Vol. 3 Page 234

Session 50.3

ICPhS 95 Stockholm

VOWEL NORMALIZATION REVISITED:
INTEGRATION OF ARTICULATORY, ACOUSTIC,
AND PERCEPTUAL MEASUREMENTS
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ABSTRACT

Vocal tract (VT) area functions were
measured from magnetic resonance images
(MRI) for five Japanese vowels /i, €, a, 0,
and v/ across a child, a female adult, and
amale adult. Effects of uniform and non-
uniform normalization of the area function
with respect to the length of three parts of
VT, i.e. oral, pharyngeal and laryngeal
sections, are investigated at articulatory,
acoustic, and perceptual levels. Signifi-
cance of uniform normalization is sug-
gested.

INTRODUCTION

Relationships of formant patterns of
vowels among male, female and child
speakers are found 1o be nonuniform
(1},[7]. How human beings normalize in
the auditory perception a specific class of
vowels is a classical but difficult problem.
Many efforts have been made to solve the
problem [1]-[7]. Kasuya, ef al. [3] and
Fujisaki and Nakamura (4]}, for example,
proposed a coordinate system for the au-
ditory representation of vowel classes
based on uniform scaling of the first three
formant frequencies in terms of the vocal
tract length. Fant attributed the non-uni-
formity observed in the formant patterns
between female and male speakers to that
of VT dimensions [1]: ratio of pharynx
length to mouth cavity length is greater for
males than for females. Nordstrom found
that anatomical differences between males
and females only explain part of the dif-
ferences based on the VT shapes predicted
from X-ray photographs of midsagittal
sections [5}].

In this paper, we first measure the area
function of three parts of the VT, i.e. oral,
pharyngeal and laryngeal cavities, from
MRI data of the five Japanese vowels us-
ing a ncwly developed image processing
method [8] and investigate acoustic and
perceptual significance of uniform and
nonuniform scaling of the length of the
three cavities.

METHOD

Measurement of VT area function

We have developed a method 1o accu-
rately measure 3 dimensional VT shapes
from MRI data, for the acquisition of
which a General Electric SIGNA machine
(1.5 T) was used [8]. VT data were ob-
tained for five Japanese vowels, /i, ¢, a, 0,
and u/, of three subjects, a child, a female,
and a male. The VT was divided into three
sections as shown in Fig.1: the oral (from
the lips to the uvula), pharyngeal( from the
uvula to the top of the epiglottis), and la-
ryngeal (from the top of the epiglottis to
the glottis) sections. Length of each sec-
tion was measured along the VT center line
which was semiautomatically estimated on
the midsagittal section image. Percentage
of the length of each VT section to the
entire VT length was then calculated for
all the vowel data.

Uniform and nonuniform scaling of VT
dimensions

Each of the area functions of the child
and female subjects was normalized, first
by making the entire VT length identical
10 the male's by using two different meth-
ods, i.e. uniform and nonuniform scaling,
and then by adjusting the arcas so that the
maximum value becomes identical to that
of the male.

In the uniform scaling, an entire VT
length was uniformly extended to that of
the male following the next equation (see

Fig.2(a)):

Fig. 1 Midsagittal section of the vocal tract.
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X=a, xx,
where x is an original length from the glot-
tis,a, is ascale factor and y is a normal-
ized icngth.

In the nonuniform scaling, on the other
hand, each length of the three VT sections
of the child and female subjects was sepa-
rately extended to that of the male as fol-
lows (see Fig.2(b)):

x;=a; xx;, for i=1,2,3,

where x; is an original length measured
from the upstream end of the j-th section
and @ is a scale factor of the j-th sec-
tion.

After scaling the VT lengths, all the
values of the area function were adjusted
so as to have the same maximum value as
that of the male.

Computation of formant frequencies
The first four formant frequencics and
bandwidths were computed from the
acoustic transfer function [9] for all the VT
area functions including the uniformly and
non-uniformly normalized ones.

Perceptual experiments

Perceptual similarity experiments were
performed on the phonetic quality of
vowel sounds synthesized with the formant
frequencies that were obtained from the
area functions of the female subject.

Vowel stimuli used were the original
vowel sounds that were synthesized from
the original area functions of the female
(Reference, REF), vowels that were syn-
thesized from the uniformly normalized
area functions (Uniform vowel, UV), and
those that were synthesized from non-uni-
formly normalized area functions (Nonuni-
form vowel, NV). Fundamental frequen-
cies of the REF stimuli were the ones of
the vowels spoken by the female and those
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Fig. 2 (a)Uniform and (b)nonuniform nor-
malization of the VT length.
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of the UV and NV stimuli were the same
as the ones of the male. Duration of the
stimuli were all 600 ms.

A triad consisting of either REF, UV
and NV, or REF, NV and UV was pre-
sented to a speech scientist who was
trained to make a phonetic judgment of
vowel sounds. An interval between the
stimuli within the triad was 800 ms and
time for the judgment was 3.5 seconds. All
the triads of the five vowels were randomly
presented to the subject who was required
to make a judgment on which is phoneti-
cally more similar to the REF.

RESULTS AND DISCUSSIONS

VT area functions

Figure 3 illustrates a percentage of each
length of the three VT sections to the whole
VT length. The male shows smaller oral
cavity length but larger laryngeal section
length in percentage than the female and
child. It is also seen that the percentage
of nonuniformity is different from vowel
to vowel.

Scalings of VT length

Using the uniform and nonuniform
sacling methods described above, the area
functions of the female and child were
normalized as shown in Fig. 4, where (a)
and (b) are for uniform and nonuniform
scalings, respectively. It seems from the
figure that the normalized area functions
depend little on the type of the scalings in
all the vowels.

Formant frequencies

The first four formant frequencies were
calculated from the original and normal-
ized area functions [9]. Distributions of
the first and second formant frequencies
of the female are shown in Fig. 5. Differ-
ences in the formant values between the
two scaling methods were all less than 5
% which is close to the perceptual differ-
ence limen (DL) of the formant frequen-
cies [10]. This was the case for the child.
These seggest that nonuniformity of the
VT dimensions among the child, female
and male speakers is only a secondary fac-
tor in the normalization process.

Perception of vowel quality

Results of the perceptual similarity tests
of vowel quality between REF and UV or
NV stimuli were such that REF stimuli
were more similar to UVs than NVs in the
vowels /i, a, and o/ , nearly equally similar
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to the two in the vowels /e and u/.

CONCLUSION

Nonuniform scaling of the vocal tract
dimensions with respect 1o the length of
oral, pharyngeal and laryngeal cavities ef-
fects little on the first three formant fre-
quencies and the vowel sounds of the
formants normalized uniformly were per-
ceived phonetically equivalent. These
findings support the significance of uni-
form scaling of the VT length.
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Fig.5 F1 and F2 of the vowels computed
from uniform(UV) and nonuniform(NV)
scalings.
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Fig.|3 Percentage of the length of the three VT sections to the whole VT length. M,F, and
C are respectively male, female and child subjects.



