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ABSTRACT
In order to gain a greater insight into

speech production phenomena, a

better knowledge of both vocal tract
acoustic transfer function and area

function is needed. In these two kinds

of investigation, many techniques can

be used. We are going to analyse the

different methods allowing us to

obtain the correct results and their

limits.

1. MEASUREMENTS OF VOCAL
TRACT TRANSFER FUNCTION

Classical techniques for direct

investigation of the acoustic

characteristics of the vocal tract are

based on the transcutaneous excitation

of the tract near the glottis. The first

measurements have been reported by

Van den Berg [3]. Fant [10] later

adopted a similar method. Well know

results have been given by Fujimura &

Lindquist [12] and this improved

method ' is called sweep-tone

measurement. In these different

experiments, they used a pure tone

signal swept in frequency as excitation.

The source can be a small loudspeaker

or a high-quality moving-coil-type

electromagnetic transducer. In a

session of data acquisition, a

microphone picked out the sound at

the mouth opening. The subject held

the intended articulation as constant as

possible during sweeping. A sweeping
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from 100 to S 000 Hz took about 8,5 s.

The major advantage of this method is
the continuous frequency response

curves that can be obtained. But three
main disadvantages remain :
- The complex and particular

experimental set up.
- A too long measurement time.
- No phonation is allowed during the

process, but auditory feedback may

be necessary for precise articulation

configuration.

In order to resolve some of these

problems, an improved method has

been proposed by Castelli & Badin [5]

[6] : the vocal tract was excited with

white noise, which allows for auditory

control. The output signal picked up

by the microphone is directly sent to

headphones : thus the subject can

"hear" the configuration he is

articulating. The signal is at the same

time digitally recorded and further

processed by averaging FFT spectra

over a long period of time to produce

good transfer functions. But, the time

measurement is still too big (around

10 s) and no phonation is possible.

A last improvement is proposed by

Djeradi et al [9]. A technique

developped earlier for acoustic room

characterization has been adapted.

The method is based on the impulse

response of the vocal tract when it is

excited throught the skin near the

larynx. It is very difficult to produce a



good impulse for excitation, so we use
a pseudo-random sequence as input
signal. The computation of the cross-
correlation between the excitation and
the output signal allows us phonation
during the measurment process. The
transfer function is obtained directly
through the FFT of crosscorrelation.
Finally, the measurement time is as
small as about 100 ms, and the

frequency resolution on the final result
is of 10 Hz. As shown on figure 1, we
can measure the transfer function with
closed glottis condition and in
phonation condition. With this
method, we can consider measurement
of the transfer function when the vocal
tract is slowly moving, for example
during vowel-vowel transition.

In conclusion, it is clear we can now
measure the transfer function of the
vocal tract with the following features :
- measurement time : about 100 ms
- accuracy in the frequency domain :

about 10 Hz
- feasable measurement during

phonation
- possibility to follow the variation of

the transfer function during slow
transitions

2. MEASUREMENTS OF THE AREA
FUNCTION

The determination of articulatory
parameters such as area functions or
other representations of vocal tract
shape is a long standing problem in
speech research. This problem can be
viewed accordingly in two ways : 1/ By
direct measurement of the area using
cineradiography, magnetic resonance
imaging, ultrasonic scan, or X-ray
microbeam. 2/ as an inverse problem
from natural signal or output signal of
external excitation. We are going to
recall these different techniques and
their limitations.
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2.1. Direct measurement of vocal
tract area

- X-ray photography an
cineradiograph.

The first X-ray studies took place
around 1925-1930. But the first well
know were those from a Russian made
by Pam in 1951. We obtained a mid-
lateral saggital view of the vocal
cavity. From the photography, we must
first draw the outline of the vocal tract
and after using a grid for example, we
can measure the saggital distance of
each cross section in order to define
the centre line and the length of the
vocal tract. Many errors occur during
the processing of this kind of date :
- The boundary of the vocal tract is

not always easy to define, in
particular near the larynx.

- The choice of the method of
outline to cross section magnitude
conversion may give different
values, especially on the total
length of the vocal tract.

But a last operation must be done :
the saggital distance - area cross -
section conversion. Indeed the cross
section shape of the vocal tract is very
different according to position along
the centre-line and even with the
value of saggital distance. Usually, we
use the Heinz & Stevens models
where A = ad“. Computed
tomography allowed us to obtain data
of these cross-section shapes and a set
of coefficients a and B were
determined for several specific regions
in the vocal tract [31]. Considering all
the difficulties of this method, X-ray
measurement, now improved with the
cineradiographic records, gives very
good information about the size and

- the shape of the vocal tract [17] [1]
[4]. However, its use is restricted by
the great deal of time and tedious
work of processing involved.



Magnetic Resonance Imaging (MRI)

[11] is a technique which allows the

same kind of study as the X-ray

method. Contrary to X-ray imaging,

there are no severe problems owing to

dosage limitations, but, for the

moment, relatively long acquisition

time make it impossible to investigate

many speech sounds.

X-ray microbeam and ultrasonic scan

often allow only the definition of a

part of the vocal tract, usually the

dorsal surface of the tongue [30] [26]

[41].

2.2. Estimation of the area function

from the speech signal

Considering that it is difficult to obtain

the cross-sectional area function of the

vocal tract from direct measurements,

many researchers have tried to

estimate it from acoustic data.

The first investigations were based on

the inverse problem : determination of

the vocal tract shape from transfer

function or formant frequencies [32]

[18] [20] [13] [2] [29]. But, as recalled

by Mermelstein, Schroeder, Heinz and

Sondhi [35], it is well known that the

transfer function of a lossless vocal

tract (much less that of a tract with

loss) does not uniquely specify it’s area

function. An alternative is to try to

resolve the non uniqueness by

imposing "reasonable" constraints on

the tongue and other articulators. But

nothing allows us to judge if the result

is the actual area function and not just

any function which will produce the

same sound.

Another approach was proposed,

notably Wakita, Nakajima et al [44]

[45] [46] [27], who estimated area

functions from speech signals. The

method is based on linear prediction

analysis. If corrections on formant

frequencies and bandwiths are made

in order to compensate for the

differences in boundary conditions and

losses between the linear prediction

model and actual speech production,

reasonably results are obtained.

Several problems remain in both of

these approaches :
- the area function can be

determined only to within an

unknown factor,

- the vocal tract length is not directly

available from the speech signal or

the transfer function.

Wakita, Paige and Kirlin [28] [19]

proposed algorithms to estimate this

length and the various estimators give

an accuracy of better 5 %. The

approach which seems the most

promising was proposed first by P.

Mermelstein, and consists of

considering the impedance function of

the vocal tract measured at the lips. It

has been shown that this characteristic

allows the definition of a unique

relation between the input impedance

at the lips and the cross-section area

function of the vocal tract. Sondhi has

studied different aspects of the

determination of area function [36]

[37] [38] [39] [43] in depth. He shows

that under plane wave approximation

for a lossless vocal tract, as well as for

tracts with certain types of distributed

losses, we can reconstruct the area

function with good concordance

between calculated results and actual

shape. Furthermore, J.P. Lefévre, R.

Descout, et a1 [8] [42] [22] used

measurements at the lips of response

to an impulse acoustic pressure wave

for determining the vocal tract area

function. This area function was

obtained either by deconvolution, or

by successive approximations of a

modeled vocal tract, the search being

made for the constrictions by

decreasing order. In all cases, 20 to 40

measurements per second can be
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obtained.

In order to both improve the accuracy
of the reconstructed area function and
increase the frequency of
measurement, P. Milenkovic [24] [25]
has proposed a novel aspect of the
procedure based on acoustic pulse
reflection of an excitation at the lips.
The results show that the period can
beasshortasSrnsbutonlyif
articulatory is not too big.

These methods should be improved in
different ways but two constraints
remain: 1/ all of these need an
impedance tube which is "connected"
to the lips by a flexible coupling.
There is bound to be some kind of
unnaturalness in the articulatory
movements. 2/ all the measurements
must be made without phonation. This
point could be neglected in the case of
vocalic configurations, but it is very
important for the acoustic
characteristics of sounds like fricatives.

3. CONCLUSION

Different methods used for measuring
the acoustic transfer function give
accurate results. The determination of
area functions is more difficult. Here
different techniques are used and
these give natural and verifiable
results, using the driving point impulse
response. Furthermore, much current
research aims to obtain the area
functions from the speech signal in
order to achieve an efficient coding for
transmission [21] [33] [34] and neural
networks should also offer a new line
of investigation [40].

Two ways should be explored (or
continued) for increasing the quality of
results : 1/ a better time model of the
vocal tract, 2/ a mixed-method
allowing the simultaneous
measurement of transfer function and

area function. Each of these studies
have a specific applimfion, firstly
when we use a speech signal as input,
and secondly when we use a synthetic
external excitation.
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