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F,-F; and {, of 10 Korean vowels and 13 American English vowels
produced by 10 male and 10 female speakers of each language group
were studied while holding dialectal factors as homogeneous as
possible in each group. Within- and across-language comparisons of
the collected data revealed considerable variation in vocal tract
length between male and female speakers and between Korean and
American English speakers. For a more precise comparison, the
variation was drastically reduced by applying uniform scaling within
and across the two languages. In the cross-language comparison of
the normalized data, which were converted to a perceptual
dimension, it is argued that adaptive dispersion is operating within a
language’s system of contrasts to fulfill a condition of sufficient
contrast. t-tests were conducted on those vowels transcribed using the
same or similar IPA symbols in the two languages to assess the
statistical significance of those comparisons.
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1. Introduction

The main acoustic correlates of vowel quality are formant frequencies. However,
vowels spoken by different speakers show great variation in formant values. If one
wanted to compare the vowel qualities produced by native speakers of different
languages, such as English and Korean, by measuring vowel formant frequencies,
the following questions would arise:

1. What aspects of the acoustic measurements reflect genuine phonetic quality
differences between the two languages?

2. What aspects reflect linguistically unimportant idiosyncrasies? How and to
what extent can these linguistically irrelevant differences be reduced?

3. Once these differences are reduced, what are the theoretical implications of
any cross-linguistic differences that remain?

Failure to address the first two questions will make it impossible to compare
acoustic measurements of vowels from any two speakers or language populations.
Resolving those questions requires diagnosis of sources of speaker variation.
Speaker variation has been attributed to (1) linguistic factors such as dialectal and
sociolectal differences and (2) non-linguistic factors such as physical anatomy, age,
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gender, and emotional state of the speaker (Ladefoged & Broadbent, 1957,
Traunmiiller, 1988). Some of the non-linguistic factors are systematic and their
effects may be theoretically separable from linguistically relevant properties of
speech by systematic transformations; other factors may be minimized by methods
of statistical inference (Fujisaki, 1972). The goal of factoring out these nonlinguistic
factors is to allow a linguistically relevant acoustic specification of the vowel qualities
of any given language. This procedure has been called ‘“‘normalization” (Fant, 1968).
Efforts to normalize the vowel qualities of different speakers can generally be
divided into auditorily-based (Syrdal & Gopal, 1986; Miller, 1989) and articulatorily-
based (Nordstrom & Lindblom, 1975; Fant, 1975) proposals for speaker normaliza-
tion. The former methods focused on transforming the raw data by using logarithmic
scaling, the Bark (critical-band-rate scaling), the mel, or the Konig scales. The latter
ones attempted to remove anatomical differences in vocal tract length or in the ratio
of pharynx to mouth cavity. A detailed discussion of their merits and demerits is
found in Yang (1990).

An appropriate normalization procedure can be a ‘‘valuable tool for the
classification of vowels” (Disner, 1980: 253). If the confounding elements introduced
by heterogeneity among speakers are effectively removed by normalization, the
resulting acoustic vowel chart becomes an accurate representation of the linguistic
aspects of the vowels, facilitating both across-speaker and across-language com-
parison. For foreign language teachers, a comparative study of vowel qualities in the
foreign and the native language may prove valuable in teaching the language and
correcting student’s errors. Also, quantitative criteria, handled properly, could be
used to evaluate student’s achievement of correct pronunciation skills in the foreign
language.

Because the ultimate goal of this study is to achieve a cross-linguistic comparison
of normalized vowels, this study will review three non-linguistic differences between
male and female speakers which potentially interfere with this comparison. These
are fundamental frequency, vocal tract length, and the ratio of front cavity to back
cavity.

First, the rate of vocal fold vibration (acoustically, f, range) is inversely
proportional to the mass and length of the vocal folds and proportional to the
tension of the folds. Negus (1949) reported that vocal cord length averaged 12.5 to
17 mm in adult females and 17 to 23 mm in adult males; the average rate of vibration
of males’ folds is about 125 Hz compared to about 200 Hz for females. f, also varies
as the speaker changes the tension of laryngeal muscles and to some extent the
subglottal pressure (Lieberman, 1967). Boothroyd (1986) observed that f, varied
between 70-200 Hz in men, 140-400 Hz in women, and 180-500 Hz in children.

Second, formant frequencies are inversely related to the overall length of the
speaker’s vocal tract, which varies according to age and gender (with females usually
having shorter vocal tracts than males). Overall vocal tract length can be estimated
directly from formant frequency measurements. Assuming the cross-sectional vocal
tract area to be almost uniform for the vowel [a] (as in English Hudd), one can
obtain the length of the speaker’s vocal tract (L) by specifying F5 of [A] in the
well-known formula (Fant, 1970: 292):

(1) L =5C/4F;
(C=34000cm/sec = speed of sound in air)



A study of American English and Korean vowels 247

Using Equation (1), the vocal tract ratios of female to male in three European
languages were found to be 0.89 for Swedish (Fant, 1975), 0.89 for Dutch (van
Nierop, Pols & Plomp, 1973; Pols, Tromp & Plomp, 1973), and 0.86 for English
(Peterson & Barney, 1952). These ratios corroborate Chiba & Kajiyama’s (1941)
estimates of a female/male ratio of 0.87 and indicate that, on average, female vocal
tracts are 11-14% shorter than those of males.

Based on overall vocal tract difference, Nordstrom & Lindblom (1975) proposed a
uniform scaling method for gender normalization. Their method involved estimating
the total length of a subject’s vocal tract from an average of F; in vowels with F;
greater than 600 Hz. Then, the ratio k of the length of the average male vocal tract
(L,,) to the average female vocal tract length (L;) is determined by

(2) k= F3mav/F3fav

in which Fsm,, and Fsf,, indicate an average of the third male and female formant
values. Equation (2) is used for the uniform scale factor k in this paper. In
Nordstrom & Lindblom’s procedure, the female formant frequencies are adjusted
along a trajectory to a position within the male reference system by multiplying by
the scale factor k. Thus, each scaled nth female formant frequency is denoted as
F,.f,. and can be determined according to

(3) F,f.=kXF,f

This study adopts the uniform scaling method proposed by Nordstrom & Lindblom
(1975) for a cross-linguistic study because it is one of the simplest procedures with a
good normalization result.

A third non-linguistic factor which introduces variation between speakers is the
ratio of pharynx to mouth cavity lengths. Chiba & Kajiyama (1941: 188-193) stated
that the mouth cavity length of an eight-year old girl was 30% shorter than that of
an adult male, while the length of the girl’s pharynx was 56% shorter than that of
the male. The length of a pharynx and mouth cavity can be estimated from the
formant frequencies of the vowel [i]. In a two-cavity simplified model of [i], F,
depends on the back cavity or pharynx while F; depends on the front or mouth
cavity (Fant, 1973). The length of the back cavity (LB) and that of the front cavity
(LF) can be approximated by the following:

4) LB = C/2F,
(C = speed of sound)
(5) LF = C/2F,

These are only approximate values given the simplicity of the model. For Swedish
speakers, Fant (1973: 90-91) reported that according to the above formulas the
female back and front cavities were 2.1 cm and 1.25 cm shorter, respectively, than
the corresponding male cavities; these predictions fitted the physiological data well.

2. Method

2.1. Subjects

A total of 40 subjects were chosen from 59 students participating in recording and
listening sessions at the University of Texas at Austin (UT). They were selected
from an age range of 18 to 27 years and formed four groups of 10 subjects each:
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Korean males, Korean females, American males, and American females. The
subjects were students attending UT and all had normal hearing and health. All the
Korean subjects were born and educated in Seoul and spoke Standard Korean. The
mean length of time in the U.S. was 3 years for male students, and 5 years for
female students. American subjects were limited to those who indicated that the
American South or Southwest was the area where they spent most of their lives and
all spoke Southern or Southwestern dialects.

These 40 subjects were selected from the larger pool of 59 in two steps. First, the
subjects were grouped homogeneously on the basis of collected information from a
questionnaire which included subjects’ age, sex, height, native language, fluency in
other languages, dialect, and history of speech and hearing disorders. Second, scores
by 8 judges (2 males and 2 females for each language group) were employed to
screen out those subjects who were perceived as having deviant dialects within each
language group. These 8 judges were a subset of an original group of 20 judges (10
from each language group). The 20 judges listened to a randomized recording of
words containing the vowels [i,e,a,u] (one token per vowel) produced by all
speakers from that language group. While listening, judges put a check mark by any
token perceived as deviant from their language group. The 4 Korean and 4
American judges having the fewest marks were selected as judges; scores for each
subject from the 4 judges in each language group were then calculated. Subjects
with more than 80% of their tokens perceived as being of a different dialect from
the other members in the group were excluded from the study.

2.2. Stimuli

The speech samples consisted of 67 American English (hereafter (AE)) and 52
Korean words. Each AE vowel occurred in an /h(V)d/ context in which the vowel
should not exhibit coarticulatory effects of the preceding consonant because /h/ is
the voiceless variant of the following vowel; alveolar /d/ also has relatively little
influence on the formants of the preceding vowel. In AE, 13 vowels
/®,a,0,e,¢&,i,2,1,a,0,U,A,U/, as in had, hard, hawed, hayed, head, heed, herd,
hid, hod, hoed, who’d, Hudd, and hood, were chosen. Each Korean vowel occurred
in an /h(V)da/ context to approximate the frame chosen for English. In Korean that
is a typical form. For example, each verb stem combines with the particle da or
h(V)da to form a root infinitive. The 10 Standard Korean vowels investigated
were /a,e,e,i,0,0,U,y,A,4/, as in hada, heda, heda, hida, hoda, heda, huda,
hyda, hada, and hida.

These 10 Korean and 13 AE vowels appeared five times on the reading list in
random order. Assuming that subjects needed time to adapt to the circumstances,
extra tokens were added at the beginning and ending of each AE and Korean word
list. These extra tokens and any unnaturally-produced tokens were discarded in the
analysis. Three out of the five productions of each vowel for each subject were
chosen for the average data set.

The recording was done in a sound-proof booth in the UT Phonetics Lab. Subjects
read each word from a printed word list at a normal rate. The experimenter
monitored the recording level throughout the session to avoid weak or overloaded
signals. The recording took 2-3 minutes per subject.
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2.3. Data collection

The input samples were low pass filtered at 4 kHz and digitized at a sampling rate of
10 kHz. A spectrogram of each word was made using a 256-point discrete Fourier
transform (DFT) analysis with a 6.4-ms Hamming window once every millisecond.
Most spectrograms showed steady states between vowel onset and offset points, but
some showed continuous changes in the formant frequencies across the entire vowel
making it difficult to identify a consistent time point for spectral analysis.
Furthermore, AE vowels were substantially longer than Korean vowels: the average
duration of AE vowels was 251 ms, with a standard deviation (SD) of 61 ms, while
that of Korean vowels was 86 ms, with an SD of 32 ms. (This difference might result
from syllable structure differences. The medial consonant in the Korean CVCV
words was realized as voiceless [t] by a few subjects when they produced the word
with two distinct syllables.) In view of these temporal differences, this study adopted
a proportionate time point for spectral analysis to make comparison of the two
vowel systems meaningful. Vowel onset and offset were determined by observing
both the spectrogram and the amplitude tracing. On the spectrogram, each vowel
tended to begin with a glottal pulse and clear formant bars following the weak noise
of [h]. On the amplitude tracing, each vowel was represented by a periodic
oscillation at about 40dB preceded and followed by a nonperiodic consonant
waveform, as illustrated in Fig. 1. Vowel onset was identified as the point where the
40 dB threshold was crossed. Vowel offset was assigned to the point where the
amplitude fell and the formant bars terminated on the spectrogram.

Vowel onset and offset were used to determine total vowel duration. Formant
frequency measures were taken one-third into the vowel (i.e., at the point
determined by adding one-third of the total duration to vowel onset). Formant
values were both automatically computed by a spectral analysis tool and visually
verified using the spectrographic display; these methods almost always converged. f,
was gathered from computer estimates by an autocorrelation method while
checking its validity against the duration of a vocal fold pulse on the waveform.
When formant values of the same vowel and subject showed wide variation, the
author double-checked them by listening to and comparing the spectrograms of the
three tokens. For reliability, measurements of selected tokens were independently
made by a phonetician; there was less than 5% disagreement. Any systematic errors
were immediately corrected after discussion.

WVNMANNN VWG
4OW M

0 [y ] ]
T Time (ms)

Vowel onset Time point Vowel offset

Figure 1. Illustration of waveform display and temporal labels. ‘““Time point”
refers to the location of the spectral analysis (one-third into the vowel).

AMP (dB)
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TaBLE 1. Average values of f,, the first three formants
(Fy, F,, F5), and their standard deviations (in parentheses) for
the American male speakers’ vowels. (n = 30)

Vowel f, F, F, F;

126 (16) 687 (83) 1743 (113) 2497 (137)
125 (15) 638 (46) 1051 (74) 2318 (185)
128 (20) 663 (62) 1026 (57) 2527 (171)
128 (18) 469 (36) 2082 (130) 2636 (168)
132 (24) 531 (52) 1900 (84) 2561 (148)
136 (21) 286 (32) 2317 (104) 3033 (191)
130 (20) 490 (32) 1363 (99) 1787 (165)
130 (15) 409 (32) 2012 (110) 2671 (148)
127 (15) 694 (89) 1121 (85) 2548 (136)
129 (18) 498 (41) 1127 (93) 2375 (131)
135 (21) 446 (46) 1331 (102) 2380 (125)
127 (159 592 (45) 1331 (71) 2494 (167)
135 (17) 333 (33) 1393 (213) 2282 (114)

Ee>Cco0Qe~Q—~mo0o o0

TaBre II. Average values of f,, the first three formants
(Fy, F,, F5), and their standard deviations (in parentheses) for
the American female speakers’ vowels. (n = 30)

Vowel f, F, F, F;
® 209 (22) 825 (81) 2059 (208) 2928  (95)
a 205 (19) 782 (106) 1287  (97) 2563 (173)
ke 206 (19) 777 (86) 1140 (91) 2895 (143)
e 209 (19) 521 (70) 2536 (138) 2991  (77)
e 211 (20) 631 (57) 2244 (190) 2968  (84)
i 221 (23) 390 (32) 2826 (140) 3416 (162)
e 218  (22) 523 (69) 1550 (110) 1927 (254)
I 216  (24) 466 (51) 2373 (164) 3014 (94)
a 205 (18) 857 (92) 1255 (85) 2877 (168)
o 207 (17) 528 (73) 1206 (183) 2824 (143)
§] 214 (20) 491 (56) 1486 (172) 2836 (154)
A 206  (18) 701 (75) 1641 (89) 2901 (108)
u 228 (27) 417 (29) 1511 (326) 2796 (169)

3. Data analysis and discussion

Three repetitions of each AE and Korean vowel by each subject were averaged: the
AE data consisted of (20 subjects) X (13 vowels) X (4 estimates: three formants and
one f;)=1040; the Korean data included (20 subjects) X (10 vowels) X (4
estimates) = 800. Tables I and II list f, and the average formant values for the
American male and female speakers. Tables III and IV list those values for the
Korean speakers.

The percent difference (Diff.) between the male and female f, and formant
frequencies was calculated to identify patterns of gender variation according to

(6) Diff. (%) = {(F,f — F,m)/E,m} X 100
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TaBLE V. The first three formants
(Fy, F,, F) of the American female speakers
scaled to those of the American males

Vowel F, F, F;
C 714 1783 2535
a 677 1114 2219
b) 673 987 2507
e 451 2196 2590
€ 546 1943 2570
i 338 2447 2958
- 453 1342 1669
| 404 2055 2610
a 742 1087 2491
o 457 1044 2445
Y} 425 1287 2456
\Y 607 1421 2512
u 361 1308 2421

TaBLE VI. The first three formants
(F1, F,, F;) of the Korean female speakers
scaled to those of the Korean males

Vowel F, F, F;
a 857 1560 2571
€ 589 1987 2664
e 565 2067 2668
i 299 2447 3018
o 434 895 2668
o 524 1909 2620
u 367 888 2630
y 324 2351 2802
\Y 665 1192 2617
! 389 1481 2606

vowel space. Similarly, a uniform scale factor between the Korean male and female
data was calculated to be 0.8696. Tables V and VI list the scaled data
cross—linguistically.

Next, the vocal tract ratio k between the AE males and the equivalent of the
Korean males (FsmKor) was calculated by

k = FsmAE/FsmKor
=2472.5/2628 = 0.94083

Table VII lists the Korean male data scaled cross-linguistically. Also, the scale factor
k between the AE males (F;mAE) and the Korean females scaled (FsfKor.sc) was
estimated as

k = FxmAE/FsfKor.sc
=2472.5/2594 = 0.95316

Table VII lists the Korean female data normalized by the scale factor.
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F, without crowding into the space of another vowel of similar duration. On the
other hand, if Korean [u] were to have a high F, it might be confused with Korean
[]. In this respect, sufficient perceptual distance might account for the relatively
low F, values for Korean [u]. In Fig. 4, for example, American English D;, is 474
mel while that of Korean D;, is 685 mel; however, Korean D; is 370 mel while
Korean Dy, is 322 mel. Notice that AE [u] almost overlaps with Korean [i] rather
than Korean [u]. Liljencrants & Lindblom’s (1972) original work on adaptive
dispersion predicted that AE and Korean /u/ would have the same F, values
because their original theory predicted that languages would tend toward maximal
phonetic contrast. However, these data support the elaboration of that theory and
the condition of sufficient contrast, advocated in Lindblom’s later work.

For the low vowels, AE [a] and [@] must employ extreme values of F, to
avoid confusion. The AE speakers separate the two vowels by around 400 mel, as in
Dj.. On the other hand, Korean [a] is not crowded by other vowels (see Figs. 4 and
6) so that it may be placed at the corner of a regular triangle formed by the
acoustically closest vowels [e] and [A]. Similarly, sufficient perceptual distance is
also maintained between the AE tense and lax vowels. The greater distance between
AE than Korean [i] and [e] may be linked to intervening [1] in AE but not Korean.
(For example, for the male speakers, AE D;, is 192 mel which almost equals the
Korean Dj..) Similar observations hold for AE and Korean [u] and [o], and
intervening AE [u]. Interestingly, those lax vowels are pushed “inside” the AE
vowel space, increasing the perceptual distance to adjacent vowels. In general, the
Korean vowel space shows an expansion of high vowels while the English vowel
space shows an expansion of the low vowels.

In addition, we compared perceptual distances of Korean males with those of
female speakers. Korean male D;, is 560 mel but that of the Korean female vowels is
654 mel. Korean male D, is 416 mel while that of the female group is 603 mel. This
suggests that the Korean female speakers produced vowels with a wider range of jaw
movement than the male speakers since F; tends to increase if the jaw lowers.

We calculated the cross-language perceptual distances between AE and Korean
vowels typically transcribed with the same IPA symbols as shown in Table VIII. It
can be seen that the average perceptual distance between male and female speakers

TasLE VIII. Perceptual distance in mel between
AE and Korean vowels denoted by the same IPA
symbols

Male speakers Female speakers

Vowel F,/F, F,/F; F,/F, F,/F;

a 167 65 252 143
e 85 54 33 23
e 112 61 138 84
i 110 73 76 65
o 185 92 154 57
u 316 58 327 32
A 183 22 188 25

Average 165 61 167 61
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TaBLE IX. ¢ values for tests of cross-language
differences in F,-F; frequencies (in mel) for male
and female speakers normalized cross-linguistically.
(df =18, * significant at p >0.05)

Male speakers Female speakers

Vowel F, F, F, F, F, F;

1.96 5.83* 1.50  3.72*% 10.34*  3.08*
093 3.95% 214 039 0.67 0.76
035 3.82% 2.54% 251% 5.29% 1.48
3.00% 3.62*%  2.26% 3.70* 1.98 1.23
3.98% 4.99*% 230* 1.78 3.02* 1.72
530% 7.72*% 048  2.90%* 7.86%  0.95
0.83 728 046 072 7.80% 037

> £ 0 0 M

is almost the same on the F;/F, and F,/F; dimensions. Averaging across male and
female speakers, the greatest distances on the F,;/F, dimension are found for [u]
and [a]. On the F,/F; dimension, the shortest distance is observed in the vowel
[A], suggestive of successful normalization.

Finally, we examined the question: Which cross-linguistic comparisons are reliably
different? r-tests were conducted on the normalized AE and Korean male and
female data in which there were 10 values (1 per speaker) for each formant of a
given vowel in each language group. For that purpose, we compared only the 7
vowels typically transcribed with the same IPA symbols. Table IX lists the ¢ values.
Asterisks indicate ¢ values that are significant at p > 0.05 (df =18). The significant
differences generally conform to the patterns described above (e.g., F, values for [u]
and [a] differ in AE and Korean; F,; values for [i] differ in the two languages).
t-tests were also conducted between the Korean female vowel [i] and the AE
female [u] also showed no significant differences in F;—F;. This result is consistent
with the small perceptual distances between the two vowels (56 mel on the F,/F,
dimension; 19 mel on the F,/F; dimension) as well as with the author’s impressionis-
tic observations. On the other hand, the author has observed considerable
similarities between AE and Korean vowels for which significant differences in
formant frequencies were found. More rigorous perceptual studies, possibly using
synthetic versions of these vowels, are needed to untangle these issues.

I would like to thank Drs. Bjorn Lindblom and Randy Diehl for their indispensable support

of and enthusiasm for this research. I also thank Dr. Beddor and three reviewers of this paper
for their patience and valuable comments.
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