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Abstract 
Severe or profound deafness in hearing impaired children, can curb their ability to speak due to 
the lack of auditory feedback. There has been a considerable attempt in developing commercial 
speech training aids for such children which give feedback of acoustic and articulatory parameters. 
Speech training aids based on visual feedback of vocal tract shape (VTS) are reported to be useful 
for the improvement in speech production. Since realistic VTS estimation for adult speakers and 
their validation has already been done successfully, VTS estimation is now necessarily required in 
case of children too, so that they get trained in speech at an early age. The investigation on vocal 
tract shape estimation based on LPC analysis of speech by appropriately selecting some of the al-
gorithm parameters such as vocal tract length, LPC order, and speech sampling rate has been done 
in our previous work. This paper attempts to validate the obtained results for vocal tract shapes 
corresponding to certain recorded vowels from children belonging to specific age groups. Since 
MRI images of VTS are unavailable for articulating children, validation of our results is based on 
the results from researchers who have used other indirect techniques to obtain VTS. 
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1. Introduction 
Based on the auditory feedback, normal people having no hearing loss, acquire the ability to control their vari-
ous articulators while producing speech. However persons suffering from severe or profound deafness do not 
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have access to the auditory feedback and hence hearing impaired individuals cannot speak, in spite of having 
proper speech production mechanism. Traditionally, hearing impaired has been understanding speech by sign 
language or lip movements. The development of speech training aids based on visual feedback of acoustic and 
articulatory parameters has been a boon to the hearing impaired persons for improvement in their speech pro-
duction [1]-[7]. The acoustic parameters include intensity of speech, pitch and formant frequencies whereas ar-
ticulatory parameters include vocal tract shape and tongue position. Speech training aids based on visual feed-
back of vocal tract shape (VTS) for the improvement in speech production in adult speakers have been reported 
to be useful [7]-[9]. A hearing impaired person can observe the articulation of his own vocal tract shape and 
compare it with a reference articulation provided by the speech training aid thus to minimize the mismatch in 
VTS [7]. 

There are few direct imaging techniques such as ultrasound imaging [10], X-ray imaging [11], electromag-
netic articulograph [12], and magnetic resonance imaging (MRI) [13] [14], etc. and indirect techniques where 
speech signal is used for vocal tract shape estimation. The indirect techniques include use of formants [15]-[17], 
lip impedance measurement [18] and LPC analysis of speech [19] [20]. With a distinct advantage of LPC analy-
sis, that the real time VTS can be obtained, this method has been popularly used for adult speakers. Investigation 
has been done towards obtaining optimum algorithm parameters for LPC analysis using Wakita’s method [19]. 
The obtained parameters found are vocal tract length, LPC prediction order and sampling frequency of speech 
signal acquired from children in various age groups [21]. This paper presents an attempt to validate the results 
presented in [21] for obtaining realistic VTS of children in various age groups who have spoken vowels. 

The validation for VTS obtained for adults in our previous work [21] had been done using MRI data provided 
by Story et al. [13]. But for children, such validation cannot be done using direct imaging technique due to 
nonavailabilty of MRI reference database for articulating children. Hence, the validation of our results would be 
trying to match our results with those obtained from few other indirect estimation techniques like acoustic pulse 
reflectometry and perturbation technique. Experimental results from Fitch et al. [22] can be used for preliminary 
validation by observing the overall growth of vocal tract and observing the trend of change in the vocal tract 
shape as age increases. Apart from this preliminary validation, our results for vocal tract area functions obtained 
for two age groups of children can be compared with those from Calcum [18] and Bunton et al. [23] who have 
used different estimation techniques. 

Section 2 presents few implementation results of LPC based VTS estimation for children belonging to differ-
ent age groups and Section 3 discusses the validation done based on results from other indirect techniques used 
by two researchers. Section 4 presents conclusions drawn based on the validated results. 

2. LPC Based Vocal Tract Shape Estimation 
2.1. Modeling Human Vocal Tract 
Human vocal tract can be modeled as a non-uniform acoustic tube filter, which includes the contributions of 
glottal wave, vocal tract, and radiation impedance at lips and generates speech at the output [19] [20] [24] [25]. 
Wakita [19] [20] has assumed that the speech to be analyzed for VTS estimation is limited to periodic non-na- 
salized voiced sounds so that the filter is driven by an impulse train. The Wakita’s speech analysis model is 
shown in Figure 1 [19]. It consists of non-uniform acoustic tube filter followed by an inverse filter. The filtering 
process of the inverse filter is such that the difference between the output of the inverse filter and the input im-
pulse train attains the minimum for a certain error criterion thus making an acoustic tube filter equivalent to the 
inverse filter. Power spectral envelope of speech signal is approximated by poles only and inverse filter is as-
sumed to be a linear filter with only zeroes in transfer function [19] [20]. The modeling of acoustic tube filter is 
based on concatenated tubes of varying cross-sectional areas, i.e. an arbitrary “M” number of sections with equal 
length “ l∆ ” as shown in Figure 2 [19]. The speech sampling rate “Fs”, total length of vocal tract “l” and the 
number of sections “M” in the acoustic tube model are related as given in Equation (1) [21]. 

2Fs Mc l=                                   (1) [19] 

where c = 350 m/s. 
LPC analysis corresponding to inverse filter considers certain parameters where “M” denotes prediction order 

of LPC analysis, “Fs” denotes the sampling frequency used for input speech signal and “l” denotes the average 
vocal tract length chosen for a speaker from a particular age group [21]. The age groups were decided based on  
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Figure 1. Speech analysis model [19].                                        

 

 
Figure 2. Non-uniform acoustic tube model of the vocal tract [19].                           

 
the findings from MRI data [22] for vocal tract development from childhood to adolescence. 

Our objective was to find the optimum algorithm parameters “l”, “Fs” and “M” so that we obtain realistic vo-
cal tract shapes using LPC analysis for child speakers and also we are able to validate our results. 

2.2. Implementation to Obtain VTS for Children 
The procedure followed towards VTS estimation for children is explained here [21]. Sampled speech from 
adults as well as children is pre-emphasized before applying a Hamming window of 20 msec. Autocorrelation 
coefficients were obtained using LPC analysis. Levinson Durbin algorithm was implemented to obtain reflection 
coefficients from autocorrelation coefficients. Using reflection coefficients area values for each section along 
the vocal tract from glottis towards the lips are found out using Wakita’s method [19] [24] [25]. These area val-
ues then can be plotted on y-axis taking distance from glottis to lips on x-axis.  

Selection of optimum values for “M”, “Fs”, and “l” was not a difficult task for adult speakers as the average 
vocal tract length (VTL) in case of adults is reported to be 17 cm [13] [22] [25] and with Fs = 11.025 kHz, from 
Equation (1), we get M = 12. Also, it was not difficult to validate the VTS for adults [21] as the estimated 
shapes can be compared with the shapes obtained based on MRI techniques [18]. Procedure for obtaining VTS 
for children was slight different and we referred the results obtained by Fitch et al. [22]. In his paper, he had 
provided data for sectional growth of vocal tract in children, from the age group of 2 years to the adulthood. 
Based on this data, the average vocal tract length for various age groups of children was selected. This average 
vocal tract length is the input parameter “l” and used in the implemented algorithm for VTS estimation. 

We divide the children into 5 age groups, i.e. from 2 to 6, 7 to 9, 10 to 12, 13 to 16 and 17 to 21 years. For the 
age group of 2 to 6 years, 10 cm is selected as the average VTL denoted by “l”; for the age group of 7 to 9, av-
erage VTL of 11.5 cm is selected and so on. For obtaining optimum LPC order “M”, for a particular age group, 
the LPC order was varied from 8 to 12 in the implemented algorithm so that VTS results would be obtained for 
each selected “M”. For selected average VTL “l” and LPC order “M”, “Fs” was calculated using Equation (1). 
The original recordings acquired at 44 kHz using PRAAT software were down sampled to calculated “Fs”. For 
this particular set of “M”, “Fs”, and “l” as algorithm parameters, VTS was estimated using our MATLAB code. 
The procedure was repeated by increasing the value of “M” for a single age group.  

Five vocal tract shapes were obtained corresponding to five prediction orders used out of which one of the re-
alistic vocal tract shape was chosen for that age group based on observation and the expected trend in the varia-
tions of vocal tract area values from glottis towards lips. Based on the realistic shape, corresponding value of 
prediction order “M”, was to be declared as optimum. For each group similar procedure was followed. 
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2.3. Sample Results for VTS of a 4-Year-Old Child 
Figures 3(a)-(e), Figures 4(a)-(e) and Figures 5(a)-(e) show sample vocal tract shapes in terms of vocal tract 
area function (VTAF) obtained for vowels /a/, /i/ and /u/, respectively for a 4-year-old child in the age group of 
2 to 6 years. For every vowel, five vocal tract shapes are displayed by varying prediction order from 8 to 12 in 
steps of one. The estimated shapes based on LPC analysis are presented in terms of cross-sectional area along 
y-axis vs section number from glottis to lips along x-axis. From Figure 3(a) it is observed that when vowel /a/ is 
spoken, a large opening at the lips is present and as we move from glottis towards lips vocal tract area values in-
crease towards lips. From Figure 4(a) it is very clear that when vowel /i/ was spoken, a small opening towards 
lips is observed but near to glottis large opening is present. Similarly, vowel /u/ VTS results in Figure 5(a) fol-
low the trend of change in vocal tract area values from glottis to lips similar to adult vocal tract shapes [21]. 
 

 
Figure 3. VTAF results obtained for a 4-year-old girl speaking vowel /a/ with LPC order. (a) M = 8 (b) M = 9 (c) M = 
10 (d) M = 11 (e) M = 12 (Fs = 14 kHz, average VTL l = 10 cm).                                              

 

 
Figure 4. VTAF results obtained for a 4-year-old girl speaking vowel /i/ with LPC order. (a) M = 8 (b) M = 9 (c) M = 
10 (d) M = 11 (e) M = 12 (Fs = 14 kHz, average VTL l = 10 cm).                                              
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Figure 5. VTAF results obtained for a 4-year-old girl speaking vowel /u/ with LPC order. (a) M = 8 (b) M = 9 (c) M = 10 
(d) M = 11 (e) M = 12 (Fs = 14 kHz, average VTL l = 10 cm).                                                             

 
For the three vowels /a/, /i/ and /u/ spoken by four children in the age group of 2 to 6 years, it was observed 

that the trend in change of vocal tract area values from glottis towards the lips is similar to the adult vocal tract 
shapes [13] [16] [19] [21] with a shift of overall shape towards the glottis end indicating short length of pharyn-
geal region as compared to oral cavity [22]. 

3. Validation of Estimated VTS in Case of Children 
For validation of estimated VTSs for various combinations of “M” and “Fs” for a particular age group of chil-
dren with average vocal tract length “l”, the overall growth of various sections of vocal tract with respect to age 
as reported in [22] were used as reference. From literature based on MRI [26]-[28], it is expected that for lower 
age groups of children, length of oral cavity is more as compared to pharyngeal region in the vocal tract. There-
fore, if we observe the entire vocal tract length, we can say that as compared to adults the more variations in vo-
cal tract areas could be seen closer to glottis [21]. Overall vocal tract shape in children will still remain the same 
as that of adults except that there will be shift of all vocal tract area values towards the glottis end indicating a 
very small length of pharyngeal region where hardly any changes are obtained in area values. In case of some 
phonemes like /i/ and /u/ produced by lowering lip areas, we observe more transition in area values in pharyn-
geal regions near to glottis end which is true for adults as well as children vocal tract shapes [21]. 

Our results for VTS of children we are unable to compare with the MRI based shapes because MRI images 
for articulating children are unavailable. Hence, for validation of estimated VTS for children the following crite-
rion are used 1) length of pharyngeal region is smaller as compared to oral cavity 2) shift of all area values to-
wards the glottis end. 

The vocal tract shapes for a 6-year-old and a 7-year-old were matched with the results obtained by Bunton et 
al. [23] and Calcum [18] where these authors have used perturbation technique and lip impedance matching 
technique respectively for vocal tract shape estimation for children from few specific age groups for certain 
vowels. 

3.1. Validation Results for the Age Group of 2 - 6 Years 
Figures 6(a)-(e), are the results for VTS in terms of vocal tract area function obtained for spoken vowel /a/ by a 
6-year-old female child. This child belongs to the age group of 2 - 6 years and results in Figures 6(a)-(e) corre-
spond to LPC orders 8, 9, 10, 11 and 12, respectively.  

For this age group, it was possible to compare our results with the results obtained by Bunton et al. [23], who  
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Figure 6. VTAF results obtained for a 6-year-old girl speaking vowel /a/ with LPC order (a) M = 8 (b) M = 9 (c) M = 10 (d) M 
= 11 (e) M = 12 (Fs = 14 kHz, average VTL l = 10 cm).                                                            
 
has reported a preliminary work on obtaining VTS by using perturbation algorithm which is an indirect tech-
nique of VTS estimation other than LPC analysis. For a 6-year-old female speaker speaking vowel /a/ and /i/, 
the reported experimental results of VTS [23] are shown in Figure 7(a) and Figure 7(b) respectively. The vocal 
tract area values given by the curve marked as a0(x), in Figure 7(a) and Figure 7(b), is the initial seed function 
and the one marked as a360(x) in Figure 7(a) and a194(x) in Figure 7(b) is the final vocal tract area function ob-
tained for vowel /a/ and /i/, after 360 iterations and 194 iterations, respectively in perturbation algorithm used by 
Bunton et al. [23]. On x-axis, distance from glottis to lips is represented and on y-axis the vocal tract area in 
square cm is plotted.  

Our estimated VTS result using LPC analysis, for 6-year-old female child speaking vowel /a/ as shown in 
Figures 8(a)-(e), are compared with the VTS obtained by Bunton et al. [23] as shown in Figure 7(a) who has 
used perturbation technique to obtain VTS for a 6-year-old female child for vowel /a/. His results closely match 
with our result shown in Figure 6(a). The two peaks (one near to glottis and the other near to lips) in our ob-
tained VTS shown in Figure 6(a), for prediction order “8”, coincide in their locations along the vocal tract with 
the peaks obtained in the curve a360(x) in Figure 7(a).  

3.2. Validation Results for the Age Group of 7 - 9 Years 
Considering the age group from 7 to 9 years, validation is been done for only one vowel i.e. /i/ for which one 
result is available from Calcum [18] for comparison purpose. He has used acoustic pulse reflectometry (APR) 
for estimating VTS for a 7-year-old female child speaking vowel /i/ as shown in Figure 9 and represented vocal 
tract shape in terms of radial distance from the axis of the vocal tract (axial distance). The plot for VTS obtained 
by Calcum [18] shows a vocal tract area function (VTAF) in terms of distance from lips to glottis for a vocal 
tract length of 11.5 cm as shown in Figure 9. All our results are plotted to display VTAF from glottis towards 
lips.  

To enable comparison with the VTS shown in Figure 9, all our obtained vocal tract area values were con-
verted to the radii values for the VTS estimated for vowel /i/ spoken by a 7-year-old girl child.  

VTS in terms of radial distance from the axis of the vocal tract is estimated for a 7-year-old girl child for 
spoken vowel /i/ is shown in Figures 10(a)-(e) for different LPC orders. By comparing the estimated results for 
VTS of a 7-year-old female child speaking vowel /i/ shown in Figure 10(b), with Figure 9, it is found that these 
results match especially at the highest peak in radii values near to glottis end as well as a small peak near to the  
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(a)                                                  (b) 

Figure 7. (a) VTAF results obtained for a 6-year-old female speaker for vowel /a/ using perturbation algorithm by Bunton et 
al. [23]. (b) VTAF results obtained for a 6-year-old female speaker for vowel /i/ using perturbation algorithm by Bunton et al. 
[23].                                                                                                     
 

 
Figure 8. VTAF results obtained for a 6-year-old girl speaking vowel /i/ with LPC order (a) M = 8 (b) M = 9 (c) M = 10 (d) M 
= 11 (e) M = 12 (Fs = 14 kHz, average VTL l = 10 cm).                                                           
 
lip end. It has been found that VTS corresponding to prediction order “9” is the best match. Hence, it can be 
concluded based on the validated result that the optimum prediction order for realistic vocal tract shape estima-
tion for children in the age group of 7 to 9 years is “9”. 

Thus, it was observed that realistic VTS is obtained using LPC order 8 for vowels /a/, /i/ and /u/, spoken by 
children in the age group 2 to 6 years. Similarly, for the age group of 7 to 9 years optimum LPC order was found 
to be 9 as shown in Table 1. The summary of optimum algorithm parameters which can be used to obtain realis-
tic vocal tract shapes for children is thus presented in Table 1. 
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Figure 9. Radii values obtained from lips towards glottis 
obtained for a 7-year-old female speaker for vowel /i/ us-
ing APR technique [18].                              

 

 
Figure 10. Radii values obtained from glottis towards lips, for vowel /i/ spoken by 7-year-old female speaker with LPC 
order (a) M = 8 (b) M = 9 (c) M = 10 (d) M = 11 (e) M = 12, (Fs = 13 kHz, average VTL, l = 11 cm).                   

 
Table 1. Summary of optimum parameters for VTS.                                    
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4. Conclusion 
It is concluded that there is a need to appropriately select the vocal tract length based on the average vocal tract 
length during its development from infancy to adulthood, to use correct LPC order for applying Wakita’s me- 
thod and proper speech sampling rate while recording speech in order to estimate realistic vocal tract shapes for 
children using LPC analysis. The realistic shapes of vocal tract are not obtained for all age groups at the same 
prediction order value. It is observed that as age increases, vocal tract length increases, and therefore for obtain- 
ing realistic shape, sampling frequency needs to be decreased and value of prediction order to be increased.  
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