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ABSTRACT

Sindhi language is primarily spoken in the Sindh province of Pakistan, and in some parts of India.
Languages phonemic inventory include vowels, consonants and diphthongs. This paper presents acoustic
analysis and properties of the glide consonants of Sindhi. Glides are considered having stable and
predictable formant structure and associated acoustic properties like vowels and diphthongs.
Understanding the corresponding acoustic similarities, differences and relationship between three types of
these sounds is the subject of discussion of this paper.
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1. INTRODUCTION

The glides, like vowels, are the sounds having well defined and predictable formant structure;
hence there could be confusion with the identification of these three classes of sounds [1]. There
are two glide consonants in the phonemic inventory of Sindhi articulated at two places of
articulation: the bilabial /w/, 5 and the palato-alveolar /y/ ¢ [2]. Glides and diphthongs are
referred to as the sounds with gradually changing formant pattern, and the vowels maintain
steady-state [3, 4]. The difference between vowels and glides is quite straight forward; the glides
do not maintain steady-state; whereas the vowels maintain steady-state [3, 5]. Unlike the vowels
the difference between diphthongs and glides can be observed by analysing the transition segment
of the two sound classes. The transition segment of diphthongs is slower and more gradual
compared to the vowel-to-glide transition [1, 4]. The formation of vocal tract for the production
of a glide consonant move in and out very quickly; therefore the glides are considered as sharp
transitory vowels [6, 7]. Two phonetic behaviours are associated with the glides /w/ s and /y/ s of
Sindhi: (i) at the word initial position or at the word final or medial position, if followed by a
consonant, glides function as independent phonemes (ii) the glides if preceded or followed by a
vowel, at the word final or medial position and the two sounds are produced together form a
diphthong phoneme of Sindhi (http://tdil.mit.gov.in/ sindhidesignguideoct02.pdf; site visited on
10th October 2010) and phonetically diphthongs are independent phonemes in the phonemic
inventory of Sindhi.
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Diphthongs are sounds which inherit the qualities of two vowel sounds the start-vowel (on-glide),
the end-vowel (off-glide) and the transition segment. The formation of two consecutive vowels in
the oral cavity for one syllable results in a glide from the start-vowel to the end-vowel usually
referred to as a diphthong. Diphthongs are also defined as an independent vowel-glide, which
means that the articulators start in the position of one vowel and move in the direction of another
vowel [4, 8]. Diphthongs are also well correlated with the moving pattern of the formant
frequency plots, starting at the on-glide section of the plot and ending at the off-glide section. For
example, this feature can be observed in the English diphthong [a1] which involves plot changes
from the on-glide [a] segment to the off-glide [1] segment [5]. Glides are vowel-like sounds; but
unlike the vowels they do not form the prominent part of the speech signals in a syllable which is
why they cannot form syllables individually in Sindhi as vowels do. However this consonant class
of sounds posses a few vowel-like acoustic characteristics such as the periodic output waveform
and well defined formant structure; due to the well defined formant structure glides are usually
referred to as the semi-vowels [9, 10, 11]. Glides are the sounds considered with a gradually
changing formant pattern in the same way the pattern changes for the diphthongs [3]. This is why
the acoustic analysis of the glide consonants in this paper is carried out together with the analysis
of vowels and diphthongs. As discussed above the glides do not maintain a steady-state, this
characteristic differentiates them from vowels; however it is difficult to differentiate them from
the diphthongs as both sounds gradually change the formant pattern. Glides are sharp transitory
semi-vowels; therefore the transition segment duration for these sounds is shorter compared to the
transition segment for diphthongs; because the vocal tract configurations during the production of
glides move in and out quickly [1, 12]. The difference between glides and vowels is easy to
define; because the later class of sounds maintain steady-state. However the difference between
glides and diphthongs is difficult to determine; because the two sounds do not maintain steady-
state, rather they are the sounds with a gradually changing formant pattern. In this paper we will
rely upon the analysis of the transition segment of the glides and diphthongs for their
identification and type categorization.

The rest of paper is organized as follows: the section 2 talks about the methodology, section 3
describes glide consonants of Sindhi, section 4 presents acoustic analysis and finally conclusions
are drawn in section 5.

2. METHODOLOGY

In order to carryout acoustic-phonetic analysis of the glide consonants of Sindhi the voice
samples were collected from 75 native male speakers of Sindhi across five of its regional dialects.
Voice sample recordings were made in two ways (i) individual word utterances embedded with
target glide consonant in a syllable part of VCV (vowel consonant vowel) phoneme sequence and
(i) words embedded with target glide consonant in a syllable part of VCV (vowel consonant
vowel) phoneme sequence in a carrier sentence. Speakers were given the two lists one for the
isolated word utterance and the other with the words embedded in a carrier sentence for the
recording of the voice samples. Speakers were asked to read out the two lists in their natural style
of speaking. At least ten instances of each speaker’s voice samples were recorded and stored in
.wav file format for subsequent offline processing. Only one speakers voice samples were
captured at one time to avoid any pronunciation imitation. Tools used for recording include
Marantz (PMD660) a solid state digital audio recorder, used with an external broadcast quality
lightweight condenser microphone the Rode NTG-2. The Speech samples were recorded as a
single channel with a sampling rate of 48 kHz, and stored in .wav file format, 16 bits per sample.

3. GLIDES OF SINDHI

A glide in a syllable if it precedes or follows the vowel it can potentially result in a diphthong
phoneme of Sindhi; therefore the voice samples recording for the acoustic analysis of glides
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follows the VCV phoneme sequence. In the VCV phoneme sequence the consonant surrounded
by vowels is the target analysis glide consonant in the word utterance. This VCV phoneme
sequence helps to analyse the formant transition coming into the consonant sound (the glide
consonant) from the preceding sonorant sound (the vowel) and the transitions going away from
the glide consonant to the following sonorant sound (the vowel). Figure 1 below shows the
waveform of the word utterance /howa/ !s# containing the bilabial glide /w/ s of Sindhi. The
waveform segment for the glide /w/s shows the periodic signal activity and the presence of the
energy in the lower frequency region is shown in the spectrogram of figure 2; this indicates that
the bilabial glide /w/y is a voiced phoneme of Sindhi. The first formant motion due to the low F1
is downward (coming into the glide) and upward (going away from it); whereas the F2 transitions
remain unchanged at the vowel junctures for this sound. The glide /w/ s showed sharp transitory
formant transitions; therefore the two vocalic elements for the segment of the glide consonant
cannot be witnessed in the word utterance /howa/ ' see the spectrogram of figure 2 and formant
tracks in figure 3. The acoustic analysis shows that the glide /w/ s of Sindhi, if followed or
preceded by a vowel, forms an independent phoneme of Sindhi. Figure 4 shows the waveform of
the word utterance /voyo/ s containing the palato-alveolar glide /y/ s of Sindhi. The waveform
segment for the glide /y/ s shows the periodic signal activity and the presence of the energy in the
lower frequency region, see the spectrogram of figure 5; this indicates that the palato-alveolar
glide /y/ s is a voiced phoneme of Sindhi. Due to the high F2 the second formant motion is
upward (coming into the glide) and downward (going away from it); whereas the F1 motion is
downward and upward. The glide /y/ ¢ of Sindhi shows sharp transitory formant transitions, this
is shown in figure 6 the formant tracks. The acoustic analysis shows that the glide /y/ s of Sindhi,
if followed or preceded by a vowel forms an independent phoneme of Sindhi.

0.16074
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Figure 1. The waveform of the word utterance /howa/ ' s& containing the bilabial glide /w/ of
Sindhi.
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Figure 2. The spectrogram of the word utterance /howa/ |52 containing the bilabial glide /w/ of
Sindhi.
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Figure 3. The formant transitions coming into the bilabial glide /w/ from the preceding vowel
sound /o/ and going away from it to the following vowel sound /a/ of Sindhi.
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Figure 4. The waveform of the word utterance /voyo/ s , containing the palato-alveolar glide /y/
of Sindhi.
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Figure 5. The spectrogram of the word utterance /voyo/s:s, containing the palato-alveolar glide
/y/ of Sindhi.
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Figure 6. The formant transitions coming into the palato-alveolar glide /y/ from the preceding
vowel /o/ and going away to the following vowel /o/ of Sindhi.

4. ACOUSTIC ANALYSIS

Sounds possess similar acoustic characteristics like glides are the vowels and diphthongs; such
similar acoustic characteristics include the periodic output waveforms and the well defined
formant structure, with most of energy present in first formant. The only consonant class (the
glides) having well defined and predictable formant structure could potentially lead to confusion
for the identification of the three classes of sounds: the glides, diphthongs and vowels [1].
Therefore the difference between glides and vowels is easy to define; because the later class of
sounds maintain steady-state. However the difference between glides and diphthongs is difficult
to determine; because the two sounds do not maintain steady-state, rather they are the sounds with
a gradually changing formant pattern. This study relies upon the acoustic analysis of the transition
segment of the glides and diphthongs for their identification and type categorization. A diphthong
is the combination of two vocalic elements with three significant analysis points: (i) on-glide (the
duration of the first vocalic element) (ii) transition (the duration of the shift between first and
second vocalic elements), and (iii) off-glide (the duration of the second vocalic element) [13, 4].
In order to quantify the acoustic characteristics of diphthongs and glides present in Sindhi; the
main acoustic parameters measured are the first two formants (F1, F2), and the duration of three
analysis points (on-glide, off-glide and the transition segment). The first two formants provide
fundamental cues for the perception of the monophthong vowels; however the second formant is
considered one of the most fundamental acoustic cues for the perception of diphthongs [14, 15,
16]. The speech samples obtained in two ways are gathered and the signals of the diphthong and
glide segments were extracted from the word utterances and analyzed. The segment boundaries
for the diphthong and glide phonemes in the word utterances were marked manually by
inspecting the spectrograms of the word utterances. A set of acoustic properties for each
diphthong phoneme of Sindhi were measured based on the speech signals of the twenty eight raw
word utterances given in [17]. The formant frequencies for the first two formants (F1, and F2)
were obtained using the Burg LPC (linear predictive coding) algorithm. The presence of the two
vocalic elements in diphthongs and glides are determined by computing the z-scores for the first
two formants according to the method described by authors [18, 19]. The z-scores for first two
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formants of each diphthong and two glides were computed by subtracting the mean of the first
formant from the raw F1 values and the mean of the second formant from the raw F2 values. The
differences were then divided by the standard deviation of the raw formants values. The reason
for computing the z-scores of the first two formants is to determine whether there are two vocalic
elements corresponding to the diphthong phoneme or the speech signals belong to glide or other
non-diphthong phoneme. In this paper the obtained negative (-ve) z-scores belong to one vocalic
element and the positive (+ve) z-scores belong to the other vocalic element. If all the obtained z-
scores are either +ve or -ve or they are very irregular, (say +ve, —ve and again +ve, -ve and vice
versa), then the phoneme is considered a non-diphthong phoneme of Sindhi. Figures 7 and 8
below show the computed z-scores for two glides of Sindhi and figures 9 to figure 10 show the z-
scores for the two diphthong phonemes of Sindhi.

Glide /w/ in the word /howa/
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10 //-—-f V ——F1
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Figure 7. Typical first two formants z-scores of the glide /w/ present in the word /howa/ | of
Sindhi. Note that the z-scores for both F1 and F2 are irregular.
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Figure 8. Typical first two formants z-scores of the glide /y/ present in the word /voyo/ s of
Sindhi. Note that the z-scores for both F1 and F2 are irregular.
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Diphthong /a3y in the word “sayrs’
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Figure 9. Typical first two formants z-scores of the diphthong [ay] present in the word utterance
‘s[oy]rv’, of Sindhi. Note that F1 starts with +ve z-scores and moves gradually to the —ve z-scores
and in similar way the F2 z-scores move gradually from —ve to +ve z-scores.
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Figure 10. Typical first two formants z-scores of the diphthong [is] present in the word utterance
'h[ia]', of Sindhi. Note that the F1 starts with —ve z-scores and move gradually to the +ve z-scores
and F2 start with +ve z-scores and gradually move to the -ve z-scores.

Figure 9 shows that the diphthongs with the transition from open back vowel (first vocalic
element) to the close front vowel (second vocalic element) yield +ve F1 z-scores for the first
vocalic element and -ve z-scores for the second vocalic element and the corresponding F2 z-
scores for the first vocalic element are -ve and +ve, respectively for the second vocalic element.
Figure 10 show that the diphthongs with the transition from close front vowel (first vocalic
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element) to the open mid vowel (second vocalic element) yield -ve F1, z-scores for the first
vocalic element and +ve z-scores for the second vocalic element and the F2 z-scores are +ve for
first vocalic element and -ve for the second vocalic element. Typical z-scores for two diphthongs
in figures 9 and 10 show that the F1 and F2 z-scores are stable at the beginning which is the
duration of first vocalic element and then the transition period which shows a crossover of
formant frequencies along with the gradual change in the formants motion followed by stability
of the z-scores at the end which is the duration of second vocalic element. A significant difference
among the z-scores of the diphthongs in Sindhi is observed; however the sign change from +ve to
—ve and vice versa for the first two formants among two vocalic elements in diphthongs is of
more importance. If there is a sign transition between the (F1, F2) z-scores of the two vocalic
elements (first and second) the presence of a diphthong phoneme in the utterance is guaranteed.
Whereas the irregular sign transition of the z-scores among the two vocalic elements confirm the
presence of a non-diphthong phoneme in the utterance. Shown in figures 7 and 8 are the typical z-
scores for two glide consonants of Sindhi. Both the z-scores begin with —ve z-scores and two
crossovers for both F1 and F2. The transition segment did not show a gradual formant motion
rather a immediate sign change in the z-scores the first crossover sharply followed by another z-
scores sign change the second crossover. The z-scores of two glides are not stable at the start
neither they are stable at the end of glide consonant this ensures the absence of two vocalic
elements (on-glide and off-glide) present in diphthongs of Sindhi. In other words we can conclude
from the shown z-scores of figures 7, 8, 9 and 10 that more than one F1 and F2 z-score crossovers
prove that the phoneme is glide consonant and one crossover ensures a diphthong phoneme of
Sindhi.

Diphthongs are considered as moving voicing elements from the beginning vowel to the target
vowel [6, 13]; whereas the glides are the sounds considered with a gradually changing formant
pattern in the same way the pattern changes for the diphthongs [3, 7]. In this study the acoustic
F1xF2 vowel plot of figure 11 shows how formants gradually move for the two vocalic elements
of diphthongs and in which direction. The solid and dashed line arrows in figure 11 indicate the
direction of the formants movement from the first vocalic element (the onset) to the second
vocalic element (the offset vowel). The solid line arrows are drawn for the direction of all falling
diphthongs from the first vocalic element (the onset) to the second vocalic element (the offset
vowel) and the dashed line arrows are drawn for the direction of all rising diphthongs from the
first vocalic element (the onset) to the second vocalic element (the offset vowel) of Sindhi
diphthongs [17]. The formant movement for diphthongs /ai/, /ay/, and /o1/ of Sindhi typically
starts with the open vowel and end with the close-front vowel shown in figure 11. The formant
movement for diphthongs [av] and [ow] of Sindhi typically starts with the open vowel and end
with the close-back vowel shown in figure 11. The formant movement of the diphthongs [iv] and
[ia] of Sindhi typically starts with the close-front and end with the open-back vowel shown in
figure 11. Acoustic vowel plot of figure 12 shows the formant movement for the glides /w/ and
/y/ of Sindhi. As it is obvious from figure 11 that the diphthongs formants frequencies change
from one vowel (on-glide) to other vowel (off-glide). The formants frequencies for the glide
consonant do not show the moving formant pattern from one sound to the other sound this is
shown in figure 12. The formants for glide /y/ show greater movement for the second formant
whereas movement for the first formant is very small. The formants for glide /w/ showed very
small movement for both (F1, F2) formants. Therefore it can be easily concluded that the two
vocalic elements cannot be witnessed in the acoustic plot of figure 12; whereas it is obvious from
the figure 11 that each diphthong phoneme showed formants movement between two vocalic
elements.
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Figure 11. Acoustic F1 x F2 diphthong vowel plot of Sindhi [15]
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Figure 12. Acoustic F1 x F2 Glides plot of Sindhi.
5. CONCLUSION

Three types of Sindhi sounds (vowels, diphthongs and glides) are analysed and compared
acoustically in this paper. The experiments based on the captured voice samples were conducted
to analyse the steady state formant pattern for vowels and three critical analysis points for
diphthong and glide phonemes of Sindhi. Since the diphthongs and glides are considered sounds
with moving formant pattern, the formant transitions for these sounds were analysed at on-glide,
off-glide and the transition segment of speech signals. The two vocalic elements present in
diphthong phonemes are determined by analysing the sign transition based on computed z-scores
for the first two formants. The acoustic F1xF2 vowel plot for the diphthongs is used to determine
the formants movement from beginning vocalic element to the ending vocalic element. It is
observed from the computed z-scores for first two formants that the glide consonants have more
than one crossovers (sign transitions) and hence don’t form a diphthong phoneme in Sindhi,
regardless of its position in utterance; whereas the computed z-scores for diphthong phonemes
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show one sign transition (crossover) for the computed z-scores of first two formants. Analysis
results show that the transition segment for the diphthong phonemes is slow and more gradual
compared to the glide consonants. The transition segment for glides is shorter in duration and
form sharp transitory speech segments; because the vocal cords for the formation of glides move
in and out quickly. It is also observed that the first two formants are sufficient to differentiate
vowel and diphthong phonemes; whereas the second formant plays significant role to differentiate
glides from the vowels and diphthongs.
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