase of the front
cavity length.

For the last group of speakers, acoustic simulations (data
for YP in Table II) are once again in agreement with experi-
mental data: The first formant increases, the second formant
strongly increases, and the third formant slightly increases.
Figure 9(c) demonstrates the constancy of the length of the
front cavity, which explains why the high F2 value is not
reduced. Moreover, the increase of F1, associated with an
increase in lip area, is not compensated for by any modifica-
tion of the constriction area. The slight increase of the back
cavity volume, which can also be observed in Fig. 9(c),
could indeed be seen as a voluntary compensation strategy.
However, it affects the largest areas of the vocal tract, and its
effects on the final acoustic product are very small and re-
main within the usual intraspeaker variability.

In summary, 7 out of the 11 speakers tend to move their
tongue in the right direction so as to compensate, acousti-
cally, for lip perturbation. However, only one speaker (OD)
achieves a large enough gesture to obtain the required acous-
tic goal, if one considers compensation ability in terms of
F1, F2 pattern accuracy. In other words, the majority of
speakers seem to be somewhat aware of the appropriate com-
pensation strategy, but do not move their tongue sufficiently
far. Four speakers did not use any compensation strategy, and
maintained their usual VT configuration, in spite of an un-
satisfactory acoustic result.
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C. Initial condition and adaptation procedure: The
role of the acoustic feedback

The analysis of F1-F2 patterns shows that, depending
on the speaker, three possible articulatory strategies can be
observed after the insertion of the tube between the lips: (1)
a complete restructuring of the articulatory configuration
within the vocal tract, producing the right compensatory ef-
fect in the F1-F2 plane; (2) a modification of the articula-
tory configuration, inducing a shift of the formant patterns
toward the [u] pattern produced under normal conditions;
however, the extent of this shift is not large enough to
achieve a complete compensation; and (3) no pertinent ar-
ticulatory change and, hence, no tendency at all to compen-
sate in the F1-F2 plane.

It appears then that when a speaker modifies his articu-
latory strategy in order to deal with the lip tube, his modifi-
cation is toward an enhancement (albeit slight) of the acous-
tic signal, as characterized by the F'1 - F2 pattern. Obviously
no speaker reacts in a way that would be contrary, according
to Fant’s nomograms (Fig. 1), to a correct production of
vowel [u], by moving the tongue forward. A possible expla-
nation of this phenomenon could lie in a neuroproprioceptive
loop, inducing the tongue to move backward when the lips
are open, without any consideration for possible auditory re-
quirements. Our data, however, do not argue in favor of this:
The observed interspeaker variability shows that the articu-
latory changes associated with lip opening are not inherent in
the anatomy and the neurophysiology of the speech appara-
tus. On the contrary, they appear to result from a specific,
speaker-dependent, control of the tongue. From this perspec-
tive, vowel production would essentially be specified in
terms of auditory requirements. The capability of each
speaker to meet this requirement, in spite of the lip tube, can
be associated to different levels of articulatory “skill.” This
skill seems to be more related to the ability of each speaker
to assess acoustic changes and to infer their articulatory cor-
relates rather than to motor skill.

Assuming that there are no significant anatomic and
neurophysiologic disorders among our speakers, articulatory
skill can be seen as the consequence of the experience ac-
quired by each speaker in the production of sounds. A subject
who is trained to produce a large range of sounds, corre-
sponding to a large variety of vocal tract shapes and articu-
latory positions—for example, a trained singer or a
polyglot—has a thorough knowledge of articulatory-to-
acoustic relationships within his specific vocal tract. In order
to deal with a perturbation, such a speaker might be able to
exploit his knowledge, in two ways: (1) Immediately after
the insertion of the tube, it would be possible to identify the
appropriate compensation strategy, without producing the
sound; (2) in the adaptation procedure which includes the use
of auditory feedback, the speaker would be more efficient in
the right choice of articulatory strategies. In the first case, the
adaptation procedure would not be necessary to achieve the
compensation. In the second case, the acoustic signal would
play a major role in defining the compensation strategy.
From this perspective, acoustic and articulatory data col-
lected for the first production immediately after the insertion
of the tube (the PF condition), as well as acoustic data mea-
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sured during the adaptation procedure corresponding to the
19 trials preceding the “best” production (the PL condition),
are of special interest.

The analysis of x-ray profiles (Figs. 3, 5, and 7) for the

initial PE ~andition ravaale diffarancac hatwaen cnaalkarg
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These differences are consistent with those observed in the
PL condition, and thus predict the ability of each speaker to
elaborate an appropriate compensation strategy: Speaker YP
does not show any pertinent articulatory reaction, whereas
speakers MP and OD move the tongue backward. Moreover,
speaker OD produces the larger movement. Therefore it
seems that, for speakers like OD and MP, the speech motor
system is capable of integrating, in terms of acoustic conse-
quences, the sensory information associated with the lip per-
turbation, and to correctly displace the articulators without
any sound production. This result supports the notion of a
speaker-dependent internal representation of articulatory-to-
acoustic relationships, which is helpful in defining an appro-
priate compensation strategy. Such a representation is in line
with the notion of a learned forward model of a physical
motor system as described by Jordan and Rumelhart (1992).
As they represent the goal of the speech task, acoustic factors
would be fundamental in establishing this forward model;
once established, such factors would become less important
afterward. However, the analysis of £1—F?2 patterns in the
initial condition (condition PF, Table I) shows that, in spite
of the helpful articulatory changes observed for speakers
such as MP or OD, no speaker succeeds in achieving the
adequate compensation immediately. This is especially true
for speaker OD who, nevertheless, achieves a complete com-
pensation at the end of the adaptation procedure. Thus the
hypothesis of an existing internal representation of
articulatory-to-acoustic relationships is not powerful enough
to allow a speaker to achieve a complete compensation with-
out producing the sound, at least for this particular kind of
perturbation.

The study of the adaptation procedure will shed light on
the usefulness of acoustic signal for achieving compensa-
tions. The variations of F1-F2 formant patterns of the 11
speakers are presented in Fig. 10 as a function of the trial
number (F3 values are also shown). A first general observa-
tion indicates that the majority of the speakers exploits, at
least in part, the 19 allowed trials to try to optimize their [u]
production before the final best trial: Only two speakers (JM
and MP) were present during the adaptation procedure for-
mant variability which does not exceed the intraspeaker vari-
ability usuaily measured for the production of a given sound.
It seems, therefore, that this variability results from volun-
tary changes of the VT variations from one trial to another
and that the acoustic output is taken into account in the
evaluation of the effectiveness of these changes. Among the
nine other speakers, three different types of behavior can be
ous change without any apparent coherence from the 1st to
the 19th trial (speakers IY, ML, OD, YP); (2) a fairly mo-
notonous formants variation toward a given goal (speakers
BC, CH, LR, GA); and (3) a fast stabilization of formants
(speaker LJ). These between-speaker categories do not coin-
cide with the classes according to the compensation capabili-

Savariaux et al.. Compensation strategies 2438



2]
(=3

Speaker BC (class 2) —o— F1

& th
=T ]
1 I

304
204
10

0-

Percent modification

-lo L LR 1T T 1Tt 1 T1Trr T
78 9101112131415161718 19PL
Trials

Speaker CH (class 2)
50 5P (

Percent modification
8
1

T T T 1T 1771 LI LI T 1
NPF1 23456728 91011121314151617 1319PL

Trials

Speaker GA (class 2) —a— H

40-

Percent modification
Y
S
1

20— T T T T T T T T T
NPF1234567389101112131415161718 19PL
Trials
60
Speaker IM (class 2)
50
§
‘3 40
£ 30 %
:céi —o— Fl \/
= 20+ —o— F2
Q
g 101 oo F3
& 04 __o__c_,o.__o__a_o”o“o--o--o--o-o——o--o—-o"o"o—a--c:--a‘o
10— T 1

T T T 1 1 LI 1 T T 1T T 1T 10
NPFl1 2345678 91011121314151617 1819PL
Trials

| Speaker JY (class 2)

Percent modification

.0-0C ‘o._d"

T T T T T 7T 7T T T T T T T T T 1T
NPF1 2345678 9I10111213141516171819PL

Trials

Speaker LI (class 1)

50
404
30
201
10

04

Percent modification

-]

T T 11 T 1 T LI LI 1 T T
6 7 8 9101112131415161718 19PL
Trials

60 - Speaker LR (class 1)

Percent modification

T LI LI LIS LI Tt 1 LI
NPF123456789101112131415161718 19PL
Trials

100
90 Speaker ML (class 1)

0] [ e\

704
60+
504
40+
30
204

Percent modification

- PEL= TRV . -
§-0--0-g.o 0-0-.--0-0.

- 1 T T 1 T T 1T 1 1T LIS LI L
NPF1 2 345678 910111213141516171819PL
Trials

FIG. 10. Percent of formant frequency modification in relation to the initial reference values (normal condition) through trials for all speakers. The articulatory
class to which speakers belong are given in parentheses. N=normal condition, PF=first trial immediately after the insertion of the lip tube between the lips,
- 19=adaptation procedure with the lip tube, and PL=Iast trial with the lip tube; speakers were required to reproduce a [u] similar to their best production

during the adaptation procedure.

ties observed in the PL condition. Speakers YP and OD ex-
hibit similar behavior: Both make use of the acoustic signal
in order to find a compensation strategy. Their final results
are, however, not similar at all. This phenomenon is in ac-
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cordance with the hypothesis suggested by the articulatory
differences observed for these speakers in the PF condition:
Large differences exist between their internal representations
of the articulatory-to-acoustic relationships.
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As for speaker MP, there is no evidence suggesting that,
during the 19 allowed trials, any effort was made to enhance
the acoustic quality'of his [u]. The small differences between
x-ray profiles measured in both the PF and the PL conditions
confirm that no pertinent articulatory changes occurred dur-
ing the adaptation procedure. A preliminary explanation
could be that speaker MP reacts without any consideration
for the acoustic output, and that his vocal tract shape remains
stable since it corresponds, in his internal representation, to
the desired acoustic product. However, this would suggest
that the speech production strategy of speaker MP (and also
of speaker JM) is completely different from the strategies
adopted by the other speakers. Qur inclination is rather to
search for a general and consistent framework to explain the
data for all speakers. In this perspective two interpretations
are possible. The first interpretation would be that speaker
MP attained at the initial trial the best acoustic product (in
the F1-F2 plane) compatible with his usual articulatory
strategy used in the production of the vowel [u] under nor-
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mal conditions. This assumption is supported by the data for
speakers GA and BC. As for speaker MP, these speakers
show from the onset (the PF condition) a backward move-
ment of the tongue. However, after hearing the acoustic sig-
nal, they clearly modify their formant patterns by decreasing
F2. This suggests that both of these speakers persist in the
same strategy as for the initial trial: a backward gesture with-
out change in the constriction location. The adaptation pro-
cedure leads at the most to an extent of the amplitude of this
gesture. The inadequate compensation produced by these two
speakers also supports the idea that, like speaker MP, the

backward movement remains within the limits of the usual
vocal tract shapes for a [u], even afier its extension in the
adaptation procedure. In order to achieve a compensation,
speakers have to produce an unusual shape of the vocal tract.
This corresponds to the strategy used by speaker OD. The
search for an original but unusual strategy can explain his
apparent but inconsistent behavior observed during the adap-
tation procedure: Speaker OD may have tried different
means and might have evaluated them on the basis of the
acoustic output. Another interpretation is suggested by the
concept of a “perceptive mirage” as introduced by Fowler
(1990): In spite of an unsatisfactory formant pattern, speaker
MP might have produced a [u] which seemed correct to him
from a perceptual point of view. He therefore found no fur-
ther reasons to modify his vocal tract shape. Perceptual tests
are in progress in order to assess the latter interpretation.

lll. CONCLUSIONS

A labial perturbation of the French rounded vowel [u]
was used as a means of testing the respective weights of the
articulatory and acoustic levels in the control of vowel pro-
duction. A first conclusion is that the majority of speakers (7
out of 11) show an observable articulatory change, corre-
sponding to a tongue backward movement, after the insertion
of the tube between the lips. The observed interspeaker vari-
ability in the extent of this movement suggests that this
movement is actively controlled. Moreover, this articulatory
reaction induces some enhancement of the F1-F2 pattern,
and the gesture is amplified by several speakers after having
heard the acoustic signal in the adaptation procedure, leading
to a further “improvement” of the formant pattern. Using
this strategy, one speaker could even achieve a complete
compensation.

It is therefore possibie to state that speaker behavior is
basically directed toward an enhancement of the acoustic end
product. This assumption, as well as the trading relations
between lip opening and tongue displacement observed for
the various speakers, is in agreement with observations and
conclusions provided by Perkell et al. (1993) for the produc-
tion of [u] in English:

“Our finding of negative correlations |[...] be-

tween tongue raising and lip-rounding param-

eters provides some support for the motor-
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acoustic level).”

Following these authors, we then refute the hypothesis
proposed by Browman and Goldstein (1990) implying that,
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after speech acquisition, the articulatory goal replaces the
auditory one, which would then disappear: The auditory tar-
get is, in fact, clearly defined in the speaker’s task.

However, the tendency observed for the majority of
speakers to restrict tongue movement to the same constric-
tion location (the palato-velar one) argues for the existence
of some articulatory constraints in speech production. This is
in line with the conclusions provided by Bo€ er al. (1992),
after a systematic exploitation of a statistical articulatory
model of the vocal tract:

“The use of production constraints to limit the
possible geometric shapes of the vocal tract has
permitted us to start with acoustic data and infer
those variables which seem to be controlled in
the process of speech production.”

Since one speaker could produce a complete reorganiza-
tion of the articulatory configuration, we reject the hypoth-
esis of any absolute anatomical or neurophysiological limi-
tation, which would force all speakers to produce the
constriction in the velo-palatal region. Perkell (in press) sug-
gests that it is physically difficult (but not impossible) to
produce a constriction in the velo-pharyngeal part of the vo-
cal tract. This explains why speakers spontaneously produce
vowels with a constriction in the velo-palatal part. Qur data
show that the tongue gesture for [u] corresponds at the most
to an articulatory preference, but not to any absolute physical
limitation. These articulatory regularities are therefore the
consequences of voluntary speech control mechanisms. Our
hypothesis is thus in the same vein as that of Gay ef al.
(1981): There is an optimization of articulatory strategies
acquired during learning—taking into account, for example,
ease of articulation—that yields the typical mapping between
articulatory control and auditory requirements. In normal
speech conditions, the speaker exploits such a mapping.

Our data on the first perturbed condition provide nsights
into this learned mapping: It would consist of feedforward
coordination in the control of geometric parameters in the
vocal tract, devoted to the achievement of an auditory goal,
rather than of control to satisfy requirements within the vocal
tract. From this point of view, Browman and Goldstein’s hy-
pothesis of an articulatory definition of the speech task could
be acceptable, but should be refined: The gestural score
should more properly specify the successive coordinations in
the control of the vocal tract variables, rather than specific
landmarks for each separate VT variable. Under this condi-
tion, Browman and Goldstein’s hypothesis seems suitable for
the modeling of normal speech production. However, Brow-
man and Goldstein’s proposals remain restrictive: They can-
not account for the behavior of speakers in perturbed condi-
tions, where, as attested by our experiment, acoustic level
can play a major role in elaborating compensation strategies.

Speech production is thus guided by auditory require-
ments: The achievement of these requirements is the purpose
of the learning process of speech. After this learning phase,
such requirements remain present in the representation of the
task, even though the acoustic output is probably only used
for monitoring purposes under normal conditions. A model
for the control of speech production will thus be more com-
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plete and more predictive, if both the articulatory and the
acoustic levels are taken into account.
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