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Acoustic analysis of the vocalic portion of consonant-vowel-consonant (CVC) syllables
(where V is one of the five vowels [1,e,2,a,a] of American English) spoken by three speakers
(two males and one female) in the sentence frame “The __ again” is presented. Results of
acoustic measurements show that ambiguities between vowels, for each speaker, occur if the
vowels are represented by the values of F 1 and F'2 sampled at the time where F 1 reaches its
maximum. These ambiguities occur primarily in the 1 dimension. Examination of the F 1
trajectories of the vowels for which confusion occurs shows variations in the way F'1 reaches its
maximum among different vowels. In particular, if two different vowels such as [1] and [¢]
have the same maximum F 1, then F 1 for the lower vowel reaches its maximum value earlier. In
addition, results show that the F 1 onset frequency also might be important in determining
vowel height. The implication is that the spectral characteristics at a particular “target,”
represented by the time at which F 1 reaches its maximum, are not invariant attributes of the
vowel. The results support a hypothesis that time and/or frequency variations of the first
formant must be taken into account if an invariant property is to be associated with a vowel.

PACS numbers: 43.71.Es, 43.70.Fq

INTRODUCTION

Vowel sounds have been traditionally classified along
several dimensions: height, backness, tenseness, etc. The for-
mant frequencies of vowels have been widely used as acous-
tic parameters representative of the different dimensions.
For example, it is well known that the first formant frequen-
cy (F1) has been related to vowel height and the second
formant frequency (F2) to vowel backness. In terms of dis-
tinctive feature theory (Chomsky and Halle, 1968), vowels
are coded as being [ + vocalic] and [ — consonantal]. In
the vowel class, different vowels are characterized by differ-
ent features; for example, the vowel [i} is [ + high] and
[ — back], while the vowel [u] is [ + high] and [ + back].

According to the theory of acoustic invariance (Stevens
and Blumstein, 1981), the search for acoustic correlates of
distinctive phonetic features should tend to specify acoustic
parameters that are invariant among different speakers, lan-
guages, and phonetic contexts, and that are perceptually rel-
evant. The primary aim of the acoustic analysis that will be
presented in this paper was to investigate how accurately F 1
can be used to classify vowels according to vowel height.
Stevens and House (1955) related the acoustic event de-
scribed by a high first formant with the articulatory event
characterized by a narrow tongue constriction a few centi-
meters above the glottis and an unrounded large mouth
opening, and low F 1 values with small and rounded mouth
opening or with a narrow tongue constriction near the
mouth opening. For vowels characterized by high F I values
(for example, the vowel [a]), the tongue body position is
low. and for vowels characterized by low F 1 values (for ex-
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ample, the vowel [1] ), the tongue body position is high. For
vowels characterized by intermediate values of F'1 (for ex-
ample, the vowel [¢]), the tongue body position is neither
high nor low.

In the acoustic analysis presented in this paper, five
vowels of American English were considered: the high vowel
[1], two low vowels [a,z], and two mid vowels [g,4]. In the
vowel syster of American English, these vowels are charac-
terized by the feature [ — round] and by being monophth-
ongal, while the other vowels are all [ + round] or diphth-
ongized. These vowels were considered in the context of
voiced and voiceless stops forming CVC syllables and in the
hVd and #Vd syllables.

In this analysis, the vowels considered were represented
by the first and second formant frequencies (1 and F2) in
accord with the tradition that has lasted for many years (Ste-
vens and House, 1963; Lisker, 1984). Reducing the vowel
space to the plane characterized by F 1 and F2 has been
shown to imply a loss of information for vowel identity.
Carlson er al. (1970) showed that Swedish vowels can be
synthesized by two formants £ 1and F2', where F2'isacom-
bination of F2, F 3, and F4. One should note, however, that
F2 and higher formants are considered to be related to the
front-back distinction and not to the high—low dimension.
The vowel representation of the present study is motivated
by the primary interest of this analysis in vowel height.

Two main problems, which deserve particular atten-
tion, may arise when the dimension of vowel height is repre-
sented by F 1. First, when a vowel is pronounced in several
consonantal contexts by the same speaker, its acoustic pat-
tern, represented by the F 1 and F2 values, varies, as shown
by Stevens and House (1963). Stevens and House noted that
the shift in F 1 values for vowels produced with consonant
environments characterized by different. places of articula-
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tion is smaller than that found in F2 values. However, in
order to obtain a nonambiguous specification of vowels in
the F 1 dimension, these shifts should be small enough to
allow two different vowel areas, which are contiguous in the
F 1 dimension, not to overlap. Second, markedly different F 1
and F2 values can correspond to the same vowel when this
vowel is pronounced by different speakers.

This paper focuses on the problem of nonambiguous
specification of vowels in the F 1 dimension. The results of
the acoustical analysis obtained will be compared with pre-
vious studies on the acoustic properties of vowels. In particu-
lar, we examine the formant displacement of the vowels in all
consonantal contexts from the ideal “target” configuration
(obtained when V is considered in the hVd or in the #Vd
syllables) and attempt to interpret the results obtained either
on the basis of acoustic centralization (Delattre, 1969) or on
the basis of contextual assimilation (Lindblom, 1963; Ste-
vens and House, 1963). In fact, these two different hypoth-
eses have been proposed by these investigators to account for
vowel reduction. An attempt is then made to specify tempo-
ral and spectral properties of F 1, which could be hypoth-
esized to be related to vowel height. The perceptual verifica-
tion of these hypotheses is the focus of the Di Benedetto
(1989) companion paper.

I. EXPERIMENTAL CONDITIONS AND PROCEDURES
A. Speech material

Three of the vowels considered are front vowels [1,e,2]
and two back vowels [a,a]. The vowel [1] is characterized
by the feature [ + high], [a,z] by the feature [ + low], and
[e,a] are [ — high, — low]. The vowels [1,£,a] are lax vow-
els, while [a] is tense. The vowel [ 2] can be either tense or
lax in some dialects, as observed by Halle (1977) and point-
ed out by Huang (1985). The vowel pairs [a,o] and [=,e]
have been used in studies and perceptual experiments as
tense/lax pairs (Huang, 1985).

The vowels under study were considered in the context
of voiced and voiceless stop consonants ([b,d,g,p,t.k]),
forming CVC syllables, pronounced in the sentence frame
“The _ again.” All the possible combinations between the
five vowels and the six consonants listed above were consid-
ered, with the exclusion of nonsymmetrical contexts with
respect to voicing. In this way, CVC syllables such asbVg or
kVt were included in this analysis, while CVC syllables such
as dVp or tVb were excluded. In addition, hVd and #Vd
syllables were analyzed. In fact, it is in these contexts that
vowels have been assumed in other studies (Peterson and
Barney, 1952; Stevens and House, 1963) to be minimally
disturbed by coarticulatory effects. It has been possible,
then, to compare the acoustic patterns of the vowels under
study in stop consonantal contexts with those in the hVd and
3#Vd syllables.

B. Speakers and recording conditions

Three native speakers of American English, one female
and two males, who were phonetically trained, uttered the
speech materials described above. The first male speaker
(KS) is originally from Canada, but he has been living in
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Cambridge, MA, for many years. The second male speaker
(JP) is from New York and has been living in Cambridge,
MA, since 1979. The female speaker (CR) is also from New
York. She has been living in Cambridge, MA, since 1983.

The speakers were asked to pronounce the sentences
carefully and clearly. If a mistake occurred, the sentence was
repeated. The sentences were pronounced in a random or-
der, using the following procedure. The CVC syllables were
written in phonetic symbols on cards, one on each card,
which were then shuffled. The three speakers knew phonetic
symbols and they uttered the sentences reading, from the
card, the appropriate CVC syllable. This procedure was re-
peated three times. Thus three tokens of each vowel in each
consonantal context were available. A record of the sentence
orders was kept after each repetition.

The speech materials were recorded in a sound-treated
room using high-quality equipment. The distance between
the microphone and the speaker’s mouth was about 20 cm.
The recorded materials were then evaluated by a phonetical-
ly sophisticated listener; all the syllables were judged to be
good samples of the phonemes considered. In fact, there was
in all cases a coincidence between what the listener assumed
the intended syllable to be and the speaker’s intended sylla-
bles.

The speech signal was then stored on the MIT-Speech
VAX-750. For this purpose, it was first low-pass filtered at
4.8 kHz and then sampled at 10 kHz. The low-pass filter
used was a TTE model J97E 5-k{} passive low-pass antialias-
ing filter. The A/D conversion was obtained by means of an
AD-11k 8-channel (differential) 12-bit, + 5-V A/D con-
verter.

C. Measurement procedures

The speech materials were analyzed using a software
program KLSPEC developed by Dennis Klatt on the Speech-
VAX and described extensively by Klatt (1984). This pro-
gram allows visualization of a 512-point DFT transform of
slices of the signal (predifferenced and premultiplied by a
Hamming window) and the corresponding time waveform
on the screen of a VT 125 terminal. The duration of the
Hamming window was 30 ms at the sampling rate consid-
ered. In addition, fundamental frequency was determined
and displayed in those cases in which local spectral maxima
occurred with regularity. The estimation of fundamental fre-
quency was obtained by collecting frequencies of local maxi-
ma occurring below 3000 Hz and judging the F O to be that
frequency which accounted for most peaks as harmonics.

The program KLSPEC also calculates and displays a
smoothed wideband spectrum. This pseudospectrum is ob-
tained by windowing a slice of signal (for example, 256 sam-
ples, which correspond to 25.6 ms at a sampling rate of 10
kHz) and computing a 256-point DFT. An approximation
to the filter set used in a broadband spectrogram display is
then obtained by forming a weighted sum of adjacent DFT
sample energies for each of the 128 spectrogramlike filters.

The use of the pseudospectrum is of interest in the esti-
mation of formant frequency positions. In fact, local maxima
in this spectrum are most often indicative of the frequency
positions of the formants. An interpolation algorithm im-
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proves the accuracy over the 40-Hz resolution implied by a
128-sample spectrum over 5 kHz. The program provides a
display of the location of the prominent spectral peaks. Fig-
ure 1(a) shows the DFT spectrum of the vowel [a] (speaker
KS), considering a portion of signal located in the central
part of this vowel. Figure 1(b) shows the display of the pseu-
dospectrum of the same speech segment considered in Fig.
1(a).

The possibility of computing the linear prediction cod-
ing (LPC) spectrum was also available. Figure 1(c) shows
the LPC spectrum display when the same speech segment
considered in Fig. 1(a) and 1(b) was analyzed (the number
of LPC coefficients was 14).

The smoothed wideband spectrum was used for the esti-
mation of the formant frequencies of the vowels under analy-
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FIG. 1. (a) DFT, (b) spectrogramlike, and (c) LPC magnitude spectrum
of the vowel [a] (speaker KS, obtained by using the program KLSPEC
(Klatt, 1984).
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sis. In some cases, in which formant tracking gave results
that were particularly doubtful and where this algorithm
was not successful, the formant frequencies were manually
extracted. This happened mainly in the analysis of low vow-
els, especially of the female speaker, when the two first for-
mants hide under a single peak in the pseudospectrum. DFT
spectrum slices sampled every 5 ms were plotted, and the
frequency positions of the formants were evaluated by visual
examination of the evolution of the locations of the DFT
spectrum peaks in time.

The LPC spectrumn method was not adopted in this
analysis, due to its numerous limitations. However, for the
sake of completeness and due to the extensive use of this
analysis method, the F'1 and F2 values obtained with the
pseudospectrum and with the LPC spectrum were system-
atically compared. The F'1 values, obtained with the LPC
spectrum method, were usually lower than those observed
with the pseudospectrum method, while the F2 values, ob-
tained with the two methods, were similar. Quantitatively, a
typical example (the vowel [x], speaker KS) showed that
the average difference in F 1 values between the two methods
(obtained by averaging the differences in F 1 values obtained
with the two methods for the vowel in each consonantal con-
text) was 74.6 Hz and in F2 values was 4.2 Hz, and that the
standard deviation for F 1 values was 7.4 Hz and for F 2 val-
ues was 16.8 Hz. In addition, the [z] areas displayed in the
F1vs F2 space, obtained with the two methods, had similar
shape and similar “orientation,” indicating a similar degree
of correlation between the F 1 and F 2 parameters. In the ex-
ample in Fig. 1, it can be noticed that a difference of 40 Hz
was obtained for the F' 1 value using these two analysis meth-
ods. In this case, a noticeable difference of about 90 Hz was
also found in the F2 value. This example shows how the
location of the peaks in the pseudospectrum is different from
that in the LPC spectrum, due to the different way of consid-
ering the harmonics in the spectrum.

In addition, to ascertain the reliability of the manual
extraction of the formants and of the pseudospectrum, for-
mant frequencies obtained with the two methods for all vow-
els and speakers were compared. The average difference of
F 1 values, obtained with the pseudospectrum and the man-
ual extraction, was 14 Hz, and of F'2 values was 10 Hz (high-
er for the pseudospectrum values). The standard deviation
for F'1 values was 26 Hz and for F2 values was 13 Hz. For
example, in the case of [ =) for speaker JP, the average differ-
ence of F'1 values, obtained with the pseudospectrum and by
manual extraction, was 8§ Hz (higher for the pseudospec-
trum values) and of F2 values was 0 Hz. The standard devi-
ation for F'1 values was 22 Hz and for F2 values was 7.7 Hz.
The [=] areas obtained with the two techniques were similar
in shape and had similar orientation.

D. Temporal sampling point of the F1 and F2 trajectories

In previous work on acoustic analysis of American Eng-
lish vowels, vowels were characterized by the values of F'1
and F'2 sampled at one or more instants of time in the vocalic
portion. Different ways of choosing these sampling points
were employed in the various studies, and there is a lack of
uniformity in the procedures adopted. For example, in a
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study by Lisker (1984), the sampling point corresponded to
the time at which F1 reached its maximum. In a study by
Stevens and House (1963), vowels were represented by the
F 1 and F2 values sampled in three contiguous points, select-
ed midway between the beginning and the end of the vowel.
In a study of Swedish vowels by Lindblom (1963), vowels
were represented by the values of the first three formants at
the time at which the first derivative of the corresponding
formant curves was equal to zero.

In the present study, the trajectories were sampled at the
time at which F'1 is maximum. A motivation for this choice
was the shape of the F' 1 trajectory. As pointed out by Stevens
et al. (1966), the shape of the first formant curve for the
labial, alveolar, and velar consonantal contexts should be
characterized by relatively low values for the initial and final
F 1 frequencies and a maximum at some point between these
two boundaries. This trajectory shape is consistent with pre-
dictions of acoustical theory. In the present study, the pre-
dictions of the acoustical theory on the F 1 trajectory shape
were verified. In almost all cases, the F'1 values at the begin-
ning and at the end of the vowel were lower than in any other
point in the vowel; the maximum of F 1 was reached, varying
from case to case, more toward the beginning or more to-
ward the end of the vowel.

The shape of the F'1 trajectory, which, as noticed above,
in the case of the present analysis, was verified to be concave
upward, resulted in a maximum of F 1 in all vowels and con-
sonantal contexts. In addition, this event specifies a time that
is not dependent, as it would be if the sampling time were the
middle point of the vowel, on the determination of the onset
and offset of the vowel, and consequently on measurements
of its duration.

It is of interest to point out that, in several cases, the
maxima of F 1, F2, and F3 occurred at different instants of
time. This made it impossible to consider as a sampling point
the time at which the first derivative of the formant curves
was equal to zero, as proposed by Lindblom (1963).

(l. RESULTS OF ACOUSTIC MEASUREMENTS
A. Formant frequencies for each speaker individually

The results of the analysis for speakers KS, JP, and CR
are presented in Figs. 2, 3, and 4, respectively. These figures
show the location of the vowel areas, for all tokens, in the F 1
vs I'2 space. These areas represent the regular and convex
polyhedra, which include all the F patterns of each vowel.
This way of representing the vowel areas is somewhat un-
orthodox, as it is more common to represent vowel areas by
the ellipses of equiprobability of each vowel. The reason for
preferring such a representation is justified by the fact that,
in describing the vowel areas in terms of statistical param-
eters, some important details may be obscured. The regular
and convex polyhedra should then be considered in this view
as aconvenient schematic way of representing the data while
preserving critical details. Detailed results on the location of
the vowel areas for the vowels [1,e,2,a,4], for each speaker,
can be found in Di Benedetto (1987).

Figures 2—4 show that overlapping occurred in the F'1
dimension between vowel areas that were contiguous in the
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FIG. 2. Resultsof the analysisin the F 1 vs F 2 space of the vowels { 1,¢,2,a,A ]
(speaker KS) for the three tokens. Each vowel is considered in 20 different
consonantal contexts. The vowel areas, represented by the regular and con-
vex polyhedron, which included all the F patterns of that particular vowel,
are also shown: B = [1], O = [e], ¢ = [2], 0= [a], & = [s].

F1 dimension. One can observe, for speaker KS, the little
overlap between [1] and [¢], and the more relevant overlap
between [¢] and [«], and [a] and [a]. For speaker JP,
problems of overlapping occurred between [1] and [e], [¢]
and [2], and [a] and [a]. In the case of the female speaker
CR, problems occurred between [a] and [a]. The three
front vowels [1,e,2] are well separated. It should be noted
that, for the three speakers, no overlapping occurred be-
tween vowel areas of front and back vowels in the F 2 dimen-
sion.

Figure 5 shows on the same plot the location of the vow-
el areas of the three speakers. The comparison of the results
obtained for the three speakers shows that a large overlap
was found in the F 1 dimension between different vowel areas
of different speakers. The F1 values of the front vowel [1]
were similar for the three speakers, while the F 1 difference
for [¢] and [2] among the speakers was related to the de-
gree of vowel height; the difference was greater for [a] than
for [e]. A similar but less significant effect was found for the
two back vowels [a,a]; there was a greater difference be-
tween the F 1 values of the speakers for [a] than for [a]. The
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FIG. 3. Results of the analysisin the F'1 vs F'2 space of the vowels [ 1,¢,2,0,4 ]
(speaker JP) for the three tokens. Each vowel is considered in 20 different
consonantal contexts. The vowel areas, represented by the regular and con-
vex polyhedron, which included all the F patterns of that particular vowel,
are also shown: Bl = [1], { = [2], ¢ = [=], O = [a], & = [a].
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FIG. 4. Results of the analysisin the F 1 vs F 2 space of the vowels [ 1,¢,2¢,a,A]
(speaker CR) for the three tokens. Each vowel is considered in 20 different
consonantal contexts. The vowel areas, represented by the regular and con-
vex polyhedron, which included all the Fpatterns of that particular vowel,
are also shown: @ = [1], { = [¢], ¢ = [2], 0= [a], & = [a].

F2 values were higher for the front vowels of the female
speaker CR than for the front vowels of the two male speak-
ers KS and JP, while the F2 values of the back vowels were
similar for the three speakers. This was most probably due to
the fact that, for front vowels, F2 is primarily affiliated with
the back cavity while, for back vowels, F2 is affiliated with
the front cavity, and the biggest vocal tract difference be-
tween men and women is the pharyngeal cavity. Mainly, no
overlap was found between the vowel areas in the F 2 dimen-
sion, except for the small overlap between the back vowel
[a] of CR, the front vowel [¢] of JP, and the front vowel [ 2]
of K, and for the small overlap between [a] of JPand [¢] of
KS.

In order to quantify the amount of overlapping between
vowels contiguous in the F'1 dimension, for each speaker, a
linear discriminant analysis was carried out on each vowel of
the pairs [1]-[¢], [e]-[=], and [a]-[a]. This analysis al-
lows one to determine the straight lines, in the F1 vs F2
plane, which best separate the sets represented by the F 1-F 2
valuesof [1]-[¢], [e]~[2], and [a]-[a], under the hypoth-
eses that the statistical distribution of the measurements is
Gaussian and that the covariance matrix is similar for the
measurements of the vowels in each pair. The Mahalanobis
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FIG. 5. Vowel areas of the three speakers in the F 1 vs F 2 space. Each vowel
area is represented by the regular and convex polyhedron, which included
all the F patterns of that particular vowel. As indicated, different line pat-
terns correspond to different speakers.

59 J. Acoust. Soc. Am., Vol. 86, No. 1, July 1989

distance was also computed. The Mahalanobis distance is a
generalized Euclidean distance that can give an indication of
the distance between two sets by considering the distance
between the mean values and the spreading of the two sets.
The Mahalanobis distance is obtained by dividing the dis-
tance between the mean values by the amount of spreading in
each set, and corresponds to a dimensionless parameter; for
similar values of the distance between the means, when the
spreading of the areas increases, the Mahalanobis distance
decreases. The results of our analysis showed that the hy-
potheses were well verified. The classification rates and Ma-
halanobis distance values obtained, presented in Table I,
give an indication on the degree of accuracy obtained by the
F1 vs F2 representation and are in agreement with the pre-
vious observations made on the vowel areas of Figs. 2—4.

The formant displacement of the vowels in all consonan-
tal contexts from the formant pattern of the vowel in the
[ #-d] and in the [h—-d] contexts was then examined. Two
different hypotheses have been proposed to account for the
displacement of the vowels from the ideal target configura-
tion (vowel reduction): centralization and contextual as-
similation. The first hypothesis describes vowel reduction
acoustically in terms of centralization (Delattre, 1969). Ac-
cording to this hypothesis, regardless of contextual assimila-
tion, a vowel, when not pronounced in isolation, tends to
degenerate into a neutral vowel (schwa). The second hy-
pothesis assumes that contextual assimilation could account
for vowel reduction (Lindblom, 1963; Stevens and House,
1963). It was hypothesized that to each vowel corresponded
an ideal articulatory configuration represented acoustically
by an ideal formant pattern, which could be satisfactorily
represented by the acoustic pattern of the vowel in isolation
orin the [h—d] consonantal context. When, on the contrary,
a vowel was pronounced in a different consonantal context,
the maneuver implied (from a consonantal configuration to
a vowel configuration to a consonantal configuration) might
cause a displacement from the ideal target configuration,
and undershoot might occur.

The results of the present study are summarized in Fig.
6. This figure shows the value of F 1 and F 2, for each vowel,
averaged over all the contexts under study and tokens. These
values (labeled with the letter C on the figure) can be com-
pared with the ideal target patterns, represented by the F'1

TABLE I. Classification rates and Mahalanobis distance values, for the
three vowel pairs [1]-[€], [e]-[=], and [a]—-[a], obtained with the F 1 and
F2 values, sampled at the time where F 1 reaches its maximum, for the three
speakers.

Vowel pairs

Speaker [T le)l e} [=] [al  [a]

Classification rate % 98 100 94 96 92 68
KS

Mabhalanobis distance 20 14 3

Classification rate % 100 96 94 98 92 98
JP

Mahalanobis distance 13 14 10

Classification rate % 100 100 100 100 79 90
CR

Mahalanobis distance 24 27 5
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and F2 values in the [h—-d] and [ #~-d] contexts. [Some
systematic regularities, due to the postvocalic consonant
place of articulation, were observed in Di Benedetto (1987);
for all vowels, the labial contexts caused the F 1 values to be
higher than in the other contexts considered, while the F1
values in alveolar and velar contexts were almost un-
changed].

Figure 6 shows that the results of the present study can-
not be accounted for by the first hypothesis of acoustic cen-
tering. In fact, for example, the vowels [s] and [a], for
speaker KS, had lower F2 values, when pronounced in a
consonantal context (which was not the [h-d] or the [ #-
d] context) than in the minimally distrubed context (tar-
get). As another example, the F 1 and F2 values of [2] for
KS and [¢] for CR tended to be far from those characteriz-
ing the center of the vowel chart ( F1 = 500 Hz, F2 = 1500
Hz) in terms of F 1. The divergencies found from our expec-
tation, on the basis of Delattre’s study, may have several
justifications; the vowels studied by Delattre were consid-
ered in stressed and unstressed form, they belonged to mean-
ingful words, and they appeared in only one consonantal
context.

The undershoot hypothesis could account for the results
obtained in the present study. First, one should note that the
[1] area for the three speakers extended to the right of the
hypothetical target. This event was in accord with an under-
shoot hypothesis; the F 1 loci for the consonants considered
are at lower frequencies than the F'1 values of the vowels
under analysis, and contextual assimilation would always
imply a downward shift of the F 1 values of vowels from the
target values to the F 1 loci of the consonants. However, ex-
cept in the case of velar contexts, discounting the undershoot
in the articulators that form the constriction (the under-
shoot provoked by the fast movements of the tongue tip and
the lips can be neglected here), if the tongue body position
was too low, F' 1 could assume higher values than the hypo-
thetical F 1 target. One should note, in addition, that the F 1
values for the vowel [¢] (speaker CR) and the vowels [&,2]
(speaker KS) were higher than the target values. It could be
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hypothesized that the tongue body position was too low, and
that this effect could be introduced in order to make the
consonant clearer.

In Stevens and House’s study, the nonhigh vowels [&,2]
had the highest F1 and F2 values in the hypothetical target.
However, the consonantal contexts considered by Stevens
and House included the ones used in the present analysis, but
formed a larger set. In addition, only symmetrical syllables
were considered, and the target values were represented by
an average between the F 1 and F 2 values of the vowel in the
[h—d] context and of the vowel pronounced in isolation.
This could lead to divergencies, especially in the case of lax
vowels, which are difficult to pronounce in isloation. In fact,
we have observed that, for Stevens and House’s data, if the
vowel [£] were considered only in stop consonantal context,
and the target value were represented by F 1 and F2 for [¢]
pronounced in the [h-d] context, then the [¢] area for one
of the speakers would extend to a region characterized by
higher values of F'1 than the target.

B. Temporal and spectral properties of F1

In the preceding paragraph, it has been shown how the
location of the vowel areas, with respect to a hypothetical
ideal target, can be justified on the basis of an undershoot
hypothesis, and it has been argued that the undershoot hy-
pothesis could account for the results obtained also in the
case of vowel areas that extend to higher values than the
target values.

However, this hypothesis, as F 1 loci for consonant con-
figurations are always at low frequencies, does not explain
why the articulatory system should pass through a configu-
ration characterized by a value of F1 typical of the hypo-
thetical target to reach another value of F'1 that is higher
than the ideal one. Even though this effect can be explained

‘on the basis of an undershoot hypothesis, in some cases there

does not seem to be any particular evidence in the behavior
of the system for a tendency to try to reach some hypotheti-
cal ideal target configuration.
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The concept of an ideal target configuration that one
would tend to approach, at least in terms of F 1, may be mis-
leading. Instead of considering the vowel as minimally or
maximally disturbed by coarticulatory effects, one may
want to consider the vowel as affected differently in different
context. In fact, when a displacement in F'1 values, with re-
spect to an hypothetical ideal target, is observed, there may
be some different or additional cues to a single value of F'1
that could supply the listener with the information necessary
to identify the vowel.

In particular, it may be possible that this additional in-
formation is contained in properties associated with tempo-
ral and/or spectral variations of F 1. In order to verify this
hypothesis, an analysis of the F'1 trajectories of the vowels
under study was carried out. Particular attention was given
to two points. The first regarded the study of temporal prop-
erties of F 1; the correlation between the F 1 maximum values
and a parameter that represents the F 1 onglide duration in
relation to the total vowel duration was examined. This pa-
rameter will be called F' 1 timing. The second point was relat-
ed to the spectral changes of F 1; the correlation between the
F 1 maximum and the F 1 onset values (of a particular vowel
for a particular speaker) was examined. It should be noted,
however, that the two effects observed regarding temporal
versus spectral changes of F 1 may not be independent. In
fact, although the relation between the F 1 maximum and F'1
onset values is specifically connected to spectral changes of
F 1, it may be also indirectly related to F 1 temporal proper-
ties and vice versa. For example, a larger difference between
the F 1 onset and the F 1 maximum value could imply a larger
F 1 onglide duration and, consequently, a larger F'1 timing
value. This possible relation between F 1 temporal and spec-
tral properties will be considered in Sec. II B 3.

1. Temporal properties of F1

Before proceeding to the description of the results ob-
tained, one should note that two vowel pairs analyzed in this
study ([&,2] and {a,a]) are tense/lax pairs (House, 1961,
considered [=] as tense, but mentioned that this classifica-
tion was open to question); the vowels of these pairs are
considered to differ in the dimension representing vowel
height, but they also differ in duration, due to the tense/lax
distinction. From both an acoustic and a perceptual point of
view, properties based on measurements of the time-varying
spectrum have been shown to be related to the tense feature
(Lehiste and Peterson, 1961; Huang, 1985). In the case of
the two tense/lax pairs of this study, it may then be difficult
to disambiguate the time-varying properties related to the
tense feature and those related to the low feature. The pair
[1,€] is the only one, in the present study, consisting of two
lax vowels that differ only by the high feature. The results
will show whether the same behavior is observed in the
tense/lax pairs and in the lax/lax pair analyzed.

Asafirstobservation on F | temporal properties, consid-
er, for example, Fig. 7, which shows the details of the results
ofthe analysisin the F 1 vs F 2 space for [1] and [ e] of speaker
KS. In this figure, each dot corresponds to a label represent-
ing the consonantal context in which the vowel having that
particular F 1-F2 pattern was spoken. As shown, the con-
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FIG. 7. Results of the analysis in the F 1 vs F2 space of the vowels [1] and
[e] (speaker KS) for the second token. The vowels are considered in 20
different consonantal contexts: @8 = (1], { = [¢].

textsin which [1] assumed the highest F 1 values and [&] the
lowest F1 values (i.e., the cases in which the [1] area over-
laps with the [¢] area) were the [b-b], [t-p], and [k—p]
contexts for [1] and the [d-d], [g-g], [b-g], and [d-g]
contexts for [¢]. Figures 8 and 9 present the F 1 trajectories
for these particular cases. The examination of the F 1 trajec-
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FIG. 8. The F 1 trajectories of the vawel {1] in the syllable (a) bIb, (b) kiIp,
and (c) tIp, for speaker KS for the second token.
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FIG. 9. The F trajectories of the vowel [¢] in the syllable (a) beg, (b} ded, (c) deg, and (d) geg, for speaker KS for the second token.

tories of these vowels for which overlap occurred shows that,
in the case of the high vowel [1], the maximum of F1 was
reached towards the end of the vocalic portion, whereas, in
the case of the lower vowel [¢], the maximum of F'1 was
reached earlier. In particular, for the vowel [¢], F 1 reached
its maximum at the beginning of the vocalic portion within
approximately 40-50 ms after the vowel onset (except for
cases with a very small additional increase after 40-50 ms).
Note that, in these examples, the vowel [1] occurred in
voiceless consonantal contexts, except for the [b-b] context,
and, in these cases, had a shorter duration than [¢].

The F 1 timing values were systematically obtained for
each speaker by dividing, for each vowel in each consonantal
context, the F 1 onglide duration by the total vowel duration.
The linear fit of the F1 timing values and the correlation
coefficient R between the F'1 maximum and the F1 timing
values, were found. The correlation coefficient R can acquire
values that fall between O and 1. Here, R = 1 means that the
points in the F'1 maximum versus F 1 timing representation
were well fitted by a straight line and that the F1 timing
increased with the F 1 maximum; this is equivalent to saying
that, when F 1 was in the high-frequency range, the F 1 maxi-
mum was reached later in the vocalic portion than when it
was in the low-frequency range. Also, R = 0 means that the
points could not be well fit by a straight line and that it was
not possible to assert that the F'1 timing increased with the
F1 maximum. Intermediate R values represent situations
that fall in between these two extreme cases. Table IT shows
the R values obtained for each speaker and each vowel. For
all speakers, R was significantly higher for [1] and [¢] (min-
imum value = 0.53, maximum value = 0.71) than for [=],
[a], and [A] (minimum value =0.03, maximum val-
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ue = 0.27). Figure 10 shows the plots in the F 1 maximum
versus F'| timing space for speaker KS for the three vowel
pairs [1,e]; [e,2], and [a,a] [Fig. 10(a), (b), and (c), re-
spectively]. These results are representative of the ones ob-
tained for the three speakers. It should be noted that, con-
firming the R values, when F1 was in the high-frequency
range, the F 1 maximum for [1] and [ =] was reached later in
the vocalic portion than in the low-frequency range. For the
other vowels, such a systematic effect was not revealed. It
should be noted, however, that, in these cases, when F 1 was
in the high-frequency range (for [z] in the last third of its
frequency range, for [a] in the last fifth, and for [a] in the
two last thirds), the F 1 timing parameter never assumned low
values ( F 1timing values > 0.4, approximately ). On the con-
trary, when F 1 was in the low-frequency range (complemen-
tary sets with respect to the ones mentioned above), no sys-
tematic F 1 timing behavior was present.

The analysis described above showed, for [1] and [¢],
the existence of a direct relation (well represented by a
straight line) between the F 1 maximum values and the F 1
trajectory differences ( £ 1 timing values). In the cases of [1]

TABLE II. Values of the correlation coefficient R, obtained for the three
speakers by finding a linear fit to the # 1 maximum versus F 1 timing values
for (1], [¢], [2], [a], and [4].

R value
Speaker [1] (] (=] fo] [a]
KS 0.62 0.53 0.11 0.03 0.27
JP 0.71 0.7 0.2 0.1 0.22
CR 0.56 0.53 0.22 0.11 0.15
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FIG. 10. The F 1 maximum versus F 1 timing values for the three vowel pairs
[1]1-[e], [e]l-[=]), and [a)-[a] [parts (a)-(c), respectively] for speaker

and [e], an investigation of whether the trajectory differ-
ences varied systematically, with postvocalic consonant
place of articulation, was carried out. In the case of [¢], a
very systematic effect was found. In fact for the three speak-
ers, an increase of the F 1 maximum corresponded to a differ-
ent postvocalic consonant place of articulation, according to
the following order: voiced velar [g], voiced alveolar [d],
voiced labial [b], voiceless alveolar [t], voiceless velar [k],
voiceless labial [p]. In the case of [1}, for the three speakers,
the highest F' 1 maximum values corresponded to postvocalic
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labials and the lowest values to voiced velars. For intermedi-
ate F1 maximum values, the effect was not as systematic as
for [e]. These results indicate the existence of a relation
between F 1 maximum values, the postvocalic place of articu-
lation, and the F1 timing values, suggesting anticipatory
coarticulation effects on vowels dependent on postovcalic
consonant place of articulation.

Finally, it was interesting to examine whether, in the F 1
maximum versus F 1 timing space, the vowels [1] and [&]
could be well discriminated. If this were the case, one could
not only assert that the F 1 timing increased with the F 1 max-
imum, but also that, at the [1]~[&] boundary, the F 1 timing
values were different. For this purpose, a linear discriminant
analysis was carried out. The results of this analysis showed
that the two sets corresponding to [1] and [£] could be very
well separated by a straight line. In fact, for the three speak-
ers, there was no ambiguity between the two vowels ana-
lyzed (100% of correct classification). The Mahalanobis
distance was also computed. Results of this analysis led to
the following values: 23 for KS, 20 for JP, and 31 for CR. The
comparison of these classification rates and Mahalanobis
values with the ones obtained in the analysis of the F 1-F2
values (Table I) shows that [1] and [&] could be better dis-
criminated in the F 1 maximum versus F 1 timing plane than
in the F'1 vs F2 plane.

2. Spectral properties of F1

The relation between the F | maximum and the F 1 onset
values of each vowel, for each speaker, was analyzed. For
this purpose, first the F 1 maximum and the F 1 onset values
were found, and then a linear fit of the values obtained in the
F 1 maximum versus F 1 onset values space was obtained. As
before, the correlation coefficient R gave a valuable indica-
tion of whether the linear fit was a satisfactory approxima-
tion to the results. The R values found for each vowel and
speaker are listed in Table II1. These values show that, for
the three speakers, for each vowel, the F 1 onset increased
with the F'1 maximum value. Figure 11 shows the F 1 maxi-
mum versus the F'1 onset values for speaker KS for the pair
[1]-[e] [Fig. 11(a)], [e]-[=] [Fig. 11(b)], and [a]-[A]
[Fig. 11(c) ]. These results were representative of what was
obtained for the three speakers. It can be seen in Fig. 11 that,
in the F 1 maximum versus F'1 onset plane, the two sets of
measurements were well distinct for [1] and [£], while there
was some overlapping between [e] and [2] and [a] and
[a]. The same effect was found for the two other speakers,
showing that, in the region in which the vowels of the pairs
assumed the same F 1 maximum, the F 1 onset value was dis-

TABLE III. Values of the correlation coefficient R, abtained for the three
speakers by finding a linear fit to the F | maximum versus F 1 onset values for

[1], [e], [=], [a], and [A].

R value
Speaker 1] (e] (=] [a] [a]
KS 0.25 0.69 0.55 0.48 0.64
Jp 0.44 0.77 0.68 0.79 0.6
CR 0.28 0.7 0.65 0.54 0.7
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FIG. 11. The F 1 maximum versus F 1 onset values for the three vowels pairs
[11-[c], [e]-[z], and [a]-[a] [parts (a)—(c), respectively] for speaker
KS.

tinctive at the boundary between [1] and [£], but not at the
boundary between the vowels of the other two pairs. A linear
discriminant analysis was carried out to support quantita-
tively this observation. The classification rates and the Ma-
halanobis distance values, for all vowels and speakers, are
presented in Table IV. It should be noted that the F 1 onset
value could disambiguate [1] and [¢] in all cases, while the
[e]-[2] boundary was not as sharp, as is also shown by the
decrease in the Mahalanobis distance values. The classifica-
tion rate and the Mahalanobis distance values were not satis-
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TABLE 1V. Classification rates and Mahalanobis distance values, for the
three vowel pairs [1]-[¢], [¢]-[2], and [a]-[a], obtained by using as
variables the ¥ 1 maximum and F 1 onset values, for the three speakers.

Vowel pairs
Speaker (1 [ fel [2]1 [a] [al

Classification rate % 100 100 90 98 96 77
KS

Mabhalanobis distance 23 11 3

Classificationrate % 100 100 94 100 98 87
JP

Mahalanobis distance 20 16 9

Classificationrate % 100 100 95 98 95 80
CR

Mabhalanobis distance 24 15 6

factory for the [a,a] pair. The comparison of these classifi-
cation rates and the Mahalanobis values with the ones
obtained in the analysis of the F 1-F 2 values ( Table I) shows
that [1] and [&] could be perfectly discriminated in the F'1
maximum versus £ 1 onset plane, while this was not the case
in the F'1 vs F 2 plane. For the [a]—[a] pair, the results were
similar in the two analyses both in terms of classification
rates and in terms of Mahalanobis values. For the [£]-[=]
pair, the results of the F 1-F 2 analysis were more satisfac-
tory, except for a slight improvement in the opposite direc-
tion of the Mahalanobis distance for speaker JP.

3. Relation between temporal and spectral properties
of F1

The results presented in the two preceding paragraphs
have shown that both spectral and temporal properties of ' 1
could disambiguate [1] and [£]. In this paragraph, the rela-
tion between the temporal and the spectral properties ob-
served will be considered.

These two factors, as already mentioned, may not be
independent. It was observed that, for [1] and [¢], an in-
crease in the F'1 maximum values corresponded systemati-
cally to both an increase in the F'1 onset and the F 1 timing
values. Let us find in which proportion: Let us consider the
ratio between the F 1 onglide duration and the difference be-
tween the F 1 maximum and the F 1 onset values. This ratio,
which will be called the F 1 speed, represents the slope of the
F 1onglideportion ofthe trajectory. Ifthe F 1 speed increased
for increasing F 1 maxima, for both [1] and [£], and if the F 1
speed were different for these two vowels at their boundary
in the F 1 dimension, it would then be possible to hypothesize
that the temporal and spectral properties observed contrib-
uted to the variation of the same parameter, i.e., the F1
speed; the analysis could then be interpreted on the basis of
the same phenomenon, mainly connected to the F1 time-
varying properties. '

The analysis consisted of determining the F 1 speed val-
ues for all vowels and speakers and in finding the correlation
coefficient R between the F1 speed and the F'1 maximum
values. Qur results showed that R was very low in all cases
(minimum value = 0.02, maximum value = 0.28). In addi-
tion, it was observed that, at the boundary between [1] and
[£], the F1 speed values were not distinctive for the two
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vowels. This effect was verified on the plots in Fig. 12, which
shows the F 1 speed values (on alogarithmicscale) versus F' 1
maximum values for the three speakers [Fig. 12(a) for KS,
(b) for JP, and (c) for CR]. The linear fits of the values are
not shown in Fig. 12, since the R values were low in all cases.
It was concluded that the temporal and spectral properties
observed did not contribute to the variation of a single pa-
rameter, which is represented by the F 1 speed.

(a)
: [ ]
10 4 se **
; ’f +
. |.f * 0‘ .
13 LR +ty & +
-§. SO A3 T
b3 +*
—
IR E
01 4 oI
+E
001 - T
aso 450 s50 (Hz) 550
F1 maximum
100
. , @
+
.
10 +
- s
L[] + +*
. e, + 4
e, + .
L-TRE LI S, T
i N ’t“‘f?:.’ :t -,
& . L | " +
— . S w
43 19 .
o1
01 4 vE
,001 T T T
300 400 $00 600 700
. Hz
F1 maximum H2)
100
(©
+*
.
+
10
. .
4
1 +
= - . +
2. S ke
§' L TR 4".:*' .
o3 .t g“‘}*
11
o I
01 o ‘£
001 T T T T
300 400 500 600 700 800
Hz)

F1 maximum

FIG. 12. The F1 maximum value versus F 1 speed values (on a logarithmic
scale), in the case of vowel pair [1]-[¢] for (a) KS, (b) JP, and (c) CR.
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{ll. CONCLUSION

Results of the acoustic analysis in the F 1 vs F 2 space of
the five vowels of American English [1,¢,2,4,a] have shown
that overlapping occurred between vowel areas in the F'1
dimension when the formants were sampled at the time
where F1 reached its maximum, even when measurements
on vowels pronounced by a single speaker were considered.
For a single speaker, the front vowels [1,¢,2 ] were well sepa-
rated from the back vowels [a,a]. These results showed that
F1 could not accurately classify vowels along a dimension
height if, over the whole F 1 trajectory, one considered only
the F 1 value at the time where F 1 reaches its maximum. The
location of the vowel areas, with respect to an hypothetical
ideal target, could be justified on the basis of an undershoot
hypothesis, as proposed by Stevens and House (1963). The
results showed, however, that in the behavior of the system
there did not seem to be, in some cases, any particular evi-
dence for a tendency to try to reach some particular target
configuration.

The hypothesis was made that, since different conso-
nantal contexts affect vowels differently due to coarticula-
tory effects, in the search for invariant attributes of vowels
one should take into account properties associated with tem-
poral and spectral variations of F 1. The study of time-vary-
ing properties of F 1 showed that the way in which F 1 reaches
its maximum may be relevant for vowel identification. In
particular, if two different vowels, such as [1] and [¢], were
characterized by the same F 1 maximum, F 1 reached its max-
imum earlier in [¢] than in [1]. It was observed that, for [1]
and [e], the onglide duration, relative to the total vowel
duration, increased with increasing 1 maximum values.
This effect was shown to be related to systematic changes in
the postvocalic consonant place of articulation; the trajec-
tory differences observed could be explained by general ar-
ticulatory phenomena and, in particular, by anticipatory
coarticulatory effects on vowels depending on the postvoca-
lic place of articulation. Finally, it was noticed that [1] and
[£] could be very well discriminated (better than by the F'1
and F2 values) by the relative onglide duration parameter
and the ¥ 1 maximum for the three speakers. The same ef-
fects were not found for the [2]-[¢] and the [a]-[a] pairs.
A possible explanation of this finding was that the vowels of
these pairs differ not only by the degree of height, but also by
tense/lax characteristics, such that acoustic properties of the
F 1trajectory related with the tense/lax distinction and prop-
erties related with vowel height may be confounded in these
pairs.

The examination of the F 1 trajectories showed, in addi-
tion, that vowels contiguous in the F 1 dimension could be
also discriminated by the F'1 onset frequency. Systematic
analysis of the relation between F1 maxima and F 1 onset
values was carried out. Results led to the conclusion that the
F 1 onset frequency could perfectly discriminate [1] and [¢].
Results of a linear discriminant analysis did not indicate
such a satisfactory classification for the vowels in the [¢]-
[2] and in the [a]-[a] pairs. For the [a]-[a] pair, the
classification rates and the Mahalanobis distances were simi-
lar to the ones obtained with the F 1-F 2 values, and for the
[2]-[€] pair these parameters indicated a better discrimi-
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nation by the F 1 and 2 values. Finally, an additional inves-
tigation showed that it was not possible to determine
whether the temporal and spectral properties observed con-
tributed to the variation of a parameter directly associated
with time-varying properties of F' 1. The interpretration was
that properties associated with temporal and spectral varia-
tions may both be important in discriminating vowels along
a dimension of height.

The perceputal relevance of the properties observed is
investigated in Di Benedetto (1989), in which it is shown
that perceptual experiments with listeners of different native
languages lead to the hypothesis that these properties may
have either an articulatory or an auditory basis.

The properties observed in the present study appear in
agreement with the results of previous investigations on the
perception of coarticulated vowels (Strange er al, 1976;
Strange and Gottfried, 1980; Gottfried and Strange, 1980;
Strange et al., 1983; Rakerd et al., 1984; Verbugge and Ra-
kerd, 1986). These investigations have focused on a dynamic
specification theory of vowel perception, which could ac-
count for the perceptual constancy over variations of the
acoustic patterns due to coarticulatory effects. The results of
these studies showed that vowel perception may be aided by
consonantal context (vowels were considered in the context
of stop consonants). The agreement of the results of the pres-
ent analysis with the results of the studies mentioned above,
in the light of the perceptual data, is highlighted in Di Bene-
detto (1989).
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