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ABSTRACT

A collection of 3-D vocal tract shapes corresponding to vowels and consonants of
American English have been acquired for a 27 year old adult female subject using magnetic
resonance imaging (MRI). Each 3-D shape was condensed into a set of cross-sectional areas of
oblique sections perpendicular to the centerline of the vocal tract’s long axis. Such a collection
of areas is typically called an “area function. This set of images and subsequent area functions
for the female subject compliments a previous similar study concerning an adult male subject
[Story, Titze, and Hoffman, J. Acoust Soc. Am, 100(1), 1996]. It is the purpose of this paper to
explore the morphological differences between the male and female subjects for three
"cardinal” vowels /i/,/a/, and /u/. Comparisons have been made of the 3-D vocal tract shapes,
area functions, and acoustic characteristics of the three vowels. The primary difference
between genders is that the female pharynx is approximately 37 percent shorter than the male.
Limited acoustic modeling has suggested that this shortened pharynx may play a significant
role in defining male versus female voice quality.

Key words: MRI, speech, synthesis, vocal tract
1. INTRODUCTION

In the perception of human speech, most listeners typically have little difficulty discerning
the gender of an adult speaker. However, computers tend to have great difficulty both in
recognizing gender' as well as synthesizing a natural sounding female voice?. Thus, it is of
interest to investigate the properties of the female speech production system and compare them
to the characteristics of male speech. There are essentially two components of the speech
production system that can contain the information that is unique to males and females; the
voice source and the vocal tract. The voice source is comprised of the vibrating vocal folds, in
which gender unique features are likely due to the lengths, masses, and elastic properties of the
male or female vocal fold tissue. For example, a female typically has shorter, less massive
vocal folds than an average male®. This leads to, among other things, a generally higher
fundamental frequency of vibration than would have a male.
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The second component, the vocal tract, filters the “raw” sound generated at the vocal folds,
producing accentuated harmonics of the voice source in patterns such that the characteristic
sounds of vowels and consonants are produced. In general, the female vocal tract has been
observed to be about 15-20 percent shorter than that of a male*** which in itself will raise all
vocal tract resonances to higher frequencies. However, there has been some debate as to
whether a particular male vocal tract shape is a uniformly or nonuniformly “stretched” version
of the corresponding female vocal tract; “nonuniformly” implying that different regions of the
vocal tract are stretched by differing amounts. Yang and Kasuya®. who have performed an MRI
study of a male, female, and child vocal tract, have concluded that for purposes of extracting
the phonetic content of speech, a uniform scaling of the female vocal tract with respect to male
is adequate. Their conclusions don’t, however, address the issue of gender unique voice quality
or those characteristics of the voice that provide cues to the gender of a speaker. Recently,
Wong et al’ attempted to transform the recorded speech of a male speaker to that of a female
using the uniform vocal tract scaling proposed by Yang and Kasuya®. While the intelligibility
remained high, the gender quality was confusing for listeners. Coleman® found that an
artificially raised voice fundamental frequency, when used to excite a male vocal tract, still
provided the perceptual cues to a male quality. Agren and Sundberg’ determined that for alto
(low range female) and tenor (high range male) singing voices, the main difference, with
regard to the vocal tract, was that the third and fourth formant (F3 and F4) were more widely
spaced for the female than for the male. They hypothesized that this characteristic could be
a defining quality of male versus female since a narrow frequency spacing of F3 and F4 could
accentuate two consecutive voice harmonics, thus placing them within the same critical band of
the auditory system. Two, high-amplitude voice harmonics within the same critical band
tends to produce a perception or roughness or hoarseness in the voice, more characteristic of a
male’. Thus, a wide spacing of F3 and F4 may ensure that two consecutive harmonics will not be
accentuated within a critical band, therefore maintaining a female quality. It has also been
shown by Ingemann'! and Schwartz'? that listeners can detect gender from isolated fricative
consonants in which there is no voice source, leaving the vocal tract as the primary element
containing some gender characteristics. These studies suggest that the female voice quality is
not entirely dependent on the voice source but also includes characteristics of the vocal tract. It
seems essential, then, to acquire morphological data regarding the female vocal tract shape
during production of speech sounds.

The use of MRI has, in recent years, become a viable option for obtaining 3-D information about
the human vocal tract shape for static vowels and consonants. Baer et al."* demonstrated the
use of MRI to directly measure the vocal tract shape for four vowels (2 male subjects). This
study was the first demonstration of 3-D reconstructions of the vocal tract shape using imaging
techniques. Dang et al." used MRI to produce 3-D reconstructions of the nasal tract passages and
sinus cavities. The nasal tract morphology was subsequently used to model the acoustic
characteristics of the nasal system. MR volume imaging of the fricative consonants for male
and female subjects has been recently reported by Narayanan et al.”® and Narayanan'®. These
studies provide the most accurate information to date of the constrictions and air channels that
produce the turbulence generated sound characteristic of fricative consonants. Yang and
Kasuya®, which was mentioned above, have reported area functions of five Japanese vowels
acquired from a man, woman, and child. Story, Titze, and Hoffman reported MRI based 3-D
vocal tract shapes and area functions for 18 vowels and consonants of one male subject. These
area functions were subsequently used to model static vowel sounds which were compared the
natural vowel sounds of the imaged subject.

The aim of this study was to use MRI to acquire a set of 3-D vocal tract shapes for an adult
female that correspond to vowels and consonants of American English. Such a set compliments a
previous study concerning an adult male subject”. Some basic morphological and consequent
acoustical differences between the male and female subjects are explored for the three vowels
/i/, /a/, and /u/. The interest is to find those vocal tract differences that bear upon a male-like
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versus female-like quality of speech. The issue of normalizing female speech to an equivalent
male for recognition of linguistic content is not addressed. It is recognized that these
comparisons strictly apply to only one male and one female selected from the general
population. Thus, no statistical power can obtained from the set, however, general
characteristics from each subject are thought to be useful. The process of acquiring the imaging
sets from one subject for many vowels and consonants (22) is a physically demanding and time
consuming process. The acquisition and analysis of enough subjects to provide a statistically
adequate sample would be prohibitively expensive and would take many years to complete.
However, as more researchers begin to image the vocal tract the pool of data will eventually
grow so that a reasonable statistical sample may be achieved.

2. IMAGE ACQUISITION AND ANALYSIS
2.1. Scanning Parameters and Protocol

Volumetric imaging of the vocal tract was performed using MRI for 22 different phoneme
configurations of both a male and female subject. The vocal tract shapes for the male subject
have been reported in Story et al.”” and will be included in this paper for purposes of comparison
with the female vocal tract. In addition, only the vowels, /i/, /a/, and /u/ will be considered.
The female subject (DJ) was a 27 year-old male with no history of speech or voice disorders and
is native to the state of Texas in the southern United States. For comparison, the male subject
(BS) was 29 years old at the time of scanning and is native to the midwestern United States.
The male subject is also the first author of this study. Additionally, the vowels /i/ and /a/
were imaged for both subjects using EBCT. However, only the MRI-based images are discussed
in this paper.

The MR images were acquired using a General Electric Signa 1.5 Tesla scanner. A 24 slice series
of 5 mm thick contiguous, parallel, axial sections was gathered in an interleaved acquisition.
This image set extended from just cephalad of the hard palate down to the first tracheal ring.
The protocol for collecting the images consisted of having the subject positioned in a
comfortable supine position on the patient table and was required to phonate at a comfortable
pitch and loudness. The requirement of phonation was necessary in order for the subject to
maintain the desired tract shape. More details concerning the scanning protocols can be found in
Story™ and Story et al.” 1%

2.2. Image Analysis

All image analysis operations were performed with a general image display and quantitation
package called VIDA (Volumetric Image Display and Analysis) which has been developed by
researchers in the Division of Physiologic Imaging at the University of lowa?.

The image analysis process included three main steps: 1) segmentation of the airway from the
surrounding tissue, 2) three-dimensional reconstruction of the airway by shape-based
interpolation, and 3) determination of an airway centerline and subsequent extraction of cross-
sectional areas assessed from oblique sections calculated to be locally perpendicular to the
airway centerline to create an “area function”. This image analysis process is identical to
previous work which can be found in Story® and Story et al.”-'*% and also at the Internet web
site - http://everest.radiology.uiowa.edu/tutor/app/vocal/vocal.html. Detailed
explanations of the process will not be repeated here.

3. IMAGING RESULTS

The results of this experiment have been combined in Figures 1-3 with those of the male
subject”. In Figure 1, the surface rendered representation of the 3-D vocal tract shape for the
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Figure 1: Shaded surface displays of three vowels (/i/, /a/, and /u/) for both a female (left column) and a
male (right column).
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female subject is shown on the left side of the figure and the male version on the right. For each
surface rendered airway, the most‘inferior point of the 3-D shape begins with the uppermost
section of the trachea. Above the trachea, the airway becomes small in the region of the
glottis and then widens, more or less depending on the vowel, into the lower pharyngeal
section. In the case of the male vocal tract shapes, the fingerlike extensions that hang down
below the pharynx are the piriform sinuses. In the MR data sets for the female the piriform
sinuses were poorly defined and consequently were not segmented. The area functions derived
from the 3-D vowel shapes are given in Figure 2 for both male and female subjects. The 0 cm
location represents a point just above the glottis and the termination at the lips is at right side
of the graph. Figure 3 shows the vocal tract centerline profiles (a sagittal projection of the 3-D
centerline) of each vowel for both male and female. In each graph, the point located at
coordinate (0,0) represents a location just above the glottis; note that this point does not
correspond to the lowest part of each surface rendered airway since those included the upper
portion of the trachea. The profile then moves upward through the pharynx and then curves
into the oral cavity and finally terminates at the lips. The solid dot located on each tract
profile is the estimated location of the uvula tip; this is used as a landmark to divide the vocal
tract into pharyngeal and oral sections.

The vocal tract can be further subdivided into an epilarynx which is defined, in this study, as
the region of the vocal tract that extends from just above the glottis to the point where the
piriform sinuses join the main vocal tract. This is an acoustic definition more than an
anatomical one in that the widening of the vocal tract at the piriform junction creates an
acoustic discontinuity that is important for lower vocal tract resonance and consequent voice
quality characteristics®. It should be noted that Yang and Kasuya® used the tip of the
epiglottis as an anatomical landmark to define this region. The solid dot on each area function
in Figure 2 indicates the location of this point. Henceforth, the pharynx is defined as the
section of the vocal tract between the end of the epilarynx and the tip of the uvula. The oral
cavity extends from the uvula tip to the lips.

A general observation with regard to all three vowel shapes is that the overall size of the
female vocal tract is, not surprisingly, smaller than that of the male. From both the surface
rendered airways and the vocal tract profiles (Figs. 1 and 3) it is also observed that the female
pharynx is typically shorter than that of the male but the oral cavities are of similar length.
The solid dot indicating the uvula tip is assumed to divide the tract into pharyngeal and oral
sections. The maximum cross-sectional areas shown in the area functions (Fig. 2 ) are generally
smaller for the female than for the male.

The specific case of the area functions for vowel /i/ (Figure 2a) indicates that, for the female,
the region just above the glottis linearly increases from an area of 0.2 cm® to 1.0 cm? at a point
approximately 2 cm above the glottis. In comparison, the male cross-sectional areas in this
same region remain nearly constant at about 0.3 cm?. Beyond this point there is an abrupt
increase in area for both male and female. The female tract reaches a maximum area of 4.5 cm?
ata d1stance of 5 cm from the glottis after which the area begms to decrease until a minimum of
0.14 cm? is reached at 9.5 cm from the glottis. Following this minimum constriction, the area
again rises to a value of 1.7 cm? at the lip termmatlon which is 14.2 cm from the glottis. For the
male vocal tract, a maximum area of 4.7 cm? occurs 7.1 cm from the glottis. As was the case for
the female tract, the cross-sectlonal area following the maximum area begins to decrease and
does so until an area of 0.1 cm? is reached at a point 11.8 cm from the glottis. The tract remains
effectively constricted with areas in the range of 0.1 to 0.4 cm® until about 14 cm above the
glottis at which point the area abruptly rises to 2 cm? close to the lip termination which is
16.2 cm from the glottis. The overall length of the vocal tract is 14.7 cm for the female and 16.1
cm for the male. Based on the definitions described above, the female epilarynx and pharynx
length were measured to be 2.0 cm and 4.2 cm, respectively while the oral cavity was 8.5 cm
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long. For the male, the epilarynx, pharynx and oral cavity lengths were measured to be 2.4 cm,
6.0 cm, and 7.7 cm, respectively.

The area function for the female vowel /a/ (Figure 2b) shows that the area gradually increases
from 0.05 cm? just above the glottls to about 0.4 cm? at 1 cm from the glottis. The area then
abruptly rises to a peak of 1.7 cm? at 2 cm above the glottis and then, just as abruptly as it rose,
the area falls to 0.15 cm? at a point 3 cm above the glottis. Following this constriction, the area
sharply increases to 1.3 cm® and remains nearly constant for a 1.5 cm long section of the tract. At
a point about 5.3 cm above the glottis, the area begins to mcrease into the widened oral cavity
characteristic of the /a/ vowel. A maxnnum area of 5.1 cm? occurs at 10 cm above the glottis
after which the area decreases to 1.5 cm? before rising to 2.8 cm? at the lip termination. The
lower pharyngeal section (or the epilarynx) of the male /a/ is quite different from the female
in that a nearly constant area of approximately 0.25 cm” is observed from just above the glottls
up to a location 2.5 cm above the glottis. Then a sharp rise in area occurs with a peak of 1.1 cm?
located 3.4 cm above the glottis. The area gradually drops to 0.25 cm? before increasing from
about the 7 cm point up to the 13.5 cm point reaching a peak value of 6.6 cm?. From the point of
peak area out to the mouth termination the area function decreases before rising to lip
termination area of 5.0 cm®. The vocal tract length is 13.6 cm for the female and 17.3 cm for the
male. Based on the locations of the uvula tip and piriform sinus junction, the female epilarynx,
pharynx and oral cavity lengths were found to be 1.5 cm and 3.0 cm while measurements for the
male gave an epilarynx length of 2.8 cm, a pharynx length of 5.9 cm and oral cavity length of
8.6 cm.

The vowel /u/ for the female has an area function that begins much like the /a/ vowel with an
small area of 0.05 cm? just above the glottis. The area then increases gradually to a value of 1.1
cm? before increasing abruptly to 3.1 cm? at a distance of 2.2 cm from the glottis. Over the course
of the next 4.5 cm the area falls into the range of 2.5 cm® but retaining the characteristic
pharyngeal expans1on of an /u/. The mid-tract constriction occurs from 7 cm to 9 cm with a
mmlmum area in this region of 0.9 cm” The area then rises to a peak of 3.5 cm? before falling to
0.2 cm? at the lip termination. Much like the previous two vowels, the epllaryngeal region for
the male /u/ has a nearly constant area, in this case about 0.38 cm® This is in contrast to the
female vowel where the epilarynx has a more horn-like shape. Following the epilarynx, the
male /u/ has an rapid increase in area which climbs to a maximum of 6.0 cm?the 4.7 cm point.
The area gradually decreases over the next 6.0 cm until a mid-tract constriction area of 0.15 is
reached at the 11 cm point. This is considerably smaller constriction area than for the female
where 0.9 cm? was the minimum. The constriction is approximately 2 cm long after which the
area increases into the front cavity expansion where a maximum area of 5.5 cm” occurs. The area
then drops to 0.7 cm? at the lip termination. The overall length of the vocal tract is 15.5 cm for
the female and 18.0 cm for the male. The length of the female epilarynx was measured to be
1.9 cm, the pharynx 2.0 cm, and the oral cavity 8.7 cm. The male epilarynx was 2.0 cm long
while the pharynx and oral cavity had a length of 7.1 cm and 8.9 cm, respectively.

The measurements of the total vocal tract length, lengths of the epilaryngeal, pharyngeal and
oral sections and maximum cross-sectional areas are summarized in Table 1. The pharynx
lengths for the female range from 1.8 cm to 3.0 cm shorter than the male while the oral cavity
lengths are similar across gender. For the epilarynx lengths, vowels /i/ and /u/ are similar for
the both male and female whereas the female epilarynx in the vowel /a/ is nearly half that
of the corresponding male vowel. The maximum areas are, in general, slightly larger for the
male than the female.
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Table 1: Lengths of the epilarynx, pharynx, and oral cavities for the female and male
vowels /i/, /a/, and /u/. The maximum area measured in each area function is
also given. All measurements are in centimeters unless otherwise indicated.

Female Male
Cavity /il lal lal/ /il lal /ul
epilarynx 2.0 1.5 1.9 2.4 2.8 2.0
pharynx 4.2 3.0 4.8 6.0 5.9 7.1
oral 8.5 9.2 8.7 7.7 8.6 8.9
max area(cm?) 4.45 5.23 3.60 4.69 6.57 5.87

In Table 2, ratios of the female measurements to those of the male are presented for the three
vowels and a mean is computed across vowels. The ratios show that all regions of the female
vocal tract are shorter than the male except the oral cavity. In fact, the female oral cavity is
slightly larger than the male for /i/ and /u/ and nearly the same for the /a/. This suggests
that a female vocal tract is not simply a compressed version of the male vocal tract but is
nonuniformly adjusted across various regions with respect to a male. The set of ratios for a given
vowel provides a kind of “recipe” for transforming a male vocal tract shape into a female vocal
tract or vice versa; the set of mean ratios gives a generalized “recipe”. In the average sense, an
vocal tract area function for the male subject could be approximately transformed into a female-
like area function by compressing the epilarynx to 77 percent of its original value, the pharynx
to 63 percent of its original, and expanding the oral cavity by 5 percent. The words “compress”
and “expand” are deliberately used instead of “shorten” and “lengthen” to stress that the
shape of the area function must be retained throughout the vocal tract; e.g. the various regions
are not simply truncated to realize a shorter section length. If only the total vocal tract length
were considered as the main contributor to male versus female quality, the female vocal tract
would be realized by compressing the entire male vocal tract by 15 percent, on the average. The
ratios in this table are quite similar to those given in Goldstein* , Yang and Kasuya® and

Hogberg?®.

Table 2: Female to male ratios of the vocal tract region lengths and maximum areas
given in Table 2.

Female/Male /il lal lal/ mean

epilarynx 0.83 0.54 0.94 0.77

pharynx 0.70 0.51 0.68 0.63

oral 1.10 1.07 0.98 1.05

total length 091 0.79 0.86 0.85

max area 0.95 0.79 0.61 0.78

4. ACOUSTIC MODELING OF MALE AND FEMALE VOCAL TRACT SHAPES

Acoustic resonance characteristics of each male and female area function were computed with a
frequency domain transmission line?. The results are shown in Figure 4. In each plot, the thick
line indicates the formant spectrum for the female vowel shape while the thinner line
represents the male; each peak in the spectrum is called a formant and it is the pattern of
formants that defines a specific vowel or consonant.
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Figure 4: Formant spectra of vowels /i/, /a/, and /u/ for female (thick lines) and male
(thin lines) subjects.
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For the vowel /i/, the female F1 is slightly higher that the F1 of the male. F2 and F3 of the
female are clustered together in the 2800 Hz to 3100 Hz range such that F2 for the female is
higher than the male and F3 is lower than for the male. The female F4 is located at about 4700
Hz which gives an F4-F3 difference of approximately 1600 Hz, while the difference of F4-F3
for the male is only 700 Hz. In fact, the frequency range of 3000 Hz to 4500 Hz is highly
accentuated for the male but is of relatively low amplitude for the female. This observation is
similar to that described by Agren and Sundberg’ for alto and tenor voices. For the /a/, the
female F1 is slightly lower than the male but F2 is about 300 Hz higher. F3 is similar for both
male and female but the female F4 appears at 4200 Hz, about 900 Hz higher than F4 for the
male. The formant spectra for the /u/ shows higher formant locations for the female than the
male across the entire frequency spectrum.

An attempt was made to nonuniformly transform the male /i/ vowel into a female /i/ by
applying the ratios calculated in Table 2. Thus, the epilarynx length, was compressed by 17
percent, the pharynx length compressed by 30 percent, and the length of the oral cavity
expanded by 10 percent. The original female area function for /i/ is shown in Figure 5a as the
thin solid line while the transformed male-to-female area function is shown with a thick solid
line. Note that the areas in the male /i/ have not been changed, only the lengths of the three
vocal tract regions have been altered. The original female and transformed male area functions
are quite similar in that the points of expansion and constriction occur in nearly the same
locations. The cross-sectional area throughout the length of the entire area function are also
very similar. The formant spectra of each of the area functions in Figure 5a is given in Figure 5b
with the same line styles. The transformed male area function is observed to have formant
characteristics much like the female; F1 is nearly the same as the female, F2 and F3 are
similarly clustered although situated about 400 Hz higher in frequency, and the F4’s are
located at nearly the same frequency. Thus, the male vocal tract appears to have been
transformed into a vocal tract with female characteristics.

Another attempt to transform the male area function for /i/ into one with female-like qualities
was performed by uniformly compressing the length of the entire area function by 9 percent. (see
Table 2). Shown in Figure 6a is the original female area function for /i/ and the male area
function uniformly scaled to female length. Unlike, the previous nonuniform transformation,
the expansions and constrictions of the transformed male to female area function do not match
closely with the original female /i/ area function. The transformed area function is shifted to
the right relative to the original female area function. The formant spectra for the original
female /i/, the previous (nonuniform) transformation, and this simple length scaling are shown
in Figure 6. The formant spectrum from the uniform length scaling appears to have the same
general shape as the original male /i/ vowel spectrum, except shifted upward in frequency by a
small amount. This would imply that possibly the male characteristics of the vocal tract have
been retained even though the formant locations have been moved up in frequency. However, it
should also be noted that the locations of F1 and F2 are closer to those of the female /i/
spectrum than are those from the nonuniform scaling of the male /i/. Thus, if the absolute
locations of F1 and F2 are important for female voice quality then the uniform scaling may the
appropriate choice. Conversely, if the overall pattern of formant clustering characteristics is
crucial to realizing a female quality, then the nonuniform scaling needs to be used. This would
be especially true if Agren and Sundberg’s’ hypothesized significance of the distance between
F3 and F4 is correct. A formal perceptual study would need to be performed to determine
whether uniform or nonuniform scaling should be used to evoke a female-like quality.
However, an informal listening test has suggested that the nonuniformly scaled /i/ vowel
produces a slightly more female-like quality than the uniformly scaled version.
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Figure 5: Original female /i/ and nonuniform transformation from male /i/ to female /i/;
a) area functions, b) vocal tract transfer functions.
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Figure 6: Original female /i/ and uniform transformation of male /i/ to female /i/; a) area
functions, b) vocal tract transfer functions.
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5. CONCLUSIONS

3-D vocal tract shapes representing three vowels (/i/, /a/, and /u/) have been acquired from
one male and one female subject using MRI. The 3-D vocal tract shapes were condensed into an
area function which was divided into three distinct regions representing the epilarynx,
pharynx, and oral cavity. The epilarynx and pharynx were shorter than those of the male
subject while the female oral cavity was nearly the same length or even slightly longer than
for the male. Ratios of the female to male lengths of these three regions produced a simple
recipe for transforming a male vocal tract shape to one with female qualities or vice versa. It
was observed that, for the /i/ vowel, the nonuniform transformation was necessary in order to
obtain the spectral qualities representative of a female. A simple uniform compression of the
area functions shifted the formants higher in frequency, it did not reorganize the relationship
of the formants to one another. This suggests that a female voice quality is largely dependent
upon a shortened pharynx. This study has only begun to explore the male versus female vocal
tract differences for vowels and consonants but based on the limited information presented it
appears that a female vocal tract shape contains unique qualities that cannot be explained by a
simple uniform compression of the male vocal tract.
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