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ABSTRACT 
It is well known that the adult’s vocal tract is not a uniform 
scaled up version of a child vocal tract. Considering these 
morphological differences, what are the articulatory strategies 
used by the speaker throughout growth to produce the same 
vowels? Our previous simulation study [1] predicts that a 
speaker with a newborn-like vocal tract would employ a fronting 
articulation compared to an adult male, in order to produce the 
same acoustic targets. In this paper, we extend our simulations 
with the VLAM model to a 4-year-old and a 10-year-old 
children, a 16-year-old boy and an adult man. Articulatory 
positions, for each growth stage, for the 4 vowels [i], [y], [u], 
and [a] have been determined using a formant-to-articulatory 
inversion method. Analysis of real data is finally presented. 

1. INTRODUCTION 
It is a common observation that  the oral cavity of newborns and 
children is much longer than the pharyngeal cavity. But for 
adults, especially for males, the oral cavity becomes shorter than 
the pharyngeal cavity. This non-homogeneous (non-uniform) 
growth would predict non-uniform acoustic scaling of vowels. 
Indeed, proposals for vowel normalization [2,3] and studies of 
vocal tract growth [4,5] have confirmed a non-uniform scaling. 
On the contrary, the acoustic data [6] indicate that vowel space 
defined by the four extreme vowels of American English can be 
linearly and homogeneously scaled between adults and children.  

In this paper, we propose and test the following hypothesis, to 
explain this apparent contradiction : in order to maintain vowel 
contrasts comparable to adult men (if we arbitrarily assume the 
vocal tract morphology of a man as a reference), infants and 
children employ somewhat different articulatory strategies to 
cope with their morphological differences.  
 

2. MODELLING THE VOCAL TRACT 
GROWTH 

We have used the VLAM growth model (Variable Linear 
Articulatory Model), developped by S. Maeda [7] which 
integrates knowledge acquired from previous models with the 
growth data that are currently available. Such a model has the 
advantage that it intrinsically takes into account certain 
articulatory production constraints : the control parameters are 
directly interpretable in terms of functionally organized 
articulatory blocks (protrusion and labial aperture ; movement of 
the tongue body, dorsum and tip ; jaw height; larynx height). 
The growth process is introduced by modifying the longitudinal 
dimension of the vocal tract according to two scale factors, one 

for the anterior part of the vocal tract and the other for the 
pharynx, interpolating the zone in-between : 

pharynx_scale = k(1.1 – 0.30) + 0.30 
mouth_scale = k(1.1 – 0.65) + 0.65 

The factor k permits the evolution of the vocal tract shape to be 
simulated, month by month and year by year : this was 
calibrated using the data provided by Goldstein [4]. The VLAM 
model was implemented and tested at ICP in an environment 
(GROWTH) originally developed for the SMIP [8]. Fundamental 
frequency values evolve following the growth data presented by 
[9]. It is thus suitable for use in systematic simulation studies as 
well as for use in phonetics. 

Thanks to the two scale factors mentioned above, three types of 
vocal tract configurations are generated by the VLAM model 
(L1 = back cavity length, L2 = front cavity length) :  

• Type 1: L1 > L2 
• Type 2:  L1 < L2 
• Type 3: L1 << L2 

According to Goldstein’s data on the ratio of back to front cavity 
length, adult men show a ratio of 1.1, children from four to 16 
years old, between 0.7 and 0.85, and a newly-born would have a 
ratio of 0.5. These correspond respectively to configuration type 
1, 2, and 3 simulated in VLAM. Growth consists in going 
gradually from vocal-tract configuration type 3, to type 2, and to 
type 1. Regarding formant-cavity affiliations, in our model, F2 
and F3 for [i] and [y], F3 for [u], and all formants for [a], are 
affiliated to a half or quarter-wavelength resonance (first or 
second) of the front or back cavities, whereas the first formant 
for [i], and [y], as well as the two first formants for [u], are 
affiliated to a Helmholtz resonator. According to these, we 
suggest that in order to preserve as much as possible the 
F1-F2-F3 contrast of the three vowels, some articulatory 
maneuvers are necessary to modify constriction area and/or 
constriction location (and therefore cavity lengths).  

3. SIMULATIONS 

3.1. The concept of maximal vowel space  
The model generates a two-dimensional mid-sagittal section, as 
well as the corresponding area function (three-dimensional 
equivalent), from which it is possible to calculate the harmonic 
response (transfer function), formant frequencies (resonance 
maxima), and speech signal. This procedure is well-suited to 
modelling vowel production. If the entire input space of 
command parameters is explored – while satisfying the 
conditions for vowel production – one can simulate the maximal 
F1-F2-F3 acoustic space appearing at the output. All possible 
oral vowels are thus situated within the limits of this space [10]. 
This kind of extended generation method allows possibilities for 
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maximal distinctiveness to be described precisely, and permits 
an optimal choice of prototypical realizations.  

The concept of maximal vowel space (MVS) was exploited in 
the present study. Using VLAM, we generated a set of vowels for 
a grid of command parameters Pi (-3.5 < Pi < +3.5), by a 
uniform distribution, constraining the minimal intra-oral 
constriction and lip area to be identical for adults, neonates and 
children (constriction area 0.3 cm2 and lip area 0.1 cm2). The 
MVS was simulated by setting the model to 5 growth stages : a 
4 weeks-old infant (unrealistic but representing the limit of 
possible length ratio), a 4-year-old and a 10-year-old children, a 
16-year-old young boy, and an adult male (21 years old). We 
thus obtained MVS for the three extreme vocal tract 
configuration types : L1 > L2 (21 years old), L1 < L2 (16, 10, 
and 4 years old), and L1 << L2 (newborn). A total of about 7000 
vowels for each age were retained.  

3.2. Simulated formant values and inversion  
First, by comparing the different MVS generated by VLAM, we 
situated the four cardinal vowels [i], [y], [u] and [a], which 
represent the articulatory-acoustic limits of a speaker, within 
that space. For each growth stage, optimal formant triplets were 
determined, based on the following acoustic criterion, inspired 
from the dispersion-focalization theory: 
• [i] : maximal F3 and F2  
• [y] : F2 and F3 close, and minimal F1 
• [u] : minimal F1 and F2 (focalization of F1 and F2) 
• [a] : maximal F1 (focalization of F1 and F2) 

Resulting formants are grouped in table 1. For the sake of 
clarity, formant scale factors k are plotted in figure 1, following 
Fant’s well-known formula (for each age n, vowel i and formant 
j, kijn = ((Fijn/Fij21)-1)*100).  

i y u a 
Age 

F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3 

0 570 4767 6453 562 3632 5421 554 1524 5528 1516 2635 5685 

4 437 3493 4592 430 2854 3681 417 1147 3603 1155 1809 3745 

10 362 2995 3993 358 2392 2989 331 1003 2904 931 1451 3083 

16 283 2399 3549 280 1855 2458 271 842 2284 766 1172 2401 

21 246 2062 3363 241 1617 2103 236 649 2001 675 1068 2105 

Table 1: Simulated formant values (in Hertz) for the inversion. 

Figure 1 shows the uniform trend of our formant scaling as a 
function of age, determined by the vowel’s location within the 
MVS (same F1-F2-F3 contrast in the MVS). Indeed, except for 

0 year old, for each growth stage, k1, k2 and k3 are fairly 
similar for [y], [u], and [a], even though the articulatory model 
simulates non-uniform vocal tract growth. K3 remains lower 
than k1 and k2 for [i], since F2 and F3, for the baby, become 
dependent on cavities of relatively equal lengths. 

The underlying articulatory parameters related to each formant 
triplet of table 1 were inferred, thanks to a formant-to-
articulatory inversion process. The method exploited here 
consists in calculating the pseudo-inverse of the Jacobian 
matrix. For the adult man (21), realistic articulatory prototypes 
had already been determined by inversion and expertise [11]. 
Thus, for other ages, parameter values minimizing the 
articulatory distance to the adult man were retained.  

Second, we determined the acoustic consequences (in terms of 
formant values) of the same articulatory settings, from birth to 
adulthood. Once the values for the seven articulatory parameters 
were established by the method discussed above, for 21 years-
old, the F1-F2-F3 results of these parameters were generated in 
a 0, 4, 10 and 16 year-old vocal tract, with non-uniform vocal 
tract growth. Scale factors are plotted in figure 2 below. 

It can be seen from figure 2 that, assuming the same articulatory 
positions, non-uniform growth involves non-uniform scaling of 
formant values. Indeed, for [i] and [u], k3 is fairly lower, for the 
former, and higher for the latter, than k1 and k2. The low k2 for 
[u] conforms well with Fant’s findings [2]. [y] shows a clear 
difference between k2, on the one hand, and the k1-k3 group, on 
the other hand, up to 16 years old.  
 

3.3. Results: articulatory parameters  
Articulatory strategies, normalized in a newborn vocal tract, 
uncovered from inversion of formants in table 1, are 
summarized in figure 4. Mid-sagittal cuts, as well as values of 
articulatory parameters involved in the compensation, show that, 
compared to the adult (21 years old), the general maneuvers 
consists in a fronting of the tongue body, especially for the 
newborn, and a closing or opening of the lips. Recall that we 
assume similar control capabilities for all growth stages. 
Furthermore, our simulations regarding [u] is still in agreement 
with Fant [2] who reports, from cineradiographic data, that a 
female subject (thus a speaker with a short pharynx), compared 
to males, produces a more “advanced” [u]. We do not claim that 
these observations are the only compensation maneuvers 
available to the speaker to achieve an optimal acoustic 
prototype. It is common to discover many different strategies. 
We are currently evaluating the variety of adaptation strategies, 
with various adult male realistic articulatory settings. 

Figure 2: Simulated formant-scaling factors k as a function 
of age, for the same articulatory positions as the adult. 
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Figure 1: Simulated formant-scaling factors k as a function 
of age, for the same relative acoustic location within the 
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4. RECORDINGS OF REAL DATA 

In order to assess the growth trends predicted from the 
simulations presented above, we recorded 8 French speakers 
(from four to 23 years old), uttering 10 times the four isolated 
vowels [i], [y], [u] and [a]. Speakers from 10 to 23 were male, 
whereas children of 4, 6, and 8 years of age were female. The 
signal was digitized at 41100 Hz, and downsampled at 21050 
Hz. Formant values were extracted by LPC. The centroids of the 
formant dispersion ellipsis, considered as the mean acoustic 
values, are grouped in table 2. Scale factors are displayed in 
figure 3. Note that the 23-year-old male is the reference value 
for the scale factors.  

i y u a 
Age 

F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3 

4 331 3188 4152 314 2609 3193 366 1091 3548 894 1812 3890 

6 404 3337 4518 360 2747 3391 351 855 3178 856 1611 3870 

8 487 3144 4508 475 2656 3454 467 980 3600 979 1873 3823 

10 358 2789 3804 327 2250 2996 364 962 2832 830 1579 3006 

12 302 3029 3973 295 2262 2780 306 791 3082 924 1510 3496 

14 301 2869 3602 302 2154 2984 294 696 2815 821 1376 3155 

16 232 2293 3284 248 1770 2248 275 994 2380 631 1224 2345 

23 209 2025 3208 208 1847 2314 212 733 2181 676 1211 2693 

Table 2: Formant values (in Hertz) for the speakers.  

It is noticeable that variation in formant data is not uniform for 
[i], [y] and [u], especially for the 8-year-old speaker, who shows 
a greater k1 than k2 and k3. Since this formant (F1) is affiliated 
to a Helmholtz resonator, for the three vowels, the increase of 
F1 could be related to a reduced constriction length (neck of the 
Helmholtz) and/or cavity volume. The area of the constriction 
could also be increased. Needless to say, numerous articulatory 
positions could be involved. Compared to figure 1 (adjusted 
articulatory parameters) and figure 2 (similar articulatory 
parameters), [y] does not show the typical low k2 of figure 2, 
suggesting here an adaptation of articulatory parameters. [a] is 
characterized by relatively uniform scale factors. As regards 
linear scaling, the deviations from a linear trend, for instance for 
k1, cannot be ascribed to a certain growth pattern. One must be 
extremely cautious in the interpretation of such data owing to 
the great variability in vocal tract morphology during growth. 
For instance, the differences between our 8 and 10-year-old 
speakers could be related to different back vs front cavity 
lengths, as well as articulatory positions. The sexual difference 
could hardly account for the deviation, since formant values 
become sexually distinguishable at around age 11 [12]. Even 
though our final goal is to retrieve possible articulatory positions 

(to allow for articulatory comparisons), we can not directly 
inverse these data with our model. We must remain at the 
acoustic level. In order to partly solve this problem, we intend to 
explore different oral versus pharyngeal cavity ratios simulated 
by VLAM, and then proceed to the inversion.  

5. CONCLUSION 

This paper aimed to explore production strategies for [i], [y], 
[u], and [a], by inversion of simulated formant data and 
comparison with recorded data. We first showed, by simulations 
with an articulatory model, that non-uniform vocal tract growth 
could generate formant values uniformly scaled or not, for a 
newly-born infant, a 4, 10, 16-year-old child, and an adult man. 
Indeed, if all speakers were to display the same sensorimotor 
control capabilities, different articulatory parameters for the 
same contrast in the acoustic space results in fairly uniform 
factors, whereas similar articulatory positions result in non-
uniform values. Analysis of recorded data suggest non-uniform 
scale factors for some vowels and growth stage, possibly related 
to differences in production strategies. These conclusions can 
shed light on the issue of normalization mechanisms, as well as 
multi-speaker synthesis.  
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Figure 4 : Articulatory positions and midsagittal sections for the four vowels [i], [y], [u], and [a], for 0, 4, 10, 16, and 21 years 
old, generated by VLAM model (solid red = 0 years old ; dashed dark blue = 4 years old ; solid-triangle green = 10 years old ; 
solid-square light blue = 16 years old ; solid-plus dark blue = 21 years old) normalized in a newborn vocal tract. 
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