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Abstract—Children suffering from prelingual hearing
impairments have difficulty in speech acquisition due to lack of
auditory feedback. They can benefit by speech training aids
providing corrective feedback, especially those providing visual
feedback of key articulatory efforts. These aids should enable a
comparison between the articulatory efforts of the student and
that of a teacher or a reference speaker. A system is developed
for dynamic display of vocal tract shape to provide visual
feedback for production of short voiced utterances. It displays
speech waveform, spectrogram, and areagram as validation tools.
Intensity, pitch, and vocal tract shape are displayed for use in
speech training. LPC analysis of the speech signal is used to
estimate the vocal tract shape. Articulatory feedback is provided
through 2D mid-sagittal view of the vocal tract, in the form of a
variable rate animation emphasizing the place of maximum
constriction and the opening at this place. The display has two
panels, one for the articulatory efforts of the student and another
for that of the teacher, for newly recorded utterances as well as
pre-recorded ones.

Keywords—articulatory feedback; hearing impairment; speech
training aid; vocal tract animation

1. INTRODUCTION

The process of acquiring speech in children with normal
hearing is primarily supported by auditory feedback. Children
born with hearing impairment and those who suffered
impairment at a prelingual stage have difficulty in speech
acquisition. Although their articulatory organs may be
functional, difficulty arises due to the lack of auditory feedback
and they have to rely on visual cues. Lipreading and visual
feedback using a mirror help to some extent, but they do not
help in deciphering the movements of internal articulators.
While the therapist plays a crucial role in speech training,
computer based speech training systems are useful in
motivating children to practice speech training and in providing
feedback on their progress [1]. Such systems can also help in
pronunciation training for second-language learning [2].

Speech training aids, employing visual display of
articulatory efforts which are not externally visible, have been
reported to be effective in improving articulation by the hearing
impaired [3]—[9]. Most of these aids provide a display of the
vocal tract shape. As imitation and self-correction both are
integral parts of speech training, the aid should help in altering
the articulatory effort, without causing a high perceptual load.
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Therefore, the training aids should facilitate a comparison of
one's own articulatory efforts with those of a teacher or a pre-
recorded reference speaker. For fulfilling this requirement, a
speech training aid with vocal tract shape animation obtained
by processing of the speech signal is developed, along with a
graphical user interface (GUI) with separate displays for the
teacher's and student's speech signals. The system has been
developed for short voiced utterances and is to be extended
further for other sounds.

The next section provides a review of aids for speech
training. The system for dynamic display of vocal tract shape,
involving speech analysis for estimation of vocal tract shape,
graphics for animation, and the GUI, is described in the third
section. Results are presented in the fourth section, followed by
conclusions in the last section.

II.  SPEECH TRAINING AIDS

Park er al. [3] developed a speech training system for
analyzing the speech signal and displaying the vocal tract shape
and speech parameters like intensity, fundamental frequency,
nasality, and log spectra from the speech signal. Mahdi [4]
reported a system for visualization of vocal tract shape using a
mid-sagittal view of the head, and for displaying sound
intensity, pitch, and first three formants, for vowel utterances.

Massaro and Light [5] used a 3D animated talking head
model "Baldi" as a virtual articulation teacher. It could be
transformed to highlight particular articulatory features in
prerecorded animations, and also gave operating instructions to
the children. It has been reported to be effective with hearing
impaired children. However, it does not provide feedback of
one's own articulatory efforts. Engwall ef al. [7] have reported
the speech training system "ARticulator TUtor Project
(ARTUR)", which utilises 3D animations of the articulatory
organs. They reported that use of the system with a human
instructor performing articulatory inversion and providing
pronunciation correction instructions yielded positive results
with the test subjects. Kroger et al. [8] tested 2D and 3D
animation models of the vocal tract shape for speech training.
While both gave positive results, the 3D model did not lead to
higher visual perception rates than the 2D model. Rathinavelu
and Thiagarajan [9] reported the development and use of
“Computer Aided Articulatory Tutor (CAAT)” for training
hearing impaired children. The system uses a 3D model of the
vocal tract shape with tongue movements derived from MRI
data. The results showed an improvement in articulation of the
alveolar sounds.
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Some of the commercially available computer based speech
training systems include the “Video Voice Training System”
[10], “SpeechViewer III” [11], and “Box-of-Tricks” [12]. They
display the acoustic parameters of speech, such as speech
intensity, voicing, timing, pitch, and spectral features and
incorporate a number of interactive game formats and other
graphics for motivating children in using the system.

A speech training system should be useful as an aid during
speech therapy sessions, and should also be helpful as a self-
learning aid for the children. Eriksson ef al. [13] examined the
design requirements for such a system, in relation to human
computer interaction (HCI), pedagogy, and visual models.
They have suggested that the display should be improvised for
the children with minimal level of details. The tongue
movements should be shown with reference to palate and jaw
and important articulatory features of the pronunciation should
be highlighted. The amount of feedback given should vary with
the level of learning. The cues may be enhanced with help of
sign language and/or complimentary text.

Based on the literature on use of vocal tract shape for
corrective feedback to aid speech acquisition and training, a
review of the available speech training aids, and design
recommendations in [13], a system for a dynamic display of
the vocal tract shape for feedback of articulatory efforts as a
variable rate animation is developed and described in the next
section.

III.  SYSTEM FOR DISPLAY OF VOCAL TRACT SHAPE

The system developed for dynamic display of vocal tract
shape for use as a speech training aid has three components: (i)
speech analysis for estimation of vocal tract shape, (ii) vocal
tract shape animation, and (iii) graphical user interface (GUI)
for speech training. The GUI and the backend are developed
using MATLAB.

A. Speech Analysis for Estimation of Vocal Tract Shape

For estimating the vocal tract shape, Wakita [14] proposed
a speech processing technique based on linear predictive
coding (LPC). In this technique, the vocal tract is modeled as
an all-pole filter driven by an impulse train. The vocal tract is
also modeled as a lossless acoustic tube having a set of equal-
length sections of varying cross-section areas. Equivalence of
the two models is used to obtain reflection coefficients at the
section interfaces in the acoustic tube and these are converted
to the ratios of the areas on the two sides. The ratios are scaled
assuming a constant area at the glottis end of the tract to obtain
the vocal tract shape. The speech production model used in this
method is considered to be valid for sounds produced with
glottal excitation and not involving the nasal cavity. Hence it is
useful for obtaining shape of the oral cavity during the
production of vowels, diphthongs, semivowels, and vowel-to-
stop and stop-to-vowel transition segments, but not for that of
nasalized vowels, nasals, and fricatives, and stop closure
segments.

The vocal tract shapes estimated during voiced segments
using Wakita’s method show variations with position of the
analysis frame. To reduce the variation and improve the

consistency of the vocal tract shape estimation, Nataraj et al.
[15] reported a method which selects the frame positions
having the minimum windowed energy index, which is the
ratio of the windowed signal energy to the frame energy. Vocal
tract shapes estimated from Wakita’s method are not
satisfactory during stop closure segments due to lack of energy
and spectral information. Pandey and Shah [16] reported a
technique for estimating the vocal tract shape during the stop
closures of vowel-consonant-vowel (VCV) utterance by using
a bivariate surface model fitted on the vocal tract shapes during
the transition segments preceding and following the stop
closure. The estimated places of closure for VCV utterances of
type /ACa/, involving stop consonants /b/, /d/, and /g/ were
reported to have a good match with those obtained from X-Ray
Microbeam database.

The present system has been developed for short voiced
utterances which may consist of vowels, diphthongs, and
semivowels. The speech is acquired at a sampling frequency of
10 kHz. End-point detection is carried out on the recorded or
stored sounds and the signal between the two end points is used
to display the waveform and spectrogram, and for further
analysis for vocal tract shape estimation. The time axis for the
display is normalized with reference to the duration of the
sound.

The system uses vocal tract shape estimation by LPC
analysis [14] as modified in [15], with analysis window length
of twice the average pitch period and 12th order LPC. This
order provides shape estimates which are comparable to those
obtained from MRI databases. A higher order LPC analysis
generally results in low area values at back of the vocal tract
[17]. The LPC analysis provides 12 section areas for each
analysis frame. For each section, linear interpolation is applied
on the area values for the frames with minimum energy index
to obtain area values at 5 ms intervals. The set of 12 section
area values for frames at 5 ms intervals thus obtained are used
for generating the animation as described in the next
subsection. We assume the oral cavity to be a concatenation of
cylindrical sections. Square root of the area value of a section,
which is proportional to the section diameter, is used as the
estimate of the amount of opening of the oral cavity at the
corresponding position.

The oral cavity shape in the form of 12 values of its
opening, as obtained by LPC analysis, is too coarse a
representation for clearly indicating the place of articulation in
the graphical display, particularly its variation across the
frames. It was found that it needs to be converted to a
representation with at least 20 values and we examined the use
of several techniques for this purpose. Polynomial curve fitting,
cubic spline interpolation, and piecewise cubic Hermite
polynomial interpolation were found to be not suitable. Use of
a least-squares approximation based B-spline fitting with 4
knots [18] resulted in smooth representations correctly
indicating the place of articulation without undue ripples in the
shape. Hence, it is applied on the 12 estimated opening values
to get the values corresponding to 20 uniformly placed points
along the length of the oral cavity.
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Fig. 1. Mid-sagittal view of vocal tract, with tongue
in neutral position.

For validating the analysis results, the estimated oral cavity
shape as a function of time is displayed as “areagram”, which
is a spectrogram-like 2D display of the estimated values of the
oral cavity opening plotted as grey level as a function of time
along x-axis and distance from the glottis along y-axis. The
vocal tract shape area values estimated using LPC analysis
match satisfactorily with area values estimated using MRI for
vowel and vowel-semivowel-vowel utterances [16].

Indication of pitch and intensity is considered to be
important for speech training, as hearing impaired children
often unintentionally alter their pitch while trying to match
intensity of a particular sound and vice versa [1]. Therefore, the
system provides a plot of intensity and pitch as a function of
time. Pitch is estimated using PRAAT software [19], invoked
using a script integrated in the system.

B. Vocal Tract Shape Animation

Animation of the vocal tract shape is developed with a 2D
mid-sagittal view of the head, as shown in Fig.1. A base image
is created consisting of the upper jaw, palate, and neck portion.
The oral cavity is shown as an area between two curves. The
upper curve represents the upper surface of the oral cavity,
corresponding to the positions of the upper lip, upper teeth, and
palate. The lower curve represents the lower surface of the oral
cavity, corresponding to the positions of the lower lip, lower
teeth, and tongue. The upper curve remains fixed and the
variation in the oral cavity shape is indicated by variation in the
lower curve, without separately indicating the movement of
different articulators (tongue, teeth, and lips).

For each frame, the image is generated from the estimated
values of the oral cavity opening as described earlier. The first
16 values are used in updating the shape, as these
approximately correspond to the segment of the oral cavity, the
configuration of which varies during speech production. The
graphical representation of the oral cavity configuration is
shown in Fig. 2. Fig. 2(a) shows a neutral configuration with
the upper and lower curves marked as U and L, respectively.
An axial curve A is obtained as an axis of symmetry for the
area between U and L, such that the curve approximately
bisects the normals to it, using the method as reported in [20].
Normals to the axial curve at 16 equidistant points are used as
fixed grid lines for generating the lower curve in accordance
with the estimated values of the opening at these points. Fig.
2(b) shows the configuration corresponding to vowel /a/, as an
example.

(2)

(b)

Fig. 2. Oral cavity displayed as area between 2 curves,
segmented into 16 sections: (a) the neutral configuration,
with the axial line marked in blue and the grid lines as
normals to the axial curve, (b) configuration corresponding
to the vowel /a/, obtained by redrawing the lower curve.

The estimated opening values are labeled as A(i), i = 1, 16
with 1 representing the front point and 16 as the back point of
the oral cavity. The /(i) values are scaled to the number of
pixels d(i) for use in the animation graphics, as

d(i) = (h(i)/ hyax) Amax (1)

where /. 1S the maximum possible opening empirically
estimated from the LPC analysis of multiple utterances and
dmax 18 the maximum possible opening as set for the display.
The point Pi(i) on the lower curve is obtained along the
corresponding grid line at the distance d(i) from the upper
curve. The coordinates x.(i) and y.(i) of the point are calculated
using the slope m(i) of the grid line passing through the point
Pa(i) on the axial curve. The coordinates of P(i) are given as
xa(i) and ya(i), and those of the corresponding point Py(i) on
the upper curve are given as xy(i/) and yu(i). The point
coordinates are calculated using the direction notation as
shown in Fig. 2.

The coordinates of Pi(i) are calculated by finding the
distances of Pr(i) from Py(i) along the two axes as the
following:

Ax = d(i)/(1+m(i)*)'? (2)
Ay = m(i)d(@)/(1+m(i)*)"? 3)
xu () — Ax(D), m(i) <0
x (D) = {xu (@) + Ax(d), m(i) >0, xo (D) >xy(D)  (4)
xy (D) — Ax(@), m(i) >0, x5 (1) <xy(@)
yu() — Av(D), m(i) <0
y, (@) =y + Ay, m(i) >0, x (D) >xy(D  (5)

Yo = Aay(), m(i) > 0, x5 (D) <xy()
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The calculated points are joined by line segments to form the
lower curve. The lower jaw is displayed as moving as a single
unit, with its left tip marked by Pr(1).

Place of maximum constriction in the vocal tract shape
indicates the major articulatory effort in production of a
phoneme. Its position and the amount of opening at this
position are the most important inputs for speech training and
emphasizing them in the display is likely to improve the
effectiveness of the aid. Hence, an option is provided to display
the lower curve modelled as a triangle with the end points
forming the left and right vertices, and the place of maximum
constriction indicated by the vertex between the two end
points.

For reducing perceptual load during speech training, only
the organs important in the articulatory process are shown in
the mid-sagittal sectional view. The system provides an option
to choose between two types of vocal tract shapes: the
estimated shape and the shape emphasizing the maximum
constriction, as shown in Fig. 3. For animation, each frame of
the estimated vocal tract shape is displayed after a specified
delay, for creating animation at a controlled pace.

C. GUI for Speech Training Aid

The system integrates both acoustic and articulatory
feedback of speech. The display screen has two panels; one
each for the student and the teacher, as shown in Fig.4. The
GUI for the system displays speech waveform, spectrogram,
and areagram, on each panel derived from the corresponding
speech signal. The duration of the non-silent portion of the
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Fig. 3. Vocal tract shape obtained through speech processing (left) and
after modelling it as a triangle (right)

recording (in s) is displayed below the button panel on each
side. The waveform, spectrogram, areagram, pitch and
intensity plots have a common time axis.

For each panel, estimated vocal tract shape for animation is
generated as described in the previous section. The intensity
and pitch are displayed in a single graph with different colors.
A progress bar, normalized to the duration of the sound,
indicates the position of the segment being displayed in the
animation.

Both the animations can be played together or separately,
and can be replayed as per convenience, using the six buttons
at the center. “Left” and “Right” buttons replay the vocal tract
animation in the left and the right panels, respectively. “Both”
plays both vocal tract animations simultaneously. “Scroll Bar”
controls the animation rate by varying the delay between

0.5 Right
Waveform
%
Spectrogram g (=39)
:
w
=1 Duration
:’) 01307 s
Areagram S
B
2
Pitch o
=
w100

Fig. 4. GUI for displaying the speech parameters and vocal tract shape, one each for the student and the teacher.
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@

vowel /i/

(i)

vowel /a/

(iii)

vowel /u/

Fig. 5.Vocal tract shapes for three vowels: obtained using LPC analysis based speech processing (left), and

after modelling as a triangle (middle), and MRI scan (right).

successive  frames. “Shape/Position” toggles between
animation of the estimated shape and the shape emphasizing
the maximum constriction. “Play-L” and “Play-R” buttons play
the speech utterance of the left and the right panel as audio
output, respectively.

The GUI can be used for analysis and display of freshly
recorded or pre-recorded sounds. On either side of the display,
three buttons are provided. “Record” starts recording (after
displaying a countdown, as an alert indicator) the input audio
for 3s. The sound is played back after the recording of the
specified length, and is analyzed to get the parameters for the
display. The recorded audio is stored with a date and
timestamp for further use in training. “Load” allows the user to
select and generate displays for pre-recorded audio. “Reset”
clears all the displays generated on the corresponding panel.

IV. TEST RESULTS

The system has been tested for recordings from three
speakers (two male, one female) for a set of vowels and vowel-
semivowel-vowel utterances. Screen recordings of the displays
are available at [21].

Fig.5 shows an example of estimated vocal tract shapes and
shapes emphasizing maximum constriction, for three vowel
utterances from a male speaker. The figure also shows MRI
scan images for the corresponding vowels from the MRI
database [22]. The vowel /i/ is high-front vowel produced by

raising the front part of the tongue to the palate. The vowel /a/
is low-mid vowel, produced with a relatively neutral position
of the tongue. The vowel /u/ is high-back vowel produced by
raising the posterior end of the tongue. Vocal tract shapes
generated by the system match satisfactorily with those
obtained from MRI scans, and highlight the important features
of the articulation i.e. place of maximum constriction and the
opening at that place.

V. CONCLUSION

A speech training system with speech analysis for obtaining
vocal tract shape from acquired speech utterances and graphics
for dynamic display of vocal tract shape with separate panels
for two speakers has been developed. The system enables the
teacher to provide feedback to the student and store individual
practice sounds for maintaining a record of the progress. It also
enables the student to practice with the stored recordings.

The present system is useable for utterances involving
vowels, diphthongs, and semivowels. The next version will be
developed, using the processing technique as reported in [16],
for speech training of vowel-consonant-vowel utterances for
oral stops. Pitch, intensity, and vocal tract shape animation
serve as the speech training parameters and waveform,
spectrogram, and areagram serve as tools to validate the output.
Both the animation and the GUI have been designed so that the
student is not overwhelmed with data. An option of triangular
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profile for the lower surface of the oral cavity is provided to
keep the focus on the place of articulation. The variable rate of
animation enables the rate to be increased with the improving
proficiency of the student.

Many aspects of the speech training system, including the
relevance of different sections of the display in speech training,
modes of providing feedback, method employed to emphasize
the articulatory effort, orientation and positioning of the two
vocal tract animations, orientation of vocal tract shape, and the
most appropriate color combination are being discussed with
user groups. An option of animation displaying only the oral
cavity (and not the oral cavity as a part of the head) may be
helpful in better display of the information for articulatory
control. Using the oral cavity shape information for animation
of the movement of the actual articulators is expected to
significantly improve the effectiveness of the system. The
graphics framework of the system needs to be enhanced by
incorporating inputs from user groups and speech therapists
before its evaluation for speech training of children with
hearing impairment.
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