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ABSTRACT
The primary focus of speech production research is directed towards obtaining improved understanding and
quantitative characterization of the articulatory dynamics, acoustics, and cognition of both normal and pathological human speech. Such efforts are, however, frequently challenged by the lack of appropriate physical and physiological data. A great deal of attention is, hence, given to the development of novel measurement/instrumentation
techniques which are desirably non invasive, safe, and do not interfere with normal speech production. Several
imaging techniques have been successfully employed for studying speech production. In the first part of this paper,
an overview of the various imaging techniques used in speech research such as x-rays, ultrasound, structural and
functional magnetic resonance imaging, glossometry, palatography, video fibroscopy and imaging is presented. In
the second part of the paper, we describe the results of our efforts to understand and model speech production
mechanisms of vowels, fricatives, and lateral and rhotic consonants based on MFtI data.

Keywords: speech production, articulatory data, acoustic models, vocal tract geometry, area functions, tongue
shapes, MRI.

1 INTRODUCTION
A significant part of research in human speech production focuses on understanding and modeling the dynamics of the various articulators such as the tongue, lips and the jaw during speech production, and on deriving
relations between the vocal-tract configurations and the corresponding acoustic speech signals. Results of such
physically- and physiologically-motivated modeling approaches have practical significance in applications such as
the development of high-quality speech synthesizers, low-bit rate coders, and automatic speech recognizers.
One of the main challenges in speech production modeling is obtaining physiological (or articulatory) data that
are accurate and reliable for both qualitative and quantitative analyses. Examples of such data include vocal-tract
dimensions, tongue shapes, and position and velocity of the lips, jaw and tongue body during speech production.
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Imaging techniques, both standard in clinical use and ingenious to speech research, have tremendously contributed
to providing crucial details of the speech production apparatus.

In the first part of this paper, a brief overview of the various imaging techniques used in speech research
such as x-ray radiography, ultrasound imaging, structural and functional magnetic resonance imaging, direct and
indirect palatography, and video imaging is presented. In the second part of the paper, results of our efforts to
understand and model speech production mechanisms of various speech sounds are described.

2 IMAGING THE HUMAN VOCAL TRACT
Several imaging techniques have been used in studying the details of the human speech production system.
The term imaging' in this paper is used to refer to any technique that produces some form of visual/graphical
information representation of the components or the functions of the human speech production system. For
example, some of these techniques such as ultrasound and magnetic resonance can be used to observe the speech
production apparatus more directly than some others such as palatography where one infers information about
articulatory shapes indirectly from graphical images of tongue-palate contact patterns. Nevertheless, since most of
these techniques essentially provide only partial or limited information about certain specific attributes of speech
production, data are frequently collected using several of these techniques in parallel, if not simultaneously.
Novel signal processing techniques are often required to process, visualize, and quantify the various physical
and physiological speech production data thus obtained. Typically, the use of a particular technology (or a
combination of several of those, if possible) is dictated by two major factors: (1) the particular part or region of
the articulatory system under investigation. For example, lip shapes can be easily imaged directly using simple
video techniques while the analysis of tongue shapes requires sophisticated ultrasound and/or magnetic resonance
imaging. (2) the way the data are used: qualitative and/or quantitative analysis. For example, ultrasound images
are more useful for qualitative analyses of tongue shapes while MIII data lend themselves to length, area, and
volume measurements of the human vocal tract.
The other important factors in the popularity of a particular technology include its safety and ease of use. For
example, one of the main reasons that MRI is more attractive than x-rays is that it does not involve any known
radiation risks. However, due to limitations in the imaging speed, MRI which is non invasive, is currently not
very useful to observe the larynx when compared to video fiberscopes which require insertion of an optical cable
through the nasal passage into the pharyngeal region.

2.1 X-ray techniques
In the past, cine x-ray techniques had been popular in speech research to obtain lateral (midsagittal) images of
the vocal tract.15 Cross-sectional vocal tract areas (area functions) were estimated from these midsagittal images
for acoustic modeling. The use of such radiographic techniques has been reduced significantly due to radiation
risks and to the limited information obtained. The x-ray microbeam technique68 reduces the radiation dosage
by tracking just a few lead pellets located along the midsagittal plane but does not provide information about
the vocal tract cross-sections or information about the pharyngeal region. Techniques that use magnetic field for
tracking pellets mounted on articulators, such as the Electromagnetic midsagittal articulometer (EMMA),9 have
provided successful alternatives to radiation-based methods. Computer-aided tomography'° is capable of yielding
cross-sectional information but still suffers from radiation risks and relatively low speed of imaging. Ultrasound
and MRI have proved to be viable alternatives for such investigations.
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2.2 Ultrasound
Ultrasound technology has provided an acceptable mean for studying tongue shapes and movements during
speech production." The technology is safe and non invasive and the imaging speed is suitable for studying the
dynamics of speech production. However, the entire vocal tract can not be studied by this method. Moreover, due
to the presence of the airway above the tongue, the palate can not be imaged, while due to the presence of air space
below, the tongue tip/blade can not be successfully captured. Nevertheless, modified ultrasound techniques have
helped to further the understanding of the 3D model of tongue, either by using multiple scanning procedures'2
or by using other parallel instrumentation measurements such as x-ray microbeam'3 or palatography.'4

2.3 MRI
Magnetic resonance imaging (MRI) is a powerful tool in obtaining the vocal-tract geometry and does not
involve any known radiation risks. The images have good signal to noise ratio, are amenable to computerized
3-D modeling, and provide excellent structural differentiation. In addition, the tract (airway) area and volume
can be directly calculated. The low image sampling rate, however, has restricted MRI use to the study of
sustained speech sounds, corresponding to 'static' tract shapes. In addition, the high expense associated with
using MRI equipment, has restricted its use in speech research. Previous MIII studies have been limited to
static configurations of vowels'5'7 and consonants.1820 Recent advances in Echo-planar imaging are aimed
at alleviating the problem of the low-image sampling rate and allow imaging of dynamical sequences. To our
knowledge, no study has attempted to explore faster MRI imaging techniques, such as echo-planar imaging,
to image the dynamical vocal-tract configurations during speech production. Recently, there has also been
considerable interest in understanding higher level processing during speech production by monitoring brain
activity using functional MRI by itself or in conjunction with techniques such as positron emission tomography
(PET) and magnetic encephalography (MEG).

2.4 Palatography
In palatography, the contact of the tongue with the palate, alveolar ridge, and inner margins of the teeth
is graphically registered. In static palatography,2' a deposit material such as carbon powder is coated on the
tongue surface prior to speaking and the resulting contact patterns are captured through video imaging. The
limitation of this method is that it yields only the maximum contact pattern. The dynamical linguopalatal contact
during most consonant and certain vowel productions provides insights into the articulatory dynamics and can
be obtained through dynamic electropalatography (EPG). The way EPG works is that the tongue contact on the
palate is registered on an array of contact sensing electrodes mounted on a (custom-fitted) pseudo-palate in the
subjects' mouth.22'23 The raw EPG (palatal contact) data can then be processed for studying the various specific
features such as total contact, symmetry of contacts, constriction width and location. A sequence of EPG data
frames over the course of the consonant production reveals the temporal variation of the tongue contact patterns.

2.5 Other methods
Video imaging is sometimes used in speech-production research. Dynamics of externally-visible articulators
such as the lips can be captured by video imaging.24 Knowledge ofthe dynamics ofsuch external articulators is also
important for understanding audiovisual interaction in multimodal organization of speech perception. Internal
regions of the vocal tract such as the larynx can be imaged by using a fiberscope25 wherein an optical fiber (or,
two) is inserted through the nasal passage into the pharynx. The laryngeal actions can then be imaged through
conventional video techniques. The obvious disadvantage is the invasive nature of this technique. Glossometry
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is a technique which uses LED-photosensor pairs mounted along the midsagittal line of a pseudopalate to assess
tongue postures and shapes.26 This technique has also found use in speech training of the hearing-impaired by
means of a visual feedback of the articulatory functions.

In the next section of the paper, recent results of the application of MRI and EPG techniques in the
articulatory-acoustic analysis and modeling of vowel and consonant sounds is presented.

3 ARTICULATORY.-ACOUSTJC ANALYSIS AND MODELING:
CASE STUDY
The data we collected and analyzed are Magnetic Resonance Images (MIII), acoustic recordings, and Electropalatography (EPG) data from four phonetically-trained native talkers of American English during the sustamed production of certain sounds. The MR images were useful for characterizing the 3D geometry of the human
vocal tract. The data were also used for providing measurements of lengths, area functions, and volumes of the
vocal tract and other cavity structures such as the piriform sinuses and the sublingual cavities. EPG was used
to study inter- and intra-speaker variabilities in the articulatory dynamics. High quality recordings and other
aerodynamic experiments were used to provide the acoustic and aerodynamic data needed for the modeling. We
will illustrate inter and intra-speaker characteristics of vocal-tract and tongue shapes for various speech sounds
and show our results of acoustic modeling based on the MRI and acoustic data for a subset of these sounds;
namely, fricative consonants.

3.1 Subjects
Four phonetically-trained, native American English speakers [2 males (MI, SC) and 2 females (AK, PK)]
served as subjects. Subjects AK and MI, both in their twenties at the time of the experiments, were raised in
Northern California and have spent the seven years preceding this study in Southern California. Subject SC, in
his thirties, spent the first ten years of his life in Indiana and has since been in California. Subject PK, in her
early forties, lived in New Jersey and Ohio her first three years, and in the Boston area through her thirties.
Since then she has been in the Los Angeles area.

3.2 Magnetic resonance imaging (MRI)
A detailed description of the acquisition and analysis procedures is provided in Narayanan e al.'9 Magnetic
resonance (MR) images were collected using a GE 1.5 Tesla SIGNA machine with a fast SPGR (radio frequency
spoiled GRASS) protocol in the coronal, axial, and sagittal planes. The image slice thickness was 3 mm with
no interscan spacing. Each image was represented by a 256 X 256 pixel matrix, yielding a resolution of 0.0081
cm2 per pixel for an FOV = 24 cm. The subjects, in supine position, sustained each consonant for about 13-16
5 enabling four to five image slices to be recorded. The consonants were produced in a neutral vowel context. A
special head-neck coil, (by Medical Advances), which helped maintain the subjects' heads in a fixed position, was
used to enhance the SNR of the images.
The scanning region for the coronal and axial planes included the region between the lips and the posterior
pharyngeal wall along the antero-posterior axis and the region between the top of the hard palate and just below
the eighth vertebra along the infero-superior axis. Coronal and axials scans were taken approximately perpendicular to the vocal-tract midlines, in the buccal and pharyngeal regions, respectively, based on a midsagittal
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localizer image for each subject. Similarly, the scanning region for the sagittal plane was based on axial and/or
coronal localizer images. The data set comprised 28 to 35 images/sound/subject in the sagittal plane, and 40 to
45 images/sound/subject in the axial and coronal planes. In addition, reformatting of the raw images was used
to obtain cross-sections along any desired (oblique) plane. For example, area information along the vocal tract's
bend was obtained by image reformatting. Since midsagittal profiles provide the most convenient reference for
specifying grid locations for performing area calculations, sagittal scans are chosen for area calculations along the
vocal tract bend from reformatted images. Midsagittal data are also used for length measurements.
Automatic segmentation of the vocal-tract regions in the images was followed by a careful manual verification
of the selected regions in each image. Following segmentation, three-dimensional reconstructions of the entire
vocal tract, or specific regions such as sublingual cavities, could be made by computer-aided concatenation of
the selected regions of interest. Length, area, and volume measurements could be made directly using a pixel
counting algorithm.

Articulatory analysis and measurements were performed in several steps. First, overall vocal-tract and tongue
shapes were analyzed using raw images and complete 3D models reconstructed from appropriately segmented raw
scans. All the 3D reconstructions reported in this study were constructed using coronal scans. Analysis of the
buccal region is primarily based on sagittal and coronal sections while that of the pharyngeal region is based on
sagittal and axial profiles. In addition, interactive slicing of the 3D objects (along any desired plane) using image
processing software facilitated the morphological analyses.

Area measurements were made in two stages: in the first stage, cross-sectional areas were directly measured
from the coronal and axial scans to provide information on the front (buccal) and back (pharyngeal/laryngeal)
regions, respectively; in the second stage, sagittal scans were reformatted to obtain areas along the planes perpendicular to the midline of the vocal tract along the bend. To enable comparative graphical analyses across the
various sounds and subjects, a simplified representation of the area function is considered. Areas up to the laryngeal inlet, defined by the section showing the complete separation of the piriform sinuses by the inter-arytenoid
eminence, were considered. Furthermore, the "effective" area of the airway was obtained by a simplification of
the morphology: subtracting tissues areas, such as the uvula, and the various epiglottal folds, from the total
pharyngeal cavity areas.

3.3 Electropalatography (EPG)
EPG data from the subjects were recorded on a later date using Kay Elemeftics Palaomeier. Each subject
has a custom-fitted acrylic palate with 96 sensing electrodes. The sweep rate of this system is 1.7ms and the
sampling period is 10 msec. The subjects assumed a supine position (similar to that assumed inside the MBA
machine) while recording. The data for each subject were collected in a single session, that lasted about one
and a half to two hours. The data were collected over a month (post-MRI experiments). The speech material
consisted of vowels /a, i, u/, fricatives, lateral approximants (dark and light allophones) and rhotic approximants
(in word-initial and syllabic positions), sustained for about 2-2.5 sec/token. Eight repetitions of each condition
were obtained. The sounds were produced at a normal 'conversational' rate and level and, the consonants were
preceded by the neutral vowel /o/. For the purposes of this study, the total electrode region covered by the
electrodes was broadly divided into several regions as illustrated in Figure 1. The percentage of electrodes that
are contacted in each of these regions served as a basis for our analysis. Inter- and intra-subject variabilities
in the linguopalatal contact profiles were studied using repeated-measures multifactorial ANOVA. It has to be
noted, however, that EPG measures just the linguopalatal contact and is limited to the region between the teeth
and the anterior part of the velum.
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3.4 Vowels
MRI, EPG, and acoustic data were collected for the three-point vowels /a, i, u/ from the four subjects.
Although our study focussed on just /a, i, u/, it offers many advantages when compared to other recent studies

on vowels.'5'7 Our study included both male and female subjects, and had extensive MItT data (in all 3
anatomical planes). EPG data were also included in the study to supplement the MRI data to enable variability
analyses. Data were also collected with the subjects in both supine and upright positions (in order to verify the
effects of supine position used during MRI recording of speech). In addition to providing 3D vocal tract renditions
and length/area/volume measurements, our analysis includes 3D tongue shape analysis. The articulatory data
are used in acoustic modeling, in both 1D and 2D simulations of acoustic wave propagation in the vocal tract.
Finally, the vowel data form a part of a larger articulatory-acoustic data set that includes consonants such as
fricatives, laterals, and rhotics from the same subjects.
Midsagittal images for /a, i, u/ show the vocal tract with significantly greater clarity than when compared to
lateral x-ray images (Figure 2, male subject). Moreover, the axial and coronal cross-sections have helped reveal
the tongue shape and the cavities in the pharyngeal region in much greater detail. 3D vocal tract and tongue
shapes for /a, i, u/ (Figure 3, male subject) help to clearly demonstrate the differences between the three vowels.
The anterior tongue body is convex and closer to the palate in /i/ while it is fiat or slightly concave and farther
away from the palate in /a/. On the other hand, /i/ has larger pharyngeal cavity volume when compared to /a/
due to retraction of the posterior tongue body. The anterior tongue body of /u/ is similar to that of /i/ in that it
is convex but relatively farther away from the lips. The pharyngeal volume in /u/ is also relatively smaller than
in /i/. These vocal tract characteristics explain the area functions shown in Figure 4.

3.5 Fricatives
The data included all eight fricatives in English: the stridents: /J, s, 3, z/, and the nonstridents:/6, f, ,
v/. A detailed morphological description of the vocal tract using MRI data is given in Narayanan ei al.19 A
sample 3D vocal tract for the fricative /s/ of a male subject is shown Figure 5. Sample 3D tongue shapes and
linguopalatal contact profiles for the fricatives /s/ and /j/ of the same male subject are shown in Figure 6 and
Figure 7, respectively. The vocal tract cross-sections were found to be best approximated by elliptical/semielliptical shapes. Results showed similar vocal tract shapes across subjects for each sound (place of articulation).
In general, among the fricatives, the labiodentals exhibited the most variability across speakers. The voiced
fricatives showed tendency towards tongue root advancement and hence, resulting in relatively larger pharyngeal
volumes. The anterior tongue body was concave shaped with medial grooving in /s, z/ while it was convex and
relatively high positioned in /J, 3/. The degree of grooving was speaker dependent with a definite correlation
between the degree of grooving and lateral linguopalatal contact (as seen through EPG). Asymmetries in tongue
shapes and linguopalatal contact patterns were subject, and perhaps sound, dependent and not on the supine
position assume while speaking.

Area functions measured from the MRI data were used for acoustic modeling of these sounds.27'28 For
illustration, area functions for the strident fricatives /s, z/ and /j, 3/ of a male subject are shown in Figure 8.
As a first approximation, the vocal tract is modeled as a concatenation of uniform cylindrical tube-sections each
section being 3 mm long. Depending on the subject's vocal-tract length, the total number of sections is 55-60.
Sublingual cavities, such as those present in /1/ and /3/ are modeled as shunt branches specified in the anterior
buccal cavity. Once the area function is known, several approaches may be used for simulating the acoustics
in the vocal tract. In the current study, a time-domain simulation method proposed by Maeda29 was used to
determine the vocal-tract transfer function for each sound. Source models for fricative consonants were then
derived based on aerodynamic principles of sound generation, in conjunction with vocal-tract models obtained
from MRI data. Results indicate that a linear source-filter model is adequate for capturing essential spectral
characteristics of sustained fricatives below 10 kllz. The results comparing natural and synthesized spectra for
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the fricatives /s/ and /J/ (corresponding to the area functions of Figure 8) are shown in Figure 9. The hybrid
source models used employ a combination of acoustic monopole and dipole sources, and a voiced source in the
case of the voiced fricatives. The number of sources, source locations and spectral characteristics are chosen
based on an analysis-by-synthesis approach and are motivated by aeroacoustic theory. The resulting model is
computationally efficient and can be readily used for synthesis.

3.6 Lateral approximants
Articulatory and acoustic data corresponding to the dark and light allophones of the lateral approximant
/1/ in American English (denoted by [1] and [±], respectively) were collected. MR images for both [1] and {F]
indicate that the midsagiUal tongue contours can be different across subjects. Common characteristics, however,
were revealed in cross-sectional and 3D tongue shapes, area functions, and linguopalatal contact profiles. These
sounds were characterized by a complete linguo-alveolar contact or, just a constriction as observed in the {±]
of one subject. The 'lateral channels' along the sides of the tongue began appearing from where the alveolar
occlusion/constriction was seen and continued posteriorly until lingua-velar contact was established (5-6 cm from
the lip opening). The right and left channels appear to be, in general, unequal and their areas start increasing
behind the alveolar occlusion (due to inward lateral compression of the tongue body) and start decreasing again
as the region of lingua-velar contact is approached. Analysis of the overall 3D tongue shapes revealed that the
overall tongue body shape behind the occlusion tends to be convex. The 3D tongue shapes indicate that the
posterior tongue body shows a tendency towards an inward lateral compression which is directed towards the
midsagittal plane. This enables the creation of lateral flow channels in the space between the curved sides of
the tongue body and the teeth. In addition, a 'grooving' tendency along the midsagittal line was observed in
some subjects, particularly in the region behind the alveolar contact. This anterior medial grooving observed in
the laterals, which is less prominent than that observed in alveolar sibilants such as /s/,'9 is attributed to the
secondary effect of inward compression of the posterior tongue body. Unlike alveolar fricatives, the grooving does
not continue through the posterior tongue region as a concave surface, suggesting that it is not a key component
of a medial airflow channel. Asymmetry in tongue shapes and linguopalatal contact profiles were found to be
subject-dependent. Results of statistical analyses using EPG data, however, indicated no significant asymmetry
effects. Comparison of [1] and [±} showed greater linguopalatal contact in {1J than in [f]. The areas in the region
behind the alveolar contact were smaller in [1] than in [±]. Consistently small pharyngeal areas were found in [±]
due to tongue-root retraction and/or posterior tongue body raising.

3.7 Rhotic approximants
During the production of the American English /r/, the vocal tract appears to be characterized by three
cavities due to the presence of two distinct supraglottal constrictions. The primary constriction occurs in the
buccal cavity and the secondary constriction, in the pharyngeal cavity. A sample 3D vocal tract of /r/, by a male
subject (SC), and the 3D tongue shape associated with it are shown in Figure 10. The buccal constriction may
occur anywhere in the palatal region: the more forward locations are typically due to a raised anterior tongue and
the posterior ones, due to a raised dorsum. For our subjects, the buccal constriction began anywhere between
2.4-5.4 cm away from the lips and extended over 1.5-2.5 cm with minimum areas ranging between 0.25-0.7 cm2.
The secondary constriction occurs typically in the mid-pharyngeal region due to an advanced tongue root ('pharyngealization'). Analyses indicated that a more anterior buccal constriction was associated with a more superior
pharyngeal constriction. A large volume anterior to the buccal constriction resulted due a tongue body that
was drawn inwards, away from the lips. The anterior tongue body was characterized by convex cross-sections.
Similarly, a large volume posterior to the buccal constriction (and superior to the pharyngeal constriction) was
created by a significantly lowered posterior tongue body that exhibits a prominent concave shaping. The change
in the cross sections, from the convex anterior shapes to the more concave posterior shapes, appeared to be more
abrupt for the buccal constrictions that were at a more posterior location, resulting in more abrupt changes in
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the area functions. These observations suggest an interplay between the relative locations of the buccal and
pharyngeal constrictions and the 3D tongue shapes. Variabilities in the details of the relative cavity sizes and
their locations, which largely depend on the individual subject's articulation patterns and oral morphology, are
expected to introduce variabilities in the corresponding acoustic patterns.
Subjects AK and MI produced /r/s as they would appear in 'word-initial' and syllabic' positions while PK
deliberately produced tongue tip-up and bunched /r/s. Subject SC produced only the word-initia1' version.
Comparison of the bunched and tip-up /r/s produced by PK revealed that, in spite of the raised tongue tip in
the latter case, the primary buccal constriction is attributed to a raised dorsum in both cases, and a three-cavity
vocal tract description still holds. For the other subjects, the general tongue body shapes and area functions
appeared very similar for the /r/s in both word-initial and syllabic positions although syllabic /r/s tended to
show larger areas in the cavity between the buccal and pharyngeal constrictions. The buccal constriction for AK's
and MI's /r/s were produced with a raised dorsum resulting in a tongue body shape that resembles a canonical
bunched /r/. The /r/ of SC, on the other hand, was produced with a raised anterior tongue body, rather than a
raised tongue tip, resulting in a more anterior, and shorter, buccal constriction when compared to those seen in
the other subjects. The results of this investigation may be used as a baseline for studying articulatory-acoustic
relations of these sounds.
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Figure 2: Midsagiflal vocaitraci images for the vowels /a,i,u/ of a male subject.

Figure 3: 3D vocal tract and tongue shapes for the vowels /a,i,u/ of a male subject (MI)

SPIE Vol. 2709 /129

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/07/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

'a]

1)4

"0

2

4

6

8
10
12
DISTANCE FROM UPS. CM

14

16

14

16

14

16

ILt

0

2

4

6

8
10
12
DISTANCE FROM UPS. CM,
lILt

0
04
<2

2

0

4

6

8
10
12
DISTANCE FROM UPS, CM

14

Figure 4: Area functions for vowels: solid (male), dot- Figure 5: Lateral view of the 3D vocal tract for the fricative /s/for a male subject.
dashed (female).
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Figure 6: 3D tongue shapes for the fricatives /s/ and /sh/ for a male subject.
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Figure 1: Schematic of electrode array, on the pseudopalate.

(b)

Figure 7: Sample linguopalatal contact profiles for /s/

and /f/.
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Figure 8: Area functions for strident fricatives of a male

subject MI (a) /s, z/, (b) /J°, 3/: unvoiced (solid),
voiced (dashed).
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Figure 9: Modeling results for strident fricatives: syntheszzed spectra (dashed), natural spectra (solid).

Figure 10: 3D vocal tract and tongue shape for /r/.
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