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Abstract This paper discusses individualities of the vocal tract (VT) shape of vowels measured
from MR images of males and females. Differences in \'T dimensions of the subjects and their
effects on acoustic characteristics are investigated. Perceptual similarity tests of vowel quality
showed that normalization of vowels from females to males could be made by relying largely on
the VT length. Vowels of the males were carefully compared at the articulatory and acoustic levels.
The result suggests that males most probably produce an identical vowel by keeping the aoustic
parameters (F1, F2 and F3) nearly invariant. The higher formant frequencies (F4 and F5) indicate
stable speaker individualities.
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I. INTRODUCTION

Speech perception is achieved based on, there-
fore the invariance contained in speech signal is
represented by articulatory[l] or acoustic[2], is
the fundamental problem for speech research.

For the purpose of automatic speech recog-
nition, many researchers have devoted to find
the "invariant” so as to normalize differences
among individual speakers. Most of the stud-
ies are mainly based on uniform scaling of the
formant frequencies in terms of the vocal tract
(VT) length[3-7].

In order to find a reasonable solution to the
problem of invariant nature of the vowel, we
have measured vocal tract (VT) shape of three
males (MHK., MMM and MSH) and three fe-
males (FKK, FMS and FMSu) and an 11 years
old boy (MKK) from MR images that were taken
during sustained phonation of the five Japanese
vowels /a, i, u, e and o/[8-10].

This paper discusses nonuniform differences in
VT dimensions, individualities of VT shapes of
the subjects, and relationship between percep-
tual effects of acoustic properties and VT varia-
tions from female to male.

Vowels are carefully compared among the
male subjects under the condition that phonetic
qualities are the same. Invariant factors and
speaker individualities of vowels of the male sub-
jects are discussed at the articulatory and acous-
tic levels.

II. VT DIMENSIONS
A. Measurement of VT Dimensions

To see dimensional individualities in the VT
shapes of the subjects, a VT length was divided
into three sections: the oral section (from the
lips to the top of the uvula), the pharyngeal sec-
tion (from the top of the uvula to the top of the
epiglottis) and the laryngeal section (from the
top of the epiglottis to the glottis). A length
of each of the three sections was measured from
the mid-sagittal MR image. Then a percentage
of each section to the whole VT length was cal-
culated. Figure 1 gives a schematic illustration
to measure the lengths.
B. Results and discussions

Percentages of each of the three VT section
lengths to the whole VT length arc shown for
the subjects in Table 1, where cach item rep-
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Figure 1: Measurement of VI dimensions.

Table 1: Averaged percentages of the three VT
section length to the whole VT length of the
subjects.

S L(%) L(%) T(%) Limm)
MHK 27.1 16.7 56.2 179
MMM 25.3 16.1 58.6 159
MSH 24.2 15.4 60.4 165

FKK 22.9 16.8 60.3 142
FMS 21.6 18.5 59.9 136
FMSu 23.2 14.6 62.2 140

MKK 19.3 16.9 63.8 139

resents the average for the five Japanese vowels.
In Table 1, we see that variations of the percent-
age among the males are relatively larger than
those of the females and boy. The values of the
oral section of the males MHK and MMM are
relatively smaller in percentage and those of the
laryngeal section are relatively larger as com-
pared to the female and boy subjects. But for
MSH, the values of the oral section are close to
that of the female subjects. This suggests that
non-uniform differences of the oral cavity length
is not necessarily a significant feature to discrim-
inate males from females.

In Table 1, variations of the percentage are
relatively larger among the males than the fe-
males. The main reason for this is that there is
a big difference of the laryngeal height among
the male subjects. This can be observed from
the mid-sagittal MR images.

Table 1 also suggests that the anatomical dif-
ference of the oral section length or the laryngeal
and pharyngeal sections between males and fe-
males is non-uniform in the sense of group mean,
but individual lengths of the vocal tract may



continuously distribute from females to males.

III. DIFFERENCE OF FEMALE/MALE
A. Normalization of VT Shapes

In this section, we use the measured area func-
tions and detailed information about VT dimen-
sions to investigate relationships between for-

mant differences and VT variations from female

to male.

Three normalization methods were applied
with respect to the VT length for each of the
vowels:

(1) A VT length was uniformly scaled to that of
the reference.

(2) Lengths of the three VT sections were indi-
vidually scaled to those of the reference using
measured ratios of the corresponding sections.
(3) A VT length was first uniformly scaled and
cavity volumes of the three VT sections were
then adjusted so as to be the same as that of
the reference.

Formant frequencies were computed from the
normalized area functions and compared with
those of the reference.

A difference of formant frequency is calculated
as follows.

Fsup(7) — Funk (7)
Fuuk (7)

Where, Fpig(2) is a difference of the 7th formant
frequency, Fyuk(2) is the ith formant frequency
of a vowel of MHK, and Fyyp(:) that of a sub-
ject. In the experiment, area functions of MHK
were used as the reference. Those of FKK were
normalized by the described methods.

Foig (1) =

B. Acoustic Result

Table 2 lists the first three formant frequencies
of the five Japanese vowels that were computed
from the original and the normalized area func-
tions of FKK. Differences between the formants
of MHK and those of the normalized ones are
also given in the table.

From Table 2, we see that a large part of
the formant differences is eliminated by using
method (1) which means that the VT length dis-
tributed the most parts of the differences.

The most important thing is that, in Table
2, differences of the first three formant frequen-
cies between the uniform and nonuniform meth-
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Table 2: Formant frequencies computed from
the original and normalized area functions of
FKK. The Diff’s are compared with those of
MHK.

/V/ Sub Diff. Diff. Diff
FL g P2 g B g )
Jaj MHK 686 1121 2501
FKK 933 360 1413 26.0 3215 285
(1) 759 106 1146 22 2589 35
(2) 737 T4 1181 54 2504 0.1
(3) 688 03 1151 27 2532 1.2
/i/ MHK 328 2098 2584
FKK 368 122 3004 432 3390 312
() 314 -43 2284 89 2596 05
(2) 313 46 2181 40 2742 6.1
(3) 311 52 2245 7.0 2600 08
Ju/ MHK 430 1313 2296
FKK 424 -14 1148 -12.6 3049 32.8
(1) 375 -128 989 -247 2487 83
(2) 375 -128 1051 -200 2303 0.3
(3) 391 91 988 -248 2494 86
Je/ MHK 543 1724 2314
FKK 633 166 2409 39.7 3059 32.2
(1) 530 -24 1957 135 2492 7.7
(2) 547 07 1927 118 2419 45
(3) 555 22 1809 49 2543 99
Jo/ MUK 522 874 2558
FKK 601 151 936 7.1 3389 325
(1) 520 -0.4 800 -85 2767 82
(2) 500 -42 813 -7.0 2864 120
(3) 525 06 860 -1.6 2581 0.9

ods are all less than 5% which is close to the
perceptual difference limen (DL) of the formant
frequencies of vowels reported by Flanagan[11],
except for '3 of /i and u/. This gives us a strong
hint that non-uniformity among the VT dimen-
sions of the male, female is only a secondary fac-
tor in the normalization process. It is suggested,
therefore, that the non-uniformity in the vocal
tract dimensions is not an essentially factor to
the nonuniformity of the formant patterns.

C. Perceptual Effect

To examine perceptual effect of the nonunifor-
mity in the VT dimensions, perceptual similar-
ity experiment was performed on the phonetic
quality of synthesized vowel sounds.

Vowel stimuli used were the original vowel
sounds that were synthesized from the original
area functions of FKK as references (REF), vow-
els that were synthesized from the uniformly
normalized area functions (Uniform Vowel, UV,
and those that were synthesized from non-
uniformly normalized area functions (Nonuni-



form Vowel, NV). Fundamental frequencies of
the REF stimuli were the ones of the vowels
spoken by FKK and those of the UV and NV
stimuli were the same as the ones of male sub-
ject MHK. Duration of the stimuli were all 600
ms. Distributions of the first and second for-
mant frequencies of the vowel stimuli are shown

in Fig. 2.
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Figure 2: F1 and F2 distribution of the vowels
computed from uniform (UV) and nonuniform
(NV) scalings.

A triad consisting of either REF, UV and NV,
or REF, NV and UV was presented 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 phonetically more similar to the REF.

Result of the perceptual similarity tests of
vowel quality between REF and UV or NV stim-
uli showed that REF stimuli were more similar
to UVs than NVs in the vowels /i, a, and o/,
nearly equally similar to the two in the vowels
/e and u/. This means the vowel sounds of the
formants normalized uniformly were perceived
phonetically equivalent.

These results suggest that normalization of
Japanese vowels from females to males could be
made by relying largely on uniform scaling of

VT length.

IV. DIFFERENCES AMONG MALES

Table 3: The parameters used for modifying vo-
cal tract shapes. All the parameters are changed
slightly and are controlled independently while
kepping the vocal tract length constant.

Xe position of the constriction

(changed by 1 minimeter per-step)

ratio of the back cavity

(from the glottis to the X)

App  ratio of the laryngeal-pharyngeal cavity
(from the glottis to the uvula)

Aoa  ratio of the oral cavity
(from the uvula to the inside of the lips)

Alip ratio of the lip opening
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Figure 3: A model for area function modifica-
tion. '

In [10] we have indicated that not only the VT
length but also the back and front cavity vol-
umes are very important in considering speaker
individualities of vowel articulation.

Slight differences in the phonetic quality were
observed between the males for the vowel sam-
ples. Some method must be devised to modify
the area functions measured from MR images
so that the area functions result in the same
phonetic quality, in order to make more accu-
rate comparisons at the articulatory and for-
mant levels. Since we need to modify area func-
tions measured from vocal tract shapes of na-
ture phonations, a simplified model is sufficent
to specify variations of the area functions. Fig-
ure 3 illustrates a model used for modifying vo-
cal tract shapes. Parameters used in this model
are shown in Table 3.

A parameter X, is used for the constricton
position which is moved by scaling the back and
front cavity lengths respectively. Size changes in
the vocal tract shape affected by X, moving are
ignored in this procedure. It can be covered by
other parameters.

It is considered that the back cavity volume
ol a phonation has relatively freedom to be con-
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Table 4: Parameters of area function modifica-
tion for MMM.

[al i/ [/ [e] [o]
X(mm) 0 0 -3 0 0

Aback 10 12 1.0 1.0 085
ALp 10 1.1 1.0 1.0 10
Aoral 115 1.5 1.65 1.55 1.15
Ajip 085 1.0 15 1.0 125

troled. As an independent parameter, Ap,q Iis
used for modifying the cross areas of the back
cavity.

We use two parameters A;p and A, to
describe changes of the size of the laryngeal-
pharyngeal cavity and the size of the oral cavity.
In genernal these parameters and Ay, are not
independent. They are mainly concerned with
tongue root movement, tongue shape changing
and jaw opening. From Harshman et al.[12],
these movements of the vocal organs can be di-
vided into twe sections by the uvula. Consider-
ing a total effect on the vocal tract shapes which
is how to control volumes of the two sections, it
is plausible to describe them independently in a
limited range.

Ajip 18 used for lip opening which has relatively
large flexibility.

All the A-parameters are used as a ratio to
the original cross areas of the related sections.
A. Experiment

In this experiment, area functions of MHK are
used as references. Those of MMM and MSH
are modified. Formants are calculated from the
modified area functions. Vowels are synthesized
and carefully compared with those of MHK’s.
To diminish factors affected by voice source,
vowels are synthesized by using the same voic-
ing source parameters. and the respective for-
mants. The sampling frequency is 10kHz. If
phonetic quality is different, then the parame-
ters are changed. This procedure is repeated for
many times until the perceived phonetic quality
is very close.

B. Results and discussion

Table 4 showes the parameters of area func-
tion modification for subject MMM. In this table
we see that in most cases only the parameters of
the oral cavity and the lips are modified. This

Table 5: Parameters of area function modifica-

tion for MSH.

/al _fif [u/ [e] [of
X (mm) -5 -20 3 0 2

Aback 0.7 1.0 10 1.0 0.75
ALp 1.0 1.0 085 085 1.0
Aoral 1.35 1.35 155 1.25 1.2
Ajip 1.0 10 1.2 1.0 10

means that MMM seems to adjust the size of the
lips and the oral cavity to phonate vowels which
very close to MHK.

In Table 4, we see that the parameter A4 of
vowels /1, u and e/ have big values. This means
that the cross areas of the oral cavity are scaled
by more than 150%. Because MMM has rather
small oral cavities for these vowels, it can be
considered that these are posible change ranges
to articulate the vowels. We have confirmed that
it is posible to produce those vowels from the
imitation utterances of MMM.

Table 6 lists the formant frequencies of MMM
calculated from the modified area functions for
the five Japanese vowels. We find that the
first three formant frequencies of MMM’ of each
vowel are very close to those of MHK. For vowel
/i/, we find that difference of F2 between MHK
and MMM’ is big. When F2 (2797Hz) which
obtained by LPC analysis from the original ut-
terance /i/ of MHK, the vowel quality was con-
siderably near the modified /1/ of MMM’.

Table 5 lists the parameters of modification
for subject MSH. From the table we see that
mainly the parameters of the oral cavity and
the back cavity are modified. This means MSH
seems to adjust the sizes of the the oral cavity
and the back cavity to produce the same vowels
of MHK. For the formant frequencies, the same
results similar to MMM are obtained. The first
three formant frequencies of MHK and MSH’ of
each vowel are very close.

Table 6 and the results of MSH showed that
males can produce a vowel of the same lower
formant frequencies (F1, F2 and F3) by control-
ing front-to-back cavity volume ratio and place
of the constriction although they have different
vocal tract lengths. These results indicated that
vowels of very close F1, F2 and F23 have per-
ceptually equivalence instead of similar articula-



Table 6: Formant frequencies of MMM before
and after modification. MMM’s are formant fre-
quencies after modification
Vv SUB F1 F2 F3 F4 F5
/a/ MHK 686 1121 2501 3461 4444
MMM’ 688 1144 2483 3951 4937
MMM 677 1205 2466 3987 4990
/i/  MHK 328 2098 2584 3431 4156
MMM™ 334 2161 2899 3582
MMM 321 2245 3206 3688
Ju/  MHK 430 1313 2296 3357 4168
MMM® 415 1323 2376 3807 1488
MMM 347 1391 2408 3813 4573
/e/ MHK 543 1724 2314 3450 4461
MMM® 557 1813 2352 3718
MMM 493 1954 2521 3756
Jo/ MHK 522 874 2558 3602 4675
MMM’ 511 881 2527 3779 4982
MMM 469 865 2524 3824 4982

tions. This suggested that the target of a vowel
phonation may mainly depend on acoustic pa-
rameters.

From Table 6 and the results of MSH, there
are only a few shifts of F4 and F5 are observed
after modification. These results show that it
is difficult to control the higher formants. The
higher formant frequencies (F4, F5) can be con-
sidered as stable factors of speaker individuality.

V. SUMMARY

By using VT shapes measured from MR im-
ages of vowels, individual differences and their
effects on acoustic properties and on perception
are investigated.

The results showed that the anatomical di-
mensions of the vocal tract distributed continu-
ously from females to males, and nonuniformity
in the VT dimensions effects little on the first
three formant frequencies.

The perceptual similarity tests of vowel qual-
ity showed that normalization of vowels from fe-
males to males could be made relying largely on
the vocal tract length.

Area functions of the male subjects and their
formant frequencies were carefully compared un-
der the condition that the perceived vowel qual-
ities were the same. The result showed that,
males most probably produce an identical vowel
by keeping the aoustic parameters (F1. 2 and
F3) nearly invariant which are perceptually im-

portant. On the other hand, the higher formant
frequencies (F4 and F5) were stable against per-
turbation of the vocal tract shape and indicated
speaker individualities.
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