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Two subjects from the X-Ray Microbeam Speech Production Database were examined in their
production of the vowels /(/ and /«/ in alveolar and dental consonant contexts. Secant lines, or
first-order splines, between the three most anterior pellets were examined at vowel critical times.
These critical times were zero crossings in the tangential acceleration of the midpoints of the secant
lines. We expected and found, in general, that vowel reduction occurred as a function of vowel
duration in measures of the secant line midpoint-to-palate distance and secant line orientation at
vowel critical times. The shorter the vowel, the smaller the distance of the secant line midpoints to
the palate and the less downward the orientation of the secant lines at the vowel critical times.
Phonetic reduction was also apparent in the formant frequencies. There were differences between
the speakers in terms of the range of vowel duration and degree of reduction. The subjects differed
in the functional parts of the tongue spanned by the secant lines and the shape of their palates. These
differences were factors in the observed relations between formant frequencies and the articulatory,
secant line measures for each subject. ©2004 Acoustical Society of America.
@DOI: 10.1121/1.1789491#

PACS numbers: 43.70.Aj@AL # Pages: 2324–2337
l–
p
e

tio
yl
a
e

w
rti

i
ns

x
re
fo
e
t

nt
de
e

an

wi

w
er
nt
n

oar-

ouse,
e-
o-

els,
e at

the
so-

of
rtain
it

ant

s.

ry

in
el

n
ould
ial
the
w
and
He

ant
syl-
I. INTRODUCTION

A. Previous work

Tongue kinematics in consonant–vowel and vowe
consonant transitions needs to be understood in order to
form articulatory synthesis of English and other languag
One particular phenomenon associated with these transi
is phonetic vowel reduction. Phonetic vowel reduction in s
lables is a complex, speaker-dependent phenomenon th
often characterized by greater coarticulation of the vow
with the surrounding consonants as the duration of the vo
decreases. In this paper, we seek to understand some a
latory and acoustic aspects of phonetic vowel reduction
English front vowel production in terms of tongue positio
and shapes and their consequent acoustics.

Lindblom ~1963! quantified reduction of Swedish la
vowels in the acoustic domain by considering formant f
quencies of the vowels as a function of vowel duration
one speaker. He showed that the shorter duration vow
tended to possess formant frequencies at their centers
were more greatly affected by the surrounding segme
context than did those of longer duration. Thus, he conclu
that vowel reduction in languages with ‘‘heavy stress,’’ lik
Swedish and English, is a phenomenon of assimilation
not of neutralization. Lindblom~1964! verified what he ob-
served in his 1963 study on another Swedish speaker
both tense and lax vowels. Stevens and House~1963! also
showed that the first two formants in American English vo
els spoken in words with symmetric consonant context w
affected by the places of articulation of those consona
Again, the vowels showed assimilation, or coarticulatio
with the surrounding consonants.

a!Electronic mail: rsmcgowan@earthlink.net
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There have been a number of acoustic studies of c
ticulation in vowel production since the original Lindblom
and Stevens and House papers appeared. Stevens, H
and Paul~1966! noted asymmetries in second formant fr
quency, or F2, trajectories for vowels in symmetric cons
nant context of nonsense syllables. Further, for lax vow
there was a tendency for F2 to approach a neutral valu
closure of the final consonant. Ohde and Scharf~1975! ob-
served that the onset consonant had more influence on
succeeding vowel than did the vowel’s succeeding con
nant. The Stevenset al. ~1966! and Ohde and Scharf~1975!
observations could indicate both a coarticulatory effect
surrounding consonants on the vowel, and, perhaps, a ce
degree of lenition of the final consonant, particularly when
is preceded by a lax vowel. Broad and Fertig~1970! were
able to show that a linear superposition of the conson
effects on the vowel /(/ in nonsymmetrical CVC syllables
provided a good statistical model of formant trajectorie
Broad and Clermont~1987! refined this model to include
more vowels and to obtain particular formant trajecto
shapes.

Acoustic investigations have progressed substantially
considerations of factors other than vowel duration in vow
reduction. Gay~1978! found no evidence of vowel reductio
with changes in speaking rate and stress. However, this c
have been the result of using vowels in voiceless, bilab
consonant context, and the result of instructions given to
speakers. Nord~1986! employed acoustic analyses to sho
that factors other than duration, such as phrase position
stress, have an effect on the degree of vowel reduction.
studied vowels in syllables with alveolar/dental conson
onsets and codas, and these syllables were parts of two
04/116(4)/2324/14/$20.00 © 2004 Acoustical Society of America
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lable words. Di Benedetto~1989! studied the properties o
F1 trajectories in three English speakers and found fur
evidence of assimilation with the surrounding consona
She also showed that F1 and F2 sampled at maximum
alone could not be used to distinguish between /(/ and /«/.
However, by considering other F1 trajectory properties, s
as the proportion of total vowel duration when the maximu
is attained, these vowels could be distinguished. Van Son
Pols ~1990, 1992!, in studying the read speech of a profe
sional newscaster, found minimal effects on formant tra
when vowel durations were changed as a result of spe
rate changes. The only consistent change that they found
that of a higher first formant frequency for all vowels in th
fast speaking rate condition. This change in F1 could h
been the result of a consistently more open mouth, or o
postural change in the vocal tract, during faster rate spe
They concluded that the speaker changed speaking style
speaking rate in order to maintain midvowel formant fr
quencies.

Further work has confirmed that speaking style and
prasegmental conditions are major factors in vowel reduc
phenomena. van Bergem~1993! performed a study on the
effects of word stress, word class, and sentence stress o
vowels in Dutch read sentences. He found that word st
and word class were the major determiners of F1 and
Further, he confirmed that vowel reduction was a conson
assimilation phenomenon and not the result of neutralizat
van Bergem concluded that vowel reduction is as muc
matter of speaking style as it is a matter of vowel durati
Moon and Lindblom~1994! also studied vowel reduction
using formant frequency data. They asked speakers to
duce speech in clear and citation-form styles at a cons
speaking rate. They found the expected assimilation of vo
formants with surrounding segments, but that clear spe
involved an ‘‘undershoot-compensating’’ mechanism.
adding the extra effect of speaking style, they extended
results of Lindblom~1963!.

The intricacies of vowel reduction are also apparent
articulatory studies of tongue movement. Lindblom~1964!
confirmed that, for a single speaker producing a sin
consonant-vowel combination, articulators moved a sma
distance from consonant release into the vowel when
duration of the vowel was diminished. Kuehn and Mo
~1976! noted that simple instructions to talkers to increa
the rate of speech of nonsense words and syllables so
times resulted in either increased articulatory velocity,
creased articulatory displacement, or a combination of th
effects. Flege~1988!, who studied rate-induced vowel redu
tion in schwa and bilabial consonant environments, no
some vowel reduction, as well as production strategies
mitigated vowel reduction. These strategies included
creased peak tongue velocities, as well as early movem
toward the stressed vowel and preservation of the vowe
movements away from the vowel. Engstrand~1988! experi-
mented with Swedish tense vowels, also in schwa and b
bial consonant contexts. He noted that the stressed vo
were more extreme in the formant frequencies and they w
produced with tighter vocal tract constrictions. He fou
little effect of rate on vowel reduction, but noted that h
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 Richard
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results could have been different in other consonantal c
texts. More recently Adams, Weismer, and Kent~1993! have
confirmed and extended the observations of Kuehn and M
~1976! that speakers have a variety of articulatory strateg
when changing speaking rate. Finally, Perkell, Zandipo
Matthies, and Lane~2002! have shown that speakers do u
different articulatory means to change from normal style
clear style speech.

B. The present study

The present study seeks to supplement and extend
previous findings on changes in vowel articulation a
acoustics with vowel duration. In particular, front vowels(/
and /«/ in alveolar and dental consonant environments
two English speakers were examined usingsecant lines,
which are described below. The data were from the Wisc
sin X-Ray Microbeam Speech Production Database,
XRMB-SPD ~Westbury, 1994!, which contains digitized
tongue flesh point trajectories for adults producing vario
word lists, sentences, and paragraphs.

There are many factors that determine the duration
the vowel, such as rate, degree of emphasis or stress, ph
position, and the idiolect of individual speakers. We chose
examine the effect of differences in vowel duration with
individual speakers, without regard to the linguistic or no
linguistic causes of these differences. Part of this was dri
by a desire to see whether the degree of vowel reductio
consonant assimilation effects could be detected as a f
tion of vowel duration alone, absent reference to the cau
of the vowels’ absolute durations. The other reason is that
data could not be readily separated according to rate, st
and phrase position without reducing the number of tok
within each category to the point that statistically significa
trends could be detected.

This study of vowel reduction is a part of a larger proje
to base articulatory synthesis on kinematic data. More f
damentally, the goal is to understand and verify models
the articulatory-acoustic relations. With the most read
available kinematic data in the form of flesh point data
collected by the x-ray microbeam system~Fujimura, Kiritani,
and Ishida, 1973; Westbury, 1994! and the ElectroMagnetic
Midsagittal Articulometry, EMMA~Perkell, Cohen, Svirsky,
Matthies, Garabieta, and Jackson, 1992!, it is important to be
able to analyze these data employing articulatory represe
tions that support these goals. Primarily, the articulatory r
resentations of flesh point data needs to provide tongue s
information, because the overall shape of the tongue sur
determines the vocal-tract area function, and, thus, the r
nance properties of the vocal tract. The line segments
tween neighboring flesh points are called secant lines h
Secant lines provide a first step in characterizing the geom
ric relations between the tongue surface and the fixed st
tures, such as the hard palate, for flesh point data. Altho
secant line kinematics can provide only a first approximat
to tongue shape kinematics, it does so without the m
more complicated continuum description. Further, it is a
cal description in that changes in one secant line do
change a secant line that does not share a pellet. Th
unlike PCA or RARAFAC analyses~e.g., Hoole, 1999!,
2325S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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which characterize statistical regularities in the global sh
of the tongue by a small number of basic global shapes.
immediate motivation here was to find how vowel reducti
phenomena could be characterized within a secant line
resentation. In this work we were concerned with followi
the movement of two of the most anterior secant lines
tween the three most anterior pellets on the tongues of
subjects.

The procedure of tracking secant line kinematics h
been foreshadowed by Stone~1990!, who studied CV and
VC transitions in read speech with the x-ray microbeam a
ultrasound, where the consonants were /(/ and /2/ and the
vowels were /{/, /Ä/, and /Ç/. She concluded: ‘‘The tongue
can be segmented sagittally into functional segments
operate as semi-independent units within the tongue. Mo
ments of these segments result in local displacement
anterior to posterior tongue rotation’’ ~Stone, 1990; p.
2216!. The main evidence for this statement came from t
kinds of measurement. One was that the change in the
tance between adjacent pellets among various phoneme
pended on which part of the tongue the pellets were attac
and on the phoneme type. For instance, the distance betw
the third and fourth of five pellets always seemed to
smaller than for the others in Stone’s test utterances, des
the fact they were set on a protruded tongue at equal
tances. The other evidence came from the relative timing
articulatory events. The anterior-most or the posterior-m
pellets reached their extreme positions for neighboring p
nemes in the same temporal order. The differing inter-pe
lengths and relative timings indicated that the sections of
tongue were controlled somewhat independently. Stone
pothesized five independent sagittal segments in all from
tongue tip to the tongue root. Further, Westbury, Hashi,
Lindstrom ~1998! have used secant lines to characterize
tongue shapes of various tokens of@[# in the XRMB-SPD.

C. Secant line kinematics

Typical tongue flesh point data contain time-sampled
sitions of two to five pellets placed on the midline of th
tongue from just behind the tongue tip to, perhaps, 6 cm
so behind the tip. The XRMB-SPD usually has records
four pellets on the midline of the tongue surface. The mot
of four midsagittal flesh points on the tongue can be cha
terized by the motion of each of two secant lines: one
tween the two most anterior flesh points and another betw
the two most posterior flesh points. In this paper we w
most concerned with the kinematics of the anterior of
tongue during front vowel production. Thus, we conside
the kinematics of the two most anterior secant lines, wh
involved the three most anterior pellets. Numbering the p
lets from anterior to posterior, we considered the secant l
between the first and second pellets and the secant line
tween the second and the third pellets. The former secant
is referred to as the 1–2secant line, and the latter secant lin
is referred to as the 2–3secant line~see Fig. 1!. Each secant
line possesses four degrees of freedom in the midsag
plane: two translation degrees of freedom of the midpoin
the secant line, the rotation about the midpoint, and the d
2326 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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tion, or change in length, of the secant line. We studied
changes in translation and rotational degrees-of-freedom
functions of vowel duration in this work.

The kinematic quantities defined below are illustrated
Fig. 1 for the 1–2 secant line. The midpoint of each sec
line travels along a path, or locus of points, in the midsagi
plane. The time derivative of the midpoint position vector
the velocity of the midpoint. This is a two-dimensional ve
tor with a direction that specifies thetangent directionand a
magnitude, orspeed, at each point on the path. The tim
derivative of the velocity can also be calculated to obt
acceleration. Because the velocity has two spatial degree
freedom, the acceleration has two spatial degrees of freed
One of these specifies the time rate of change of the spee
the tangent direction, and the other specifies the time rat
change of the tangent direction itself. The first componen
parallel to the tangent direction and is known astangential
acceleration. While translation speeds are positive by defin
tion, tangential acceleration can either be negative or p
tive, because the translation speed can either be increasi
decreasing. The second component of acceleration is dire
orthogonal to the tangent and is known ascentripetal accel-
eration. Another part of the specification for the secant line
in terms oforientation anglewith respect to the horizonta
direction. The orientation angle increases when the se
line rotates about its midpoint in the counterclockwise dire
tion and the orientation angle decreases when the rotatio
clockwise. In the former case the anterior end of the sec
line points more upward, and in the latter case it points m
downward. The origin of the coordinate system is that d
fined in the XRMB-SPD handbook~Westbury, 1994, p. 37!,
and is near the tips of the upper incisors in the midsagi
plane. Thex-axis is formed by the intersection of the mid
sagittal plane and a plane that intersected the tips of
central incisors and at least two other maxillary teeth
opposite sides of the mouth. They axis is the line in the
midsagittal plane, passing through the origin that is ortho
nal to thex axis.

FIG. 1. The 1–2, 2–3, and 3–4 tongue secant lines for JW29. The da
line with the arrow at the end of pellet 1 is thex axis ~horizontal direction!.
The palate trace is also shown. The details of the 1–2 secant line kinem
are shown. The locus of dots, or points, represents the time-sampled pa
the midpoint of the 1–2 secant line through a vowel: one for each t
sample at 160 Hz. At any particular time, the velocity and tangential ac
eration vectors are parallel, and the centripetal acceleration is orthogon
these. The orientation of the 1–2 secant line is the angle between the
zontal direction and the 1–2 secant line.
Richard S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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TABLE I. Speech tokens for subjects JW11 and JW29.

Word Context

Number
of tokens
for JW11

Range of
vowel

durations
for JW11

Number
of tokens
for JW29

Range of
vowel

durations
for JW29

this Word list 5 163–225 ms 5 225–256 m
‘‘...damagethis ship’s
hull.’’

1 100 ms 1 106 ms

‘‘Put this one right
here.’’

1 94 ms 1 88 ms

‘‘But this March,...’’ 0 1 100 ms
‘‘ This March, Tom...’’ 0 1 88 ms

sense Word list 5 106–150 ms 5 163–181 m
‘‘...provide asenseof
order.’’

4 106–131 ms 5 100–125 m

‘‘...make senseof the
problem.’’

5 81–113 ms 5 100–118 ms

said Word list 1 194 ms 1 250 ms
‘‘They all know what I
said.’’

5 163–194 ms 5 206–238 m
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II. METHOD

Two subjects, JW11~male! and JW29~female!, were
chosen from the XRMB-SPD for examination. These su
jects were chosen based on gender and because they
different palate shapes, and part of the inquiry was to add
differences caused by palate shape. There turned out t
other differences that appeared more obvious as the
were analyzed: the two speakers had different articula
behaviors as a function of vowel duration and correspond
pellets did not mark the same functional parts of the tong
The XRMB-SPD contains articulatory data from seve
channels and acoustic data that have been synchronize
ing mathematical interpolation. All articulatory data chann
have the common frame rate of 160 samples/s, which me
that the duration between frames is 6.25 ms~Westbury, 1994,
p. 57!. The output speech was sampled at 21379 samp
with a microphone placed 10 cm anterior and 5 cm latera
the mouth opening~Westbury, 1994, p. 29!.

We noted those words that contained either the fr
vowel /(/ or /«/ for subjects JW11 and JW29, and that we
immediately preceded and followed by alveolar or den
consonants or consonant clusters. The words that met t
criteria, and for which there were more than one or t
tokens, were ‘‘this,’’ ‘‘sense,’’ and ‘‘said.’’ Thus, the initia
consonants considered were /2/ and /Z/, and the final conso-
nants or consonant clusters were /$/, /'2/, and /2/. These
words appeared in various contexts: word lists, lists of s
tences, and stories. Table I gives the numbers of tokens,
texts, and range of vowel durations for JW11 and JW29. T
times of release of the initial consonant and closure of
final consonant or first consonant of a final consonant clu
were marked based on the acoustic record. The times o
lease of the fricatives were taken at the cessation of fricat
Closures were marked by abrupt changes in acoustic am
tude in frequencies above 1 kHz for /$/ and /'2/ and by the
beginning of frication for /2/. These were marked to the nea
est articulatory sample time, rounding down to the preced
articulatory sample time for releases and up to the follow
articulatory sample time for closures. The time interval b
, Vol. 116, No. 4, Pt. 1, October 2004 Richard
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tween each release and the closure was the vowel durat
We chose to analyze the 1–2 and 2–3 secant lines. W

out constraints on the movement of the tongue, moveme
of the 1–2 or 2–3 secant lines cannot be used to infer w
happens in posterior regions of the tongue. For example,
translational movement of either or both the 1–2 or 2
secant lines could be caused by a general downward tran
tion of the tongue body or a rotation of a portion of th
tongue in the oral cavity with an axis of rotation posterior
the midpoints of the secant lines in question, as could
caused by jaw rotation. In the data examined here, we ar
that differences in the acoustics caused by the parts of
tongue posterior to the 1–2 and 2–3 secant lines is mini
within a vowel, because of bracing of the sides of the tong
on the palate and teeth for mid to high front vowels~Perkell,
1991!. This physical constraint should be further enhanc
because these vowels appear in coronal consonant cont
Also, not only would jaw motion be limited, but also it
effect on the tongue should be limited by the bracing and
the fact that the tongue is not rigidly connected to the jaw

For subjects in the XRMB-SPD, four pellets were plac
along the midline~longitudinal sulcus! of the tongue, so tha
the most anterior pellet was about 1 cm posterior to the a
~tongue tip! and the most posterior about 6 cm from th
apex, as long as a gag reflex was not encountered. The
other pellets were approximately evenly spaced betw
these extremes, and there were no gender-related differe
in pellet spacing and placement~Westbury, 1994!. Pellet
placement can differ between subjects in the XRMB-SP
This issue can be addressed by briefly considering the
tances between the pellets for our two subjects in susta
vowels /Ä/ and /#/, because these vowels were produced w
a fairly flat tongue blade. For JW11 the average dista
between pellets one and two was 16.2 mm, and betw
pellets two and three the average distance was 14.4 mm
JW29 the average distance between pellets one and two
17.3 mm, and between pellets two and three the aver
distance was 17.7 mm. Thus, the first three pellets ha
greater separation for JW29 than for JW11. On the ot
2327S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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hand, the vocal tract appeared to be larger for JW11, an a
male, than for JW29, an adult female. The midsagittal pa
outlines of the two subjects indicated a horizontal span
about 60 mm for JW11 and 50 mm for JW29. The line th
was meant to be a rough indication of the position of
posterior pharyngeal wall was about 88 mm behind the
terior of the palate trace for JW11 and about 75 mm beh
the anterior of the palate trace for JW29. These data indi
a smaller vocal tract, and probably, a smaller tongue
JW29 than for JW11. Further, the palate of JW11 was m
domed than that of JW29@see Figs. 4~a! and 4~b! later for
palate shapes#, which is yet another factor that makes th
effective acoustic path length still longer for JW11 than
JW29. These factors, together with the fact that the pel
were more widely spaced for JW29 than for JW11, indica
that a functionally more posterior part of the tongue w
considered for JW29 than for JW11 when examining
positions and orientations of the 1–2 and 2–3 secant lin

An analysis program was written to calculate kinema
quantities for the 1–2 secant lines and the 2–3 secant li
Midpoint velocities were calculated numerically using ce
tered differences for each of the horizontal and vertical co
ponents of the secant line midpoints. The centered-differe
for a digitized signal,s(t), at sample timet i , where i is a
sample index, is„s(t i 11)2s(t i 21)…/(t i 112t i 21). Speed is
the magnitude of the velocity vector. Tangential accelerati
were computed numerically using centered differences of
speeds.

In the analysis, we were concerned with characteriz
tongue position and shape at consonant release, closure
in the middle of the vowel.~The choice of time for ‘‘middle
of vowel,’’ denoted here asvowel critical time, is discussed
later in Sec. III.! The articulatory measures used were t
distance of the midpoint of each secant line to the palate
the orientation of each secant line with respect to the h
zontal direction. The former measure is calledsecant line
midpoint-to-palate distance, and the latter quantity is calle
secant line orientation. Four or five line segments approx
mated the midsagittal palate outlines for the purpose of
culating the distances between the secant lines and the
ate. The midpoint-to-palate distance was calculated
calculating the lengths of the perpendicular from each pa
line to the secant line midpoint. If the resulting perpendicu
intersected its palate line outside of the range for which
represented the palate, the length of the line from the clo
end point on the palate to the secant line midpoint was ta
to be the distance to that portion of the palate. The minim
of the distances between each palate segment and the s
line midpoint was taken to be the midpoint-to-palate d
tance. We avoided discontinuities in this quantity by us
such a calculation. An alternative strategy for calculating d
tances to the palate has been proposed by Lindstrom
Westbury. They calculate the minimum distance to the pa
using an exponentially weighted average distance from e
of the sampled palate points to avoid abrupt changes in
quantity with small changes in tongue position~Simpson,
2002!.

Based on Lindblom’s 1963 analyses, it was expec
that the differences between the measures at release or
2328 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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sure and at vowel centers could show a clearer trend w
vowel duration than the absolute measures at centers a
because vowel reduction is a coarticulation, or assimilati
phenomenon. Reference can be made to the 1–2 secan
and its time-sampled midpoint path for /«/ in the word
‘‘sense’’ spoken by JW29 illustrated in Fig. 2. Three sna
shots of the 1–2 secant line are shown:~1! at release,~2! at
the maximum midpoint-to-palate distance, and~3! at closure.
We can expect that the positions of the secant lines at rel
and closure will be mutually dependent on its position
vowel center.@Interestingly, consonantjaw position is af-
fected more than vowel jaw position in English~Keating,
Lindblom, Lubker, and Kreiman, 1994!. We do not know of
a comparable study for tongues.# Thus, not only were dis-
tances and orientations recorded in the vowel center, but
differences with the corresponding values at release and
sure were also calculated.

The errors in articulatory measurement are discusse
the manual that accompanies the CDs containing the XRM
SPD, Westbury~1994!. From the manual, we expect the err
in measuring the position of a moving pellet to be less tha
mm. Thus, the error in measuring the position of the m
point of a secant line will be less than 1 mm. The error
measuring the orientation of a secant line will be appro
mately, at most, 6°. The microbeam data were low-pas
filter using spline fitting that is equivalent to fourth-orde
zero delay Butterworth filtering. Corner frequencies f
which the attenuation was 6 dB down from full pass were
Hz for the most anterior tongue pellet and 10 Hz for t
other tongue pellets~Milenkovic, 2003!. There were unequa
numbers of tokens for each word extracted for each sub
most often because of tracking problems during the reco
ing of particular tokens.

These data allowed an exploration of some of the ph
ics of the articulation-acoustic relationship. Formant frequ
cies were measured using 256-point windows to prod
DFT cross sections at vowel centers. Formant freque
measurement errors made by the author were estimated u
the measurements taken by another speech scientist who

FIG. 2. Examples of a time sample’s 1–2 secant line midpoint trajector
a dotted path for /«/ in the word ‘‘sense’’ spoken by JW29. The dark lin
segments are the 1–2 secant line at~1! the release of /2/, ~2! at a time when
the movement goes from opening to closing, and~3! at the closure of /'/.
Richard S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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uninformed as to the purpose of this study. The average
standard deviation in the absolute value of the percent dif
ence in each of the measured values by subject and form
frequency number were calculated. For JW11’s F1s the
erage was 4% with a standard deviation of 4% and the a
age for his F2s was 2% with 1% standard deviation. F
JW29’s F1 the average was 7% with a standard deviatio
3% and the average for her F2s was 3% with 3% stand
deviation.

III. RESULTS

A. Qualitative patterns and vowel critical times

Comparisons of vowel durations between JW11 a
JW29 indicate that JW11 did not distinguish contexts
which the tokens were spoken as much as JW29 did. For
vowel /(/ the ratio of the maximum to minimum vowel du
ration was 2.4 for JW11 and 3.7 for JW29. The range
durations for the vowel /«/ produced a ratio of maximum to
minimum duration of 2.4 for JW11 and 2.7 for JW29~see
Table I!. The smaller ratios for JW11 indicated that JW
and JW29 could be using different articulatory strategies
producing their vowels. In order to test the hypothesis t
JW11 used articulatory compensation to mitigate vowel
duction, regression analyses of maximum 1–2 secant
midpoint speeds in the opening phase for the two subj
and two vowels were performed. A significant negative slo
(p,0.1) occurred only for the case of JW11 producing(/.
Thus, JW11 sped his articulations up when the /(/ in ‘‘this’’
became shorter. Other investigators have noted change
articulatory behavior that diminish vowel reduction effec
~e.g., Kuehn and Moll, 1976; Harris, 1978; Ostry and Mu
hall, 1985!. Speakers will often increase articulatory veloc
ties or the force with which a consonant is released to m
gate the assimilation of the vowel to the surroundi
consonants~Moon and Lindblom, 1994!.

Because the vowels of interest were front vowels and
surrounding consonants were coronal, there were consis
cies in secant line kinematics among the word tokens. T
was particularly true for vowels of longer or moderate du
tion. Consideration of these consistencies allowed for a
sonable choice of criteria for vowel critical times~i.e., vowel
centers! for vowels of at least moderate duration. Some
these criteria turned out to be useful for, and could be g
eralized to, vowels of the shortest duration that did not
hibit these consistencies. The consistencies that are b
referred to are illustrated in Fig. 2. The 1–2 secant line m
point generally had a downward movement away from
palate after the release of the initial consonant, with sub
quent upward movement before the closure of the final c
sonant. Before the end of the downward movement, the m
point slowed, and at the beginning of the upward movem
the speed increased.~The closer the points on the path illu
trated in Fig. 2, the slower the midpoint movement.! Thus,
the maximum midpoint-to-palate distance often cor
sponded closely to a speed minimum and a zero crossin
tangential acceleration. Further, the general pattern of r
tion for the 1–2 secant line was clockwise or decreas
orientation angle, after consonant release, as illustrated
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 Richard
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the snapshots of the secant lines at times~1! and~2! in Fig. 2.
Also, the rotation tended to be in the opposite~counterclock-
wise! direction from sometime in the mid-portion of th
vowel to the following consonant closure, as illustrated
the snapshots of the secant lines at times~2! and~3! in Fig. 2.
This meant that the tip of the tongue tended to point dow
ward more in the vowel than at the release or closure of
surrounding consonants in many, but not all, cases.

For the pattern just described, the center of the vow
was considered to be sometime during the change in
midpoint direction from downward to upward. Various crit
ria were considered for choosing times within this time
terval to record quantities of interest: the maximu
midpoint-to-palate distance, local midpoint speed minima
zero crossings in the tangential acceleration. In some of
shorter utterances, there were no local speed minima, or
were very close to release or closure, the maxim
midpoint-to-palate distance occurred near the release or
sure, and/or the only zero crossing in tangential accelera
corresponded to a speed maximum. Because of these d
ent patterns it is a nontrivial problem on how to define t
middle of the vowel articulation kinematically. Further, th
same kinds of problems occur when defining the middle
the vowel acoustically, because there is not necessarily
apparent local maximum or minimum in the formant traje
tories sometime during vowel production. For the 1–2 sec
line, the two kinematic quantities that were the least of
close to a release or closure times were times of the m
mum midpoint-to-palate distance and times of tangential
celeration zero crossing.~In cases where there were multip
zero crossings in the tangential acceleration, the one clo
to the acoustic temporal center of the vowel was chose!
Figures 3~a! and 3~b! show the proportion of total vowe
time where these critical times for the 1–2 secant line oc
as a function of vowel duration for both /(/ and /«/ for each
subject. The times of zero crossings of tangential accel
tions were more consistently near the acoustic temporal c
ters than were the times of the maximum midpoint-to-pal
distance for the 1–2 secant lines. Further, the 2–3 midpo
to-palate distance maxima were not always well defined
cause this distance often varied little over the course o
vowel and because there were sometimes multiple lo
maxima. Thus, the zero crossings of the tangential accel
tion were used for the kinematically defined midvowel,
vowel critical time. The phrase ‘‘vowel critical time’’ will
sometimes be shortened to ‘‘vct’’ here.

B. Articulation of Õ(Õ at vowel critical times and vowel
duration

Figure 4~a! shows the positions of the 1–2 secant lin
and the positions of the 2–3 secant lines at their respec
vowel critical times from tokens of the word ‘‘this’’ for sub
ject JW11. The midpoints of the secant lines are indicated
well. For JW11 there was nearly a continuum of 1–2 sec
line midpoints at the 1–2 vowel critical times with continu
ous variation in their distances to the palate, except for
outlier. Also, the 2–3 secant line midpoints clustered
gether, except for one outlier. The outliers for both the 1
and 2–3 secant lines were from the same token in sente
2329S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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FIG. 3. Proportion of the total vowel
duration where the vowel critical time
occurred versus the vowel duration fo
all tokens of /(/ and /«/: ~a! JW11; ~b!
JW29.
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context: ‘‘...damage this ship’s hull.’’ It appears that this(/
was highly coarticulated with the /$c/ of the preceding word.
The other /(/ in sentence context had a 1–2 secant line m
point that was the closest to the palate in the continuum s
in Fig. 4~a!.

For JW29 there were clearly two groups of 1–2 sec
lines at their vowel critical times@Fig. 4~b!#. These two
groups were, perhaps, less clearly defined for the 2–3 se
midpoints. The tokens of the group of four 1–2 secant lin
closest to the palate were from the word ‘‘this’’ spoken
sentence context, with vowel durations from 88 to 106
~Table I!. The five 1–2 secant lines farthest from the pal
were from the word ‘‘this’’ spoken in word lists, with vowe
durations from 225 to 256 ms~Table I!.

The first column of Table II contains the linear regre
sion statistics for the secant line midpoint-to-palate dista
at the vowel critical times versus vowel duration and
secant line orientation at the vowel critical times vers
vowel duration for both subjects. The same statistics for
differences of these quantities with their values at release
closure are shown in the second and third columns of
table. Both JW11 and JW29 exhibited, at least, very sign
cant (p,0.05) positive slopes in the linear regression of t
1–2 secant line midpoint-to-palate distance at the 1–2
versus the vowel duration~Table II, rows 1 and 2, column 1!,
2330 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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i.e., the longer the duration the greater the distance betw
the palate and the midpoint of the secant lines. A hig
significant positive slope occurred for JW29’s 2–3 sec
line’s midpoint-to-palate distance versus vowel durati
~Table II, row 4, column 1!, but there was no such trend fo
JW11~Table II, row 3, column 1!. The differences in secan
line midpoint-to-palate distances at vct and at either rele
or closure are shown in rows 1–4, columns 2 and 3 of Ta
II. Comparing across rows 1–4, and with the exception
JW11’s 2–3 secant line in row 3, the regression slopes
column 2 were less significant than those of column 1, a
the regression slopes of column 3 were more significant t
those in column 1. Thus, generally, differences in t
midpoint-to-palate at vct and at closure followed the e
pected trend with vowel duration with more statistical s
nificance than the midpoint-to-palate distance at either vc
its difference at vct and at release.

As noted in Sec. III A, the negative rotation of th
tongue blade into a more downward pointing direction wa
commonly observed pattern. It might be expected that
longer vowels would involve more of this negative orient
tion change than the shorter vowels. For JW11’s 1–2 sec
line, it was only when the differences in orientation at vow
critical times and at release or closure that significant ne
tive linear trends with vowel duration appeared~Table II,
Richard S. McGowan: Secant lines in phonetic reduction of /(/ and /«/



FIG. 4. 1–2 secant lines at their vowel critical times and 2–3 secant lines at their vowel critical times for tokens of ‘‘this.’’ The midpoints of the 1–2secant
lines are drawn as diamonds and the midpoints of the 2–3 secant lines are drawn as squares.~a! JW11,~b! JW29.
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row 5!. It was JW11’s 2–3 secant line orientation at the 2
vowel critical times or its difference with its value at relea
or closure that showed very significant negative trends w
vowel duration~Table II, row 7!. It can be noted that remov
ing the outlier for JW11 did not significantly increase t
degree of significance of any of these regression slopes.
JW29 the 1–2 secant line orientations at vcts, as wel
differences of 1–2 orientations between vowel critical tim
and release or closure times, exhibited either very signific
or highly significant negative slope with vowel duratio
~Table II, row 6!. JW29’s 2–3 secant line orientation vers
vowel duration showed significance only when differenc
between values at vct and closure were considered~Table II,
row 8!. Also, this trend was apositiveslope. Other than for
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 Richard
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JW29’s 2–3 secant line, the trend in orientation was fo
more downward orientation with increased vowel duratio

C. Formant frequencies and their relation to
articulation of Õ(Õ

Acoustic vowel reduction of /(/ was not as evident for
JW11, as it was for JW29. According to linear regress
statistics, JW11 exhibited significance (p,0.1) only in a lin-
ear increase of F1 at 1–2 vowel critical times with vow
duration~slope54.17,R250.46). Linear regression statistic
for JW29 showed highly significant linear increases in F1
vcts with increased vowel duration~slope59.73,R250.89 at
2331S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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TABLE II. Statistics for linear regression of the midpoint-to-palate distance and orientation at vowel cr
time and the differences of these quantities at vowel critical time and at release and at closure ver
duration of the vowel /(/ in ‘‘this’’ for JW11 and JW29~*50.1 confidence,** 50.05 confidence, and*** 50.01
confidence!. Distances are in mm, orientations in degrees, and durations in ms. ‘‘vct’’ stands for the v
critical time.

Subject Regression @ vct @ vct–@ rel @ vct–@ clo

JW11 1–2 midpoint-to-palate distance
versus

vowel duration

slope50.019
R250.71**

slope50.010
R250.38

slope50.021
R250.80***

JW29 1–2 midpoint-to-palate distance
versus

vowel duration

slope50.035
R250.96***

slope50.037
R250.88***

slope50.033
R250.83***

JW11 2–3 midpoint-to-palate distance
versus

vowel duration

slope50.001
R250.00

slope520.023
R250.63**

slope520.009
R250.15

JW29 2–3 midpoint-to-palate distance
versus

vowel duration

slope50.016
R250.77***

slope520.008
R250.29

slope50.020
R250.73***

JW11 1–2 orientation
versus

vowel duration

slope520.016
R250.04

slope520.125
R250.56*

slope520.060
R250.64**

JW29 1–2 orientation
versus

vowel duration

slope520.053
R250.64***

slope520.089
R250.78***

slope520.044
R250.50**

JW11 2–3 orientation
versus

vowel duration

slope520.103
R250.82***

slope520.073
R250.69**

slope520.100
R250.91***

JW29 2–3 orientation
versus

vowel duration

slope520.004
R250.02

slope520.001
R250.00

slope50.028
R250.46**
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1–2 vct and slope510.36,R250.86 at 2–3 vct!, while she
did not show any significant linear trend for F2 versus vow
duration.

One of the main reasons for using secant lines is
they can provide some insight into the articulatory acou
relations. Table III provides statistics on linear regressio
between F1 or F2 and the midpoint-to-palate distance or
cant line orientation at vowel critical times for both subjec
For JW29, F1 significantly increased with both 1–2 sec
line midpoint-to-palate distances at 1–2 vct and 2–3 sec
line midpoint-to-palate distances at 2–3 vct~Table III, col-
umn 3, rows 1 and 2!. There were no other significant linea
oc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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trends, except between F2 and the orientation of the 2
secant line for JW11.

D. Articulation of Õ«Õ at vowel critical times and vowel
duration

In considering the vowel /«/, the tokens of ‘‘sense’’ and
‘‘said’’ were combined for each speaker. 1–2 secant l
midpoint-to-palate distances at vowel critical times, at
lease, and at closure are plotted as a function of the vo
duration of JW11’s and JW29’s /«/ productions in Figs. 5~a!
and 5~b!. The figures indicate increased 1–2 secant l
tation

e-
TABLE III. Statistics for the linear regression of the secant line midpoint-to-palate distance and orien
versus formant frequencies at the vowel critical times~vct! for JW11 and JW29 producing /(/ in ‘‘this’’ ~*50.1
confidence,** 50.05 confidence, and*** 50.01 confidence!. Distances are in millimeters, orientations in d
grees, and frequencies in Hz.

Versus JW11 F1 JW11 F2 JW29 F1 JW29 F2

1–2 midpoint-to-palate distance slope5

0.0011
slope5
0.0010

slope5
0.0020

slope5
20.0006

R250.27 R250.28 R250.86*** R250.03
2–3 midpoint-to-palate distance slope5

0.0015
slope5

20.0009
slope5
0.0009

slope5
20.0009

R250.34 R250.35 R250.72*** R250.16
1–2 orientation slope520.04 slope520.03 slope520.03 slope520.01

R250.09 R250.17 R250.61 R250.05
2–3 orientation slope520.04 slope520.07 slope520.02 slope520.01

R250.09 R250.69** R250.02 R250.07
Richard S. McGowan: Secant lines in phonetic reduction of /(/ and /«/



FIG. 5. The 1–2 midpoint-to-palate distance~mm! at release, at closure, and at vowel critical time versus vowel duration~ms! for tokens of /«/ in the words
‘‘sense’’ and ‘‘said’’. ~a! JW11,~b! JW29.
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midpoint-to-palate distance at vct with increased vowel
ration for both subjects. However, variability in these d
tances for JW11 at release and at closure makes it difficu
find a trend visually in the differences at vct and at rele
and closure for this subject@Fig. 5~a!#. For both JW11 and
JW29 the slopes of the regression lines for the 1–2 midpo
to-palate distances at vcts versus vowel duration were
highly significant in the expected positive direction~Table
IV, rows 1 and 2, column 1!. Similarly, the linear trends
between differences in the midpoint-to-palate distance m
sures taken at vowel critical times and at release or clos
and vowel duration were, at least, very significant~Table IV,
rows 1 and 2, columns 2 and 3!. Also, the midpoint-to-palate
distance at vct increased with vowel duration for JW11’s 2
secant line, as did the differences of this distance betw
vct and release or closure~Table IV, row 3!. JW29’s 2–3
secant line behaved differently, with an increase in
midpoint-to-palate distance between vct and release w
vowel duration, anda decreasewhen differences of thes
distances at vct and at closure were considered~Table IV,
row 4, columns 1 and 3!.

Secant line orientations at vowel critical times, at r
lease, and at closure for the 1–2 secant lines of JW11’s
JW29’s /«/ productions are shown in Figs. 6~a! and 6~b!. A
visual inspection of the figure does not reveal any particu
trend for JW11, but there does seem to be a trend tow
decreasing orientation with vowel duration at for JW29@Fig.
6~b!#. For JW11@Fig. 6~a!# there was some statistical indica
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 Richard
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tion of decreasing orientation at vct and more negative
ferences in orientation at vct and at release and clos
~Table IV, row 5!. These trends were statistically more si
nificant for JW29 than for JW11~Table IV, rows 5 and 6!. As
in the case of JW11’s /(/ utterances, there were very signifi
cant linear trends 2–3 secant line orientation at vct and
ferences with this quantity at release versus vowel dura
~Table IV, row 7, columns 1 and 2!. The orientation of
JW29’s 2–3 secant line orientations at vowel critical tim
increasedas a function of vowel duration, as did differenc
with orientations at release~Table IV, row 8, columns 1 and
2!.

A closer look at Figs. 5~b! and 6~b! revealed that for
JW29’s all vowels with durations greater than about 150
behaved similarly in the 1–2 secant line midpoint-to-pal
distance and orientation measures. This was a saturatio
fect that means that a linear fit to the data did not capture
the regularity in the 1–2 secant line distance to palate
orientation versus vowel duration relations. A more approp
ate function fit might be provided by an exponential functi
of vowel duration; similar to the one that Lindblom~1963!
used to model behavior of the formant frequencies in m
vowel as a function of vowel duration.

E. Formant frequencies and their relation to
articulation of Õ«Õ

There were individual differences in the way forma
frequencies at vowel critical times behaved as a function
2333S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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vowel duration. For JW29, F1 showed highly significant li
ear trends with vowel duration at both the 1–2 and 2
secant line vowel critical times, just as for her /(/ tokens
~slope511.52, R250.82, p,0.01 at 1–2 vct, and slop
510.39,R250.72,p,0.01 at 2–3 vct!. For JW11, the linear
relation between F1 and vowel duration was significant o
at the 2–3 secant line vcts~slope55.24,R250.26, p,0.05
at 2–3 vct!. However, only JW11 showed a highly significa
linear trend in F2 with vowel duration in /«/ ~slope56.78,
R250.34, p,0.01 at 1–2 vct, and slope511.29,R250.32,
p,0.01 at 2–3 vct!.

Further insight is gained when the dependencies of
formant frequencies on the articulatory measures are ex
ined. F1 of JW11 showed a significant dependence on
1–2 secant line and a very significant dependence on the
secant line midpoint-to-palate distances~Table V, rows 1 and
2, column 1!. The linear trend of JW11’s F1 versus seca
line orientation was negative and highly significant for bo
the 1–2 and 2–3 secant lines~Table V, rows 3 and 4, column
1!. The F2 versus midpoint-to-palate distance and F2 ve
orientation relations were, at least, very significant for ea
of JW11’s secant lines~Table V, column 2!. For JW29’s F1

TABLE IV. Statistics for linear regression of the midpoint-to-palate distan
and orientation at vowel critical time and the differences of these quant
at vowel critical time and at release and at closure versus the duration o
vowel /«/ in ‘‘sense and said’’ for JW11 and JW29~*50.1 confidence,
** 50.05 confidence, and*** 50.01 confidence!. Distances are in mm, ori-
entations in degrees, and durations in ms. ‘‘vct’’ stands for vowel criti
time.

Subject Regression @ vct @ vct—@ rel @ vct—@ c

JW11 1–2 midpoint-to-
palate distance

versus
vowel duration

slope50.053
R250.69***

slope50.047
R250.72***

slope50.020
R250.32**

JW29 1–2 midpoint-to-
palate distance

versus
vowel duration

slope50.033
R250.74***

slope50.032
R250.39***

slope50.024
R250.23**

JW11 2–3 midpoint-to-
palate distance

versus
vowel duration

slope50.042
R250.67***

slope50.024
R250.31**

slope50.025
R250.75***

JW29 2–3 midpoint-to-
palate distance

versus
vowel duration

slope520.005
R250.06

slope50.087
R250.21**

slope520.013
R250.38***

JW11 1–2 orientation
versus

vowel duration

slope520.086
R250.16*

slope520.082
R250.20**

slope520.121
R250.26**

JW29 1–2 orientation
versus

vowel duration

slope520.144
R250.72***

slope520.159
R250.81***

slope520.119
R250.65***

JW11 2–3 orientation
versus

vowel duration

slope520.126
R250.40***

slope520.206
R250.56***

slope50.028
R250.04

JW29 2–3 orientation
versus

vowel duration

slope50.071
R250.77***

slope50.027
R250.15*

slope520.001
R250.03
2334 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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there was a highly significant dependence on both the
secant line midpoint-to-palate distance and orientation~Table
V, rows 1 and 3, column 3!. There was little dependence o
JW29’s F2 on any articulatory quantity, except for a sign
cant negative slope for F2 versus 1–2 orientation. A sign
cant negative trend in F1 versus the 2–3 secant lin
midpoint-to-palate distance was recorded~Table V, row 2,
column 3!.

There is further evidence of individual differences
articulatory-acoustic relations in /«/ production when hori-
zontal and vertical dimensions of the midpoints are cons
ered separately. The secant line that shows the most sig
cant trend in the midpoint-to-palate distance versus F1 is
2–3 secant line for JW11 and the 1–2 secant line for JW
For JW11, a highly significant linear relation exists betwe
the horizontal coordinate of the 2–3 secant line midpoint a
F1 ~slope520.016,R250.48, andp,0.01), but not for the
vertical coordinate at the 2–3 secant line vct~slope
520.010,R250.13). For JW29, the linear fits between F
and the horizontal coordinate and between F1 and the v
cal coordinate were both highly significant~slope520.013,
R250.65, andp,50.01 and slope520.010,R250.36, and
p,0.01, respectively!.

IV. DISCUSSION

The results indicate that phonetic vowel reduction o
curred for both subjects, to varying degrees, as measure
terms of midpoint-to-palate distances, orientations, and
mant frequencies. After reviewing the important, particu
facts about the dataset examined here, we will summarize
findings regarding articulatory changes with vowel duratio
The second part of the discussion will focus on the phys
of the observed relations between articulatory and acou
trends. This will entail some discussion on individual diffe
ences.

There are three facts that have relevance to the follow
discussion. First, the limited range of some of the obser
tions could have had an effect on the linear regressions
some cases a lack of sufficient range in the midpoint-
palate or secant line orientation could have made it diffic
to find significant linear trends, because the variability due
noise might have outweighed variability that resulted
regular linear trends. The lack of range could have been
result of a compensatory articulatory strategy, as discus
for JW11’s /(/ in Sec. III A. Second is the fact that the sam
secant line probably spanned different functional regions
the tongue for the two subjects, as discussed in Sec. II.
final fact is that the subjects had substantially different pa
shapes.

The following general trends in articulation as a functi
of vowel duration have been noted using Tables II and
The 1–2 secant line midpoint-to-palate distances at vct
crease with vowel duration for /(/ and /«/ for both subjects.
For JW11’s 2–3 secant line there was no such trend for(/,
but there was for /«/. The lack of a trend for JW11’s /(/ could
have been due to his limited range of vowel durations for t
vowel. For JW29’s 2–3 secant line, there was no consis
trend in the midpoint-to-palate distance for /«/, but there was

s
he

l
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FIG. 6. 1–2 secant line orientation~degrees! at release, at closure, and at 1–2 vowel critical time versus vowel duration~ms! for tokens of /«/ in the words
‘‘sense’’ and ‘‘said’’. ~a! JW11; ~b! JW29.
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for /(/. The differences between the subjects in the beha
of the 2–3 secant line was highlighted when orientatio
were considered.

JW29’s 1–2 secant line showed increased downw
~i.e., more negative! orientation with increased vowel dura
tion to higher degrees of significance than did JW11’s 1
secant line for /(/ and /«/. The opposite is true for the 2–
secant line, with JW11’s showing a more significant incre
in downward orientation with vowel duration than JW29
for both vowels. In fact, JW29’s 2–3 secant line had so
significant increases in orientation with vowel duration. T
differences in the behavior of JW29’s and JW11’s 2–3 sec
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 Richard
or
s

d

2

e

e

nt

line could be attributed to a difference in the functional pa
of the tongue spanned by this secant line for the two s
jects. Palate shape differences could also have played a

We now turn to the relation between articulation a
acoustics reported in Tables III and V. There were no sign
cant trends between F1 and the midpoint-to-palate dista
for JW11 in the case of /(/, while there were highly signifi-
cant trends for JW29~Table III!. This could have been the
result of his limited range of midpoint-to-palate distances
this subject. The ranges of midpoint-to-palate distances
JW11’s /(/ productions were less than 3.5 mm for both t
1–2 and 2–3 secant lines, while the range for JW29’s 1
versus

n

TABLE V. Statistics for linear regression of the secant line midpoint-to-palate distance and orientation
formant frequencies at the vowel critical times~vct! for JW11 and JW29 producing /«/ in ‘‘sense and said’’
~*50.1 confidence,** 50.05 confidence, and*** 50.01 confidence!. Distances are in millimeters, orientations i
degrees, and frequencies in Hz.

Versus JW11 F1 JW11 F2 JW29 F1 JW29 F2

1–2 midpoint-to-palate distance slope5

0.0021
slope5
0.0024

slope5
0.0015

slope5
0.0013

R250.16* R250.50*** R250.60*** R250.09
2–3 midpoint-to-palate distance slope5

0.0017
slope5
0.0009

slope5
0.0004

slope5
0.0000

R250.28** R250.32*** R250.15* R250.00
1–2 orientation slope520.11 slope520.06 slope520.06 slope520.07

R250.41*** R250.24** R250.54*** R250.15*
2–3 orientation slope520.08 slope520.05 slope520.02 slope50.01

R250.45*** R250.70*** R250.22** R250.02
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secant line was 6.9 and 3.6 mm for her 2–3 secant line i(/
~see Figs. 4 and 5!. In the case of JW29’s /(/ productions,
these trends in F1 versus midpoint-to-palate distances
vide examples of the well-known relation between tong
height and F1. An increase in the area of the front part of
vocal tract can be conceived as a decrease in the magn
of the mass element of the Helmholtz resonator for h
articulations. For less close articulations, increases in
midpoint-to-palate distance represented increases in the
tion of the acoustic tube that contains the volume veloc
maximum for the standing wave associated with F1, in
application of perturbation theory~e.g., Schroeder, 1967
Stevens, 1998, pp. 148–152!.

For /«/ the positive F1 versus midpoint-to-palate d
tance trend was most significant for the 2–3 secant line
JW11 and the 1–2 secant line of JW29. The difference
tween subjects appears partly to be due to the difference
functional regions spanned by their 2–3 secant lines. H
ever, it can be noted that changes in F1 were not stri
related to tongue height, because the shape of the p
plays a role. The fact that the relation between the horizo
coordinate of JW11’s 2–3 secant line midpoint and F1 w
highly significant, but there was no significant relation b
tween the vertical component and F1, could be due to
fact that the 2–3 secant line opposed the relatively st
diagonal of JW11’s palate. Thus, pulling the tongue back
JW11’s /«/ production had the same effect as JW29’s pulli
the tongue down and back from her flatter palate: an incre
in F1.

The palate shape differences could also explain w
there were significant increases of F2 with midpoint-
palate distances for JW11 in the vowel /«/ and no significant
trends between midpoint-to-palate distances and F2
JW29 in either vowel. The highly significant increase
JW11’s F2 in /«/ with 1–2 and 2–3 midpoint-to-palate dis
tances could have been caused in two ways. The 1–2
2–3 segments of JW11 could have been far enough forw
that their translations affected only the maximum veloc
portion of the F2 standing wave, or the increased midpo
to-palate distance of these segments was coincident w
decreasing orientation angle, which actually caused the
increase. The reason to expect an increased F2 with a
creased orientation angle is explained below.

Based on perturbation theory, it can be expected
both F1 and F2 of /«/ increase with decreasing orientatio
angle for secant lines in the front of the tongue. Decreas
orientation angles in the front secant lines imply that
regions for velocity maxima of the F1 and F2 have an
creasing cross-sectional area, while the regions posterio
this, which could be associated with either regions of pr
sure maxima or regions that are neither velocity or press
maxima, possess decreasing areas. There were the exp
and very significant, negative trends between F1 and
and 2–3 secant line orientation in the vowel /«/ for JW11 and
JW29, and in the case of JW11, between F2 and 1–2
2–3 secant line orientation~Table V!. However, it must be
kept in mind that these effects could simply be due to
coincidence of increasing the midpoint-to-palate dista
and decreasing orientation, with the physical cause
2336 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
/

o-
e
e
de

h
e

or-
y
n

f
e-
in
-

ly
ate
al
s
-
e
p
r

se

y
-

or
f

nd
rd

t-
a
2
e-

at

g
e
-
to
-

re
ted,
2

nd

e
e
r

changing F1 and F2 being the increasing midpoint-to-pa
distance. The significances of trends for /(/ ~Table III! were
probably hindered by a lack of range of orientations. F
JW11, the ranges of orientations for both secant lines in(/
were less than 15°, compared to ranges greater than 25
/«/. The JW29 ranges of orientations for both secant lines
/(/ were less than 16°, compared to ranges greater than
for /«/. The fact that the 2–3 secant line appeared to h
consistent effects on F1 and F2 for JW11, but not for JW
may have been the result of the fact that the functional ex
of the tongue blade accounted for between the first and t
pellets is greater for JW29 than for JW11.

In summary, while we have claimed that pellet plac
ment did have an effect on how tongue placement in vo
production was measured, we believe that there were spe
differences that cannot be attributed to any differences
pellet placement differences. In effect we have added a sm
amount of evidence for the conclusion of Johnson, La
foged, and Lindau, ‘‘We are left with the conclusion tha
speakers of the same language and dialect may use diffe
articulatory plans; that the universal articulatory phonetic
hypothesis is wrong’’ ~Johnsonet al., 1993, p. 713!. It can be
seen here that some of this difference could be the resu
palate shape differences. This also has implications for
normalization procedure of Hashi, Westbury, and Lindstr
~1998!, which essentially maps the midsagittal palate o
lines onto a straight line for all speakers. They found that
variation in the pellet-to-palate distance between talkers
reduced with this mapping. We have an analogous norm
ization with the secant line midpoint-to-palate distance m
sure. Our results indicate that if such a normalization pro
dure is to be employed, then secant line orientations nee
be measured in relation to the palate, and the oral space
the palate needs to be warped to account for directions
translational tongue movement in relation to the local pal
surface.

V. CONCLUSION

In this specialized sample of lax, front vowels in alve
lar or dental consonant context, both midpoint-to-palate d
tance differences and orientation differences contributed
acoustic assimilation to the surrounding consonants with
creasing vowel duration. Further, speaker-dependent di
ences in articulation and the formant frequency-articulat
relations appeared to be, in part, attributable to palate sh
differences. Secant line coordinates is a representation th
closely related to flesh point data that successfully emp
sizes the relation between local tongue shape and acous

There are at least two directions for current research
continue. The first is to examine the same phenomena
other, so-called, front vowels, such as /{/ and /,/, and to treat
linguistic factors, such as stress, separately from durat
Other extensions involve studying the properties of the
cant line trajectories themselves. Data-driven articulat
synthesis should be achievable through the control of se
line kinematics.
Richard S. McGowan: Secant lines in phonetic reduction of /(/ and /«/
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