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The purpose of this study was to investigate the spatial similarity of vocal tract shaping patterns
across speakers and the similarity of their acoustic effects. Vocal tract area functions for 11
American English vowels were obtained from six speakers, three female and three male, using
magnetic resonance imaging �MRI�. Each speaker’s set of area functions was then decomposed into
mean area vectors and representative modes �eigenvectors� using principal components analysis
�PCA�. Three modes accounted for more than 90% of the variance in the original data sets for each
speaker. The general shapes of the first two modes were found to be highly correlated across all six
speakers. To demonstrate the acoustic effects of each mode, both in isolation and combined, a
mapping between the mode scaling coefficients and �F1, F2� pairs was generated for each speaker.
The mappings were unique for all six speakers in terms of the exact shape of the �F1, F2� vowel
space, but the general effect of the modes was the same in each case. The results support the idea
that the modes provide a common system for perturbing a unique underlying neutral vocal tract
shape. © 2005 Acoustical Society of America. �DOI: 10.1121/1.2118367�

PACS number�s�: 43.70.�h, 43.70.Bk, 43.70.Gr �AL� Pages: 3834–3859
I. INTRODUCTION

The upper airway in humans, extending from the larynx
to the lips, is utilized as a conduit for the physiologic pro-
cesses of respiration, deglutition, and sound production.
Each physiologic function requires specific types of coordi-
nated articulatory movement involving the larynx, tongue
soft palate, lips, and jaw to accomplish a particular goal. For
respiration, the vocal folds must be abducted and, depending
on the amount of oxygen needed, the jaw may be lowered
and the tongue moved anteriorly and inferiorly to allow a
high volume of air to flow into the lungs. A typical swallow
proceeds as a sequence of distinct “phases” in which move-
ments of articulatory structures, and their generated forces
are precisely orchestrated to propel a bolus of food or liquid
through the oral cavity, the pharynx, and eventually into the
esophagus and stomach �e.g., Logeman, 1983�. For both res-
piration and deglutition, the goals of the process are to
achieve the efficient transport of fluids and solids to a desti-
nation �i.e., lungs and stomach�. In contrast, the goals of
speech production require that the articulatory system not
only transport sound waves from the larynx to the lips, but
also transform them into highly structured, linguistically rel-
evant sounds.

The transformation of sounds, produced by vocal fold
vibration or other sources, into speech is accomplished
through specific shapes and shape changes of the tubelike
structure formed collectively by the epilarynx, pharynx, and
oral cavity �henceforth referred to as the “vocal tract”�. This
vocal tract tube creates an acoustic filter whose resonances
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generate enhanced regions of amplitude �i.e., formant fre-
quencies� that are observable in the spectrum of a speech
signal. The relation between vocal tract shape and the acous-
tic characteristics it generates, especially formant frequen-
cies, is known to be nonlinear �e.g., Fant, 1960; Stevens and
House, 1955� and, theoretically, many-to-one �Schroeder,
1967; Mermelstein, 1967�. But even though many possible
vocal tract shapes can support the same pattern of formant
frequencies, speakers easily coordinate the actions of the ar-
ticulators, efficiently modifying the vocal tract shape over
time, to produce a coarticulated stream of intelligible speech
sounds. Thus, part of understanding speech production is to
know how the vocal tract shape, represented as a tubular
entity, may be systematically controlled to specify and sim-
plify its relation to the formant frequencies.

While all of the articulators potentially contribute to any
particular vocal tract shape, it is largely dominated by the
configuration of the tongue. This is evidenced by common
use of the high/low and front/back descriptors for tongue
position in vowel production and implies a simple relation to
formant frequencies. Quantitative studies tend to support a
view that the tongue shape can be described by underlying
patterns of spatial deformation. Harshman et al. �1977� sta-
tistically decomposed tongue profiles of ten English vowels
taken from midsagittal x-ray pictures into basic displacement
patterns called “factors.” They found that only two factors
were needed to reconstruct the profiles within a small error
of the originals. Furthermore, the factors had an apparent
articulatory phonetic interpretation. The first indicated a for-
ward movement of the tongue root along with an elevation of
the front of the tongue; this was suggested to correspond to
the action of the genioglossus muscle. The second factor

produced an upward and backward movement of the tongue
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which was compared to the action of the styloglossus
muscle. Nearly parallel to this work was research reported by
Shirai and Honda �1977�, who also represented midsagittal
tongue shapes with two empirically determined displacement
patterns. The shapes were generally similar to those of
Harshman et al. �1977�. Using tongue shapes obtained from
cineradiographic tracings for Icelandic speakers, Jackson
�1988� reported that three factors were necessary to describe
Icelandic vowels, where the second factor was of signifi-
cantly different shape than that reported by Harshman et al.
�1977�. A reanalysis of these data by Nix et al. �1996�, how-
ever, showed that two factors could, in fact, describe the
Icelandic tongue shapes too. More recently, Zheng et al.
�2003� have applied a factor analysis to tongue shapes deter-
mined from 3-D image sets based on MRI. While their re-
sults were not identical to previous studies, they suggest that
a large percentage of the variance in tongue shape for vowels
can be described with two shaping factors.

Although in a strict sense “factors” are only a statistical
description of tongue shape, a physiologic basis for them
was reported by Maeda and Honda �1994�. During vowel
production, the electromyographic activity of two antagonis-
tic muscle pairs, hyoglossus �HG�-genioglossus posterior
�GGp� and styloglossus �SG�-genioglossus anterior �GGa�,
was observed to coincide with the spatial tongue shaping
characteristics of two factors that had been derived from
midsagittal images of the vocal tract. The vowel-dependent
differential activity of each antagonistic pair was also shown
to form a vowel triangle much like that of the first two for-
mant frequencies �Kusakawa et al., 1993�. To further inves-
tigate the relation between muscle activity patterns, vocal
tract shape, and formant frequencies, Maeda and Honda
�1994� used the analyzed EMG activities �of the HG-GGp
and SG-GGa pairs� as the driving input to an articulatory
model based primarily on two tongue shaping patterns �simi-
lar to the factors derived by Harshman et al. �1977��. The
results were F1-F2 patterns that corresponded closely to
measured formant values and led them to state: “We specu-
late the brain optimally exploits the morphology of the vocal
tract and the kinematic functions of the tongue muscles so
that the mappings from the muscle activities �production� to
the acoustic patterns �perception� are simple and robust.”

The results of these experiments suggest that tongue
shaping patterns obtained from statistical analyses may cap-
ture the spatial, and perhaps kinematic, representation of a
coordinated pattern of individual articulator positions or
movements that is directly related to the acoustic character-
istics of speech. This is similar to the concept of “coordina-
tive structures” or “synergies” that has been proposed as the
means by which a potentially large number of articulatory
degrees of freedom can be significantly reduced to enable the
efficient production of phonetically relevant gestures �e.g.,
Kelso et al., 1986; Fowler and Saltzman, 1993�. In a review
of movement control and speech production literature,
Löfqvist �1997� defines coordinative structures as “…link-
ages between muscles that are set up for the execution of
specific tasks,” and further that they are “…a set of con-
straints between muscles that are set up to make the set of

muscles behave as a unit.” Thus, the observed relation be-
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tween tongue shaping patterns �e.g., factors� and muscle ac-
tivations appears to represent some underlying synergy of
muscles controlled as a functional unit for the production of
speech. Whether or not the nature of such functional units is
specific to speech is still an open question, however. Perrier
et al. �2000� proposed that the two degrees of freedom ex-
pressed by factor analyses of the tongue have an anatomical
and biomechanical basis. Using a model of the tongue that
included a representation of the lingual musculature, they
showed that much of the variation in tongue shape �84%�
allowed by the model could be described by two factors with
shapes similar to those reported by Nix et al. �1996�. Thus,
biomechanical constraints, as well as task-specific con-
straints, may play a role in reducing the degrees of articula-
tory freedom.

While tongue shape for vowel production apparently has
a consistent, systematic description, similar analyses of area
functions �i.e., cross-sectional area of the upper airway as a
function of distance from the glottis� have indicated that con-
trol of the vocal tract shape may also be characterized by a
small set of spatial deformation patterns that extend over the
entire length of the vocal tract. Story and Titze �1998� ap-
plied a principal components analysis �PCA� to a set of MRI-
based area functions for ten vowels from an adult male
speaker. The two most significant orthogonal components ac-
counted for nearly 88% of the total variance in the set of area
functions. When the first component was superimposed on
the mean area function in isolation and weighted with its
minimum �negative� coefficient, the area function approxi-
mated an �i� vowel and produced widely spaced F1 and F2
formant frequencies. Conversely, when weighted with its
maximum coefficient, an �Ä�-like shape and closely spaced
F1 and F2 frequencies were produced. Similar isolated
weightings of the second component showed that it specified
area functions and formants approximately representative of
�æ� and �o�. Combinations of incremental coefficient weights
for both components led to development of an area function
model that can generate a wide variety of vocal tract shapes
that were not included in the original set of area functions,
and produce a nearly one-to-one mapping between compo-
nent coefficients �weights� and the F1-F2 vowel space �Story
and Titze, 1998; Story, 2005�. Other studies based on princi-
pal components analysis of area functions derived from sag-
ittal x-ray images �Meyer et al., 1989; Yehia et al., 1996�
have also shown that two to five components account for the
majority of the variance in their respective data sets.

It is noteworthy that a similar system of spatial shaping
patterns has been determined for hand postures. Santello
et al. �1998� recorded spatial coordinates from sensors on
subjects’ hands while they grasped 57 different objects with
wide variations in shape �analogous to speakers producing a
variety of vowel sounds in an MRI scanner�. A PCA per-
formed on the coordinates indicated that, for each subject,
two principal components could account for greater than
80% of the variance in hand posture. A model for controlling
the general shape of the hand was developed based on super-
imposing coefficient weighted components, either in isola-
tion or combination, on the mean hand shape. In this manner,

many hand shapes not in the original set could be produced.
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Santello et al. note that if control of the general shape of the
hand were based on the principal components, the number of
degrees of freedom would be significantly reduced. Drawing
on the concepts of Macpherson �1991�, they further sug-
gested that each component represents a postural “synergy”
between individual muscles of the hand that can be utilized
alone or in combination with other synergies �i.e., another
principal component�.

An area function representation of the vocal tract is,
strictly, only a description of the nonuniform shape of a tu-
bular structure and cannot necessarily be considered an “ar-
ticulatory” representation. Based on definitions of coordina-
tive structures �e.g., Löfqvist, 1997�, and also by analogy to
Santello et al. �1998�, however, it is conceivable that the
principal components derived from a set of vowel area func-
tions �e.g., Story and Titze, 1998� could represent some form
of synergy of muscles associated with individual articulators,
that facilitates the production of predictable patterns of for-
mant frequencies �cf. Story, 2004�. While speculative at this
point, the idea is consistent with Gracco’s �1992� statement
that speech motor control is apparently “organized at a func-
tional level according to sound-producing vocal tract ac-
tions.” Story and Titze �1998� referred to the principal com-
ponents in their model as “modes” to emphasize a similarity
to a modal decomposition of a dynamical system into natural
modes. Hence, to the degree that they capture some aspect of
possible muscle synergies, the modes may be conceptualized
as “synergistic modes.”

To date, modes or principal components reported for
area functions measured with 3-D imaging techniques �e.g.,
MRI� have been based on only one adult male speaker’s area
function set �Story et al., 1996�. While they provide an effi-
cient parametric representation of the vocal tract area func-
tion under both normal and perturbed conditions �Story,
2004, 2005�, it is necessary to obtain mode shapes for addi-
tional speakers to determine if the concept of area function
modes can be generalized. This study was motivated by a
simple question: Are synergistic modes, based on area func-
tions, similar across speakers? The specific aims of the
project were to �1� acquire area functions for vocal tract
shapes of vowels from six speakers �three adult males and
three adult females� using magnetic resonance imaging
�MRI�, �2� compare formant frequencies extracted from
acoustic recordings to those calculated for each area func-
tion, �3� determine mode shapes and coefficient weights for
each speaker’s area function set and compare across speak-
ers, and �4� calculate the effects of the modes on the first two
formant frequencies �F1 and F2� for each speaker.

II. ACQUISITION AND ANALYSIS OF IMAGES AND
AUDIO SAMPLES

A. Image collection

Magnetic resonance imaging �MRI� was used to obtain
volumetric image sets for a variety of vocal tract shapes from
three male and three female speakers. The vocal tract shapes

corresponded to each speaker’s production of the American
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English vowels �i, (, e, �, æ, #, Ä, Å, o, *, u�. Image sets for
�l�, �É�, the nasal tract, and trachea were also obtained but
will not be reported in this article.

The six speakers were recruited from the student, fac-
ulty, and staff population at the University of Arizona. They
will be identified in this article as SF1, SF2, SF3, SM1, SM2,
and SM3, where the “F” denotes female and “M” male. None
of the speakers had any specialized voice or speech training
�e.g., singing, acting, etc.�, although it may be noted that all
three female speakers were students in the Department of
Speech, Language, and Hearing Sciences. Five of the speak-
ers had no history of speech, language, or hearing disorders.
SM2 reported a cleft of his soft palate that had been surgi-
cally repaired at approximately 2.5 years of age. At the time
of image collection his speech was judged to be normal. The
age of each speaker is shown in Table I, along with the
geographic area they reported as being most representative of
their “growing up” years.

Prior to image collection, each speaker participated in
three practice/training sessions. The purpose was to present
the speakers with some of the conditions that are experienced
in the MR scanner and to provide them with ample time to
practice producing the set of speech sounds under these con-
ditions. They were first given earplugs to partially simulate
the limited auditory feedback conditions in the MR scanner.
Then while lying supine on a cushioned table in a sound
treated room, they practiced sustaining each speech sound.
Throughout each session an emphasis was placed on the con-
centration required to maintain a steady vocal tract shape. A
high-quality digital audio tape recording of the third session
was made and later used for formant frequency analysis.

The MR images were acquired with a General Electric
Signa 1.5-T scanner at the University of Arizona Medical
Center. The data acquisition mode was fast spin echo and the
scanning parameters were set to TE=13 ms, TR=4000 ms,
ETL=16 ms, and NEX=2. During each speaker’s produc-
tion of a particular vocal tract shape, a 24–30 slice series was
collected with an interleaved acquisition sequence. Each im-
age set consisted of contiguous, parallel, axial sections
�slices� extending from a location just superior of the hard
palate to an inferior location near the first tracheal ring. The
field of view �slice dimensions� for each slice was 24 cm
�24 cm which, with a pixel matrix of 256�256, provided
an in-plane spatial resolution of 0.938 mm/pixel. Image col-
lection for the female speakers was performed in late 2001

TABLE I. The age of each speaker at the time of MR scanning and the
geographic area they reported as being most representative of their “growing
up” years. The female speakers are denoted by “SF” and the male speakers
by “SM.”

Speaker Age �years� Region

SF1 29 N. Carolina, USA
SF2 25 Oklahoma, USA
SF3 23 Manitoba, Canada
SM1 33 N. Carolina, USA
SM2 41 New York �Long Island�, USA
SM3 30 Los Angeles, CA, USA
and early 2002, and at that time only a flexible anterior neck
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coil was available. By the time that the male speakers were
imaged in the summer of 2003, a new rigid, anterior/
posterior neck coil had been obtained and was used for the
acquisition of their image data. The newer coil produced
slightly better image quality and allowed thinner slices to be
obtained. Thus, the image slice thickness was 5 mm for all of
the female data and 4 mm for the male data.

After the subject had been positioned in the MR scanner
�see Story et al. �1996, 1998� for more details�, the image
acquisition protocol proceeded as follows. For a specific vo-
cal tract shape, a corresponding example word �hVd context
for each vowel, “luck” and “earth” for �l� and �É�, respec-
tively� was spoken to the subject over the intercom. The
subject was then asked to produce a sustained version of the
particular speech sound that the investigator verified before
beginning the actual image acquisition. When the subject
was ready he/she began phonation and the MR technologist
followed by initiating the scan. After 8 s the scan was paused
to allow time for the subject to breathe. The scanning was
continued when the subject resumed phonation. The scan-
ning time required for each image set �i.e., for one complete
tract shape� was 4 min and 16 s which required approxi-
mately 30 repetitions. With pauses for respiration between
repetitions, each image set was completed in about
10–15 min. Because of the potential for vocal and general
physical fatigue, the image collection for each speaker was
separated into at least two sessions which occurred different
days.

B. Image analysis

The first step in the image analysis procedure was the
application of an airway segmentation technique and was
followed by shape-based interpolation to generate a 3-D re-
construction of each vocal tract shape �identical to methods
reported in Story et al. �1996, 1998��. Based on raw images
and 3-D reconstructions, the location of the glottis was de-
termined, and a point just above it was identified as the inlet
to the vocal tract. Cross-sectional areas between this point
and the lip termination were obtained by first finding the
centerline through the 3-D reconstruction with an iterative
bisection algorithm �see Story et al., 1996, p. 542�. Areas
were then measured from oblique sections calculated to be
locally perpendicular to the centerline. The collection of
these areas extending from just above the glottis to the lips,
along with the distance of each cross section from the glottis,
comprises the area function. Each area function was subse-
quently resampled with a cubic spline from which 44 area
sections1 were obtained at equal length increments. A
smoothing filter was also applied to remove small disconti-
nuities assumed to be imaging artifacts �see Story et al.,
2001, p. 1653�.

The piriform sinuses were segmented in each image set
and included in the shape-based interpolation. Their shapes
and sizes, however, were not generally consistent across the
vowels of a given speaker and were, in many cases, discon-
tinuous with the main vocal tract. While the vowel depen-

dency of the piriform sinuses may be an interesting study in
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itself, including this component was considered to be beyond
the scope of the present study. Hence, their cross-sectional
areas are not reported here.

An area function can be considered to be comprised of
two components, an area vector and a length vector. The area
vector A�i� contains the N=44 cross-sectional areas, assumed
to represent a concatenation of “tubelets” ordered consecu-
tively from glottis to lips. The index i denotes this ordering
and extends from 1 to N. Similarly, a length vector L�i� con-
tains N=44 elements representing the length � of each tube-
let �i.e., distance increment between consecutive x-sect.
areas�.2 A cumulative length vector X�i� representing the ac-
tual distance from the glottis can be derived from L as

��i� = �
z=1

i

L�z�, i = �1,N� . �1�

An area function can be shown graphically by plotting A�i�
versus X�i�. An example is given in Fig. 1 for speaker SF1’s
�i� vowel where the “stair-step” plot indicates the discretiza-
tion of the vocal tract shape into consecutive tubelets, each
of length �. For graphical clarity in subsequent plots, the
area functions will be shown with a smooth curve rather than
in stair-step fashion �e.g., see the thin, smooth line in Fig. 1�.

C. Audio recording, analysis, and theoretical
calculation of formants

As stated in Sec. II A, the third practice session for each
speaker was recorded onto digital audio tape and served as
the high-quality recording used for formant frequency analy-
sis. The audio signal was transduced with an AKG CK92
microphone that was positioned 30 cm from the speaker and
off-axis at 45°. An electroglottographic �Glottal Enterprises,
EG-2� signal was simultaneously recorded on the second
channel of the digital tape. This signal was intended to be
used in later studies for the accurate extraction of fundamen-
tal frequency and detection of voicing.

The recordings were transferred to digital files and then
downsampled from 44.1 to 22.05 kHz. Formant frequencies
were obtained with a LPC algorithm �autocorrelation
method� written in Matlab that first estimated the frequency
response over a 25-ms window and then found the formants
with a peak-picking technique. For the vowels of the female

FIG. 1. Example of an area function ��i� vowel produced by SF1� shown as
a succession of tubelets, denoted by the index i, extending from just above
the glottis to the lips. The tubelet length is � and is shown at the rightmost
section.
speakers, 16–20 LPC coefficients were used, whereas, for
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the male vowels 26 coefficients were used. This technique
was applied to consecutive 25-ms windows �with 12.5-ms
overlap� over the time course of each vowel sample which
ranged from 4 to 8 s. Thus, with more than 150 sets of for-
mant values obtained for each vowel, the standard deviations
reported in Sec. III refer to the variability of a given formant
over the time course of a sustained vowel. For each vowel,
the mean fundamental frequency was also estimated.

Frequency response functions were calculated for each
area function with a frequency-domain technique based on
cascaded “ABCD” matrices �Sondhi and Schroeter, 1987;
but specifically as presented in Story et al., 2000�. This cal-
culation included energy losses due to yielding walls, viscos-
ity, heat conduction, and radiation. Formant frequencies were
determined by finding the peaks in the frequency response

functions.
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III. AREA FUNCTIONS AND FORMANT FREQUENCIES

Area functions for vowels produced by the six speakers
are presented in Figs. 2–5. Within each figure panel, three
area functions are plotted that correspond to a particular
vowel for either the three female speakers �Figs. 2 and 3� or
the three male speakers �Figs. 4 and 5�. These data are tabu-
lated numerically in vector form in Appendix A.

A. Female speakers

A general observation that can be made from Figs. 2 and
3 is that the vocal tract length for SF2 was consistently
shorter than the other two speakers. She, in fact, had a mean
tract length of 13.8 cm, whereas for SF1 and SF3 the mean
lengths were 14.4 and 15.4 cm, respectively. Taking the

FIG. 2. Area functions for the six
vowels, �i, (, e, �, æ, #�, produced by
three female speakers. Each plot
shows one of the vowels for all three
speakers and is identified with the cor-
responding IPA symbol. The thick
solid line represents SF1, the dashed
line represents SF2, and the thin solid
line is for SF3.
length differences into account, the gross shape of each
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vowel, in terms of the location of major constrictions and
expansions, is fairly similar across the three speakers. Some
notable exceptions are the wide opening at the lips for SF3’s
�e� and SF2’s ���, the large oral cavity areas for SF3’s �æ�,
and the wide lower pharyngeal space of SF2’s �o�. The shape
of area functions for the corner vowels, �i, æ, Ä, u�, all rea-
sonably fit expected, prototypical vocal tract configurations
of high/low and front/back vowels. The area functions for
vowels that exist between the “corners” tend to be somewhat
more unique to the speaker.

All three female speakers produced relatively small ar-
eas just superior to the glottis. Often referred to as the epila-
ryngeal space or tube, cross-sectional areas in this region
averaged about 0.25 cm2. The artificial speaking conditions
imposed by the MR scanner �e.g., supine position, highly

restricted movement, interfering sounds� likely affect the
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configuration in this part of the vocal tract because they force
the speaker to produce “loud” speech �Story et al., 1998�.
But a constricted epilarynx has also been theoretically impli-
cated as a means by which phonation threshold pressure may
be reduced �Titze and Story, 1997�. Thus, it is possible that
speakers may constrict this part of the vocal tract to a similar
degree during normal speech production.

Comparisons of measured and calculated formant fre-
quencies for the female speakers are given in Tables II–IV.
The first row in each table contains the mean fundamental
frequency produced during the sustained production of a par-
ticular vowel. Measurements of the first three formant fre-
quencies and their respective standard deviations are shown
in the next six rows. Each formant is labeled with the super-
script N to denote “natural” speech. In the next three rows

FIG. 3. Area functions for the five
vowels, �Ä, Å, o, *, u�, produced by
three female speakers. Each plot
shows one of the vowels for all three
speakers and is identified with the cor-
responding IPA symbol. The line-type
assignments are the same as in Fig. 2.
are the calculated formant frequencies based on the area
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functions; a superscript C is used to denote that they are
“calculated.” Finally, the percentage errors between mea-
sured and calculated formants are given in the bottom three
rows. Positive errors indicate that a calculated formant was
an overestimation of its measured counterpart, whereas nega-
tive errors suggest the opposite.

Across the three speakers, the tabulated errors range
from an absolute minimum of −0.1% for the second formant
of SF2’s ��� vowel to a maximum of 31.4% for the third
formant of SF3’s �i�. While a large error such as 30% or
more is undesirable, it is noted that over half of the errors
shown in the tables are less than 10%, and more than a third
are less than 5%. It is also noted that the smallest combined
error occurs for each speaker’s �æ� vowel. This may be co-
incidental but perhaps there is some characteristic of �æ�,
either acoustic or articulatory, that facilitates a more consis-

tent production than other vowels.
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B. Male speakers

The area functions for the three male speakers are shown
in Figs. 4 and 5. Consistent with the plots for the females,
each figure panel contains three area functions corresponding
to a particular vowel, except for the ��� in Fig. 4, where area
functions are shown only for speakers SM1 and SM3. Be-
cause of movement artifact, the 3-D reconstruction of SM2’s
��� vowel produced a discontinuous air space, and hence an
area function could not be determined.

The �i� vowel was produced by all three male speakers
with similar vocal tract configurations, both in terms of
cross-sectional area distribution and vocal tract length. The
expanded pharynx and constricted oral cavity are prototypi-
cal for an �i� vowel. There were, however, slight differences
in the location and extent of the oral cavity constrictions

FIG. 4. Area functions for the six
vowels, �i, (, e, �, æ, #�, produced by
three male speakers. Each plot shows
one of the vowels for all three speak-
ers and is identified with the corre-
sponding IPA symbol. The thick solid
line represents SM1, the dashed line
represents SM2, and the thin solid line
is for SM3. For reasons explained in
the text, an area function for SM2’s ���
is not shown.
which, because of their small cross-sectional areas, could
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have significant effects on the acoustic characteristics. The
gross shape of the area functions for the other corner vowels,
�æ, Ä, u�, were also fairly prototypical, but were produced
quite differently by each speaker. In particular, the cross-
sectional area within the oral cavity for SM1’s version of
these vowels, as well as for �Å�, is considerably smaller than
in those of the other two speakers. SM1 also exhibited a
comparatively shorter tract length for both the �Ä� and �o�
vowels. The vowels �i�, �e�, ���, and �#� were similarly
shaped for each speaker, although SM2 does maintain
slightly larger areas in the lower pharyngeal portion for these
vowels. For the �*� vowel, SM2 produced a tract shape with
an expansion in the pharynx and oral cavity somewhat like
an �u�, whereas SM1 and SM3 kept the cross-sectional area
nearly constant except at the glottal and lip ends.

Similar to the females, the cross-sectional areas repre-

senting the epilaryngeal portion of the vocal tract were less
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than 1 cm2 for all of the vowels produced by each speaker.
The mean area in this region, however, was roughly 0.5 cm2,
which is about twice that measured for the female speakers.
Also in comparison to the females, the epilarynx for each
male was more distinctly shaped like a tube. This was true
for most of vowels where the area remained on the order of
0.5 cm2 over a distance of about 1.5–2 cm from the glottis.
Beyond this point, the cross-sectional area tended to increase
rapidly.

Comparisons of measured and calculated formant fre-
quencies are shown in Tables V–VII. The data are arranged
in exactly the same format as they were for the female speak-
ers. The absolute minimum error is −0.1% for the first for-
mant in SM2’s �e� and �Å� vowels. The maximum error of
48.5% occurs in the second formant for SM3’s �u�; the next
largest error is −28.8% for the third formant of SM3’s �e�.

FIG. 5. Area functions for the five
vowels, �Ä, Å, o, *, u�, produced by
three male speakers. Each plot shows
one of the vowels for all three speak-
ers and is identified with the corre-
sponding IPA symbol. The line-type
assignments are the same as in Fig. 4.
Notwithstanding these largest errors, the match between
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TABLE III. Fundamental frequencies F0 and measured and calculated formants for the 11 vowels of speaker SF2.

i ( e � æ # Ä Å o * u

F0 249 249 249 247 248 246 248 249 247 247 250

F1N 446 599 639 718 892 741 862 842 643 666 460
sd ±6 ±4 ±11 ±13 ±7 ±17 ±7 ±10 ±9 ±20 ±10

F2N 2875 2261 2445 2156 2004 1616 1337 1184 1240 1483 1319
sd ±60 ±13 ±13 ±36 ±16 ±32 ±17 ±15 ±11 ±5 ±34

F3N 4452 3209 3193 3159 3080 3437 3266 3230 3082 3252 3012
sd ±31 ±10 ±25 ±29 ±31 ±59 ±28 ±13 ±32 ±34 ±36

F1C 457 710 622 910 878 773 711 839 619 569 412
F2C 2512 1721 2152 2155 1828 1588 1166 1324 1295 1442 1235
F3C 3591 3549 3255 3703 3137 3926 4000 3650 3570 3472 3310

�1 2.6 18.6 −2.6 26.8 −1.6 4.3 −17.6 −0.4 −3.7 −14.5 −10.5
�2 −12.6 −23.9 −12.0 −0.1 −8.8 −1.7 −12.8 11.8 4.4 −2.8 −6.3
�3 −19.3 10.6 2.0 17.2 1.8 14.2 22.5 13.0 15.8 6.8 9.9
TABLE II. Fundamental frequencies F0 and measured and calculated formants for the 11 vowels of speaker SF1. Each measured formant �denoted by
superscript “N”� is the mean across several seconds of recording and sd is the standard deviation. The calculated formant values are denoted by “C.” The �’s
represent the percent error of the computed formants relative to the mean value of the natural speech formants �e.g., �1=100�F1C−F1N� /F1N�.

i ( e � æ # Ä Å o * u

F0 280 276 278 275 267 264 245 251 266 268 286

F1N 391 654 704 770 903 843 917 811 773 721 391
sd ±16 ±11 ±8 ±8 ±9 ±7 ±9 ±11 ±9 ±24 ±16

F2N 2720 2269 2404 2240 2087 1574 1484 1242 1326 1602 1163
sd ±13 ±44 ±46 ±26 ±25 ±10 ±8 ±9 ±6 ±12 ±23

F3N 3332 3264 3383 3152 3157 3129 3366 2985 2977 3549 2855
sd ±17 ±23 ±107 ±59 ±102 ±33 ±57 ±26 ±38 ±97 ±79

F1C 340 537 706 555 901 655 842 737 663 511 417
F2C 2757 2311 2156 1838 2044 1461 1679 1247 1296 1452 1081
F3C 4235 2849 3247 2852 3114 3228 3077 2932 3290 3221 3167

�1 −13.0 −18.0 0.2 −28.0 −0.2 −22.3 −8.1 −9.1 −14.2 −29.1 6.5
�2 1.3 1.8 −10.3 −18.0 −2.0 −7.2 13.1 0.4 −2.3 −9.3 −7.1
�3 27.1 −12.7 −4.0 −9.5 −1.4 3.2 −8.6 −1.8 10.5 −9.2 10.9
TABLE IV. Fundamental frequencies F0 and measured and calculated formants for the 11 vowels of speaker SF3.

i ( e � æ # Ä Å o * u

F0 280 272 280 275 277 279 273 273 270 274 267

F1N 368 557 694 771 820 617 708 683 603 631 433
sd ±5 ±14 ±14 ±19 ±44 ±25 ±37 ±37 ±5 ±15 ±16

F2N 2828 2180 2277 2024 1712 1432 1329 1231 1017 1353 1144
sd ±47 ±45 ±22 ±38 ±55 ±25 ±36 ±29 ±9 ±18 ±46

F3N 3552 3270 3213 3221 3253 3117 3299 3299 3086 3162 2881
sd ±46 ±45 ±23 ±60 ±62 ±41 ±21 ±34 ±43 ±62 ±25

F1C 371 536 563 672 877 773 848 775 614 458 391
F2C 2914 2152 2094 1914 1747 1588 1366 1216 1190 1331 1153
F3C 4666 2525 2801 2906 3049 3926 3365 3015 3036 2845 2976

�1 0.7 −3.8 −18.9 −12.8 6.9 25.3 19.8 13.5 1.9 −27.4 −9.5
�2 3.0 −1.3 −8.0 −5.4 2.1 10.9 2.8 −1.2 17.1 −1.7 0.7
�3 31.4 −22.8 −12.8 −9.8 −6.3 25.9 2.0 −8.6 −1.6 −10.0 −7.1
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TABLE V. Fundamental frequencies F0 and measured and calculated formants for the 11 vowels of speaker SM1.

i ( e � æ # Ä Å o * u

F0 122 126 125 126 124 125 125 123 124 123 126

F1N 311 449 495 496 566 521 640 631 493 463 326
sd ±5 ±5 ±4 ±4 ±4 ±4 ±6 ±6 ±3 ±5 ±3

F2N 2086 1765 1729 1693 1598 1236 1105 925 912 1137 928
sd ±20 ±19 ±18 ±38 ±7 ±8 ±26 ±12 ±20 ±24 ±13

F3N 2570 2299 2278 2272 2172 2246 2465 2513 2356 2277 2282
sd ±23 ±29 ±30 ±33 ±12 ±11 ±29 ±20 ±16 ±32 ±13

F1C 327 414 470 503 638 552 701 636 442 390 314
F2C 2032 1771 1650 1599 1671 1361 1184 984 1047 1211 954
F3C 2514 2418 2356 2400 2497 2605 2596 2596 2488 2366 2235

�1 5.2 −7.7 −5.0 1.4 12.7 5.9 9.5 0.9 −10.3 −15.8 −3.8
�2 −2.6 0.3 −4.6 −5.5 4.6 10.1 7.1 6.4 14.8 6.5 2.8
�3 −2.2 5.2 3.4 5.7 15.0 16.0 5.3 3.3 5.6 3.9 −2.1
TABLE VI. Fundamental frequencies F0 and measured and calculated formants for the 11 vowels of speaker SM2.

i ( e � æ # Ä Å o * u

F0 144 145 144 143 141 142 139 138 135 137 135

F1N 289 428 425 547 606 568 659 569 406 515 352
sd ±1 ±2 ±4 ±3 ±4 ±3 ±4 ±2 ±11 ±10 ±11

F2N 2215 1866 1983 1740 1719 1329 1180 875 799 974 818
sd ±17 ±6 ±13 ±12 ±10 ±19 ±11 ±9 ±21 ±19 ±6

F3N 2729 2429 2454 2664 2606 2675 2678 2924 2867 2892 2424
sd ±45 ±7 ±10 ±14 ±12 ±22 ±24 ±22 ±14 ±45 ±24

F1C 294 446 425 748 559 742 568 462 457 286
F2C 2317 1845 2013 1816 1340 1170 837 942 1185 864
F3C 2651 2577 2624 2648 2691 2928 2338 2979 2870 2934

�1 1.6 4.2 −0.1 23.5 −1.6 12.6 −0.1 13.7 −11.3 −18.8
�2 4.6 −1.1 1.5 5.6 0.8 −0.9 −4.4 17.9 21.7 5.6
�3 −2.9 6.1 6.9 1.6 0.6 9.4 −20.0 3.9 −0.8 21.1
TABLE VII. Fundamental frequencies F0 and measured and calculated formants for the 11 vowels of speaker SM3.

i ( e � æ # Ä Å o * u

F0 134 129 129 131 126 122 122 122 123 124 125

F1N 307 499 519 538 652 619 678 627 498 514 355
sd ±7 ±3 ±1 ±4 ±7 ±3 ±4 ±3 ±3 ±9 ±5

F2N 2171 1773 1720 1723 1595 1244 1041 866 845 1044 696
sd ±8 ±17 ±12 ±28 ±6 ±7 ±23 ±4 ±12 ±27 ±14

F3N 3224 2322 3311 2367 2345 2142 2134 2276 2413 2319 2338
sd ±45 ±18 ±11 ±24 ±35 ±16 ±15 ±14 ±29 ±69 ±32

F1C 265 503 567 563 758 495 722 637 611 429 404
F2C 2428 1897 1903 1662 1753 1134 1089 875 1068 1207 1034
F3C 3328 2187 2356 2020 2304 2122 2489 2044 2591 2503 2618

�1 −13.6 0.7 9.2 4.6 16.3 −20.0 6.5 1.6 22.7 −16.6 13.9
�2 11.9 7.0 10.7 −3.6 9.9 −8.8 4.6 1.1 26.4 15.6 48.5
�3 3.2 −5.8 −28.8 −14.6 −1.7 −0.9 16.6 −10.2 7.4 8.0 12.0
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measured and calculated formants for all of the vowels pro-
duced by each of the three speakers is reasonably accurate.
Nearly two-thirds of the errors were calculated to be less
than 10% and more than a third were less than 5%.

IV. “SYNERGISTIC” MODES

Based on visual inspection, and comparison of calcu-
lated and measured formant frequencies, it was assumed that
the six sets of area functions provide a reasonable “sam-
pling” of possible vocal tract configurations used by each
speaker to produce these vowels. From this “sampling,” a set
of modes, as defined in the Introduction, are reported for
each speaker. The similarity of the modes across speakers
was assessed visually, with correlation analysis and with an
acoustic mapping technique.

A.Principal components analysis

The collection of area vectors for a given speaker �i.e.,
Tables XI–XVI� can be represented in matrix form as A�i , j�,
where i is the area index as defined in Sec. II B, and j de-
notes the particular vowel in the left-to-right order used in
the tables in Appendix A �i.e., j=1 for �i�, j=2 for �(�…, j
=11 for �u��. A principal components analysis �PCA� was
used to derive, for each of the six A�i , j�’s, a set of orthogo-
nal eigenvectors representing the prominent vocal tract shap-
ing features utilized by each speaker. Following Story and
Titze �1998�, the PCA was performed on the equivalent di-
ameters of the cross-sectional areas rather than on the areas
themselves.3 Thus, an area matrix A�i , j� was first converted
to a diameter matrix D�i , j� by

D�i, j� =� 4

�
A�i, j� . �2�

The square root operation has the effect of compressing and
expanding the portions of a vocal tract shape with the largest
and smallest areas, respectively, and has been shown to pro-
duce somewhat more accurate reconstructions of vowel con-
figurations than a PCA performed on areas alone �Story and
Titze, 1998�.

The next step was to assume that a speaker’s D�i , j� can
be represented by a mean and variable part,

D�i, j� = ��i� + ��i, j� , �3�

where ��i� is the mean diameter vector across D�i , j�, and
��i , j� is the variation superimposed on ��i� to produce a
specific diameter vector. The PCA was then carried out by
calculating the eigenvectors of a covariance matrix formed
with ��i , j�. The specific implementation was essentially the
same method as reported in Story and Titze �1998�, and re-
sults in the following parametric representation of the origi-
nal area matrix,

A�i, j� =
�

4
���i� + �

i=1

N

qk�j�	k�i��2

,

�4�
i = �1,N� j = �1,11�, k = �1,N�
where the 	k�i�’s are 44-element eigenvectors that, when
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multiplied by the appropriate scaling coefficients qk�j�, will
reconstruct each area vector in A�i , j�. As explained in the
Introduction, the eigenvectors or principal components ob-
tained from the area vector matrices have been called modes
and will henceforth be referred to as such.

This particular implementation of the PCA effectively
normalizes the vocal tract lengths for each speaker’s vowels
by excluding the length data in the analysis. That is, for each
speaker’s A�i , j�, and subsequent D�i , j�, the ith section was
assumed to correspond to the same location within the vocal
tract. This is not strictly true because each area function in
Tables XI–XV has its own unique length increment �, thus
the distance of the ith tubelet from the glottis is vowel de-
pendent. Comparisons of the formant frequencies calculated
with the actual lengths of each area function to those based
on the normalized length showed approximately a 5% shift
upward for the longest area function in each speaker’s set
and a 5% downward shift for the shortest. Whereas this ap-
proach somewhat limits the interpretation of the results, es-
pecially with regard to rounded vowels which typically have
long vocal tract lengths, it simplified the execution of the
PCA and facilitated the comparison of modes across speak-
ers.

To further aid interspeaker comparison, the three modes
that accounted for most of the variance in each speaker’s
D�i , j� �referred to as 	1�i� ,	2�i� ,	3�i�� have been smoothed
by fitting them with eighth-order polynomials. This simpli-
fied the visual comparison of the modes but maintained their
gross characteristics. The amount of variance in each speak-
er’s diameter matrix that is accounted for by each mode was
calculated based on these smoothed modes.

B. Modes and mean area functions for six speakers

Percentages of the total variance in each speaker’s diam-
eter matrix D�i , j� that are accounted for by the three most
significant modes are shown in Table VIII. Together, the
three modes accounted for more than 90% of the variance for
each speaker. The first mode, 	1, accounted for variance of
over 60%, while 	2 typically accounted for 20% or more.
The exception was SM2 whose second mode accounted for
only 12.3% of the variance in his diameter matrix, but was
balanced by the high 76.2% that was attributed to his first
mode. The first two modes combined accounted for a mini-
mum of 83% of the variance for SF2 and a maximum of

TABLE VIII. Percentage of the total variance in each speaker’s diameter
matrix D�i , j� accounted for by the most significant modes �in their
smoothed form�.

Mode SF1 SF2 SF3 SM1 SM2 SM3

	1 63.6 61.1 63.0 76.2 67.4 63.7
	2 21.5 22.0 28.7 12.3 20.5 25.2
	3 7.7 7.4 3.0 4.5 4.7 8.4

Total 92.8 90.5 94.7 93.0 92.6 97.3
91.7% for SF3. The amount of variance accounted for by 	3
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was no greater than 8.4% for any of the speakers. Thus, the
third mode is much less significant than either 	1 or 	2.

The three modes are shown graphically in Fig. 6 and, for
reference, are numerically tabulated in Appendix B. This fig-
ure is arranged so that the left and right columns of plots
correspond to the three female and three male speakers, re-
spectively. Each row corresponds to one of the three modes
	1, 	2, or 	3. Note that the x axis of each plot ranges from 0
to 1.0 to indicate a normalized distance from the glottis. An
approximate actual distance could be obtained for each
speaker by scaling the x axis with their respective mean vo-
cal tract lengths. Associated with the plots of the three modes
are their respective scaling coefficients that correspond to
each speaker’s vowels. These are given in Table IX, where
the minimum and maximum values along each row are

shown in boldface.
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The first mode, shown in Figs. 6�a� and 6�b�, presents
similar characteristics for all of the speakers. The amplitude
is near zero at both the glottal and lip ends, a zero crossing
occurs at approximately the mid-point of the vocal tract, and
negative and positive maxima occur at normalized distances
of about 0.35 and 0.75, respectively. When scaled with a
positive coefficient and superimposed on a mean vocal tract
shape, as specified by Eq. �4�, this mode would have the
effect of constricting the pharyngeal portion of the tract
while expanding the oral cavity; the glottal and lip ends
would be minimally affected. Such a shape would be char-
acteristic of a low-back vowel. A negative scaling coefficient
would impose the opposite changes in vocal tract shape and
would be suggestive of a high-front vowel. It is not surpris-
ing then that the scaling coefficient for the first mode, q1,

FIG. 6. Three modes obtained from
the area function data of the three fe-
male and three male speakers. The left
column shows plots corresponding to
the females �a, c, and e� and the right
corresponds to the males �b, d, and f�.
Each row of the plot is associated with
mode 	1, 	2, or 	3.
shown in Table IX, is maximally positive for the �Å� vowel
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across all six speakers. Likewise, for every speaker, q1 has
the largest negative value for the vowel �i�. It is also noted
that q1 generally increases stepwise from this most negative
value toward the most positive as the vowel changes in the
order given in the table. This ordering of vowels follows a
counter-clockwise rotation through a articulation-based
vowel quadrilateral �e.g., Shriberg and Kent, 2003; p. 28�, or
clockwise through a typical F1-F2 vowel space plot.

Collections of the second mode, 	2, for the six speakers
are shown in Figs. 6�c� and 6�d�. Though the similarity
across speakers is perhaps not as visually apparent as for the
first mode, the 	2’s do possess some common features. The
lip end of these modes is uniformly of high amplitude, sug-
gesting that it would expand or constrict the mouth opening
with positive and negative scaling coefficients, respectively.
Moving posteriorly from the lips, each 	2 drops sharply in
amplitude and, for five speakers, crosses zero at a normalized
distance from the glottis of about 0.8. SF1’s second mode
does not have a zero crossing at this point but does maintain
a shape that is similar to the other speakers. The amplitude
then drops further until a local minima is reached at a loca-
tion ranging from 0.68 to 0.78 across the speakers. Continu-
ing toward the glottal end, a local maxima is encountered for
each speaker at a normalized distance between 0.4 and 0.5.
As the amplitude drops again, the second mode for each of
the females has a zero crossing at a distance of about 0.25.
The 	2 amplitudes for the males also drop but their subse-
quent zero crossings are not as closely aligned as they are for
the females. Finally, for all speakers, the 	2 amplitudes dip
down to another local minima before returning to nearly zero
amplitude at the glottal end. In general, the primary effect of
the second mode on vocal tract shape is to expand or con-
strict both the lip end and the middle portion, depending on

TABLE IX. Scaling coefficients of the three modes that will reconstruct eac
maximum values along each row are shown in boldface type.

Subject Coefficient i ( e �

SF1 q1 −4.667 −2.456 −1.206 −1.275
q2 0.770 0.610 0.894 −1.119
q3 0.496 0.330 −0.135 0.690

SF2 q1 −4.025 0.070 −2.213 0.930
q2 0.859 1.059 0.761 2.833
q3 0.357 −1.728 0.852 −0.150

SF3 q1 −4.927 −2.506 −2.228 −0.591
q2 1.503 0.825 1.618 1.000
q3 −0.249 0.702 0.384 0.233

SM1 q1 −3.860 −2.192 −1.334 −0.956
q2 0.131 0.510 0.636 0.717
q3 −0.410 0.242 0.400 0.138

SM2 q1 −4.777 −2.109 −3.115 ¯

q2 0.879 0.529 1.276 ¯

q3 0.298 −0.670 1.039 ¯

SM3 q1 −5.047 −2.349 −1.740 −1.682
q2 −0.079 0.851 2.176 1.184
q3 −1.551 0.812 0.584 0.901
whether the scaling coefficient q2 is positive or negative.
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From Table IX, it is apparent that the largest positive value
of q2 occurred for the �æ� vowel of every speaker except
SF2. Also, with the exception of SF2, the most negative
value of q2 is associated with either the vowel �*� or �u�.
Notwithstanding the results for SF2, this suggests that the
second mode roughly corresponds to a continuum from low-
front to high-back vowels.

The primary features contributed to the vocal tract shape
by the third mode, shown in Figs. 6�e� and 6�f� are comple-
mentary expansive or constrictive effects in both the pharyn-
geal and oral cavities. This is most apparent for the female
speakers, but approximately true for the male speakers as
well. Although only a small percentage of the variance is
accounted for by this mode �see Table VIII�, the simulta-
neous expansive effects in the pharyngeal and oral cavities,
obtained with a negative scaling coefficient, would seem to
be useful for enhancing vocal tract shapes with a mid-tract
constriction. This is supported by Table IX where, for four of
the six speakers, the largest negative value of q3 occurred for
the �u� vowel.

To provide a numerical assessment of the similarity of
the mode shapes, a correlation coefficient was calculated for
each speaker’s modes relative to those of the other five
speakers. The calculation was performed by dividing the co-
variance of a given pair of modes �e.g., 	1 from SF1 and
SF2� by the product of their standard deviations �e.g., Taylor,
1982�. Note that because normalized vocal tract length is
assumed for all correlation calculations, female modes can
be compared to male modes. The correlation coefficients are
presented in Table X and are arranged so that female-female,
female-male, and male-male comparisons within each mode
can be readily observed. The upper part of the table indicates
that the shape of the first mode is highly correlated among all

he 11 vowels. Coefficients are given for all six speakers. The minimum and

# Ä Å o * u

9 1.168 3.170 3.790 1.572 0.756 −1.211
5 −2.108 1.619 0.342 −0.485 −1.500 −1.478
22 1.406 0.197 0.250 −1.044 −0.018 −1.949

1 1.263 2.969 3.457 0.563 −0.692 −3.142
9 −0.355 −1.311 −0.123 −1.075 −1.485 −1.952
7 −0.244 0.734 0.332 −1.270 0.230 −0.180

9 0.961 3.460 3.761 1.378 −0.179 −2.128
2 −2.290 0.546 0.715 −1.942 −2.467 −2.351
08 0.549 −0.347 0.178 0.168 0.499 −1.508

5 1.169 2.659 4.260 1.761 −0.120 −1.683
7 −0.251 0.542 0.294 −1.206 −1.448 −1.360
84 0.658 0.038 −0.687 −0.001 0.895 −1.090

4 0.396 4.175 4.816 0.915 −0.449 −1.715
9 −0.142 0.694 −0.727 −1.621 −1.242 −2.854
00 1.254 0.084 0.461 0.332 −0.214 −1.285

6 −0.235 3.409 5.066 3.725 −1.350 −0.714
1 −1.979 −0.213 0.298 −0.656 −2.657 −2.457
01 1.453 0.709 −0.012 −1.246 0.999 −1.849
h of t

æ

0.35
2.45

−0.2

0.82
0.78
1.06

2.99
2.84

−0.6

0.29
1.43

−0.1

1.86
3.20

−1.3

0.91
3.53

−0.8
of the speakers, which supports the visual comparisons dis-
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cussed previously. The highest correlation coefficients were
R=0.99 for the comparisons of SF1-SF2, SF2-SM1, and
SF3-SM1. The lowest correlation for the first mode was R
=0.87 resulting from the comparison of SF2-SM3; this was
the only R below 0.90. The mean correlation coefficient

across all comparisons of the first mode was R̄1=0.94 and is
shown in the far left-hand column of the table. The correla-
tion across speakers for the second mode was also fairly high

as indicated by the mean coefficient of R̄2=0.91. In addition,
11 of the 15 coefficients were greater than 0.90, while the
low was 0.74. As expected from visual inspection, the shape
of the third mode is less well correlated across speakers with

R̄3=0.44. The female-female comparisons did have R values
that were 0.74 or greater, but any of the correlations involv-
ing male speakers were typically much lower than 0.70.

Correlation coefficients are also presented in Table X for
the mean area vectors of the six speakers. These vectors were
generated from Eq. �4�, but with the mode coefficients set to
zero �i.e., � /4�2�i��. For female-female comparisons, the
correlation coefficients ranged from 0.89 to 0.93. These are
fairly high, but somewhat less so than their correlations for
either 	1 or 	2. The correlations for male-male mean area
vectors are comparatively low, and the female-male correla-
tions are lower yet. The mean correlation coefficient across
all of the comparisons is R=0.71.

TABLE X. Matrix of correlation coefficients quantifying the similarity of 	
showing female-female, male-male, and female-male comparisons.

Quantity Subject

Female

SF1 SF2

	1 SF1 1.00 0.97

R̄1=0.94 SF2 1.00

SF3
SM1
SM2
SM3

	2 SF1 1.00 0.90

R̄2=0.91 SF2 1.00

SF3
SM1
SM2
SM3

	3 SF1 1.00 0.74

R̄3=0.44 SF2 1.00

SF3
SM1
SM2
SM3

�

4
�2

R̄=0.71

SF1 1.00 0.93
SF2 1.00
SF3
SM1
SM2
SM3
The low correlation for the mean area vectors across
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speakers suggests that they are somewhat more speaker-
specific than either of the 	1 or 	2 modes. They are plotted
for each female speaker in Fig. 7�a� and for the male speak-
ers in Fig. 7�b�. Visually, the three female area vectors are
similar to each other, but they also possess some idiosyn-
cratic features such as differences in maximum cross-
sectional area and shape of the mid-portion of the vocal tract.
For the male speakers, the mean area vectors appear more
idiosyncratic than those of the females, as expected from the
correlation analysis. For example, the cross-sectional areas
within the pharyngeal portion of the vocal tract �i.e., between
about 0.2 and 0.4� are similar for SM1 and SM3, but they
differ in the oral cavity. In contrast, the oral cavity areas are
similar for SM2 and SM3, but their pharyngeal areas differ
by about 1.5–2.0 cm2.

Frequency response functions for the six mean area
functions were calculated and are plotted in Figs. 7�c� and
7�d�. This calculation was performed with the methods de-
scribed in Sec. II C and with the tubelet length set to the
mean of a given speaker’s set of �’s as given in the next to
last row of Tables XI–XVI. As indicated by Fig. 7�c�, the
first two formant frequencies were closely aligned for the
female speakers, where F1 ranged from 684 to 744 Hz and
F2 from 1675 to 1741 Hz. F1 and F2 were also similar for
the male speakers �Fig. 7�d��. Their F1 values ranged from

	3, and �� /4��2 across the six speakers. The table is divided into sections

Male

SF3 SM1 SM2 SM3

0.99 0.98 0.90 0.91
0.96 0.99 0.91 0.87

1.00 0.99 0.92 0.93
1.00 0.93 0.90

1.00 0.97
1.00

0.97 0.94 0.86 0.97
0.93 0.95 0.74 0.89

1.00 0.93 0.90 0.96
1.00 0.82 0.94

1.00 0.92
1.00

0.90 0.53 0.11 0.59
0.74 −0.06 0.41 0.43

1.00 0.39 −0.04 0.69
1.00 −0.18 0.60

1.00 0.25
1.00

0.92 0.64 0.66 0.70
0.89 0.69 0.74 0.68
1.00 0.64 0.57 0.67

1.00 0.72 0.52
1.00 0.73

1.00
1, 	2,
536 to 626 Hz, while F2 ranged from 1430 to 1553 Hz. The
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values of F1 and F2 for both female and male speakers are
approximately representative of a “neutral” vowel. That is,
they are similar to those expected from a uniform tube with
length appropriate for each speaker. There were, however,
large differences in the locations of the upper formants, a
frequency range where the idiosyncratic differences of the
area vectors seem to exert their largest effect on the acoustic
characteristics. Thus, each speaker’s mean area vector could
be considered to be a phonetically neutral vocal tract shape
with regard to F1 and F2, but speaker-specific for higher
frequency formants.

C. Mode coefficient-to-formant mapping

In the previous section, the spatial similarity of the mode
shapes across speakers was assessed by visual inspection and
with correlation analysis. To a large degree, the vocal tract
shape changes imposed by the modes were found to be simi-
lar regardless of the speaker. It follows that the modes should
also similarly affect the formant frequencies supported by
area functions generated with Eq. �4�, but perhaps with
speaker-specific characteristics due to the underlying neutral
shape on which the modes are superimposed.

To demonstrate the acoustic effects of the modes, a map-
ping was generated for each speaker that linked the three
scaling coefficients �q1, q2, and q3� to the first two formant
frequencies �F1 and F2�. This was motivated by a similar
approach used by Story and Titze �1998� for two modes and
is capable of producing thousands of area function configu-
rations that did not exist in a given speaker’s original area

function set. The first step was to generate an equal incre-
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ment continuum for each mode coefficient that ranged from
their respective minimum to maximum values �see Table IX�.
The increments were specified as

�q1 =
q1

max − q1
min

M − 1
, �5a�

�q2 =
q2

max − q2
min

N − 1
, �5b�

�q3 =
q3

max − q3
min

K − 1
, �5c�

where M, N, and K were the number of increments along
each coefficient dimension. Since the first two modes ac-
counted for most of the variance in the original data sets �i.e.,
Table VIII�, it was assumed that they would have the largest
acoustic effects. Hence, the sampling along the q1 and q2

continua was chosen to be more dense than for q3, such that
M, N, and K were set to 60, 60, and 5, respectively. The
coefficient continua were then generated by

q1m = q1
min + m�q1, m = 0, . . . ,M − 1, �6a�

q2n = q2
min + n�q2, n = 0, . . . ,N − 1, �6b�

q3k = q3
min + k�q3, k = 0, . . . ,K − 1, �6c�

with m, n, and k serving as indexes along each continuum.
By modifying Eq. �4� to contain only three modes and to

eliminate the dependency on a specific vowel �i.e., jth

FIG. 7. Mean area vectors and calcu-
lated frequency response functions for
six speakers. �a� Area vectors for SF1
�thick�, SF2 �dashed�, and SF3 �thin�;
�b� area vectors for SM1 �thick�, SM2
�dashed�, and SM3 �thin�; �c� fre-
quency response functions corre-
sponding the female area vectors in
�a�; and �d� frequency response func-
tions corresponding the male area vec-
tors in �b�.
vowel�, an area vector can be generated with
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Amnk�i� =
�

4
���i� + q1m	1�i� + q2n	2�i� + q3k	3�i��2,

�7�
i = �1,44� .

This suggests that the three continua �Eq. �6�� form a para-
metric “articulation” space in the sense that any combination
of the coefficients produces a vocal tract shape. With q3 held

TABLE XI. Area vectors for the 11 vowels of speaker SF1. Each original ar
section is given by �. The glottal end of each area vector is at section 1 and

Section i i ( e � æ

1 0.42 0.34 0.29 0.34 0.22
2 0.48 0.45 0.33 0.35 0.26
3 0.53 0.53 0.51 0.35 0.44
4 0.58 0.66 0.89 0.63 0.72
5 0.74 1.01 1.14 1.21 0.94
6 1.21 1.39 1.08 1.65 0.94
7 1.97 1.57 0.94 1.61 0.85
8 2.58 1.64 1.03 1.26 0.76
9 2.84 1.83 1.39 0.96 0.69
10 3.16 2.15 1.82 0.98 0.73
11 3.84 2.29 2.16 1.29 0.99
12 4.49 2.32 2.34 1.59 1.37
13 4.82 2.43 2.41 1.80 1.68
14 4.94 2.46 2.34 1.92 1.86
15 4.78 2.36 2.14 1.90 1.82
16 4.30 2.17 1.86 1.76 1.56
17 3.82 1.91 1.72 1.65 1.34
18 3.35 1.77 1.84 1.68 1.28
19 2.92 1.87 2.00 1.79 1.36
20 2.82 2.07 2.03 1.90 1.58
21 2.84 2.20 1.96 1.87 1.82
22 2.62 2.14 1.81 1.73 1.96
23 2.22 1.90 1.59 1.59 1.94
24 1.83 1.56 1.35 1.41 1.76
25 1.42 1.20 1.20 1.21 1.60
26 1.00 0.88 1.17 1.05 1.60
27 0.67 0.63 1.16 0.90 1.69
28 0.46 0.45 1.12 0.77 1.72
29 0.31 0.34 1.19 0.79 1.79
30 0.19 0.35 1.37 0.92 2.05
31 0.15 0.54 1.51 1.07 2.44
32 0.19 0.84 1.61 1.27 2.79
33 0.26 1.05 1.70 1.45 2.93
34 0.27 1.11 1.82 1.51 3.03
35 0.22 1.16 1.95 1.37 3.26
36 0.32 1.35 2.01 1.20 3.48
37 0.64 1.61 2.03 1.30 3.54
38 1.09 1.84 2.10 1.48 3.49
39 1.67 2.10 2.26 1.34 3.52
40 2.31 2.42 2.50 1.02 3.92
41 2.77 2.66 2.70 0.80 4.55
42 2.83 2.64 2.73 0.71 4.95
43 2.57 2.48 2.63 0.62 4.94
44 2.28 2.40 2.49 0.38 4.57

� 0.343 0.326 0.308 0.318 0.306
VTL 15.11 14.32 13.55 14.01 13.46
constant at zero, the continua for the first two modes can be

J. Acoust. Soc. Am., Vol. 118, No. 6, December 2005
viewed as a 60�60 two-dimensional space consisting of all
possible combinations of q1m and q2n. An example, based on
SF1’s coefficient set, is shown in Fig. 8�a�, where every in-
tersection point in the grid represents a �q1 ,q2� pair. The
thick solid and dashed lines indicate the continua for the first
and second modes, respectively, when the other coefficient is
zero. These represent the isolated spatial effect of each mode
on the vocal tract shape, while all other lines �vertical or
horizontal� in the grid are comprised of a nonzero contribu-

nction has been segmented to consist of 44 area sections; the length of each
p end at section 44. The total vocal tract length �VTL� is computed as 44�.

# Ä Å o * u

0.24 0.27 0.28 0.28 0.41 0.46
0.23 0.12 0.24 0.35 0.47 0.67
0.25 0.16 0.20 0.46 0.77 0.77
0.34 0.39 0.27 0.83 1.11 0.88
0.42 0.55 0.40 1.39 1.24 1.14
0.49 0.47 0.36 1.63 1.11 1.67
0.45 0.31 0.21 1.51 0.99 2.21
0.36 0.23 0.13 1.36 1.05 2.41
0.34 0.28 0.17 1.33 1.19 2.73
0.40 0.40 0.33 1.37 1.31 3.38
0.48 0.47 0.45 1.34 1.41 3.72
0.53 0.49 0.46 1.26 1.46 3.52
0.54 0.53 0.45 1.14 1.32 3.06
0.56 0.56 0.48 1.02 1.08 2.60
0.54 0.52 0.48 0.85 0.85 2.23
0.40 0.59 0.36 0.64 0.70 1.85
0.28 0.73 0.22 0.50 0.71 1.49
0.31 0.85 0.15 0.51 0.95 1.28
0.41 1.06 0.20 0.71 1.31 1.28
0.55 1.39 0.53 1.01 1.51 1.34
0.73 1.78 1.07 1.22 1.47 1.25
0.82 2.05 1.47 1.22 1.37 0.93
0.77 2.15 1.67 1.08 1.33 0.50
0.74 2.29 1.91 0.99 1.38 0.18
0.76 2.64 2.26 1.10 1.53 0.15
0.85 3.29 2.75 1.36 1.78 0.40
1.03 3.85 3.31 1.75 2.09 0.75
1.25 4.13 3.91 2.32 2.39 1.07
1.49 4.41 4.72 2.95 2.67 1.33
1.74 4.86 5.53 3.48 2.84 1.54
1.99 5.37 5.84 3.93 2.84 1.81
2.19 5.67 5.70 4.22 2.72 2.20
2.23 5.60 5.42 4.30 2.58 2.59
2.12 5.15 4.97 4.21 2.44 2.87
1.93 4.44 4.36 3.98 2.33 3.03
1.65 3.72 3.79 3.62 2.17 2.94
1.33 3.17 3.33 3.10 1.83 2.56
1.01 2.69 2.89 2.42 1.44 2.10
0.72 2.43 2.37 1.71 1.06 1.64
0.57 2.64 1.82 1.23 0.70 1.20
0.48 3.00 1.41 1.05 0.46 0.91
0.43 3.07 1.33 1.08 0.36 0.75
0.37 2.75 1.46 1.21 0.31 0.58
0.27 2.15 1.48 1.35 0.26 0.29

0.316 0.330 0.348 0.330 0.319 0.352
13.90 14.53 15.29 14.51 14.02 15.51
ea fu
the li
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tion from both coefficients. The inset plots within Fig.
8�a�demonstrate the area vector shapes generated at the end
points of the 	1 and 	2 lines.

When q3 is nonzero a third dimension is added to the
articulation space. The q2 vs q1 grid will be the same as in
Fig. 8�a�, but can be considered to be shifted along the q3

dimension. This is demonstrated in Fig. 8�b�, again based on
SF1’s coefficients, where the dark grid in the middle is the
case when q3=0, and the other two lighter grids are posi-
tioned at the minimum and maximum values of q3, respec-
tively. Although K=5, only three grids are shown along the

TABLE XII. Area vectors for SF2.

Section i i ( e � æ

1 0.19 0.27 0.13 0.12 0.15
2 0.19 0.33 0.27 0.11 0.16
3 0.25 0.44 0.39 0.11 0.22
4 0.34 0.59 0.59 0.17 0.27
5 0.53 0.68 0.97 0.33 0.33
6 0.94 0.77 1.52 0.41 0.55
7 1.58 1.10 1.98 0.34 0.90
8 2.19 1.67 2.05 0.42 1.07
9 2.55 2.13 1.87 0.87 0.96

10 2.84 2.31 1.82 1.38 0.74
11 3.38 2.58 1.98 1.67 0.63
12 3.95 3.08 2.11 1.84 0.78
13 4.21 3.38 2.08 1.98 1.06
14 4.09 3.26 1.84 2.13 1.18
15 3.72 3.06 1.58 2.28 1.09
16 3.28 2.83 1.55 2.31 1.10
17 2.75 2.48 1.61 2.18 1.29
18 2.25 2.11 1.54 1.88 1.34
19 2.06 2.00 1.42 1.59 1.13
20 2.11 2.19 1.48 1.64 0.94
21 2.04 2.30 1.55 1.94 1.01
22 1.70 2.14 1.39 2.13 1.31
23 1.32 1.88 1.03 2.17 1.78
24 1.02 1.59 0.64 2.18 2.20
25 0.76 1.40 0.42 2.19 2.39
26 0.53 1.41 0.43 2.15 2.33
27 0.38 1.55 0.54 2.14 2.20
28 0.29 1.99 0.69 2.19 2.16
29 0.26 2.83 0.89 2.35 2.21
30 0.28 3.69 1.09 2.66 2.24
31 0.34 4.14 1.15 3.17 2.24
32 0.40 4.34 1.13 3.72 2.41
33 0.53 4.66 1.27 4.07 2.81
34 0.78 4.91 1.55 4.16 3.34
35 1.15 4.79 1.78 3.91 3.86
36 1.43 4.22 1.82 3.32 4.03
37 1.44 3.40 1.56 2.79 3.83
38 1.29 2.85 1.39 2.67 3.39
39 1.17 2.81 1.72 3.05 2.90
40 1.20 2.96 2.32 3.95 2.71
41 1.43 2.93 2.77 5.10 2.82
42 1.64 2.73 2.94 5.96 2.83
43 1.67 2.48 2.85 6.30 2.61
44 1.63 2.17 2.61 6.23 2.27

� 0.303 0.315 0.311 0.309 0.317
VTL 13.32 13.84 13.71 13.60 13.93
q3 dimension to preserve the visual clarity of the figure.
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To complete the mapping for a given speaker �e.g., SF1�,
Eq. �7� was used to generate an area vector for every coeffi-
cient combination within that speaker’s three-dimensional
coefficient space. A length vector was also generated in
which the tubelet length �and consequently vocal tract
length� was held constant for each speaker at the same mean
values used to calculate frequency responses of the mean
area functions in Sec. IV B. Finally, for each newly created
area function, a set of formant frequencies was calculated.

Results for each of the six speakers are shown in the
vowel space plots of Fig. 9. Within each figure panel is a

# Ä Å o * u

0.10 0.07 0.20 0.44 0.34 0.29
0.26 0.24 0.17 0.66 0.51 0.42
0.36 0.38 0.17 0.88 0.52 0.70
0.45 0.46 0.17 1.04 0.50 1.15
0.71 0.53 0.16 1.15 0.82 1.72
1.23 0.68 0.21 1.40 1.66 2.49
1.63 0.88 0.59 2.03 2.42 3.28
1.62 0.88 1.07 2.65 2.55 3.77
1.53 0.70 1.11 2.90 2.34 3.91
1.57 0.63 0.84 2.89 2.08 3.83
1.65 0.67 0.58 2.77 1.83 3.52
1.67 0.69 0.50 2.61 1.72 2.99
1.54 0.66 0.66 2.29 1.65 2.49
1.35 0.57 0.77 1.91 1.53 2.23
1.28 0.47 0.69 1.66 1.49 2.02
1.19 0.39 0.55 1.39 1.47 1.58
0.89 0.34 0.50 0.98 1.28 1.08
0.52 0.29 0.53 0.59 0.91 0.84
0.49 0.19 0.51 0.48 0.61 0.89
0.97 0.17 0.40 0.72 0.69 1.05
1.62 0.43 0.32 1.16 1.09 1.10
2.01 1.12 0.46 1.55 1.41 0.95
2.15 1.92 0.95 1.71 1.52 0.78
2.26 2.48 1.75 1.71 1.56 0.59
2.39 2.98 2.53 1.72 1.61 0.35
2.56 3.55 3.20 1.86 1.71 0.27
2.96 4.19 3.89 2.20 1.87 0.33
3.57 4.90 4.59 2.75 2.09 0.41
4.04 5.48 5.19 3.35 2.33 0.53
4.37 5.78 5.69 3.81 2.48 0.72
4.62 5.82 6.14 4.15 2.57 0.99
4.67 5.70 6.48 4.53 2.65 1.41
4.53 5.57 6.61 4.93 2.72 1.97
4.26 5.35 6.49 5.18 2.72 2.40
3.80 4.80 6.18 5.07 2.62 2.54
3.08 3.98 5.74 4.44 2.33 2.46
2.36 3.04 5.12 3.49 1.95 2.14
1.91 2.17 4.19 2.68 1.58 1.70
1.68 1.56 3.22 2.02 1.19 1.28
1.71 1.24 2.58 1.50 0.85 0.88
1.98 1.23 2.37 1.26 0.68 0.54
2.21 1.37 2.57 1.28 0.65 0.32
2.16 1.44 2.74 1.46 0.68 0.22
1.82 1.38 2.58 1.63 0.69 0.20

0.294 0.315 0.329 0.323 0.321 0.313
12.94 13.85 14.47 14.22 14.11 13.76
dark, solid-lined grid of 3600 �F1, F2� pairs that corresponds
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to a particular speaker’s �q1 ,q2� grid when q3=0. The thick
white lines �solid and dashed� indicate the formant frequency
pairs that are produced in this same grid when either q1 or q2

are zero, thus demonstrating the acoustic effect of 	1 or 	2

by itself. The intersection point of these two lines gives the
values of F1 and F2 when all three scaling coefficients are
zero �i.e., the “neutral” location�. There are five lighter,
dashed grids “underneath” the dark one that are �F1, F2�
pairs associated with the �q1 ,q2� grids as they are shifted
along the q3 dimension. It is not intended that their separa-

TABLE XIII. Area vectors for SF3.

Section i i ( e � æ

1 0.21 0.20 0.21 0.25 0.22
2 0.13 0.18 0.27 0.20 0.22
3 0.15 0.22 0.31 0.12 0.31
4 0.33 0.49 0.56 0.19 0.63
5 1.17 1.17 1.16 0.62 1.13
6 2.47 1.79 1.72 1.27 1.47
7 3.20 1.78 1.85 1.70 1.37
8 3.33 1.44 1.62 1.73 1.07
9 3.42 1.13 1.35 1.54 0.86

10 3.72 1.02 1.39 1.51 0.74
11 4.34 1.29 1.86 1.73 0.79
12 4.95 1.86 2.51 1.92 1.04
13 5.29 2.40 3.04 2.12 1.26
14 5.56 2.72 3.38 2.31 1.38
15 5.57 2.86 3.51 2.31 1.45
16 5.25 2.93 3.54 2.31 1.51
17 5.10 2.97 3.42 2.43 1.59
18 4.93 2.95 3.08 2.44 1.66
19 4.45 2.93 2.82 2.38 1.77
20 3.99 2.94 2.83 2.53 2.10
21 3.69 3.01 2.90 2.94 2.73
22 3.46 3.06 2.88 3.35 3.49
23 3.19 2.94 2.65 3.47 4.19
24 2.74 2.55 2.22 3.26 4.75
25 2.05 2.02 1.82 2.91 5.10
26 1.36 1.52 1.57 2.53 5.35
27 0.85 1.10 1.45 2.24 5.49
28 0.51 0.78 1.38 2.10 5.43
29 0.30 0.56 1.34 2.11 5.44
30 0.22 0.45 1.35 2.18 5.60
31 0.25 0.49 1.39 2.33 5.87
32 0.35 0.72 1.44 2.60 6.18
33 0.49 1.09 1.49 2.92 6.37
34 0.68 1.51 1.48 3.13 6.43
35 0.90 1.76 1.48 3.10 6.41
36 1.18 1.73 1.60 2.80 6.16
37 1.44 1.70 1.80 2.39 5.77
38 1.46 2.02 1.82 2.04 5.49
39 1.38 2.69 1.86 2.02 5.29
40 1.88 3.32 2.56 2.55 5.36
41 3.17 3.56 4.02 3.22 5.69
42 4.36 3.47 5.17 3.43 5.76
43 4.53 3.06 5.27 3.23 5.42
44 3.97 2.20 4.81 2.93 4.84

� 0.343 0.346 0.370 0.349 0.322
VTL 15.10 15.24 16.27 15.34 14.15
tion be visible, but rather it is the extension of the vowel
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space around the dark grid provided by the third mode that is
of interest. The four white dots �outlined in black� in each
panel, plotted in clockwise order starting at the upper left
corner, are the �F1, F2� pairs measured from the audio re-
cording of each speaker’s �i�, �æ�, �Ä�, and �u� vowels �see
Tables II–VII�.

Taking SF1 as an example, the solid white line in Fig.
9�a� represents the acoustic mapping of the q1 coefficient
continuum shown previously as the black, horizontal line in
Fig. 8�a�. This demonstrates that the primary acoustic effect

# Ä Å o * u

0.30 0.15 0.14 0.26 0.18 0.23
0.29 0.23 0.12 0.27 0.19 0.28
0.26 0.49 0.18 0.30 0.23 0.46
0.28 1.04 0.47 0.39 0.28 1.18
0.54 1.47 0.96 0.67 0.39 2.34
1.15 1.46 1.33 1.19 0.79 2.99
1.76 1.17 1.30 1.57 1.54 2.88
1.92 0.84 0.98 1.47 2.09 2.60
1.66 0.63 0.58 1.23 2.05 2.51
1.29 0.58 0.32 1.12 1.78 2.67
0.95 0.62 0.29 1.06 1.59 2.98
0.76 0.66 0.40 1.00 1.51 3.22
0.78 0.65 0.49 0.92 1.49 3.22
0.90 0.58 0.48 0.82 1.37 2.97
0.92 0.53 0.46 0.71 1.16 2.58
0.84 0.52 0.48 0.63 1.01 2.27
0.73 0.55 0.53 0.60 0.94 2.03
0.72 0.62 0.57 0.52 0.93 1.78
0.81 0.74 0.70 0.50 0.98 1.64
0.79 0.98 1.11 0.70 1.05 1.64
0.71 1.32 1.66 1.02 1.21 1.67
0.94 1.74 2.24 1.25 1.52 1.61
1.48 2.29 2.80 1.37 1.90 1.49
1.95 2.88 3.19 1.47 2.12 1.29
2.22 3.45 3.51 1.57 2.06 0.93
2.39 3.92 3.96 1.64 1.84 0.56
2.45 4.24 4.58 1.80 1.70 0.37
2.48 4.53 5.17 2.11 1.75 0.39
2.63 4.90 5.54 2.66 1.91 0.60
2.92 5.35 5.98 3.36 2.05 0.98
3.17 5.86 6.54 3.95 2.23 1.49
3.35 6.21 6.92 4.40 2.50 2.11
3.47 6.29 6.91 4.65 2.68 2.69
3.38 6.29 6.65 4.56 2.75 3.06
3.17 6.13 6.20 4.07 2.74 3.22
2.97 5.76 5.34 3.33 2.53 3.04
2.67 5.29 4.28 2.67 2.16 2.46
2.15 4.67 3.55 2.19 1.74 1.77
1.55 3.91 3.19 1.74 1.29 1.18
1.03 3.28 3.00 1.29 0.87 0.75
0.67 3.01 2.97 0.97 0.54 0.54
0.50 3.06 3.21 0.85 0.34 0.48
0.45 3.14 3.52 0.95 0.25 0.41
0.45 3.00 3.69 1.14 0.25 0.20

0.351 0.316 0.360 0.364 0.362 0.363
15.44 13.92 15.83 16.03 15.92 15.97
of 	1 is to generate a low F1 and high F2 when its scaling
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coefficient q1 is large and negative, and produces a fairly
high F1 and low F2 when q1 is large and positive. Such a
result is not unexpected based on the mode coefficient table
�Table IX� which suggests that 	1 roughly represents vowels
along the high-front to low-back continuum. The acoustic
effect of 	2, shown by the dashed white line, is to increase
both F1 and F2 as the q2 coefficient is increased from its
most negative to most positive values. This result is also
suggested by the mode coefficients in Table IX, where the
largest negative and positive values of q2 were typically as-

TABLE XIV. Area vectors for SM1.

Section i i ( e � æ

1 0.70 0.75 0.34 0.75 0.36
2 0.73 0.58 0.45 0.64 0.43
3 0.78 0.52 0.46 0.52 0.44
4 0.90 0.53 0.36 0.45 0.41
5 1.54 0.83 0.40 0.55 0.46
6 2.77 1.75 0.96 1.18 0.83
7 3.73 2.60 1.87 1.97 1.53
8 3.98 2.56 2.33 2.10 2.02
9 3.95 2.09 2.09 1.79 1.92

10 3.86 1.84 1.66 1.53 1.49
11 3.77 1.88 1.50 1.50 1.07
12 3.86 2.14 1.61 1.78 0.82
13 4.08 2.55 1.76 2.20 0.93
14 4.33 2.97 2.04 2.56 1.32
15 4.44 3.20 2.52 2.78 1.61
16 4.29 3.18 2.83 2.85 1.79
17 4.11 3.06 2.85 2.85 1.91
18 3.82 2.88 2.70 2.78 1.95
19 3.36 2.57 2.50 2.52 1.89
20 2.88 2.14 2.19 2.09 1.63
21 2.37 1.66 1.74 1.69 1.33
22 1.93 1.35 1.42 1.52 1.21
23 1.70 1.15 1.36 1.45 1.27
24 1.43 0.91 1.26 1.27 1.32
25 0.99 0.66 0.97 0.99 1.21
26 0.63 0.45 0.70 0.81 1.02
27 0.38 0.34 0.55 0.75 0.97
28 0.20 0.44 0.52 0.81 1.17
29 0.19 0.65 0.65 1.03 1.46
30 0.30 0.79 0.86 1.30 1.65
31 0.39 0.85 1.07 1.50 1.75
32 0.46 0.89 1.29 1.72 1.85
33 0.62 0.91 1.44 1.91 2.02
34 0.77 0.97 1.47 1.97 2.22
35 0.80 1.11 1.51 1.95 2.34
36 0.80 1.18 1.61 1.90 2.37
37 0.83 1.11 1.64 1.80 2.34
38 0.89 1.09 1.54 1.70 2.23
39 1.04 1.32 1.46 1.65 2.14
40 1.20 1.60 1.52 1.72 2.31
41 1.28 1.69 1.63 1.82 2.76
42 1.33 1.63 1.64 1.83 3.15
43 1.32 1.50 1.55 1.72 3.22
44 1.22 1.34 1.44 1.50 3.01

� 0.393 0.403 0.409 0.399 0.381
VTL 17.28 17.73 18.02 17.56 16.75
sociated with high-back and low-front vowels, respectively.
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The dark grid in Fig. 9�a� shows how the entire rectan-
gular �q1 ,q2� coefficient space of Fig. 8�a� becomes de-
formed when mapped to the acoustic space. For the most part
the characteristic shape of the 	1 and 	2 mappings �white
lines� are retained throughout the grid and appear to influ-
ence its overall shape. This grid also demonstrates that the
mapping between formant frequencies and mode coefficients
is essentially one-to-one. That is, one �F1, F2� pair corre-
sponds to one �q1 ,q2� pair in Fig. 8�a�. A similar one-to-one
mapping of this type was reported by Story and Titze �1998�.

# Ä Å o * u

0.18 0.77 0.73 0.86 0.79 0.62
0.33 0.43 0.70 0.71 0.77 0.85
0.34 0.25 0.56 0.60 0.75 0.99
0.35 0.30 0.41 0.50 0.69 1.08
0.44 0.62 0.39 0.49 0.68 1.29
0.66 1.10 0.72 1.05 0.99 2.02
1.31 1.50 1.37 2.05 1.69 3.49
1.91 1.52 1.65 2.55 2.22 4.70
1.81 1.12 1.21 2.23 2.03 4.74
1.43 0.62 0.67 1.58 1.45 3.98
1.05 0.32 0.39 1.03 1.04 3.05
0.74 0.23 0.27 0.71 0.96 2.38
0.83 0.28 0.24 0.69 1.16 2.06
1.14 0.39 0.28 0.82 1.36 1.83
1.29 0.43 0.31 0.87 1.43 1.67
1.33 0.49 0.40 0.87 1.43 1.60
1.43 0.67 0.60 0.91 1.45 1.57
1.51 0.91 0.85 1.05 1.50 1.60
1.54 1.15 1.16 1.25 1.54 1.59
1.58 1.32 1.43 1.35 1.56 1.55
1.52 1.23 1.42 1.22 1.46 1.47
1.35 0.98 1.20 1.05 1.17 1.19
1.34 0.99 1.25 1.22 0.95 0.86
1.56 1.31 1.73 1.56 1.00 0.77
1.74 1.63 2.30 1.76 1.09 0.77
1.82 1.82 2.86 1.87 1.02 0.63
1.97 2.11 3.72 2.13 0.99 0.48
2.35 2.63 4.84 2.58 1.11 0.44
2.80 3.18 5.63 3.09 1.39 0.55
3.03 3.56 5.91 3.57 1.74 0.83
3.05 3.71 6.04 3.83 1.95 1.16
3.01 3.67 6.06 3.78 2.03 1.37
2.92 3.51 5.87 3.65 2.07 1.50
2.71 3.27 5.50 3.56 2.04 1.63
2.34 3.12 5.01 3.24 1.92 1.66
1.92 3.03 4.46 2.56 1.73 1.64
1.50 2.75 3.89 1.84 1.45 1.63
1.19 2.31 3.36 1.50 1.11 1.58
1.07 2.01 3.09 1.43 0.78 1.58
1.10 2.04 2.99 1.30 0.54 1.58
1.19 2.23 2.71 1.09 0.42 1.42
1.25 2.33 2.26 0.83 0.33 0.99
1.16 2.25 1.85 0.53 0.23 0.47
0.98 2.03 1.42 0.22 0.12 0.05

0.400 0.372 0.393 0.408 0.394 0.420
17.58 16.35 17.31 17.94 17.34 18.48
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Also observable in Fig. 9�a� are the effects of the third
mode on the acoustic mapping. Denoted by the light grids
are the �F1, F2� pairs corresponding to the �q1 ,q2� grids in
Fig. 8�b� that have been shifted along the q3 dimension. The
most negative values of q3 tend to lower both F1 and F2,
extending the formant space to a region more representative
of an �u� vowel. Large positive values of q3 generally have
the opposite effect of increasing F1 and F2. It is noted that
all of the formant pairs for the measured vowels lie outside

TABLE XV. Area vectors for SM2. An area function for ��� could not be o

Section i i ( e � æ

1 0.66 0.21 0.21 ¯ 0.25
2 0.37 0.24 0.48 ¯ 0.19
3 0.49 0.25 1.34 ¯ 0.14
4 1.79 0.30 2.74 ¯ 0.12
5 3.63 0.44 3.69 ¯ 0.16
6 4.11 0.86 3.81 ¯ 0.37
7 3.96 1.93 3.60 ¯ 1.05
8 4.48 3.42 3.37 ¯ 2.11
9 4.94 4.42 3.15 ¯ 2.79

10 4.95 4.58 2.96 ¯ 2.69
11 4.84 4.20 2.88 ¯ 2.21
12 4.80 3.77 2.95 ¯ 1.80
13 4.82 3.49 3.01 ¯ 1.51
14 4.87 3.36 2.99 ¯ 1.29
15 4.77 3.33 2.94 ¯ 1.23
16 4.39 3.15 2.86 ¯ 1.38
17 3.90 2.85 2.79 ¯ 1.59
18 3.39 2.60 2.75 ¯ 1.59
19 2.95 2.40 2.76 ¯ 1.41
20 2.66 2.25 2.84 ¯ 1.43
21 2.42 2.16 2.97 ¯ 1.70
22 2.19 2.07 2.99 ¯ 1.97
23 1.90 1.95 2.50 ¯ 2.20
24 1.29 1.86 1.62 ¯ 2.36
25 0.60 1.70 1.26 ¯ 2.15
26 0.28 1.30 1.37 ¯ 1.55
27 0.26 0.86 1.14 ¯ 1.08
28 0.30 0.72 0.73 ¯ 1.09
29 0.31 0.81 0.55 ¯ 1.45
30 0.28 0.86 0.51 ¯ 1.96
31 0.20 0.81 0.57 ¯ 2.55
32 0.19 0.83 0.73 ¯ 3.06
33 0.30 1.02 0.85 ¯ 3.40
34 0.41 1.31 0.90 ¯ 3.57
35 0.44 1.54 0.93 ¯ 3.59
36 0.47 1.62 0.95 ¯ 3.65
37 0.53 1.58 1.03 ¯ 3.96
38 0.72 1.71 1.24 ¯ 4.57
39 1.03 2.13 1.55 ¯ 5.50
40 1.49 2.45 2.00 ¯ 6.77
41 2.18 2.46 2.52 ¯ 8.15
42 2.66 2.45 2.85 ¯ 9.20
43 2.54 2.32 2.74 ¯ 9.30
44 2.11 1.84 2.11 ¯ 8.49

� 0.398 0.398 0.364 ¯ 0.366
VTL 17.53 17.50 16.03 ¯ 16.10
the dark grid, although �i� and �Ä� are located just at the edge.
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This suggests that, for this speaker, the third mode is neces-
sary to adequately represent her vowel space, especially for
�u� and �æ�.

The characteristics of the acoustic mappings for the
other speakers shown in Fig. 9 are similar to those of SF1. It
is evident that the independent effect of 	1 on the vowel
space �thick white lines� is to generate low F1 and high F2
frequencies at one end of the q1 continuum and high F1 and
low F2 frequencies at the other. Likewise, for all speakers,

ed from this speaker.

# Ä Å o * u

0.27 0.34 0.64 0.29 0.42 0.45
0.29 0.23 0.27 0.28 0.37 0.99
0.26 0.18 0.09 0.28 0.40 0.85
0.28 0.20 0.07 0.26 0.50 0.72
0.54 0.26 0.17 0.32 0.77 0.84
1.24 0.40 0.69 0.58 1.51 1.02
2.22 0.78 1.70 1.18 3.01 1.65
2.71 1.41 2.43 2.08 4.38 3.40
2.45 1.85 2.31 2.84 4.57 5.54
2.07 1.72 1.66 3.12 4.09 6.45
1.80 1.29 1.10 3.00 3.68 6.27
1.61 0.96 0.86 2.76 3.49 5.87
1.48 0.75 0.70 2.49 3.50 5.61
1.33 0.60 0.49 2.21 3.50 5.63
1.19 0.53 0.35 1.94 3.25 5.43
1.05 0.44 0.26 1.56 2.66 4.71
0.91 0.33 0.18 1.08 1.96 3.66
0.81 0.36 0.23 0.66 1.45 2.58
0.76 0.48 0.44 0.40 1.13 1.82
0.69 0.56 0.55 0.30 0.98 1.34
0.70 0.64 0.47 0.34 0.98 1.00
0.80 0.87 0.49 0.52 1.03 0.83
0.96 1.19 0.68 0.77 1.06 0.77
1.17 1.47 0.92 1.04 1.15 0.84
1.24 1.62 1.28 1.29 1.28 0.97
1.05 1.68 1.86 1.40 1.39 0.90
0.74 1.95 2.53 1.33 1.49 0.69
0.68 2.46 3.06 1.37 1.52 0.80
1.06 3.12 3.74 1.74 1.58 1.29
1.71 4.11 4.82 2.35 2.01 1.90
2.31 5.29 6.22 3.05 2.60 2.53
2.64 6.14 7.67 3.59 3.00 3.06
2.79 6.52 8.40 3.83 3.21 3.37
2.82 6.67 8.41 3.89 3.29 3.50
2.72 6.65 8.28 3.84 3.23 3.45
2.46 6.42 7.93 3.59 3.04 3.22
2.14 6.10 7.22 3.17 2.84 2.89
1.95 5.75 6.52 2.73 2.66 2.51
1.95 5.38 5.87 2.29 2.45 2.01
2.03 5.06 4.88 1.86 2.26 1.42
2.04 4.84 3.78 1.56 1.96 0.84
1.95 4.61 2.86 1.35 1.49 0.40
1.78 4.22 2.06 1.00 1.06 0.16
1.63 3.59 1.26 0.35 0.69 0.06

0.395 0.387 0.411 0.404 0.403 0.414
17.37 17.02 18.10 17.76 17.71 18.20
btain
	2’s effect �dashed white lines� is to produce F1s and F2s
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that are both low in frequency at the negative end of the q2

continuum and both high in frequency at the positive end.
There are, however, speaker-specific differences. For ex-
ample, the 	1 line for SF2 has a relatively shallow slope and
lacks the distinct curvature near the endpoints exhibited by
the other speakers. This contrasts most apparently with the
steepness of SM3’s 	1 line as well as with the curved por-
tions at both the upper left and lower right ends of the line.
For each speaker, the characteristic shape of their 	1 and 	2

lines is essentially retained throughout the entire vowel space

TABLE XVI. Area vectors for SM3.

Section i i ( e � æ

1 0.95 0.58 0.96 0.69 0.60
2 0.73 0.44 0.45 0.44 0.38
3 0.58 0.29 0.22 0.25 0.23
4 0.54 0.15 0.17 0.11 0.17
5 0.73 0.13 0.21 0.05 0.25
6 1.48 0.21 0.41 0.21 0.55
7 2.70 0.41 0.83 0.83 0.96
8 3.37 0.96 1.24 1.46 1.16
9 3.34 1.43 1.17 1.38 1.03

10 3.48 1.23 0.80 0.92 0.72
11 3.98 0.92 0.68 0.81 0.52
12 4.71 1.22 0.96 1.21 0.82
13 5.38 1.94 1.41 1.76 1.55
14 5.67 2.69 1.93 2.11 2.04
15 5.37 3.26 2.37 2.25 2.01
16 4.50 3.28 2.55 2.03 1.75
17 3.59 2.80 2.42 1.57 1.61
18 3.04 2.35 2.20 1.38 1.66
19 2.68 2.16 1.84 1.38 1.72
20 2.24 1.86 1.30 1.24 1.58
21 1.74 1.41 1.16 1.04 1.36
22 1.44 1.22 1.41 1.01 1.39
23 1.42 1.30 1.58 1.23 1.66
24 1.45 1.39 1.60 1.52 1.89
25 1.24 1.27 1.45 1.55 1.92
26 0.91 1.01 1.15 1.33 1.80
27 0.60 0.85 0.79 1.03 1.66
28 0.33 0.75 0.54 0.74 1.59
29 0.17 0.69 0.51 0.62 1.66
30 0.10 0.70 0.65 0.66 1.87
31 0.07 0.74 0.79 0.74 2.15
32 0.06 0.78 0.91 0.84 2.38
33 0.08 0.83 1.03 0.98 2.51
34 0.15 0.94 1.19 1.14 2.56
35 0.28 1.04 1.27 1.21 2.60
36 0.35 1.01 1.25 1.18 2.95
37 0.45 1.00 1.34 1.23 3.92
38 0.96 1.21 1.72 1.58 5.52
39 1.95 1.82 2.65 2.58 7.35
40 2.75 2.78 4.11 3.92 8.82
41 2.91 3.43 5.41 4.45 9.54
42 2.71 3.48 6.03 4.25 9.61
43 2.28 3.23 6.06 3.74 9.18
44 1.57 2.70 5.76 2.84 8.34

� 0.399 0.411 0.393 0.404 0.395
VTL 17.57 18.07 17.28 17.79 17.38
mapping and influences its overall shape. Furthermore, the
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dark grids, representing the cases when q3=0, all represent
nearly one-to-one mappings between the �q1 ,q2� coefficient
space and the �F1, F2� acoustic space. The exception is for
SM3 �Fig. 9�f�� where the upper left portion of his �F1, F2�
grid indicates that multiple coefficient pairs correspond to
the same �F1, F2� pair. This seems to be due in part to the
steepness of 	1 line.

When the q3 dimension is included, the formant space
for all speakers is slightly expanded. A consequence of this
expansion is that, with the exception of the �u� vowel for

# Ä Å o * u

0.61 0.47 0.69 0.47 0.53 0.50
0.84 0.34 0.73 0.44 0.37 0.65
0.95 0.20 0.87 0.36 0.25 0.66
0.53 0.10 0.78 0.26 0.14 0.75
0.15 0.14 0.35 0.28 0.35 1.11
0.19 0.42 0.12 0.64 1.11 2.05
0.73 0.75 0.23 1.24 1.73 3.00
1.55 0.87 0.57 1.53 1.58 3.01
1.68 0.82 0.89 1.32 1.26 2.75
1.24 0.66 0.74 1.08 1.33 2.63
1.31 0.46 0.57 1.16 1.41 2.51
1.48 0.37 0.65 1.25 1.45 2.82
1.33 0.44 0.52 1.23 1.66 3.26
1.43 0.52 0.37 1.31 1.74 3.42
1.57 0.57 0.38 1.27 1.47 3.07
1.33 0.58 0.36 0.98 1.13 2.40
1.00 0.48 0.33 0.77 0.98 2.02
0.88 0.41 0.35 0.74 1.06 1.91
0.91 0.45 0.40 0.79 1.05 1.82
0.83 0.56 0.43 0.92 0.81 1.67
0.59 0.54 0.42 1.15 0.68 1.27
0.46 0.49 0.36 1.39 0.88 0.83
0.59 0.89 0.31 1.32 1.15 0.74
0.93 1.54 0.54 1.16 1.25 0.87
1.34 1.89 1.25 1.39 1.16 0.99
1.56 2.03 2.01 1.85 1.06 0.95
1.58 2.20 2.40 2.27 1.06 0.86
1.58 2.47 2.83 2.69 1.17 0.92
1.73 2.92 3.79 3.30 1.37 1.16
1.98 3.73 5.08 4.37 1.58 1.49
2.23 4.86 6.19 5.68 1.70 1.88
2.44 5.84 6.82 6.62 1.69 2.34
2.58 6.29 7.14 7.05 1.55 2.82
2.56 6.30 7.38 7.12 1.38 3.09
2.39 6.10 7.59 6.85 1.27 3.18
2.12 5.75 7.83 6.74 1.30 3.40
1.78 5.27 8.26 7.45 1.44 3.60
1.44 4.82 8.65 8.22 1.50 3.46
1.23 4.64 8.35 7.67 1.26 3.01
1.25 4.54 7.26 6.07 0.78 2.20
1.33 4.13 5.99 4.34 0.44 1.25
1.17 3.39 4.65 2.78 0.34 0.66
0.75 2.43 3.07 1.67 0.29 0.44
0.25 1.52 1.49 0.96 0.24 0.29

0.395 0.409 0.428 0.406 0.415 0.409
17.38 17.98 18.84 17.87 18.28 17.98
SM1, all of the measured formant pairs for the four vowels
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are included within each speaker’s producible formant space.
The mapping between the three-dimensional coefficient
space and �F1, F2� formant space, however, is not one-to-one
because many �q1 ,q2 ,q3� triplets may correspond to the
same �F1, F2� pair. It is apparent though, from all of the
speakers, that the primary effect of 	3 is to slightly extend
the edges of the vowel space relative to the q3=0 condition.
Thus, based on these figures, as well as on the calculated
variances for each mode �see Table VIII�, it seems reason-
able to suggest that the nearly one-to-one mappings based on
	1 and 	2 capture most of a speaker’s vowel production,
while 	3 may be “activated” to tune the vocal tract for the
extreme vowels.

V. DISCUSSION

The main goal of this study was to determine whether
vocal tract shaping patterns, obtained from sets of area func-

FIG. 8. �a� Grid of q1 and q2 scaling coefficients based on speaker SF1. The
thick solid and dashed lines represent the continua for q1 and q2, respec-
tively, when the other coefficient is equal to zero and are labeled with 	1

and 	2. The inset plots demonstrate the area vector shapes generated at the
end points of the 	1 and 	2 lines. �b� Extension of the coefficient space to
account for three modes. The �q1 ,q2� grid located at q3=0 is identical to the
grid shown in �a�. The other two grids include the same collection of �q1 ,q2�
values but are shifted along the q3 dimension.
tions, were similar across speakers. Toward this goal, area
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functions for 11 vowels were obtained from six speakers,
three female and three male, using MRI. From each speak-
er’s set of area functions, eigenvectors or modes were deter-
mined with principal components analysis �PCA�.

The spatial similarity of each mode was assessed by
visual comparison across all of the speakers as well as with
correlation analysis. In both cases, the spatial features
present in the first and second modes, 	1 and 	2, were highly
correlated within the female and male groups, and across
sex. The average correlation coefficient across all six speak-
ers was 0.94 for the first mode and 0.91 for the second mode.
The shape of third mode, 	3, was fairly similar across the
female speakers, but less so for the males. It is also noted
that the mean area vectors, upon which the modes are super-
imposed to reconstruct specific vowels, contained more idio-
syncratic features than did the modes. Acoustically, these id-
iosyncratic features primarily influenced the frequencies of
the upper formants, while leaving F1 and F2 at locations
representative of a neutral vowel. Thus, at this stage, the
modes appeared to provide roughly a common system for
perturbing a unique underlying neutral vocal tract shape.

This idea was further supported by the mappings gener-
ated between the scaling coefficients of the modes �q1 ,q2 ,q3�
and the �F1, F2� frequencies of the resulting area functions.
The mappings were unique for all six speakers in terms of
the exact shape of the �F1, F2� vowel space, but the general
effect of the modes was the same in each case. Vocal tract
configurations produced by the first modes gave rise to a
continuum of formant pairs over which F1 and F2 monotoni-
cally increased and decreased, respectively. In contrast, the
second mode produced a continuum of formants over which
both F1 and F2 monotonically increased. In addition, these
mappings were essentially one-to-one when just the first two
modes were considered. This means that an �F1, F2� pair in a
given speaker’s vowel space could be associated with one
pair of �q1 ,q2� coefficients.

A similar one-to-one mapping, based on the calculated
modes of a male speaker, was reported by Story and Titze
�1998�. They later used the mapping in the “reverse” direc-
tion to transform time-varying formant frequencies obtained
from recorded speech into time-varying mode coefficients.
These were then used to generate area functions for synthesis
of the original speech. Presumably the mappings presented in
Fig. 9 could be similarly used to map formants to coefficients
and ultimately to area functions. With regard to understand-
ing how the vocal tract airspace is utilized for speech pro-
duction, however, perhaps it is of more interest to note that
the magnitudes of the mode scaling coefficients for the
speakers in the present study �see Table IX� as well as in
Story and Titze �1998� are of nearly the same range. This
means that a transformation of formant frequencies of some
utterance for a given speaker may yield scaling coefficients
that could potentially generalize across all of the speakers.
Likewise, “forward” specification of a sequence of coeffi-
cients that vary in time would, for all speakers, generate the
same vowel-to-vowel transition but with different absolute
formant frequencies.

Whereas the modes seem to capture some type of com-

mon shaping patterns of the vocal tract airspace, they cannot

Brad H. Story: Synergistic modes 3855



be directly related to specific articulators. This may be re-
garded as a limitation of the study because little can be said
about the actual articulatory coordination used for speech
production. The data and subsequent analyses presented
here, however, imply the existence of a common system for
deforming the vocal tract shape that facilitates production of
predictable patterns of formant frequencies, an essential
component of efficient speech production. In this sense, per-
haps the modes or combinations thereof prescribe a “goal”
that some collective coordination of the articulators must
achieve. Thus, even though variable positions and movement
of articulators may be utilized during speech production, the
goal would be achieved if the common deformation patterns,
of the type predicted by the modes, are indeed generated by
their collective effect. Although no information concerning

muscle activity was presented in this study, the mode shapes
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apparently must represent some level of muscle orchestration
that influences the shape of the vocal tract. To a degree con-
sistent with the concept of coordinative structures or syner-
gies in which muscles are organized into functional units,
each of the modes may be thought to represent some abstract
synergy of articulatory muscle activations that produce a de-
sired acoustic effect.

Further investigation of the mode-based approach to
vowel articulation needs to include vocal tract information
based on languages other than American English. The results
presented here may be inadvertently biased toward vocal
tract configurations with expanded palatal regions �i.e., only
4 of the 11 vowels have significant constrictions in this re-
gion�. It is possible that speakers of a language that includes
the same American English vowels used in this study, as well

FIG. 9. Coefficient-to-formant map-
pings for each of the six speakers
based the area functions generated
with Eq. �7�. The left column of plots
corresponds to the female speakers
and the right column to the males.
Within each figure panel, the dark grid
is the mapping obtained when q3=0,
the white lines �solid and dashed� rep-
resent the effect of each mode in iso-
lation, the four white dots are the �F1,
F2� pairs measured from each speak-
er’s audio recording of the �i, æ, Ä, u�
vowels, and the light grids indicate the
effect of 	3.
as additional vowels with constricted front cavities �e.g.,
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Swedish� may produce somewhat different mode shapes than
those reported here. In addition, the vocal tract length differ-
ences across vowels should be more adequately accounted
for in the PCA, as well as in subsequent models for generat-
ing area functions.
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TABLE XVII. Mode and mean diameter vectors for the three female speak
44. Each speaker’s data are grouped into four consecutive columns within t

Section i

SF1

��i� 	1�i� 	2�i� 	3�i� ��i�

1 0.638 −0.035 −0.030 −0.040 0.499 −
2 0.661 −0.016 −0.021 −0.070 0.600 −
3 0.739 −0.022 −0.025 −0.099 0.688 −
4 0.901 −0.041 −0.034 −0.128 0.781 −
5 1.065 −0.066 −0.042 −0.157 0.918 −
6 1.147 −0.092 −0.047 −0.184 1.120 −
7 1.151 −0.117 −0.048 −0.207 1.335 −
8 1.136 −0.139 −0.044 −0.226 1.467 −
9 1.174 −0.158 −0.035 −0.237 1.506 −
10 1.274 −0.173 −0.023 −0.239 1.503 −
11 1.374 −0.185 −0.008 −0.233 1.508 −
12 1.428 −0.194 0.009 −0.218 1.531 −
13 1.440 −0.200 0.027 −0.194 1.539 −
14 1.428 −0.202 0.045 −0.163 1.502 −
15 1.375 −0.200 0.062 −0.127 1.443 −
16 1.282 −0.194 0.078 −0.086 1.375 −
17 1.202 −0.183 0.093 −0.044 1.283 −
18 1.193 −0.167 0.105 −0.003 1.163 −
19 1.255 −0.146 0.116 0.035 1.091 −
20 1.356 −0.119 0.123 0.067 1.142 −
21 1.430 −0.087 0.128 0.091 1.256 −
22 1.428 −0.050 0.131 0.107 1.345
23 1.366 −0.010 0.130 0.112 1.394
24 1.296 0.034 0.126 0.106 1.410
25 1.275 0.078 0.119 0.090 1.411
26 1.316 0.122 0.109 0.063 1.439
27 1.371 0.163 0.096 0.028 1.509
28 1.419 0.200 0.082 −0.013 1.612
29 1.482 0.230 0.066 −0.059 1.731
30 1.565 0.252 0.051 −0.105 1.834
31 1.653 0.264 0.038 −0.150 1.913
32 1.729 0.264 0.028 −0.189 1.981
33 1.768 0.254 0.023 −0.220 2.055
34 1.760 0.232 0.027 −0.239 2.114
35 1.721 0.200 0.040 −0.244 2.116
36 1.678 0.160 0.064 −0.234 2.029
37 1.640 0.114 0.101 −0.209 1.866
38 1.588 0.067 0.151 −0.170 1.701
39 1.523 0.023 0.212 −0.120 1.590
40 1.478 −0.015 0.280 −0.066 1.548
41 1.460 −0.041 0.348 −0.015 1.564
42 1.446 −0.051 0.404 0.021 1.594
43 1.405 −0.043 0.430 0.028 1.591
44 1.313 −0.016 0.403 −0.014 1.545
MR scanner, Kristen Bencala and Kang Li for assisting in the

J. Acoust. Soc. Am., Vol. 118, No. 6, December 2005
image analysis, and Wolfgang Golser for assistance with
acoustic analysis. This work was supported by NIH Grant
No. R01-DC04789.

APPENDIX A—Area Vectors and Vocal Tract Lengths

Area vectors for the three female and three male speak-
ers are presented numerically in Tables XI–XVI. The first
column in each table is the index i, which denotes successive
sections or “tubelets” along the length of the vocal tract.

he glottal end of each area vector is at section 1 and the lip end at section
ble.

SF2 SF3

	2�i� 	3�i� ��i� 	1�i� 	2�i� 	3�i�

−0.062 −0.093 0.518 −0.005 −0.035 0.053
−0.046 −0.107 0.520 0.008 0.011 −0.096
−0.075 −0.101 0.580 0.008 0.019 −0.177
−0.119 −0.093 0.792 −0.003 0.009 −0.215
−0.156 −0.093 1.128 −0.020 −0.008 −0.226
−0.177 −0.103 1.406 −0.041 −0.023 −0.222
−0.178 −0.123 1.508 −0.065 −0.032 −0.213
−0.159 −0.151 1.457 −0.090 −0.034 −0.202
−0.125 −0.182 1.355 −0.114 −0.028 −0.193
−0.079 −0.211 1.302 −0.138 −0.015 −0.186
−0.027 −0.236 1.344 −0.159 0.003 −0.179
0.025 −0.252 1.427 −0.176 0.025 −0.173
0.073 −0.259 1.491 −0.190 0.049 −0.166
0.114 −0.254 1.512 −0.198 0.073 −0.157
0.145 −0.239 1.491 −0.201 0.096 −0.143
0.166 −0.216 1.464 −0.197 0.117 −0.126
0.176 −0.185 1.450 −0.187 0.135 −0.104
0.175 −0.150 1.431 −0.169 0.150 −0.079
0.165 −0.115 1.430 −0.145 0.162 −0.051
0.149 −0.081 1.488 −0.115 0.169 −0.022
0.126 −0.052 1.580 −0.079 0.172 0.005
0.101 −0.030 1.684 −0.038 0.171 0.030
0.074 −0.017 1.766 0.006 0.166 0.050
0.047 −0.014 1.786 0.051 0.157 0.062
0.021 −0.020 1.748 0.096 0.145 0.066

−0.003 −0.036 1.688 0.140 0.129 0.060
−0.023 −0.059 1.645 0.180 0.110 0.044
−0.041 −0.087 1.634 0.214 0.088 0.018
−0.054 −0.117 1.664 0.242 0.065 −0.017
−0.065 −0.147 1.731 0.261 0.043 −0.059
−0.071 −0.174 1.825 0.271 0.022 −0.105
−0.072 −0.193 1.931 0.271 0.004 −0.150
−0.068 −0.203 2.014 0.261 −0.007 −0.191
−0.057 −0.203 2.056 0.243 −0.010 −0.222
−0.038 −0.191 2.051 0.216 −0.002 −0.240
−0.008 −0.168 1.992 0.184 0.020 −0.239
0.032 −0.135 1.894 0.148 0.056 −0.218
0.085 −0.096 1.784 0.111 0.108 −0.175
0.150 −0.056 1.687 0.076 0.173 −0.113
0.222 −0.018 1.661 0.047 0.248 −0.038
0.297 0.011 1.701 0.024 0.324 0.037
0.360 0.026 1.736 0.011 0.386 0.094
0.392 0.025 1.716 0.006 0.415 0.104
0.362 0.005 1.633 0.008 0.380 0.028
ers. T
he ta

	1�i�

0.018
0.012
0.027
0.051
0.076
0.097
0.113
0.125
0.133
0.139
0.142
0.145
0.146
0.146
0.144
0.139
0.130
0.115
0.094
0.067
0.034

0.004
0.047
0.092
0.138
0.182
0.222
0.255
0.278
0.290
0.291
0.279
0.257
0.226
0.189
0.150
0.114
0.085
0.069
0.065
0.074
0.090
0.100
0.081
Tubelet I is located just above the glottis and tubelet 44 at the
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lips. The other columns are the area data for the vowels in
the order: �i, (, e, �,æ, #, Ä, Å, o, *, u�. For reasons noted in
the main text, the ��� vowel for SM2 cannot be made avail-
able. The bottom two rows in each table indicate the length
� of each successive section and the total vocal tract length
�VTL=44��.

APPENDIX B—Mean Diameter and Mode Vectors

Numerical versions of the mode vectors, 	1�i�, 	2�i�,

TABLE XVIII. Mode and mean diameter vectors for the three male speaker
Each speaker’s data are grouped into four consecutive columns within the t

Section i

SM1

��i� 	1�i� 	2�i� 	3�i� ��i�

1 0.873 0.002 −0.089 −0.112 0.676
2 0.867 −0.014 −0.050 −0.052 0.666 −
3 0.835 −0.031 −0.056 −0.081 0.683 −
4 0.815 −0.047 −0.080 −0.146 0.811 −
5 0.917 −0.065 −0.108 −0.215 1.004 −
6 1.242 −0.083 −0.130 −0.267 1.251 −
7 1.610 −0.102 −0.139 −0.295 1.589 −
8 1.759 −0.121 −0.136 −0.296 1.921 −
9 1.662 −0.141 −0.120 −0.274 2.075 −
10 1.470 −0.159 −0.094 −0.233 2.041 −
11 1.312 −0.176 −0.061 −0.181 1.932 −
12 1.247 −0.191 −0.025 −0.125 1.841 −
13 1.299 −0.201 0.011 −0.071 1.778 −
14 1.398 −0.207 0.045 −0.022 1.722 −
15 1.456 −0.207 0.073 0.016 1.666 −
16 1.482 −0.200 0.094 0.044 1.578 −
17 1.512 −0.186 0.108 0.059 1.455 −
18 1.536 −0.165 0.113 0.064 1.351 −
19 1.538 −0.138 0.111 0.060 1.286 −
20 1.499 −0.104 0.102 0.048 1.244 −
21 1.400 −0.064 0.087 0.033 1.235 −
22 1.284 −0.021 0.068 0.017 1.266 −
23 1.246 0.025 0.047 0.001 1.300 −
24 1.270 0.071 0.025 −0.012 1.306 −
25 1.256 0.115 0.003 −0.020 1.291
26 1.207 0.157 −0.017 −0.024 1.250
27 1.204 0.193 −0.033 −0.025 1.197
28 1.282 0.222 −0.046 −0.022 1.212
29 1.415 0.243 −0.054 −0.019 1.337
30 1.536 0.255 −0.057 −0.018 1.516
31 1.609 0.257 −0.054 −0.020 1.689
32 1.650 0.250 −0.047 −0.029 1.828
33 1.675 0.234 −0.035 −0.046 1.922
34 1.678 0.210 −0.018 −0.072 1.968
35 1.653 0.182 0.004 −0.107 1.973
36 1.600 0.151 0.031 −0.149 1.940
37 1.519 0.120 0.063 −0.193 1.894
38 1.437 0.092 0.102 −0.236 1.875
39 1.402 0.069 0.148 −0.268 1.885
40 1.411 0.053 0.203 −0.283 1.889
41 1.419 0.045 0.268 −0.268 1.875
42 1.381 0.041 0.346 −0.215 1.824
43 1.288 0.038 0.436 −0.114 1.701
44 1.136 0.025 0.541 0.043 1.483
and 	3�i�, along with the mean diameter vectors ��i� are
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presented in Table XVII for the female speakers and in Table
XVIII for the males. As with the area vectors in Appendix A,
the first column of each table shows the index i which de-
notes successive sections along the length of the vocal tract.

1The use of 44 sections derives from the approximate spatial resolution
obtained in MRI-based reconstructions of vocal tract shape. It is also con-
venient to use 44 elements for simulating male speech with acoustic wave-
guide models because it allows for a sampling frequency of 44.1 kHz when
the tract length is approximately 17.5 cm �typical adult male�. The female

glottal end of each area vector is at section 1 and the lip end at section 44.

SM2 SM3

	2�i� 	3�i� ��i� 	1�i� 	2�i� 	3�i�

−0.059 0.094 0.897 −0.019 0.000 −0.005
−0.029 −0.063 0.762 0.002 −0.006 −0.027
0.001 −0.154 0.753 0.006 −0.027 −0.076
0.020 −0.189 0.529 −0.002 −0.051 −0.131
0.023 −0.179 0.405 −0.016 −0.073 −0.179
0.013 −0.136 0.698 −0.034 −0.089 −0.214

−0.010 −0.073 1.195 −0.052 −0.098 −0.235
−0.038 0.001 1.425 −0.071 −0.100 −0.243
−0.068 0.075 1.420 −0.088 −0.095 −0.240
−0.093 0.143 1.206 −0.103 −0.085 −0.231
−0.112 0.200 1.072 −0.116 −0.070 −0.217
−0.120 0.241 1.322 −0.127 −0.053 −0.203
−0.117 0.266 1.437 −0.135 −0.034 −0.189
−0.102 0.274 1.575 −0.140 −0.016 −0.176
−0.078 0.267 1.632 −0.142 0.003 −0.165
−0.046 0.248 1.471 −0.141 0.020 −0.156
−0.009 0.218 1.312 −0.137 0.035 −0.146
0.029 0.181 1.268 −0.129 0.047 −0.136
0.065 0.142 1.317 −0.118 0.057 −0.124
0.095 0.103 1.219 −0.103 0.064 −0.110
0.117 0.067 1.066 −0.084 0.067 −0.092
0.129 0.037 1.058 −0.061 0.067 −0.072
0.130 0.013 1.123 −0.034 0.063 −0.049
0.118 −0.002 1.276 −0.004 0.055 −0.025
0.095 −0.009 1.338 0.029 0.043 −0.001
0.062 −0.008 1.347 0.065 0.027 0.020
0.023 0.000 1.289 0.102 0.009 0.036

−0.021 0.012 1.229 0.139 −0.012 0.045
−0.065 0.028 1.311 0.176 −0.034 0.046
−0.105 0.045 1.451 0.210 −0.055 0.036
−0.138 0.062 1.616 0.241 −0.074 0.016
−0.159 0.078 1.709 0.266 −0.088 −0.015
−0.166 0.090 1.763 0.285 −0.094 −0.053
−0.157 0.100 1.806 0.295 −0.090 −0.097
−0.131 0.107 1.824 0.296 −0.072 −0.141
−0.088 0.112 1.798 0.287 −0.038 −0.180
−0.030 0.118 1.836 0.266 0.013 −0.209
0.039 0.125 1.965 0.235 0.081 −0.221
0.116 0.134 2.076 0.195 0.165 −0.212
0.197 0.145 2.207 0.147 0.258 −0.180
0.276 0.155 2.121 0.096 0.352 −0.127
0.351 0.159 1.983 0.045 0.431 −0.062
0.421 0.144 1.801 0.003 0.471 −0.005
0.490 0.091 1.521 −0.023 0.441 0.012
s. The
able.

	1�i�

0.025
0.060
0.102
0.118
0.121
0.119
0.117
0.117
0.122
0.130
0.140
0.152
0.164
0.173
0.180
0.182
0.179
0.170
0.155
0.135
0.109
0.079
0.046
0.010

0.027
0.064
0.100
0.134
0.165
0.192
0.214
0.230
0.241
0.244
0.241
0.232
0.216
0.194
0.168
0.139
0.110
0.084
0.067
0.065
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area functions have also been segmented into 44 sections to simplify the
management of the data.

2For this study, the length of each tubelet in a given area function is equal to
the � shown in the area functions tables in Appendix A. Hence, L�i�=� for
every tubelet within an area function. The form of the length vector used
here, however, would generalize to cases where the tubelet length may be
unequal �e.g., see Story, 2005�.

3Story and Titze �1998� performed the PCA on the square root of the areas.
In this study, the scaling factor of 4 /� within the square root operation
generates equivalent diameters which are a more intuitively appealing
quantity and are more convenient to use for explanation and discussion.
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