
Dept. for Speech, Music and Hearing

Quarterly Progress and
Status Report

VCV coarticulation
experiments with the vocal

tract area function model
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Abstract 
Many VCV transitions can be regarded as a sequence of two components. First an 
initial local change due to the release of the primary consonant articulator. There- 
after slower changes of F2 and F3 as the tongue body and jaw move away from 
the positions as supporting articulators for the consonant constriction to their 
positions as primary articulators for the vowels. 

A number of VCV coarticulation experiments are described using a vocal tract 
area function model and a coarticulation function. 

Introduction 
The well-known transitions of formants in 
consonant-vowel syllables reflect the identity of 
the articulator that makes the consonantal 
constriction, and where the articulator is placed. 
The transitions are also influenced by the 
articulatory configuration for the following 
vowel and how much the vowel configuration is 
anticipated during the consonant constriction 
(Delattre et al, 1955; Ohman, 1966, 1967; 
Sussman et al, 1991; Manuel & Stevens, 1995). 

The release of a consonant in a symmetric 
VCV can be viewed as having two components, 
particularly when the primary articulator is the 
lips or the tongue blade. The first component is 
the initial local movement of the primary 
articulator. The second, slower component 
consists of the movements of the tongue body 
and/or jaw, and possibly rounding of the lips, 
toward positions required for the vowel. 

The vocal tract (VT) area function model 
used here (Fant, 1992; Bivegkd, 1995; Fant & 
Bivegkd, 1995) is based on the general 
philosophy introduced by Ohman (1967) that 
any consonantal articulation can be regarded as 
superimposed on a vowel configuration which is 
set by the particular coarticulatory pattem. 
Conversely, the consonantal part of the 
articulation must be adapted to the specific 
vowel configuration. In practice, the coarti- 
culatory pattern will be influenced not only by 
the specific sequence of phonemic entities but 
also by the superimposed prosodic pattern, e.g. 
by the vowel-consonant contrast implied by the 
relative emphasis. 

The basic consonantal element of our model 
is a local constriction which substitutes a part of 
the specific vocalic area-function. In addition 
the model is equipped with a nasal tract 
incorporating two nasal sinuses and there is a 
lateral bypass simulating the pathway along the 
cheeks. The consonantal part of a VT area 
function is specified by four parameters. Two of 
these have the primary function of specifying 
the location and degree of consonantal con- 
strictions. The two additional parameters, 
pertaining to the effective length and shape of 
the consonantal constriction are dependent on 
the primary consonantal and also on the primary 
vocalic parameters. 

In palatals and velars the vocalic and 
consonantal constrictions coincide more or less 
but are still handled separately. Labial con- 
sonant closures and releases are handled by the 
lip parameter in the vocalic system which leaves 
the tongue and thus the rest of the VT area 
function free to realise a combined vocalic and 
consonantal structure, e.g. with a region of 
consonantal narrowing separate from that of the 
vocalic constriction as in apical, retroflex 
articulations. 

Method 
The VCV coarticulation problem is addressed in 
two ways, (1) by calculation of formant move- 
ments for vocal tract models that are 
manipulated by stepwise variation; (2) by 
examination of natural speech (Ohman, 1966). 

The use of modelling techniques augments 
the analysis of natural speech in several 
important ways. In natural speech when the area 
of the constriction is still quite small, the sounds 
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may be dominated by a transient or frication 
created at the constriction, making it difficult to 
determine the natural frequencies of the vocal 
tract as a whole during this initial part of the 
release. A second part is that the initial formant 
movements can be quite rapid and measure- 
ments are subject to the well known problem of 
time-frequency trade-offs in accuracy. These 
problems are overcome by calculating formant 
frequencies for each step of the movement. 
Also, it is not possible to completely determine 
the vocal tract shape from the acoustic signal. 
Modelling allows one to be quite explicit about 
the vocal tract shape. 

There are two reasons for our adaptation of 
the natural speech data of Ohman (1966, 1967) 
in our studies. The material is based on one 
Swedish male speaker and we would like to 
describe the variation of the control parameters 
of our articulatory model in a similar way. 

The equation for description of coarti- 
culation of the vocalic and the consonantal parts 
of the VT area function, s(x;t), was proposed by 
ohman: 

where a consonant phoneme is described by two 
invariant objects, c(x) and wc(x). The parameter 
k(t), represents the deviation from the target VT 
shape that would be obtained if the motor 
command of the consonant were applied alone. 
It is varied as a function of time from zero to 
one and then back to zero again. The 
coarticulation function wc(x) with values 
between zero and one represents the amount to 
which an arbitrary vowel shape is allowed to 
colour the target shape c(x) in each segment. In 
a symmetric VCV sequence the vowel shape 
function v(x) will be kept time invariant. For 
details see Ohman (1967). 

In our application these two control 
parameters, k(t) and wc(x), of Equation 1, 
explain how the tongue body and jaw move 
away from the positions as supporting 
articulators for the consonant constriction to 
their positions as primary articulators for the 
vowel. 

The coarticulation function w,(x) tells us the 
how the default consonantal parameter settings 
are dependent of the surrounding vocalic 
parameter settings. The function wc(x) is 
individual for each consonant and since it is 
dependent of the surrounding vowel articu- 
lation, it explains the different place of 
constriction of a palatal Igl in different vowel 
context. The contribution from the consonantal 
part of our model is totally controlled by k(t). 

Measured VCV sequences of one Swedish 
male speaker (Ohman, 1966), have been 
replicated with our VT area function model. 

The starting point has been VT parameter 
settings of static vowels and consonants. The 
default settings of a consonant consists of both 
the supporting vocalic parameter description 
and parameter settings of the superimposed 
consonantal part, see Figure 1. To be able to 
model the VCV transitions, we also need to 
define the coarticulation functions wc(x) of the 
different consonants. 

The transfer functions of the VT area 
functions are computed with our hybrid time- 
frequency domain synthesiser FLEA (Lin, 1990; 

Figure 1. Example of VT area functions of the 
model in the three VCV utterances. Lefr: vowel 
articulation, Right: consonantal articulation, 
with the supporting vocalic part and the 
superimposed consonantal part. 

Results 
We have chosen to illustrate three VCV 
sequences here. 

We started out by letting the coarticulation 
function wc(x) = 1 within the frame of the 
superimposed consonantal part and wc(x) = 0 
elsewhere of the vocal tract. This assumption 
worked out well for Iybyl and /@g0/ but not for 
Iudd. 

The two first VCV-coarticulation examples 
have consonantal constrictions, supported by 
vocalic parts close to the settings of the 
surrounding vowels. The latter VCV example, 
Iudd, have a consonantal articulation, with a 
more open pharynx, see Figure 1. This demands 
a different parameter setting of the supporting 
vocalic part than the surrounding vowels. To 
reach this goal, we have inferred a more 
restricted coarticulation function wc(x). 
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The first example is the bilabial Iybyl 
coarticulation, Figure 2. The formant transition 
is controlled by the lip-parameter of the vocalic 
model, the lowering of F2 and F3 corresponds 
to the natural speech data. 

Figure 2. Formant transition of /yby/, typically 
bilabial lowering of F2 and F3. 

Figure 3. Formant transition of the alveolar 
stop in /udd 

Figure 4. Formant transition of the palatal stop 
of /#gd typically narrowing of F2 and F3. 

In Figure 3 we have a VCV-coarticulation of 
/udu/. This coarticulation is modelled with a 
superimposed consonantal part, of the alveolar 
closure. 

To be able to reach a proper formant 
transition, the specified target parameters need 
to be fully controlled by the supporting vocalic 
part and the consonantal target. The 
coarticulation function wc(x) = 1 in the whole 
VT which implies s(x;t) = c(x) in the entire VT. 
Without this more precise definition of the 

supporting vocalic part, we were not able to 
produce the lift in F2 as is found in the natural 
speech data. 

By moving the tongue-tip or a lipclosure, 
Figure 2 and 3, we have modelled fairly fast 
transitions of the articulators. The time-function 
of the k(t) parameter is illustrated in Figure 5. 

In Figure 4 we have modelled a palatal 
closure with a raise of the tongue body. The 
tongue body is a larger articulator and should 
therefor have a smoother time-function for onset 
and offset, see Figure 5. 

time 

Figure 5. Parameter variation of the three VCV 
sequences. Transition of the control parameter 
k(t) of /yby/ and /udd (solid line); Smoother 
envelope of k(t) in /@gd (dotted line). 

Discussion 
We have illustrated the strategy of how a 
combined VCV-coarticulation can be realised 
with our VT area function model. The equation 
proposed by Ohman (1967) has been used to 
describe the coarticulation scheme. 

A sequence of phonetic segments should be 
programmed in terms of spatially distributed 
and temporally overlapping control functions. 
We have explored the possibility of achieving 
this within a framework of possible vocal tract 
area function states. These could be selected to 
conform with a set of phonetic prototypes of 
combinations of vocalic and consonantal com- 
ponents constituting primary and secondary 
targets, the latter intended for a sub-division of 
trajectories between primary targets. 

The two parameters, k(t) and wc(x), of 
Equation 1, model the positions of the 
supporting articulators of the consonant 
constriction to their positions as primary 
articulators for the vowel. The coarticulation 
function w,(x) tells us the how the default 
consonantal parameter settings are dependent of 
the surrounding vocalic parameter settings. 

The VCV-coarticulation of modelling an 
alveolar stop consonant Id/ with a narrow mid- 
vowel /u/ illustrates the importance of the 
coarticulation function w,(x). To be able to 
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model the apical raise, we need to move the 
tongue-body forward and the surrounding vowel 
will not be allowed to interfere. 

The function w,(x) is individual for each 
consonant and since it is dependent of the 
surrounding vowel articulation. In two out of 
the three examples we have observed w,(x) = 0 
in the VT area domain outside the consonantal 
part. This is explained by the vocalic part of 
these consonants being close to the parameter 
settings of the surrounding vowels. In consonant 
production, the coarticulation function models 
the inter-relationship between the parameter 
settings of the vocalic part and the super- 
imposed consonantal part. 

The contribution of the superimposed 
consonantal part of our model is totally 
controlled by k(t). In Figure 5, we have 
illustrated two different time-functions for onset 
and offset of the consonant articulation. 

In addition an inventory of modifiers of 
place and area of constrictions could be adopted 
to specify individual and dialectal variations, 
e.g. the "base of articulation" being more 
fronted or retracted and the degree of closure 
being greater or smaller than a norm. At any 
instant of time the VT state should be 
considered as a weighted sum of contributions 
from earlier and later positioned targets within a 
prescribed time-window. Weighting functions 
can be organised so as to make possible both 
undershoot and overshoot and coarticulation 
which is a requirement for implementing 
variations in the prosodic frame such as varying 
emphasis and hyper-hypo articulation. 

This pilot study is our first attempt to model 
sequential VCV-coarticulation with our VT- 
model. In future work we will continue to 
improve the VT-model and its covariation 
descriptors. In the first place we intend to 
perform more systematic modelling of the 
separate and combined effects of oral opening 
and closure and nasal port opening and closure 
in sequences of consonants and vowels. 

A second phase for the combined modelling 
of consonantal articulations superimposed on a 
vowel configuration, will be to adapt the model 
to match dynamic patterns of human speech. In 
practice, the coarticulatory pattern will be 
influenced not only by the specific sequence of 
phonemic entities but also by the superimposed 
prosodic pattern, e.g. by the vowel-consonant 
contrast implied by the relative emphasis. 

Such experiments will be combined with 
perceptual evaluations of synthesised speech. 
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