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ABSTRACT 

 

In this paper, a human vocal tract is simulated by two 

cylindrical tubes to 1) obtain the first five formant 

frequencies at given lengths and areas of the tubes; 2) to 

estimate the shape of the two tube vocal tract when first two 

formant frequencies are given. The goal is to compute the 

values automatically. 
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1. INTRODUCTION 

 

A speech signal is produced by a source and a filter. The 

source would be air generated from the lung, and the filter 

would be the shape of the vocal tract. This is shown in 

Figure 1. In this paper, we focus on the filter part of the 

speech signal. Human vocal tract is simulated by two 

cylindrical tubes in different lengths and areas. 

 

 
Figure 1: The source-filter model of speech production [1] 

 

          Formant frequencies, namely the acoustic resonance 

from the shape of the filter, are key factors in understanding 

the speech signal. As we relocate our tongues, move the 

glottis, shape lips, and resize oral cavity, we produce 

different filters that generate different acoustic resonances. 

These formant frequencies can indicate which phonemes 

were produced by the speaker, and through signal processing, 

the text of the speech can be estimated. 

         The shape of the vocal tract is very complicated in 

actual speech production. As shown in Figure 2, the cross 

sectional area distribution along the length of the vocal tube 

can be quite complex. Simulating this shape in two vocal 

tubes, I am applying a constriction somewhere along the 

length of the vocal tube, and change the cross-sectional area 

distribution at that point. This gives an acceptable estimation 

of the formant frequencies.   

 
Figure 2: Shape of the vocal tract (length by area) [2] 

 

         Acoustic resonances differ in open and closed tubes, 

first discussed by Jaap Kool [3]. Then more complex shapes 

were discussed by various scientists such as Arthur Jones, 

and Gunnar Fant [4][5]. Related to this subject, they worked 

on computing acoustic resonances with respect to the area 

distribution along the length of arbitrary shapes. 

          My concentration is on two parts. One is to obtain 

formant frequencies at given shape, and two is to obtain the 

shape at given formant frequencies. Previously, the two tube 

shape simulation was theoretically dealt with, but I have not 

found one that computes the relationship between shapes 

and their formants. 

 

2. EXPERIMENTATION 

 

Two tube simulation of vocal tract looks as shown in Figure 

3. Far left represents the glottis (closed), and far right 

represents the lip (open). A constriction is put between to 

divide the tubes. Two generally different shapes arise: left 

tube’s area larger than the right tube’s (Shape 1), and left 

tube’s area smaller than the right tube’s (Shape 2). 

          Considering that tube without any constriction yields 

formants, 500Hz, 1500Hz, 2500Hz, etc, Shape 1 has its first 

formant less than 500Hz, and Shape 2 has its formant larger 

than 500Hz. Both are subject to the perturbation theory, 

which describes the narrowing at point of max velocity of 

the mode[6]. Tube 1 of Shape 1 would be closed on both 



ends, and Tube 2 of Shape 1 would be open on both ends. 

Thus Shape 1 is subject to Helmholtz resonance. Helmholtz 

resonance is the phenomenon of air resonance in a cavity [7]. 

On the other end, Tube 1 and Tube 2 of Shape 2 are closed 

on one end open on the other end. 

 

 
Figure 3: The general shapes of two tube vocal tract 

 

          There are two parts to this design. One is to obtain the 

first five formant frequency based on given L1, L2, A1, and 

A2 (area calculated from D1, and D2). The other is to obtain 

a graphical shape of the two tube vocal tract given the first 

two formant frequencies. 

          In order to compute the first part, the formant 

estimation, we have to make the following assumptions: 1) 

For Shape 1, Helmholtz resonance gives the first formant; 2) 

Lengths (L1, L2) are the main factors of acoustic resonance; 

3) Speed of sound is 340.23m/s. We use Eq 1. to compute 

the first formant frequency. 

 
  

         c refers to the speed of sound (340.23m/s); A refers to 

the area of Tube 2 (A2); V0 refers to the volume of Tube 1; 

and L refers to the length of Tube 2. To calculate the rest of 

the formants, we use Eq 2. 

 

 
 

         Eq 2 is used for half-wave resonators (tubes either 

closed on both sides or open on both sides). i = 1,2,3… the 

integer multiples of resonances. 

 

 
 

          Eq 3 is used for quarter-wave resonators (tubes closed 

on one side and open on the other). i = 1,3,5 … the odd 

integer multiples of resonances. For Shape 1, we use Eq 2, 

since both tubes are half-wave resonators. For Shape 2, we 

use Eq 3, since both tubes are quarter-wave resonators. 

          Finally, we use MATLAB to compute the first five 

formant frequencies. In the MATLAB code, we change the 

values in the variables, and observe the changes in formants 

as a result. 

 

[MATLAB CODE for Formants Estimation] 

 
%Formant Estimation based on given vocal 

shape 
%Designed by Kunwoo Kim  
%May.2013 
%EN.520.680.01.SP13 Speech and Auditory 

Processing by Humans and Machines 
clear;clc; 

  
%This code calculates formants of two-

tube vocal tract when lengths and 
%areas are given. You can change the 

values of the variables below to see 
%what the corresponding formants would 

be. 

  
%---Variables------ 
length1 = 9; %cm 
length2 = 8; %cm 
area1 = 0.5; %cm^2 
area2 = 5; %cm^2 
%------------------ 

  
%constants 
speedc = 34023; %speed of sound cm/s 
formantbasic = 500; %Hz 



  
%case1 - when the rear area is larger 

than front (subject to Helmholts 
%resonance) 
if (area1 > area2) 
    helmholts_f = 

speedc/(2*pi*sqrt(length1*area1*length2/

area2)); 
    freq(1) = helmholts_f; 
    for (i=1:2) 
        tube1_formant(i) = 

i*speedc/(2*length1); 
        tube2_formant(i) = 

i*speedc/(2*length2); 
    end 
    for (i=1:2) 
        freq(i+1) = tube1_formant(i); 
        freq(i+3) = tube2_formant(i); 
    end 

     
    formants = sort(freq); 
    disp('<Formants (Hz)>'); 
    X = ['F1=',num2str(formants(1)),' 

F2=',num2str(formants(2)),' 

F3=',num2str(formants(3)),' 

F4=',num2str(formants(4)),' 

F5=',num2str(formants(5))]; 
    disp(X); 
end 

  
%case2 - when the rear area is smaller 

than front 
if (area1 < area2) 
    j=1; 
    for (i=1:2:5) 
        tube1_formant(j) = 

i*speedc/(4*length1); 
        tube2_formant(j) = 

i*speedc/(4*length2); 
        j=j+1; 
    end 
    for (i=1:3) 
        freq(i) = tube1_formant(i); 
        freq(i+3) = tube2_formant(i); 
    end 

     
    formants = sort(freq); 
    disp('<Formants (Hz)>'); 
    X = ['F1=',num2str(formants(1)),' 

F2=',num2str(formants(2)),' 

F3=',num2str(formants(3)),' 

F4=',num2str(formants(4)),' 

F5=',num2str(formants(5))]; 
    disp(X); 
end 

 

         In order to compute the second part, the shape 

estimation, we must make the following assumptions: 1) The 

shape without any constriction has 500Hz for the first 

formant; 2) For shape 1, L1 is larger than L2; 3) The speed 

of sound is 340.23m/s; 4) Area of the smaller tube is 

0.5cm^2 and the area of the larger tube is 5.0cm^2. 

 

 
 

 
 

          Eq 4 and Eq 5 are used to compute the lengths of 

Tube 1 and Tube 2 of Shape 1. L1 comes from Eq 2, and L2 

comes from Eq 1. 

 

 
 

 
 

          Eq 6 and Eq 7 are used to compute the lengths of 

Tube 1 and Tube 2 of Shape 2. L2 comes from Eq 3. L1 is 

subtracted from the average length of human vocal chord, 

which can be changed in the code. 

          Finally, we use MATLAB to graphically generate 

what the two tube vocal tract with the given first two 

formants would look like. Following code is used for 

computation. 

 
%Vocal shape estimation based on given 

formants 
%Designed by Kunwoo Kim 
%May.2013 
%EN.520.680.01.SP13 Speech and Auditory 

Processing by Humans and Machines 
clear;clc; 

  
%This code calculates the lengths of the 

rear and front tubes of the two 
%tube vocal tract when first two 

formants are given. You can change the 
%values of the variables below to 

observe what the vocal tract may look 
%like. 

  
%----Variables------- 
formant1 = 600; %Hz 
formant2 = 1050; %Hz 
%-------------------- 

  
%Constants 
speedc = 34023; %cm^2 
avglength = 17; %cm 

  
%Case 1 
if (formant1 >= 500) 
    %Calculate lengths based on formants 



    length2 = speedc/(4*formant1); 
    length1 = avglength-length2; 
    area1 = 0.5; 
    area2 = 5.0; 

     
    %Draw estimated vocal tubes 
    x1 = 0:0.1:length1; 
    x2 = length1:0.1:length1+length2; 
    d1 = 0:0.1:sqrt(4*area1/pi); 
    d2 = 0:0.1:sqrt(4*area2/pi); 
    b1 = 0:0.1:max(d2)/2-max(d1)/2; 
    b2 = 

max(d2)/2+max(d1)/2:0.1:max(d2); 

  
    t = zeros(length(d1)); 
    plot(t,d1+max(d2)/2-max(d1)/2,'k'); 
    axis([-0.5,20,-0.5,3]); 
    xlabel('length of vocal tract(cm)'); 
    ylabel('diameter of vocal 

tract(cm)'); 
    title('Tube Shape Estimation'); 
    hold all; 
    t = zeros(length(b1))+length1; 
    plot(t,b1,'k'); 
    plot(t,b2,'k'); 
    t = 

zeros(length(x1))+max(d2)/2+max(d1)/2; 
    plot(x1,t,'k'); 
    t = t-max(d1); 
    plot(x1,t,'k'); 
    t = zeros(length(x2))+max(d2); 
    plot(x2,t,'k'); 
    t = zeros(length(x2)); 
    plot(x2,t,'k'); 

     
end 

  
%Case 2 
if (formant1 <500) 
    %Calculate lengths based on formants 
    length1 = speedc/(2*formant2); 
    length2 = 

speedc*formant2/(20*pi^2*formant1^2); 
    area1 = 5.0; 
    area2 = 0.5; 

     
    %Draw estimated vocal tubes 
    x1 = 0:0.1:length1; 
    x2 = length1:0.1:length1+length2; 
    d1 = 0:0.1:sqrt(4*area1/pi); 
    d2 = 0:0.1:sqrt(4*area2/pi); 
    b1 = 0:0.1:max(d1)/2-max(d2)/2; 
    b2 = 

max(d1)/2+max(d2)/2:0.1:max(d1); 

  
    t = zeros(length(d1)); 
    plot(t,d1,'k'); 
    axis([-0.5,20,-0.5,3]); 
    xlabel('length of vocal tract(cm)'); 

    ylabel('diameter of vocal 

tract(cm)'); 
    title('Tube Shape Estimation'); 
    hold all; 
    t = zeros(length(b1))+length1; 
    plot(t,b1,'k'); 
    plot(t,b2,'k'); 
    t = 

zeros(length(b1))+length1+length2; 
    plot(t,b1,'k'); 
    plot(t,b2,'k'); 
    t = zeros(length(x1)); 
    plot(x1,t,'k'); 
    t = t+max(d1); 
    plot(x1,t,'k'); 
    t = zeros(length(x2))+max(d1)/2-

max(d2)/2; 
    plot(x2,t,'k'); 
    t = 

zeros(length(x2))+max(d1)/2+max(d2)/2; 
    plot(x2,t,'k'); 
end 

 

4. ANALYSIS OF RESULTS 

 

In the first part, we are able to observe how changes in 

lengths and areas influence the formants. As we execute the 

code we obtain the following shown in Figure 4, 5, 6. The x-

ray of vocal tract and its formants are given by [8]. 

 

 
Figure 4: Result 1 of Formant Estimation 

 

          By putting in the estimated dimensions as shown in 

Figure 4 for the vowel ‘ee’, we obtain an accurate estimation 

of the first formant, but the second formant was off by about 

74%, and third formant by 50%. 



          

 
Figure 5: Result 2 of Formant Estimation 

 

          By putting in the estimated dimensions as shown in 

Figure 5 for the vowel ‘ea’, we again obtain an accurate 

estimation of the first formant, but the second and third 

formants are estimated less than what the vowel suggests. 

 

 
Figure 6: Result 3 of Formant Estimation 

 

          By putting in the estimated dimensions as shown in 

Figure 6 for the vowel ‘ow’, we obtain an accurate 

estimation of both first and second formants. 

 

In the second part, we estimate the shape of the vocal tract 

based on given first two formants. As we execute the code, 

we are able to obtain Figures 7, 8, 9. Again, the x-ray 

representation is obtained from source [8]. 

 
Figure 7: Result 1 of Shape Estimation 

 

          By putting in the formants given from the graph in 

Figure 7 for the vowel ‘ee’, we obtain its shape estimation. It 

correctly represented the shape having larger tube towards 

the glottis. However, the overall length is about 12cm, and 

this is short for an adult. 

 

 
Figure 8: Result 2 of Shape Estimation 

 



          By putting in the formants given from the graph in 

Figure 8 for the vowel ‘ea’, we obtain its shape estimation. It 

correctly represented the shape having larger tube towards 

the lip. To match the pictorial representation, the first tube 

should be longer. 

 

 
Figure 9: Result 3 of Shape Estimation 

 

          By putting in the formants given from the graph in 

Figure 9 for the vowel ‘ow’, we obtain its shape estimation. 

It correctly represented the shape having larger tube towards 

the lip. 

 

5. CONCLUSION 

 

          There are numerous sources of error. 1) Two tube 

assumption for the vocal tract is quite simplified; 2) Areas 

are not too significant in our mathematical model; 3) 

Estimating the dimensions from the pictures brings some 

ambiguity; 4) Formants vary a lot from subject to subject. 

          From the first part of the experiment, we always get an 

accurate estimation for the first formant. However, the first 

two results had erroneous result for the second and third 

formants. Also from the second part of the experiment, we 

always get an accurate estimation of which tube of the two is 

larger, and a rough approximate value for lengths. 

          As a result, two-tube vocal tract estimation is able to 

picture a rough shape and formants of the vocal tract and the 

speech signal. However, the vocal tract is a complicated 

shape with continuous cross-sectional area distribution, and 

many more constrictions within the entire tube. The next 

step to this design would be to increase the number of tubes, 

and then put cross-sectional area as a function of length 

throughout the vocal tract. However, if we desire to compute 

a rough picture of either the vocal tract or formants of a 

speech signal, this two tube computation may be used for 

fast and efficient computations.  
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