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Abstract 
This paper examines how the strategies for L2 production 
utilized by foreign language learners affect the performance of 
non-native speech recognition. Producing English consonant 
clusters are the most problematic for Korean learners of 
English because of difference between Korean and English 
phonotactics. The strategies of Korean learners in producing 
English consonant clusters entail a large amount of speech 
recognition errors. We have analyzed these problems based on 
phonetic and phonological knowledge of both languages and 
proposed two models focusing on vowel epenthesis and 
consonant deletion, respectively. These models reflect Korean 
learners’ cluster reduction strategies. Experimental results 
show that the vowel epenthesis model improves the speech 
recognition performance compared to the baseline; however, 
the consonant deletion model deteriorates the speech 
recognition performance. It is noteworthy that these 
experimental results are consistent with previous linguistic 
studies, which have claimed that L2 learners are more likely to 
avoid producing clusters by vowel epenthesis rather than by 
consonant deletion. 
Index Terms: non-native speech recognition, cluster reduction, 
vowel epenthesis, consonant deletion 

1. Introduction 
Current speech recognition systems have matured to the point 
of producing numerous commercial applications. However, 
still there exist challenges that speech recognition systems 
should resolve. One of the most difficult challenges is 
recognizing non-native speaker’s speech. The performance of 
non-native speech recognition considerably degrades due to 
second language learners’ imperfections in L2 production. 

To deal with non-native speech, several methods have 
been proposed, including acoustic modeling, lexical modeling, 
and topological modeling and tried to introduce linguistic 
information on non-native speech available into speech 
recognition systems [1]. Many linguistic studies have 
primarily focused on learners’ problems in producing L2 [2]. 
However, the topics on L2 learners’ strategies utilized when 
they encounter L2 production problems and how L2 learners’ 
strategies affect speech recognition performance seldom have 
been systematically and intensively investigated. 

As an exploratory study for developing a non-native 
speech recognizer used for a CALL (Computer Assisted 
Language Learning) system for Korean learners of English, 
especially elementary school learners, we shall show that 
consideration of L2 learners’ coping strategies in non-native 
speech production is required to deal with performance 
degradation in non-native speech recognition. 

In this paper, we focus on the strategies used by Korean 
learners in producing English consonant clusters, which are 
the most problematic to acquire for Korean learners because of 

difference between Korean and English phonotactics. Based 
on the phonetic and phonological analysis using Korean 
learners’ English speech data, we examine how Korean 
learners simplify English consonant clusters. Then, we build 
two different models by considering the cluster reduction 
strategies – the vowel epenthesis model and the consonant 
deletion model. The effects of two proposed models are 
investigated by performing speech recognition experiments. 

The remaining part of this paper is organized as follows. 
Section 2 describes how Korean learners simplify English 
consonant clusters based on phonetic and phonological 
analysis of a Korean learners’ English corpus. In Section 3, 
two different models are proposed by considering Korean 
learners’ cluster reduction strategies. Experimental results 
using the proposed models are presented in Section 4 followed 
by conclusion in Section 5. 

2. Cluster Reduction Strategies 
The Speech Learning Model (SLM) [3] postulates that L1 
influences L2 production and vice versa, and that this 
interaction constrains performance accuracy. This leads to the 
prediction that L2 learners have more difficulties in producing 
some target segments which do not exist in L1. Thus, it is 
possible to predict that Korean learners of English would show 
more errors in producing English segments which are not in 
Korean. We will focus on English consonant clusters which 
are predicted to be problematic for Korean learners and 
analyze how learners cope with this problem. 

2.1. Syllable structure comparison 
Both English and Korean syllable structures contain a nucleus 
as an essential part preceded by an optional onset and followed 
by an optional coda [4]. As shown in Figure 1, English 
syllable structure allows up to three consonants as a complex 
onset and four consonants as a complex coda. Korean syllable 
structure, however, allows only a single consonant each for an 
onset and a coda. Especially for coda position, only seven 
consonants /b,̥ d,̥ ɡ,̥ l, m, n, ŋ/ are allowed. 

 
Figure 1: Comparison of English and Korean syllable 
structures. 
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2.2. Cluster reduction strategies 
Korean learners of English seem to support the Syllable 
Structure Transfer Hypothesis [5]. That is, Korean learners 
tend to simplify English syllable structure to a structure which 
is permitted in Korean syllable structure, thereby, do not 
violate Korean phonotactic constraints mentioned in Section 
2.1. The two strategies which Korean learners employ to deal 
with unacceptable structure in Korean are vowel epenthesis 
and consonant deletion. 

We have collected English speech data of 12,119 
sentences uttered by 99 Korean elementary school learners. 
Details of the learners are presented in Table 1. 

Table 1. Details of Korean learners providing speech 
data. 

Age 8~12 years 
(Average: 10.7 years) 

Gender Male: 47 learners 
Female: 52 learners 

English education 0.5~9.5 years 
(Average: 3.4 years) 

 
The speech data are analyzed at phonetic and phonemic 

levels to examine which strategies are more utilized by Korean 
learners. Figure 2 and Figure 3 illustrate two different 
strategies which are used for the same word ‘left’ by two 
different speakers. The results of this analysis show that 
Korean learners use either the vowel epenthesis strategy or the 
consonant deletion strategy to simplify English consonant 
clusters. 

 

 

Figure 2: An example of vowel epenthesis in ‘left’. /ɯ/ 
is inserted to simplify consonant cluster /f t/. 

 
Figure 3: An example of consonant deletion in ‘left’. /t/ 
is deleted to simplify consonant cluster /f t/. 

2.2.1. Vowel epenthesis 
Phonetic and phonological analysis of English speech data of 
Korean learners bolsters that learners are likely to employ the 
vowel epenthesis strategy to avoid consonant clusters. An 
epenthetic vowel is inserted after the first consonant in initial 
cluster and after the last consonant in final cluster, which 
results in more syllables than native speech of English. 

Three epenthetic vowels are observed in Korean 
elementary school learners’ speech. They are inserted 
according to their contexts as noted in [6]. Table 2 presents 
some examples of vowel epenthesis and three epenthetic 
vowels. 

The vowel epenthesis strategy seems to be used in order to 
avoid especially initial consonant clusters. This may be caused 
by Korean learners’ tendency to place stress on initial position 
more than final position. 

Table 2. Examples of vowel epenthesis and three 
epenthetic vowels observed in Korean learners’ 

English speech. 

Epenthetic vowel Context Example 

/i/ After a palatal 
‘change’ /ʧeɪnʤi/ 
‘large’ /lɑrʤi/ 

/u/ After a bilabial 
‘brother’ /burʌðɚ/ 
‘bring’ /burɪŋ/ 

/ɯ/ Elsewhere 
‘since’ /sɪnsɯ/ 
‘around’ /əraʊndɯ/ 

2.2.2. Consonant deletion 
Korean learners of English tend to delete one of the 
consonants in cluster holding syllables. At this point, the 
question about which consonant is deleted arises. For this 
question, the Sonority Hierarchy (SH) and the Sonority 
Sequencing Principle (SSP) [7] are helpful.  

The SH states that vowels are the most sonorous sounds, 
whereas stops are the least sonorous sounds. Figure 4 shows 
the arrangement of sounds according to their sonority scale. 

 
Figure 4: The Sonority Hierarchy (SH) based on [7]. 

The SSP presents that sonority increases towards the 
syllable peak, mostly vowel, and decreases towards the 
syllable margins. The SSP also notes that syllables tend to 
show a sonority contour with maximal rise toward the syllable 
peak and minimal descent. 

According to the SH and the SSP, the preferred sound 
sequences in syllable are predictable. Children in L1 
developmental stages also reduce English clusters, and they 
reduce clusters in such a way that each syllable shows the 
optimal sonority contour [8]. That is, they reduce clusters to 
whichever initial consonant results in the maximal rise and to 
whichever final consonant results in the minimal descent in 
sonority. Thus, children tend to reduce ‘blue’ /blu/ to /bu/ 
rather than /lu/ and ‘rest’ /rest/ to /res/ rather than /ret/, as 
illustrated in Figure 5.  

We assume that the SH and the SSP also affect the 
consonant deletion strategy of Korean learners as well. The 
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analysis of Korean learners’ English speech confirms that this 
assumption seems plausible. Some examples of consonant 
deletion observed in Korean learners’ speech are presented in 
Table 3. 

 
Figure 5: Preferred cluster reduction patterns based 
on the Sonority Hierarchy (SH) and the Sonority 
Sequencing Principle (SSP) for ‘blue’ and ‘rest’. 

Table 3. Examples of consonant deletion observed in 
Korean learners’ English speech. 

 Example 

initial 
‘queen’ /kin/ 
‘strange’ /treɪnʤ/ 

Medial 
‘morning’ /mɔnɪŋ/ 
‘subway’ /sʌbeɪ/ 

final 
‘born’ /bɔn/ 
‘happened’ /hæpən/ 

 
However, there exist some exceptions which are not 

predicted by the SH and the SSP. For example, the word 
‘born’, which has a complex coda consisting of a liquid and a 
nasal, would be pronounced as /bɔr/ according to the SH and 
the SSP. Korean learners, however, reduce ‘born’ to /bɔn/. 
This may be caused by Korean phonotactic constraint that /r/ 
is not allowed as a coda. In addition, Korean has no /r/ in its 
phoneme inventory. 

Korean learners tend to use the consonant deletion strategy 
more in final clusters than in initial clusters. 

3. Cluster Reduction Models 
Based on the strategies used by Korean learners to simplify 
English clusters discussed in Section 2, two models for cluster 
reduction are constructed. 

3.1. Vowel epenthesis model for cluster reduction 
The vowel epenthesis model is trained using the pronunciation 
dictionary which is modified from the CMU dictionary [9] by 
considering Korean learners’ vowel epenthesis strategy. Three 
epenthetic vowels are inserted to all consonant clusters 
according to their distributional conditions. 

To train each epenthetic vowel, a corresponding English 
phone unit which is likely to have the closest phonetic distance 
from the Korean epenthetic vowel is used. Accordingly, 
English /u/ and /i/ are used for training Korean learners’ 
epenthetic vowel /u/ and /i/, respectively. However, /ɯ/ does 
not have such a probable vowel in English, since English does 
not have an unrounded high back vowel as presented in Figure 
6. Thus /ɯ/ model is adopted from Korean acoustic model, 
which is trained by using 43,000 Korean sentences uttered by 
430 different speakers of native Korean, at context-dependent 
model level. 

 

  
Figure 6: Comparison of English and Korean vowels 
based on [10]. 

3.2. Consonant deletion model for cluster reduction 
To train the consonant deletion model, the corresponding 
pronunciation dictionary is built by reflecting Korean learners’ 
consonant deletion patterns. Based on the SH and the SSP, the 
probable variants are added. 

The number of words as entries defined in each 
pronunciation dictionary and the average number of 
pronunciations per entry are presented in Table 4. Note that 
relatively small amounts of entries, 790 entries for the vowel 
epenthesis model and 393 entries for the consonant deletion 
model increase compared to the baseline.  

Table 4. Statistics of the pronunciation dictionaries. 

Dictionary Number of 
pronunciations 

Average number of 
pronunciations per entry 

Baseline 133,156 1.075 
Vowel 

epenthesis 133,946 1.082 

Consonant 
deletion 133,549 1.078 

 
Figure 7 shows how differently the pronunciation for the 

same word ‘and’ is transcribed in three pronunciation 
dictionaries. Note that /ɯ/ is inserted in vowel epenthesis 
model, while /d/ is deleted in consonant deletion model to 
simplify cluster /nd/. 

 
Word  ‘and’ 

Pronunciation for baseline model 
(CMU pronunciation dictionary) AE N D  

Pronunciation for vowel epenthesis 
model AE N D WW 

Pronunciation for consonant deletion 
model AE N   

Figure 7: An example of different pronunciations used 
in each model. 

4. Experiments 
Continuous speech recognition experiments are performed to 
compare the effectiveness of two proposed models given in 
Section 3. 

4.1. Experimental setup 
Each model is trained using HTK version 3.4 [11]. The 
training corpus is parameterized into a 38-dimensional feature 
vector consisting of 12th order MFCCs and their first and the 
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second deltas plus the first and the second derivatives of log 
energy. A baseline phone set consisting of 39 phonetic units 
plus 2 units for silence and short pause is used for constructing 
the baseline model and the consonant deletion model. For the 
vowel epenthesis model, a phonetic unit for Korean /ɯ/ is 
added to the baseline phone set. Each phonetic unit is trained 
as an HMM with a three state left-to-right topology except for 
the short pause unit. The number of Gaussians is increased up 
to 16. Then, the acoustic models are adapted using MLLR and 
MAP combination method. We use the CMU pronunciation 
dictionary for the baseline model, while each proposed model 
uses the pronunciation dictionary which is built as discussed in 
Section 3. For language model, a back-off bigram language 
model is used. 

We use the WSJ corpus for training and testing for native 
English speech. The Korean-Spoken English Corpus (K-SEC) 
[12] is divided into a development set for adaptation and a test 
set. Since our final goal is developing an English speech 
recognition system for Korean elementary school learners, 
each set in K-SEC corpus is further divided into an adult set 
(adult) and an elementary school learner set (child). The 
statistics of the corpora used in our experiments is shown in 
Table 5. 

Table 5. Statistics of the corpora used in experiments. 

Corpus Sentence 
Training Native WSJ 0 & WSJ 1 88,241 

Development Non-
native 

K-SEC (adult) 2,995 
K-SEC (child) 2,251 

Test 
Native WSJ 0 (si_et_05) 564 
Non-
native 

K-SEC (adult) 800 
K-SEC (child) 878 

4.2. Experimental results 
Table 6 shows the experimental results of continuous speech 
recognition. For native speech, the performance degrades in 
both proposed model. For non-native speech, however, the 
performance is improved when using the vowel epenthesis 
model, whereas the consonant deletion model degrades the 
performance. The vowel epenthesis model results in an 
absolute reduction in WER by 0.26%, which means 1.60% of 
relative improvement when using Korean adult learners’ 
speech. In the case of Korean elementary school learners’ 
speech, the vowel epenthesis model results in an absolute 
reduction in WER by 0.43%, which means 1.80% of relative 
improvement. The consonant deletion model, however, 
degrades the performance both for the adult learners and the 
elementary school learners by 0.62% and 1.38% in absolute  
WER, respectively. 

Table 6. Experimental results using the proposed 
models. 

 Native 
(WER) 

Non-native 
(WER) 

Relative difference 
(absolute difference) 

in WER 
adult child adult child 

Baseline 5.10 16.65 23.64 - - 
Vowel 

epenthesis 5.26 16.39 23.21 -1.60  
(-0.26) 

-1.80 
(-0.43) 

Consonant 
deletion 5.22 17.27 25.02 +3.70 

(+0.62) 
+5.80 

(+1.38) 
 
It is noteworthy that these experimental results are 

consistent with previous linguistic studies which have claimed 

that L2 learners are more likely to avoid producing clusters by 
vowel epenthesis rather than consonant deletion [13]. 

5. Conclusions 
This paper examines how cluster reduction strategies affect the 
performance of non-native speech recognition. The strategies 
of Korean learners especially in producing English consonant 
clusters are analyzed based on phonetic and phonological 
knowledge of both languages using Korean elementary school 
learners’ English speech data. Experimental results show that 
the vowel epenthesis model improves the performance 
compared to the baseline, whereas the consonant deletion 
model degrades the performance. It is noteworthy that these 
experimental results are consistent with the result of the 
previous linguistic studies that L2 learners tend to simplify 
clusters by vowel epenthesis rather than by consonant deletion. 

In our future research, other coping strategies used by 
Korean learners will also be investigated and their effects on 
English speech recognition will be examined to increase the 
speech recognition performance. 
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