Vocal tract area functions from magnetic resonance imaging
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There have been considerable research efforts in the area of vocal tract modeling but there is still a
small body of information regarding direct 3-D measurements of the vocal tract shape. The purpose
of this study was to acquire, using magnetic resonance ima@vigl), an inventory of
speaker-specific, three-dimensional, vocal tract air space shapes that correspond to a particular set
of vowels and consonants. A set of 18 shapes was obtained for one male subject who vocalized
while being scanned for 12 vowels, 3 nasals, and 3 plosives. The 3-D shapes were analyzed to find
the cross-sectional areas evaluated within planes always chosen to be perpendicular to the centerline
extending from the glottis to the mouth to produce an “area function.” This paper provides a
speaker-specific catalogue of area functions for 18 vocal tract shapes. Comparisons of formant
locations extracted from the natur@ecorded speech of the imaged subject and from simulations
using the newly acquired area functions show reasonable similarity but suggest that the imaged
vocal tract shapes may be somewhat centralized. Additionally, comparisons of the area functions
reported in this study are compared with those from four previous studies and demonstrate general
similarities in shape but also obvious differences that can be attributed to differences in imaging
techniques, image processing methods, and anatomical differences of the imaged subjé&36 ©
Acoustical Society of America.

PACS numbers: 43.70.Aj, 43.70[AL ]

INTRODUCTION Modern imaging techniques are now being used to ac-
uire three-dimensional shape information about the vocal
ract volume and associated airways. Volumetric imaging re-

propagation through the vocal trgdshizaka and Flanagan ﬁe; on the §b|l|ty_ of an imaging techqu_Je to acquire a series
of image slices, in one or more anatomical planes, through a

(1972, Strube(1982, Maeda(1982, Sondhi and Schroeter desired volume of the human body. This process can be per-

198 d Lilj ts(1989]. Most h simulati . . : . ;
(1987 and Lillencrants(1985]. Most speech simulation (Trmed with either magnetic resonance imagiihRI) or

models are based on the assumption of one—dimensiong ¢ b tod oT). Post
wave propagation. This means that the tubular vocal tracy cciron beéam compute omograpBCT). Postprocess-

shape can be approximated as a finite number of cylindrical'd ©f the images typically includes segmentation of the air
elements that are “stacked” consecutively from the larynx toSPace from the surrounding tissue and a 3-D reconstruction
the mouth. A particular vocal tract shape can be imposed offf € airway shape. Once the 3-D structure has been identi-
a model by specifying the cross-sectional area of each cylinfi€d, it can be measured and analyzed. During speech pro-
drical element as a function of the distance from the glottisduction, a speaker will traverse many different vocal tract
For modeling purposes, any vocal tract shape can be definédi@pes in a short period of time, often overlapping one shape
by its unique “area function.” Hence, a necessary compo-nto anothef(i.e., coarticulation Unfortunately, neither MRI
nent for the simulation of natural sounding speech is an in®" EBCT can acquire a volume image set fast enough to
ventory of vocal tract area functions that correspond to thé&apture the dynamically changing vocal tract shape. Thus the
vowels and consonants used to produce human speech. TH&e of present, commercially available, imaging techniques
success of speech simulators has been limited, in part, by tH&@n be used only to study static vocal tract shapes.

lack of a body of morphological information about the vocal ~ MRI is an attractive imaging technique primarily be-
tract shape on which to base these area functions. Shag@use it poses no known danger to the human subject being
information regarding other airways such as the nasal tradmaged. Since human speech comprises a large number of
and trachea is also needed. The one nearly complete set wdwel and consonant shapes it is often desirable to acquire a
area functions that has been used extensively as input farge number of image sets. Thus the human subject may
speech simulation models, is that published in 1960 by Fanteed to be exposed to hours of imaging, but fortunately, with
These area functions were indirectly acquired with sagittaho apparent risk. However, MRI has a number of distinct
X-ray projection images and plaster casts of the oral cavitglisadvantages. The scanning time required for acquisition of
and have proven to be an invaluable resource for researcheasull image set is on the order of several minutes. When this
in the field of speech synthesis and simulation. is coupled with the pauses required for subject respiration, a

Speech simulation algorithms have been developed t
provide a sophisticated representation of acoustic wav

537  J. Acoust. Soc. Am. 100 (1), July 1996 0001-4966/96/100(1)/537/18/$6.00 © 1996 Acoustical Society of America 537



complete image set may require double or triple the actualeconstructions of both the vocal tract shape and the tongue
scan time. Thus the image set and subsequent reconstructiarere created from these images and a cross-sectional area
of the airway is based on a large number of repetitions of analysis was performed. This study provides the most accu-
particular shape. Also, because of various imaging artifactsate information to date of the constrictions and air channels
associated with air/water interfaces, the air—tissue interfacthat produce the turbulence generated sound, characteristic of
can be poorly defined when imaged via MRI techniquesfricative consonants. Lakshminarayananal. (1991 have
Additionally, teeth and bone are poorly imaged by MRI be-focused on using MRI to acquire midsagittal sections of the
cause of the low hydrogefwatep concentration, making vocal tract from which they measured the tract widths and
these structures appear to be the same gray scale value as agnverted them to cross-sectional areas using an empirically
Baer et al. (1991 demonstrated the use of MRI to di- derived formula from Rubinet al. (1981). Perrier et al.
rectly measure the vocal tract shape for the four point vowel$1992 and Beautempet al. (1995 have both used x-ray
with two adult male subjects. In two separate experimentstechniques in an attempt to further develop transformations
they collected combinations of image sets in three planeffom the midsagittal width to area.
from which they created the first demonstration of 3-D re-  The intent of this experiment was to obtain a collection
constructions of the vocal tract shape using MR imagingof vocal tract shape&@nd consequent area functipre®rre-
techniques. They also reported the corresponding area funsponding to a large number of speech soundsf@specific
tions for each vowel that were discretized along the vocakpeaker. Such a collection should allow for a unique simula-
tract centerline at intervals of 0.875 cm and proposed a midtion of speecHi.e., of the imaged subjecin which acoustic
sagittal width-to-area transformation based on their datagpressures and flows generated by a speech production model
Moore (1992 performed an MRI study in which sagittal and can be directly compared to that of the subject. Additionally,
coronal image sets of the vocal tract were obtained from fivenethods of interpolating or convolving the area functions in
adult male subjects for three vowels and two continuantstime to form “running speech” might be more easily studied
The study investigated correlations between cavity volumesince a direct comparison can be made between simulation
and resonance frequencies of the vocal tract, as well as othand recorded natural speech of the subject. Thus a set of area
variables such as lip length and lip area. However, it did nofunctions from one speaker will allow a more rigorous evalu-
include three-dimensional reconstructions of the vocal tracation of speech modeling algorithms since the simulation can
shapes. Another MRI study of the vocal tract was performede directly compared to the real human system being mod-
by Sulteret al. (1992. They used one male subject who was eled. Twenty-two complete vocal tract shapes, trachea, piri-
a trained singer. Their primary interest was in correlating theform sinuses, and two states of the nasal tract were scanned
vocal tract length measured for ag/ howel to resonance with MRI for this study. However, only a subset containing
frequencies(formants predicted by theory. They also im- 12 vowels, 3 nasals, and 3 plosives will be presented in this
aged the vowels/and &/ from which they measured cavity paper.
volumes. Greenwoodt al. (1992 imaged five static vowels In addition to requiring that one subject produce all of
using one subject. They acquired an image in the midsagittahe desired vocal tract shapes it was desired that the image
plane, and a set of images in the axial and coronal planeset representing any one particular shape be completely ac-
Areas functions were extracted from the image slices in closquired within one imaging session; i.e., the subject would be
accordance with the vocal tract model proposed by Mermelpositioned in the scanner only once for any particular vowel
stein (1973. Danget al. (1994 used MRI to acquire con- or consonant. This requirement was intended to avoid the
tiguous coronal image sets throughout the nasal tract volumgotential errors associated with repositioning the subject in
and sagittal image sets of the vocal tract for nasal consonantse scanner for separate sessions as well as the possibility
/m/ and h/. Using these data they produced 3-D reconstructhat the subject might produce a particular vowel or conso-
tions of the nasal tract passages and sinus cavities. The nasent with a slightly different vocal tract shape from session
tract morphology along with the vocal tract area functionsto session. The volumetric imaging studies reviewed above
were subsequently used to model the acoustic characteristiéBaer et al, 1991; Moore, 1992; Sulter, 1992; Greenwood
of the nasal system and production of nasal consonants. Ret al, 1992; Danget al, 1994; Narayanaret al., 1995 all
construction of 3-D vocal tract shapes for five vowels wasacquired multiple plane image sets. In these studies it has
reported for an adult male, adult female, and an 11-year-oldypically been regarded that some combination of two imag-
male by Yang and Kasuyd 994). Coronal and axial image ing planes is necessary for measurement of the vocal tract
sets were acquired in order to define the oral and pharyngeahape. But because of the physical demands required of a
cavities, respectively. Area functions that were extractedingle subject to produce different vocal tract shapes for 22
from the vocal tract reconstructions for each subject werdull volume scangwith phonation during scanninglus two
implemented in a frequency domain model of acoustic waverolume scans of the nasal tract and one of the trachea, it was
propagation(Sondhi and Schroeter, 1987Formant fre- concluded that each image set could reasonably include only
guency comparisons between the model and natural recordeshe imaging plane. Even with the reduction to one imaging
speech were quite close, with many cases exhibiting lesglane, the subject spent between d & over the course of
than a 5% error. Narayanaet al. (1995 and Narayanan three separate sessions lying in the MRI scanner. The axial
(1995 have reported the acquisition of coronal and axialplane was chosen because it would most accurately represent
image sets from four adult subjedt®2 male and 2 femaje the small epilaryngeal region and the often constricted phar-
representing the fricative consonsants(,f|6,z,3,v,0/. 3-D  ynx as well allowing a direct comparison to a limited number
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TABLE I. MR parameters for vocal tract image acquisition. Using the parameters given in Table |, a 26 slice series
of 5-mm-thick contiguous, parallel, axial sections was gath-
ered in an interleaved acquisition. This image set, which ex-

Mode=fast spin-echo, using an anterior neck coil
TE=13 ms(echo delay timg

TR=4000 ms(repetition time tended from just above the hard plate down to the first tra-
ETL=16 ms(echo train length cheal ring, could be acquired with 4 min and 16 s of scan
FOV=24 cm(field of view) time. However, because the subject was required to phonate

NEX=2 (number of excitations during image acquisition, the actual amount of time required
image matrix=256x256 pixels

resolution=0.938 mm/pixel to imagfa one s_hape was approxim_ately 10 min, allowing for
slice thickness5 mm respiration during pauses in scanning.

Prior to the imaging session, the subject spent a signifi-
cant amount of time practicing phonation while holding the

of image sets acquired with electron beam computed tomogtocal tract shape as steady as possible. The protocol for im-
raphy (EBCT) that were part of another experimei@tory, age acquisition was as follows. The subject was first given
1995; Storyet al, 1996; EBCT allows only the acquisition €ar plugs to attenuate the intense sound of the MR machine.
of axial image sets. Using only axial slices may compromisel he subject was then positioned in a comfortable supine po-
the measurement accuracy in the oral cavity, particularly fogition on the patient table in the MRI examination room. The
front vowels when there is little air space between the uppepubject’s head was placed directly on the tafole foam or
surface of the tongue and the hard plate. In such a case, ti§&ishion and positioned so that the table was perpendicular
thickness of the MR slice may be larger than the airwayto the Frankfort plane. Cloth adhesive tape was then used to
passage. |dea||y’ mu|tip|ane Scanning would be performe§ecure the head to the table in this pOSitiOﬂ. With this ap-
for every vowel and consonant shape produced by the sutfroach, very little head movement was possible. An anterior

ject, but subject endurance as well as monetary and timgeck coil was brought into position so that the desired por-
constraints associated with obtaining scanning time pretion of the head and neck were within its field of view. With

vented this ideal case. this preparation completed, the patient table was moved such
This paper is primar"y intended to report area functionthat the SUbjECt’S head was in the center of the magnet. Prior

data for static vocal tract shapes. However, comparisons ¢P €ach image acquisition session, a sagittal localizer was
formant locations produced by 12 tract shapes for both th@erfprmed to allow for _|dent|f|cat|0n of the appropriate field
natural speech of the subject and a simulation based on tH view and scan location.

new set of area functions will be presented. During protocol development a foot signaling method
was tested to indicate to the MR technician when a breath

was needed. However, the foot movement introduced motion
. IMAGE ACQUISITION AND ANALYSIS artifacts and blurring. The subject reported that this method
A. MRI scanning parameters and image acquisition interrupted concentration. In the final study the technician
protocol started the image acquisition when the subject began phona-

The MR images were acquired using a General ElectriéIon (as heard over the interconand then “paused” the

Signa 1.5 Tesla scanner. MRI produces a slightly blurrednachine after eight seconds of scanning so the subject could
boundary between tissue and &Baer et al, 1997. How- take a breath. As soon as the subject began phonating again,
’ &jg image acquisition was continued. This method allowed

ever, the acquisition mode can be chosen and the pulse s biect 1o be | trol of the time betw isit
guence parameters adjusted to provide acceptable air—tiss subject to be in control of the time between acquisitions

interfaces. The parameters shown in Table | were empiricall?nd alsg ke?p tr;e vt(_acal tract stapl;a. The SUbieCt V_\ll_?]s glvre]n
found to provide acceptable images of the airway. any pertinent instructions over an intercom system. Through-

Volumetric imaging of the vocal tract using MRI for a out all image acquisitions a speech scientist, experienced in
single subject was completed for 22 different phoneme Conphonetlcs, was present in the co_nt_rpl room 0 Ilst'en to each
figurations and also for the nasal tract and track®s as speech soun'd and halt the acquisition if the subject strayed
stated previously, only the analysis of 18 tract com‘igurationémm the desired target. .
will be discussed in this paperThe subject(BS) was a _Th_e ph(_)nemes used to create static vocal tract shapes
29-year-old male with no history of speech or voice disor-du”ng imaging are shown in Table Il with the example word

ders and is a native of the midwestern United States. ThE'at Was given to the subjecF pri(_)r 0 .the image acquition'
subject is 5 ft 7 in. tall and weighs approximately 145 or the consonants, the subject imagined that the preceding

pounds. His head circumference was measured to be 57 cﬂ‘?d following vowel shape was a neutral or schwa vowel
and for the neck, 34 cm, measured just above the prominenéQOte the rather strange example fgf)/

of the thyroid cartilage. Height, weight, and head and necl%3 | vsi

sizes have not typically been reported in previous imaging mage analysis
studies, but such information may be useful to the reader All image analysis operations were performed with a
when comparing the data presented here to other data setgeneral Unix-based image display and quantitation package
While the body dimensions given certainly do not define acalled VIDA™ (volumetric image display and analyksis
vocal tract size, they may provide a clearer picture of thewhich has been developédnd continues to be enhangdxy
subject’s body structure. The subject is also the first authoreseachers in the Division of Physiologic Imaging at the Uni-
of this study. versity of lowa(Hoffman et al,, 1992. Additional informa-
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TABLE Il. List of imaged phonemes using phonetic symbols, symbols, anddetermined by a region of interest analysis. Validation of this

example words. approach using the image data sets for a phantom study is
Phonetic symbol Example discussed in the Appendix. .

Once the threshold value had been determined the actual

% Eﬁfd segmentation process could be performed. A seeded region
Ie/ head growing algorithm was used that changed the gray scale val-
Jael had ues of all pixels below the threshold value to the brightest
Iaf ton possible gray leve(Hoffman et al, 1983; Udupa, 1991

g‘; hg\‘,’v This effectively set the airway to a single color that, because
N Eoe of the previous attenuation process, was unique with respect
Iol hood to the rest of the image volume. The seeded region growing
I/ who process required the airway region to be noncontinuous with
I earth air outside the body. For the axial slices in the pharyngeal
/fnl// 'r::‘rg section this was not a problem, but in the oral region where
In/ numb some slices have an open mouth condition, the algorithm
Iyl ung a would “leak” the brightest pixel value out of airway and

Ip/ puck into the “blackness”(air) outside the image. To correct the
//12// g:ftk problem, an artificial boundary that defined the mouth termi-

nation of the vocal tract was constructed. First the image set
was viewed in a reformatted midsagittal platextracted
from the volumetric image data $athere the outline of the
lips are easily seen. A mouth termination plane was then

tion regarding VIDA can be found on the Internet by

E\S/g]r%st ?adi;\llgb u:)c:\(/)vgseedru/ and logging onto  http:// defined using the technique of Mermelst€l®73. Figure 1
Thé goal o?i%is expérimént was to determine area func-ShOWS the boundary in the midsagittal plane and the contain-
tions for each of the phonemes listed in Table II. To achievemen;\Of tthe tgelededblregltntr;] gtrOV\_/th m_the axial F;'i.”e- £ th
this goal the image analysis process included three main potential problem that arises in segmentation of the
steps:(1) segmentation of the airway from the SurroundingoraI cavity is that the 5-mm slice thickness may cut through

tissue,(2) three-dimensional reconstruction of the airway by both tlssue_ and alr._ For example, the upper _2'5 mm of a slice
shape-based interpolation, af@ determination of an air- may conta_ln a portlon of the hard palate while the onver 2.5
way centerline and subsequent extraction of cross-sectiondiM contains air. The result would be a voxel density with

areas assessed from oblique sections calculated to be locafifMe average value of air and tissue which could be above or
perpendicular to the airway centerline. below the set threshold; i.e., tissue could be included as air

and vice versa. The most superior slice in a given image set

normally included the lower portion of the nasal tract and
C. Airway segmentation also some of the velopharyngeal air space for the nasal con-
sonants. Usually, this slice was ignored except in the case of
fhe nasals. The next slice inferior to the first, typically con-
(#ained the hard palate and extended down to include the mid-
ine raphe on the roof of the mouth. Because of the uneven
Osrurface created by the midline raphe on the roof of the

they can be read into a shared memory structure, and f ththis s tained Is with densiti q
convenience, images were converted from 16 to 8 bit panou » (IS slice contaned Some voxels with densities made
up of contributions from both air and tissue; their values

pixel gray scale resolution. The upper gray level cutoff was i !
determined by computing a pixel histogram on several inclete“ would lie below the threshold determined for segmen-

sampled throughout the data set and choosing the cutoffition. During the segment_ation process, this particular slice
point so that all pixel values present in the image set werdV@s always segmented with the threshold-based seeded re-
below the cutoffour version of the GE scanner downloaded 9ion growing method. However, the subsequent 3-D recon-

the MR data sets as 8 bits of gray scale information stored igtruction of the tract shape using methods described in the
16 bit pixel valuek next section, were performed with and without this particular

The airway was segmented from the surrounding tissuélice. It was often the case that, when the slice was included,
by setting all vowels considered to be in the airway to athe 3-D reconstruction possessed some rather unnatural
unique gray scale value. The first step in this process was tdins” on its most superior portion that were most likely the
attenuate all gray scale values in an image slice by 5%. Thiggsult of including something other than air. Thus in such
ensured that no voxel in the image volume had a value ofases, this particular slice was ignored and the interpolation,
255 (the brightest value for an 8-bit gray-scale randéexta  surface rendering, and area function analysis were performed
gray scale value that represented the threshold dividing aivithout it. A similar error could occur in the inferior part of
and tissue was determined by choosing the voxel intensitthe oral cavity where portions of the tongue and adjacent
that was halfway between the darkest part of the airway andirspace might be included within a slice. However, the ef-
the brightest part of the tissue surrounding the airway agect may be less severe in this case because the variety of

The image data sets were transferred from the GE Sign
scanner to a Unix-based workstatioma magnetic tapeand
translated into a file format recognized by the analysis an
quantitation softwar€VIDA ). When files are in this format
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ment were 26 slice series of 5-mme-thick slices. An interpo-
lation to a cubic voxel image set would generate 138 slices.
Instead of the more general practice of interpolating
voxel densities, a technique called shape-based interpolation
(Raya and Udupa, 199@vas used to reconstruct the three-
dimensional shape of the vocal tract airway. The shape-based
algorithm interpolates segmented image data to form an iso-
tropic (cubic voxe) data set. Thus user interaction can be
limited to structure or region identification in the original
image set. Since the image segmentation process assigned a
gray-scale value to each voxel within the air space that was
unigue to the rest of the imad@ particular the value 255
the segmented image set can be considered to represent a
binary scene; i.e., each slice can be separated into a “patch”
of air (gray leve=255 or not air (gray-levek255. The
technique of shape-based interpolatifRaya and Udupa,
1990 utilizes this binary representation of a structirethis
case the airwgywithin an image set to interpolate slices
between the originals using information related to the struc-
ture’s surface location above and below the new slice loca-
tion to be generated. Within a given image slice, the shortest
distance between each voxel and the boundary of the airway
is computed and stored in a 2-D array with the same dimen-
sions as the image slice. For example, if the image consists
of a 256x256 pixel matrix and a shortest distance to the
airway boundary is measured for the pixel located at a posi-
tion of (123,50, then this measured distance is stored in the
(123,50 location within the 2-D array. If the voxel was in
the airway, the measured distance is considered to be posi-
(b) tive valued, otherwise the distance is set to be negative. This
process is performed for each image slice so that, when fin-
ished, a new set of “slices(2-D array$ containing distance
FIG. 1. Method of terminating the open mouth to contain the seeded regiofneasures has been created that maintains the correct spatial
growing,'(a) “paiqted” rectangle on the midsagittal slicéy) containment ordering of the original segmented image set. The interpola-
“fence” in the axial plane. tion between slices is performed on the shortest distance ar-
rays, rather than actual image slices. When the interpolation
shapes assumed by the tongue in the production of differeri¢ complete, the new set of shortest distance slige® ar-
speech sounds may ensure that one slice would not usualigys can be mapped back into a binary scene by assigning
contain the entire upper surface of the tongue. Thus no atvery positive distance value to a voxel in an image slice
tempt was made to alter the threshold-based segmentation tith a gray-level value of 255. Every negative distance value
this region. With the approach taken, it is possible that a verys assigned to a voxel with a gray-level value of 0. Thus the
small volume of air was excluded from the airway which shape-based approach interpolates only the gray scale value
would have the most significant effect on vowels with a frontof the airway while all other colors are ignored, effectively
constriction such as// i/, and £/. “stripping” all tissue away from the airway while creating
the same voxel resolution in the axial direction as the other
directions; i.e., isotropic resolution.
D. Volume reconstruction The interpolated airway produced by shape-based inter-
Interpolation to produce an isotropicubic voxe) im-  Polation was subsequently used in both a surface rendering
age set is often used when an image set has been collecteddRplication and a cross-sectional area analysis. The surface
only one image plane and one dimension has a spatial reséendering consisted of first extracting the edges of the inter-
lution equal to the thickness of an image slice. Voxel densipolated airway image and then creating a shaded surface dis-
ties can be interpolated between consecutive image slices fday. The result was digital “cast” of the vocal tract. Surface
generate a uniformly sampled image set. The interpolation isendering applications used effectively in many cardiac and
typically performed with nearest neighbor, linear, or trilinearpulmonary applications are discussed in Hoffm@m®91).
techniques(Udupa, 1991 If interaction by the user is re- High quality three-dimensional representations of the airway
quired to identify and segment a region or structure of intercan be rotated and magnified to show many different per-
est, the cubic voxel image set greatly increases the workloadpectives. It is only a qualitative tool, but nevertheless an
For example, the MR image sets collected for this experiimportant step in the image analysis because it shows the

541  J. Acoust. Soc. Am., Vol. 100, No. 1, July 1996 Story et al.: Vocal tract area functions 541



quality of the segmentation process and provides three-
dimensional views of each vocal tract shape.

The area analysis takes advantage of the resultant isotro-
pic, binary representation of the vocal tract to compute ob-
lique cross-sectional areas perpendicular to the local long
axis. The details of this analysis are given in the next section.

E. Area function analysis

Lateral (x) coordinate (cm)

To extract the area function from the interpolated vocal
tract shape, an algorithm was used that was originally devel- 04 { . ) ) ) !
oped to analyze upper airway geometry and volume with 0 10 Zb(fo.ofdaifpoims ﬁ"?)mglott?g 60 70
regard to sleep disorderdioffman et al, 1992; Hoffman
and Gefter, 1990 It computes cross-sectional areas from
oblique sections calculated to be perpendicular to the local
airway long axis.

A segmented and interpolated image is used from which 12 T T T T T T
a three-dimensional centerline is computed through the air- ok oot T |
way. An iterative bisection algorithm is used to compute the ;
centerline. A voxel is chosen by the user at the beginning
and the end of the segmented image; i.e., the beginning voxel
is chosen near the mouth termination and the end voxel is
chosen near the glottis. A line is then drawn through three-
dimensional space from the beginning voxel to the end
voxel. The plane perpendicular to this line and halfway be-
tween the two specified voxels is determined, and all voxels ;
in this plane that have the gray scale value of the airway are » ; ; . \ . ;
identified and used to calculate an average voxel location -4 2 0 2 4 6 8 10
(i.e., the centroid The new voxel location along with the Anterior-Posterior () coordinate (em)
original end points are now used to create two new line seg-
ments, two new planes perpendicular to the line segments,
and consequently two new centroid points within the airway.
The process can be repeated for any number of iterationSG. 2. Off-axis variations of the vocal tract centerlie) lateral (x) co-
specified by the user. When the iterations are finished th_grdinate variations as a function of sgctipn numbe_r; first section is at a point
result is a sampled version of the three-dimensional cente(}fcta”l‘?f;cet g‘rifﬁgti'ﬁ ?ﬁg;:g;g;}t&?';faﬁeét the liipg,raw and smoothed
line through the airway. Oblique sections were calculated
perpendicular to the long axis of the airway at each center-
line point. A voxel counting algorithngsumming all voxels or more to the total vocal tract length. For the frequency
of the airway gray scale valuevas applied to each oblique range of speech sounds, these variations are a tiny fraction of
section yielding the cross-sectional area, anterior—posteria given wavelength and it is, therefore, unlikely that a pres-
length, and lateral length as a function of slice location alongsure wave would alter its direction of propagation in re-
the airway length. The distance between consecutive crosgponse to small off-axis variations; i.e., a propagating acous-
sections can be calculated with the three-dimensiondic wave would not “see” these small variations as
Pythagorean theorem, significant changes in the axis of propagation. To suppress

their influence, an averaging filter was applied to the

L= V[0 =x0)*+ (Y1~ Y0) "+ (21~ 20)°], @ anterior—posteriory) and inferior—superior) coordinates
where §&q,Y9,20) and (;,Y1,2;) are the spatial coordinates to smooth out sharp variations in the midsagittal plane. The
of the airway centroid locations from consecutive cross seclateral ) coordinate was not used in the length calculation,
tions. However, because of the irregular shape of each crosgence the tract length was based on the midsagittal vocal
section, the centroid location often varied within the plane oftract profile while the true centerline was used for oblique
the section. This will impose small displacements of the cenplane and cross-sectional area calculations. Both raw and
terline out of the axis of wave propagation. Figuré2 smoothed tract profiles for the vowel//are shown in Fig.
shows the lateralx) coordinate for the vowek/ as a func-  2(b).
tion of section number. The first section is at a point just It was difficult to locate the seed voxels at exactly the
above the glottis and the last section is at the lips. The figurenouth termination plane and the plane just above the glottis.
shows that there is an overall left and right displacement aSince the cross-sectional areas of the these planes are impor-
well as many small, sharp variations. While the variationtant end points for each area function, a region of interest
from point to point is typically a millimeter or less, the sum- analysis was used to measure the area of the mouth termina-
mation of the variations can accumulate and add a centimetéion by viewing the interpolated airway coronally and the

(@

Inferior-Superior (z) coordinate (cm)

®)
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FIG. 3. A “digital cast” of the teeth using the EBCT image set for the
vowel fa/ (inferior, frontal view; i.e., looking up the teeth from belpw

area just above the glottis was measured from an axial slice.
Additionally, for each of these cross sections, the centroid
coordinates were determined and added to the data set gen-
erated by the iterative bisection algorithm. The region of
interest analysis was also used to determine the cross-
sectional areas of the lateral pathways for ftidoy measur-
ing coronal slices through them. The iterative bisection b
method used for this study did not perform well for branch- (b)
ing airways.

Each area function was generated as the sgtypairs

that include the length coordinatdar() and the correspond- FIG. 4. Shaded surface displays of the vow#lwhere the flat surface in
the upper right portion of the picture is the mouth termination plaag:

Ing area An)’ perspective vievincludingthe teeth-the “fins” that are visible on right side
n of the oral region(they also exist on the left silare due to the included
resence of the teetl erspective viewexcludingthe teeth.
(Ln:kEO Ly, An)- 2 P (k) persp g

The area function is assumed to begin at the glottal end o_ll‘_h ied by th h withi h axial MRI sli
the vocal tract(i.e., L=0 is just above the glottjsand ter- e space occupied by the teeth within each axia siice

minate at the lips. in the region of the oral' cavity was esti'mated from these
measurements and the airway segmentation was corrected by
“painting out” a space approximately equivalent to the size

] of the teeth. In Fig. (b), the spatial contribution of the teeth

A small concentration of hydrogen causes the teeth to bgag heen excluded using this method: i.e., observe the black

poorly imaged with MRI making these structures appear tqeqions |ateral to the airway that would have otherwise been
be the same gray scale value as air. To avoid including thg, - qed as air space

teeth during the segmentation process, an estimation of their
extent into the oral cavity was required. Stai}995 and
Storyet al. (1996 reported an imaging experiment that used
electron beam computed tomograpkgBCT) to acquire
axial image sets for two vowelsi//and &/ for the same

subject(BS) imaged in the present experiment. Since EBCT

uses x-ray radiation, the teeth are well defined in the imagg.nd terminates at the lips as repre_sented by the flat .plane.
slices in which they are present. Thus the EBCT image setsigure 4a) was reconstructed assuming that the teeth did not

provide a convenient means of measuring the dimensions &St (i-e., all of the space occupied by the teeth was seg-
the teeth, in terms of their extent into the airway, which canMented as airwhile Fig. 4b) represents the same vowel

then be used as an aid in segmenting the air from tissue ari'@P€ but after using the dimensions of the teeth obtained
teeth in the MR image sets. from the EBCT images to estimate their extent and conse-

Using the EBCT image set for the vowel// the teeth guently eliminate their contribution to the MR derived air
were removed by segmenting them from all other tissue angPace image. Note that since the dimensions of the teeth do
air and then applying the shape-based interpolation algorithriot change, their dimensions measured from the EBCT data
described previously to extract only the teeth from the imag&an also be used in segmenting any other vowel shape ac-
set. A shaded surface rendering of the teeth extracted fromuired with MRI. Thus one EBCT image set provides the
the &/ vowel is shown in Fig. 3. The dimensions of this necessary information for estimating the location and size of
“cast” of the teeth can now be measured with a generalthe teeth in any MR image set when relating the teeth dimen-
region of interest analysis prograthloffman et al, 1992. sions to their soft tissue surroundings.

F. Exclusion of the teeth

A demonstration of this method of removing the contri-
bution of teeth is shown in Fig. 4 in which two perspective
views of the 3-D reconstruction of tha//vowel oral cavity
using the MRI data are given. The upper pharynx is seen at
the left side of the figure which bends into the oral cavity,
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Il. SPEECH SIMULATION AND ACOUSTIC
RECORDING

A. Simulation model

Shaded Surface Display Area Function

A wave-reflection analog vocal tract modéStory,

1995 was used to simulate the vowel sounds based on the
area functions measured from the MR image sets. Energy
losses due to the yielding properties of the vocal tract walls,
fluid viscosity, and radiation from the mouth have been in-
corporated into the model. An acoustic side branch repre- A
senting the piriform sinuses was also implemented. The
model was sampled at a frequency of 44 100 Hz and each
finite section of the area function represented a tube length of
0.396 cm.

The simulation of each vowel sound was performed by
injecting a parametrized glottal flow waveforthitze et al,
1994 into the glottal end of the vocal tract to serve as the
voice source. A parametrized source allows precise control
of fundamental frequencgpitch) and spectral conterglot-
tal waveshapeso that all of the simulations can be produced
with exactly the same voice.
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B. Acoustic recordings of natural speech

In order to compare simulations to the natural speech of
the subject, a high quality audio recording was made in
which the subject produced speech sounds that corresponded
to the static shapes that were acquired with MRI. An attempt
was made to simulate, as closely as possible, the conditions re/
experienced during the MRI sessions. The subject was set in
a supine position on the suspended floor of an anechoic
chamber. The Frankfort plane was perpendicular to the floor.
No attempt was made to replicate the acoustic signal pro-
duced by the MR scanner but the subject did use ear plugs to
create similar acoustic feedback conditions in terms of per-
ceived vocal intensity. The speech sounds were recorded
three separate times.

1 i1 1 1 1 1
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C. Analysis by linear predictive coding (LPC)

The natural and simulated speech samples were contlG. 5. Surf_ace rendered airways and “raw” area functions foril, /e/,
pared in terms of linear prediction spectra. The LPC algo"d &/ (Subject BS.
rithm was a 50-pole autocorrelation meth@darkel and
Gray, 1976. For each recorded vowel sound, a sample ap-

proximately 0.10 s long was extracted from near the begin@nd I/ are included in the group of “vowels;” i.e., any open

ning of the total recorded production. An LPC analysis wadract shape was considered to be a vowel. A rotated and tilted
then performed on this sample. Once the LPC spectrum hadew for the I/ is shown so that the lateral pathways are

been computed, a peak picking algorithm based on a paraisible. Additionally, five coronal cross sections spaced at

bolic interpolation methodTitze et al, 1987 was used to intervals of 0.188 cm show the shape of the lateral pathways.
find the first three resonance frequencies of the vocal tracEor each surface rendered airway, the most inferior point of
The simulated sounds were subjected to the same analysis @@ 3-D shape begins with the uppermost section of the tra-
the natural speech. chea. Above the trachea, the airway becomes small in the
region of the glottis and then widens, more or less depending
on the vowel or consonant, into the lower pharyngeal sec-
A. Vowels tion. The fingerlike extensions that hang down below the

Sagittal views of the surface rendered airways, a|ongoharynx are the piriform sinuses. As the vocal tract bends
with their “raw” area functions(i.e., points are not neces- Nto the horizontally oriented oral cavity the airway becomes
sarily spaced in equal incremeytare shown in Figs. 5, 6, 7, harrow or wide and terminates with the mouth opening. For
and 8 for the vowels produced by subject BS. Since thell area functions, the glottis is considered to be at the 0-cm
imaging was performed on static vocal tract shapes, #ftie / point. The figures are grouped to show a progression of

IIl. RESULTS AND DISCUSSION
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Shaded Surface Display Area Function Shaded Surface Display Area Function
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FIG. 6. Surface rendered airways and “raw” area functions £r/a/, and
o/ (subject BS.
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shapes that first exhibit a constricted oral section, then a
constricted pharyngeal region, and finally a constricted mid-
section of the tract.

A general observation with regard to all of the vocal
tract sha}pes is that they show a widening of the tra,Ct abOVEIG. 7. Surface rendered airways and “raw” area functions éay //,
the glottis that starts at 2 to 3 cm and narrows again at apand 4/ (subject BS.
proximately 4 to 5 cm. This is primarily due to the piriform
sinuses merging with the main vocal tract tube. The point
above the glottis at which the widening begins is nearly thee/. The area function for thes/ vowel is similar to 1/, i/,
same for all vowels, suggesting that the analysis of eacland &/ in the pharyngeal region and ta// /a/, and b/
vowel was consistent in terms of defining the glottal termi-(shown in Fig. 6 in the oral cavity. It appears to be a tran-
nation. sition vowel between the front and back categories.

The first four airway surface renderings and area func-  Surface renderings of the airways fov,//a/, and b/
tions in Fig. 5(/i/, i/, le/, and £e/), show that the region just (Fig. 6) all show a similar constricted pharynx and widened
above the glottis is nearly constant up to 2 cm above theral cavity, except that thea/ clearly has a larger mouth
glottis. Beyond this point there is an abrupt increase in areagpening. The area functions for these “back” vowels are all
with the 4/ vowel achieving the greatest area of 4.7°cithe  very similar in the region between the glottis and about 4.5
other two “front” vowels, &/ and &/ have successively cm above the glottis at which point the/ ffemains at ap-
lower areas in this regiofpeak areas of 3.9 chand 3.0 crf, proximately 0.8 criiand the &/ and 4/ both drop to about
respectively. In the front half of the area function the cross- 0.25 cnf. All three vowels steadily increase in area from
sectional area of theé/ivowel drops to values on the order of about the 7-cm point up to the 13.5-cm point withdchiev-

0.2 cnf, far below the and £/ areas which are in the range ing the greatest area of 7 énfFrom the point of peak area
of 1.5 cnf. Thus the i vowel defines the extreme areas in out to the mouth terminatiofat approximately 17.5 cjrthe

both the front and back vocal tract cavities. The vowél / area functions foras/ and b/ steadily decrease to a final
reaches less extreme areas than ihieut more extreme than mouth opening area of about 1.0 trithe area function for

53

e/

ul,

545  J. Acoust. Soc. Am., Vol. 100, No. 1, July 1996 Story et al.: Vocal tract area functions 545



Shaded Surface Display Area Function
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FIG. 8. Surface rendered airway and “raw” area function fiér(dubject
BS).
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/a/ initially exhibits a similar decrease, but at 15.5 cm the
area begins to rise and continues out to a mouth terminatio
of 5.0 cnf.

The airway images forof, /u/, u/ and A4 in Fig. 7
clearly show the profile of the tongue and especially the
tongue tip. The area functions demonstrate how each of these
vowels are more or less divided into two distinct chambers
by a tight constriction. Theo/ and 4/ both have large cavi- ©
ties in the front of the tract and smaller cavities in the back.

However, the constriction in theo/ is 2 cm closer to the FIG. 9. A series of five coronal slices through a portion of the oral region of
mouth and more well-defined than for thg./The front and the interpolated vocal tract shape fék The slices show the shape of the

back cavities ofu/ both have cross-sectional areas that reacillateral air space. The interval between slices is 0.188 cm and the slices are
shown from a view looking into the vocal tract from the mouth) slice

about 6.0 an" providing a more equal front—back distribu- located approximately 1-cm posterior to the mouth termination pléwe,
tion of cavity size than the other three vowels. Théghape airway is split into three regions; the right and left region define the lateral
also exhibits a nearly equal front—back cavity distribution,air spaces while thg region in the onver center represents the small air space
but the largest cross-sectional areas are on the order of 3%!° the tongue tip(c) a fourth region appears which is part of the main
2 . o vocal tract airway(d) pathway on the right sidésubject’s lefi splits into

cn. In addition, the point of constriction occurs only 3.0-cm 0 regions,(e) right pathway merges with the main airway—the lower part
posterior to the mouth, which is closer than for any of theof the pathway on the right side of the figure, the entire pathway on the left
three vowelsd/, v/, and /. si_de, and the air space under the tongue never reconnect with the main

The A/ is shown in Fig. 8 from a rotated and tilted per- airway.
spective to give an indication of the lateral air flaand
acoustic wavepath around the tongue. The gap between thesmall air space below the tongue tip. A fourth region appears
oral section and the lip section is due to the presence of thim the superior portion of Fig.(®) which is part of the main
tongue contacting the hard palate. Ideally a lateral patlvocal tract airway. Figure (8) shows the pathway on the
would exist on both sides of the oral cavity but the subjectright side (subject’s lefi split into two regions. Figure (8)
imaged in this experiment closed off the right pathwaght  shows the merging of the right pathway with the main air-
refers to the subject’s right The area function for thel//  way. Note that the lower part of the pathway on the right side
shows a generally uniform area in the range of 2—%,cm of the figure, the entire pathway on the left side, and the air
throughout the pharyngeal region, but a rapid area increasgpace under the tongue never reconnect with the main air-
up to 7 cnf just prior to the lateral pathway constriction. way. Thus the constricted portion of thié rea function at
Immediately following the constriction, the area again in-approximately 17 cm from the glottis was based on measure-
creases rapidly with a final mouth termination area of 3.7ments of only the lateral pathway that did reconnect with the
cn?. main airway.

To gain a better view of the lateral pathways, a series of  Two of the area functions shown in this secticel,dnd
five coronal slices from the interpolated vocal tract shape i¢/, contain an extremely small area, less than 0.%, dm
shown in Fig. 9. The slices are spaced at intervals of 0.188ated at about 2 cm from the glottisee Table Il for nu-
cm. The series begins with a section located approximatelynerical valueg It is interesting that the location of this small
1-cm posterior to the mouth termination pldiég. Aa)] and  area is almost exactly the same for the two vowels. A close
the view is from the perspective of looking into the vocal check of the original image slices indicated that the airway
tract from the anterior endmouth; i.e., the right side of was, in fact, very constricted in this region of the vocal tract.
each figure is the subject’s left. At this point the airway is aHowever, for an area as small as these, only a few voxels
contiguous region. Figure(®) shows the airway split into define the airway; e.g., an area of 0.06%cnould be com-
three regions; the right and left region define the lateral aiprised of only 7 voxel$0.06 cn/(0.0938 cn’~7]. A slight
spaces while the region in the lower center represents thiacrease in the threshold value for the seeded region growing
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TABLE lll. Equal interval(0.396825 cmarea functions for 18 vocal tract shapes. Section 1 is the glottal end of the vocal tract and “n.c.” denotes the nasal

coupling.

Sect.
no. il n Il e/ Inf la/ o/ lo/ ol fu/ I3/ n /m/ n/ Iyl Ip/ It/ Ikl
1 033 020 021 022 033 045 061 018 032 040 041 055 057 026 051 031 038 034
2 030 017 013 026 028 020 028 017 039 038 038 063 057 024 047 039 050 035
3 036 018 016 026 023 026 019 023 039 028 040 075 021 017 045 042 040 0.49
4 034 018 014 016 015 021 010 028 043 043 029 180 058 021 030 071 107 0.78
5 068 010 0.06 013 017 032 0.07 059 056 055 013 298 218 015 048 128 138 131
6 050 108 078 021 033 030 030 146 146 172 053 356 315 036 067 180 165 1.34
7 243 166 125 083 039 033 018 160 220 291 158 345 296 137 083 170 129 119
8 315 164 124 150 102 1.05 113 111 206 288 156 322 289 166 096 143 101 094
9 266 119 099 135 122 112 142 082 158 237 122 320 370 135 143 125 092 0.69
10 249 092 072 099 114 08 121 101 111 210 119 267 421 090 114 090 086 0.92
11 339 113 073 069 08 063 069 272 111 363 100 302 357 071 084 206 103 145
12 380 248 106 135 076 039 051 271 126 586 077 355 359 093 069 277 160 1.73
13 378 276 177 232 066 026 043 196 130 563 092 376 297 141 082 219 246 167
14 435 297 197 213 080 028 066 192 098 543 119 353 317 207 086 235 224 213
15 450 343 246 194 072 023 057 170 093 480 127 262 325 212 057 267 247 161
16 443 332 270 217 066 032 032 166 083 456 135 240 258 204 081 217 286 156
17 468 348 292 285 1.08 029 043 152 061 429 148 232 274 216 100 177 274 154
18 452 396 303 326 091 028 045 128 097 363 156 243 277 236 066 209 332 118
19 415 379 284 373 109 040 053 144 075 337 161 213 249 252 080 216 383 144
20 409 383 284 380 106 066 060 128 093 316 187 227 293 288 097 226 397 112
21 351 347 283 369 109 120 077 089 053 331 210 228 333 230 078 226 416 0.76
22 295 298 236 387 117 105 065 125 065 322 201 226 227 193 058 229 441 0.96
23 203 262 214 368 139 162 058 138 095 233 262 233 257 177 046 217 411 1.09
24 166 237 200 320 155 209 094 109 099 207 296 243 217 096 044 213 395 0.79
25 138 199 178 326 189 256 202 071 107 207 307 244 184 089 047 264 364 025
26 1.05 190 181 329 217 278 250 046 139 152 311 254 198 122 041 265 337 0.00
27 060 170 179 319 246 286 241 039 147 074 277 264 173 130 011 230 289 0.06
28 035 144 150 323 265 302 262 032 179 023 267 267 143 130 000 212 261 0.03
29 032 145 137 323 313 375 329 057 234 015 247 316 173 114 000 167 269 0.09
30 0.12 106 136 340 381 460 434 106 268 022 234 368 208 077 000 144 232 0.10
31 0.10 087 143 378 430 509 478 138 336 022 225 430 232 034 000 116 204 0.06
32 0.16 075 183 384 457 6.02 524 229 398 037 19 514 284 015 000 151 164 0.03
33 025 106 208 398 494 655 6.07 299 474 060 132 583 351 022 000 176 139 048
34 024 129 259 441 558 6.29 708 374 548 076 076 644 425 021 000 193 126 127
35 038 178 254 456 579 627 681 439 569 08 044 654 479 000 218 198 087 228
36 028 183 211 479 551 594 620 538 557 182 045 691 461 0.00 472 221 060 235
37 036 170 234 439 549 528 589 725 499 235 092 672 407 000 686 235 010 240
38 0.65 197 274 442 469 470 504 700 448 255 205 561 364 000 858 245 0.00 241
39 158 192 219 423 450 387 429 457 307 373 325 408 284 000 876 237 000 421
40 205 162 160 456 321 413 249 275 167 547 363 273 142 000 721 247 013 3.37
41 201 136 431 279 425 184 148 113 446 359 045 029 159 492 175 018 246
42 158 1.18 394 211 427 133 068 064 239 307 09 000 160 321 1.09 148 246
43 198 469 119 039 015 110 225 392 000 169 217 070 160 214
44 117 503 088 014 022 077 120 499 000 117 141 0.00 143 150
45 0.41 4.57
46 0.86 3.70
n.c. 0.00 000 0.00 000 000 000 000 0.00 000 000 000 000 1.04 126 1.09 000 0.00 0.00
VT 16.67 16.67 15.88 16.67 17.46 17.46 17.46 17.46 17.46 1825 17.46 1825 17.46 17.46 17.46 17.46 17.46 17.46
length

algorithm (see Sec. | €Ccould have easily included a few ment artifact, it is shown later in Sec. Il D that these two
more voxels, which would increase the measured crosssowels produced very close acoustic matches to natural
sectional area. However, it was decided not to adjust thepeech in terms of locations for formarfid andF2.

threshold value for segmentation of these small areas, but
maintain a consistent threshold throughout the vocal tract. AB
potential problem with imaging these vowels is that they are
typically not sustained for long periods of time in normal Nasal and plosive tract shapes are included in this sec-
speech(i.e., short vowels and as a result may have been tion because they both possess occlusions of the vocal tract.
more susceptible to movement artifact and blurring than thén fact, the occlusions should be analogous faf And p/,

point vowels 1, &, a, u/ which are often sustained. While /n/ and t/ and f/ and k/. Since the imaging protocol allows
such small areas may be due to measurement error or movenly static shapes to be acquired, no distinction between

. Nasals and plosives
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FIG. 10. Surface rendered shapes and area functions for riashbjsct BS. FIG. 11. Surface rendered shapes and area functions for plasivbct
BS).

voiced and unvoiced plosives can be made; i.e., the shape for

a Ip/ is considered to be equivalently useable ab/a/f/ as  ing upon the surrounding vowel shapes. The most important
/d/, etc. The airway surface renderings and area functions fanformation to take from thent/ images is the area and lo-
each of the three nasal and plosive consonants are shown éation of the nasal coupling port. The port area was mea-
Figs. 10 and 11, respectively. The significant feature in eackured to be 1.04 cfrand is located approximately 8 cm from
of these shapes is the location of the main vocal tract occluthe glottis.

sion, and in the case of the nasals, the presence of the open The h/ and / shapes exhibit a break in the vocal tract
velopharyngeal port through which air flow and acousticwhere the tongue contacts the hard palate and buccal walls.
waves are diverted. The tract occlusion for the and p/  For the h/, a small side branch cavity is created by the
occurs at the lips so that a “break” in the vocal tract shape isairspace between the location of the nasal coup(Bigm

not observed other than an apparent shortening relative to tffieom the glottis and the constriction. The cavity of air near
previously shown vowel shapes. Since the mouth is closedhe mouth termination was included only to demonstrate the
the only outlet for sound during production afi/ is through  “break” in the tract. Acoustically speaking, this volume of
the nasal cavity, which means that the entire oral cavity beair is inactive for this particular shape. Area functions for the
comes a side branch resonator. Area functions for tive / /n/ and t/ both show a widened upper pharyngeal region
and p/ demonstrate a generally uniform vocal tract shapewith an abrupt closure in the oral cavity, with th# requir-

with cross-sectional areas in the range of 2-% émthe  ing more volume than thex/. The vocal tract is also about a
pharyngeal region, followed by a slight narrowing to aboutcentimeter longer for the//than for the #/, which places the
1.5 cnf and subsequent expansion in the oral section to 4.Boint of constriction at a more anterior location. The nasal
cn? for /m/ and 2.5 crf for /p/ before closing down to zero coupling area was determined to be 1.09@nd located 8
area. This particular shape is probably due to the requiremerim from the glottis.

that the subject produce then/ while imagining that the Surface rendered airways for thg/ /and k/ are nearly
preceding and succeeding vowels would be a scmeatra) identical except for the open velopharyngeal passage in the
vowel. Had and/ or /i/ been used as the imagined “target,” /y/. The occlusion of the tract fon/ occurs at a point that is
the area function might have shown a closer resemblance foosterior enough that there is just a very small side branch
those vowels. Simulation of dynamic speech segments magavity created. The 3-D image shows an almost straight tract
require different area functions for then/ and p/, depend- from the glottis up into the velopharyngeal tube. The cou-
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length of the tract was 17.2 cm, a 44 section area function

1000 - ;’ J would be chosen to represent it since 17.46 cm is the closest

U SR * discrete length. The raw area function would first be normal-

I . e ized to 17.46 cm and then transformed to an equal interval
o &

function by fitting it with a cubic spline and then sampling
the resulting curve at equally spaced intervals. If desired, all
of the raw area functions could be normalized to one particu-
lar length so that all of the discretized functions would have,
for example, 44 sections. The effect would be a slight com-
pression of the longer area functions and an expansion of the
FIG. 12. Comparison of formant locations férl, F2, andF3 extracted shorter are.a functions. .
from LPC spectra for both natural and simulated speech. The mean value for  Equal interval(0.396825 cm area functions are shown
three separate recordings sessions of natural speech is depicted by the dia-Table 11l and should be read by assuming that the glottal
mond sympols and the error bars indicate the range. The dashed line reprand of the tract is represented by section 1 while the last
sents the simulation. section for each phoneme represents the mouth termination.
) _ The second row from the bottom of the table, labeled “n.c.”,
pling area was found to be 1.26 &mnd again located 8 cm g the nasal coupling area, which is zero for all shapes except

from the glottis. Like the airway renderings, the area func-the nasal consonants. The last row indicates the vocal tract
tions show the similarity of the two consonants. The CaV'“eSiength for each area function.

in front of the occlusion are quite different, but since this
section of the tract is acoustically inactive, it is not a signifi-
cant feature.
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C. Numerical area functions D. Comparison of natural and simulated vowel

. . . . ounds
The linear distance between consecutive oblique cros?

sections determined by E@l) is not necessarily constant A comparison of the first three formant locations ex-
throughout the vocal tract. The area functions produced byracted from LPC spectra for the natural and simulated ver-
Eqg. (2) contained 50 to 80 data points, depending on thesions of each vowel is shown in Fig. 12. The natural speech
number of iterations that were performed during the analysisounds were recorded three separate times, so that each dia-
and were spaced at intervals that ranged from 0.2 to 0.4 cnrmond shaped symbol represents the mean formant values of
The wave-reflection algorithm discussed in Sec. Il A requireghe three sets while the error bars indicate the range. The
that each area function be discretized at equal length intedashed line passes through the simulated values.

vals and the length of the final area function must be an even The first formants extracted from the simulations show,
integer multiple of the length interval. To transform the eight out of the twelve vowels falling within the range of the
“raw” area functions determined by Ed2) into a usable natural speech, while the remaining four vowels were posi-
form for the speech simulation, they were first normalized tationed outside the range. For five of the vowels, the second
a discrete length that was close to their measured length. formants from the simulations fell within the natural speech
wave-reflection-type model dictates that the length of eaclange while the other seven fell outside the range. Similarly,
finite section of the area function be equal to the speed athe third formants show five vowels positioned within the
sound divided by two times the sampling frequency. For thigange of the natural speech, but significant deviations from
study, the length interval was chosen to be 0.396825 cmmatural speech are observed fot /o/, /3/, and 1/. The large
which results from using a sampling frequency of 44.1 kHzrange shown for the third formant o/ was an artifact

and a speed of sound equal to 350 m/s. If the measurethused by the second and third formants merging in one of

TABLE IV. First three formants from natural recorded speech and simulated speech based on the area functions
given in Table Ill. The superscript “N” denotes the natural speech and “S” the simulated versionAShe
represent the percent error of the formants from simulated speech relative to the mean value of the natural
speech formants.

i I € @ A a k) o) U u 3 1

F1N 333 518 624 692 707 754 654 540 541 389 500 348

F2N 2332 2004 1853 1873 1161 1195 944 922 1045 987 1357 1250
F3N 2986 2605 2475 2463 2591 2685 2739 2584 2568 2299 2124 2785
F1S 337 499 621 732 689 738 618 461 461 356 559 500

F25 2340 1894 1795 1689 1159 1093 958 861 877 1108 1431 1127
F3% 3158 2388 2436 2370 2454 2757 2195 2217 2596 2334 2206 2574
Al 1.3 3.7 0.4 5.8 2.5 2.1 5.5 14.6 14.7 8.5 11.7 43.6
A2 0.4 5.5 3.1 9.8 0.2 8.5 14 6.6 16.2 12.3 5.5 9.8
A3 5.76 8.3 1.6 3.8 5.3 2.7 19.9 14.2 1.1 15 3.9 7.6
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FIG. 13. Comparison of the area functions for subject(88id) with Baeret al. (1991 area functions for subjects T@ong dashefland PN(short dashed
(@ fil, (b) Il (c) lal, (d) lul.

the recorded cases so that formant peak picking algorithrplaced from the natural speech in the direction of a neutral
skipped to the next formant and reported it as the third. Sim{schwa vowel formant structurgi.e., F1, F2, F3~500,
ply by chance, the mean value of the third formant fidr / 1500, 2500 Hy. For example, the second formant for the
deviated from the simulated version by only 11%. The truesimulated #/ is displaced from the natural speech mean
deviation in this case was much greater. value of 1873 Hz down to 1689 Hz; movement toward a
The data presented in Fig. 12 is tabulated in Table IV.more neutral 1500 Hz. In addition, the third formants fiy /
along with the percentage error for the simulations relative 19¢/. Jzel, A, I, lol, and I/ are all displaced from natural
the mean formant values of the natural cases. ACross allheech in the direction of 2500 Hz. This suggests that the
vowels and formants, percentage errors range from 0.20% 1q hiect(BS) tended to centralize the production of vowels
43.6% with the majority below 10%. The largest error of y,iing the MR imaging sessions. The vowel centralization
43.6% occurred in the first formant folf./ This is not sur- could be due to fatigue of the articulatory musculature as

prising considering that the oral cavity id/, with the [ateral well as listening fatigue of the aural system. Fatigue effects
air spaces, was far more complex than any of the other

shapes, thus more susceptible to measurement error. In fagtr,e quite possible, since th?.MRI protocpl required the sub-
one could argue that all tannot be adequately described byJeCt to p.rc-)duce many repetitions of a given vowapprox.
a simple area function implemented in a one-dimensiona?30 repetlltlons .for each vocal f[ract shaplelowe\{er, anothgr
acoustic model. However, the second and third formantgbservatmn with respect to Fig. 12 is that neither the simu-
both were in error by less than ten percent so that the meé@t_ed i/ or /a/ vowels show centralizing effects. In fact_, the
sured area function should not be entirely disregarded. Thiird formant of i/ and the second formant oé//are dis-
simulation of the two vowelsg/ and b/, both produced for- placed in the opposite direction of a neutral vowel. It is pos-
mant locations foF 1 andF2 which deviated from the natu- Sible that the intermediateshory vowels may require more
ral speech by less that 6%. The presence of a very smallrécise muscular control to maintain the appropriate formant
cross-sectional area in these two area functions at approxgtructure than the extremé& and &/ shapes;i/ and &/ are
mately 2 cm from the glottis was discussed in Sec. Il B. “asymptotic” positions that have physiologically imposed
A study of Fig. 12 reveals that, for many of the simu- constraints or boundaries. In general, the MRI based area
lated vowels, the second and third formants tend to be disfunctions may be somewhat centralized and should be con-
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sidered to be an average shape over many productions of the
same vowel.

- subject BS —— =
Yang & Kasuya --- _]

E. Comparisons of area functions with previous
imaging studies

At this point it is of interest to compare the area func-
tions reported in the present study with those given in several
previous publications. In the following discussion, whenever .
reference is made to “subject BS” the reader should assume e o 1
this to mean the area functitsh from the present study. S S (cml)“ 16 18 20

Figure 13 shows a graphical representation of the dis-
cretized area functiongiven in Table Il) for the vowels i,

@, a, u/ superimposed with the area functions reported by (a)
Baeret al. (1991 for the same vowel§wo subjects To be
analogous to the area functions in the present study, the Baer
et al. area functions have been plottedthout the contribu-
tions of piriform sinuses as indicated in Table | of their paper
(p. 811. The area functions for each vowel show the same
general shapes but demonstrate obvious individual differ- &
ences. Theil vowel in Fig. 13a) for subject BS is smaller §f
than the Baeret al. area functions in every region of the <
vocal tract except close to mouth termination where it is
slightly larger than that for subject TB. This characteristic
might suggest that the areas in the present study were under-
estimated. But thead/ area function[Fig. 13b)] is larger o 2 4 GDistaniefmlfGloéfs (cm1)4 16 18 20
throughout nearly all of the tract than that for subject PN and
mostly smaller than the same vowel for subject TB. In thle /
area functiongFig. 13c)] the BS version is smaller than (b)
both TB and PN in the pharyngeal region but larger than
both in the oral cavity and at the mouth termination. Tine /
[Fig. 13d)] is similar for all three subjects except that the BS
version has a tighter constriction in the middle part of the
tract. In general, across all four vowels, the constricted parts
of vocal tract are smaller in the BS area functions. In par-
ticular, the region just above the laryf® to 3 cm) seems to
always have smaller cross-sectional area than the &aalr
area functions. The reasons for this could be an underestima-
tion of the areas due to the image processing techniques that
were used or it could simply be an individual anatomical

. . 0 2 4 6 8 10 12 14 16 18 20
difference. However, it should be noted that, based on the Distance from Glottis (cm)
height and weight information given in Sec. | A, the subject
BS is not a large person. Thus small cross-sectional areas in

. (c)

the vocal tract may not be entirely unexpected.

Figure 14 shows the discretized area functions for the
vowels i, a, u/ along with the area functions given in Yang FIG. 14. Comparison of the area functions for subject(8@id) with Yang
and Kasuyg1994 for an adult male subject. Again the gen- and Kasuya1994 (dasheit (a) /i/, (b) /a/, () ful.
eral shape for each vowel is similar, as would be expected,
but individual differences are apparent. The glottal €ad
cm) of each of the Yang and Kasuya area functions has an In addition to an extensive analysis of the nasal tract,
area 0.5 to 1.0 cfilarger than the corresponding BS version. Dang et al, 1994 also presented vocal tract area functions
The major constrictions are again smaller for the BS aredor the nasal consonantm/ and h/. The numerical values
functions but interestingly the front and back chambers forfor these area functions have been estimated from their Fig.
the &/ vowel are on the order of 2 darger than for the 13 (p. 2097 and are shown with then/ and h/ area func-
Yang and Kasuya version. This was not the case when comntions for subject BS in Fig. 15. Then/ [Fig. 15a)] for both
parisons were made with the Bagtral. area functions. One subject BS and the Dargf al. study exhibit a back chamber
interesting aspect of the Yang and Kasuya data is thatithe /in the pharynx with a cross-sectional area of about 3.5 cm
vowel has a longer vocal tract length than either thieof the  This region extends from a point approximately 2 cm from
/ul. In the present study and the Baetral. paper, thed/  the glottis out to the 8-cm point in the Damg al. area func-
vowel has the longest vocal tract length. tion while the same region would be roughly defined to be

Area (cm2)
D =N W R AN e O
1
5
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1

T 7 T T T T T T T
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et al. (1994 (dashet (a) /m/, (b) /n/. 2L YRS —
] ant —--
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between 2 and 10.5 cm from the glottis for subject BS. Both £ AN / \
. . . - ! -
area functions also show an expanded oral cavity which % 6 ! '\
. . - ! -
reaches a cross-sectional area of 8 émthe Danget al. orod \
. . . -l
version but only 4.8 cffor subject BS. The point of tract 2 SN2 N -
closure occurs 1 cm farther from the glottis for subject BS 0 i Tamwraym— 18‘-’ ”
than for the Danget al. area function. In Fig. 1), the Distance from Glottis (cm)
overall shapes of then/ area functions are quite similar. The
areas vary between about 1 and Fémthe region from 3 to (©)

11 cm above the glottis. The point of closure is approxi-

mately 0.2 cm farther from the glottis for the Daegal. area

funCtl.On than for supJeCt BS. . FIG. 16. Comparison of the area functions for subject(B8id) with Fant
Finally, comparisons of the vowels, &, u/ from Fant (1960 (dasheit (a) /i, (b) /o, (c) Iul.

(1960 with those of subject BS are shown in Fig. 16. For all

of the vowels, the areas given by Fant seem to be quite large

in comparison to those for subject BS and are also largéV- CONCLUSION

when compared to the Baet al. and Yang and Kasuya area

functions. The areas in the pharyngeal region for the vowe{

/il are approximately 5 cfrlarger for the Fant version than plosives. The 3-D image sets were segmented to extract the
for the previous study. The Fant area function fofis al-  4invay which in turn was analyzed to find the cross-sectional
most uniformly larger across the entire vocal tract while thegzreg as a function of the distance from the glatti®ng the

lu/ shows exceptionally large front and back chambers thajong axis of the vocal tragt This experiment has provided
are on the order of 3 to 7 cniarger than the BS version. The qualitative and quantitative information about the vocal tract
Fant 41/ is also more than a centimeter longer than that forshape. The 3-D surface renderings of the various vowel con-
subject BS. figurations are a helpful aid in visualizing the effect of ar-

MRI has been used to volumetrically image the vocal
ract airway of one male subject for 12 vowels, 3 nasals, and
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ticulator positioning on resultant vocal tract shape. The nu- ‘
merical area functions provide a speaker-specific inventory ﬁ §\
of vocal tract configurations that can be used as input for a

speech simulation system. However, since the acquisition of
the image set representing each vocal tract shape required
many repetitiongapprox. 30 repetitionsthe area functions
need to be considered as an “average” shape for a particular
vowel or consonant. Due to the large number of repetitions,
some fatigue of the articulatory musculature would be ex- Axial Slices
pected and as a result, the tract shapes may be somewhat
centralized; i.e., fatigue effects may tend to slightly move the /
vocal tract toward a more neutral or schwalike shape.

The extracted area functions were used as input to a
computer model of one-dimensional acoustic wave propaga- FIG. AL. Schematic diagram of tubular phantom.
tion in the vocal tract. The simulated speech sounds were
compared, in terms of formant locations, to recorded naturahaq a cross-sectional area of 1.14%ifonly the air was
speech of the subject was imaged. Results indicated that thgnsidered and 1.98 &if both the tube walls and air were
formant locations were reasonably well represented but somgc|uded. Both of the end pieces had a 2.45*cnoss section
of centralizing effects mentioned above were observed.  for ajr only and a 3.88-cficross section for both tube and

The area functions for several vowels and nasal consosjr, Because of the phantom geometry and its positioning in
nants obtained in this study were compared to those given ithe scanner, accurate cross sectional area could not be ob-
four previous imaging studies of vocal tract shape. The varitained from area measurements in a single slice. True area
ability in the area functions observed across these studies aggyid only be obtained if the analysis software adequately
likely due to differences in imaging techniques and proceextracted appropriate oblique sections from the volumetric
dures, image processing and analysis, and, maybe most innage data set.
portantly, anatomical and physiological differences of the  The scans consisted of a series of contiguous, parallel,
subjects who were imaged. The general shape of each vowglia| slices that included the entire phantom volume. An
is similar while the details maintain uniqueness. This means,xia| slice refers to the image plane perpendicular to the axis

for example, that thea/ vowel area functions compared in of the cylindrical phantom chamber. The slice thickness was
Sec. Il E could all be used to generate ahgound but each 5 yym.

would possess a unique vowel quality or formant structure.
Measurements of the nasal tract, trachea, and fricativd:- Phantom measurements

consonants will be presented in the future to augment the  The image sets for the phantom were segmented, inter-
data set presented in this paper. A more extensive presentgolated, and analyzed using the methods described in Sec. I.
tion of speech modeling using these area functions is alsghe set of images does not show the plastic tubing or the air,
planned. Additional work is needed to collect vocal tractsjnce hydrogen is not present in either substance.
shape inventories for more subjects. In particular, there exists  Table Al shows the known cross sections of the large
little morphological information regarding the female vocal and small tubestube 1 and tube 2, respectivilihat make
tract and some future studies should be directed specificallyp the phantom along with the cross sections that were mea-
at acquiring an area function inventory for female subjects.sured using the image analysis methods. The measurement
overestimated the cross-sectional area of the larger tube by
ACKNOWLEDGMENTS 1.5%. However, measurement of cross-sectional area of the
. small tube was underestimated by nearly 10%. Since the
idi Theh agthprls woulq like to thank (“;arol Grr]gcr::o fo; prol- boundary of a region of interest cz)i/nnot bi determined any
viding the Initial scanning parameters from which we EVELcloser than+1/2 a voxel around its perimeter, the resolution

. . . the MR image sets would produce a larger uncertainty in
for their helpful suggestions and comments. This study WaR easurement of the region area than would a finer voxel

?upplolrte?_tlnt part b% G]Eant No. (I:E(B)(ihDC?:OWG fro_mtt_he gf}resolution. For a large tube, the voxels on a region boundary
(;?g;s nstitutes on Leainess an er Lommunication IS 5u1d contain a small fraction of the total region area, con-

tributing a small percentage error in area measurement.
However, the error in measuring the area would be expected

2.45 cm2, air only
K3.88 cm2, air+tube

Parallel,
Contiguous,

1.14 cm2, air only
1.99 cm2, air+tube

APPENDIX: PHANTOM STUDY

To test the accuracy of the image acquisition and al,]a|y'_|_'ABLE Al. Known and measured cross-sectional areas of phantom sec-
sis process, a tubular phantom of known dimensions wag"™
imaged in the MR scanner. The phantom consisted of a MRI Tube 1(crd) Tube 2(cn?)
three—sgction system of hQIIoVair—fiIIed) plastic tubes con- A & ube wall known 368 199
nected in a stair-step faghlon. The t.ube systgm was seale_d ,@iasured MRIYimage 3.94 18
both ends and mounted in a water-filled plastic chamber witk;, grror 1.5% 9.5%

a 6-in. 0.d.(Fig. Al). The middle section of the tube system
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