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ABSTRACT 
It was found out that allophones of vowel phonemes /i/ and 
/e/, surrounded by palatalized consonants, differed 
significantly in their duration, though their openness – the 
major articulator correlate of inherent vowel duration (IVD) 
– was practically the same. It is hypothesized that duration 
contrast between [i] and [e] is controlled by speakers of 
Russian to set off the lack of spectral distinction. In this 
study we try to obtain direct evidence of the perceptual role 
of IVD in vowel discrimination. Firstly, an experiment with 
synthetic vowels, covering the range from [i] to [e], was 
carried out to determine phonetically ambiguous stimulus. 
Secondly, the ambiguous stimuli of different durations 
were introduced into natural words, forming minimal pairs. 
Subjects identified the words presented. It was discovered 
that percentage of [i] responses was inversely proportional 
to stimulus duration. 

1. INTRODUCTION 
In our previous study [1,2] devoted to the issue of inherent 
vowel duration (IVD) in Russian, it was found out that the 
allophones of the vowel phonemes /i/ and /e/, pronounced 
in the context of palatalized consonants in words such as 
[pjitj] – [pjetj] (superscript "j" indicates consonant 
palatalization), differ significantly in their durations, 
though their openness – the major articulatory correlate of 
IVD – is practically the same. Analysis of the spectral 
properties of the allophones in question confirmed their 
articulatory similarity: in the space of the first three 
formants their realizations were located in the adjacent 
areas that could overlap [3,4,5]. Auditory closeness of [i] 
and [e] was demonstrated in an identification test [6], where 
listeners were asked to recognize 10 allophones of 5 vowel 
phonemes /i, e, a, o, u/ uttered in the environment of 
palatalized and nonpalatalized consonants: the confusion 
rate for the vowels in question was the highest – 37% of  all 
the errors. 
On the grounds of the above observations it was 
hypothesized that the duration contrast between [i] and [e] 
might be actively controlled by russian speakers to 
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nsate for the lack of spectral distinction, even though 
on feature is not phonologically relevant in Russian. 
 present study an attempt is made to obtain within the 
work of an active experiment direct evidence of the 
tual role of IVD in vowel discrimination. Firstly, an 
ry experiment with synthetic vowels, covering the 

 from [i] to [e], was carried out to determine  
tically ambiguous stimulus. Secondly, the ambiguous 
li of different durations were introduced into natural 
, which formed minimal pairs, differing only in the 
ed vowel. The subjects were asked to identify which 
er of the given minimal pair was presented to them. 

2. METHOD 
h material and speakers. Russian meaningful one 
o-syllable words forming 9 minimal pairs (see Table 

re chosen as the speech material. Two male speakers 
ed a list of the randomized test words. For computer 

ssing the recorded speech signal was digitized by a 
 AD converter with the sampling frequency of 
 Hz. 

Speaker F1 F2 F3 

Vowel [i] 

Speaker 1 241 2021 2956 

Speaker 2 281 2277 2985 

Vowel [e] 

Speaker 1 325 1947 2690 

Speaker 2 320 2150 2780 

 1. Average formant frequencies (Hz) of the speakers' 
vowels. 

esis of phonetically ambiguous vowel. Prior to the 
sis of the vowel stimulus acoustic analysis of the 

h material was carried out using Multi-Speech 
ge (Kay Elemetrics Corp.). The frequencies and 



amplitudes of the first three formants were measured at the 
vowel target applying LPC-method. The fundamental 
frequency contours and durations of the vowel segments 
were determined as well as the duration of the neighboring 
sounds. 
Average frequencies of the vowel formants of both 
speakers are presented in Table 1. It is clearly seen that the 
difference between the vowel F-patterns of the speakers is 
rather small. This means that the same synthetic stimulus 
could be used to replace the natural vowels of both 
speakers. 

In general vowel [i] differs from [e]  by a lower frequency 
of F1 and a slightly higher values of F2 and F3. In the 
auditory experiments [7] it has been found out that the 
frequency of F1 is the main factor in perceptual 
discrimination between  [i] and [e], while the role of the 
frequency and amplitude of F2 is of minor importance. The 
perceptual category boundary between the vowels is 
located on F1 in the vicinity of 400 Hz. 
The attempts to synthesize convincingly ambiguous vowel 
stimulus using formant frequencies averaged across [i] and 
[e] tokens of both speakers or applying perceptual data on 
category boundary had failed. It was decided then to 
establish spectral properties of the target stimulus 
experimentally. 
Eleven stimuli were synthesized with fixed values of F2-F6 
frequencies (2200, 2900, 3300, 3750 and 4900 Hz, 
respectively), F0 decreasing linearly from 120 to 110 Hz 
and the duration of 290 ms. The frequency of F1 in stimulus 
series changed from 290 to 390 Hz in 10 Hz step. Synthesis 
was performed by means of Klatt's software synthesizer [8]. 
Informal listening to the synthesized vowels proved that the 
end-point stimuli were reliably recognized as [i] and [e].  
Experimental procedures. Test design, its application and 
analysis of the data obtained were carried out with the help 
of the program package ASPECT [9]. All stimuli, except 
for the first three and the last two, were repeated randomly 
10 times in the test series. The end-point stimuli being of a 
more definite phonetic quality were repeated only 5 times. 
Interstimulus interval (ISI) was 2.5 sec. 10 listeners aged 
18-21 years took part in the experiment. The stimuli were 
presented through hi-fi headphones. The subjects were 
instructed to identify presented vowels as [i] or [e] (in 
Russian the latter vowel is pronounced in words such as 
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priate button. The results of the identification test 
shown (see Figure1) that stimulus S7 (with F1=350 
as the most ambiguous one: it was recognized as [i] 
f the time. It should be noted that none of the stimuli 
entified as [e] at 100% rate. 
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Figure 1. Percent stimulus identification as [i] 
 

3. EXPERIMENT 1 
dures. Having determined the spectral properties of 
onetically ambiguous stimulus, it was possible then 
thesize it with different durations and insert it into the 
 replacing the natural tokens. 
 duration measurements of the speech material 
med the effect of word length on stressed vowel, two 
f 5 stimuli were synthesized: for monosyllable words 
us duration ranged from 190 to 230 ms in 10 ms step, 
o-syllable words the duration range was 150-190 ms 
he increment of 10 ms. 
lus duration was controlled by means of TD-PSOLA 
que [10]. At the vowel onset F0 started from 125 Hz, 
ly decreased to 120 Hz in the middle of it and dropped 
 Hz at the stimulus end. The test series consisted of 

mly ordered 180 words: 18 different words x 5 
ons x 2 speakers. ISI was 2 sec.  
taneously with the auditory presentation of the 
lus, two buttons with inscription of the words forming 
priate minimal pair appeared on the monitor screen 
e subject's response. 10 listeners, most of whom did 
rticipate in the previous test, were acquainted with 
t of minimal pairs before the experiment. They were 
ed to name the presented word. 



Results. Table 2 displays results of the identification test as 
percentage of [i] responses averaged across different words 
having the same stimulus duration. The expected tendency 
to recognize shorter stimuli as [i] is poorly revealed: the 
shortening of stimulus duration produced only 10% 
increase of [i] responses. The distribution of percentages 
for different stimulus durations is not statistically different 
from a rectangular distribution: for monosyllable words 
χ2=5.4 with d.f.=4 and p=0.249, while for two-syllable 
words χ2=3.5 with d.f.=4 and p=0.485. 
 

Stimulus 
duration 

One-syllable 
word 

Two-syllable 
word 

Stimulus 
duration 

190 34,5 32,5 150 
200 34,5 30,8 160 
210 38,8 29,2 170 
220 30,4 25,0 180 
230 27,5 21,7 190 
Table 2. Percent of [i] responses for one- and 
two-syllable words (stimulus duration in ms) 

 

There is a strong subjects' response bias towards [e] vowel 
– 69% of all identifications. This means that in the context 
of natural words the synthesized stimuli were not as 
ambiguous as it was expected from the outcomes of the 
previous identification test where the subjects listened to 
the isolated stimuli. One of the possible causes of the 
response bias is inadequacy of the chosen range of stimulus 
durations. 
When the subjects were asked after the test if they noticed 
that the stressed vowels in the words differed in duration 
none of them was able to answer positively. It is quite likely 
that the duration variation of the test stimuli matched the 
range of natural (uncontrolled) variability of segment 
duration in speech.  
In the light of the above it was considered reasonable to 
repeat the experiment with increased range of stimuli 
durations while keeping unchanged the other acoustic 
parameters of the stimuli. 

4. EXPERIMENT 2 
Procedures. Five synthesized stimuli spanned the duration 
range from 90 to 190 ms in 25 ms step. They replaced 
natural vowels in both types of the words. 11 listeners who 
did not participate in the previous tests served as subjects. 
All the other experimental aspects were the same as in 
Experiment 1.  
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ts. Average percentage of [i] responses for different 
lus durations is presented in Table 3. It is obvious that 
stribution of responses differs greatly from that of the 
iment 1: the probability of recognizing test stimulus 
is inversely proportional to its duration. 
 the shortest stimuli were identified as [i] 65% of the 
while the longest ones – only 12% of the time. Not 
singly, the form of the distribution is statistically 
nt from a rectangular one: χ2=233.2 with d.f.=4 and 

0. 
uld be noted that as in Experiment 1 the response bias 
] is still observed - though of lesser degree - in the 
t data. 
g by the data tabulated in Table 3, the listeners 
d the range of acoustic vowel durations into three 
s: 90 ms, 115-140 ms and 165-190 ms. Going from 
ass to another increases or diminishes percentage of [i] 
ses nearly two times.  
ean duration of the stimuli identified as [i] or [e] is 
d 149 ms, respectively. 

Stimulus 
duration 

[i] responses 

90 65,4 
115 36,6 
140 27,8 
165 15,4 
190 11,6 

 3. Percent of [i] responses as a function of stimulus 
duration  

sis of the data obtained revealed that the role of 
les such as speaker individuality, phonetic identity of 

placed natural vowel is not statistically significant. 

[i] responses imulus 
ration One-syllable 

word 
Two-syllable 

word 
90 68,9 58,3 
115 38,6 32,6 
140 29,5 24,2 
165 18,9 8,3 
190 11,4 12,1 
 4. Percent of [i] responses for one- and two-syllable 

words  

ata presented in Table 4 indicate that in the context of 
syllable words listeners estimated acoustic durations 
ly perceptually shorter   This is inferred from the fact 
imuli of the same acoustic duration were more often 



identified as [i] in the monosyllable words than in the 
context of two-syllable ones. The application of the 
Wilcoxon matched-pairs signed-ranks test [11] has 
demonstrated that these differences almost reached the 
level of statistical significance: p=0.08. 
Highly significant (p<0.00001) is the effect of the test 
words (see Table 5). Thus, the context of the words forming 
the minimal pair [ljinj-ljenj] is most favourable for 
identification of the stimuli as [i], while the context of the 
minimal pair [atpjitj-atpjetj] is most discouraging. The role 
of phonetic context could be partly explained by the fact 
that the stimuli were synthesized with stationary spectrum 
disregarding coarticulatory effects due to the surrounding 
consonants. So the acoustic compatibility of the stimuli and 
the consonant environment was different for different 
words. 

minimal pair [i] response 
[bjichj-bjechj] 33,2 

[ljisj-ljesj] 40,0 
 [ljinj-ljenj] 51,8 
[pjitj-pjetj] 25,9 

[spjichj-spjechj] 21,8 
[chjisjtj-chjesjtj] 28,2 
[kaptjitj-kaptjetj] 24,1 
[kasjitj-kasjetj] 41,8 
[atpjitj-atpjetj] 15,5 

Table 5. Average percentage of [i] responses for the 
minimal pairs 

Examination of the Table 5 also shows that the frequency of 
occurrence of the words does not affect the stimuli 
identification. 

5. CONCLUSIONS 
In spite of the fact that the test stimuli were not as 
ambiguous as it was expected the perceptual importance of 
the stimulus duration was highly significant for their 
identification as [i] or [e]. The percentage of [i] responses 
was inversely proportional to the stimulus duration: the 
shorter the vowel, the greater percentage of [i] responses. 
The outcomes of the research seem to confirm our 
assumption that vowel duration could be actively 
controlled by russian speakers (the linguistic skill acquired 
while learning the language) to increase phonetic contrast 
in cases where other parameters such as spectral clues, 
loose their discriminating power. 
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