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A group of Spanish- and English-speaking listeners participated in a multidimensional scaling 
(MDS) study examining perceptual responses to three Spanish and seven English vowels. The vowel 
stimuli represented tokens of Spanish/i/,/e/, and/a/and English/i/,/i/,/ei/,/œ/,/•e/,/n/, and/a/. 
Each vowel had been spoken by three monolingual talkers of Spanish or English and all possible 
vowel pairs (405 pairs) were presented to listeners (excluding pairs representing the same vowel 
category). Thirty monolingual English listeners and thirty native Spanish listeners who had learned 
English as a second language rated these vowel pairs on a nine-point dissimilarity scale. These 
perceptual distances were then analyzed using the individual-differences version of ALSCAL. 
Results demonstrated that the English monolinguals used three underlying dimensions in rating 
vowels while the Spanish-English bilinguals used just two. The most salient perceptual dimension 
for both groups distinguished vowel height. However, for the English listeners, this dimension was 
most significantly correlated with duration and indicated a language-dependent sensitivity to this 
phonetic feature. The second dimension for the English listeners represented a front-back 
distinction, while the third reflected a central/noncentral distinction. For the Spanish listeners, the 
second dimension was less easily interpreted. However, the perceptual data for the Spanish listeners 
was more interpretable in terms of the distribution of the vowels in the two-dimensional perceptual 
plane. The vowels were distributed in terms of three separate vowel clusters, each cluster near the 
location of a Spanish vowel. Separate MDS analyses were carried out for subgroups of Spanish 
listeners who were relatively proficient or nonproficient in English. The vowel space of the 
proficient Spanish listeners was more Englishlike than that of the nonproficient Spanish listeners, 
suggesting that the perceptual dimensions used by listeners in identifying vowels may be gradually 
modified as proficiency in the second language improves. 

PACS numbers: 43.71.An, 43.71.Hw, 43.71.Es 

INTRODUCTION 

Languages differ not only according to the number of 
vowels used to contrast meaning, but also in terms of the 
phonetic properties that are used to distinguish the vowels 
they possess. Such differences should have implications in 
terms of how listeners perceive vowels, especially in the case 
of identifying phonetic qualities that are not represented in a 
listener's native language (L1). 

A number of different studies have examined the percep- 
tion of vowels by speakers of different languages. For ex- 
ample, Stevens et al. (1969) asked American and Swedish 
listeners to identify the tokens of two synthetic vowel con- 
tinua: One composed of unfounded vowels ranging from/i/ 
to/œ/and a second composed of vowels ranging from un- 
rounded/i/to rounded/u/. As could be expected, the Swed- 
ish listeners identified fewer vowels as/i/than did the En- 

glish listeners (who have no phonemically distinct /u/), 
demonstrating that differences in the identification of vowels 
can be significantly related to the vowel inventory of the 
listener's L1. However, ABX discrimination of these vowel 
tokens was very similar for the two groups, suggesting that 

discrimination may have been used on more universal audi- 
tory factors. Indeed, Terbeek (1977) suggested that listening 
to vowels in a psychophysical mode might reduce or elimi- 
nate such cross-language differences (although this mode of 
processing is likely to be quite different from that employed 
in natural speech perception). 

Scholes (1967, 1968) required listeners from many dif- 
ferent language groups to identify, using keywords, the to- 
kens from a matrix of synthetic vowels formed by factorally 
combining F1 and F2 values. He found different patterns of 
identification depending upon the language background of 
the listener. Again, these results indicated that the identifica- 
tion of vowels depends, at least in part, on the number and 
nature of the vowel categories in the listener's native lan- 
guage. 

Terbeek (1977) obtained dissimilarity judgments among 
a set of 12 monophthongs from speakers of English, German, 
Thai, Turkish, and Swedish (languages that have signifi- 
cantly different vowel inventories). Using multidimensional 
analysis, he found significant perception differences as a 
function of language groupsdifferences that depended upon 
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both vowel inventory and patterns of phonological opposi- 
tion. 

More recently, Bradlow (1993) examined the relation- 
ship between vowel inventory and vowel production and per- 
ception, specifically comparing English and Spanish listeners 
on three different vowel contrasts: [i-e], [u-o], and [e-o]. In 
her perceptual studies (using Kuhl's, 1991, "radial-rating" 
methodology), she found that these two groups of listeners 
exhibited different response patterns (identifications and 
goodness ratings) to the same stimuli and related these dif- 
ferences to the structural differences between the English and 
Spanish vowel space. 

These studies (and others) have provided insight into 
cross-language differences in vowel perception, revealing 
likely differences in perception that depend on the nature of 
the listener's L1 vowel inventory. For example, Butcher 
(1976) suggests that a pair of vowels drawn from a portion of 
the acoustic vowel space that is crowded in the listener's L1 
will be perceived as more dissimilar than an equidistant pair 
of vowels drawn from an uncrowded portion of this acoustic 
space. This, in turn, implies that the psychological vowel 
space of individuals who speak different languages may dif- 
fer, perhaps through the use of different perceptual dimen- 
sions or the differential weighting of these dimensions. 

The present study--an extension of an earlier study by 
Flege et al. (1994)--compares vowel perception in monolin- 
gual English listeners and bilingual Spanish-English listen- 
ers. Of particular interest is how these adult bilinguals per- 
ceive English vowels that do not have a counterpart in 
Spanish (i.e., new vowels) as opposed to English vowels that 
do have a counterpart in Spanish (i.e., similar vowels). 

A total of 60 listeners (30 monolingual English and 30 
Spanish-English bilinguals) rated pairs of vowels for degree 
of perceived dissimilarity. The vowel stimuli used were natu- 
ral tokens of Spanish/i/,/e/, and/a/and English/i/,/!//eI/, 
/el,/a:/,/n/, and/o/. Three monolingual Spanish talkers each 
contributed one token of the Spanish vowels, and three En- 
glish monolinguals did so for the English.vowels. Listeners 
used a nine-point scale to rate vowel pairs for degree of 
perceived dissimilarity. The mean ratings for each possible 
pairing of the ten vowel categories (3 Spanish, 7 English) 
were submitted to multidimensional scaling (MDS) analysis. 
Earlier MDS analyses have examined the mean ratings of 
vowels by listeners differing in L1 background (Pols et al., 
1969; Terbeek, 1977; Terbeek and Harshman, 1971, 1972; 
Butcher, 1976), but this technique has apparently not been 
applied to ratings of multiple natural tokens of vowels drawn 
from two different languages. 

In our earlier study (Flege et al., 1994), we analyzed the 
obtained raw dissimilarity scores looking for significant dif- 
ferences in the perceptual distances between individual pairs 
of vowels but did not use MDS analysis. This approach had 
the disadvantage that no direct representation of the underly- 
ing perceptual processes (e.g., the perceptual "features" or 
"dimensions" used in the identification or comparison of 
vowel quality) of the two language groups were compared. 
The use of MDS techniques will allow us to develop and 
compare models of these underlying perceptual structures. 
The primary aim of the present study was thus to determine 

the extent to which the Spanish-English bilinguals and En- 
glish monolingual:• would demonstrate different underlying 
perceptual dimensions in making their vowel dissimilarity 
judgments (and, by extension, in the perception of vowels in 
general). The vowel systems of Spanish and English differ 
considerably. English has far more vowels than Spanish (15 
vs 5), and makes use of differences in at least two phonetic 
features to make vowel contrasts that are not found in Span- 
ish (e.g., duration and diphthongization; Stockwell and Bo- 
wen, 1965; Delattre, 1964, 1966, 1969; Skelton, 1969; 
Guirao and de Ma'•rique, 1972, 1975; Godinez, 1978; Mac- 
Donald, 1989; Flege, 1989, 1991). This difference raises the 
possibility that the native English listeners would use more 
underlying dimensions in perceiving vowels than the native 
Spanish listeners. 

A secondary aim of this study was to follow up on one 
incidental finding of this earlier study. The native Spanish 
listeners had been assigned to two subgroups based on dif- 
ferences in En•glish-language experience but in no instance 
did the experienced and inexperienced Spanish listeners dif- 
fer significantly for the 45 pairings of Spanish and/or English 
vowels. These results support the claim that vowel percep- 
tion may change re latively little as bilinguals gain experience 
with the vowel sys•.em of the L2. However, "experience" in 
a second language (however quantified) may not always be 
directly linked to "proficiency" in speaking or understanding 
in that language. In fact, there was some evidence that lis- 
teners who differed in their ability to pronounce and compre- 
hend spoken English (based on self-ratings as well as experi- 
menter's ratings) (lid differ in their perception of vowel 
quality. Using correlational analysis, the relationship be- 
tween the 30 Spanish listeners' mean dissimilarity ratings 
and both their amount of L2 experience and rated proficiency 
in English was inw:stigated. Of the 45 correlations between 
dissimilarity ratings and L2 proficiency, five were significant. 
However, none of the correlations between mean ratings and 
amount of L2 expe:rienced reached significance at the 0.05 
level. 

The findings of Flege et al. (1994) are thus consistent 
with a claim that :he perceptual vowel space of Spanish- 
English bilinguals who are relatively proficient in English 
differs from that of •elatively nonproficient bilinguals. There- 
fore, supplementar• MDS analyses were carried out here to 
compare the vowel spaces of subgroups of relatively profi- 
cient and nonproficient Spanish-English bilinguals. 

I. METHOD 

A. Stimuli 

The methods used to select English and Spanish CVs 
used as stimuli in the present study are described in detail in 
Flege et al. (1994). Briefly, five Spanish monolinguals pro- 
duced tokens containing tl•e Spanish/i/,/e/, and/a/, and five 
English monolinguals produced tokens with the English 
vowels /i/, /I/, /e•/, /e/, /a•/, /n/, and /o/. For the Spanish 
monolinguals these tokens included the Spanish words pito, 
peto, and pato. spoken in the carrier phrase Digo ahora__. 
The English raonolinguals read randomized lists of/bVCSto/ 
and foVSto/nonwords (where $ indicates a syllable division) 
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in the carder phrases Now I say __. The first syllables of 
these tokens, which were stressed, were then edited out and 
normalized for peak intensity. All of the talkers were male 
(which removes gender differences as a distracting factor). 

A pilot experiment requiring native listeners of each lan- 
guage to identify and rate for goodness CVs from their na- 
tive language, was used to select good exemplars of each 
vowel category and to reduce the CVs to a manageable num- 
ber. On the basis of these data, the CVs spoken by two of the 
English talkers were eliminated. The Spanish corpus was re- 
duced proportionally by eliminating the CVs spoken by the 
Spanish talkers whose tokens received the lowest average 
goodness ratings. The goodness ratings were then used to 
select one of the three available tokens of each vowel cat- 

egory from each talker. 
Acoustic measurements were made of the nine Spanish 

(3 Spanish vowelsX3 talkers) and 21 English CVs (7 
vowelsX3 talkers) that were selected. These measurements 
included voice onset time (VOT) and fundamental frequency 
(F0). Formant frequencies were estimated at three locations 
in each vowel: At a point 20 ms from the onset of periodicity 
(designated the vowel "onset"), at the acoustic midpoint, 
and at a point 20 ms from the end of the periodic portion (the 
vowel "offset"). These values are shown in Table I in Hege 
et al. (1994, p. 3627)fi 

As expected, the Spanish/p/s and English go/s had simi- 
lar mean VOT values (12 and 9 ms, respectively). The En- 
glish tense and lax vowels differed in duration and low vow- 
els were longer than high vowels. Also as expected, the 
English vowels tended to be longer than Spanish vowels of 
the same height, perhaps due to differences in the effect of 
stress on vowel duration in English and Spanish (Delattre, 
1964, 1966). The format frequency values were also consis- 
tent with previous studies (Skelton, 1969; Guirao and de 
Manrique, 1972, 1975; Godinez, 1978). 

These naturally produced vowels were not monoph- 
thongs. In particular, vowel onsets and offsets were affected 
by the adjacent consonants, and several English vowels show 
intrinsic dynamic movement (e.g., /e[/). The movement of 
the first two formants in the Spanish and English vowels are 
illustrated in Fig. 1. In this figure, the mean onset and offset 
formant values (converted to the bark scale; Zwicker and 
Terhardt, 1980) of F1 and F2 are shown for the ten vowel 
categories. This bark-scale transformation was done because 
this critical band scale is likely to be a more appropriate 
representation of the auditory properties of the stimuli than is 
the Hz scale (see discussion in Syrdal and Gopal, 1986; 
Kewley-Port and Atal, 1989). Unlike Syrdal and Gopal, we 
did not use Traunm/.iller's (1981) proposed low-frequency 
end correction because that would have eliminated the dif- 

ferences associated with F0 values in this study. 
The monophthongal Spanish/e/showed much less for- 

mant movement than the diphthong English [eft, although the 
direction of movement was the same for both vowels. Both 

the onset and offset values for Spanish/a/were intermediate 
to those for English/•/and/a/and all three vowels demon- 
strated formant movements of roughly the same magnitude 
and direction. The English vowels/]/,/•/, and/•e/ and the 
Spanish vowel/i/showed little net formant movement. 

[] Onset 

• Mid 

ß Offsel 

14 1'3 1'2 1'1 lb 
Formant 2 (in Bark) 

FIG. 1. The mean frequencies (in Bark) of the first two vowel formants of 
three Spanish/i e a/ and seven English vowels/i 1 e• œ a• a ,x/ at three 
temporal locations: 20 ms into the periodic portion of CVs (vowel "onset"), 
at midpoint, and 20 ms from the end (vowel "offset"). Each mean is based 
on three tokens spoken by three different talkers. The Spanish vowels are 
indicated by boldfaced, underlined symbols. The asterisk indicates the loca- 
tion of the "neutral vowel" (F1 =500, F2 = 1500 Hz). 

B. Listeners 

Sixty subjects were recruited in Birmingham, Alabama 
to serve as paid listeners. Half (10 males, 20 females) were 
monolingual speakers of American English and half (7 
males, 23 females) were native listeners of Spanish who had 
learned English as an L2 (more detail about the background 
of these listeners can be found in Flege et at., 1994). One 
aim of the present study was to determine if the proficient 
Spanish listeners would resemble native English listeners in 
perceiving vowels more closely than native Spanish listeners 
who were relatively nonproficient in English. Using an esti- 
mate of each Spanish listener's proficiency (based on self- 
ratings and experimenter's ratings of their overall ability to 
pronounce English), the Spanish listeners were assigned to a 
"proficient" or "nonproficient" subgroup. Each subgroup 
contained 13 listeners (four listeners with proficiency rank- 
ings near the middle of the group were not assigned to either 
group; this was intended to help avoid overlap in actual 
English-language proficiency between the two subgroups). 

These two subgroups differed in several respects. The 
proficient listener's self-ratings, and those obtained from the 
experimenter, were higher than those for the nonproficient 
listeners (5.4 vs 3.; 5.1 vs 3.7). The proficient listeners were 
somewhat younger (30 vs 38 years) and had lived slightly 
longer in the US (4.1 vs 3.7 years) than the nonproficient 
listeners. They had also arrived at a somewhat earlier age in 
the US (23 vs 31 years), had studied English longer in school 
than the nonproficient listeners (9.3 vs 6.6 years), and re- 
ported using English more on a daily basis than did the non- 
proficient listeners (69% vs 43%). The proficiency rankings 
were not significantly correlated with age, length of resi- 
dence in the US, or number of years studying English. There 
was a significant correlation between the proficiency rank- 
ings and percentage daily use of English (r =0.537, p <0.01), 
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and a significant negative correlation between these rankings 
and age of arrival in the US (r=0.435, p<0.02). 

C. Procedure 

Each listener rated 405 CV pairs in a single session. 
There were nine exemplars each of 45 different kinds of pair 
types. For example, each Spanish vowel was paired with 
every other Spanish vowel, resulting in three basic Spanish- 
Spanish pair types (/i/-/e/,/e/-/a/, and/i/-/a/). There were 
nine instances of each of these pair types (3 talkersX3 talk- 
ers) which produced 27 distinct vowel pairs (e.g., each of the 
three tokens of Spanish/i/were each paired with each of the 
three tokens of Spanish/e/, and so on). The same procedure 
was used to form pairs consisting of two different English 
vowels, yielding 189 English-English pairs, and to form 
pairs with one Spanish and one English vowel, yielding 189 
Spanish-English pairs. Each vowel token in the corpus was 
paired just once with every other vowel token (except its two 
cogeners in the same category). 2 In the Spanish-English 
pairs, the Spanish and English vowel tokens occurred in the 
first and second position an equal number of times. The re- 
alizations of the three Spanish and seven English vowel cat- 
egories occurred an equal number of times in the first and 
second positions of these pairs. 

All listeners were tested in a sound booth, where the 
CVs were presented binaurally over headphones at a com- 
fortable listening level after having been converted from 
digital to analog form (at a 12-bit sampling rate) and low- 
pass filtered at 4.8 kHz. The listeners used a nine-point scale 
to rate the vowels in CV pairs for degree of dissimilarity. The 
scale end points were defined by the labels "very similar" 
(1) and "very dissimilar" (9). The listeners were told to use 
the whole scale, and to guess if uncertain. Listeners were not 
trained on the rating task, but they were given practice with 
very dissimilar, moderately dissimilar, and very similar CV 
pairs (pseudorandomly sampled from the test set) before the 
experiment began. Each pair was presented 1.0 s after the 
last response. A relatively long ISI of 1.2 s was used to 
encourage the use of phonetic codes in long-term memory 
(e.g., Pisoni, 1973, 1975; Fox, 1983, 1985, 1989). A total of 
45 mean values were computed for each listener, one for 
each of the 45 CV pairs (3 Spanish-Spanish, 21 English- 
English, and 21 Spanish-English). 

D. Analyses 

The mean ratings obtained ff•J'th each of the 60 listeners 
were then examined using MDS analyses. This technique is 
used to account for the perceived difference between pairs of 
stimuli by locating the stimuli within an n-dimensional per- 
ceptual space. Each listener's mean ratings (n =45) were en- 
tered into symmetrical vowel-by-vowel matrices and then 
analyzed using ALSCAI_• a program which assumes that dis- 
similarity judgments for any pair of stimuli reflects the un- 
derlying perceptual "distance" between them (Takane et al., 
1976). 

If adults' perception of vowels changes during the pro- 
cess of L2 learning, one might expect more heterogeneity 
among the bilingual Spanish listeners than the monolingual 

FIG. 2. Fit cur•,es representing the cumulative variance accounted for by 
metric and nonmetric multidimensional sealing analyses as a function of the 
number of dimensions. The solutkms depicted are for 30 monolingual En- 
glish listeners (left) and for 30 native speakers of Spanish who had learned 
English as a second language (right). 

English listeners. The version of ALSCAL used here was 
selected with this consideration in mind; namely, a weighted 
individual differences scaling procedure that maintains the 
distinction between the matrices derived for each listener. 

Like INDSCAL (Carroll and Chang, 1970), it develops a 
group space (with coordinate values for the stimuli on the 
extracted dimensions) and a set of subject weights indicating 
how salient each dimension is for each individual listener. 

We made no a priori assumptions concerning the num- 
ber or the nature of the dimensions underlying the listeners' 
vowel perception except to assume that the perceptual space 
was Euclidean. The similarity matrices from the English and 
Spanish listeaers were analyzed separately. For each group, 
both ordinal (nonmetric) and interval (metric) solutions were 
obtained in two to four dimensions. The version of ALSCAL 

used here does not permit the determination of a one- 
dimensional solution using the weighted individual- 
differences Euclidean dislance model. Therefore, one- 
dimensional solutions for the English and Spanish groups 
(both metric and nonmetric) were determined using 
ALSCAL's default Euclidean distance model. All solutions 

are presented unrotated. 3 

II. RESULTS AND DISCUSSION 

A. Selection of diatensionality 

The choice of the optimal MDS solution was based on a 
consideration of the amount of variance accounted for by 
various solulions, and the results of split-half similarity 
analyses. A two-dimensional, nonmetric solution was even- 
tually chosen for the Spanish listeners whereas a three- 
dimensional, nonmetric solution was chosen for the English 
listeners. Figure 2 presents fit curves showing the cumulative 
variance accounted for by both metric and nonmetric solu- 
tions as a function of the number of perceptual dimensions. 
One reason lot rejecting the metric solutions was that the 
nonmetric solutions accounted for at least 7% more variance 

than the metric solutions al every dimensionality for both 
listener groups. Also, it seems reasonable to view the mean 
ratings examined here as ordinal-level data. 

2543 J. Acoust. Soc. Am., Vol. 97, No. 4, April 1995 Fox et aL: Perception of English and Spanish vowels 2543 

Downloaded 21 Sep 2011 to 128.146.89.68. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



For the Spanish listeners, increases in the cumulative 
variance accounted for by both the nonmetric and metric 
solutions became very gradual after two dimensions. This 
resulted in an "elbow" in their fit curve. Most of the variance 

(72.4%) was accounted for by a single dimension in the non- 
metric solution. Adding a second dimension accounted for an 
additional 12.0% of the variance in the Spanish listeners' 
data. Smaller proportions were accounted for by dimensions 
3 and 4. 

The fit curves for the English listeners, on the other 
hand, were more gradual than those for the Spanish listeners, 
and did not flatten out after two dimensions. The nonmetric 

one-, two-, three-, and four-dimensional solutions accounted 
for 44.2%, 72.7%, 80.6%, and 86.5% of the variance, respec- 
tively. Since the addition of dimension 3 and 4 increased the 
amount of variance accounted for by about the same amount, 
it was not possible to determine the optimal number of di- 
mensions for the English listeners solely on the basis of the 
fit curves. Split-half analyses (see, e.g., Gandour and Harsh- 
man, 1978) were therefore carried out to select the dimen- 
sionality of the optimal solutions. 

The Spanish listeners were evenly (and randomly) sub- 
divided into two subgroups of 15, designated "Sp-A" and 
"Sp-B". The same was done for the English listeners, with 
the resulting subgroups designated "En-A" and "En-B". 
Identical MDS analyses (as described above) were per- 
formed on the distance data from these subgroups. The spa- 
tial solutions obtained for the two same-language subgroups 
were compared by computing the simple correlations be- 
tween stimulus coordinates on the corresponding dimen- 
sions. A perceptual dimension was considered reliable, and 
thus likely to represent a psychologically real perceptual di- 
mension for a group as a whole, if a significant correlation 
was obtained between the corresponding dimensions of two 
split-halves. 

Analysis of the Spanish data confirmed the conclusion 
drawn from an inspection of the fit curve. The two- 
dimensional solutions for the split-halves (i.e., groups Sp-A 
and Sp-B) were nearly identical. The correlations between 
Sp-A and Sp-B were 0.976 for dimension I and 0.914 for 
dimension 2. Comparison of the two Spanish subgroups for a 
three-dimensional solution showed that while two of the di- 

mensions were similar (and were highly correlated with di- 
mension 1 and dimension 2 of the two-dimensional solution), 
the correlation between groups Sp-A and Sp-B for dimension 
3 was only 0.760. This was considered to be low, given that 
only ten pairs of coordinates were being compared. 

The split-half analysis therefore supported the two- 
dimensional solution for the Spanish listeners sho.•n in Fig. 
3. Dimension i in the Spanish listeners' space seems to re- 
flect a vowel height distinction. Dimension 2 is more diffi- 
cult to interpret. We have suggested a possible interpretation 
of this vowel space by drawing ellipses around clusters of 
vowels in the perceptual plane where the vowels are distrib- 
uted in three separate clusters, each cluster centered near the 
location of a Spanish vowel. This may be a demonstration of 
a "perceptual magnet" effect for these Spanish vowels. Spe- 
cifically, while looking at L1 identification and discrimina- 
tion, Kuhl and her colleagues (Kuhl et aL, 1992) have dem- 
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-2.5 

-2.5 

nonhigh 
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Dimension 2 

FIG. 3. The 2-dimensional ALSCAL solution obtained for 30 Spanish/ 
English bilingual listeners. The Spanish vowels are indicated by boldfaced, 
underlined symbols. 

onstrated that vowels in the vicinity of a vowel category 
"prototype" are not discriminated as easily as are vowels of 
equivalent auditory difference that are not located near a 
vowel prototype. As Flege et al. (1994, p. 3624) speculated, 
if an L2 vowel is phonetically similar to, but not identical 
with an L1 vowel, it may be judged as relatively more simi- 
lar phonetically to the L1 vowel than it would be judged 
otherwise based solely on its auditory characteristics. In 
terms of the vowel space, we thus might expect phonetically 
similar but not identical L2 vowels to cluster more closely to 
the most similar L1 vowel if the listener has not established 

a new vowel category (an L2 prototype) in this space. 
The split-half analysis led to a different conclusion re- 

garding optimal dimensionality for the English listeners. The 
three-dimensional solutions obtained for the listeners in 

En-A and En-B were similar. The correlations between these 

groups were 0.963 for dimension 1, 0.957 for dimension 2, 
and 0.972 for dimension 3 (all significant at the 0.001 level). 
The between-group correlations for the four-dimensional so- 
lutions were lower than those obtained thus far, however. In 
particular, the correlations between En-A and En-B dropped 
to 0.671 (p<0.05) and 0.583 (n.s.) for two of the four di- 
mensions. Results of the split-half procedure therefore sup- 
ported selection of a three-dimensional solution for the En- 
glish listeners, which is shown in Fig. 4. 

As with the Spanish listeners, the English listeners' di- 
mension 1 seem to represent a high/nonhigh distinction. Di- 
mension 2 corresponds to a front/back distinction. Note that 
the upper right (+high, +back) quadrant would normally 
contain/u/and/o/, vowels not included in the present study. 
Given this limitation, the perceptual space represented here 
for the English listeners is remarkably consistent with previ- 
ous MDS studies examining English vowels. The absence of 
high back vowels might be expected to warp the plane de- 
fined by the high/low and front/back dimensions that has 
been found in previous research (e.g., Singh and Woods, 
1971; Shepard, 1972; Fox, 1983). 

The English listeners' dimension 3 is less readily inter- 
pretable. However, it is the case that the vowels near the 
center of the acoustic vowel space cluster near one end of 
this dimension while vowels further from the center are dis- 

tributed toward the other end of the dimension. This dimen- 
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FIG. 4. The 3-dimensional ALSCAL solution obtained for 30 English monolingual listeners. The izft panel is a plot af dimension 1 by dimension 2; the right 
panel is a plot of dimension I by dimension 3. The Spanish vowels are indicated by boldfaced, underlined symbols. 

sion can tentatively be interpreted as a central/noncentral di- 
mension. 

B. Interpretation of perceptual dimensions 

Describing perceptual dimensions as we have just done 
provides only a qualitative view of their nature. A technique 
which allows a more quantitative evaluation of these dimen- 
sions in terms of the physical characteristics of the stimuli 
involves comparing the coordinates of each vowel with its 
auditory/acoustic properties using correlational analyses (as 
in Terbeek, 1977; Fox, 1983; Fox and Trudeau, 1988; Kemp- 
ster et aL, 1991). This is a standard practice in MDS studies, 
but we feel it necessary to exercise more caution than is 
customary in evaluating the results. In most MDS studies, 
each vowel category is represented by a single token. Listen- 
ers then typically rate (usually more than once) all possible 
pairings of a single exemplars of each vowel category being 
examined. In the present study, on the other hand, the three 
Spanish and seven English vowels were represented by three 
tokens that had been produced by three different talkers. Ac- 
cordingly, the acoustic values examined in the correlation 
tests had to be the means of the three tokens of each cat- 

egory. Although this ignores potentially important token-to- 
token (i.e., speaker-to-speaker) acoustic variation, it must be 
considered that all tokens were well-recognized exemplars of 
their vowel category and it is the general trend in the percep- 
tion of these categories with which we are most concerned. 

A total of 33 acoustic measures were examined in the 

correlation analyses. Most of these acoustic measures were 
described previously in Sec. I. In addition, F1-F0, F2 
-F1, and F3 -F2 bark-difference values were computed as 
suggested by Syrdal and Gopal (1986). Bark differences 
were computed for frequencies observed at the onset, mid- 
point, and offset of vowels. As a measure of formant move- 
ment, the slopes of the F1, F2, and F3 trajectories from 
onset-to-midpoint, midpoint-to-offset, and onset-to-offset 
were calculated. In addition, given the suggested interpreta- 
tion that dimension 3 of the English vowel space reflects a 
central-noncentral distinction, the Euclidean distances be- 
tween the vowel onsets, midpoints, and offsets in the formant 
1 by formant 2 plane (see Fig. 1) and the location of the 
neutral vowel (Fl=500, F2= 1500) in this plane were also 

calculated. Correlations between these acoustic parameters 
and the vowel coordinates for the perceptual spaces of the 
English and Spanish listeners are presented in the Appendix 
(also contained in the Appendix are correlations between all 
perceptual dimensions obtained and discussed in this paper). 

Dimension 1 ire both the Spanish and English groups 
was significantly correlated with the F1 and F1 -F0 mea- 
sures (at the 0.05 level for the English and 0.001 level for the 
Spanish vowel spac:s). This is consistent with the interpre- 
tation of these two dimension as reflecting a high-low dis- 
tinction. However, dimension 1 in the English space was 
most highly correlated with duration (at the 0.002 level). 
Duration was not significantly correlated with any of the 
Spanish dimensions. Since duration differences are associ- 
ated with vowel quality distinctions not found in Spanish, 
this may demonstr•,te a language-dependent sensitivity to 
this phonetic feature by English listeners, but not Spanish 
listeners. The F2, F3, F2-F1, and F3-F2 measures 
were also significantly correlated with dimension 1 for the 
Spanish listeners. At first glance, this might seem to under- 
mine the interpretation of dimension I as a high-low dimen- 
sion. It does rtot, however, because vowel height was corre- 
lated with front/back distinctions in the small set of vowel 

stimuli included in this stud). The slope of the F1 onset-to- 
midpoint trajectory was also significant, but it was much 
lower than many other correlations. 

For the English listeners, dimension 2 was most highly 
correlated with the F2, F2--F1 and F3-F2 measures (at 
the 0.01 level) and can therefore be termed a "front/back" 
dimension (b•t note the caveat above). These results are ba- 
sically consistent with scaling studies that have examined the 
perception of Englis'• vowels by native English-speaking lis- 
teners (e.g., Fox, 1983, 1988; Fox and Trudeau, 1988; 
Rakerd and Verbrugge, 1985), although the front/back di- 
mension is usually more salient than the vowel height dimen- 
sion. The different outcome obtained here is likely due to the 
absence of high, back vowels (e.g.,/u/,/o/). Dimension 2 of 
the Spanish w•wel space was significantly correlated only to 
the Euclidean distance between the vowel onsets and the 

neutral vowel position. This correlation is significant only at 
the 0.05 level and may be spurious, given the large number 
of correlations computed. This dimension shows some gen- 
eral similarity to English dimension 3 although these two 
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FIG. 5. Subject weights obtained for individual Spanish listeners on dimen- 
sions I and 2. 

dimensions are not significantly correlated (see the Appen- 
dix). 

Dimension 3 in the English space was significantly cor- 
related with the Euclidean distance measures (at the 0.001 
level). This dimension is similar to the peripheral/central di- 
mension obtained by Terbeek (1977) when analyzing the per- 
ceptual data from all language groups and to the mid/nonmid 
dimension obtained for the English data only. However, it is 
likely that this dimension is not very salient in the normal 
process of vowel identification. For example, dimension 3 
accounts for only 7.9% of the variance in this study and the 
analogous dimensions in Terbeek's study were the last to be 
extracted (and accounted for the least amount of variance). 

C. Analysis of subjeot weights 

The subject weights provide a measure of the impor- 
tance of the perceptual dimensions for each listener. The 
weights for the Spanish listeners are shown in Fig. 5. The 
mean of the subject weights for dimension 1 was 0.834, with 
two of the 30 listeners (one proficient, one nonproficient) 
showing outlying values. The mean of the weights for di- 
mension 2 was only 0.340, suggesting that the Spanish lis- 
teners placed greater emphasis on the high-low dimension 
(dimension 1) than on dimension 2. It should be noted that 
the three Spanish vowels/i e a/can be distinguished com- 
pletely on the basis of vowel height (since neither/u/nor/o/ 

0.8' 

0.6' 

0.4' 

0.2- 

0.0 

0.0 

were included in the stimulus set). Thus the Spanish listeners 
may have naturally allocated more attention to the vowel 
height differences among these vowels. 

Correlational analyses were carried out to determine if 
the individual Spanish subjects' weights for either dimension 
1 or 2 were related to questionnaire variables. The dimension 
1 subject weights were not correlated significantly with self- 
estimated percent daily use of English (r=0.260), self- 
estimated English-language proficiency (r=0.040), or the 
experimenter's estimates of the listeners' L2 proficiency (r 
=0.060; p>0.10 in each instance). There was, however, a 
small but significant negative correlation between the dimen- 
sion 2 subject weights and both the self-estimates of L2 pro- 
ficiency (r =-0.414, p <0.05) and the experimenter's ratings 
(r=-0.404, p<0.05). Although these negative correlations 
might indicate that the more proficient Spanish listeners de- 
pend less on a second perceptual dimension than do less- 
proficient Spanish listeners, it more likely demonstrates that 
dimension 2 of the group space for all Spanish listeners did 
not accurately represent the perceptual space of the more 
proficient listeners alone (an interpretation that is supported 
by the separate analyses of the two groups presented in the 
next section). 

Figure 6 shows the subject weights for dimension 1 
(high-low), dimension 2 (front-back), and dimension 3 
(central/noncentral) for the English listeners. The mean 
weights were higher for dimension 1 and dimension 2 than 
for dimension 3 (0.598, 0.542, and 0.370, respectively). The 
English listeners appeared to rely equally on the high-low 
and front-back dimensions in rating vowel dissimilarity. The 
central/noncentral dimension was considerably less salient to 
these listeners. 

D. Proficient versus nonproficient bilinguals 

Additional nonmetric MDS analyses were carried out to 
determine if the perceptual dimensions of the Spanish listen- 
ers who were relatively proficient in English would more 
closely resemble those of English listeners than nonproficient 
Spanish listeners. Data for the both groups were compared 
using the nonmetric individual-differences model of 
ALSCAL. As shown in Fig. 7, the fit curves obtained in the 
analyses of data for both groups resemble closely the 
ALSCAL analysis of data for all 30 Spanish listeners. In- 
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FIG. 6. Subject weights obtained for individual English listeners for dimensions 1 and 2 (left) and dimensions 1 and 3 (right). 
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FIG. 7. Fit curves obtained in nonmetric MDS analyses for 13 relatively 
"proficient" Spanish listeners (antilied boxes) and 13 relatively "nonprofi- 
cient" Spanish listeners (filled boxes). 

creases in the cumulative variance accounted for in both the 

proficient and nonproficient listeners' data became much 
more gradual after two dimensions which produced an elbow 
in the fit curves at that dimensionality. The majority of the 
variance was accounted for by dimension I (proficient: 
73.0%, nonproficient: 68.6%). Adding a second dimension 
accounted for an additional 11%-14% variance (proficient: 
84.7%, nonproficient: 82.6%). 

It thus appears that a two-dimensional solution was op- 
timal both for proficient and nonproficient Spanish listeners. 
These two vowel spaces are shown in Fig. 8. In general, both 
of these vowel spaces are similar to that shown in Fig. 3 for 
all 30 Spanish listeners. Again, dimension 1 was significantly 
correlated with the F1 and F1 -F0 measures (at the 0.001 
level) and dimension 2 was significantly correlated with the 
Euclidean distance between vowel onsets and the neutral 

vowel location (at the 0.05 level). However, several differ- 
ences between the proficient and nonproficient spaces are 
evident. The location of vowels seems to be more closely 
clustered in the nonproficient Spanish space than the profi- 
cient Spanish space. The vowels le•/and especially/el have 
become more separated from the other phonetically similar 
vowels in the perceptual plane for the proficient listeners, 
perhaps indicating evolution towards a perceptual space that 
is more like the vowel space of the English listeners. As a 
result, English leil and/el stand apart from other Spanish and 
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English vowel categories for the proficient but not the non- 
proficient Spanish listeners. 

A relatively straightforward method (suggested by an 
anonymous reviewer) to determine whether the proficient 
Spanish lisleners' vowel space is more Englishlike than the 
nonproficient Spanish listeners' space is to compare the int- 
ervowel distances based on the coordinates provided by the 
MDS solutions. Specifically, Euclidean perceptual distances 
were calculated bc'tween all pairs of vowels (n =45) for each 
of these three groups. Con'elational analysis showed that the 
distances in the tt,ree-dimensional English space were more 
highly correlated with the proficient Spanish distances (r 
--0.47, p<0.001) than nonproficient Spanish distances (r 
=0.33, p<0.05). 4 These results would support the claim that 
the vowel space of the proficient Spanish listeners is more 
similar to the English space than is the nonproficient Spanish 
vowel space. We readily agree, however, that these differ- 
ences are small and need to be corroborated in subsequent 
studies. 

Correlations between the acoustic measures and percep- 
tual dimensions for the proficient and nonproficient Spanish 
listeners are presented in the Appendix. As in the analysis of 
all 30 Spanish listeners, dimension 1 obtained for both the 
proficient and nonproficient Spanish subgroups was corre- 
lated most significantly with F1 and F1-F0 acoustic mea- 
sures, and less significantly with the F2, F3, F2-F1, and 
F3-F2 measure,,;. Again, dimension 2 for both groups was 
correlated significantly only with Euclidean distance from 
vowel onset to the neutral vowel position. The correlations 
between dimension 1 and Ihe acoustic measures were gener- 
ally higher for the proficient than the nonproficient subgroup. 
No other systematic difference between the two subgroups 
was evident. Figure 9 shows the subject weights obtained for 
the proficient and nonproficient Spanish listeners. As before, 
the dimension 1 subject weights for two individual listeners 
(one proficient, one nonproficient) represented nonsystematic 
outliers. 

T-tests revealed that the subject weights obtained for the 
proficient and nor proficient subgroups (M=0.784 vs 0.854, 
respectively) did not differ significantly (t = -1.23, p)0.10) 
on dimens]on 1. but did differ significantly (t--2.28, 
p<0.05) on dimension 2 (M=0.411 and 0.315, respec- 
tively). This significant difference may also reflect a subtle 
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FIG. 8. The 2-dimensional ALSCAL solutions obtained for relalively "proficient" (left) and "nonproficient" (right) Spanish li•.teners. The Spanish vowels are 
indicated by boldfaced. underlined symbols. 
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FIG. 9. Subject weights for 13 proficient (untilled boxes) and 13 nonprofi- 
cient Spanish listeners (filled boxes) for the two obtained perceptual dimen- 
sions. 

change in the underlying perceptual system of adult Spanish 
learners of English as a function of developing greater pro- 
ficiency in producing spoken English. 

III. SUMMARY 

English has a larger number of contrastive vowel cat- 
egories than Spanish (15 vs 5, by most counts). Not surpris- 
ingly, English uses more phonetic features than Spanish to 
distinguish vowels, such as the combination of spectral and 
temporal differences that distinguish tense from lax vowels. 
From this, one might expect individuals who have learned 
English and Spanish as native languages to perceive vowels 
differently. Specifically, one might expect native listeners of 
English to use more perceptual dimensions than native lis- 
teners of Spanish. At the very least, one might expect En- 
glish listeners' reliance upon phonetic features such as dura- 
tion to be greater than that of Spanish listeners. A 
multidimensional scaling (MDS) analysis was carried out to 
test this. Consistent with the hypothesis, the optimal MDS 
solution obtained for the native English listeners involved 
three dimensions (high/low or duration, front/back, and 
central/noncentral) whereas the optimal solution for the 
Spanish listeners involved just two dimensions, one reflect- 
ing a high/low distinction and a second that did not lend 
itself to an easy interpretation. However, the most straight- 
forward interpretation of the Spanish vowel space was in 
terms of the perceptual plane in which the vowels were dis- 
tributed into three clusters, each cluster corresponding to one 
of the Spanish vowels. In addition, one perceptual dimension 
of the English listeners (dimension 1) demonstrated a 
language-dependent sensitivity to duration. These data thus 
support the claim that the structure of a listener's vowel 
space is significantly affected by the vowel inventory of the 
listener's L1. 

Several findings of the study bear on the issue of 
whether vowel perception changes as the result of L2 learn- 
ing. The mean similarity ratings from proficient and nonpro- 
ficient Spanish listeners were submitted to separate MDS 
analyses. The optimal solutions for both subgroups involved 
just two dimensions. Learning English apparently did not 
increase the dimensionality of the Spanish listeners' psycho- 
logical vowel space in a manner analogous to the increase in 

dimensionality of the space defining voice quality shown by 
individuals who undergo training on the labeling of voices 
(Kreiman et al., 1990). 

The MDS analyses did reveal two differences between 
the proficient and nonproficient listeners, however. First, in 
each of the Spanish vowel spaces, dimension 2 was identi- 
fied as representing a possible central/noncentral dimension 
(bearing some broad similarity to dimension 3 in the English 
space). the greater the Spanish listener's proficiency in En- 
glish, the more the reliance on dimension 2. Second, the 
perceptual distances between vowels in the vowel space of 
the proficient listeners were more highly correlated with the 
intervowel distances in the English vowel space than were 
the perceptual distances in the nonproficient Spanish space. 
These differences would support a claim that listeners' per- 
ceptual processes change gradually as a function of their de- 
veloping production capabilities. 

Clearly further research is needed to understand how 
vowel perception and production may change during adult 
second language acquisition. For example, in the present 
study, there were at least two limitations. First, the lack of 
high, back vowels in the stimulus set may have warped the 
perceptual space of both sets of listeners to some degree and 
it may have contributed to the difficulty in interpreting di- 
mension 2 in the Spanish vowel space. Second, the use of 
tokens from more than a single talker was problematic be- 
cause it introduced intracategory variations that could not be 
handled well from the MDS approach utilized. It would be 
useful to conduct a similar MDS study in a future experiment 
utilizing tokens from a single talker of a representative 
sample of the vowel distinctions found in English and Span- 
ish. 
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APPENDIX 

As described in the main body of this paper, in MDS 
studies it is common to relate the perceptual dimensions ex- 
tracted with the acoustic/auditory properties of the stimuli 
themselves. A technique commonly used to examine these 
relationships is correlational analysis (e.g., Terbeek, 1977; 
Fox, 1983). As noted in the body of the paper, the three 
Spanish and seven English vowels were represented by three 
tokens that had been produced by three different talkers. Ac- 
cordingly, the acoustic values examined in the correlation 
tests had to be the means of the three tokens of each cat- 

egory. A total of 33 acoustic measures were examined in the 
correlation analyses including the following: VOT, F0, 
vowel duration, frequencies of F1, F2, and F3, and the 
F1 -F0, F2-F1, and F3 -F2 bark-difference values (Syr- 
dal and Gopal, 1986) at vowel onset, midpoint, and offset. 
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TABLE AI. Pearson product-moment correlations between selected acoustic pararaeters of the stimulus vowels 
and the vowel coordinates of the perceptual dimensions for the English-o dy, Spanish-only, proficient Spanish, 
and nonproficient Spanish vowel spaces. All frequency measurements used in the calculation of con'elation 
statistics were converted to the Bark scale (see text for details). a 

Spanish Spanish Spanish 
English (all Ss) proficient nonproficient 

D1 D2 D3 D1 D2 D1 D2 D1 D2 

VOT 0.27 0.43 -0.41 0.04 -0.29 0.02 -0.43 0.02 -0.26 

F0 0.59 0.07 -0.21 0.40 -0.19 0A.0 -0.31 0.38 -0.24 

Duration -0.85 -0.15 -0.12 -0.42 0.29 -0.,1-5 0.37 -0.37 0.29 

Onset F1 -0.76 0.60 0.45 -0.92 0.40 -0.93 0.35 -0.85 0.60 

Onset F2 0.56 -0.87 -0.27 0.87 -0.18 0.88 -0.10 0.83 -0.39 

Onset F3 0.50 -0.79 -0.16 0.71 -0.18 0.73 -0.08 0.67 -0.36 

Onset F1 -F0 -0.79 0.56 0.46 -0.92 0.41 -0.93 0.37 -0.85 0.60 

Onset F2-FI 0.66 -0.79 -0.35 0.91 -0.27 0.93 -0.20 0.87 -0.49 

Onset F3-F2 -0.57 0.87 0.30 -0.90 0.17 -0.90 0.10 -0.87 0.39 

Mid F1 -0.73 0.61 0.48 -0.96 0.24 -0.97 0.20 -0.92 0.46 

Mid F2 0.49 -0.84 -0.37 0.84 -0.09 0.85 -0.02 0.82 -0.32 

Mid F3 0.60 -0.81 -0.11 0.77 -0.18 0.80 -0.09 0.72 -0.36 

Mid F1 -F0 -0.75 0.58 0.48 -0.96 0.25 -02•7 0.22 -0.92 0.47 

Mid F2-F1 0.63 -0.76 -0.44 0.94 -0.17 0.04 0.11 0.90 -0.40 

Mid F3-F2 -0.42 0.82 0.46 0.84 0.05 -0.83 -0.02 -0.82 0.29 

Offset F1 -0.63 0.61 0.50 -0.92 0.10 -0.92 0.05 -0.90 0.32 

Offset F2 0.51 -0.85 -0.40 0.87 -0.13 0.118 -0.05 0.84 -0.36 

Offset F3 0.58 -0.80 -0.17 0.77 -0.22 0.79 -0.12 0.72 -0.40 

Offset F1 -F0 -0.66 0.58 0.50 -0.92 0.11 -0.O2 0.07 -0.90 0.33 

Offset F2-F1 0.58 -0.76 -0.46 0.92 -0.12 0.92 -0.05 Q.90 -0.35 
Offset F3-F2 -0.46 0.83 0.47 -0.87 0.10 -0.87 0.02 -0.86 0.33 

Onset-mid F1 slope 0.31 -0.67 -0.44 0.80 0.15 0.77 0.17 0.82 -0.08 
Onset-mid F2 slope 0.18 -0.42 0.29 0.27 -0.21 0.28 -0.14 0.25 -0.24 
Onset-mid F3 slope -0.69 0.16 -0.22 -0.51 0.02 -0.52 0.09 -0.50 0.06 
Mid-offset F1 slope -0.24 0.53 0.14 -0.47 0.37 -0.47 0.31 -0.42 0.47 
Mid-offset F2 slope 0.19 -0.27 -0.11 0.24 0.14 0.5• 0.13 0.24 0.06 
Mid-offset F3 slope 0.61 -0.43 0.13 0.56 -0.04 0.58 -0.06 0.55 -0.15 
Onset-offset FI slope 0.09 -0.27 -0.35 -0.45 0.53 0.42 0.51 0.52 0.37 
Onset-offset F2 slope 0.41 -0.69 0.32 0.50 -0.21 0..',2 -0.14 0.47 -0.29 
Onset-offset F3 slope -0.46 -0.19 -0.17 -0.21 -0.01 -0.21 0.12 -0.21 -0.02 
Onset dist. from neutral vowel 0.27 0.22 -0.87 0.27 -0.65 0.25 0.69 0.19 -0.70 

Mid dist. neutral vowel -0.02 -0.13 -0.87 0.23 -0.50 0.21 -0.48 0.17 -0.60 

Offset dist. from neutral vowel 0.15 -0.36 -0.88 0.54 -0.35 0.51 -0.33 0.50 -0.52 

•Note: 0.64•<r•<0.76, p<0.05; 0.76<r•<0_87, p<0.01; r>0.87, p<0.001. 

The slopes of the F l, F2, and F3 trajectories from the onset 
to midpoint, midpoint to offset, and onset to offset were also 
calculated. In addition, given the suggested interpretation of 
dimension 3 of the English vowel space as reflecting a 
central-noncentral distinction, the Euclidean distances be- 

tween the vowel onsets, midpoints, and offsets in the formant 
1 by formant 2 plane (see Fig. 1) and the location of the 
neutral vowel (F1 =500, F2=1500) were also calculated. 
These correlations ;ire shown in Table AI. 

It is also useful to have a quantitative measure of the 

TABLE All. Intercorrelations between all perceptual dimensions extracted.:' 

Spanish Spanish Spanish 
English (all Ss) proficient nonproficient 

DI D2 D3 D1 D2 D1 D2 D1 D2 

English D1 .... 0.18 -0.06 0.75 -0.41 0.78 -0.45 0.68 -0.50 
English D2 -0.18 --- 0.03 -0.67 -0.15 -0.67 -0.27 -0.68 0.05 
English D3 -0.06 0.03 .... 0.30 0.43 -0.28 0.40 -0.25 0.55 
Spanish D1 0.75 -0.67 -0.30 .... 0.10 0.99 -0.09 0.99 -0.32 
Spanish D2 -0.41 -0.15 0.43 -0.10 .... 0.13 0.97 0.05 0.97 
Spanish proficient D1 0.78 -0.67 -0.28 0.99 -0.13 .... 0.11 0.98 -0.34 
Spanish proficient D2 --0.45 --0.27 0.40 --0.09 0.97 --0.1 t "' 0.04 0.93 
Spanish nonproficient D1 0.68 -0.68 -0.25 0.99 0.05 0.98 0.04 .... 0.17 
Spanish nonproficient D2 -0.50 0.05 0.55 -0.32 0.97 -0.34 0.93 -0.17 --- 

•Note: 0.64•<r•;0.76, p<0.05; 0.76<r•<0.87, p<0.01; r>0.87, p<0.001. 
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similarity between one perceptual dimension and another 
(e.g., the similarity between dimension 3 in the English 
vowel space and dimension 2 in the Spanish vowel space). 
To do this, we have calculated the correlation between all 

possible pairs of perceptual dimensions described in this pa- 
per. These correlations are shown in Table/MI. Please note 
that the signs of the correlations in this table are determined 
by the orientation of the dimensions that were selected in our 
figures (e.g., one commonly selects the orientation of the 
perceptual space so that the "high" vowels appear at the top 
of the figure and the "low" vowels at the bottom of the 
figure). In actuality, the signs of these correlations are rela- 
tively meaningless since for any given vowel space, any of 
the perceptual axes could be "flipped" (i.e., the sign of each 
coordinate value switched) without changing the fit of the 
solution to the data. 

IFlege et aL (1994) also calculated what they termed "average" F1 and F2 
frequencies for each vowel. •hese average formant frequencies were based 
on the formant values obtained in a separate series of LPC analyses done on 
each token. Specifically, a 12.8-ms Hamming window was shifted in 5-ms 
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