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ABSTRACT 

This paper presents a study of an articulatory-based speech syn-
thesis based on a 2D-Digital Waveguide Mesh (2D-DWM) to 
model acoustic wave propagation in the oral tract. It is employed 
to study the effects of changing oral tract area, and in particular, 
of moving the articulators during the production of diphthongs. 
The operation of the synthesizer including details of how diph-
thongs are produced are discussed. The results support earlier 
findings that the wall reflection coefficient is inversely propor-
tional to the formant bandwidth. 

1. INTRODUCTION 

Understanding the acoustic nature of speech signals provides the 
basis for the design of speech synthesis systems. The first attempt 
to produce vowel-like sound was reported by Ch. G. Kratzenstein 
in 1779 [1]. Twelve years later von Kempelen simulated a vocal 
tract mechanically using bellows as a power source, an ivory reed 
as the sound source and a leather sack as the oral tract (sound 
modifiers). These two devices are the results of the earliest re-
search into articulatory-based speech synthesis, since they are 
direct models of the speech production system.  
The shape of the vocal tract can be altered using the main articu-
lators (tongue, jaw and lips) and the resulting tube shape modi-
fies the sound source from the glottis during voiced speech. To 
simulate articulation, Childers (2000) separates the modelling 
into two parts (the articulatory model and the acoustic model). 
The articulatory modelling is the part that physically considers 
shaping of the vocal tract, which could be viewed as a structure 
of concatenated small ducts. The sizes of those are available from 
a set of cross-sectional area data from computerised tomography 
CT or magnetic resonance imaging MRI scans. These data are 
also used in the acoustic modelling as parameters to represent the 
volume of the tract [2].  
In this article, we consider acoustic modelling and focus on  the 
control parameters available in the 2D-Digital Waveguide Mesh 
(2D-DWM) to study the effect of dynamic modelling in the time 
domain. The evaluation will focus on the reflection coefficient of 
the wall of the tract in moving boundaries (articulator), which 
can be found in diphthongs. 
The diphthong is a production of changing one monophthong to 
another. In English there are eight diphthongs /eI/, /aI/, /OI/, 
/@U/, /aU/, /I@/, /E@/ and /U@/ (Speech Assessment Methods 
Phonetic Alphabet (SAMPA) [3] phonetic symbols) classified 
into two groups – closing and centering. The classification relates 
to the direction of the changing positions of the vowels in the 
vowel quadrilateral [4]. 
 
 

 
 
 
 
 
 
 
 
 

Figure 1 : The changing position of vowels in English 

diphthongs on the vowel quadrilateral (after [3]). 

Mullen (2006) describes the link between the reflection coeffi-
cient and formant bandwidth as an inverse relationship between 
the coefficient and the bandwidth [5]. He also shows an example 
of a synthesized /I@/ diphthong where he analysed its changing 
formant frequency, but he did not examine the whole range of 
English diphthongs. This article extends his work by examining 
the relationship in more detail, particularly during the synthesis 
of other diphthongs.  

2. 2D-DIGITAL WAVEGUIDE MESH 

The 2D-Digital Waveguide Mesh (2D-DWM) is one of the algo-

rithms that has been used for simulating acoustic wave propaga-

tion. It has firstly been used to simulate a sound propagation in 

the human vocal tract in [6]. It is an adaptation of the 1D Digital 

Waveguide. The 1D simulates the wave propagation on a chain 

of waveguides connected together and passing the wave parame-

ters in both directions. For the 2D version, more ports are at-

tached to connecting points (junctions) to create a higher dimen-

sionality for the travelling wave. At the junction, the mesh sys-

tem works as its topology. In this article we use four port scatter-

ing junctions, which have four connecting ports attached to a 

junction. The propagation is done by calculating the pressure 

output of port k using: 

 

 (1) 

 
where:  pJ  is a junction pressure, pk  is pressure at the kth  port,  

‘-‘ and’+’ indicates direction of travelling parameters (incoming 

and outgoing),  N is a number of attached ports (in case of the 

previous example, N is 4) and Yi is an admittance of the ith  port.   

 

The admittance is a variable that is used as a weight of each 

waveguide. It is calculated from the area function that the 

waveguide represents. Here we are considering the vocal tract, 

and therefore it is based on the cross-sectional areas along the 
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tract. A set of areas along the length of the tract is created based 

on scanning (e.g. MRI) and these are perpendicularly oriented to 

the direction of the air flow. The areas are used to calculate the 

admittance by considering them in terms of their radius. 

 

 (2) 
 

where r(x) is a radius of the area at x,  x indicates the location of 

the cross-sectional area A(x), ρ is density of the air, c is the ve-

locity of the air, Zx is an impedance at x. 
 

The 2D-DWM in [7] improves the meshing algorithm by apply-

ing a cosine function to control the impedance across the tube on 

the Y-axis. Figure 2 shows increased impedance along the edges 

of the straight tube. The flipped up bell curve represents the im-

pedance hill Zx at the point of constriction x. Zx,0 … n represent im-

pedance values at different y positions and the maximum imped-

ance value of a constriction x is Zx,0 and the minimum is Zx,n/2 or 

Zmin which equals to the Ztube. 

 

 

 

 

 

 

 

 

 

Figure2 : Raised impedance hills causing a constriction 

in a straight tube and plotted raised cosine impedance 

hills on either side of the constriction from [7]. 

 

Equation 3 shows the cosine smoothing across the impedance hill 

Z(x,y) where w represents a tract width (from [7]). 

 

 (3) 
 

Since the simulation in 2D has one more boundary condition than 

in 1D (wall reflections), the reflection coefficient of the wall is 

involved in the increasing of the impedance values at the wall 

when y = 0 and y = n. The experiment, assessing the flexibility of 

the wall reflection coefficient is shown in the next section. 

3. EXPERIMENT AND RESULTS 

As there are four boundaries to the mesh, each is being repre-

sented and controlled by the reflection coefficients – lips, glottis 

and the two side-walls. The wall reflection coefficient affects the 

formant bandwidth but the lip and glottis reflection coefficients 

do not [6]. The higher the wall reflection coefficient the lower is 

the resulting formant bandwidth. A small formant bandwidth 

leads to a greater potential distinction between different vowels 

by reducing the overlap between adjacent formants when they are 

close in frequency.  

In our experiment, we are studying the effect of the wall reflec-

tion coefficient in diphthongs when the wall or the area data is 

moving or changing. The system tests the effect of movement by 

simulating the wave propagation using white noise as the sound 

source to allow tracking of all of the changing resonant frequen-

cies. The reflection coefficients are varied as follows: 0.90, 0.92, 

0.94, 0.96, 0.98 and 1.0. Figure 3 shows formant bandwidth of 

eight synthesized diphthongs overlaid using a Hamming window 

with the following parameters: length 0.049 seconds, 0.7 pre-

emphasis, 0.01 second of frame interval and LPC order 12. The 

data presented in the figure are the average of the formant band-

widths when the tract is changing its size. 

 

 

 
 

Figure 3 : The formant bandwidth of eight synthesized 

English diphthongs using various wall reflection coeffi-

cient (0.90, 0.92, 0.94, 0.96, 0.98 and 1.0). 

Figure 3 shows the results of speech analysis for the bandwidths 

of F1, F2 and F3. They are decreasing when the coefficient is 

getting slightly higher. This means that the damping in the time 

domain or the absorption of the sound energy by the moving 

boundaries could also be controlled by fixing the wall reflection 

coefficient. Meanwhile, the distinctiveness of each monophthong 
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end-point component in each diphthong can be reduced by in-

creasing the formant bandwidth or decreasing the coefficient. 

Figure 4 shows an example of the bandwidth variations during a 

diphthong /@U/ averaged over 4 different waveguide sizes. The 

experiment used the same configuration as in previous one but 

plotted the averaged bandwidth frame by frame.  It still depicts 

an effect of how decreasing the bandwidth was when we increase 

the coefficient. On the other hand it also reports that the 2D-

DWM resonates F1 in wider bandwidth than F2 which is oppo-

site of what happens in natural speech.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 : Formant bandwidth analysis results of F1 (left) and F2 (right) of each time frame from in synthesized /@U/ averaged 

from using waveguide size 2.2, 1.1, 0.55 and 0.275 cm.  

 

Moreover, we also evaluate the effect of changing waveguide 

size on the bandwidth in order to understand the effect of using a 

more dense mesh. The results show the same trend of decreasing 

of the bandwidth when the reflection coefficient is increased in 

all waveguide sizes tested. Figure 5 shows the analysis results 

overlaid using 0.049 sec of Hamming window length with 0.7 

Pre-emphasis, 0.01 sec of a frame interval and LPC order 12 on 

the frequency analysis. 
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(c) (d)   

 

Figure 5 : Formant bandwidth results from different waveguide size using wall reflection coefficient as 0.90, 0.94 and 0.98. (a) 

waveguide size = 2.2 cm, (b) waveguide size = 1.1 cm (c) waveguide size = 0.55 cm (d) waveguide size = 0.275 cm. 
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These results show that there are some disadvantages to using the 

2D-DWM when the formant bandwidth is wider than that of 

natural speech. However, as we mentioned before, they do give 

us some idea of how to control them using the reflection coeffi-

cient configuration. A set of synthesized sounds from our ex-

periment can be found in formant plots in the appendix. They are 

synthesized results of using 0.55 cm of the waveguide size. Small 

movements on F1 are the results of usage of area based 2D-

DWM as discussed in section 4.7.1 in [7] but they show reason-

able F2 movements. 

4. DISCUSSION AND CONCLUSION 

In Vocal tract modelling of diphthongs the moving boundaries 
will change the area data and this will affect formant frequencies.  
In the present research we looked at an additional effect of this 
movement, namely, that on formant bandwidth. The results not 
only support the inverse relationship between the wall reflection 
coefficient and the bandwidth which was discussed in [6], they 
also show that this relationship holds true for all English diph-
thongs when synthesised. In detail, when the first three formants 
are morphed from one vowel to another the damping is still line-
arly reverse proportional to the wall reflection coefficient. This 
suggests that we can control the formant bandwidth even when 
the boundaries are moving which means there is a possibility in 
using a flexible wall reflection coefficient to achieve more hu-
man-like synthesised speech. Applying flexible wall reflection 
coefficients with 2D-DWM will be advantageous to the simula-
tion of co-articulation in the vocal tract. In addition, changing of 
the waveguide size did not affect the above-mentioned relation-
ship between the reflection coefficient and bandwidth.  
All in all, these results suggest that when synthesising English 
diphthongs using a 2D-DWM, the formant bandwidths can be 
controlled by utilising flexible wall reflection coefficients. In or-

der to gain more support for this finding a perceptual study will 
be conducted. 
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7. APPENDIX:   F1, F2, F3 OF THE EIGHT SYNTHESIZED ENGLISH DIPHTHONGS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


