
RESEARCH ARTICLE

67J Pur Appl Math Vol 5 No 6 December 2021

INTRODUCTION

Current technologies-based speech generations are being used in many 
fields of life and get much focus by many researchers. In human being, 

speech is a most natural way to communicate with each other. Speech 
production technology is a challenging field of the research that has great 
contribution in human-machine interaction. The human being uses 
diagrams, written text messages, gestures by using the body language, figures, 
singing and articulate to communicate with each other. Today the speech 
technology is being extensively used in many different areas of our daily life. 
However, speech production is highly complex technique.

In the process of speech production in human being, the lungs push the 
airflow which passes through the glottis and it is modulated by the vocal 
tract. In final process, the airflow is radiated through the lips. Human speech 
system is divided by two basic subsystems such as vocal folds and vocal tract. 
The vocal folds generate the train of pulses under the pressure of lungs that 
is way vocal folds are termed as the basis of sound. The vocal tract imposes 
its resonance on the train of the pulses which is called the modulation of the 
vocal tract. The quality of the voice, which is a primary concern, relies on 
the form of the vocal tract in the speech production system. The vocal tract 
is assumed as a function that depend on the area around its mid line i.e. a 
function with a variation of the cross-sectional area. Both the vocal folds 
and vocal tract form the basis of the speech production model. The lungs 
are the first organ in the human speech production which push the airflow 
and passes through the glottis. The airflow comes from glottis is modulated 
by the vocal tract. In the last process, the airflow is radiated through the lips. 
However, in the human being, speech production model is simply divided 
into two basic subsystems. These two subsystems are known as vocal folds 
and vocal tract.

The vocal tract imposes its resonance on the train of the pulses which is called 
the modulation of the vocal tract. Many researchers paid much attention on 
the modeling of the vocal folds with some variations [1-11].

The quality of sound is linked to the shape of the vocal tract. The formation 
of the vocal tract in the speech modeling is supposed as the concatenation of 
cylindrical tubes of different in length with different cross-sectional area. In 
the literature, Numerous works with different variations have been dedicated 

to the modeling of the vocal tract [12-21]. In the wave guide model, the vocal 
tract is mapped on a regular grid where each node is a assumed as a scattering 
junctions connected by unit wave guide elements [22-25]. In the wave guide 
modeling of the vocal tract, the approaches of cylindrical segments [26] and 
conical segments [27, 28] are being used successfully for the simulation of 
the wave propagation. Kelly–Lochbaum was first to employ the approach of 
cylindrical segment which is known as one-dimensional wave guide model. 
Digital wave guide models are the extensions of the wave guide model and 
they are very popular due to its realistic and high-quality sound generation in 
real-time. Now a day, these models are frequently used in recent works such 
as [29-33]. A digital wave guide has also been used to model the vocal tract 
of animals in [34] and it was successfully implemented to reproduce sound 
effects of a lion’s roar and wolf’s growl. The Kelly Lochbaum model of the 
vocal tract was proposed on the basis of same-length tubes of different cross-
sectional areas and some works have also been dedicated to modifying for 
bringing the better quality in the Kelly -Lochbaum model and it was done by 
taking fractional elongation of the lengths of the tubes.

When the quality of sound is prime concern, the standard two-dimensional 
wave guide model is good choice for the modelling of the vocal tract [35-
37]. However, the two-dimensional wave guide has a limitation of high 
computational cost as compared to one-dimensional wave guide model 
which is considered as computationally efficient. There are several others 
limitation of the wave guide models [38-40] in which the restriction on the 
uniform structured grid with the same gridlines is one of them.

In the current thesis, we are focused on the two-dimensional digital wave 
guide model of the vocal tract with the structured and non-uniform rectilinear 
grid of impedance mapped. We introduce two types of grid lines in which 
one is assumed as smaller grid line and other is considered as larger grid line. 
To avoid fractional delay, the larger-grid line is the double of smaller grid 
line. This eliminates the need to get interpolation for the approximation of 
fractional delay and give efficient simulation for sound wave propagation 
in the two-dimensional wave guide modeling of the vocal tract in the non-
uniform grid. The combination of these two different grid lines in the 
meshing creates the scheme of the non-uniform rectilinear mesh. The present 
work is demonstrated on the vowel / ,  /  /,  / /, / /   / /i and uα ξ⊃
[41].
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The structured and uniform meshing is the big limitation for the 
implementation of the two-dimensional digital waveguide model in the 
modelling of the vocal tract. In other word, the length of each edge of the 
mesh must be same to keep the same delay lines in the digital waveguide 
of the vocal tract meshing. The same approach with structured and non- 
uniform meshing has been used in the current work for the simulations of the 
two- dimensional waveguide modelling of the vocal tract. For this purpose, 
two types of delay lines are introduced with the coded names of smaller- 
and larger-delay lines. The larger-delay lines are chosen as the double of the 

smaller-delay lines and this approach leads to no need of fractional delays. 
The effective simulations of sound wave propagation in the two- dimensional 
waveguide modeling of the vocal tract are also given by this method. 
In the current work, the construction of the non-uniform rectilinear mesh 
is bases on the combination of larger-and smaller-delay lines. The vowel 
/ɔ, /ɑ/, /ɛ/, /i/ and /u/have been chosen for the demonstration of the 
proposed work. In all vowels of the current work, the central part of the 
meshing of the vocal tract has been taken with dense mesh while coarser 
mesh is implemented in the other parts of the meshing. For the validation of 
the proposed work, the standard two-dimensional waveguide model with the 
uniform grid is considered as our benchmark model.
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DIGITAL WAVEGUIDE MODELING OF THE VOCAL TRACT

One-Dimensional Digital Waveguide Model

In one dimensional wave guide model, there is a chain or series of a uniform 
cylindrical pieces for approximation of the vocal tract.In other words, the 
uniform cylindrical segments are used to form the vocal tract of different 
cross-sectional area in which the wave components are scattered and travelled 
with fixed delay line.With the help of the solution of wave equation, the 
relation has been developed between velocity and pressure in to the uniform 
tube [42].

The solution of wave equation for one-dimensional is comprised by the right 
and left traveling wave components. At the junction of  i  th and (j+1) th, the 
solution of continuity equation is formed as given below with coefficient of 
reflection r
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  is representing the cross sectional area of the tube. With the help 

of coefficient r
i
 at the junction of two consecutive cylinder, scattering shows 

the propagation of wave in the vocal tract.

Two-Dimensional Digital Waveguide Model

With the help of increasing dimension of the grid, the accuracy for the 
solution of wave guide model can be increased. In the other words, the 
results of the one-dimensional wave guide can be obtained more accurate by 
employing extension in the wave guide structure which is called digital wave 
guide mesh. At each node of the mesh,one-dimensional wave guide model 
like technique is applied on the higher dimensional wave guide model to 
get the goal of digital wave guide modeling. The work of the current thesis 
is also on the two-dimensional wave guide mesh due to easy and simple 
configuration. In the two-dimensional rectilinear grid, each node has four 
neighboring junction that have equal distant form each side and has the 
angle of zero or 90 degree from central node.Figure 1 is shown the simple 
structure of rectilinear grid with multiple nodes.

Figure 2 shows the single junction with four neighboring junctions denoted 
by 1,2,3 and 4.There are two types of arrows represented by the figure one 
is horizontal and other is in vertical direction.The direction of arrows shows 
the direction of flow of pressure or the volume velocity. the arrival of the 
pressure or volume velocity at the junction is represented by the positive 
pressure while the leaving of the pressure or volume velocity is from the 
junction is denoted by the negative pressure.

The figure 2 shows the four neighboring nodes to the junction ‘J’ which are 
denoted by 1,2,3 and 4. The pressures at the neighboring nodes are denoted 
by 1 2 3 4 , ,  j j j jP P P and P . 

The negative pressure ;  1 , 2,3, 4ijP i− = is used for leaving the nodes and the 

positive pressure ;  1 , 2,3, 4ijP i− =  is used for arriving at the nodes. So, total 

pressure PJ,i is calculated as

( )       . 2jiji jiP P P+ −= +

The total pressure ‘P’ at the junction ‘J’ for N ports is written as given below
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i
 is acoustics impedance in the channel.

In the proposed work each junction J has four neighboring junctions with 
assumption of homogeneous acoustics, then equation (3) may be written as.

4

1 ( 4)2 
ji

iP
P+

==
∑

With the help of equation (2) the output going pressure can be calculated as
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The waves that come from the boundary of vocal tract is scattered by the wall 
reflection coefficient r

w
 and bounce back to the original mesh. For single 

node ‘A’ at the boundary of the vocal tract,

_
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By using the distanced between to nodes, the sampling frequency f
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dimensional N waveguide model [32], is formed for multi-
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Where cis denoted by speed of sound.

In current work, the speed of sound c has taken 345 m/s, and the value 
of N has been taken as 2.In rectilinear mesh the distance between any two 
junctions has been taken four and sampling frequency is / 4 sf

Non-Uniform Rectilinear Grid Meshing

There are various techniques used for modeling of vocal tract. A few of 
them are illustrated like as triangular, square, hexagonal, rectilinear, and 
tetrahedral for two- and three- dimension. The easiest topology for the 
modeling of vocal tract is rectilinear topology. With the help rectilinear 
topology the wave propagation form junction to its neighbouring through 
the distance 1 / N where N is number of dimension.In digital wave by 
model the path followed by which has always even or odd number of unit 
delays which followed to sampling frequency as  /4sf  .

Now in current work we use rectilinear technique due to its simplicity.
Now we use the technique to generate and implementation of non-uniform 
meshing grid as given in [43].By the help of this technique we can find less 
computational cost to find the format frequency. There are two types of grid 
lines in which one are smaller grid lines other are longer grid lines.Larger 
grid lines mean double of the smaller grid lines. These lines generate the 
two- dimensional rectilinear grid. By using this scheme we can find transfer 
function without fractional delay.

Figure 3 shows an example of the uniform rectilinear grid [44]. In this figure, 
simple topology is used. This mesh 10x11 ordered mesh with total nodes 
are 110. Each node in the grid shown by the integer from 1 to 110. In the 
above figure in which some nodes are boundary nodes that have three port 
junctions some are corner nodes that have only two port junctions. We see 

Figure 1: Rectilinear grid with boundary junctions.

Figure 2: Single junction with neighboring nodes.
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mesh deleting nodes are named as Local nodes and all other are named as 
junction.

There are three steps to simulate the wave propagation in the vocal tract,firstly 
we find scattering of wave on each junction by using equation (4) and (5).

The movement of wave at each local node is done in second step which 
explain as.
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 for each local node in horizontal direction (7)
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 for each local node in vertical direction  (8)

where i denotes the local nodes and E,W , N , S are East, West, North and 
South respectively.

In the last step the propagation wave comes from neighbour junctions and 
we pass the delay at each node.

If d
i
 is the length of consecutive three nodes for example 23, 33 and 43 in 

the grid and d
s
 is the length of small edges between 28 and 38 as shown in 

the Figure 4.

2i sd d=  (9)

In current work sampling frequency  f
s
 is obtained by the smallest distance 
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Where c is defined earlier.

In the previous work, the non-uniform mesh was generated by designing of 
dense mesh along the wall boundaries of the vocal tract and rest of the mesh 
was taken as courser mesh [45]. The size of the dense mesh along the wall 
boundaries of the vocal tract was adjusted by the parameter.

In the current work of the present thesis, we take another case for the 
formation of non- uniform mesh of the vocal tract. In the current approach, 
the dense mesh has been taken in the middle of the mesh while courser mesh 
has been implemented in the rest of the mesh. In each case of vowel, we find 
the minimum distance between the path of the vocal tract and 10-20% of 
this minimum distance is taken as central dense mesh of the vocal tract for 
different vowels. An example of the vowel / / ⊃ / can be seen in Figures 5-6.

In the above, two-dimensional non-uniform mesh has been designed to 
generate. Now numerical approach has been presented in the section. 
Figures of the vocal tract for each vowel is formed by the sequence of 
cross-sectional areas in the direction of length of vocal track. The shape of 
sequence of vowels / ,  /  /,  / /, / /   / /i and uα ξ⊃  has taken from [41]. 

that all nodes have fixed and same length that behave as fixed sample delay 
for the propagation of wave.

In the Figure 4, we skip the nodes labeled as 12,14,16,32,34,36,52,54,56,
72,74,76,92,94 and 96.We observe that two types of squares are shown in 
the Figure 4where one is large square and other is small square such that the 
small square is one fourth of large square. In the current configuration not 
all nodes are used to scattering of the propagation of the wave while some 
are only used to keeping tracking the movement of the wave. In the current 

Figure 3: Example of uniform rectilinear grid.

Figure 4: Example of non-uniform rectilinear grid.

Figure 5: Theuniform mesh in the case of vowel/ɔ/.
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For the conversion of vocal track into the two-dimensional grid, the cross-
sectional areas converted into the cylindrical tubes of different radii. 

Now the shape of vocal track is represented with the help of above-mentioned 
technique that is a represented in the next figures. Reflection coefficient of 
glottis (r

G
), reflection coefficient of wall r

w
 and reflection coefficient lip r

L
 

have assigned values 0.97, 1.0 and -0.9 respectively.

The resolution of the mesh in all demonstration has been chosen as 600. 
The length of the vocal tract for each case of the vowel is given in [46]. 
The unit sample length of the vowels / ,  /  /,  / /, / /   / /i and uα ξ⊃  are 
0.029, 0.028, 0.026, 0.029 and 0.03 cm respectively.

In the previous chapters, we have discussed the construction of two-
dimensional non-uniform rectilinear grid and its process of implementation. 
We compare the response of the present model for non-uniform mesh 
with the response of the standard model with uniform mesh. In present 
thesis, we compare the current model with the standard model on bases of 
first six formant frequencies and frequency profiles. The first six formant 
frequencies are taken name as 𝐹1, 𝐹2, 𝐹3, 𝐹4, 𝐹5, 𝐹6 in the Table 1 and 
shown the results by the Figure 5. The efficiency and accuracy of the current 
model is matched with that of standard model in the form of collapsed time.

RESULTS AND DISCUSSIONS

For the Case of Vowel / ⊃ /

The shape of the vowel / ⊃ / with uniform mesh has been shown in Figure 
5 while non-uniform mesh of the vowel /ɔ/ is presented in Figure 6. In 
this case, we have 17.46 as the length of the vocal tract and the sampling 
frequency is obtain as 1677 KHz. The frequency profiles of the standard 
model and the present model are compared in Figure 7 for vowel/c/. Figure 
7 shows that the present model is very close to that of the standard model 
in the term of frequency profiles. The numerically calculated formants 
frequencies, errors and elapsed time is demonstrated in Table 1.

The percentage errors are given by the table are 3.8%, 2.1%, 0.3%, 2.5%, 
1.3% with maximum error 3.8% at formant frequency 𝐹1 while the 
minimum relative error is 0.9% at formant frequency 𝐹6. Furthermore, 
this table illustrates that the current model is 37% more accurate than the 
standard model in the present case. This table demonstrates that the current 
model is very close to the standard model with the efficiency of 37%.

For the Case of Vowel / /

Figures 8 and 9 demonstrate the meshing of the vocal tract for vowel /ɑ/ 
for uniform and non- uniform schemes of meshing respectively. The length 
of the vocal tract is also 17.46 cm with unit sample length of 0.029. The 
frequency responses of the two models are presented in Figure 10. We see 
that there is little difference between standard model with uniform mesh 
and the current model with non-uniform mesh. In other words, frequency 
profiles are very closed to each other.

Table 2 shows the numerically comparison between formant frequencies of 
standard model and the current model. Relative errors are given in the table 
are 5.9%, 1.2%, 0.8%, 0%, 0.5% and 0.04% where maximum relative error 
is 5.9% and minimum error is 0%. This table also illustrates that current 

model is 10% more efficient than the standard model in the case of the 
current vowel.

For the Case of Vowel /∈/

For the vowel of /∈/, the uniform and non-uniform meshing is presented 
by Figures 11 and12. The smallest sample delay size in this current work has 
taken 0.026cm that result of sample rate 1843KHz. Figure 13 represents the 
frequency profiles of the both models. There is very good matching of the 
current model with that of standard model as depicted by Figure 13.

Numerical computed format frequencies are given in Table 3. For the table, 
the relative maximum error between the standard and the present model is 
by 2.2% at formant frequency 𝐹2 and the minimum relative error is 0.06 at 
formant frequency 𝐹4. This leads to the closeness of the current model to 
the benchmark model. The present model is 19% more efficient then the 
standard model as shown by Table 3.

Figure 6: The non-uniform mesh in the case of vowel /ɔ/.

Format 
frequency

Standard 
model

Non 
uniform 
model

Error (%) Elapsed time Efficiency  
(%)Standard 

model
Non 

uniform
Model

𝐹
1

634 610 3.8 491 357 37

𝐹2 1254 1280 2.1

𝐹3 2445 2438 0.3

𝐹4 3101 3179 2.5

𝐹5 4000 4052 1.3

𝐹6 5175 5170 0.09

Table 1 

Numerical comparison of current model with the standard model for vowel.

Format 
frequency

Standard   
model

Non 
uniform 
model

Error  (%) Elapsed time Efficiency
(%)Standard 

model
Non 

uniform
Model

𝐹1 680 640 5.9 602 547 10

𝐹2 1302 1317 1.2

𝐹3 2615 2593 0.8

𝐹4 3498 3498 0

𝐹5 4337 4315 0.5

𝐹6 5256 5254 0.04

Table 2 

Numerical comparison of current model with the standard model for vowel.
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Figure 7: Comparison of formant frequencies of standard model with the present model for vowel /ɔ/.

Figure 8: Theuniform mesh in the case of vowel /ɑ/.

Figure 9: The non-uniform mesh in the case of vowel /ɑ/.



Mahar MMH.

72 J Pur Appl Math Vol 5 No 6 December 2021

Figure 10: Comparison of formant frequencies of standard model with the present model for vowel /ɑ/.

Figure 11: Theuniform mesh in the case of vowel /ɛ/.

Figure 12: The non-uniform mesh in the case of vowel /ɛ/.



73

Vocal tract modeling using digital waveguide for 2D  Non-
uniform rectilinear grid

J Pur Appl Math Vol 5 No 6 December 2021

For the Case of Vowel / i /

Figures 14 and 15 illustrate the meshing of the vocal tract for vowel/i/ for 
uniform and non- uniform schemes of meshing respectively. Figure 16 shows 
the frequency profile of standard and the present model for vowel/i/. From 
the current figure, we conclude that the current model is comparable with 
that of standard model.

From Table 4, the relative errors of the current model with standard model 
are given as 6.1%, 3.5% 0.9%, 1.0%, 0.2%, and 0.2% respectively. The 
maximum relative error 6.1% is at formant frequency 𝐹1 while minimum 

relative error is 0.2% at formant frequencies 𝐹5 and 𝐹6. Finally Table 4 
represent that the current model is 18% more efficient than the standard 
model.

For the Case of Vowel / u /

For the vowel of / u /

For the vowel of / u /,the uniform and non-uniform meshing is depicted by 
Figures 17 and 18 respectively. Figure 19 shows the frequency profiles of the 
both models. There is very good matching of the current model with that of 
standard model as depicted by Figure 19.

Figure 13: Comparison of formant frequencies of standard model with the present model for vowel /ɛ/.

Figure 14: Theuniform mesh in the case of vowel /i/.

Format frequency Standard model Non uniform model Error (%) Elapsed time Efficiency (%)

Standard model Non uniform Model

𝐹1 610 615 0.8 630 529 19

𝐹2 1840 1800 2.2

𝐹3 2685 2695 0.4

𝐹4 3584 3582 0.06

𝐹5 4320 4380 1.4

𝐹6 5534 5542 0.1

Table 3 

Numerical comparison of the current model with the standard model for vowel .
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Figure 15: The non-uniform mesh in the case of vowel /i/.

Figure 16: Comparison of formant frequencies of standard model with the present model for vowel /i/.

Figure 17: The uniform mesh in the case of vowel /u/.

Format frequency Standard model Non uniform 
model

Error (%) Elapsed time Efficiency (%)

Standard model Non uniform Model

𝐹1 360 382 6.1 581 489 18

𝐹2 2000 1930 3.5

𝐹3 2973 2945 0.9

𝐹4 3645 3610 1.0

𝐹5 4599 4608 0.2

𝐹6 5690 5703 0.2

Table 4 

Numerical comparison of the current model with the standard model for vowel /i/.
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Numerical computed format frequencies are mentioned in Table 5. For the 
table, the relative maximum error between the standard and the present 
model is by 4.1% and the minimum relative error is 0.1. This leads to the 
closeness of the current model to the benchmark model. The present model 
is 7% more efficient than the standard model as shown by Table 5.

In the above figure (5) the doted frequency curve generated by the transfer 
function is a profile of current non uniform model and solid curves shows 
the profile of standard model that generated by the transfer function.

The peaks of the profile show the formant frequency of the model. The first 
column of table (1)shows the formant frequencies 𝑓1, 𝑓2, 𝑓3, 𝑓4, 𝑓5, 𝑓6, 
second and third column represent the standard model and non uniform 
model frequencies respectively.

CONCLUSIONS

In the current thesis, non-uniform mesh is used for modeling of vocal tract. 

The dense mesh is taken in the middle of the vocal tract while course mesh 
is designed in the rest of the vocal tract. In the current approach, there are 
two types of delay lines in which large delay lines double the smaller delay 
lines which enables us to avoid the fractional delay for transfer function of 
non-uniform rectilinear grid. The simulation has been performed on the 
vowels /ɔ,

/ɑ/, /ɛ/, /i/ and /u/. By tables and figures, we draw following conclusions:

 Successful implementation of non-uniform rectilinear grid in the 
modeling of the vocal tract.

 Formant frequencies of the current model are very comparable to that 
of standard model of vocal tract.

 Frequency profiles of the present model are comparable to that of 
standard model.

Figure 18: The non-uniform mesh in the case of vowel /u/.

Figure 19: Comparison of formant frequencies of standard model with the present model for vowel/u/.

Format frequency Standard model Non uniform model Error (%) Elapsed time Efficiency (%)

Standard model Non uniform Model

𝐹1 370 385 4.1 613 573 7

𝐹2 1530 1545 0.1

𝐹3 2105 2127 1.05

𝐹4 3338 3340 0.1

𝐹5 4265 4276 0.3

𝐹6 4990 4976 0.3

Table 5

Numerical comparison of the present model with the standard model for vowel /u/.
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The current model is more efficient than the standard model.
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