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ABSTRACT

The paper presents a vowel classification model that explicitly
predicts vowel identification by second language (L2) learners
based on the phonological map of their first language (L1). The
model represents vowels in formant space by polar coordinates
with the mid-range of the formants as the origin. The model
assumes that category boundaries bisect the angles made by two
adjacent category centroids. It further assumes that the
probability of an L2 vowel being classified as a L1 vowel
depends on the angular difference between the L2 vowel
formants and the L1 vowel boundaries. The model was trained
on Spanish vowels and tested on English vowels, and it
outperformed other models in predicting the behavioral data.

1. INTRODUCTION
In this paper, a model of the classification of English vowels by
native Spanish speakers is presented. This special case is chosen
to illustrate specific questions regarding bilingual speech
perception. The map of phonetic categories possessed by a
bilingual provides insights into formation and transformation of
categories with learning. Adults and older children learning the
sound system of a second language (L2) differ from young
children acquiring the sound system of their native language
(L1). The interference of old, and new phonetic categories, and
phonological rules, the existence of a foreign accent, point to the
fact that there may be a single phonological map of vowels
which undergoes transformation due to the learning of a new
language [3, 10, 12].

How might one language limit the learning and processing
of a second language when both share the same phonetic map?
Best [1, 2] offers one representative explanation of the difficulty
of perceiving nonnative phonemic contrasts: the theory of
assimilation. Her theory captures the patterns of influence that a
native language has on the learning and perception of a second
language. According to her model, difficulty in discriminating a
nonnative contrast can be predicted according to the relationship
between the native and nonnative phonologies. For instance, if
each member of a nonnative contrast is similar to a different
native phoneme, discrimination of the nonnative contrast should
be very good. If members of the nonnative contrast are equally
similar to a single native phoneme, discrimination is
hypothesized to be poor. However, if they differ in the degree of
similarity, they should be relatively more discriminable. Finally,
if characteristics of the nonnative phonemes are quite different
from any native phoneme, the nonnative sounds may be as easily
discriminated as are non-speech sounds. Flege's theory [4, 5] of
interlingual identification supplements Best's assimilation
theory. Flege extends Best's theory to explain changes occurring

in bilingual phonetic categories over time. He views the
assimilation and non-assimilation of sounds as leading to
changes in the original phonetic categories. The next section
looks at the special case of Spanish speakers perceiving English
vowels.

2. SPANISH SUBSTITUTIONS FOR ENGLISH VOWELS
Two studies [11, 4] explicitly studied the identification of
English vowels by Spanish speakers. The listeners were asked to
identify the English vowels in terms of Spanish vowels and to
use the “none” label if the English vowel sounded different from
any Spanish vowel. Since the Spanish phonology is more
dominant, the listeners should report hearing the most similar
(in terms of acoustic distance) Spanish vowel, instead of the
played English vowel. As the Spanish vowel set differs from the
English vowel set (there are only 5 Spanish vowels compared to
more than 10 English vowels) more than one English vowel may
be classified as the same English vowel. It should be noted that
vowel length is not a salient cue in Spanish vowel perception as
it is in English [4].

For the most part, the substitutions reported by the listeners
in [11, 4] are compatible with the acoustic data of the Spanish
and English vowels. The degree of similarity of the English
vowel to Spanish vowels determined the degree of assimilation.
For instance, English /i/ was heard as Spanish /i/, /u/ as /u/, /ε/
as /e/, etc. Looking at the acoustic data, one expects the English
/I/ to be heard predominantly as the Spanish /e/ and not as /i/
(see Figure 1). However, these studies report just the opposite
behavior: Spanish monolinguals in both studies identified /I/
most often as Spanish /i/. Though Flege’s study [4] confirms the
substitution performed by the Spanish speakers in perceiving
English vowels as reported by Scholes [11], there is some
discrepancy in the most frequent substitute reported for the
English vowel /3/ in the two studies. One expects that listeners
would use the "none" label when hearing English /3/ which
does not overlap with any Spanish vowels. This is seen in the
Scholes [11] study, but not in the Flege [4] study. The
discrepancy in the heard vowels can be partially explained on
the basis of difference in the experimental stimuli used. While
Scholes [11] used synthetic isolated stimuli, Flege [4] used
natural spoken vowels in the /bVt/ context. Possibly due to the
more natural sounding stimuli used and the context, the vowel
sounded more like the Spanish /a/ than as an unfamiliar vowel.
This suggests that even for very experienced listeners, the
English /3/ does not evolve into a new category.
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Figure 1. Plot of the 5 Spanish vowels (indicated by *) and 4
English vowels in the F1 and F2 formant frequency dimensions.

Vowels are represented by their IPA symbols. The 4 English
vowels are used as stimuli in the Flege [4] behavioral study.

3. MODELS
In order to model the identification of English vowels by
Spanish speakers while taking into account the identification
behavior of the Spanish speakers, two models were used:
quadratic discriminant analysis and logistic regression
analysis. These models classify based on cartesian acoustic
distances. Since these two models fell short of describing fully
the identification of English vowels by Spanish speakers, a third
model, the polar coordinate model, is proposed.

The behavioral data being modeled was that of the
classification of English vowels /i/, /I/, /ε/ and /3/ by Spanish
monolingual speakers as described in Flege [4]. These 4 English
vowels along with the 5 Spanish vowels are plotted in Figure 1.
The models classified the vowels based on their first two
formant frequencies.

3.1. Quadratic Discriminant Analysis
The basic idea of discriminant analysis is to classify a token
based on the variance-normalized distance between the feature
vector of the token and the centroid of a particular category.
Hillenbrand and Gayvert [7] used a quadratic discriminant
classification to classify vowels based on their formant
measurements.

In the vowel classification analysis described here, a
centroid and a covariance matrix were generated for each
Spanish vowel category. For each English vowel token,
variance-normalized distances were computed to the Spanish
vowel centroids. These distances were then converted into
probabilistic estimates, with the smallest distance to a category
centroid translating into the biggest probability of classifying the
token with that category.

3.2. Logistic Regression Analysis
Logistic regression analysis is a statistical technique to analyze
the relationship of stimuli (independent variables) with a
response category (dependent variable); such a relationship is
assumed to be logistic. Nearey [9] has used this technique to
model interactions between phonological elements in speech
perception. He modeled vowel-consonant syllables where the

vowels ranged over /ε/ and /3/ and the consonants over /t/ and
/d/ [9].

In our study, an interaction function f was created
f(r,s) = b(r) + a1(r)F1(s) + a2(r)F2(s)

where r is the response category (type of vowel), s is the
stimulus index, b, a1 and a2 are coefficients and F1 and F2 are
formant frequencies of the vowel token. The independent bias
term b, and the coefficients a1, and a2 were estimated from a
Spanish vowel data set. Then the classification of the English
vowel tokens was performed using the estimated coefficients.

3.3. Polar Coordinate Model
In the polar coordinate model, each vowel category is denoted by
a centroid, which is the vector mean of the data set of that
category. The category centroid is then transformed into the
polar coordinate system whose origin is the mid-range of the
vowels in formant space. The category centroids are represented
in polar coordinates as (r,θ) where r represents the radial
distance from the origin and θ represents the angle made by the
centroid with the origin. The radial distance r is assumed to
reflect the laxness of the vowel. The more lax a vowel is, the
smaller the radial distance. The angle θ reflects the spectral
features of the vowel. In English the lax vowels tend to be
shorter in duration and occur in the inner periphery of the vowel
quadrilateral. Thus the radial distance covaries with vowel
length of the English vowels. In the Spanish vowel system,
duration is not a salient cue. Since the model is concerned with
the behavior of a Spanish speaker, it assumes that the radial
distance is unimportant for classification of English vowels.
Thus the vowel with centroid (r,θ) can be represented by θ, as
shown in Figure 1, where θ1 and θ2 represent the centroids of
categories 1 and 2. In the model, two English vowels identified
with the same Spanish vowel are principally discriminated on
the basis of vowel length. This distinction is seen in the Spanish
vowel production data [5].

F1

                  F2
Figure 2. Plotting the polar coordinates of the centroids (θ1 and

θ2) and the boundary (B12) between the centroids.

The model further assumes that category boundaries lie in
the region of greatest ambiguity or at an angular distance
farthest from any two vowel centroids. The boundaries bisect the
angles made by the two vowels with the origin as shown in
Figure 2. Boundary B12 bisects the angle between centroids 1
and 2.

In the study, the model first determined the origin and
centroid locations of the Spanish vowel categories in the polar
coordinate system. Then, it classified English vowels by

θ2

θ1

B12
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converting each vowel token into the polar coordinate
representation and determining the angular distance to the
nearest vowel boundary. This angular distance was then
converted into a probability of identification with the Spanish
vowel. If the angle made by the English vowel was identical to a
Spanish vowel, the probability of it being identified with that
Spanish vowel was 1. The probability fell to 0.5 as the angle
approached the closest boundary and become 0 at the next
category centroid. For details of the conversion process refer to
[8].

4. RESULTS
The parameters of the three models were determined from
Mexican Spanish vowel production data [6] in order to simulate
a representation of the phonological map of the Spanish
monolinguals. All vowel data were normalized to account for
speaker-specific differences. The models were then used to
classify the English vowel production data from Flege [4]. The
English and Spanish vowel production data is shown in Figure
3. The boundaries produced by the polar coordinate model and
the normalized vowels are depicted in Figure 4.
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Figure 3. English and Spanish (indicated by *) vowel production data used to train and test the three models. The y-axis represents the
F1 dimension and the x-axis the F2 dimension. All formant frequencies are in the mel scale.
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polar coordinate model.
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The classifications performed by the three models and the
classification data of the Spanish monolinguals [4] are reported
in Table 1. Note that the polar model classifies English /I/ as
Spanish /i/, despite the fact that /i/ is not the closest Spanish
vowel (see Figure 1). However, the identification of English /I/
with Spanish /i/ is seen in perceptual data. The other models
classify /I/ as Spanish /e/. Table 2 shows the correlation
coefficients (r2) for the English and Spanish data sets between
the model predictions and the behavioral data. The polar model
accounted for 92% of the variance of the English data set, while
the logistic regression analysis method accounted for 72% and
the discriminant analysis method accounted for 39% of the
variance. Thus the polar coordinate model matched its
predictions most closely with the behavioral data.

English
Vowel

Spanish
Vowel

Behavioral
Data [4]

QDA LRA Polar

i i 94 60 100 100
e 5 40
a
o
u
none

I i 68 6 20 60
e 19 93 80 35
a 2
o
u 3
none 12

ε i 3 6
e 81 63 77 59
a 13 6 23 35
o 31
u
none

3 i 3

e 17 27
a 71 75 100 73
o 25
u
none 9

Table 1. Classification data produced by the three models
reported in the form of probability of classifying an English
vowel with a Spanish vowel. (QDA = quadratic discriminant

analysis, LRA = logistic regression analysis).

Model r 2-English r2-Spanish
QDA 0.39 1.0
LRA 0.72 1.0
Polar 0.91 0.98

Table 2. Correlation coefficients for the English and Spanish
data sets by the three  models.

5. CONCLUSION
The article proposes a simple model of the identification of
second language vowels, namely, the polar coordinate model.
The model represents the vowels in a polar coordinate system
using their first two formants. Boundaries between vowel
categories are drawn on the basis of angular distance, giving rise
to “pie-like” shapes of the categories instead of elliptical shapes.
The classifications produced by the polar model are compared
with results of other vowel classification algorithms (quadratic
discriminant analysis and logistic regression analysis). The polar
coordinate model is able to explain the behavioral data in a
parsimonious manner and outperforms the other models in
matching its predictions most closely with the perceptual data of
Spanish speakers identifying English vowels.
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