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Abstract 

The aim of the paper is to report on the perception of Estonian 
vowel categories by L2 learners of Estonian whose L1 is 
Russian. The Estonian vowel system includes nine vowels 
whereas Russian has six. Five of the Estonian vowels have 
counterparts in Russian: /i/, /e/, /u/, /o/ and /a/, the new vowel 
categories for L2 speakers are /ü/, /ö/, /ä/, and partly /õ/. 

For the perceptual experiments four-formant vowel stimuli 
were synthesized including nine Estonian prototype vowels 
and the intermediate steps between prototypes; the stimulus set 
covered 14 vowel category boundaries. The experiments 
involving native Estonian and non-native (Russian as L1) 
subjects showed that (1) Estonian vowels /i/, /e/, /u/ and /o/ 
assimilate well with their Russian counterparts; (2) Estonian 
/a/ and /ä/ assimilate with the allophones of Russian /a/; (3) 
Estonian /ü/, /ö/ and /õ/ assimilate partly with Russian /ɨ /; 
due to the close phonetic distance the L2 subjects' ability to 
discriminate these categories is poor. 
Index Terms: categorical perception, vowel, category 
boundary, Estonian, Russian. 

1. Introduction 

Adult second language (L2) learners face difficulties in 
pronunciation and perception of L2 speech segments, as has 
been shown in numerous studies.  It is mainly due to the 
“phonological deafness” towards phonetic contrasts of L2, 
which develops after the acquisition of the phonetic inventory 
of a child’s first language (L1) during the first years of life [1]; 
it has been found that vowel categories are established during 
the first 6 months of life [2], [3] and consonant categories at 
the age of 10 to 12 month [4]. Phonological deafness remains 
rather stable during later life-span and negatively affects the 
perception of foreign phonetic contrasts as well as the 
acquisition of correct L2 pronunciation [5]. The role of 
perception in the acquisition of phonological categories in L2 
is addressed in two models – Perceptual Assimilation Model 
(PAM) [6] and Speech Learning Model (SLM) [7]. According 
to them the ability to perceive and distinguish L2 sounds 
depends on the phonetic distance between similar categories in 
L1 and L2: (1) L2 sounds which are acoustically and 
perceptually close to those of L1 are hard to discriminate and 
they will assimilate with their L1 counterparts; (2) for L2 
sounds that are dissimilar to the closest L1 sounds, a new 
category will be created. Based on Best’s and Flege’s models, 
Escudero and Boersma [8] have discussed different perceptual 
assimilation patterns (single-, two- and multiple-category 
assimilation) which may occur in the case of different L2&L1 
combinations.  

In the acquisition of the Estonian vowel system by Russian 
subjects, two processes are likely to take place: first, a one-to-
one assimilation of those Estonian vowels which have close 

counterparts in Russian (5 vowels), and second, a three-to-one 
assimilation which results in the origination of three new 
categories. 

In our paper we study the perception of Estonian vowel 
categories by native and non-native (Russian) speakers. The 
perception experiments with synthetic stimuli are designed to 
discover the category boundaries of Estonian vowels in the 
F1&F2 space.  

2. Estonian versus Russian vowel system 

The Estonian vowel system includes nine vowels /i ü u e ö õ o 
ä a/ which are characterized by the articulatory features as 
shown in Table 1 [9].  

Table 1. Articulatory features of Estonian vowels. 

Front Back  

Unrounded Rounded Unrounded Rounded 

High /i/ [i] /ü/ [y] [ɯ] /u/ [u] 

Mid /e/ [e] /ö/ [ø] 
/õ/  

[ɘ] [ɤ] /o/ [o] 

Low /ä/ [æ]  /a/ [ɑ]  

 
The back vowel /õ/ can be realized depending on the 

speaker as a mid back vowel [ɤ], a high back vowel [ɯ] or a 
mid central vowel [ɘ]. The quality differences of Estonian 
stressed vowels in different quantity degrees do not exceed 1 
Bark in the F1-F2 vowel space, but vowels in unstressed 
syllables tend to be reduced [10], [11]. 

The Russian vowel inventory includes six vowels /i ɨ u ɛ o 
a/, an ambiguous status has the vowel /ɨ/ which is often 
classified as a positional allophone of /i/ occurring only in 

the position after a non-palatalized consonant. According to 
tongue height, Russian vowels are divided as high – /i ɨ u/, 
mid – /ɛ o/, and low – /a/; in the front-back dimension they are 
classified as front – /i e/, central – /a/, and back – /u o/. The 
classification of /ɨ/ is problematic – typically it is pronounced 
as a central vowel [ɨ] e.g., ты [tɨ] ‘you’, but in the context of 
velar stops and post-alveolar fricatives it is pronounced as   the 
back vowel [ɯ] e.g., шишка [ʃɯʃkʌ] ‘cone’ [12]. However, 
articulatorily /ɨ/ is closer to /u/ rather than to /i/ and therefore it 
is classified as a front-shifted back vowel [13]. In addition, 
due to the large contextual variability of the central vowel /a/, 
it is realized as [æ], e.g., сядь [sʼæt’] ‘sit down’ in-between of 
palatalized consonants, as [a], e.g., дать [dat’] ‘to give’ 
before a palatalized consonant, or as [ɑ] when it is followed by 
[ɫ], e.g., палка [pɑɫkʌ] ‘stick’ [12]. Since the articulatory 
features of /a/ are more similar to back vowels than to front 
ones, it is classified often as a back vowel [14]. 
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The quality of Russian vowels in unstressed position is 
reduced when compared to those in stressed position, 
especially in the case of the vowel /a/ [15]. 

By comparing the vowels of Estonian and Russian, one 
can see that there are counterparts in both languages – /i u e o 
a/, and then the vowels that are missing in Russian – /ä, ü, ö/. 
A special case is the vowel /õ/ – since the quality of the 
Estonian /õ/ and Russian /ɨ/ is very different, they can not be 
considered as counterparts. Our earlier study [16] has revealed 
several deviations in the production of Estonian vowels by 
Russian subjects. An analysis of the formant frequencies of 
vowels in L1 and L2 speech has shown that in L2 speech: 

(1) the vowel /ä/ is located a little bit higher, vowels /ö/ 
and /ü/ are more centralized and the vowel /õ/ has moved 
towards the front vowels when compared to those of L1, 

(2) the quality of vowels /õ/ and /ü/ is most vague – they 
are located too close to each other and the large standard 
deviation of F2 shows great variability in production,  

(3) the location of vowels /i, e, a, o, u/ corresponds well to 
the location of native Estonian vowels. 

These results suggest that L2 subjects have difficulties in 
the acquisition of Estonian vowel contrasts which are new for 
Russian. The L2 perception data on Estonian vowel category 
discrimination may allow us to explain the deviations in L2 
production.  

3. Hypotheses  

The hypotheses that we have proposed for the study are the 
following.  

The perceived phonetic distance between Estonian and 
Russian counterparts /i/, /e/, /u/ and /o/ is small and therefore 
single-category one-to-one assimilation is very likely to occur: 

Estonian  Russian 

/i/ � /i/ 
/e/ � /ɛ/ 
/u/ � /u/ 
/o/ � /o/ 

The low-vowel area in Estonian is divided between two 
vowels: the front vowel /æ/ and back vowel /ɑ/ whereas there 
is only one low vowel /a/ in Russian. It suggests that a two-to-
one assimilation should take place. However, as Russian /a/ 
has positional allophones [æ] and [ɑ], the phonetic contrast of 
the corresponding Estonian vowels is not new for Russian 
subjects and their discrimination is expected to be 
straightforward. According to SLM, the mapping of L1 and L2 
vowels takes place on the allophonic level, not on the abstract 
phonemic level [7]. Thus, instead of a two-to-one assimilation 
the one-to-one mapping on the allophonic level is highly 
probable: 

Estonian  Russian 

/ɑ/ � [ɑ] 

/æ/ � [æ] 

The closest counterpart for Estonian vowels /y/, /ø/ and /ɤ/ 
is Russian /ɨ/, which suggests the three-to-one assimilation 
pattern:  

Estonian  Russian 

/y/ �  

/ø/ � /ɨ/ 

/ɤ/ �  

The perceived phonetic distance between mapping vowels 
is rather small resulting in a poor discrimination of these 
vowels by Russian subjects and consequently, in unfavorable 
conditions for the creation of new perceptual categories. 

In the case of the one-to-one assimilation of L1 and L2 
vowels the categorization functions of L2 subjects are 
expected to be similar with those of L1 subjects; in the case of 
the many-to-one assimilation patterns certain differences in the 
categorization curves of L1 and L2 groups are expected, and 
should reveal how well the L2 subjects have acquired the new 
vowel contrasts. 

4. Methods and material 

4.1. Stimuli set and procedure 

The stimuli set is comprised of 14 vowel continua between 9 
Estonian vowel prototypes. Each continuum includes 16-18 
synthetic vowels created by interpolating stepwise between 
prototypical values of the first four formants for each vowel 
pair and calculating evenly spaced steps through the 
F1/F2/F3/F4 continua (Figure 1).  
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Figure 1. Estonian prototype vowels (•) and stimuli steps (+) 

in F1&F2 space. 

The stimuli were synthesized with KlattWorks [17], an 
implementation of a Klatt-type formant synthesizer. All stimuli 
were synthesized with a constant F0 of 120 Hz and with a 
duration of 160 ms. The formant values of the prototype 
vowels (Table 2) are approximations of vowel formants 
measured in isolated vowels pronounced by six male native 
speakers of Estonian [18]. 

Table 2. Formant frequencies (in Hz) of Estonian vowel 

prototypes. 

 /i/ /e/ /ä/ /ü/ /ö/ /õ/ /u/ /o/ /a/ 

F1 250 400 670 260 410 380 300 450 650 

F2 2220 1950 1550 1750 1550 1150 660 800 1000 

F3 3000 2580 2400 2200 2400 2160 2250 2460 2250 

F4 3430 3350 3400 3220 3220 3220 3220 3300 3220 

All testing was conducted in a sound-isolated room and 
stimuli were presented to subjects via high-quality 
headphones. The test was administered with Praat’s [19] 
multiple forced-choice test facility; each vowel was repeated 
three times in random order with no replay option. In the test 
listeners had to decide on vowel category in a binary 
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identification task by clicking on one of the two boxes labeled 
with the vowels of a vowel pair.  In total 729 stimuli (16-18 
stimuli x 3 repetitions x 14 vowel continua) were presented to 
the subjects. The duration of the test turned out to be 20-25 
minutes. 

4.2. Subjects 

Six (3 male, 3 female) native and ten (5 male, 5 female) non-
native speakers of Estonian with Russian as L1, were involved 
in the study. L1 subjects (age 21-54, mean 28.5) came from 
monolingual Estonian speaking families living in the capital 
area, all subjects have or are currently acquiring a university 
degree, and they represent standard Estonian pronunciation 
with no reported hearing problems. 

The L2 subjects (age 21-33, mean 25.7) were born in 
monolingual Russian speaking families living in the north-east 
of Estonia or in the capital area; they were educated in the 
Russian-language at the basic and high schools levels and 
have or are currently acquiring a university degree in Estonia. 
Most of the L2 subjects started to learn Estonian in school at 
the age of 6-13, one subject at the age of 16 and one at the age 
of 20. All L2 subjects use Estonian almost every day at 
university or at their place of work as they all have Estonian 
friends or colleagues, but at home they communicate in 
Russian (except for one subject). In the self-assessment of 
their proficiency of Estonian two subjects rated themselves as 
“very good”, five subjects as “good”, and three subjects as 
“average”. According to perceptual assessment a moderate to 
slight foreign accent was noticed in their L2 speech. None of 
the subjects reported any language impairment. 

4.3. Data analysis 

The output of the perception experiment is a categorization 
function for each vowel continuum that plots the score of one 
of the two alternative responses across the continuum. The 
individual categorization curves were obtained by 
interpolating the response data of each subject with a probit 
function and the locations of individual vowel category 
boundaries (expressed in stimulus number) were calculated as 
the 50% cross-over point of the fitted curve. In addition, the 
slope of the categorization curve was calculated. The average 
categorization functions for L1 and L2 groups have been 
found by averaging the individual categorization functions in 
both groups resulting in a less steep slope of the average curve 
compared to the individual curves. 

The location of the category boundary and the slopes of 
categorization curves were subjected to quantitative analysis 
using one-way ANOVAs with language background as an 
independent variable. 

To evaluate the reliability of raters, the intraclass 
correlation measure (ICC) describing the consistency of 
responses within a group, and the pair-wise Pearson’s 
correlation coefficient were calculated. 

5. Results 

The vowel category boundary locations and the slopes of the 
averaged categorization functions of 14 vowel continua 
(Table 3) show minor differences in category boundaries and 
slightly larger differences in slopes. The independent sample t-
test of the location of the category boundaries between L1 and 
L2 groups showed no significant differences in the category 
boundaries of the averaged curves (t = 0.4182, df = 21.695, 

p = 0.68), also the one-way ANOVA revealed no group effect 
for the category boundary [F(1, 26) = 0.1749, p = 0.68]. 

However, the difference in slopes of averaged 
categorization curves in two groups turned out to be 
significant (t = -3.5135, df = 25.99, p < 0.005), the analysis of 
variance confirmed a significant group effect for slopes [F(1, 
26) = 12.345, p < 0.005].  

A more detailed analysis of subject-specific categorization 
functions in the two groups revealed that the difference in 
boundary location is significant only in the case of the /ö/-/ä/ 
vowel pair (t = -2.565, df = 13.93, p < 0.05; F(1,14) = 5.192, 
p < 0.05); the differences in the slopes of the categorization 
curves is significant in the case of five vowel pairs: /i/-/e/ 
(t = -2.405, df = 9.65, p < 0.05; F(1,14) = 6.162, p < 0.05), 
/ö/-/ü/ (t = -3.007, df = 5.462, p < 0.005; F(1,14) = 14.551, 
p < 0.005), /õ/-/ü/ (t = -4.402, df = 5.972, p < 0.005; 
F(1,14) = 28.871, p < 0.001), /õ/-/ö/ (t = -4.634, df = 5.921, 
p < 0.005; F(1,14) = 32.227, p < 0.001), and /õ/-/u/ (t = -4.35, 
df = 6.729, p < 0.005; F(1,14) = 25.673, p < 0.001). 
 
Table 3. Vowel category boundary locations (expressed in 

stimulus number) and slopes of the averaged categorization 

curves in 14 vowel pairs of L1 and L2 groups. 

Vowel pair
Category 

boundary
Slope

Category 

boundary
Slope

   /i/-/ü/ 8.59 -0.261 8.88 -0.283

   /a/-/ä/ 10.18 -0.198 9.43 -0.207

   /u/-/o/ 9.36 -0.175 10.07 -0.167

   /e/-/ö/ 8.04 -0.209 7.50 -0.193

   /õ/-/o/ 9.38 -0.227 9.65 -0.173

   /õ/-/ü/ *** 9.35 -0.213 8.10 -0.141

   /ö/-/ü/ ** 8.68 -0.186 7.82 -0.111

   /ö/-/ä/ * 9.90 -0.366 10.70 -0.290

   /õ/-/a/ 9.81 -0.240 9.77 -0.143

   /a/-/o/ 8.50 -0.338 8.33 -0.237

   /i/-/e/ * 8.33 -0.269 8.65 -0.132

   /õ/-/u/ *** 9.21 -0.302 9.01 -0.156

   /õ/-/ö/ *** 8.64 -0.257 7.13 -0.087

   /e/-/ä/ 10.55 -0.333 11.24 -0.126

L1 L2

'***' p<0.001    '**' p< 0.01    '*' p<0.05 

As expected, all L1 subjects showed consistent categorical 
perception in all vowel continua: the pair-wise Pearson’s 
correlation test and the intraclass correlation measure showed 
high inter-subject correlation (r = 0.81 to 1.0, p < 0.001), ICC 
= 0.85 to 0.97).  

The consistency of L2 responses was much poorer, (r = 
0.70 to 1.0, p < 0.01), ICC = 0.68 to 0.96), however, the 
endpoints of continua were correctly identified in all vowel 
pairs by all L2 subjects. 

6. Discussion 

When interpreting the results we suppose that the location of 
category boundary and the slope of the categorization function 
in each vowel continuum are the most informative features 
exposing the differences in L1 and L2 perception and thus 
revealing how well L2 subjects have acquired the vowel 
categories of L1. In general, the results of the perception test 
tend to support our hypothesis. The Estonian vowels /i/, /e/, /u/ 
and /o/ show a quite good one-to-one match with their Russian 
counterparts and also the assimilation of Estonian vowels /a/ 
and /ä/ with the allophones of Russian /a/ ([ɑ] and [æ], 
respectively) seems to hold true since there were no large 
differences between the L1 and L2 groups in the category 
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boundary locations nor in the slopes of the categorization 
curves in most corresponding vowel continua. However, some 
differences turned out to be significant: (1) the slope of the 
categorization function in the /i/-/e/ continuum is less steep 
within the L2 group (p < 0.05) revealing a fuzzy category 
boundary between /i/ and /e/ (Figure 2, upper left); (2) the 
category boundary between /ö/ and /ä/ in the L2 group is 
shifted slightly lower in the close-open dimension (p < 0.05) 
(Figure 2, upper right); (3) the less steep categorization curve 
of the L2 group in the continuum /õ/-/u/ (p < 0.001) (Figure 2, 
left mid) can be interpreted as a fuzzy boundary between the 
vowel categories /õ/ and /u/, which is likely affected by the 
vaguely established category of vowel /õ/.  

As expected, L1 and L2 subjects exhibited the largest 
differences (p < 0.001) in categorization in the case of vowel 
continua involving combinations of Estonian vowels /õ/, /ö/ 
and /ü/, i.e., in /õ/-/ö/, /õ/-/ü/ and /ö/-/ü/. The more gentle 
slopes of the categorization curves (Figure 2, mid right, 
bottom left, bottom right) suggest that for Russian subjects the 
perceptual contrasts between these vowels are difficult to 
acquire since it involves the splitting of the single native 
category /ɨ/ into three new categories. 
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Figure 2. Averaged vowel categorization functions for vowel 

continua showing significant differences between L1 and L2 

subject groups: /i/-/e/, /ö/-/ä/, /õ/-/u/, /õ/-/ö/, /õ/-/ü/ and /ö/-/ü/.  

7. Conclusions 

This study has explored the differences in perception of 
Estonian vowel categories by native and non-native subjects 
with Russian as their L1. Two characteristics – the location of 
category boundary and the slope of the categorization function 
– in 14 vowel continua have been calculated and exploited in 
the comparison of  perception results in two subject groups. It 
was found that the category boundaries of Estonian vowels 
which have Russian counterparts on the phonemic or 
allophonic levels were perceived almost similarly by the L1 
and L2 groups; in the case of new vowel categories (i.e., 
vowels /ü/, /ö/ and /õ/) the L2 subjects’ perception deviated 
significantly from the perception of L1 demonstrating a much 
poorer discrimination ability of new vowel contrasts and 
resulting in much gentler slopes of the categorization 
functions. 
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