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ABSTRACT

The article presents a method of post-
synchronization which is the match, by means of
formant-to-area mapping, of an area function model
to a measured area function. The objective of post-
synchronization is to compute a model which is as
near as possible to a measured area function and
whose eigenfrequencies are identical to the corre-
sponding measured formant frequencies. Di�erent
types of acoustic models and constraints are exam-
ined. Results show that the best map is obtained
in the case of a lossless acoustic model, corrected
for lip radiation and wall vibration losses, and the
minimization of the Euclidean distance between ge-
ometrically �tted and formant-to-area mapped area
function models. The di�erences between measured
and mapped area functions are gauged by means of
the dynamic length warping distance.

1. INTRODUCTION

Before taking measured vocal tract shapes and
formant frequencies for granted, it is wise to con�rm
that the eigenfrequencies of the measured vocal tract
shapes match the measured formant frequencies. Of-
ten, the calculated eigenfrequencies of measured vo-
cal tract shapes and the corresponding measured for-
mant frequencies do not agree for the following rea-
sons. 1) With present technology it is di�cult to
obtain accurate measurements of 3-dimensional vo-
cal tract shapes. In the case of magnetic resonance
imaging (MRI), the problems are imaging artifacts
related to the air-water boundary and the low con-
centration of hydrogen in the teeth and bone [7]. 2)
It is di�cult to record a speech signal via a micro-

phone at the same time as a tract shape via MRI.
The acoustic signal and the corresponding vocal tract
area function or mid-sagittal pro�le must be recorded
asynchronously. This is a consequence of the intense
magnetic �elds and noise associated with MRI. 3) The
physical behavior of the vocal tract boundaries (i.e.
wall vibration and sound radiation at the glottis and
lips) is not known exactly, and the acoustic model
which describes the sound propagation inside the vo-
cal tract is therefore an approximation only. Further-
more, the use of a 1-dimensional wave propagation
model (the Webster equation) may be another source
of imprecision, especially for eigenfrequencies higher
than 4 kHz. 4) Even if accurate measurements of 3-
dimensional vocal tract shapes and an exact descrip-
tion of the sound propagation inside the vocal tract
were obtained, area function models with a low num-
ber of parameters would still bring about modeling
inaccuracies which may give rise to formant frequency
values that di�er from those measured.

A post-synchronization method has been devel-
oped to minimize the di�erence between measured
and calculated formant frequencies. It uses formant-
to-area mapping to arrive at an area function model
which is as near as possible to a measured area func-
tion and whose �rst three eigenfrequencies are equal
to the corresponding measured formant frequencies.
The agreement between measured frequencies and the
eigenfrequencies of the inferred (via acoustic-to-area
mapping) area function model is better than 0.01 Hz.
The di�erence between measured and inferred area
functions is estimated by means of dynamic length
warping. Results show that the smallest distances
are achieved when acoustic losses at the tract bound-
aries are take into account and the Euclidean distance
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between acoustically mapped and geometrically �tted
area function models is kept as small as possible.

One must distinguish between measured area
functions (via MRI, for instance), area function mod-
els geometrically �tted to measured ones (via a least-
squares criterion, for instance) and area function
models inferred via formant-to-area mapping. Here,
the di�erences between the latter two are gauged by
means of an Euclidean distance, and the di�erences
between the �rst two by means of dynamic length
warping.

2. FORMANT-TO-AREA MAPPING

Formant-to-area mapping is the inference of the
shape of a vocal tract model via observed formant
frequencies. Here, it consists of the direct calculation
of the time derivatives of the cross-sections and the
length of a vocal tract model so that the time deriva-
tives of the observed formant frequencies and the
model's eigenfrequencies match [5, 4, 6]. The vocal
tract model is a concatenation of cylindrical tubelets.
Time derivatives of the tubelet cross-sections are ob-
tained by solving a linear algebraic system of equa-
tions. The derivatives are then numerically integrated
to arrive at the cross-section movements. Since more
than one area function is compatible with the ob-
served formant frequencies, constraints are applied to
the area function movement to select a unique solu-
tion.

3. CORPUS AND METHODS

The corpus was the �rst three formant frequencies
and the corresponding area functions of twelve Amer-
ican English resonants (vowels and laterals) asyn-
chronously measured via MRI by Story et al. [7].

The area function model consisted of a concatena-
tion of 8 cylindrical tubelets that had lengths equal
to L=10, L=15, 2L=15, L=5, L=5, 2L=15, L=15, L=10
respectively, where L was the distance from the glot-
tis to the lips [3]. This choice was the outcome of
a previous study according to which this model �t-
ted the measured area functions geometrically bet-
ter than the corresponding model consisting of 8
tubelets of equal lengths. The cross-section area of
the �rst tubelet (adjacent to the glottis) was �xed
at 2 cm2 [5, 4]. The areas of the other seven cross-
sections were variable and the total length, L, de-
pended via formula (1) on the cross-section area of
lip tubelet A8. The symbol cm means that length L

was measured in centimeters and cross-section A8 in
square centimeters.

L

cm
= 20� 0:5

A8

cm2
: (1)

Formula (1) was obtained by means of regression
analyses of published data [7].

The total length of the vocal tract model is a pa-
rameter which simultaneously a�ects all the eigen-
frequencies, whereas individual cross-sections mainly
in�uence one or two. However, an unconstrained
tract length would have taken on unrealistic val-
ues since from a mathematical point of view, length
changes were the most e�cient way of e�ecting for-
mant changes. Therefore, any changes in total vocal
tract length were made to depend on the cross-section
of lip tubelet A8 [6]. Consequently, the area function
model had 7 independent control parameters.

Radiation at the lips and wall vibration losses
were taken into account within the wave propagation
model. This choice had been the outcome of a pre-
liminary study during which three models of acous-
tic losses were compared [1]. The lossless acoustic
model, corrected for wall vibration and lip radiation,
was preferred because it was the simplest, and for-
mant frequencies were mainly a�ected by these types
of losses.

Post-synchronization consisted of determining, for
each phonetic segment of the corpus, the cross-
sections of the area function model by means of
formant-to-area mapping.

The initial length (before formant-to-area map-
ping) of the model was equal to the measured tract
length. The initial cross-sections were those obtained
via the geometric �t of the model to the measured
area function.

The mapping was constrained via one of four con-
ditions. (i) The Euclidean distance between acousti-
cally mapped and geometrically �tted area function
models was kept as small as possible. (ii) The time
derivatives of the cross-section movements were mini-
mized. (iii) & (iv) Linear combination 


2(i)+(ii) was
reduced to a minimum. Weight 
 was equal to 20 or
30 respectively.

A total of eight matching experiments was carried
out by combining the four constraints (i)-(iv) with
the lossless acoustic model or lossless model corrected
for lip radiation and wall vibration. The agreement
between the measured and model-generated formant
frequencies was better than 0.01 Hz for all the pho-
netic segments and types of constraints.

To compare the e�ects of di�erent acoustic mod-
els and constraints, the distances were computed be-
tween acoustically inferred and MRI-measured area
functions. A possible problem was that these were of
di�erent lengths and their numbers of concatenated
tubelets were di�erent.

A method to deal with the alignment mismatch
was dynamic length warping. Dynamic length warp-
ing is a mathematical technique which applies an op-
timum non-linear length scale distortion to achieve a
best match at all points. The two area functions to be
compared were inputted. The output was the length
of the best path aligning the two.

The procedure was the following. When two area



Lossless model Lossy model

C(1) C(2) C(3) C(4) C(1) C(2) C(3) C(4)

[i] 3.61 3.29 3.31 3.25 2.95 3.38 3.06 3.15

[�] 2.26 2.59 2.36 2.43 2.18 2.55 2.28 2.35

[�] 1.97 2.43 2.12 2.06 1.90 2.54 1.96 2.09

[æ] 2.02 3.11 2.70 2.94 2.01 3.09 2.22 2.82

[�] 3.24 3.30 3.34 3.31 3.07 3.16 3.10 3.17

[�] 3.04 3.60 3.30 3.44 2.95 3.84 3.29 3.43

[4] 3.86 5.51 5.04 5.29 3.80 5.18 4.71 4.93

[o] 4.85 6.20 4.88 5.58 4.71 5.84 5.44 5.89

[H] 3.41 3.49 3.46 3.47 3.39 3.42 3.41 3.41

[u] 6.55 6.97 6.78 6.82 6.08 6.28 6.09 6.14

[�`] 3.22 3.52 2.99 3.01 3.11 3.97 3.33 3.54

[l] 3.45 6.72 4.05 5.44 3.42 6.71 4.58 5.33

Table 1: The dynamic length warping distances [in cm] between the square roots of measured and inferred area
functions, Story et al.'s data. C(i), i=1,2,3,4 designates the type of constraint.

functions were compared, that were composed of nm
and nc cylindrical tubelets respectively, local distance
dij = jpAi �p

aj j between tubelet cross-sections Ai

and aj of the measured and computed vocal tract
shapes was calculated, i = 1 : : : nm and j = 1 : : : nc.
Cumulative distance Dij along the optimum path
from the beginning at the glottis to tubelets i and
j was as follows:

Dij =

i;jX

x;y=1;1 along the best path

dxy; (2)

which is assumed to be equivalent to:

Dij = dij +min (Di�1j ; Di�1j�1; Dij�1) : (3)

The procedure starts with D11 = d11, where all
the possible paths begin. The value obtained for
Dncnm was the score of the best path aligning the
two area functions [2].

4. RESULTS

The dynamic warping distances between the
mapped and measured area functions were calculated
for each of the 12 resonants of Story et al.'s corpus
and for each of the eight experiments. The results
are presented in Tables 1 and 3. They show that the
smallest distances were achieved when losses at the
boundaries were taken into account and constraint (i)
was used. The minimization of cross-section speeds
either alone (ii), or in combination with constraint
(i), was not strong enough to guarantee the smallest

possible distances between the modeled and measured
area functions.

Table 2 presents the vocal tract shapes arrived at
via the post-synchronization of vowel [�] of Story et
al.'s corpus for the two acoustic models (lossless and
corrected lossless) and the four constraints.
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Table 2: Measured (solid lines) and mapped (dashed lines) vocal tract shapes corresponding to the American
English vowel [�] of the Story et al. corpus. The vertical axes represent the vocal tract area function (in cm2),
and the horizontal axes the position (in cm), with 0 corresponding to the glottis.
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Table 3: Measured (solid lines) and mapped (dashed lines) vocal tract shapes corresponding to the 12 American
English resonants of Story et al.'s corpus. The mapped shapes displayed give rise to the smallest dynamic length
warping distances and correspond to the boxed data in Table 1. The vertical axes represent the vocal tract area
function (in cm2), and the horizontal axes the position (in cm), with 0 corresponding to the glottis.


