




pothesis is correct, adults would be expected to show 
uniformly high levels of discrimination for non-native vowel 
contrasts, regardless of how the non-native vowels map onto 
native vowel categories. This outcome would indicate that 
linguistic influences are not evident for vowels in some per- 
ceptual tasks (e.g., discriminating a pair of natural syllables), 
even though they may be quite clear in others (e.g., identifi- 
cation or categorization across multiple talkers). 

The research reported here was designed to evaluate 
these hypotheses by examining English listeners' perception 
of two German vowel contrasts. Data were gathered to an- 
swer three specific questions regarding language-specific in- 
fluences on adult vowel perception. First, do English adults 
have difficulty discriminating non-English vowel contrasts in 
natural productions spoken by a single talker as has been 
shown repeatedly in consonant studies? Second, do English 
adults perceive the German vowels as similar to their native 
English vowel categories? Third, do these two contrasts con- 
form to particular assimilation patterns outlined by Best, and 
if so, is the relative discriminability of the two contrasts con- 
sistent with Best's model? 

Perception of the two German vowel contrasts by mono- 
lingual English speaking adults was evaluated using two per- 
ceptual tasks, an AXB discrimination task and a vowel iden- 
tification and rating task using English keywords. The AXB 
task provided data on the ability of inexperienced adult En- 
glish listeners to discriminate the non-native vowel catego- 
ries. Specifically, the AXB discrimination task was structured 
to assess the listeners' ability to recognize different vowel 
categories produced by the same talker over and above 
within-category variation among multiple natural exemplars. 
This task or variations of it have been used frequently in 
studies that examined the relative discriminability of non- 
native consonant contrasts in adults using natural speech 
stimuli (Best et al., 1988; Polka, 1991, 1992; Werker and 
Tees, 1984). 

The identification and rating task was designed to show 
whether (and to what degree) English listeners perceive the 
German vowels as being similar to specific English vowel 
categories. The results will describe the assimilation of the 
German vowel contrasts to English phonology and will be 
interpreted in terms of the assimilation patterns and discrimi- 
nation predictions outlined by Best (1993). 

I. METHOD 

A. German vowels 

Phonetic descriptions characterize vowels in terms of at 
least three corresponding articulatory and acoustic features: 
(1) tongue position in the oral cavity specified in terms of 
height (high, mid, low) and front versus back, with both 
dimensions influencing the location of spectral peaks (for- 
mants), (2) tense versus lax, which corresponds to differ- 
ences in timing and extent of tongue movement and is acous- 
tically specified in the spectral and temporal structure of 
formant patterns, and (3) lip shape as unrounded versus 
rounded where lip rounding tends to lower the frequencies of 
all spectral peaks (Ladefoged, 1982). 

German vowel contrasts were chosen for this research 

TABLE I. German vowel contrasts. 

Lax contrast Tense contrast 

¾ v y u 

high high high high 
pont back pont back 
rounded rounded rounded rounded 

lax lax tense tense 

because German has vowel categories and contrasts that are 
not used in English. The phonetic features specifying the 
German vowels examined in the present study are outlined in 
Table I, with the distinctive feature for each contrast in italic. 
As Table I shows, both German vowel pairs are front-back 
minimal contrasts between high lip-rounded vowels. One 
pair contrasts two lax German vowels,/u/and/¾/, and the 
other pair contrasts corresponding tense vowels,/u/and/y/. 
Thus German/y/vs/u/and/¾/vs/u/contrast in the same 
phonetic feature (front versus back) but the vowels in each 
contrast combine different articulatory features. 

The English vowels/u/ (as in "ooze") and /u/(as in 
"foot") are described using the same articulatory phonetic 
features as German/u/and/u/, respectively. German/y/and 
/¾/ are also articulated with a high tongue position and 
rounded lips, like English/u/and/u/, but with a front tongue 
position similar to the English vowels/i/(as in "tea") and/I/ 
(as in "pit") which are not lip rounded. In English, only high 
back vowels have the lip-rounding feature; front vowels are 
not lip rounded. Therefore English listeners may have diffi- 
culty discriminating these German front-rounded versus 
back-rounded vowel contrasts because English does not have 
a phonemic distinction between high front versus back vow- 
els that is independent of lip-rounding differences. 

B. Stimuli 

A male native speaker of German produced the sample 
of German vowels used in this study. He was a 31-year-old 
native of Karlsruhe, Germany and was, at the time of the 
recording, a graduate student in German at McGill Univer- 
sity. He arrived in Canada at age 27 and speaks German daily 
with family and friends. 

The talker was recorded producing multiple instances 
of six German vowels (/¾/, /v/,/y/, /u/, /O/, /•/) in a/dVt/ 
context. 2 According to phonological rules of German these 
six vowels are produced as monophthongs in this phonetic 
environment. The /dVt/ tokens were produced in citation 
form and recorded in a sound attenuated chamber using a 
Revox A77 reel-to-reel tape recorder and a Sennheiser MD- 
441-U microphone. Five native German speakers (including 
the talker) listened to and identified the vowel in each/dVt/ 
syllable. A few items that were not identified consistently by 
all five German listeners were eliminated from the pool of 
stimulus items. 

Next, the/dVt/syllables were converted to digital wave- 
forms (10-kHz sampling rate, 12-bit resolution, low-pass- 
filtered at 4.54 kHz) and stored as separate files on a Macin- 
tosh II computer using MACSPEECH LAB II software. Some 
acoustic measures of the /dyt/, /dut/, /dUt/, and /dYt/ syl- 
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TABLE III. Formant measures for dVt syllables containing German vowels. *=nonoverlapping values; 
+ =overlapping values. 

German lax vowels German tense vowels 

Formant /u/ /¾/ /u/ /y/ 
frequency Cue Cue 

(Hz) mean range mean range status mean range mean range status 

onset: 

F1 

F2 

F3 

302 244-326 300 285-315 

1583 1404-1719 1643 1607-1678 

2238 2126-2390 2234 2177-2268 

273 254-285 259 244-275 

1597 1495-1688 1768 1739-1831 * 

2219 2095-2329 2412 2187-2879 + 

midvowel: 

F1 

F2 

F3 

F1 -F2 

F2-F3 

322 325-336 300 264-326 

1226 1099-1353 1614 1566-1658 * 

2126 2055-2177 2217 2146-2350 

904 774-1017 1314 1292-1343 * 

900 804-987 604 519-783 * 

270 244-295 251 234-285 

970 742-1170 1699 1658-1739 * 

2117 2075-2156 2060 2014-2116 

693 498-916 1448 1424-1475 * 

1154 936-1333 361 305-397 * 

offset: 

F1 

F2 

F3 

317 295-336 297 254-326 

1466 1363-1536 1689 1617-1760 

2104 2024-2207 2360 2207-2930 

271 254-285 246 224-275 

* 1119' 1038-1200 1865 1800-1984 * 

+ 2012 1851-2065 2158 1984-2278 + 

F2 change' 
onset to mid 

offset to mid 

358 183-509 29 10-71 

241 142-346 74 41-132 

* 643 478-773 70 10-163 * 

* 285 a 132-458 166 61-315 + 

aBased on three syllables. 

plus sign) were quite similar (in mean and range values) 
across the two contrasting vowels and thus provide little or 
no information for distinguishing these vowel contrasts in 
this stimulus set. 

As shown in Table III and Fig. 1, several nonoverlap- 
ping F2 cues distinguished the front and back vowels within 
both contrasts. Overall, the same F2 parameters distin- 
guished the front and back vowels within each contrast, but 
the magnitude of difference for each F2 cue was consistently 
larger for the tense contrast than for the lax contrast. As 
expected, the front vowels had higher F2 frequencies at the 
midvowel location relative to the back vowels in both con- 

trasts. F2 frequency was also higher for the front vowels at 
voicing offset in both contrasts and at voicing onset for the 
tense vowels. The F1-F2 and F2-F3 differences at mid- 
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1313 

1313 

ß 

o 

200 3•0 41•0 500 

= German/U/ 

o German/Y/ 

ß German/u/ 

ß German/y/ 

[] English /U/ 

ß English /u/ 

ß English /i/ 

A English / / 

F1 Frequency 

FIG. 1. F1 by F2 plot of German vowels and mean values for English 
vowels (for male talkers) from Assmann (1979). 

vowel location also distinguish the front and back vowels in 
each contrast. For both the tense and lax front vowels, F2 

was closer in frequency to F3 than to Fl. For the tense back 
vowel/u/, F2 was closer to F1 than to F3; for the lax back 

vowel/u/F2 was roughly an equal frequency distance be- 
tween F3 and Fl. The extent of F2 movement also distin- 

guished both contrasts, with less extensive change in F2 
from voicing onset to midvowel observed for the front vowel 
than for the back vowel. The extent of F2 frequency change 
from mid- to voicing offset was also an overlapping cue for 
the tense contrast and a nonoverlapping cue for the lax con- 
trast. 

Several differences were observed between the tense and 

lax vowels. First, durational measures (presented in Table II) 
show that the vocalic portions of the syllables were approxi- 
mately twice as long for the tense vowels relative to the lax 
vowels. Second, differences between the tense and lax vow- 

els in extent of tongue movement were evident in the mea- 
sures of F2 change shown in Table III with more extensive 
F2 frequency change observed for the tense vowels than for 
the lax vowels. These tense/lax differences are consistent 

with acoustic studies that have shown tense and lax monoph- 
thongs in Northern German dialects to differ primarily in 
duration, but also to show some differences related to tongue 
movement and tongue height (Bennett, 1968). Finally, the 
tense vowel pair was more acoustically distinct than the lax 
vowel pair in that a larger number of nonoverlapping and 
overlapping cues were observed for the tense vowels, the 
formant differences between front and back vowels were 

larger for the tense contrast, and, being longer, the tense 
vowels also potentially provided greater opportunity for de- 
tection of these differences. 
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FIG. 2. Similarity scores for German tense vowels. FIG. 3. Similarity scores for German lax vowels. 

similarity scores with German vowel (front versus back) and 
keyword (ooze, hook) as within-subject factors. 8 Mean simi- 
larity scores (averaged across the ten English listeners) for 
keywords ooze and hook are shown in Figs. 2 and 3 for the 
tense and lax vowels, respectively. 

For the analysis of the German tense vowels, only the 
two main effects were statistically significant. The significant 
keyword factor [F(1,9)=34.564, p<0.0002] showed that 
both German/u/and/y/were perceived to be more similar to 
ooze than to hook. The significant German vowel factor 
[F(1,9)=9.491, p<0.013] indicated that similarity scores 
were higher for German/u/than for German/y/in matches 
to both ooze and to hook. 

For the German lax vowels, the ANOVA yielded a sig- 
nificant main effect for German' vowel [F(1,9)=29.824, 
p<0.0004] showing that overall similarity scores were 
higher for the German back vowel/u/. The German vowel by 
keyword interaction was also significant [F(1,9)=11.586, 
p<0.0078]. Tukey pairwise comparisons (p<0.05) of-all 
possible keyword/vowel pairs were conducted. These com- 
parisons showed that German/u/was perceived to be equally 
similar to both ooze and hook, whereas German/¾/was more 
similar to hook than to ooze. As observed for the German 

tense vowels, similarity scores were higher for German/u/ 
than for German /¾/ in matches to ooze. Similarity scores 
were not significantly different for German /u/ and /¾/ in 
matches to hook. 

III. DISCUSSION 

This study was directed at three questions. First, do adult 
monolingual speakers of English have difficulty discriminat- 
ing non-English vowel contrasts in natural syllables pro- 
duced by a single talker? Although performance was above 
chance predictions for both contrasts, English listeners had 
more difficulty discriminating the front-back distinction for 
the lax vowel contrast,/¾/vs/•/, than for the tense vowel 
contrast, /y/ vs /u/. Most of the English adults failed to 
achieve nativelike performance in discriminating the German 
lax contrast,/•/vs/¾/, whereas all displayed nativelike dis- 
crimination accuracy for the tense contrast,/u/vs/y/. 

Results of the vowel identification and rating task using 
English keywords provided data to address the second ques- 
tion: do adult English listeners perceive the German vowel 

categories to be similar to English vowel categories? The. 
identification data clearly demonstrated that English adults 
recognize similarities between these German vowels and the 
vowel categories in their native vowel inventory. 9 Consistent 
with English phonology, English adults perceived German 
/u/ and /u/ to be similar, but not identical to, the English 
vowels in ooze and hook which are also described as high, 
back, lip-rounded vowels. Likewise, the German front vow- 
els /y/ and/¾/were also perceived as most similar to the 
English vowels in ooze and hook, respectively. Thus in 
matching the German high front-rounded vowels to English 
vowel categories, the lip-rounding feature was more salient 
than front tongue position. 

For the vowel pair/u/-/y/, English listeners' mapping of 
the German vowels to English vowel categories can be char- 
acterized as a category goodness difference assimilation pat- 
tern. Matches to English ooze accounted for a large propor- 
tion of identification responses for both/u/and/y/and the 
similarity scores were higher for German/u/than/y/. Thus 
German /u/ and /y/ appears to be perceived as a "good" 
versus "less good" exemplar of English/u/. Subjects also 
matched both German tense vowels to the English vowel in 
hook, though with much lower frequency. Here also, the 
similarity scores were higher for German/u/than for Ger- 
man/y/, consistent with a category goodness difference as- 
similation. 

The mapping of the German lax vowels was more com- 
plex because subjects consistently matched both German lax 
vowels to two English vowels. These data show that English 
adults subjects map the German lax vowels to a small num- 
ber of English vowels and thus this contrast does not appear 
to be either uncategorizable or nonassimilated. Moreover, 
there were differences in the identification and rating results 
for the two German lax vowels. Although the data do not 
exactly fit a category goodness difference pattern with re- 
spect to a single category, similarity scores were significantly 
higher for German/•/than for German/¾/when these vow- 
els were matched to ooze and also when matches to hook and 

ooze are combined. Thus English listener's perception of 
German/•/and/¾/can be described as differing in the de- 
gree of fit to the English/u/or/•/vowel categories. 

A comparison of the discrimination and identification 
results addressed the third question of whether variability in 
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discrimination of non-native contrasts depends on the extent 
to which non-native phones can be assimilated to native pho- 
nemic contrasts, as predicted by Best's model (Best, 1993). 
Findings in the present study uphold this general prediction 
in that English adults had greater difficulty discriminating 
the German lax vowel contrast which showed a less pro- 
nounced pattern of category goodness assimilation relative to 
the German tense contrast. Thus differences in assimilability 
of these two German vowel contrasts to native phonemic 
categories appear to be reflected in the relative discriminabil- 
ity of these two non-native vowel contrasts. •ø 

The present study sought to evaluate hypotheses regard- 
ing language-specific influences in discrimination of vowel 
contrasts. Overall, the findings are in line with studies that 
have examined perception of non-native consonant contrasts 
using similar tasks and stimulus materials. Discrimination 
accuracy was quite good for both contrasts, but nevertheless 
fell short of nativelike performance for one vowel contrast 
and varied significantly between the two non-native vowel 
contrasts. The relative difficulty on the two contrasts was 
also broadly consistent with the assimilation model which 
has been proposed by Best and which is supported by data 
from cross-language studies of consonant perception (Best 
et al., 1990; Best and Strange, 1992; Best et al., 1988; Polka, 
1991, 1992; Werker, 1991). The identification and rating 
tasks showed that, for both contrasts, a category goodness 
assimilation pattern was evident in the English keywords that 
were selected most frequently and given the highest quality 
ratings. Furthermore, as Best's model would predict, relative 
discriminability of the two German contrasts was reflected in 
assimilation patterns in that adults had more difficulty with 
the contrast that they were less able to relate consistently to 
English vowel categories. The compatibility of these results 
with findings from comparable studies of consonant percep- 
tion point to a common pattern of language-specific effects 
for discrimination of vowel and consonant contrasts in natu- 

ral speech. 
The present findings argue against the hypothesis that 

the acoustic structure of vowels in natural speech consis- 
tently favors auditory coding in discrimination tasks. How- 
ever, the contribution of auditory coding in cross-language 
vowel discrimination may nevertheless be greater than is ob- 
served in cross-language consonant perception. Once dis- 
crimination of a more varied sample of non-native vowel 
contrasts has been examined, we can also assess whether 
discrimination of non-native vowel distinctions is generally 
better and less variable (compared to consonants) in adult 
listeners owing to the acoustic structure of vowels or to the 
patterns of assimilation that characterize cross-language 
vowel perception. ll The relatively high levels of discrimina- 
tion performance observed in this study are consistent with 
this notion but further studies with additional non-native 

vowel contrasts are needed to test this hypothesis. 
Best's model emphasizes the role of category coding 

processes in the perception of speech segments; acoustic 
properties become relevant only in accounting for differ- 
ences among nonassimilated contrasts. While the present 
study provides some additional support for Best's model, the 
potential role of auditory coding processes in accounting for 

the present findings cannot be overlooked. Acoustic analyses 
of the German vowels showed that formant differences were 

more pronounced for the tense contrast than for the lax con- 
trast. Thus the differences in discrimination performance be- 
tween these two contrasts may be accounted for by auditory 
coding processes which are sensitive to the degree of physi- 
cal acoustic differences. In light of this, the present results 
are also entirely consistent with the speech learning model 
that has been put forth by Flege (e.g., Flege et al., 1994; in 
press). Flege has proposed that, in vowel perception, cat- 
egory coding is prominent only when auditory coding is dis- 
favored, for example, when listeners must attend to small 
formant differences. The present findings support this hy- 
pothesis in that English adults performed as well as native 
listeners in discriminating the more physically distinct tense 
vowel pair. German adults, who have acquired a phonology 
in which they can readily categorize these vowels, outper- 
formed the English adults only on the less acoustically dis- 
tinct lax vowel pair. The present study does not provide data 
to assess the role of acoustic differences in cross-language 
vowel perception independent of differences in mapping of 
the German vowels to English vowel categories. In this re- 
gard, a comparison of discrimination performance between 
two groups of non-native listeners who are likely to have 
different assimilation patterns (e.g., English and Japanese) 
for these two German vowel pairs would be informative. 

English adults' identification and rating of the German 
vowels in this study is also interesting in light of Kuhl's 
thesis that vowel categories are internally organized around 
language-specific prototypes (Kuhl, 1992). In recent work, 
Kuhl and her colleagues (Grieser and Kuhl, 1989; Kuhl, 
1991) have provided evidence for language-specific influ- 
ences on the internal structure of a single vowel category 
which are described in terms of a perceptual magnet effect. 
The magnet effect is observed in listeners' responses to a set 
of synthesized steady-state vowels that vary along F1 and 
F2 dimensions in equal mel steps, forming a ring of vowel 
tokens that are equal mel distance from a central vowel 
stimulus which is a prototypic instance (ideal exemplar) of 
the vowel category. Adults identify the entire set of stimuli as 
the same vowel, but show an asymmetry in their discrimina- 
tion of the vowel set. Adults had greater difficulty discrimi- 
nating a change from the central stimulus to a more periph- 
eral (less prototypic) stimulus than a change from a 

stimud• to a more ,.c.•.,.. m.•,.c l•UtUtylJ'C! peripheral '- ' ....... ' • ............. :•x 
stimulus, even when the change to be discriminated involves 
the same pair of stimuli. Thus the central "prototypic" 
stimulus appears to act like a perceptual magnet, effectively 
reducing the perceptual distance between itself and more pe- 
ripheral (and less prototypic) members. Kuhl et al. (1992) 
also examined the magnet effect for stimuli synthesized 
around a prototypic Swedish/y/and around a prototypic En- 
glish/i/in 6-month-old infants from English and from Swed- 
ish families. The magnet effect was stronger in infants' dis- 
crimination of their native vowels, suggesting that language 
experience operates to shape the internal structure of vowel 
categories. 

English adults' identification and rating data for the Ger- 
man vowel contrasts in the present study are also in line with 
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