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Magnetic resonance images of the vocal tract during sustained production of the fricatives/s, •, f, 0, 
z, 3, v, 6/by four subjects are analyzed. Measurements of vocal-tract lengths and area functions, and 
morphological analyses of the vocal tract and tongue shapes for these sounds are presented. 
Interspeaker differences in area functions are found to be greater in the pharyngeal cavity than in the 
buccal cavity with the nonstriden: fricatives exhibiting greater differences than the strident ones. 
The anterior tongue body of the alveolar stridents exhibit concave cross-sectional shapes while that 
of the postalveolars show a relatively raised tongue body with fiat or slightly convex cross-sectional 
shapes. The concave tongue shapes of the alveolars result in a more abrupt area function behind the 
constriction when compared to that of the postalveolars. Laminality or apicality of articulation is 
found to be speaker dependent. Moreover, a greater degree of anterior roedial grooving and lateral 
lingua-palatal contact is found in apical alveolar fricatives than in laminal ones. The posterior 
tongue body of all fricatives shows concave cross-sectional shapes. Voiced fricatives are 
characterized by larger pharyngeal volumes than the unvoiced fricatives due to tongue-root 
advancement. Tongue-shape asyr•metries arc found to be subject and, in some cases, sound 
dependent. ̧ 1995 Acoustical Society of America. 

PACS numbers: 43.70.Aj, 43.70.Bk, 43.70.Jt 

INTRODUCTION 

Knowledge of the 3-D geometry of the human vocal 
tract is an important factor in modeling speech production. 
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 (SNR) and are amenable to computerized 3-D modeling 
of the vocal tract. The low image sampling rate (i.e, high 
acquisition time), however, has restricted MRI use to the 
study of sustained speech sounds, correspcnding to "static" 
tract shapes. Previous MRI studies have been mostly limited 
to vowels (Baer et al., 1991; Moore, 1'992; Greenwood et al., 
1992) and nasals (Dang et al., 1993). In this paper, a detailed 
analysis of the vocal tract geometry obtaired from MR im- 
aging in axial, coronal and sagittal planes. of the fricatives 
/s, ,[, f, 0, z, 3 v, 6/in English is reported. 

A. Fricative mechanisms 

Fricatives are produced by the lbrmation of a narrow 
supraglottal constriction in the vocal tract and the generation 
of turbulence in the region downstream from the constriction 
when air flows through the vocal tracl: (Fant, 1960; Stevens, 
1971). The generation of turbulence ,occurs near the vocal- 
tract walls and/or the teeth which may act as an obstacle to 
the airflow. Catford (1977) classifies these mechanisms as 
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channel turbulence (jet emerging from a constriction) and 
wake turbulence (jet impinging on an obstacle). In addition 
to turbulence, the vocal folds may vibrate, at least for part of 
the frication period, as in the case of the voiced fricatives. 
The eight ti'icative consonants in English, specified in terms 
of their place of articulation in unvoiced-voiced pairs, are: 
The labiodentals /f/ and /v/, interdentals/0/and/6/, alveolars 
/s/ and /z/, and postalveolars /,[/ and /3/. The aerodynamic 
behavior in the alveolar and postalveolar fricatives manifest 
more wake turbulence characteristics, and are often referred 
to as sibilant or strident fricatives. The labiodentals and in- 

terdentals, on the other hand, exhibit more channel turbu- 
lence, and are often referred to as nonsibilant or nonstrident 

fricatives. Turbulence generation, or source mechanisms, for 
fricatives are, however, not completely understood. An ar- 
ticulatory and acoustic description of fricatives in different 
languages is found in Ladefoged and Maddieson (1986). 

In pre',ious studies, information regarding the vocal tract 
geometry of fricative consonants has been mainly derived 
from lateral x-ray data (Perkell, 1969; Subtelny et al., 1972; 
Badin, 1'991). Midsagittal profiles of sibilants were found to 
exhibit greater consistency across varying phonetic contexts 
in mandible and tongue positions when compared to pharyn- 
geal shaping and lip opening (Subtelny et al., 1972). A ten- 
dency toward increased pharyngeal volumes was observed in 
the voiced sibilant /z/ when compared to the unvoiced /s/ 
(Perkell, 1969). The main li•nitations of x rays include radia- 
tion risks and difficulty in accurately deducing the cross- 
sectional morphology from mid-sagittal profiles. Other tech- 
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niques such as ultrasound (Stone etal., 1992), static 
palatography (Ladefoged, 1957), and dynamic electro- 
palatography (Fletcher et al., 1989; Hardcastle and Clark, 
1981; Hoole et al., 1989) can also provide important articu- 
latory information. Palatographic studies have revealed a 
more posterior and wider constriction for/•/when compared 
to/s/. Lateral x rays, palatographic data, and ultrasound data 
have suggested cross-sectional tongue grooving in English 
alveolar fricatives. Other studies have documented intersub- 

ject variabilities in the apical versus laminal manner of ar- 
ticulation for strident fricatives (Dart, 1991). Articulatory 
asymmetries have also been observed in sibilant productions 
(Hamlet et al., 1986; Stone et al., 1992). Lingual asymme- 
tries in normal consonant articulations are, in fact, wide- 
spread across different sounds and languages (Marchal et al., 
1988). None of these studies, however, provides a descrip- 
tion of the entire vocal tract during the production of frica- 
tives. MR imaging, on the other hand, could be used to ob- 
tain a detailed description of the vocal tract; such 3-D 
geometry is crucial for modeling fricative production mecha- 
nisms (Shadle, 1991). 

I. METHOD 

A. Subjects 

Four phonetically trained, native American English 
speakers [two males (MI, SC) and two females (AK, PK)] 
served as subjects. Subjects AK and MI, both in their twen- 
ties, were raised in Northern California and have spent the 
past seven years 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 during her first three years, and 
in the Boston area through her thirties. Since then she has 
been in the Los Angeles area. 

B. Image acquisition 

Magnetic resonance (MR) images were collected using a 
GE 1.5 T SIGNA machine with a fast SPGR (radio frequency 
spoiled GRASS) protocol (TE--4.0 ms, TR--12.6 ms, 
NEX=2, FOV=20 or 24 cm). The image slice thickness was 
3 mm with no interscan spacing. Each image was repre- 
sented by a 256X256 pixel matrix, yielding a resolution of 
0.0088 cm 2 per square-pixel for an FOV=24 cm (about 
0.094 cm/pixel-edge). During. scanning, subjects assumed a 
supine position. A special head-neck coil, by Medical Ad- 
vances, which helped maintain the subjects' heads in a fixed 
position, was used to enhance the SNR of the images. In 
order to provide a convenient reference to key anatomical 
landmarks in the vocal tract region, tracing of a sample mid- 
sagittal MR image of the vocal tract for the vowel/aJ spoken 
by a male subject is shown in Fig. l. 

The scanning region for the coronal and axial planes 
included the region between the lips and the posterior pha- 
ryngeal 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 axial 
scans were aligned to be approximately perpendicular to the 
vocal-tract midlines, in the buccal and pharyngeal regions, 

FRONT REGION 

mandible 

hard palate ='. 

BACK 

REGION 

FIG. 1. Tracing of the mid-sagittal profile of the vocal tract during the 
production of the vowel /a/ (subject MI) highlighting landmarks used for 
length measurements. 

respectively, based on a mid-sagittal localizer image for each 
subject. Similarly, the scanning region for the sagittal plane 
was based on axial and/or coronal 1ocalizer 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. During scanning, the speakers sustained each 
consonant for about 13-16 s enabling four to five image 
slices to be recorded (about 3.2 s/image). The consonants 
were produced in a VC context with the neutral vowel/o/. 
The subjects repeated each sound six to nine times, with a 
pause of 3 to 10 s between repetitions, to enable the entire 
vocal tract to be scanned. Verbal communication was main- 

tained with the subjects through an intercom system. 
The data used in this study were collected over a period 

of six months using the same scanner at the Cedars-Sinai 
Medical Center (Los Angeles). Pilot studies along with cali- 
bration experiments preceded the actual data collection by 
three months. Each subject was scanned in different sessions 
on different days. Scanning o'f.e'hch subject in any one par- 
ticular plane (axial, for example), was completed within the 
same session, which typically lasted for about 1-} to 2 h. 
Scanning in each of the three orthogonal planes was carried 
out in different sessions. In addition to fricatives, the data set 

also contained vowels and liquids. 

C. Image analysis 

The data were processed on a special-purpose MR im- 
age processing workstation (ISG-Allegro, Silicon Graphics 
based system). All data processing was performed by the first 
author in a dark radiology reading room. Image processing 
was performed in several steps. The first step involved seg- 

-menting the regions of interest in the image. Preliminary 
segmentation of the vocal tract airway was achieved using an 
automatic thresholding procedure that relies on the contrast 
between the airway and the surrounding tissues (the airway 
appearing relatively darker than most of the surrounding soft 
tissue). Due to variabilities and complexities in the vocal- 
tract morphology (for example, the lower-pharyngeal and la- 
ryngeal regions) and nonuniformities in the image contrast 
(for example, regions near the teeth) automatic thresholding 
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procedures may frequently be insufficient and/or result in 
erroneous segmentation. Hence, automatic thresholding was 
followed by a careful verification of the selected regions in 
each image, and appropriate boundary corrections were made 
manually. Various aids such as radiology/anatomy atlases 
(Schnitzlein and Murtagh, 1990), and dental casts of the sub- 
jects were used to ensure accurate segmentation. Following 
segmentation, three dimensional reconstruction of the entire 
vocal tract, or specific regions such as sublingual cavities 
and pirifonn sinuses, were made by computer-aided concat- 
enation of the selected regions of interest. Length, area, and 
volume measurements were made directly fiom any specified 
region of interest in the raw and/or reconstructed 3-D images 
using a pixel counting algorithm. Images scanned from a 
particular plane (coronal, for example) could be used to ob- 
tain cross-sectional information along ary other desired 
plane (arbitrary oblique sections, for example) through com- 
puterized image reformatting. Such a procedure, however, 
results in the degradation of image quality when compared to 
the original scans. 

In this study, coronal and axial scans •3xe used to mea- 
sure and analyze the cross-sectional areas and morphology of 
the "front" region (buccal cavity extendin• from the lips to 
the posterior pharyngeal wall) and "back" region (pharyn- 
geal cavity extending from the uvula to the beginning of the 
trachea), respectively. 

D. Area function and length measurem•nts 

Cross-sectional areas were directl[y measured from the 
coronal and axial scans to provide infbrmation on the front 
and back regions, respectively. Due to the slight curvature of 
the vocal tract in the front and back regions, the area values 
obtained from the raw coronal and axial slices differed from 

those measured along the planes perpendicular to the midline 
of the vocal tract by approximately a cosne factor of the 
angle between the two planes. Nevertheless. since the curva- 
ture is small, the raw coronal and axial scaas still provide a 
fairly accurate representation of the front and back regions, 
respectively. Area-function estimates in previous studies 
have relied on a similar assumption (Ladefoged et al., 1971; 
Mermelstein, 1973; Baer et al., 1991). Raw ,zoronal and axial 
scans, however, do not yield useful area information along 
the vocal tract's bend and image reformatting becomes un- 
avoidable. Since mid-sagittal profiles provide the most con- 
venient reference for specifying grid locations for perform- 
ing area calculations, sagittal scans are chosen for area 
calculations from reformatted images, particularly along the 
vocal tract bend. Mid-sagittal data are', alsc. used for length 
measurements. 

Our calibration experiments indicated [hat, on average, 
overestimated errors in area measurements :?rom raw images 
ranged between 2%-8%; errors in volun•e measurements 
ranged between 1.3%-8.0%, and the averag• error for length 
was 3.4%. In general, measurement of smaller dimensions 
resulted in larger errors. Errors in the area measurements 
from reformatted sections ranged between 3 %-10%. Details 
regarding the calibration experiments are given in the Ap- 
pendix. 

I. Coronal measurements 

Analysis of the front region yields important information 
regarding the fricatives' constriction geometry and cross- 
sectional tongue shapes. Coronal sections in the buccal cav- 
ity beginning at the lips and ending near the posterior edge of 
the back of the tongue body, showing no pharyngeal sec- 
tions, were considered for area-function measurements in the 
front region. The number of sections considered for area cal- 
culations differed slightly depending on the subject's 
anatomy and sound produced. 

Estimates of the minimum supraglottal constriction area 
(A•.) were obtained directly from raw coronal scans. Al- 
though the image slice corresponding to A c gives an approxi- 
mate indication (within -+3 mm) of the location of the con- 
striction (x,:), a more accurate x• estimate could be made 
from the mid-sagittal profiles, as is described in Sec. II D 3. 
Areas and volumes of the sublingual cavities, such as those 
observed during the productions of/j7 and/3/, were also mea- 
sured. Airway areas below the tongue surface that were dis- 
tinctly separated from those above the tongue surface, ob- 
served in the coronal sections of the front region, were 
identified as sublingual cavity components. Volumes were 
obtained by 3-D reconstruction of these sublingual compo- 
nents. 

Two problems were faced when calculating the cross- 
sectional areas in the front region: 

(1) There were difficulties in specifying the boundaries 
at the regions sideways to the lips, typically in the first sec- 
tion through the lips. In most cases, however, approximate 
boundaries could be specified based on the upper and lower 
lip boundaries. Frames from a video tape of the front and 
sides of the mouth, recorded from the subjects on a later 
date, were also used to aid in the segmentation of the lip 
areas. Video recording was done while subjects assumed a 
supine position similar to that assumed inside the MRI scan- 
ner. 

(2) Unclear teeth boundaries with respect to the airway 
also posed problems, particularly in the anterior part of the 
front region. Several measures were undertaken in an attempt 
to enhance the contrast between the teeth and the airway. 
These measures included smearing the teeth with mineral oil, 
with a thin coat of paraffin wax and with a paste of of about 
1 cc of GD (gadolinium) in about 30 cc of a Barium Sulfate 
Esophageal cream (EZ-paste). None of these measures 
yielded satisfactory results. Hence, we relied on measuring 
the dimensions of the oral structure, such as teeth sizes and 

the distance from the incisors to the alveolar ridge using 
precision callipers from each subject's stone dental casts 
(Baer et al., 1991). Dental impressions, made nsing Alginate 
Plus dental material from casts, were used to obtain cross- 

sectional slices in both coronal and sagittal planes, at ap- 
proximately 3-mm intervals. Outlines of these sections were 
then carefully traced on paper. Separate tracings of the upper 
and lower teeth, together with clearly visible structures such 
as the teeth roots, mandible, and palate were also made from 
coronal MRI scans where the tongue was kept braced against 
the inner teeth boundaries, thereby enabling a fairly easy 
segmentation from the airway. As a first cut, segmentation at 
the teeth boundaries was carefully made by following the 
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/f/N[ /th/ HI 
NgV (•) HSV (b) 

my (0 
HSV 

FIG. 2. Mid-sagittal profiles of the vocal tract during the produclion of (a) If/, (b)/0/, (c) Is/, and (d) /•/ (subject MI). Note that in this and subsequent figures, 
the scanner labels use ARPABET notation such that hh/refers to/0/, and Ishl refers to/•/. 

gingival outline and employing knowledge of each subject's 
oral structure and measurements obtained from dental casts 

and dental impressions. The next step involved the use of the 
templates obtained from the teeth tracings to improve the 
segmentation accuracy. Measurements obtained from dental 
casts and impressions were particularly useful in the front 
teeth region while the tracings obtained from MR[ scans 
were required in the region behind the alveo]at ridge. 

Three-dimensional tongue shapes were constructed fi'om 
coronal scans: Tongue outlines for each sound were seg- 
mented from the corresponding coronal scan set and used for 
computerized 3-D reconstruction. Fairly accurate tongue- 
shape representations were possible due to the availability of 
closely sampled, contiguous image sections (3 mm thickness, 
no interscan spacing). 

2. Axial measurements 

Areas in the back region were calculated fi-om the first 
effective slice in the uvular region, the slice appearing dis- 
tinct from the buccal cavity, to the beginning of the trachea 
(typically at the mid-level of the interve]tebral disk between 
the fifth and sixth vertebra). The area calculations in the back 

region pose problems due to the appearance of several cavi- 
ties that result fiom various tissue structures such as the 

uvula, epiglottis, and vocal folds, along the vocal tract air- 
way. [u an attempt to make the area calculations in a system- 
atic manner. the back region was divided into several zones: 

1. Uvu/ar regio.: This region is defined from the first 
effective axial section up to the section where the 
uvula disappears. 

2. Upper-pha•3'.geal regio.: This region is defined 
from the end of the uvular region to the section where 
the presence of the epiglottis is marked by the ap- 
pearance of its crescent-shaped free margin. This re- 
giou shows no cavity divisious and area calculations 
are straightforward. 

3. Lower-pharyngeal regio.: This legion is defined 
from the end of the upper pharyngeal region to just 
before the section where the side pirilb•m sinuses are 
completely separated by the interarytenoid eminence 
into distinct cavities with respect to the central laryn- 
geal vestibule. In the initial sections of this region, 
cross sections may reveal a small anterior epiglottic- 
vallecular contribution separated from the relatively 
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/v/ #! 
/ h/HI 

lt/#I /•h/'#l 
NSV (c) N3V (d) 

FIG. 3. Mid-sagittal profiles of the vocal tract during the production of (a) Iv/, (b)/6/, (c)/z/, and (d) /3/ (subject MI). Note that in this and subsequent figures, 
the scanner labels use ARPABET notation such that Idhl refers to 161, and I•hl refers to/3/. 

In 

larger pharyngeal airway by the medial glossoepig- 
lottic folds. The pharyngeal airway may show further 
cavity divisions due to the presence of the phatyn- 
goepiglottic folds. Toward the end of this region, the 
vallecular contributions disappear and the laryngeal 
inlet with the recesses of the piriform sinuses, still 
connected to the central cavity, appear. The aryepig- 
lottic folds progressively get thicker as the glottis is 
approached, thus increasing the separation of the piri- 
form sinuses from the central lm'yngeal vestibule. 
Measurements of these areas are not straightforward 
due to the connected-cavity structures. 
Lao,ngeal region: This region is defined from the end 
of the lower-pharyngeal region to the section where 
the pitiform sinuses disappear. In this region, the piri- 
form sinuses appear distinct from the central glottal 
airway. 
Subglottal region: This region is defined from the end 
of the laryngeal region to the beginning of the tra- 
chea, typically up to the mid-level of the interverte- 
bral disk between C5 and C6. 

general, the area of each individual cavity was mea- 

sured separately. In the lower-pharyngeal region, the bound- 
aries of the pitiform sinuses which remain connected to the 
glottal cavity, were approximated by drawing a line along the 
aryepigiottic l•)ld ending at the center of the posterior edge 
of the pharynx. The volumes of the left and right piriform 
sinuses were made fi'om the corresponding three- 
dimensional reconstructions. 

To enable comparative graphical analyses across the 
various sounds and subjects, a simplified representation of 
the area function is presented. Areas up to the !atyngeal inlet, 
defined by the section showing the complete separation of 
the pitiform sinuses by the interawtenoid eminence, are in- 
cluded. Furthermore, the "eflbctive" area of the airway is 
obtained by a simplification of the morphology: Subtracting 
tissue areas, such as the uvula, and the various epiglottal 
folds, from the total pharyngeal cavity areas. 

3. Sagittal measurements 

Sagittal scans were used for the following: 
(1) Mid-sagittal profiles were used for various length 

measurements; a satnple mid-sagittal profile tracing showing 
relevant anatomical landmarks and the details of the various 
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/s/ M! ½ • /s/ M! (c) 
JD VT (AV) 3D VT ½RLV) 

lip openlng lip 
opening 

constrict Ion 

pt r• form 
sinuses 

trachea 

/s/ M! (b) / / aT 
30 VT (PV) 3D • CLLV) 

pharynx cons trl etlon 

p I rl t:orm 
sinuses 

trachea 

FIG. 4. A 3-D model of the vocal tract during the production of/s/(subject MI) reconsh ucted fi'om conreal scans. (a) AV anle•io• view. (b) PV--poste•ior 
view. (c) RLV--dght lateral view. (d) LLV left lateral view. 

length measurements described in this section is shown in 
Fig. 1. Let L and U mark the anterior-most points of the 
upper and lower lips, respectively. Let S mark the superior 
point on the rear pharyngeal wall, just behind the uvula. 

(a) The length of the vocal tract (Ivr) is defined to be 
the distance measured along the midline of the vocal 
tract, beginning at the midpoint of the line joining U 
and L to the midpoint of the perpendicular line in- 
tersecting the trachea at the mid-level of the fifth 
vertebra (C5). 

(b) Length of the front region (IF/O is defined to be the 
horizontal distance between U and S. 

(c) Length of the back region (IBR) is defined to be the 
vertical distance between the tangent at the superlin- 
most point on the hard palate to the line perpendicu- 
larly intersecting the midline of the trachea at the 
level of C5. 

(d) Vertical lip opening (lvo) is defined to be the length 
of the line joining U and L. 

(e) Location of the supragiottal constriction (x•) is de- 
fined to be the distance measured along the midline 

from the midpoint o1' the linc joining U and L to the 
point of minimum supraglottal constriction. 

(2) Sagittal scans were t'efo• matted to obtain cross sec- 
tions along planes orthogonal to the midline of the vocal 
tract bend and used for arezt function calculations in that 

region. Mid-liue tracing on the mid-sagittal profiles corre- 
sponding to each sound of each speaker was first obtained 
based on computer-aided visual estitnates: A number of ap- 
proxi•nately orthogonal sections were marked along the en- 
tire length of the vocal tract. and their respective mid-points 
were identified based on the evaluation of the corresponding 
(tnid-sagittal) widths. The desired ,slice locations tbr refor- 
matting were then marked on these mid-sagimtl retirerice 
profiles, approximately at about 3 to 4-ram interval, for the 
whole length of the vocal tract, yielding a total of about 45 to 
50 slices. Cross sections ahmg these new locations were then 
obtained by retbrmatting the raw sagittal image slice set cor- 
responding to each sound. The option of i,•teractively obtain- 
ing cross sections at any specified location, and along any 
arbitrary plane, served as a valuable tool in the analysis of 
cross-sectional morphology. 
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(a) 
30 Vr CRLV) 3D VT (R[V) 
f (•K) th (PK) 

1 ip 
openln•l / 

Iip opening 

(c) 
30 VT (RI V) 

30 VT (R[V) 
sh CPK) 

s (PK) 

11p 
openinq l•p 

open1 ng 

FIG. 5. A 3-D modeI of the vocal tract (right lateral view) fi)r the unvoiced fricatives (subject PK): (a)/f/, (b)/St, (c) Isl, (d) I•l. 

(3) Mid-sagittal MRI data could be used for comparative 
analyses with published mid-sagittal tracings from x-ray 
data. 

II. MORPHOLOGICAL ANALYSIS 

Morphological analysis of the vocal-tract shapes was 
pen formed in several steps. First, overall tract shapes were 
analyzed using mid-sagittal profiles and complete 3-D mod- 
els were reconstructed from appropriately segmented raw 
scans. All the 3-D reconstructions reported in this study, ex- 
cept those of the piriform sinuses, were constructed using 
coronal scans; the piriform sinuses were reconstructed using 
axial scans. Sample midsagittal profiles for the voiceless and 
voiced fricatives by subject MI are shown in Figs. 2 and 3, 
respectively. A sample 3-D vocal tract showing anterior, pos- 
terior, and lateral views, is shown in Fig. 4 for/s/ (subject 
MI). Right lateral views of the 3-D vocal tracts for the four 
voiceless fricatives (subject PK) are shown in Fig. 5. Further 
detailed analysis of the cross-sectional morphology of the 
front and back regions of the vocal tract are made with coro- 
nal and axial scans, respectively. 

A. Front region 

Analysis of the front region is based on coronal scans 
and midsagittal profiles. Sample coronal cross sections of the 
vocal tract during the production of/s/and/•[/(subject MI) 
are shown in Figs. 6 and 7, respectively. Area functions of 
the front region, measured from raw coronal images, of the 
unvoiced and voiced fricatives for the four subjects are 
shown in Figs. 8 and 9, respectively. The areas calculated in 
the final one or two sections of the front region, close to the 
vocal tract bend, inay reveal artificially large values due to 
the curving of the back of the tongue. Interpretation of the 
area values in such cases is made possible by cross referenc- 
ing with the corresponding mid-sagittal slices. Values of x c 
and A c are listed in Tables I and 11, respectively. 

The front region tract shapes were, in general, similar 
for the voiceless and voiced fricatives that share the same 

place of articulation. The voiced fricatives, however, tend to 
have slightly larger area values in the region immediately 
behind the constriction when compared to their voiceless 
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FIG. 6. Coronal profiles of the vocal tract during tile ploduclion ol /q (subject MI) taken along dillelent section.,, ill the fr,c)nt legion. Distance,;. are measured 
with re,.,pecl to the lip opening. (a) Section throLtgb Ille lips itt 0.6 Clll. (b) Seetk)n Ilut•Ltgll the front cadty at 1.5 cm. (c) Ctm',tricti(m region at 1.8 cm. (d) (b) 
Region behind the constriction revealing conca• e tongue shapes with distinct roedial groin ing: secti•n.s sh()wn are t,•ken at 2.4 to 4.8 cm, respectively. in steps 
of 0.6 cm. (i)-(k) Posterior region, near the vehlm, showing decreasing concavity m cms•-secti•nal tongue ,,hape,,--•,ections ale taken at 5.4, 6.0, and 6.6 cm, 
respectively. (I) Section at 7.2 c,n •howing increasing airway area as the prateriot pharyngeal wall is approached. 

counterparts. The posterior tongue region for the voiced fi'i- 
catives is raised slightly higher than it is lot the wficeless 
fricatives suggesting the influence of tongue-root advance- 
merit observed in the voiced cases (Figs. 2-3). The x• values 
Ibr the voiced and unvoiced sounds ate more similar than the 

A c values. Strident fi'icatives. in general. a•e chatacteri7ed by 
s,naller A c values than the non-stridents; variability in the A, 
values implies variability in the aerodynamics, such as the 
degree of turbulence, and varying degrees of coupling be- 
tween the back and fi'ont cavities. 

1. Strident fricatives 

a. Com'triction region. The cross-sectional shape at the 
constriction, in general, resembled a slit, rather than a circn- 
lar. o•ifice due to a flat tongue surface at the constriction. 

Smaller constriction widths. together with marked central 
tongue grooving at Ihe constriction, however, resulted in a 
more circular orificelike constriction, as was found in the 

and 17/of subject PK. The constriction lbr/J7 and/3/occurred 
in the postem-alveoladantem-palatal region, with the mini- 
mum constriction occurring aboul 5 to 10 trim behind that of 
/s/and/z/. The constrictiou for/s/and/• was made with a 

raised tongue tip at the alveolar ridge by MI and SC indicat- 
ing an apical t articulation: the tongue tip raising for PK was 
not as distinct as that of MI and SC while the tongue blade 
was raised to titan the constriction fi•r AK suggesting a laint- 
rial a•ticulation. For/•/and/31, the constrictioa for all sub- 
jects was characlcrized by a raised tongue blade, rather than 
tongue tip. The constriction had a slitlike appearance and 
tended to be slightly wider than that of/s/and /z/. The A c 
values, however. do not sl•ow a contrasting pattern between 
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FIG. 7. Coronal profiles of the vocal tract during the prodnctioll of I•l (subject Mll taken along d•ffe•cnl sccli•ns iu the froul mgiou. Distances are measmed 
with respect to the lip opening. (a) Section through the lips at 0.6 c,n showing distiuct hp rimriding. i'bl Section through the horn tax ity at 1.5 cm. (c)-(d) 
Sections at 2.1 and 2.4 cm showing distinct sublingual areas. (el Secuon in the xicinity ol the constriction at 2.3' cm. (l}-[h) Region behind the consniclion 
revealing flat/slighdy convex tongue shapes: sections •hown are taken at 3.3, 3.9. and 4.5 cm. respectively (i)-(I) Po•te, ior ,cgion. sho•ing increasing 
concavity in cross-sectional tongue shapes--sections are taken at $.1 to 6.6 cm. respecuvely. in steps of 0.6 cm. 

the alveolar and the postalveolar fi'icatives (Table Ill. For/•7 
and /3/, significant right-left asymmetry was visible in the 
constrictions only for AK and SC, with a larger right-side 
opening. The tongue contour in the constriction region was 
flat or slightly convex. 

b. Regio. i. front of the lingual constriction. Cross- 
sectional shapes/areas in the region in front of the lingt, al 
constriction are influenced by the individual's lip sizes and 
palatal morphology in addition to any lip "shaping" behav- 
ior. The front teeth act as an obstacle to the airflow. thereby 
playing a c•ucial role in the turbt, lence sound generation in 
strident fricatives. 

The cross-sectional shapes neat' the lips were approxi- 
tnately elliptical. The sections in the anterior lip region, 
where the "boundary" region sideways to the lip was open, 
appeared "rectangular" (with the lateral width considerably 

greater than the vertical opening). The corresponding sec- 
tions could be approximated by elliptical shapes, if the open 
side bcmndaries are al•proxinutted by 'rounded" .q•apes. In 
the posterior lip region, where the upper and lower lips were 
in contact, the shapes appemed elliptical. 

The lenglh and the meas in the region in fi'ont oœ the 
constrictitm fi)r the postalveolar fricalives were gtcate• than 
those of the alveolars resulting in relatively large front cavity 
volumes. Although no systematic differences in shapes and 
areas of the anterior lip-region sections were found, twtt.di.g 
eflkcts (i.e., more ci•culm than laterally elongated elliptical 
shapes) wele noticeable in the postel'k•r lip region of/•,3 / [fi)r 
example, compare Figs. 6(a) and 7(a)]. Such elliptical 
shapes, with a tendency toward smaller lateral elongations 
(due to larger vmtical airway openings) continued well into 
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FIG. 8. Front and back region area functions during the production of unvoiced fricatives by the four subjects: AK (solid), PK (dashed), MI (dot-dashed), and 
SC (dotted). (a) and (e) Ifl, (b) and (O/0/, (c) and (g)/sl and, (d) and (h) I$l. The left-side panels [(a)-(d)] represent front region areas and the right side panels 
[(e)-(h)] represent back region areas. 

the alveolar region, resulting in the relatively larger area val- 
ues found in those regions. 

c. Region behind the lingual constriction. As noted ear- 
lier, the mid-sagittal profiles for Is/ and /z/ of MI and SC 
showed a more apical articulation with a marked lowering of 
the anterior tongue behind the constriction, with respect to 
the tip and back of the tongue body. The Is/aim/z/of AK 

and, to a lesser extent of PK, however, were characterized by 
a more laminal articulation and with no significm•t lowering 
of the tongue body behind the constriction. For all subjects, 
the cross-sectional shapes have flat to slightly convex con- 
tours in the constriction region which change significantly to 
concave as the posterior region of the tongue body is ap- 
proached. Three-dimensional tongue images demonstrating 
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FIG. 9. Front and back region area functions during he production of the voiced fricatives by the four subjects: AK (solid), PK (dashed), MI (dot-dashed). 
and SC (dotted). (a) and (e)/v/. (b) and (13 161, (c) and (g)/z/and, (d} and (h)/3/. The left side panels [(a)-(d)] represent frout region areas and the right side 
panels [(e)-(h)] represent back region areas. 

concave postconstriction tongue shapes are shown in Fig. 
10(g)-(i) (subject MI) and Fig. 11(g)-(i) isubject PK). The 
concave shape, which contributes to the large back cavity 
volume, probably results from the bracing of the tongue 
against the hard palate along its sides ant a relatively de- 
pressed tongue center. The degree of co •cavity, however, 
was speaker dependent. Among the four: ubjects, the post- 

constriction tongue concavily of MI was found to be the 
most stri 'king while that of PK, the least striking. The greater 
"degree" of postconstriction tongue concavity is attributed 
to the presence of additional roedial tongue grooving. In par- 
ticular, the tongue shapes of subjects MI and SC exhibited 
significant mediai grooving of lhe front tongue body, about 
2-3 cm behind the constriction for MI and 1-2.2 cm behind 

1335 J. Acoust. Soc. Am., Vol. 98, No. 3, Sept.,mber 1995 Narayanan et al.: MRI study o! fricative consonants 1335 



TABLE I. Location of minimum supraglottal constriction (x c , cm) mea- 
sured from lips. 

Subject 

Fricafive AK PK MI SC 

/•/ 2.6 2.08 2.78 3.37 
/3/ 2.62 2.24 2.34 3.24 
/s/ 1.97 1.4 1.96 2.54 

/z/ 1.97 1.75 2.0 2.22 

/0/ 0.95 O. 89 1.01 1.51 

161 0.91 1.01 0.89 1.5 

If/ 0.87 0.55 0.83 0.79 

lvl 0.89 0.66 0.91 0.69 

the constriction for SC, with the maximum roedial groove 
depths for Isl and lzl reaching 11.5 and 10.6 mm, respec- 
tively, for Ml and 8.6 and 10.4 ram, respectively, for SC 
[Fig. 12(a)-(b)]. This grooved-concavity effect results in an 
abrupt increase in the area values behind the constriction. 
Subjects AK and PK, on the other hand, did not reveal no- 
ticeable medial tongue grooving when compared to MI or 
SC. The tongue contour is ahnost flat for about 1 cm behind 
the constriction for AK, with a more (anatomical) left- 
favored lingua-palatal contact. For AK, the rapid increase in 
the area values behind the constriction is attributed to the 

subject's highly domed palate, in addition to the concave 
tongue shape. The front tongue body region behind the con- 
stdcfion for PK is concave but with no grooving, and the 
maximum roedial depth reaches only 3.9 mm; the area func- 
tion behind the constriction did not show an abrupt increase 
in values. 

The following phenomena were observed in the postcon- 
striction region, in the direction toward the posterior pharyn- 
geal wall. 

(1) For all subjects, a decreasing trend in the degree of 
postconstriction concavity could be observed, for example, 
as illustrated in the posterior view of the 3-D tongue shapes 
shown in Figs. 10(i) and 11(i) for Isl (subjects MI and PK, 
respectively). Asymmetry in the posterior region tongue 
shapes was found to be subject dependent: Among the four 
subjects, significant asymmetry is observed only in PK [Fig. 
11 (i)]. 

(2) Raising of the tongue back, which also contributes to 
the decreased area values near the velar region, was observed 
in all subjects [for example, refer to Figs. 2(c) and 3(c), Fig. 
5(c) and, Figs. 10(i) and 11 (i)]. The amount of tongue back 

TABLE II. Area of minimum supraglottal constriction (A c , cm•-). 

Fricative AK PK MI SC 

/$/ 0.262 0.098 O. 112 O. 174 
13/ 0.299 O. 125 O. 124 0.252 
/s/ O. 146 0.098 O. 142 0.296 

/z/ O. 117 O. 136 0.159 0.247 

/0/ 0.208 O. 175 O. 155 0.203 

10/ 0.24 0.151 0.207 0.252 

Ifl 0.259 0.2 0.142 0.193 

Ivl 0.214 0.16 0.13 0.236 

raising, however, was speaker dependent, and was found to 
be most striking for AK. 

No significant differences were found between the cross- 
sectional tongue shapes of Is/and Izl for any of the subjects. 

The tongue body behind the constriction for I$l and 13/ 
rises slightly along its midline, before it starts sloping toward 
its posterior end [for example, Figs. 2(d), 3(d), and 5(d)]. 
This results in a relatively gradual increase in the corre- 
sponding area values behind the constriction when compared 
to Is/and/z/. The degree of "palatality" (relative height of 
the front of the tongue with respect to the back) was speaker 
dependent; palatality exhibited by SC was the most striking 
while that of AK was not prominent. Palatality contributes to 
gradually increasing post-constriction area values in the di- 
rection toward the posterior pharyngeal wall [refer to panel 
(d) of Figs. 8-9]. A higher degree of palatality is reflected in 
a greater amount of increase in the postconstriction area val- 
ues. The I•l and/3/of PK were different from those of the 
other subjects with the tongue raising occurring at the middle 
rather than at the anterior tongue body; the corresponding 
area functions exhibited a plateau region following a small 
increase in values behind the constriction. 

The /.[,3/tongue shapes did not exhibit any noticeable 
concavity in the region immediately posterior to the constric- 
tion, unlike that observed in Isl and Izl. The 1•,31 cross- 
sectional tongue shapes behind the constriction were, how- 
ever, variable across subjects. The 3-D tongue shapes for/•/ 
are shown in Fig. 10(j)-(l) and Fig. 11(j)-(1), for subjects MI 
and PK, respectively. Typical medial "groove" dimensions 
are shown in Fig. 12(c)-(d) for M1 and SC, respectively. For 
MI and AK, a slight convex shape was observed which 
gradually turned concave toward the posterior region. Both 
PK and SC, on the other hand, did not dome the tongue body 
behind the constriction. Their tongue contours were almost 
flat and asymmetrical with right-favored lingua-palatal con- 
tact. Previous studies have indicated that tongue asymmetries 
in normal sibilant productions are not uncommon (Hamlet 
et al., 1986; Stone et ai., 1992). It is unclear whether the 
observed asymmetries are typical or whether they are influ- 
enced by the supine position assumed inside the scanner. It 
should be noted that the subjects' dental casts did not reveal 
any noticeable platal asymmetries. 

In summary, the tongue shapes for Isl and Izl suggest 
that the apical or laminal nature of their production is 
speaker dependent. Moreover, the anterior tongue behavior is 
found to influence the tongue body shapes behind the con- 
striction. The anterior tongue body behind the constriction 
reveals a relatively deeper grooving for the apical alveolars 
when compared to the laminal ones, resulting in a relatively 
rapid increase in area values behind the constriction. The 
pressure drop due to losses at the contraction and expansion 
in the constriction region, on which the SPL of the turbu- 
lence source depends (Stevens, 1971), is predicted to be 
smaller for smooth transitions when compared to more 
abrupt ones. The postalveolar fricatives, however, do not ex- 

1336 d. Acoust. Sec. Am., Vol. 98, No. 3, September 1995 Narayanan et al.: MRI study of fricative consonants 1336 



j'Df/ I•! (a) If/ ! (•) tonque (AV) 3l) tongue (RI V) /3•/ MI tongue 

ante½tor tongue 
antertor tongue 

/ 

posterior tongue 

/th/ M! Cd) /th/ M! 3D ton,ue (AV) RD tongue ½RIV) /th/ M! 3D tonclue 

(f) 

ttp 

tip posterior tungu: 

Cg) (h) 

•y M! /s/ M[ /s/ tongue (AV) 3D tongtie (RLV) 3D tongue 

groove 

(1) 

anterior 
tongue 

medtal 
groove 

tip 

[•oO• terlor 
ngue 

•sh/ M! (j) /sh/ M! (k) /sh/ M! 
D tongue (AV) 3D tonclue (RLV) 3D tongue (PV) 

C1) 

blade blade po•t erlol tonoue 

F'IG. I0. Three-dimensional tongue shapes (subject MI) dunng the production of unvoiced fricafives (AV anterior view. RLV--right lateral view, PV-- 
posterior view). (a)-(c) Ifl, (d)-(f)/0/, (g)-(i) Is/, and (j)-(I) I•l. 

hibit any concavity immediately behind the constriction. The 
postalveolar fricatives of ore' subjects also show a more iami- 
hal, than apical, articuhttion. As a result, postconstriction 
area functions for the alveolar fricatives are more abrupt 
when compared to those of the postalveolars. In the posterio• 
tongue region, significant palatality effects result in relatively 
larger areas in the postalveolar fricatives, with the degree of 
palatality being subject dependent. The alveolar fricatives, 
on the other hand, reveal slight raising of the tongue back in 

the posterior region, the amount of which is subject depen- 
dent, resulting in smaller areas in that region. 

2. Nonstrident fricatives 

a. h•terdental fricatives. The anterior tongue body for 
/0/and/6/was located between the teeth for all subjects. The 
location of the tongue tip (with respect to the teeth), how- 
ever, showed significant interspeaker variability. The tongue 
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FIG. 11. Three dimensional tongue shapes (subject PK) during the production of unvoiced fricalives (AV--anterior view, RLV--right laterid view, PV-- 
posterior view). (a)-(c) If/, (d)-(0/0/, (g)-(i) Is/, and (j)-(l)/.•/. 

blade of AK and M[ was between the upper and lower teeth, 
with the slightly upward-pointing tongue tip well in front of 
the incisors (5-6 ram), a production pattern prevalent in 
Calilbrnian dialects. Illustrative mid-sagittal profiles for/0/ 
and/6/of subject M[ are shown in Figs. 2(b) and 3(b), re- 
spectively; 3-D tongue shapes of/0/for subject MI and PK 
are shown in Fig. 10(d)-(f) and Fig. 11(d)-(0, •espectively. 
Subjects SC and PK, whose backgrounds are different from 

those of AK and MI, on the other hand, had their tongue tips 
resting more or less on the lower incisors. For all subjects, 
the minimum constriction area was formed by the upper 
teeth and the anterior tongue body. In all cases, except PK's 
/c3/, the anterior tongue appeared either level or slightly slop- 
ing (downwards) behind the tip, before it started to show a 
significant raising of the tongue body behind the anterior 
region, with the dotsurn at a higher level than the middle and 
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FIG. 12. Medial tongue groove dimensions behind th •' constriction (unvoiced--solid, voiced4ashed). (a)-(b)/s,z/of MI and SC, respectively. (c)-(d) l•,3/ 
of MI and SC, respectively. Negative values imply g• ooving wh/ile positive values imply doming of the tongue with respect to its sides. 

posterior parts. For example, see Figs. 2•b) and 3(b). For 
PK's/6/, however, the tongue raising began fight at the tip 
and continued to the dorsum, without exh biting any fiat or 
downward-sloping anterior tongue portion. It has to be noted 
that the normal productions of PK's/6/varied between stop- 
like and fricativelike articulations. The tol•en of PK's/6/in 

the micl-sagittal profile indicated a stoplille behavior while 
the token corresponding to the coronal scar used in the mea- 
surement of A c clearly showed a finite, nonzero constriction 
area. It appears that the raising of the tongue body behind the 
constriction may be important in directing the air jet between 
the tongue and the upper teeth. In addition, the shape of the 
anterior tongue body is downward sloping only if the inter- 
dental lYicative is articulated with the tongt e tip well in front 
of the incisors (subjects MI, AK). 

The location and degree of the tongue •ody raising were 
speaker' dependent. In addition, the tongue root adw[ncement 
observed in 16l possibly influences the post erior tongue body 

TABLE III. Volume of sublingual cavity (mm3). 

Subject 

Fricative AK PK MI SC 

/.[/ --- 143.35 2 2,61 37.25 
/3/ 175.42 208.02 2 !4.35 231.86 
/f/ 73.79 445.37 5:•3.77 664.00 

/v/ 49.35 498.95 41 )2.09 22.65 

raising. The overall cross-sectional tongue shapes were either 
fiat or slightly concave. The cross-sectional areas in the pala- 
tal region appeared semielliptical to semicircular in shape 
depending on the subject's palatal morphology. The cross- 
sectional areas in the lip and alveolar regions may be ap- 
proximated by elliptical shapes. Lingua-palatal contact was 
noticed beginning around the middle region of the tongue 
body. The tongue shape in the middle region shows slight 
concavity which gradually becomes fiat in the direction to- 
ward the posterior region. Significant asymmetry in the 
tongue shapes of PK and SC was observed in the dorsal 
region with the left lateral tongue body at a higher level with 
respect to the fight side. 

b. Labiodental fricatives. The tongue body along the 
mid-sagittal line for /f/ and /v/ was characterized by a 
"bunched" position for all subjects, with a raised tongue 
dorsum, lowered anterior and posterior regions, and a down- 
ward pointing tip. The minimum constriction area was 
formed between the upper teeth and the lower lips. Mid- 
sagittal profiles of/f/and/v/of subject MI are shown in Figs. 
2(a) and 3(a); 3-D tongue shapes for/f/ of MI and PK are 
shown in Figs. 10(a)-(c) and ll(a)-(c), respectively. The 
cross-sectional areas in the lip region may be approximated 
by elliptical sections. The tongue tip appeared at 1.5 to 2 cm 
behind the lip opening with distinct sublingual cavities. The 
free anterior tongue body exhibited, in general, an asym- 
metrical convex contour, which tums concave once lingua- 
palatal contact is established (at about 1.5 cm from the lip 
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FIG. 13. Axial profiles of pharyngeal and laryngeal regions of the vocal tract during the production of Is/(subject MI). All sections are orienled with the top 
co]]espon(ling to the front side of the hum0n body (teeth and/or mandible can be •een on Ihe top while the vertebrae can be ,,een on the bottom, in the first 
six sections shown). Distances are measured with respect to the glottis. (a) Section in the uvular region (7.5 cm). (b) (e) Section,, in the upper pharsngeal 
region, at 6.6, 6.0, 5.4, and 4.8 cm. respectively. ff}-(g) Sections in the lower-pharyngeal region, showing increasing presence of the epiglotti,,, taken at 3.6 
and 3.0 cm, respectively. (h) Section in the lower-pharyngeal region showing di,,tinct cpiglottic vallcculae (3 cm). (i) Section at the laryngeal inlet ghowing 
the appearance of the pitiform recesses (1.8 cm). (j)-(k) Sections in the laryngeal region showing the ifidl'orm sinuses di,;tinct from the laryngeal vestibule 
(I.2) and glottis (0.6). •espectively. (I) Section through the glottis. 

TABLE IV. Pirifi•rm sinus volumes (L--left, R-•right) from 3-D reconstructions (mm•). 

Subject 

Fricative AK (L) AK I,R) PK (L) PK (R) MI (L) MI IR) SC (L) SC (R) 

/•/ 1096.84 880.84 1043.74 727.30 2733.95 9649.55 954.27 863.49 
/,3/ 323.95 459.31 1495.72 1525.82 4173.70 3974.20 1563.13 1774.55 
/• 925.66 1060.61 1156.81 793.03 3304.78 3452.18 1554.73 1242.04 

/• 858.78 1128.91 1202.34 1137.91 4787.09 4041.85 1243.35 1182.14 

/0/ 741.54 809.79 1330.97 1349.57 2991.97 3025.87 995.87 761.33 

/•/ 651.96 766.16 1162.59 844.72 3560.84 3366.95 1460.14 1593.77 

/ff 380.75 659.59 1055.60 682.71 3235.(-,4 3144.09 1000.46 883.94 

/v/ 468.19 661.67 1012.27 763.48 3598.63 3272.35 1952.41 18(18.46 
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I'IG. 14. Cross-sectional profiles of the region along the vocal tract bend during the production of lsl (snbjecl MI) obtained b) [eft, matting sagiual ,,cans. To 
provide directional orientation. the region toward the lower mandible ("bottom") is marked with a "W' and the region away t'rom the mandible ("top") is 
marked with a "T" m the figures. The sections shown are taken at approximately 3-ram intervals, along the plane perpendicular to the vocal in,el midline. 
staUing at about 7.8 cm from the lip opening. The uvular presence can be noticed in the sections appearing iu (c) (e). 

opening for AK and PK, 2.4 cm for SC and 4.5 cm for MO. 
The cross-sectional areas in the front region appeared 
semielliptical/sendcircular. Among the eight fricatives, the 
area function was the most variable for If/and/v/. There was 

a trend to create a relatively large volume behind the lips by 

an inwardly drawn tongue body logether with the fortnation 
of sublingual cavities. 

As shown in Figs. 8(a), 8(e), 9(a), and 9(e), lhe labio- 
dental area ftmctions of MI appear drastically different fi'om 
those of the other subjects: The MR images showed a tongue 
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FIG. 15, Complete area functions for unvoiced (solid) and voiced (dashed) fricative pairs for subject MI: (a)/f-v/, (b)/0-6/. (c)/s-z/, and (d) t,[-3/. 

body that was drown inwards and maintained close to the 
base of the oral cavity (away from the palate, with no ob- 
servable lingua-palatal contact until the vicinity of the velar 
region), perhaps, reflecting the coarticulatory influence of the 
preceding initial neutral vowel. For the other subjects, 
lingua-palatal contact is established with a raised tongue at a 
more anterior palatal location thereby resulting in a smaller 
airway opening. Moreover, the oral cavity size of MI was the 
largest amongst the four subjects. 

The influence of the neutral vowel/•/, which preceded 
the sustained fricative, on the observed labiodental tongue 
shapes cannot be delineated with the available MR[ data. 
Variability in front cavity volumes (space between the labio- 
dental constriction and the outer lip opening) may contribute 
to the variability usually observed in the acoustic spectra of 
these sounds. 

3. Sublingual cavities 

Distinct sublingual cavities were visible in the coronal 
sections for the fricatives/.[,3,f,v/of all subjects except for/.[/ 
by AK; it may be that AK's /.[/ cavity is smaller than the 
spatial sampling used. Illustrative examples of sublingual 
cavities are shown in Fig. 5(a) and (d) (PK's/f/and/•/3-D 
vocal tracts), and in the coronal sections of/•/by subject MI 
in Fig. 7(c)-(d). Sublingual cavity volumes, obtained from 
3-D reconstructions, are given in Table 1II. Acoustic studies 
have shown that the presence of sublingual cavities contrib- 
utes to a relatively low frequency spectral peak due to an 
increase in the effective volume of the cavity between the 
constriction and teeth (Perkell et al., 1979; Shadle, 1991). 

B. Back region 

Analysis of the back region is based on axial scans and 
mid-sagittal profiles. Sample axial sections in the pharyngeal 
and laryngeal regions are shown in Fig. 13 for/sl (subject 
MI). Simplified back region area functions of the unvoiced 
and voiced fricatives are shown in Figs. 8 and 9. 

The maximum measured area in the back region is 9.02 
cm 2 (/3/of SC). Consistent patterns in the area functions are 
observed although interspeaker variabilities are more marked 
when compared to those of the front region. Among the fri- 
catives, the upper pharyngeal areas of/•/and/3/are found to 
be the largest while those of/f/and iv/, the smallest. For/•/ 
and /3/ the area increase is most significant in the upper 
pharyngeal region due to palatality [panel (h) in Figs. 8-9]. 
Fricatives/0/and/6/exhibit a similar pharyngeal behavior as 
/•/and/3/. The raising of the posterior tongue body in the 
case of/s,z/ and /f,v/, on the other hand, contributes to 

smaller area values in the uvular and upper pharyngeal re- 
gions. 

In general, the tongue root tended to be more advanced 
in the case of the voiced fricatives when compared to their 
unvoiced counterparts [for example, compare mid-sagittal 
profiles in Figs. 2 and 3]. Tongue root advancement resulted 
in greater areas in the mid- and lower-pharyngeal regions. 
The amount of tongue-root advancement also influenced the 
epiglottic-vailecular volume to some extent. In addition, 
tongue-root advancement was found to affect the amount of 
posterior tongue body raising, particularly for the alveolar 
fricatives. Supraglottal cavity enlargement due to active 
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TABLE V. Length measurements (in ram) for diffen nt subjects. 

Subject AK Subject PK Subject MI Subject SC 

Fficative IVT lr• IBR lvo lvr lr• 1• lvo lvr lr• lun lvo lvr Ire 1• 

[•l 170.1 97.1 84.8 18.3 159.4 84.5 84 II 
13/ 164.2 96.1 83.4 15 159.5 84 82.8 12.9 
Isl 166.4 95.2 84.4 17.4 158.5 85.2 86.4 10.9 

/• 164.5 94.7 84.4 19.2 156.1 84 86 11.3 

IOI 171.1 98 82.5 19.7 157.• 83.6 84.8 11.7 

161 169.1 95.1 82.9 15.4 154.• 84.4 84.8 10.5 

/ff 173.4 91.9 83.9 13.6 159 83.6 85.2 9 

Iv/ 167.3 95.6 85.8 12.6 156.• 86 82.4 10.9 

average 168.26 95.46 84.01 16.4 157.3 84.41 84.55 11.02 
s.d. 3.24 1.81 1.07 2.63 1.38 0.83 1.42 1.09 

max. 173.4 98 85.8 19.7 159.5 86 86.4 12.!) 

min. 164.2 91.9 82.5 12.6 154.• 83.6 82.4 9 

177.8 100.8 91 20.2 176 99.6 100.8 16 

172.8 101.3 94.7 20.6 175.2 101.6 t00 14.9 

175.5 102.2 92.8 24.8 178.3 98.9 98 13.3 

]72.1 102.2 93.8 21.5 172.2 101.6 96.9 14.1 

177.1 103.1 91.9 25.7 173.9 99.6 98.4 14.8 

177.3 101.7 93.8 25.8 176.7 102 101.6 12.5 

177.6 101.3 92.9 17.8 178.3 97.3 100.4 11.8 

178.9 102.7 95.6 18.7 177 98.8 101.6 9.8 

176.14 101.91 93.31 21.88 175.95 99.93 99.71 13.4 

2.47 0.78 1.48 3.15 2.12 1.66 1.75 1.99 

178.9 103.1 95.6 25.8 178.3 102 101.6 16 
172.1 100.8 91 17.8 172.2 97.3 96.9 9.8 

tongue-root advancement has also been observed in voiced 
stop consonants (Westbury, 1983). The increased pharyngeal 
volumes observed in the case of voiced fiicatives and stops 
may be a possible mechanism for sustaining the transglottal 
flow during voicing. Another possible m.:chanism for sus- 
taining flow in the presence of increased supraglottal pres- 
sure is a decrease in the compliance of tl' e vocal tract wall 
(McGowan et al., 1995). The relatively ;mall tongue root 
advancement for the labiodentals supports such a possibility. 

1. Pirfform sinuses 

Volumes of the right and left pitiform ;inuses, calculated 
from 3-D reconstructions, are listed in T•.ble IV. The table 

illustrates a wide range of values across the subjects. No 
clear pattern based on place of articulation is observed. Simi- 
larly, no distinctive pattern is seen with :espect to voicing 
although almost two-third of the voiced fScative tokens re- 
veal larger volumes than the unvoiced ones. The volumes of 
the left and right sinuses, in general, are not the same. The 
observed asymmetry is speaker dependenl: PK, M[, and SC 
have, in general, larger left-side volume:s, while AK has 
larger right-side volumes. 

The acoustic significance of the pitif,)rm sinuses is not 
clearly understood. In addition, we lack information on the 
tissue properties and the degree of mecl'ano-acoustic cou- 
pling with the laryngeal vestibule (Baer ct al., 1991). Con- 
stant volume shunt-cavity models (Fant, 1960; Lin, 1990) for 
the pitiform sinuses result in a zero in the acoustic spectrum 
above 5 kHz accompanied by a sharper sp•:ctral cutoff at that 
frequency (Fant, 1960) and lowering of th,: formant frequen- 
cies, the extent of which depends on the Piace of articulation 
(Lin, 1990). For fricatives, the acoustic •,ignificance of the 
piriforrn sinuses greatly depends on the • egree of coupling 
between the cavities anterior and posterior of the supraglottal 
constriction. In the presence of appreci•ble coupling, the 
variability observed in the measured pirifi•rm sinus volumes 
is likely to introduce variability in the corresponding acous- 
tic spectra. 

C. Region along the vocal tract bend 

Reformatted sagittal images were used to calculate areas 
along the vocal tract bend. Sample cross sections along the 
bend are'. shown in Fig. 14 for/s/ of subject MI. Complete 
area functions for the fricatives of MI are shown in Fig. 15. 
The arez, functions include the bend areas as well as the areas 

of the front and back regions which were calculated from 
raw coronal and axial scans, respectively. The "boundaries" 
of the bend were marked based on the end of the front region 
and the beginning of the back region marked from the coro- 
nal and axial scans, respectively. 

The cross-sectional shapes along the bend are influenced 
by the position and shape of the posterior tongue body, the 
velum and the uvula. In the velar region, the shape of the top 
portion of the vocal tract resembles the sides of a triangle; 
the bottom portion is affected by the position and the 
concawdconvex shape of the posterior tongue body. For ex- 
ample, the raised posterior tongue body observed in the velar 
vicinity for/s/yielded decreased concavity when compared 
to that in /.•/. For /.[/, increased concavity, and hence, in- 
creased areas, in the velar region was influenced by the low- 
ering of the posterior tongue body. The presence of the uvula 
in the post-velar region decreases the effective cross- 
sectional area. The uvular effect was noticeable for about 

1-1.5 cm along the bend in the postvelar region. The cross- 
sectional shapes in the postvelar region may be approxi- 
mated by elliptical sections. A straightforward solution to 
account for the uvula in the cross-sectional shapes is, how- 
ever, not immediately evident; investigation of the acoustic 
significance of the uvular presence in the vocal tract may 
offer insights in this regards. The areas along the bend are 
also influenced by the degree of tongue root advancement/ 
retraction. The advanced tongue root in the voiced fricatives 
resulted in relatively larger areas along the bend, particularly 
in the postvelar region. 

D. Length measurements 

Lentgths of the entire vocal tract (lvT), front region 
Urn), back region (/eel and vertical lip opening (lvo) are 
given in Table V. As shown in the table, the vocal-tract 
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lengths (lvr), across all fricatives, vary within 3 mm for 
each speaker. The smallest lip opening values occur for the 
labiodentals. Across speakers, no contrasting pattern is ob- 
served in the outer lip opening values (lvo) of/s,.•,z,3/, nor 
do the data differ for the voiced and voiceless fricatives. 2 
The cross sections for /•,3/, however, appeared more 
rounded, when compared to/s,z/, in the inner lip region in 
the direction toward the teeth [for example, compare Figs. 
6(a) and 7(a)]. The rounding effect contributes to increased, 
and a more uniform distribution of, areas in the cavity in 
front of the supraglottal lingual constriction in /S,3/ when 
compared to/s,z/. 

III. SUMMARY AND DISCUSSION 

In this paper, a morphological analysis of the vocal tract 
geometry during sustained production of the English frica- 
tires/s,S,f,0,z,3,v,6/obtained by MRI is presented. Coronal 
scans were used to obtain area functions of the front region, 
to construct 3-D models of the entire vocal tract, and to 

measure volumes of the sublingual cavities. Axial scans were 
used to measure area functions in the back region, and for 
volume measurements of the pitiform sinuses. Sagittal scans 
were mainly used for length measurements, and for measur- 
ing area functions along the vocal tract bend for reformatted 
images. 

The front region tract shapes across subjects were, in 
general, similar for the voiceless and voiced fricatives that 
share the same place of articulation. Actual cavity volumes, 
however, were affected by both the type of articulation, api- 
cal versus laminal for example, and the oral morphology of 
the subject. Interspeaker variabilities in the back region were 
found to be greater than those in the front region. The con- 
striction location x c values for the voiced and unvoiced 
sounds were more similar than the constriction area A c val- 
ues. Strident fricafives, in general, were characterized by 
smaller A½ values than the nonstridents. It is possible that the 
A½ values derived from the MR images are larger than the 
actual A c values; this is primarily due to the limitations im- 
posed by insufficient resolution in the spatial sampling (3 
mm). These effects may particularly become significant in 
the case of labiodentals because of the relatively small front 
cavity and constriction lengths. In such a case, this limitation 
may be overcome by using other approaches such as video 
imaging of the lip region. 

In general, among the fricatives, the labiodentals exhib- 
ited the most variability across speakers. The variations in 
the labiodentals are not surprising: The tongue, which is the 
principal articulator for the other fricatives, is relatively un- 
restricted for the labiodentals. In fact, the acoustical charac- 

teristics of labiodentals are greatly influenced by the vocalic 
environment (Harris, 1954). Such coarticulatory effects are 
expected to play a significant role in the overall tongue 
shapes assumed in a labiodental articulation. 

The voiced fricatives exhibited a tendency toward 
slightly larger area values in the region immediately behind 
the constriction when compared to their voiceless counter- 
parts. In the mid- and low-pharyngeal areas of the back re- 
gion, the voiced fricatives showed significant tongue-root ad- 
vancement resulting in relatively larger pharyngeal volumes 

when compared to the unvoiced cases. In addition, the pos- 
terior tongue region for the voiced fricatives was raised 
slightly higher than it was for the voiceless fricatives sug- 
gesting the influence of tongue-root advancement observed 
in the voiced cases. The amount of tongue root advancement 
varied across the different places of articulation and subjects; 
the variations, however, do not occur in a systematic way. 
Voiced labiodental fricatives are the only fricatives that do 
not show marked tongue-root advancement. Enlarged supra- 
glottal volumes in phonetically voiced sounds have been ob- 
served in previous studies (Perkell, 1969; Westbury, 1983). 
The increased pharyngeal volumes for the voiced fricatives 
and stops may be a possible mechanism for sustaining the 
transglottal flow during voicing. Another possible mecha- 
nism for sustaining flow in the presence of increased supra- 
glottal pressure is a decrease in the compliance of the vocal 
tract wall (McGowan etal., 1995). The relatively small 
tongue root advancement for the labiodentals supports such a 
possibility. The results suggest that the tongue-root advance- 
ment mechanism is more likely in the case of the lingual 
fricatives, where the tongue is actively involved in dictating 
the aerodynamic features such as constriction formation. 

Asymmetries in tongue shapes and lingua-palatal con- 
tacts were found to be subject dependent and provide con- 
verging evidence supporting the results of previous articula- 
tory studies. These asymmetries mostly occurred in the 
posterior tongue region and near the alveolar region; this was 
especially true for the stridents. The asymmetries observed 
near the alveolar region of the stridents may be attributed to 
aerodynamic constraints in directing the air jet toward/along 
an obstacle such as the teeth (Shadle, 1990). The asymme- 
tries in the posterior tongue region, also a subject-dependent 
behavior, may be influenced by the supine position assumed 
during the scanning. No gender-related differences were de- 
tected in the articulation patterns. 

The tongue shapes for Is/and/z/suggest that apical or 
laminal articulations for these sounds are speaker dependent. 
The alveolar fricatives are characterized by postconstriction 
tongue concavity, the degree of which is found to be subject 
dependent. The apical/laminal nature of the anterior tongue 
is found to influence the tongue body shape behind the con- 
striction: The anterior tongue body behind the constriction 
reveals a relatively deeper grooving for the apical alveolars 
when compared to the laminal ones, contributing to a rela- 
tively rapid increase in area values behind the constriction. 
This observation regarding intersubject variability in apical- 
ity and laminality in the alveolars' production agrees with 
Dart's (1991) study. We disagree, however, with Dart's 
speculation on deducing cross-sectional tongue shapes from 
lateral x-ray data for French and English apical alveolars 
[Dart (1991, p. 111)]. Dart used x-ray data for the French and 
English Is/ of Bothorel et aL (1986) and Subtelny et al. 
(1972), respectively. Dart posits that the postconstriction 
tongue shape is front and convex in the French apical alveo- 
lar while for the English one, the tongue shape is more con- 
cave. While we agree with Dart that the postconstriction re- 
gion for English apicals is concave, her association of French 
apicals with a convex shape may not be true. In our study, 
the midsagittal profile of Isl for subject MI [Fig. 2(c)], who 
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also has the highest degree of concavity among our subjects, 
is very similar to the mid-sagittal tracing of the French apical 
alveolar with the postulated convex cross-sectional shape. 
We also found that the midsagittal profile ,)f/s/for speaker 
PK, which was articulated with less apical!•ty and concavity 
than the other subjects, was most similar to the x-ray tracing 
of the English apical alveolar. Hence, mid-s •gittal x-ray trac- 
ings are not sufficient to indicate the convexity or concavity 
of the cross-sectional tongue shapes in fric:•tive production. 

The'. postalveolar fricatives do not exhi!)it any concavity 
in the constriction region. As a result, a more gradual in- 
crease in postconstriction area function is observed in the 
postalve. olar fricatives when compared to the alveolars. In 
the posterior tongue region, significant effects of palatality 
result int relatively larger areas in the postalveolar fricatives, 
with the degree of palatality being subject diependent. On the 
other hand, the alveolar fricatives reveal slight raisintg of the 
tongue back in the posterior region, the amount of which is 
again subject-dependent, resulting in smaller areas in that 
region. These observations agree with other articulatory stud- 
ies based on palatographic data (Ladefo•,.ed, 1957; Hard- 
castle and Clark, 1981) and ultrasound d.•ta (Stone et al., 
1992). 

Differences in tongue shapes of alveohrs versus postal- 
veolars may be attributed to directionality differences in the 
resultant lingual force tensors. The tongue-palate interaction 
observe,d from the MR images suggests tha: the bilateral lin- 
gual force tensors in the anterior region are directed .laterally 
upward for alveolar stridents as against lai'erally downward 
for postalveolar stridents. Consequently, th,: resultant tensor 
along the mid-sagittal plane is directed downward for the 
alveolar stridents and upwards for postalveolar ones. Two 
concurrently occurring tongue-shaping mechanisms are 
speculated: 

(1) Intrinsic muscular action is neces,•.:ary in achieving 
the grooving (primary effect):3 presence/abe. ence of grooving 
is attributed to the presence/absence of c.)ntraction of the 
anterior genioglossus and the verticalis. 

(2) "Extrinsic" lingua-palatal br',tcing facilitates 
grooving/doming (secondary effect): although the palate pro- 
vides an anchoring boundary for the lateral lingual forces, 
the precise nature of the palatal contact, [erhaps, is not of 
importance in achieving the grooving/nongrooving distinc- 
tion. Lingua-palatal contact details (force and area of con- 
tact) dictate the degree of grooving/doming. Greater lateral 
lingua-palatal contact was found to ac:ompany deeper 
grooving in the alveolar stridents. Furthermore, it was found 
that apical alveolars showed greater lat,•.ral contact and 
deeper postconstriction grooving when compared to the 
laminal alveolar fficatives. Further converging evidence for 
these observations was provided by the re•..ults of a concur- 
rent electropalatographic study involving the same subjects 
(Narayanan, 1995). 

The anterior tongue shapes for the int{:rdental fricatives 
is influenced by the lingual anchoring at •he front teeth. A 
tendency toward slight concaving is probally due to a slight 
contraction of the anterior genioglossus. The manner of 
lingua-palatal contact in the region of the raised dorsum is 
similar to that observed in the domed tongue region of the 

postalveolar fricatives. The flat/slightly convex tongue 
shapes in the corresponding region are attributed to 
downward-directed bilateral force tensors, similar to those 

posited for the postalveolar fricatives. The posterior tongue 
body cross sections are concave although the degree of con- 
cavity is somewhat smaller when compared to that found in 
/.[,3/, suggesting weaker forces causing concavity in the pos- 
terior region of the interdental fricatives. 

Based on the tongue-shape observations and the acoustic 
theory of speech production, we can speculate on the 
articulatory-to-acoustic transformations for fricatives. In the 
case of the alveolar consonants, the concavity ("grooving") 
helps in directing the jet toward the incisors, which serve as 
an obstacle to the impinging jet and is believed to play an 
importan•I role in turbulence generation. Turbulence genera- 
tion for the postalveolars is probably manifested along the 
upper wall (palatal roof) of the vocal tract near the supraglot- 
tal constriction and at the teeth, at a location, in general, 
higher tl•tan that of the alveolars. Palatality together with 
"doming" of the tongue front, perhaps, play a key role in 
guiding tire airflow upward along the tongue surface close to 
the roof of the mouth and toward the upper teeth. The ante- 
rior tongue region for the interdentals also reveal tongue 
shapes that facilitate in directing the air jet through the con- 
striction between the upper teeth and the tongue. The con- 
cave posterior tongue shapes found in all the fricatives is to 
facilitate the airflow from the pharyngeal to the buccal cav- 
ity. 

The vocal tract and tongue shapes for the labiodentals 
exhibited wide variabilities. Hence, it is not possible to posit 
generalized aerodynamic characteristics for the labiodentals 
with the currently available data. Recall that the tongue 
shapes described in this paper correspond to sustained con- 
sonants produced in a VC context with a neutral vowel. It 
remains to be seen how tongue shapes are affected by coar- 
ticulatory effects in different vocalic environments, espe- 
cially for labiodental fricatives. Electropalatography and 
faster MRI machines could provide better insights in these 
dynamic scenarios. 

This paper provides a detailed study of the articulatory 
configurations of fricative consonants. The significance of an 
accurate description of the 3-I) geometry in understanding 
and modeling fricative source mechanisms has been detailed 
by Shadle (1991). The availability of fairly accurate dimen- 
sions and cross-sectional shapes may be exploited in speci- 
fying more realistic production models. For example, acous- 
tic coupling between the front and back cavities can be 
modeled accurately. The acoustic significance of the sublin- 
gual cavities and pitiform sinuses could be studied in greater 
detail. With the availability of data from four subjects, one 
can begin to investigate intersubject variabilities in the ar- 
ticulatory domain. In the future, detailed acoustic modeling 
based on the data reported in this paper will be presented. 
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APPENDIX 

Calibration experiments 

Extensive calibration experiments were performed with 
the objective of identifying sources of errors in the various 
stages of data acquisition and processing and to quantify the 
performance and reliability of MRI data for modeling pur- 
poses. All calibration data were collected using the same 
MRI scanner and the same scanning protocols used for the 
human subjects in our study. Furthermore, data-processing 
techniques employed were identical to those employed for 
MRI data of human vocal tracts. 

Several tubes with different geometries (uniform and 
nonuniform areas) and shapes (straight and bent) were used 
in these experiments. The dimensions of the calibration tubes 
were chosen to cover the typical range of dimensions in the 
different regions of the human vocal tract during speech pro- 
duction. All tubes were hollow and filled with water to pro- 
vide boundary contracts, in the images, against the surround- 
ing air medium; mineral oil provided a similar contrast. 
Presence of air bubbles in the water did not pose a serious 
problem because their presence in the images, if any, was 
easily distinguishable from the surrounding water and, 
hence, could be corrected for during the data-processing 
stage. Actual areas of the various objects were obtained from 
standard specification sheets from the supplier, whenever 
possible. In addition, measurements with precision digital 
calipers (Mitutoyo Digimatic Calipers, least count 0.01 mm) 
were made. 

Results 

(a) Uniform-straight tubes: Three straight tubes (TY- 
GON 3603 series) with uniform cross-sectional areas of.' 
1.27, 0.71, and 0.32 cm 2 were used. Errors between actual 
and MRI-derived area values, from raw axial scans, were, on 
average, 2%-4%. 

(b) Nonuniform-straight tubes: For these experiments, a 
standard 100-ml flat-bottomed flask, and two pipettes of vol- 
umes 2 and 10 ml were used. For the flask, the minimum 

diameter (neck region) was 1.18 cm, the maximum diameter 
was 5.8 cm, and the length of the neck was 7.7 cm. For the 
pipettes, the maximum cross-sectional areas of the bulbs 
were 0.9 and 2.92 cm 2, for the smaller and larger pipette, 
respectively, and the minimum cross-sectional areas (neck 
region) for both was 0.02 cm 2. 

For the flask, errors in volumes calculated from 3-D re- 

constructions, from either axial or sagittal scans, were within 
1.3%-1.6%. Average errors in length measurements, ob- 
tained from the reconstructed 3-D object or mid-sagittal im- 
ages, were 3.4% for the length of the neck. 

For the pipettes, errors in the volumes of the bulbs were 
within 5%-8%. Errors in the maximum cross-sectional areas 

of the bulbs obtained from either raw coronal or reformatted 

sagittal data were both around 3%. Errors in the minimum 
cross-sectional areas (neck region) were anywhere between 
20%-100%; this demonstrates the dramatic decrease in reli- 

ability as the measured dimensions approach image resolu- 
tion. 

(c) Uniform and nonuniform bent tubes: Three tubes 
with varying degrees of bending were used. Tube A was a 
rigid-walled impalene tubing with a uniform area of 74 mm 2 
and was bent in a form of a circular sector, 18 cm in diam- 

eter, subtending an arc of about 240 ø. Tube B was a standard 
glass U-tube, with cross-sectional areas varying between 
130-150 mm 2 with the bend along its inner side following a 
semicircular arc of diameter 2.4 cm. Depending upon the 
orientation of the object inside the scanner, these tubes were 
scanned in either the axial or coronal plane to obtain cross- 
sectional areas. Tube C was a rigid plastic tubing with areas 
in the range of 25-34 mm 2. The tube comprised two straight 
"leg" regions, which were orthogonal to one another, con- 
nected by a gentle bend. The tube was scanned in both the 
axial and coronal planes to obtain cross-sectional areas of the 
"leg" regions. Since tube C was set inside the scanner in a 
position similar to a supine human subject, the "front" leg of 
the tube was scanned in the coronal plane while the "back" 
leg was scanned in the axial plane. Tubes B and C were 
treated as nonuniform tubes with actual areas evaluated at 

several points along their lengths, particularly around the 
bends. All three tubes were also scanned in the sagittal plane. 

Average errors in areas obtained directly from coronal or 
axial scans were in the order of 11%(_+5.6%), 22.7%( 
+5.6%), 4.5%(+2.8%), and 3.1%(+2.2%) for tubes A, B, C 
(coronal), and C (axial), respectively. The large values of 
errors and their variabilities for the first two cases are not 

surprising due to the extreme bending; the raw cross- 
sectional areas do not correspond to the actual areas in the 
plane perpendicular to the midline of the tubes. The errors 
for tube C, however, are not appreciable due to the fact that 
the "leg" regions were approximately orthogonal to the 
scanning planes. Interestingly, a simple coordinate transfor- 
mation using a cosine factor, of the raw areas from the first 
two cases to reflect the areas in a plane perpendicular to the 
midline of the tubes, using the angles measured from the 
respective 3-D reconstructions, resulted in decreased errors 
of 5.4%(+_3.4%) and 7.6%(+4.8%) for tubes A and B, re- 
spectively. The higher errors for tube B may be attributed to 
inaccuracies in the actual area and angle measurements due 
to the highly nonuniform nature of the U-tube along the 
bends. Finally, errors in the areas calculated from reformat- 
ted sagittal data were 10%(+_5%), 3%(_+2%), and 4.6%( 
_+2.2%) for tubes A, B, and C, respectively. The areas were 
calculated directly by employing a grid overlay specifying 
oblique cuts along planes perpendicular to the tube midline 
over the entire length. The relatively large errors for tube A 
may be attributed to our assumption that the area is uniform 
while there may be slight deformities in the tube. 

Note that segmentation errors in the reformatted images 
were not accounted for in the calibration experiments since 
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the experiments used tubes with well-cefined region-of- 
interest boundaries. Segmentation of vocal-tract images, on 
the other hand, is more complicated (fo; example, in the 
region near the teeth) and will result in higher measurement 
errors in the reformatted images than thos,'. from raw scans. 

•The term apical refers to articulations made with tte tongue tip up while 
laminal refers to articulations made with the tongue tip down relative to a 
raised tongue blade. 
2At the ,onset of our study, we attempted to measure the amount of lip 
protrusion for the various fricatives. The data, howecer, were iuconclusive 
due to Ihe limited spatial sampling of the MRI m•chine (scans obtained 
every 3 ram). 
3The intrinsic muscular action, rather than linguapal:.tal bracing, is posited 
to be the primary effect, in light of evidence for anteJior tongue grooving in 
the absence of any significant lingua-palatal bracing such as that observed 
for the low vowel/a/. 

Badin, P. (19911. "Fricative consonants: acoustic and x-ray measurements," 
J. Phon. 19, 397-408. 

Baer, T, Gore, J. C., Gracco, L. C., and Nye, R W (19911. "Analysis of 
vocal tract shape and dimensions using magnetic resonance imaging: Vow- 
els," J. Acoust. Soc. Am. 90(21, 799-828. 

Bothorel, A., Simon, P.; Wioland, F., and Zerling, J. 1:' (19861. "Cin•radiog- 
raphie des voyelles et consonnes du francais," TJavaux de I'institut de 
Phon&ique de Strasbourg. 

Catford, J. C. (19771. Fundamental Problems in Ptionetics (Indiana U.P., 
Bloomington, IN). 

Dang, J., Honda, K., and Suzuki, H. (19931. "MI•,i measurements and 
acoustic investigation of the nasal and paranasal cw•ities," J. Acoust. Soc. 
Am. 94, 1765 (A). 

Dart, S. (19911. "Articulatory and acoustic properties. of apical and laminal 
articulations," UCLA Working Papers in Phonetics 79. 

Fant, G. (19601. Acoustic Theory of Speech Prot/uction (Mouton, The 
Hague),. 

Fletcher, S. G., McCutcheon, M., and Wolf, M. (1989•. "Palatometric speci- 
fication of stop, affricate and sibilant sounds," J. Speech Hear. Res. 32, 
736 -748. 

Greenwe,od, A. R., Goodyear, C. C., and Martin, lh A. (19921. "Measure- 
ment of vocal tract shapes using magnetic resonance imaging," IEE Proc. 
I (Commun., Speech Vision) (UK), 139(61, 553-5½,0. 

Hamlet, S., Bunnell, H., and Struntz, B. (19861. "Articulatory asymme- 
tries," 1. Acoust. Soc. Am. 79, 1165-1169. 

Hardcastle, W. J. and Clark, J. E. (19811. "Articula:ory, aerodynamic and 
acoustic properties of lingual fricatives," Tech. Re•. 5, Speech Research 
Laboratory work in progress, University of Readin:;, pp. 51--7'8. 

Harris, K. S. (19541. "Cues for the identification of the fricatives of Ameri- 
can English," J. Acoust. Soc. Am. 26, 952. 

Hoole, P., Ziegler, W., Hartmann, E., and Hardcastle, W. (19891. "Parallel 
electropalatographic and acoustic measures of fricatives," Clin. Linguis- 
tics Phoo. 3(11, 59-69. 

Ladefoged, P. (19571. "Use of palatography," J. Speech Hear. Dis. 22, 764-- 
774. 

Ladefoged, P., Anthony, J. F. K., and Riley, C. (19711. "Direct measurement 
of the vocal tract," UCLA Working Papers in Phonetics 19, 4-13. 

Ladefoged, R and Maddieson, I. (19861. "Some of the sounds of the world's 
language:s," UCLA Working Papers in Phonetics 64. Also, "Sounds of the 
world's languages," (in preparation). 

Lin, Q. (1!990). "Speech production theory and aniculatory speech synthe- 
sis," Ph.D. thesis, Royal Institute of' Technology, Stockholm. 

Marchal, A., Farnetani, E., Hardcastle, W. J., and Butcher, A. (19881}. 
"Cross-language EPG data on lingual-asymmetry," J. Acoust. Soc. Am. 
Suppl. I 84, S127. 

McGowan, R., Koenig, L., and L6fquist, A. (19951. "Vocal tract aerody- 
namics in /aCa/utterances: Simulations," Speech Commun. 16, 67-88. 

Mermelstein, I• (19731. "Articulatory model for the study of speech produc- 
tion," J. Acoust. Soc. Am. 53, 1070-1082. 

Moore, C. A. (19921. "The correspondence of vocal tract images with vol- 
umes obtained from magnetic resonance images," J. Speech Hear. Res. 35, 
1009-1023. 

Narayanan, S.S. (19951. "Fricative consonants: An articulatory, acoustic, 
and systems study," Ph.D. thesis, UCLA, Dept. of Electrical Engineering, 
Los Angeles, CA. 

Perkell, J. S. (19691. Physiology of Speech Production: Results and Impli- 
cations cg' a Quantitative Cineradiographic Study (MIT, Cambridge, MA). 

Perkell, J. S., Boyce, S., and Stevens, K. (19791. "Articulatory and acoustic 
correlates of the [s-•] distinction," io Speech Communication Papers' Pre- 
sented ar the 97th Meeting of the Acoustical Society of America, edited by 
J. J. Wolf and D. K. Klatt (Acoustical Society of America, New York). 

Schnitzlein, H. N., and Murtagh, F. R. (19901. Imaging Anatomy of the Head 
and Spine (Urban & Schwarzenberg, Baltimore-Munich), 2nd ed. 

Shadle, C. H. (19901. "Articulatory-acoustic relationships in fricative con- 
sonants," in Speech Production and Speech Modelling, edited by W. Hard- 
castle and A. Marchal (Kluwer Academic, New York), pp. 187-209. 

Shadle, C,. H. (19911. "The effect of' geometry on source mechanisms of 
fricative consonants," J. Phon. 19, 409 424. 

Stevens, K. N. (19711. "Airflow and turbulence noise for fricative and stop 
consonants: Static considerations," J. Acoust. Soc. Am. 50, 1180-1192. 

Stone, M, Faber, A., Raphael, L. J., and Shawker, T H. (19921. "Cross- 
sectional tongue shapes and linguopalatal contact patterns in [s], [S] and 
[1]," J. Phon. 20(21,253-270. 

Subtelny, J. D., Oya, N., and Subtelny, J. D. (19721. "Cineradiographic 
study o1: sibilants," Folia Phon. 24, 30-50. 

Westbury, J. R. (19831. "Enlargement of the supraglottal cavity and its re- 
lation to stop consonant voicing," J Acoust. Soc. Am. 73, 1332-1336. 

1347 d. Acoust. Soc. Am., Vol. 98, No. 3, September 1995 Narayanan et al.: MRI study of fricative consonants 1347 


