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Abstract
A study of the durational characteristics of Hindi stop conso-
nants in spoken sentences was carried out. An annotated and
time-aligned Hindi speech database was used in the experiment.
The influences of aspiration, voicing and gemination on the du-
rations of closure and post-release segments of plosives as well
as the duration of the preceding vowel were studied. It was ob-
served that the post-release duration of a plosive changes sys-
tematically with manner of articulation. However, due to its
large variation in continuous speech, the post-release duration
alone is not sufficient to identify the manner of articulation of
Hindi stops as hypothesised in earlier studies. A low value of
the ratio of the duration of a vowel to the closure duration of the
following plosive is a reliable indicator of gemination in Hindi
stop consonants in continuous speech.

1. Introduction
Aspiration is a phonemic characteristic of Hindi, a major Indian
language belonging to the Indo-European family. Retroflex-
ion and gemination are important features of Indian languages.
Consequently, there are many more stop consonants in Hindi
than, say, in English language. The study of supra-segmental
characteristics of Hindi consonants is, therefore, interesting not
only because of theoretical importance, but also because of
practical significance. A detailed knowledge of the prosodic
characteristics of the language will facilitate the formation of
prosodic rules for synthesis of natural sounding speech. This
paper deals with a study of durational characteristics of Hindi
stop consonants in read speech with an emphasis on aspiration
and gemination.

There have been several studies of the durational attributes
of Hindi stop consonants in the past [1], [2], [3], [4], [5], [6].
However, these have been controlled studies in the sense that
subjects were asked to speak carefully selected words contain-
ing consonants of interest. In contrast, the current study deals
with the characteristics of Hindi consonants in naturally read
sentences. Controlled experiments have an advantage that they
permit a systematic study of a particular characteristic of speech
sounds while maintaining most other characteristics invariant.
In addition, it is easier to collect data sufficient to draw statisti-
cally meaningful conclusions. However, the prosodic character-
istics of consonants in isolated words tend to differ from those
embedded in continuously spoken sentences due to factors such
as speaking rate. Thus, a study of characteristics of consonants
embedded in sentences is important.

Davis [2] studied voicing characteristics of Hindi plosives
in word initial position. She examined a previous hypothe-
sis that a special phonological feature of [murmur] or [breathy
voice] is needed to distinguish voiced aspirated stops from their
unvoiced counterparts. The study concluded that all 4 Hindi
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stops may be distinguished from each other on the basis
ice “lag” by redefining it as the post-release “noise offset
. One of goals of this study is to examine whether this ob-
tion holds good for Hindi plosives in general (i.e., other 3
s of articulation as well) in continuous speech.
n a study of acoustic properties of Hindi plosives in VCV
les, Tyagi et al [1] observed that voicing and aspiration

to compress the closure duration of plosives. Shrotriya et
studied the durational characteristics of Hindi consonant
rs in word medial and word final positions. They observed
a) duration of the vowel preceding a consonant cluster is
ed, (b) voice onset time of a stop is more in a cluster word
mpared to non-cluster word, (c) the closure duration of a
r depends on the place of articulation. The data used in
tudy was about 80 cluster words spoken by 5 speakers.
her aim of the current study is to investigate the validity of
observations in the context of continuous speech.

n an acoustic analysis of singleton and geminate fricatives
lian language [7], a general tendency of shortening the pre-
nant vowel and of lengthening the consonant in a gem-
utterance was observed. Consequently, the ratio of the

ion of the consonant to that of pre-consonant vowel was
ficantly related to gemination. In particular, this ratio was
than 1 for most geminate fricatives and less than 1 for

eton fricatives. A Maximum Likelihood classification of
ives based on this ratio was found to give good results
accuracy). In addition, the threshold value of 1 was veri-

o be significant for Italian stops as well. It should be noted
hile fricatives are continuant sounds, stops are not. The

rs suggested that “speaker intention in producing a gemi-
s reflected in the production of a consonant at least longer
the vowel preceding it”. The data used for the experiment
sted of 3 repetitions of VCV type bisyllabic words spo-
y 6 speakers. It would be interesting to see whether this

thesis holds good in case of geminated Hindi consonants
dded in continuous speech.
he rest of the paper is organised as follows. A brief de-

tion of the speech database used in the experiment is given
ction 2. The observed changes in the duration of closure
elease segments of Hindi plosives due to aspiration and
nation are presented and discussed in section 3. A sum-
of the conclusions of the study is given in section 4.

2. Speech database
urrent work deals with durational characteristics of stop
nants in spoken Hindi sentences. An annotated and time-

ed Hindi speech database was used in the experiments. The
ant features of this database are mentioned below; the de-
an be found in [8].
he database consists of a total of 1000 sentences spoken



by 100 speakers. There are two sets of sentences. The first set
of two sentences (called dialect sentences) contains most Hindi
phonemes. The dialect sentences were read by each and every
person. The second sets of sentences (one distinct set for each
speaker) were designed such that they collectively cover most
phonemic contexts. Each plosive was represented as a sequence
of 2 segments: closure and release. Special symbols were used
to signify the geminate consonants and nasalised vowels.

Retroflexion is a prominent feature of Hindi. There are 4
places of articulation: velar, dental, retroflex and bilabial. As-
piration is a phonemic feature in Hindi. Thus, there are 8 as-
pirated plosives and 2 aspirated affricates in addition to their
unaspirated counterparts.

3. Results and discussion
The means and durations of various units of speech were com-
puted and used to study the durational characteristics of conso-
nants as well as the preceding vowels. The observed changes
in the durations due to aspiration and gemination are presented
and discussed in this section.

A plosive (geminate or otherwise) is represented as a se-
quence of 2 segments: closure and release. The release segment
starts at the burst of the plosive; it ends when the voicing of the
following vowel begins in case of unvoiced plosives, and when
the frication/aspiration ceases in case of voiced plosives.

3.1. Aspiration

Systematic change in the durations of the closure as well as the
release segment of plosives was observed due to aspiration.

3.1.1. Release duration

In case of unvoiced plosives, the release segment starts at the
burst of the plosive and ends when the voicing of the following
vowel begins. In case of voiced plosives, the release segment is
defined to start at the burst, and end when the post-burst frica-
tion/aspiration ceases. In the latter case, the duration of the re-
lease segment is equivalent to “lag” or post-release “noise offset
time” as defined by Davis [2].

The mean and standard deviation of durations of “release”
segments of plosives are shown in Table 1. The number of seg-
ments of each type in the database is also shown in the fourth
column.

The 5 blocks in the Table corresponds to plosives corre-
sponding to 4 places of articulation and affricates. The symbols
D,T,

� �
, � �

represent retroflex plosives. It is easy to see that
the duration of the “release” segment varies systematically as a
function of the manner of articulation. The noise offset time of
aspirated plosives are longer than those of unaspirated plosives
as expected. Similarly, unvoiced plosives have longer noise off-
set time than the voiced plosives. However, the large values of
standard deviation indicate high variability in the absolute du-
ration of the release segments. Therefore, the release duration
alone is not sufficient to identify the manner of articulation of
plosives (of a given place of articulation) in continuous speech.
This is not in agreement with the observation of Davis [2] that
all 4 Hindi velar stops may be distinguished from each other on
the basis of voice “lag” alone. However, the differences in the
stimuli between her experiment (monosyllable words contain-
ing initial velar stops) and the current work (sentences contain-
ing all plosives in all contexts) should be kept in mind while
comparing the results of the two experiments. The dependence
of phoneme duration on speaking rate of different persons is
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It wa
sives
label mean SD ntoken ratio

g 22 19 453 1.61
k 28 16 1879 1.82� �

36 26 129� �
51 26 205

j 47 28 615 1.29
c 66 37 542 1.32� �

60 21 46� �
87 28 98

D 14 15 147 1.64
T 16 16 213 1.62� �

24 32 27
� �

27 18 111
d 16 09 650 2.04
t 23 14 1277 2.17� �

33 30 208	 �
50 21 244

b 15 13 571 2.32
p 17 13 843 3.53
 �

35 33 261� �
61 37 79

1: The mean and standard deviation (SD) of durations
sec) of “release” segments of plosives. The symbols�

, � �
represent retroflex plosives. The mean duration

es systematically as a function of manner of articulation.
ver, due to large values of standard deviation, the duration
is not sufficient to distinguish plosives of different manner

ticulation. The last column shows the ratio of noise offset
of aspirated stop to that of the corresponding unaspirated

pronounced in case of continuous speech than in case of
s. For example, the duration of the phoneme /


 �
/ varies

40msec to 100msec for different speakers in the Hindi
h database. Secondly, in controlled experiments, subjects

to articulate words clearly; this may result in enhancement
distinguishing features of phonemes. It may be noted that
nge of the mean noise offset times of 4 velar plosives in
iments of Davis [2] (63msec) is significantly more that that
present work (29msec). The average noise offset times of� �  � �

were � �  � �  � �  � � msec respectively in the former
whereas the corresponding values in the present work are�  � �  � � msec respectively (see the topmost cell of col-
2 of Table 1). In another study of Hindi stops, the noise
t times of �  �  � �  � �

were �  �   � �  � � msec respectively
able 1). Here again, the range (81msec) of the noise offset
of 4 velar plosives is larger than that in case of continuous
h (29msec).
he last column of the Table 1 shows the ratio of noise off-

me of aspirated stop to that of the corresponding unaspi-
stop. The ratio is smallest in case of affricates due to
sically long duration of unaspirated affricates. The ratio
s from 1.6 to 3.5 in case of plosives. The ratio is highest
ilabial stops due to intrinsically short duration of unaspi-
bilabial plosives.

. Closure duration

s also observed that the closure duration of aspirated plo-
are slightly shorter than those of the unaspirated counter-



parts (detailed information in [9]). This trend differs from that
observed by Lisker and Abramson [10] in case of word initial
Hindi stops; the average closure durations were 63 and 75 msec
for /g/ and / � �

/ respectively. On the other hand, the trend is in
agreement with those observed by Tyagi et al [1](Table 1) in
case of intervocalic stops. The average closure durations for / � /
and / � �

/ were 100 and 84 msec respectively. Such a trend was
observed by them in case of other voiced and unvoiced stops as
well. In a study of plosives of Marathi language, the measured
average closure durations were 116 and 89 msec for /g/ and / � �

/
respectively [10]. Nevertheless, authors of [10] observed that
the total (closure + release) duration of an aspirated plosive is
longer than that of its unaspirated counterpart. This interesting
behavior of decrease in duration of a segment with an increase
in the duration of the following acoustic segment is reminiscent
of a general trend observed in vowel-consonant pairs; vowels
are shorter before unvoiced consonants.

3.2. Gemination

Changes were observed in the durations of the release segment
of plosives as well as the duration of the preceding vowel due
to gemination.

3.2.1. Duration of the preceding vowel

Shrotriya et al [4] found that the duration of Hindi vowels pre-
ceding cluster of stop consonants decreased by about 10 to
15msec as compared to the case when there is no cluster. In case
of Italian geminate stops, the decrease in the duration of vowels
was about 43msec (26% decrease) [11]. This was true in case of
geminate fricatives as well; the duration of the preceding vowel
decreased by about 28% [7]. However, we observed that such
a decrease is true in 28 out of 44 instances of vowel-geminate
stop segments in our Hindi speech database. In fact, the dura-
tions of long vowels (a:, e: etc.) increased due to gemination.
Presumably, the speakers slow down to clearly articulate long
vowel followed by a geminate stop.

The duration of vowel preceding voiced stops (singleton or
geminate) was found to be longer than that in case of unvoiced
stops. This observation is in agreement with previous works
including the one on Hindi consonants [4].

3.2.2. Closure duration

The average closure durations of plosives are shown in the form
of a bar-chart in Figure 1. The bars occur in triplets. The first,
second and third bars of a triplet represent the closure durations
of voiced singleton, unvoiced singleton and unvoiced geminate
plosives respectively. The corresponding data for voiced gemi-
nate plosives are not shown due to insufficient data. The Figure
shows 5 bar triplets corresponding to the 5 places of articula-
tion.

From Figure 1, it is clear that the closure duration is shorter
if the stop is voiced. The mean closure duration of a Hindi
plosive increases due to gemination as expected. The percent-
age increase in duration varies from 48% in case of bilabial un-
voiced stops to 128% in case of retroflex stops. Similar behav-
ior is found in case of voiced stops, albeit to a lesser degree.
This is in agreement with studies of Hindi stop consonants [4]
and Italian stop consonants [11]. However, the average closure
duration of geminate unvoiced stops of Hindi as reported by
Shrotriya et al [4] (199msec) is much larger than that observed
here (135msec). Thus, there is a difference between the closure
durations of geminate plosives found in isolated Hindi words
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e 1: The average closure durations of singleton and gem-
Hindi plosives of 5 place of articulation. The percentage

ase in duration due to gemination is dependent on place of
lation, and varies from 48% to 128%.

hose in continuously spoken sentences.
hile it is clear from Figure 1 that the mean closure dura-

ncreases significantly on gemination, the current work also
ed that there is considerable variation in the closure dura-
of different tokens of a given plosive in natural speech.

mean and standard deviations of various durational at-
es of Hindi stops are tabulated in [9]. For example, the
and standard deviations closure durations of singleton /

�
/

7 and 46msec respectively. The corresponding quantities
e geminate counterpart are 141 and 38msec respectively.

, there is considerable overlap between the closure duration
butions of singleton and geminate stops. In other words,
osure duration alone is not sufficient to distinguish single-
nd geminated plosives. This is in agreement with conclu-
of a study [5] of perceptual cues for gemination in Hindi
less unaspirated stops at the bilabial and velar places of
lation, wherein the authors concluded that while closure
ion is the primary cue for the geminate vs. singleton dis-
on in Hindi stops, secondary cues based on preceding and

ing vowels are also used by listeners.

. Vowel consonant duration ratio

s been reported that the duration of a geminate fricative
nant is almost always more than the duration of the pre-
g vowel [7]. In fact, the ratio of the duration of the vowel
t of the following consonant was mostly less (greater) than
geminate (singleton) consonants; this was observed to be
or both fricatives and stops in bisyllabic Italian words [7].
s hypothesised that the speaker intention in producing a
nate is reflected in the production of a consonant at least
r than the vowel preceding it. In the following, we will
ine whether this hypothesis holds good in case of Hindi
es embedded in continuous speech.
et � and � denote the closure duration and the total du-
(including the release duration) of a plosive respectively.
represent the duration of the vowel preceding the plosive.

se the subscript � and � to indicate the cases of geminate
ingleton stop consonants respectively. Since the database
sts of natural sentences, the number of geminate conso-



nants is small. Therefore, only those vowel-geminate stop com-
binations which occur atleast twice in the database are consid-
ered here.

vowel stop � � � � � � 	 � � 	 � � �  � � 	 �  	
a k 0.455 0.976 0.579 1.537
e: k 0.800 1.302 0.932 1.890
a Th 0.491 0.998 0.610 1.554
a t 0.392 0.769 0.436 1.063
u t 0.373 0.888 0.416 1.328
a: p 1.041 1.257 1.138 1.594
a dh 0.376 1.192 0.441 1.852
a b 0.647 1.203 0.705 1.892

Table 2: The ratio of the duration of the vowel to that of the fol-
lowing stop consonant for various combinations of vowel and
geminate stops. The ratio ( � �  ) of the duration of the vowel
( � ) to the closure duration of the following plosive (  ) can be
used to distinguish geminate and singleton plosives in continu-
ous speech. This is a better measure than ( � � � ) where � is the
total duration of the plosive.

The ratio of the duration of the vowel to that of the follow-
ing stop consonant is shown in Table 2 for various combinations
of vowel and geminate stops. The third and the fourth columns
of the Table show the ratio of duration of the vowel ( � ) to the
total duration of the stop ( � ) for geminate and singleton stops
respectively. The ratio ( � � � ) is less than 1 for most geminate
plosives. However, the ratio is greater than 1 in only about half
of the singleton stops (column 4). This is at variance with the
observations of [7] where the ratio was greater than 1 for most
singleton consonants. On the other hand, if we consider the du-
ration of the closure of the stop consonant (  ) instead of its total
duration ( � ), the ratio ( � �  ) is greater than 1 in all cases of sin-
gleton stops as shown in the last column of the Table. This is not
surprising as the major acoustic correlate of gemination is the
lengthening of the closure duration of stops [12], [11], [5]. For
example, the closure duration, on an average, doubled on gemi-
nation in case of Italian stops [11]. In the same study [11], it was
also observed that when the duration of the preceding vowel is
elongated, the closure duration must be longer for perceiving a
geminate consonant. Thus, employment of a ratio of durations
rather than the absolute value of closure duration is preferable;
it has the advantage that the ratio compensates for variations in
the speaking rates of different speakers. We can conclude that
the ratio of the duration of the preceding vowel to the closure
duration of the plosive can be used to distinguish geminate and
singleton Hindi plosives in continuous speech. However, a sin-
gle (vowel independent) threshold for such a distinction is not
be possible due to intrinsically large durations of long vowels
of Hindi.

4. Conclusions
The durational characteristics of Hindi stop consonants in read
sentences were studied with an emphasis on aspiration and gem-
ination. The following are the main conclusions of this study.

� The post-release duration of a plosive changes system-
atically with manner of articulation. However, due to
its large variation in continuous speech, the post-release
duration alone is not sufficient to identify the manner of
articulation of the stop as observed earlier [2].

�

�

�

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]
In many cases, the closure duration of aspirated plosives
are slightly shorter than those of the unaspirated counter-
parts.

The closure duration of a plosive increases due to gem-
ination; the degree of increase is a function of the place
of articulation. However, the closure duration alone is
not sufficient to distinguish singleton and geminated plo-
sives.

A low value of the ratio of the duration of the vowel
to the closure duration of the following plosive is a cue
for gemination in Hindi stop consonants in continuous
speech.
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