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Abstract

The present study aimed to investigate the effect of vowel length and
noise on perception of stop-glide continuum. A nine point stop-glide
continuum was created by varying the onset frequency of second formant.
The continuum was then manipulated for two lengths of vowel following
the consonant and three levels of background noise. The stimuli were
presented to 30 normal hearing adult participants and the responses were
recorded for identification and reaction time task. The results for the
identification task revealed that vowel length had a significant effect on
the perceptual process with the categorical boundary shifted towards the
perception of stop consonant in the presence of long vowel. However,
in the presence of noise, the effects of vowel length cues were limited.
In such condition, the probable role of multiple acoustic cues in the
perception of speech sounds is suggested. On the contrary, no significant
effect of vowel length and/or noise was observed in the time taken for the
participants to respond to the stimuli. These results were discussed in
terms of the role of perceptual normalcy influencing the effect of noise.
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Background

The perception of speech involves breakdown of
words into its constituent sounds, each with typical
spectral and temporal features. Auditory system
disintegrates the spectral information at each time
frame to provide a complete representation of the
speech signal in the brain (Greenberg & Ainsworth,
2012). The decoding of speech signal involves pro-
cessing of various acoustic cues to derive at the
meaning associated with it (McMurray, Tanenhaus,
& Aslin, 2002). Thus, speech perception refers to
perceptual mapping of acoustic signal to their lin-
guistic representations (Holt & Lotto, 2010).

The acoustic cues help in identification and dis-
crimination of speech sounds which differ in the
phonetic categories. Acoustic cues like fundamental
frequency and formant frequencies are important
for perception of vowels, whereas slope and dura-
tion of formant transition, burst duration, voice on-
set time, closure duration etc., are essential acoustic
cues for perception of consonants. Among conso-
nants, voice onset time is vital for voicing percep-
tion, while onset frequency of formants and slope of
formant transition is useful in discriminating con-
sonants on the basis of place, manner and laterality
parameter. However, it may be noted that no single
acoustic cue is responsible for the perception of any
specific feature of speech sound and a combination
of various cues are required for accurate identifica-

tion. Nonetheless, the perceptual weighting of some
acoustic cues are better than others. In the quest of
assessing the perceptual weighting of the acoustic
cues, researchers (McMurray et al., 2002) created
a synthesized stop-glide continuum by varying the
onset frequency of F2 and the steepness of the for-
mant transition slope. The researchers indicated
the importance of onset and slope of F2 transition
for the perception of stop-glide contrast. In the
subsequent experiment, the researchers only var-
ied vowel duration while keeping the other acoustic
features as constant, and observed no change in the
perception. Lastly, the onset of F2 with the slope
of formant transition was varied along the vowel
length and a significant change in the categorical
boundary was observed. The boundary shifted to-
wards the perception of the stop consonant with
long vowel. These results revealed robustness of for-
mant cues in differentiation of speech sounds on the
basis of the manner of articulation, whereas vowel
duration provides least information regarding the
identification of stop-glide continuum.

Contrary to the above findings, in a classical
experiment by Miller and Liberman (1979), the re-
searchers strongly advocated that late occurring in-
formation significantly affect the stop-glide percep-
tion. In a set of experiments, they concluded that
the perception of stop consonant in a stop glide
continuum improves when followed by a long vowel.
Vowel length is also an important cue for perception
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of voicing feature of the speech sounds (Raphael,
1972). Stop consonants preceded by long vowels
are perceived as voiced whereas those with shorter
vowels are perceived as unvoiced. Earlier investi-
gation by the present authors also revealed that
vowel duration is important in the perception of
voicing (Jain, Nataraja, & Nair, 2014) at least in
quiet situation. Thus, there is disagreement among
the research literature regarding the perceptual im-
portance of vowel duration cues in the perception
of stop-glide contrast.

In the presence of noise, perception of voicing
has been found to be independent of the vowel du-
ration cues. Researchers have reported different
acoustic cues were involved in the perception of
vowels (Nábelek, Ovchinnikov, Czyzewski, & Crow-
ley, 1996) and consonants (Alwan, 1992) in the
presence of noise. The relative influence of noise on
vowel and consonant cues revealed that formant in-
formation is important for the perception of vowels,
whereas formant transition are important for the
perception of consonants, especially stops (Parikh
& Loizou, 2005). Thus, the perceptual importance
of the acoustic cues is dependent upon the noise.
It was earlier observed that the voice-unvoiced dis-
tinction of the stop consonants vary in the presence
of background noise (Jain et al., 2014). However,
such investigations with respect to stop-glide con-
trasts are limited. It is important to assess the per-
ceptual variation across the classes of speech sounds
in noisy situation as speech perception in noise for
normal individuals mimics the speech perception
of hearing impaired individuals. Such studies help
in increasing the knowledge regarding the hearing
impaired speech processing, and ultimately help in
designing new and improved speech processing al-
gorithms for hearing aids and cochlear implants.
Thus, there is a need to investigate the perceptual
importance of vowel duration cues in the percep-
tion of stop-glide contrast in quiet as well as noisy
situation.

Further, the studies reviewed above, considered
only identification to assess the categorical bound-
ary. It has been recommended by Pisoni and Tash
(1974) that reaction time was another measure to
evaluate perceptual analysis judgment. Hence, the
present study aimed to assess the effect of vowel
length and noise on the perception of stop-glide
continuum.

Materials and Methods

Participants

A single group repeated measure research de-
sign was used and a total of 30 adults (15 Male,
15 Female) within the age range of 18-25 years
(mean age: 21.7 yrs), participated in the present
study. All the participants were having normal

hearing sensitivity (PTA ≤ 25 dB HL; SIS ≥ 90%,
re: ANSI S3.21, 1997) and no associated neurologi-
cal, psychological, developmental or related pathol-
ogy. The participants were native speakers of Kan-
nada and belonging to the Mysore region of south-
ern Karnataka. All participants volunteered for the
study. The study was approved from the institu-
tional ethics board for testing on human subjects,
and an informed written consent was obtained from
each participant before the commencement of the
study.

Stimuli/Material

The stimuli consisted of a word continuum for
which the second formant frequency (F2) of the ini-
tial syllable was manipulated in such a way that it
yielded a stop consonant at one end point and a
glide at the other end point. Both stop and glide
were selected as they were present in the vocabu-
lary of the Kannada language. In the beginning, a
token of word —taru— was recorded at sampling
frequency of 44,100 Hz. The formant and pitch
track of the initial stop consonant —ta— was then
extracted using the Praat software (ver. 5.1.41;
Boersma & Weenink, 2016). The formant track
was extracted based on the ‘Split Levinston’ algo-
rithm suggested by Willems (1986), implemented
in Praat. The formant track of the initial five for-
mants till frequency of 5500 Hz was extracted in
the time step of 5 ms. The pitch track was then
extracted to increase the naturalness of the synthe-
sized stimuli. An acoustic periodicity detection al-
gorithm was employed, which is based on the auto-
correlation method (Boersma, 1993), and the pitch
was extracted within the frequency range of 75-600
Hz in the time step of 5 ms. The extracted formant
tracks were imported to the Klattwork speech syn-
thesis software (ver. 2.29; McMurray, 2009) where
the absolute F2 frequency was determined and the
onset of the F2 was raised systematically from 2000
Hz 2800 Hz in nine equal steps of 100 Hz each, by
adapting the procedure suggested by McMurray et
al. (2002). This resulted in a nine step continuum
with stop consonant |t| with lower F2 onset at one
end point and a glide |ja| with higher F2 onset at
other end point. All other acoustic parameters were
kept constant throughout the continuum.

The effect of vowel length on the perception
of stop-glide contrast was observed by varying the
length of the vowel following the target consonant.
Two sets of the continuum were taken and the vowel
length in one set was kept constant at 250 ms. and
this was considered as long vowel continuum. In
another set, the vowel length was reduced to 100
ms. and was considered as short vowel contin-
uum. The duration of both the continua was in
agreement with the values suggested by Nataraja
(2000) and Raphel (1972). Lastly, to obtain the
effect of noise, a multi talker speech babble was
recorded and added to both the continua at a sig-
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nal to noise ratio (SNR) of +2, 0 and -2 dB, using
the Colea toolbox (A Matlab based software tool
for speech analysis; Loizou, 2000). The reference
for these SNR values was obtained from the previ-
ous studies (Alwan, 1992; Jain et al., 2014). Thus,
a total of 360 stimuli in 8 continua’s [9 point along
each continuum*2 vowel length*4 levels (3 SNR +
1 quiet)*5 repetition] was presented to each partic-
ipant.

Procedure

The complete testing was carried out in a sound
treated room. The stimuli was presented using the
laptop (Dell Inspiron 7750 SE) routed via a cali-
brated audiometer (Maico MA 53) equipped with
standard headphones (TDH 39) at 70 dB HL (aver-
age most comfortable loudness level). The partici-
pants were instructed to identify the word as fast as
possible and the responses were recorded for identi-
fication and reaction time task. The identification
of the either endpoint of the continuum was noted
down by the examiner and the reaction time was
measured with the help of DMDX reaction time
software (Forster & Forster, 2003) installed in the
laptop equipped with standard microphone. The
stimulus sequence was presented in random order
within each of the continuum. Inter stimulus inter-
val of 3000 ms (3 seconds) was kept and considered
as the time for the subject to respond. The entire
testing was carried out in a single sitting for 40-45
minutes per participant with a break of 5 minutes
in between. Five-Six catch trials (involving differ-
ent stimulus) were presented randomly to ensure
that the participants were attending to the stim-
uli.

Analysis

In the identification task, the percentage cor-
rect response for either stop or glide across each
point along the continuum was measured and plot-
ted in a line graph to obtain the categorical bound-
ary. The categorical boundary was defined as the
point along the graph where the perception shifts
from one endpoint to other with 50% probability
function. The categorical boundary was measured
using logistic regression model with linear or non
linear interpolation function using the Prism soft-
ware (ver. 5.03; GraphPad Software Inc.). The
mean reaction time was also measured at each point
along the continuum as well as for the categorical
boundary. Reaction time procedure added another
level of response analysis. This was calculated as
the average reaction time for the region of ambigu-
ity (Pisoni & Tash, 1974), i.e. the points along the
continuum where the listener was unsure about the
exact categorization of the speech sounds (McMur-
ray & Spivey, 1999). The data was analyzed using

univariate analysis of variance where the thresh-
olds obtained for the identification and reaction
time task were considered as the dependent vari-
ables and vowel length and SNR were considered
as the fixed factors. The multiple pair wise com-
parison as a function of noise was carried out using
Bonferroni’s post hoc test and as a function of vowel
length was carried out using paired sample t-test.
The selection of the parametric statistics is based
on the Kolmogorov-Smirnov test of normality with
Lilliefors significance corrections.

Results

The percentage correct identification scores for
either end point along the continuum as a function
of vowel length and SNR are plotted in Figure 1.
As evident from the figure, in quiet situation, the
effect of vowel length was clearly visible, where a
shift in the categorical boundary was observed to-
wards the perception of stop consonant with long
vowel. However, in the presence of noise, no such
obvious shift in the categorical boundary was ob-
served. The identification function was plotted for
each of the participant and the mean values at the
categorical boundary were considered in terms of
the change in the onset frequency of F2. These val-
ues were obtained by employing the logistic func-
tion and subjected to univariate ANOVA. The re-
sults revealed a significant effect of vowel length [F
(1, 352) = 43.39; p = 0.001], noise [F (3, 352) =
28.41; p = 0.024] and the interaction effect of vowel
length and noise [F (3, 352) = 17.32; p = 0.017] on
the perception of stop-glide continuum. Multiple
pair wise comparison also revealed significant effect
of all the four noise conditions on the perceptual
boundary identification. Since, only two length of
vowel was considered in the present study, post hoc
comparison was not possible to estimate the pair
wise difference with respect to each condition of
noise. Hence, paired sample t-test was performed
to identify the pair wise difference in vowel length.
The results revealed significant difference between
the identification scores at the perceptual bound-
ary for long and short vowels in quiet situation (p
= 0.000) as well as in +2 dB SNR (p = 0.001) and
0 dB SNR condition (p = 0.015), but no such dif-
ference was observed for -2 dB SNR condition (p =
0.548).

The mean difference was subjected to univari-
ate ANOVA to obtain the statistical significance of
differences. The results revealed no significant ef-
fect of vowel length [F (1, 352) = 0.004; p = 0.952],
noise [F (3, 352) = 2.203; p = 0.096] and the inter-
action effect of noise and vowel length [F (3, 352)
= 0.076; p = 0.973] on the perception of stop-glide
continuum. The mean reaction time at the categor-
ical boundary was measured as the average reaction
time across the point where the shift in perception
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Figure 1: Percentage correct response for the identification of each point along the stop-glide continuum as a
function of vowel length and SNR.

was observed. These average values were compared
with the average reaction time across all the points
along the continuum. The results revealed signifi-
cantly higher mean reaction time at the perceptual
boundary for quiet (p = 0.037), +2 dB SNR (0.029)
and 0 dB SNR condition (p = 0.002), but no such
significant difference was observed for -2 dB SNR
condition (p = 0.085).

Discussion

Previous investigation by the researchers re-
vealed that vowel length has a significant effect on
the perception of voicing in quiet situation for Kan-
nada words, however, in the presence of noise; the

perceptual weightage of vowel length cue is mini-
mal (Jain et al., 2014). Since, the perception of
both voicing and manner of articulation are majorly
dependent on the dynamic cues, it was thought
to investigate such effect on stop-glide continuum
in Kannada. The results of the present study
revealed that identification function of stop-glide
consonant continuum was influenced by the vowel
length.

Long vowel length facilitates the perception of
stop consonants in Kannada language. However,
in the presence of noise, perceptual weightage of
vowel length cues reduces and probable role of other
acoustic cues comes into prominence. These results
were in agreement with the findings of McMurray,
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Figure 2: Mean reaction time at each point along the continuum as a function of vowel length and SNR levels for
the perception of stop-glide continuum.

Tahensaus and Aslin (2002), in English language.
The researcher reported a significant effect of vowel
length on manner of articulation with short vowel
shifted categorical boundary more towards stop
sounds, i.e., increased perception of glide sounds.
Wade and Holt (2005) also noted that the percep-
tual boundary consistently shifted towards the per-
ception of stop consonant (in a |ba|-|wa| distinc-
tion) in English i.e. more of |wa| responses when
the following sounds were presented in a faster se-
quence than in slower sequence. Slower sequence
facilitate longer vowel duration whereas vowel dura-
tion is shorter in faster speech presentation.

Contrary to the present finding, Miller and
Liberman (1979) found that the category bound-
ary for the |ba|-|wa| continuum in English could be
altered by changing the duration of the steady state
portion of the syllable. The researchers found that
by increasing the duration of the steady state por-
tion, the categorical boundary shift more towards
the |wa| sound. The asymmetry in perception may
be due to constellation of cues. Miller and Liber-
man varied both onset of F2 and transition dura-
tion to construct the |ba-wa| continuum. Thus, the
effect of multiple dynamic cues may be a reason of
differential perception. This reasoning hold true as
Shinn (1984) and Shinn, Blumstein and Jongman
(1985) reported the effect of syllable length on per-
ception of the |b|-|w| distinction in English gradu-
ally disappears as |b| and |w| tokens are synthesized
in a less stylized manner and are differentiated by
additional, temporal and non-temporal cues such
as transition duration, onset formant frequencies,

formant-frequency trajectories and noise.

The second important conclusion drawn from
the present study is a significant effect of noise on
the perception of stop-glide continuum. It was ob-
served that noise has a significant effect on per-
ceptual process, and in its presence, the effect of
vowel length cues are minimal. These findings were
well reported for other features of speech sounds
[voicing: (Jain et al., 2014); manner (stop-fricative
contrast): (Soli, Arabie, & Carroll, 1986)] but the
explanation with regards to the stop-glide con-
trast is novel to the present study. Miller and
Wayland (1993) showed that in the presence of
multi-talker babble noise, rate dependent category
boundary shifts hold up even without these addi-
tional cues.

The findings suggest that in the presence of
speech babble, the listener rely more on the transi-
tional cues than the syllable duration cues, result-
ing in a less marked distinction between |ba| and
|wa|. Zhang and Meng (2011) compared the ef-
fects of different acoustic transmission conditions
on Mandarin consonants perception. The results
showed that the affricates and fricatives were the
most intelligible in reverberation, whereas stops
were least intelligible. Friction might be the most
important cue for consonant perception in rever-
beration. Those consonants articulated frictionally
were more intelligible than others in low frequency
noise, while the voiced were more intelligible in
high frequency noise. The primate cues for con-
sonant perception in noise were related to the fre-
quency characteristic of noise. For both stops and
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affricates, the unaspirated sounds were more intel-
ligible than the aspirated sounds in both reverber-
ant and noisy conditions. These findings confirmed
the role of multiple acoustic cues in the perception
of speech sounds, and the perceptual weightage of
each cue vary with respect to the environment in
which the speech sounds are perceived.

An interesting finding of the present study is the
effect of vowel length or noise on the reaction time
task. Unlike the responses for identification time,
vowel length and noise had no significant effect on
the time taken for the perceptual process to occur.
These findings were in opposition to that observed
for voicing where introduction of noise had signifi-
cant effect for the overall mean reaction time and it
was found to be higher in noisy conditions (Jain et
al., 2014). The results of the present study may be
attributed to the perceptual normalization in which
the listeners filter out the noise component to arrive
at the underlying category (Johnson, 2005). Dur-
ing such situations, the listeners tend to ignore the
noise component and pay attention only to the core
category. To support the finding, Schwippert and
Beinum (1998) also noted no marked differences be-
tween within-category and between-category stim-
ulus pairs in a reaction time task for |bak|-|wak|
continuum.

Finally, increased reaction time at the region of
ambiguity was observed and attributed to the state
of confusion which results in the delay in the per-
ceptual process. Such findings are well illustrated in
literature (Pisoni & Tash, 1974). Pitt and Samules
(1993) changed the onset of F2 and F3 for the |ba|
sound and presented in three noise conditions, i.e.
binaural, ipsilateral & contralateral noise and found
increased reaction time at the phoneme boundary
in the 8-point continuum, for all the three condi-
tions.

The findings of the present study may con-
tribute towards understanding the process of
speech perception in normal hearing individuals.
Under noisy environment, the perceptual mecha-
nism of the normal hearing individuals is similar
to that of the hearing impaired listeners in the
quiet situation (Zurek & Delhorne, 1987), thus in-
vestigation of the normal perceptual processing in
noisy environment provide an insight about the
speech perception in hearing impaired individu-
als. Another potential implications of the present
study include improving performance of the au-
tomatic speech recognition software, developing
speech coders for speech recognition and noise re-
duction algorithms.

Conclusions

The present study aimed at investigating the
effect of vowel length and noise on the perception

of stop-glide continuum. The results revealed that
vowel length has a significant effect on perceptual
process in quiet situation. However, in the presence
of noise, the perceptual weightage of vowel length
cues are not significant. Thus, it may be concluded
that noise has a significant effect on the perceptual
weightage of acoustic cues and the findings sup-
ported a probable role of multiple acoustic cues in
the perceptual process.
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