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Abstract

This study explored the relationship between the production
of the nine English vowels and the perception of synthesized
vowels by thirty-five American, Chinese, and Korean, male
and female speakers. The average formant values of the ten
American English speakers were employed to synthesize the
nine vowels that were presented to the thirty-five speakers.
The center formant values of the highest and lowest formant
boundary of the same vowel quality were collected and
compared to the formant values of their productions. We
found that there was a strong correlation between production
and perception within and across the language groups. The
American group had higher coefficients than the Chinese or
Korean groups. The lower coefficients were related to the
non-native speakers’ deviant production of the English
vowels. In the cross-linguistic comparison, the American,
Chinese and Korean groups perceived the stimuli about the
same. Individual comparison by regressional analyses of the
formant frequency data of the produced vowels and the center
formant values of the perceptual test led to a very remarkable
r? value. This suggests a very lawful relationship between
production and perception.

1. Introduction

Many cross-linguistic studies have been done either on
the production or on the perception of vowels (Peterson and
Barney 1952;Polka 1995; Best, Faber and Levitt 1996; Diehl,
Lindblom, Hoemeke and Fahey 1996; Yang 1996; Ingram and
Park 1997; Flege, Bohn and Jang 1997; Strange, Akahane-
Yamada and Kubo 1998). Because the subject’s production
varies greatly and perceptual experiment demands
sophisticated procedures and long duration, the link has not
been pursued frequently. Also, results of vowel perception
and production appeared not so clear-cut as those of
consonants.

This study aims to explore how native and non-native
speakers produce and perceive English vowels and investigate
the relationship between them. Specifically, the following
research questions were pursued here:

1. What is the relationship between production and
perception of English vowels by native and non-native
speakers?

2. What is the relationship between production and
perception of an individual speaker?

To answer these questions, thirty-five American, Korean
and Chinese speakers produced nine English vowels in an
hVd context. The first three formant values were collected to

compare the speakers by gender and language group. Also,
the same speakers listened to the synthesized English vowel
pairs and judged whether each pair of the model vowel
followed by another vowel with different formant values
sounded the same or different.

2. Method

Thirty-five subjects (fourteen Americans, eight Chinese
and thirteen Koreans) participated in a recording session and
a perceptual test. All were graduate students at the University
of Texas at Austin. We assumed that these students had a
fluent command of English because they passed the high
admission criteria set by the University for foreign students.
None reported any speaking or hearing problems.

Nine English words (had, hawed, head, heed, hid, hoed,
who’d, hood, Hudd) were chosen for production. This study
adopts a dynamic time point for acoustic data collection. The
same nine vowels were synthesized and randomly presented
in pairs to the thirty-five listeners. The perceptual stimuli
consisted of 376 synthesized vowel pairs.

Before the perceptual experiment, the thirty-five subjects
produced clearly the nine English vowels using a speech
microphone on a digital recorder. Audio inputs were carefully
monitored by the author and digitized using a G3 notebook, at
a sampling rate of 22 kHz. All acoustic measurements of
vowel portions were made using Praat3.8. The formant
frequencies were determined at the one-third point of the
vowel duration (Yang 1996). The function Formant (sl)
determined the first five formant values every 5 ms below 5.5
kHz. To avoid any extreme values, five values for each
formant within a 10 ms window around the one-third point
were averaged to determine the acoustic values. Pitch values
were collected by the function Pitch (ac). The author carefully
corrected any inappropriate formant values by simultaneously
checking the formant values on each spectrogram.

The synthesis was done by SenSynPPC1.0, a Klatt88
formant synthesizer. The average formant values of the nine
English vowels produced by ten American males (Yang 1996)
were input to the software. The duration of each stimulus was
400 ms, synthesized and stored on the notebook at a
sampling rate of 11 kHz. The general amplitude of the
synthesized vowel starts from 0 dB and gradually increased to
65 dB at 100 ms and then decreases very slowly, tapering off.
Its fundamental frequency contour begins from 120 Hz and
reaches the peak of 132 Hz at 110 ms then gradually
decreases to 90 Hz at the end.

Then, the model formant values were modified by a step
of 30 Hz for F1, 40 Hz for F2 and 50 Hz for F3 below or
above the values not running into the adjacent formants.
1,109 files were synthesized and saved on the computer to
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conduct a pilot study. Two American judges listened to all the Cf 5 607| 1257| 2895| 648| 1006| 2536
pairs _of a model followed by a syn.theS|zed vowel Wl_th_a Cf e 6671 2248 29681 539 1940
modified formant value and determined the range within -
which they heard the same vowel quality. Then, a set of 362 cf ! 287| 2826| 3493 271 2362| 3158
synthesized vowel pairs well below or above the range of the Cf 1 346( 2723| 3204| 413| 2047
two judges were chosen out of the 1,109 files for use as Cf 0 536| 1209 2937 s513| 1167
pemsg:'ltjiili;:r:?su“\/vere tested individually in a sound cf 4 365| 991 2872| sS4 1323) 2251
attenuated Phonetics Lab at the University of Texas at Austin. cf v 434) 1069) 2887 480 1311
Each subject listened to the stimuli over a headphone on a Cf A | 682 1380| 2998 588| 1321
digital player. The subjects judge_d whether each pair sounded Cm ® 624| 1824| 2587 687 1753
the same or dlfferenF. _The _hlghest and_ lowest _formant Cm N 555 10611 28661 6711 1016 2515
frequency boundary, within which each subject perceived the
same vowel quality, were collected from their answers. The Cm € 531| 1875 2653] 572| 1900
listening session lasted for 30 minutes. The synthesized vowel Cm i 296| 2249| 3046 275 2337| 3039
pairs were played by a script of Praat3.8 and audio outputs Cm I 352| 2066 2755 413| 2022
were directly r_ecorded on the digital p_Iayer. The subject was Cm o 268] 976| 26721 521| 1127
instructed to circle the given number if the pair sounded the
same in vowel quality. Otherwise they used a slash mark. Cm u 333| 832) 2575] 299 1413) 2313
The circled number was traced to find the corresponding Cm v | 358 1159 2463 457| 1331
formant value on the randomized table and marked on a page Ccm A 581| 1602| 2633| 592| 1334
with formant values in ascending order. The highest and KT - 6111 2329] 3033|651 1740
lowest marked values in each formant of the vowel were
collected. The center formant frequency in this study refers to Kf 2 527| 944) 2978| 663 1030 2538
the middle value of the highest and lowest formant frequency Kf e 557 1880 2815 561 1889
boundary of the same vowel quality. The acceptable range Kf i 312 2623] 3271] 262] 2354] 3108
denotes the acoustic distance between the highest and lowest KT . 388 2476| 3148] 428| 2012
formant frequency.
Kf ] 421| 985 2978| 524 1147
3. Results and Discussion Kf u | 361] 824| 2961 324| 1373| 2299
The formant values of the nine English vowels produced Kf v 398| 1024] 2895| 459| 1342
are summarized in Table I. Kf A | 596] 1624| 2948| 586| 1338
Km ® 605 1696| 2524| 695| 1760
Tab_le l. Formapt _values of proglucnon (an). and Km 5 654] 1138 2625 661] 1034 2552
perception (Fnc). A indicates for American, C for Chinese
and K for Korean; m for male, f for female. Km | e |574] 1751] 2577) 576 1907
Km i 314 2173| 3029| 271| 2350 2996
Km I 354 2041| 2880 414| 2042
Group [Vowel |[Fip | F2p | F3p | Flc | F2c | F3c Km | o | 455 982| 2580 508 1144
Af | & | 653] 1897| 2812| 688 1743 Km | u [ 363 968 2482 341| 1386| 2307
Af 5 634| 1169| 2816 660| 1025 2538 Km U 379| 1055 2486| 451| 1331
Af e 591 2085| 2959 555| 1914 Km A 629 1152| 2631| 585| 1339
Af i 316 2761| 3286 269| 2348 3067
Af I 434| 2325| 3015| 428| 2012 The correlation coefficient between the formant values of
Af 0 459 1264| 2742] 500| 1150 the American male speakers and the synthesis model
AF 0 363 1271] 2749 320 1407| 2279 amounted to 0.988 for F1; 0.981 for F2; _0.992 for F3. This
result corroborates that the current American male data are
Af v 442) 1251| 2776| 450] 1331 comparable to those of Peterson and Barney (1952) and Yang
Af A 584 1715| 2872 594| 1318 (1996). The formant ratios of the American female to male
Am & 654 1597] 2538 715] 1752 determined from the nine English vowels are 0.91 for the
Americans; 0.89 for the Chinese; 0.93 for the Koreans. The
Am o 633 1048 2602] 661 1050] 2527 results are comparable to the Swedish and Dutch data. The
Am e | 550 1823 2638 550| 1897 vocal tract ratios were 0.89 for Swedish (Fant 1975), 0.89 for
Am i 287 2301| 2982 273| 2337| 3022 Dutch (van Nierop, Pols and Plomp 1973; Pols, Tromp and
Am | 418] 1959| 2688] 405 2043 Plomp 1973) and 0.86 for English (Peterson and Barney
1952).
Am ° 461 1062 2461| 522] 1158 The averages of male and female listeners are about the
Am u 318| 1125| 2429) 329| 1402] 2286 same. It appears that the three groups perceived the
Am U 465 1293 2492 431 1325 synthesized vowel pairs almost the same even though the
Am N 594 1290] 2535 s590] 1315 acceptable ranges were wide and their formant values of
Cf ® 684 1819| 3066 721| 1688
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production between the male and female groups were quite
different.

To explore the link between production and perception of
English vowels by native and non-native speakers, we
conducted correlational analyses between the formant values
of production and perception within each language group.
Table Il lists the correlation coefficients.

Table Il. Correlation coefficients of F1-F3 of the English

intercept and r* values of regression equations between the
formant values of each individual’s production and
perception.

Table IX. Results of regressional analyses of individual
production and perception. G indicates groups (A for
American, C for Chinese and K for Korean; m for male, f for
female).

vowels produced and the center formant frequency of the nine Subject Slope Intercept r2
English vowels. AfL 0.855 91| 0.990
Af2 0.825 176 0.968
American Chinese Korean Af3 0.784 171 0.959
F1 0.978 0.896 0.916 Af4 0.838 66 0.983
F2 0.929 0.898 0.886 Af5 0.825 173 0.937
F3 0.862 0.854 0.715 Af6 0.917 -34 0.949
Af7 0.885 12 0.981

From the Table, one can observe that the Americans had Am8 1.017 44 0.974
hig_her cgefﬁcient values because the English wqrds were AmO 0.932 123 0.968
their native language. On the other hand, the Chinese and
Korean groups showed lower values because some English Am10 0.985 64 0.980
vowels were not completely distinguishable in their Amll 0.922 129 0.976
production. For example, a few Korean subjects produced the Ami2 0.907 101 0.956
same vowel for the tense and lax vowels (/i/ vs. /i/; lul vs. [ul) Ami3 1113 68 0.986
or in the reverse order.

What is the cross-linguistic relationship between Ami4 1.005 -12 0.989
production and perception of English vowels by native and Cf15 0.769 174 0.939
non-native groups? The American (Am) group’s production Cf16 0.717 194 0.890
and perception were set to reference because the English
vowels were their native language. Then, both correlation and cfir 0.817 153 0.960
regressional analyses for the Chinese (Ch) or Korean (Ko) Cf18 0.794 219 0.907
groups compared to the American group reference were Cm19 0.969 113 0.964
performed. Table Il lists the correlation coefficients and
slopes of production and perception among the American, Cm20 0.801 255 0.919
Chinese and Korean speakers. Cm21 0.825 159 0.939

) o Cm22 0.990 72 0.959

Table 11I. Correlation coefficients (R) and slopes of K23 0765 238 0.929
production and perception between the three language groups.

Kf24 0.764 279 0.881

Production Perception Kf25 0.837 282 0.834

Amvs. Ch| Amvs.Ko| Amvs.Ch| Amvs. Ko Kf26 0.697 255 0.895

R | Slopel R | Slope] R | Slope] R [ Slope Kf27 0.794 155 0.944

F1 0914 1.04 093 0.91 0.99 1.0 0.99 0.9 Kf28 0.799 223 0.945
F2 095 1.14 094 112 0.99 102 099 1.09 Kf29 0.704 296 0.903
F3 094 1.06 0.90 0.97 0.99 1.08 0.99 0.99 Km30 1.065 13 0.979
Km31 0.948 132 0.964

From Table 111, one can see that the formant values of the Km32 0.913 136 0.972
vowels produced show very high correlation _coefflqlents. Km33 1066 1 0.949
Thus, the three groups produced the vowels quite similarly.

The coefficient varies according to the formant number in the Km34 0.931 137 0.959
production data. The slopes in the production of the American Km35 0.863 158 0.934

and Chinese are higher than those of the Americans and
Koreans. On the other hand, almost a perfect correlation
exists in the perceptual data. The slopes of American and
Chinese groups were very similar.

To observe an individual pattern of production and
perception, regressional analyses were conducted on the
formant frequency data of the produced vowels and the center
formant values of the perceptual test. Table IX lists the slope,

The average r? values were 0.97 for Americans, 0.93 for
Chinese and Koreans. These r? values are remarkably high,
which suggests a very lawful relationship between individual
production and perception. Here again, the American group
shows higher values than the other two groups, which could
be related to the non-native speakers’ different vowel system.
One can notice that the males have slopes higher than one,
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while all the females have slopes lower than one. Some
subjects show deviations from this. Some males have lower
formant values than the synthesized vowels so that they must
have tuned highly to the synthesized ones. Since the
regression analyses were applied with different intercepts, the
negative intercept or lower slope comes from over-
compensating. So, these slopes with negative intercept may be
lower than the statistical analyses involved here.

4. Conclusion

This study has explored the relationship between the
production of the nine English vowels and the perception of
synthesized vowels by thirty-five American, Chinese, and
Korean, male and female speakers. We found that there was a
strong correlation between production and perception within
and across the language groups. The American group had
higher coefficients than those of the Chinese or Korean
groups. The lower coefficients were related to the non-
native’s deviant production of the English vowel. In the cross-
linguistic comparison, the American, Chinese and Korean
groups perceived the stimuli almost the same. Individual
comparison by regressional analyses on the formant frequency
data of the produced vowels and the center formant values of
the perceptual test led to a very remarkable r? value (0.97 for
the Americans, 0.93 for the Chinese and Koreans on average),
which suggests a very lawful relationship between production
and perception. The present data proved that human listeners
possess a broad but accurate perceptual mechanism to
distinguish between complex acoustic stimuli.

It should be noted that we have looked at the cross-
linguistic comparison of native and non-native speakers only.
It may clarify the production and perception link better with
higher correlation coefficients if we use stimuli in the
subject’s native language. Also, the perceptual experiment
was conducted simply to judge whether the two sound pairs
are the same or different. Further rigorous discriminatory
study will be necessary to capture the subtle auditory
perception.
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