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Abstract. This study analyzes the effect of consonant context and speaking rate on vowel space and coarticulation in Toda vowel-consonant-vowel (VCV) sequences. Five vowels, /a/, /e/, /i/, /o/, /u/, and two intervocalic
consonants, /p/ (labial) and /t/ (alveolar), are considered to form asymmetrical VCV sequences in slow and very
fast speaking rates. Acoustic analysis using first and second formants (F1 and F2) shows a significant change in
vowel space across speaking rates in a consonant specific manner. Quantification of range and extent of coarticulation using F2 are presented to carry out acoustic analysis of both anticipatory and carryover coarticulation.
Significant effect of consonant context is found for both anticipatory and carryover coarticulation in most of the
VCV sequences. Increase in speaking rate is found to significantly drop both anticipatory and carryover coarticulation range in the context of alveolar consonants. Results from these acoustic analyses indicate that there are
differences in the nature in which rate and consonant context affect the coarticulatory organization.
Keywords.
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1. Introduction
Toda is an under-documented endangered Dravidian language spoken in the upper plateau of the Nilgiri hills, located
in the state of Tamil Nadu, India. This language is critically
endangered and is spoken by less than 2000 speakers. The
speakers of Toda live alongside with the speakers of Irula,
Badaga, Kota and Kurumba (the other four endangered
Dravidian languages of Nilgiri Hills) and Tamil (the official
language of the region). Lack of script poses challenges for
language documentation of Toda and, similarly, in the rest of
the four Nilgiri endangered Dravidian languages [5]. In spite
of sharing the common geography, Toda is prone to less
language contact (except for Kota) with these four endangered languages and it has retained its unique sounds, tradition of singing Toda songs as well as its unique cultural
identity [4, 18].
Toda is rich with large vowel and consonantal inventory
with front rounded vowels, voiced and voiceless dental,
palatal and retroflex fricatives and a variety of trills which
do not appear in the rest of the Indian languages including
Dravidian languages [3, 5, 12, 28]. Most of the vowels and
consonants in Toda being concentrated in the palatal and

*For correspondence

pre-palatal region, Toda speakers have to make complex
articulatory (specifically tongue) movements during speech
production [27, 28], which might increase the complexity
of vowel and consonantal coarticulation. Moreover,
Emeneau [4, 5] and Kirshnamurty [12] report that Toda
speakers tend to harmonize vowels and re-syllabify the
words to form vowel harmony while singing Toda folk
songs. As the rate of singing is slower than speech, in
general, the variability of rate in singing might have triggered to re-syllabify and harmonize vowels ([7, 16, 23]) in
Toda. This has motivated us to conduct this study to
quantify the effect of speaking rate on the vowel space and
coarticulatory range and extent for Vowel-to-Consonant
(V-C), Consonant-to-Vowel (C-V) coarticulation, coarticulatory direction under the intervocalic consonantal context
/p/ and /t/.
Variability of speech rates exerts influences on the size
and length of the speech segments. At higher speaking
rates, speech sounds exhibit more overlapping articulatory
gestures and the speakers tend to undershoot the articulatory goal which, in turn, reduces the coarticulatory ranges
at the vowel onset and offset [14, 15, 20, 30]. Recasens [26]
argues that speaking rate variation has effects on overall
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vowel duration, second formant frequency and coarticulation size but not on the consonantal effects and coarticulatory direction. Hence, we have examined the effect of
speaking rates on coarticulatory range and extent in both
anticipatory and carryover coarticulation in Toda VCVs
under the effects of intervocalic consonants /p/ and /t/. For
this purpose, we quantify the range and extent of coarticulation using second formant (F2). However, for vowel
space analysis, both first formant (F1) and F2 are used.
Coarticulation naturally occurs in all the languages but it
differs from language to language in terms of the magnitude, directionality and consonantal effects [8, 17]. Öhman
[21, 22] argues that vowels tend to coarticulate across the
consonants in all languages which are known as flanking
vowels. In addition, languages with larger vowel inventories exhibit higher magnitude of carryover coarticulation
than anticipatory coarticulation [17, 24]. Considering the
above arguments, Toda, a language with larger vowel
inventory with vowels being distributed in the front/back
dimension, is expected to exhibit coarticulation on F2.
Hence, we have examined V-C and C-V coarticulation
using F2 for both anticipatory and carryover cases in Toda.
We have conducted an acoustic study with four Toda
speakers (2 male and 2 female) to examine the vowel space,
and the range and extent in anticipatory coarticulation and
carryover coarticulation at slow and fast rates in the context
of inter vocalic consonants /p/ and /t/. We consider five
vowels /a/, /e/, /i/, /o/, /u/ for this purpose. Using these, we
construct 40 asymmetrical V1 CV2 sequences, where V1 and
V2 (V1 6¼V2 ) are chosen from the five vowels set. Either /p/
or /t/ is chosen as intervocalic consonant C. Together for all
four subjects, these results in a total of 960 sequences.
Significant effect of consonant context is found for both
anticipatory and carryover coarticulation in most of the
VCV sequences. Increase in speaking rate is found to significantly drop both anticipatory and carryover coarticulation range in the context of alveolar consonants.
This paper is organized as follows. Section 2 on dataset
describes the design of the stimuli, speakers participated in
the experiment, recording protocol and post recording
duration analysis of the data. Section 3 quantifies the range
and extent of coarticulation including their illustration and
patterns. Then, section 4 describes the results from different acoustic analyses in this study including vowel space,
range and extent of coarticulation, consonantal effects on
coarticulation and the effect of speaking rate on coarticulation. The last two sections provide discussion of the
experimental results and the conclusions from this study.
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speakers with an age of 49, 23, 61 and 28 years respectively. TM1, TM2 and TF1 speakers belong to ‘‘toowfolhlyolh’’ and TF2 belong to ‘‘tortas’’ tribal subcommunity from Nilgiris district, Tamil Nadu state, India.
All speakers were native speakers of Toda and Tamil, and
had good literacy skills and reported to have no speech
disorders in the past. All four speakers use Toda language
in their daily life. None of the speakers were a-priori
familiar with the specific aims of this study. All the
recordings for this work were collected during March 2019
at SPIRE lab speech recording room facility in Electrical
Engineering, Indian Institute of Science, Bangalore, India.

2.2 Speech stimuli
The data comprises 40 stimuli of consonant-vowel-consonant-vowel (C1 V1 C2 V2 ) asymmetrical (V1 6¼ V2 ) sequences with five vowels and two consonants. The five vowels
consist of two front vowels /i/, /e/; one mid vowel /a/ and
two back vowels /u/, /o/. For consonants, we consider one
labial consonant /p/ and one alveolar consonant /t/. In
C1 V1 C2 V2 stimulus, C1 is fixed to /p/, V1 is varied over the
five vowels and C2 is chosen to be either /p/ or /t/. V2 is
varied over the five vowels excluding the vowel used in
V1 ). This results in a set of 40 (524) asymmetrical
pV1 C2 V2 sequences. Speakers are asked to speak each
pV1 C2 V2 stimulus in a carrier phrase as follows: ‘‘/own/
pV1 C2 V2 / idspini/’’ (‘‘I say pV1 C2 V2 ’’). All the 40
pV1 C2 V2 stimuli are recorded at 4 different rates (slow,
normal, fast and very fast) with 3 repetitions for each.
Overall, 1920 (4 speakers  40 V1 C2 V2 combinations  4
speech rates  3 repetitions) pV1 C2 V2 stimuli are recorded.
Figure 1 illustrates the distribution of V1 C2 V2 duration
across speaking rates using boxplots. To study the influence
of rate, we consider 960 pV1 C2 V2 stimuli at slow and very
fast speech rate for analysis, as they have maximum
speaking rate discrimination.

2. Dataset
2.1 Toda speakers
Acoustic data is collected from four Toda speakers comprising two male (TM1, TM2) and two female (TF1, TF2)

Figure 1. Illustration of duration of V1 C2 V2 across speaking
rates for all speakers.
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2.3 Recording protocol
Each pV1 C2 V2 stimulus is repeated three times by every
speaker in each of the four speaking rates in order of slow,
normal, fast and very fast in a single stretch, which allows
each speaker to judge and adjust their speaking rate in the
required order. Speakers are instructed with the recording
protocol before the beginning of the recording and also in
the course of recording as described below.
Speakers are instructed to read every stimulus aloud at
self-determined rates, beginning with a clear and slow
articulation labeled as Slow; and then with a habitual rate,
labeled ‘‘normal’’; then a little higher to ‘‘fast’’; followed
by the fourth rate condition ‘‘very fast’’ labeled as Vfast in
which speakers are instructed to speak as fast as possible
without sacrificing intelligibility or clarity. Four levels of
speaking rates are used to ensure maximum speaking rate
discrimination between the first and fourth levels.
A Graphical User Interface (GUI) is designed for this
purpose to provide the speaker with visual and audio cues
to vary speaking rates.
Each pV1 C2 V2 stimuli is spoken 12 times (4 rates  3
repetitions/rate) by a speaker. A beep, as an audio cue, is
played every time before a speaker repeats a stimulus. The
beep sound is kept fixed over 3 repetitions within a rate and
it varies across the four rates. A rising chirp signal is used
as the beep sound which starts at a frequency of 500 Hz and
ends at 2000 Hz, with varying duration across different
rates, with the longest duration for Slow and the shortest for
Vfast rate. The duration of chirp signal was set at 1.5, 1.07,
0.88 and 0.75 seconds for Slow, Normal, Fast and VFast
rates respectively.
We also display a visual cue on GUI, with a horizontally
moving bar where the bar width is varied simultaneously
with played beep sound. An illustrative picture of this along
with other recording setup details are available at https://
spire.ee.iisc.ac.in/toda/

2.4 Data recording and post-processing
Audio recordings are carried out at 44.1 kHz sampling rate
in a sound-proof room with a ZOOM H6 recorder and
XYH-6 X/Y capsule [31]. The recorded signal is then
downsampled to 16 kHz for analysis. From recordings of
each pV1 C2 V2 stimulus, the pV1 C2 V2 portion is extracted
by removing the carrier phrase. On the extracted pV1 C2 V2
stimuli, F1 and F2 are computed at a rate of 500Hz with
20ms window length and 2ms shift using Praat [2] based on
linear predictive coding peak-picking method [19]. F1 and
F2 in the V1 and V2 segments of all 960 stimuli are visually
inspected. The erroneous cases are further manually corrected using a Matlab based GUI.
Vowel consonant boundaries are manually marked for
each pV1 C2 V2 stimulus. Vowel offset measurements for V1
are made from visual examination of the wideband
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spectrogram and speech signal to determine the last glottal
pulse of the vowel; V2 onset is taken at the first glottal pulse
following the release burst of the consonant. All onsets and
offsets are assessed with a magnified view of the audio/
spectrographic signal.

2.5 Duration analysis of data
For each speaker, we compute the duration of V1 and V2 for
every stimulus separately for each intervocalic consonants
(/p/ and /t/) for both rates (Slow and Vfast) separately.
Table 1 reports these duration values of V1 and V2 for each
speaker. We observe that, from Slow to Vfast, there is a
consistent drop in duration for both V1 and V2 . t-test is
conducted to measure the difference in means of the
duration in Slow vs Vfast speaking rates. Significant
(p\0.05) drop in the vowel duration is observed from Slow
to Vfast rate for both V1 and V2 for all combinations of
intervocalic consonants and subjects. It is interesting to
observe that for majority of the cases the average duration
of V1 decreases from consonant context /p/ to /t/ for both
Slow and Vfast speaking rates. However, no such trend is
observed for V2 .

3. Range and extent of coarticulation
3.1 Computation of range and extent
We compute range and extent of coarticulation using F2
values at the boundary of a V1 C2 or a C2 V2 pair. We
describe the procedure of computing range and extent in the
V1 C2 context within a V1 C2 V2 segment using Figure 2,
which shows the waveform of a V1 C2 V2 recording and the
corresponding second formant values denoted by
F2½n; 0  n  N  1. n ¼ N3 and n ¼ N4 (indicated by
black vertical lines in the figure) denote the boundary
between V1 & C2 and C2 & V2 respectively. The duration
of V1 is divided into three equal parts whose boundaries are
denoted by n ¼ N1 and n ¼ N2 (indicated by black dotdashed vertical line in the figure within the V1 segment).
The F2½n; N1  n  N2 are assumed to be the second formant values in the V1 nucleus. Similarly, boundaries of
three equal parts in V2 are denoted by n ¼ N5 and n ¼ N6 .
The median of the formant values in the nucleus region is
assumed to represent the formant value at the respective
vowel’s stationary portion. Thus, the second formant at
V1 ’s stationary portion is obtained as:
F2V1 ¼ median fF2½n; N1  n  N2 g

ð1Þ

The F2½n; N1  n  N3 along with F2V1 are used to define
the range (qAC ) and extent (AC ) of the coarticulation of
V1 C. These are called anticipatory coarticulation range
(ACR) and anticipatory coarticulation extent (ACE)
respectively. The range reflects the amount by which the
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Table 1. Average duration (in sec) of V1 , V2 for all five vowels considering all combinations of consonants and speaking rates for every
subject.
/a/

/e/

/p/

TF1 Slow
Vfast
TF2 Slow
Vfast
TM1 Slow
Vfast
TM2 Slow
Vfast

/t/

/i/

/p/

/t/

/o/

/p/

/t/

/u/

/p/

/t/

/p/

/t/

V1

V2

V1

V2

V1

V2

V1

V2

V1

V2

V1

V2

V1

V2

V1

V2

V1

V2

V1

V2

0.13
0.08
0.13
0.09
0.14
0.11
0.16
0.13

0.09
0.06
0.13
0.06
0.13
0.07
0.15
0.07

0.08
0.06
0.1
0.07
0.09
0.08
0.11
0.07

0.1
0.07
0.15
0.06
0.17
0.09
0.17
0.07

0.08
0.07
0.08
0.06
0.1
0.07
0.1
0.08

0.08
0.07
0.08
0.05
0.11
0.07
0.12
0.08

0.07
0.06
0.09
0.07
0.07
0.05
0.1
0.07

0.08
0.06
0.09
0.06
0.11
0.08
0.17
0.07

0.09
0.07
0.08
0.06
0.11
0.08
0.13
0.11

0.12
0.07
0.15
0.06
0.14
0.06
0.16
0.09

0.07
0.06
0.06
0.05
0.07
0.05
0.09
0.06

0.1
0.07
0.15
0.07
0.16
0.09
0.16
0.08

0.12
0.08
0.13
0.08
0.13
0.09
0.16
0.12

0.09
0.07
0.17
0.07
0.12
0.08
0.15
0.09

0.1
0.07
0.14
0.08
0.12
0.09
0.14
0.09

0.09
0.06
0.17
0.08
0.15
0.08
0.2
0.08

0.11
0.08
0.1
0.06
0.1
0.08
0.14
0.09

0.1
0.06
0.16
0.06
0.12
0.08
0.17
0.07

0.06
0.05
0.07
0.05
0.07
0.05
0.09
0.06

0.09
0.05
0.15
0.07
0.13
0.07
0.16
0.06

Figure 2. Illustration of computation of range and extent of anticipatory coarticulation (AC) and carryover coarticulation (CC)
l using F2
m
N3 
2N3 
4Þ
in V1 C2 V2 context. These are denoted by qAC , AC , qCC , CC . N1 ¼ 3 , N2 ¼ 3 , N5 ¼ N4 þ ðN1N
,
3
l
m
ðN1N4 Þ
, where dxe is the smallest integer greater than x.
N6 ¼ N4 þ 2 
3

formant values shift either above or below the formant at
vowel nucleus, F2V1 . This is computed by first finding the
average of the formant values over the later half of V1
(ðN1 þ N2 Þ=2  n  N3 ) as follows:
V1
MF2

¼

1

N3
X

2
ðN3  N1 þN
þ 1Þ n¼ðN1 þN2 Þ=2
2

F2½n:

comparison result, qAC is calculated as the absolute difference between the F2V1 and the average of the formant
values in the respective set. Thus,

ð2Þ

The formant values in the later half of V1 are divided into
two sets with their respective sets of indices as follows:
 


V1 N1 þ N2
 n  N3 ;
I1 ¼ nF2½n [ F2 ;
2
 

ð3Þ

V1 N1 þ N2
 n  N3 :
I2 ¼ nF2½n  F2 ;
2
V1
Then, MF2
is compared with F2V1 . Depending on the

qAC

8
X

V1
>
F2V1  1
>
F2½n; MF2
[ F2V1
>
<
jI1 j n2I1
¼ 

1 X
>
V1
V1
>
>
F2½n; MF2
 F2V1
: F2  jI j

ð4Þ

2 n2I2

where jI1 j and jI2 j denote the cardinality of sets I1 and I2 .
qAC measures the degree to which the formant values
alter toward the end of V1 indicating the range of
anticipatory coarticulation (AC). In order to compute
AC , at first we compute sAC , which is the average location of the formant values in the respective group. This is
defined as follows:

Sådhanå (2021)46:128

sAC

Page 5 of 12

8P
>
n2I1 n  F2½n
V1
>
; MF2
[ F2V1
>
< P
n2I1 F2½n
¼ P
>
>
n2I n  F2½n
V1
>
; MF2
 F2V1
: P2
F2½n
n2I2

ð5Þ

Thus, sAC measures the average time location at which the
formant change occurs. However, the extent of AC refers to
the time duration from the onset of the consonant at which
the coarticulation occurs in the later half of V1 . This
duration can be found as N3  sAC . While this measures the
absolute value of the time duration, it may not be appropriate to use this directly as extent of coarticulation, as it
can change significantly due to speaking rate which changes the duration of V1 itself. Hence, we normalize using
duration of V1 to define the extent of AC, AC , as follows:
AC ¼ 1 

sAC
N3

ð6Þ

Similar to qAC and AC , the carryover coarticulation range
(CCR) and carryover coarticulation extent (CCE), denoted
by qCC and CC respectively, are defined using the V2 . In
order to compute qCC and CC , the definitions of qAC and
AC (Eqs. 4, 5, and 6) are used as described above except
that the formant values in V2 are time reversed before they
are used for range and extent computation.
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pattern occurs the most in the V1 C2 (Vfast, Slow rates)
region for V1 =/i/ (47,47) followed by /e/ (45,47), /a/
(36,35), /o/ (35,27) and /u/ (23,13). This suggests that B
pattern in the V1 C2 boundary occurs more for front vowel
with C2 =/p/ than for back vowels. However, no such vowelspecific trend in the A, B patterns is observed in C2 V2
boundary, rather B pattern is observed in most of the cases.
Similar analysis with C2 =/t/ reveals that there are more
AA patterns. In particular, when each vowel is considered in
V1 and rest of the vowels in V2 are combined, we observe
that a large number of A patterns occurs for three vowels in
the V1 C2 boundary (Vfast, Slow rates), namely /o/ (48,48),
/u/ (44,47) and /a/ (48,48), while less number of A patterns
occur for /i/ (25,22) and /e/ (36,33). A similar trend is
observed in the C2 V2 boundary (Vfast, Slow rates), where
large number of A patterns occur in /o/ (43,43), /u/ (46, 40)
and /a/ (33, 35) and less patterns occur for /i/ (29,25), /e/
(18, 17). Thus, contrary to C2 =/p/, A pattern in the both
V1 C2 and C2 V2 boundaries occurs more for back vowels
with C2 =/t/ than for front vowels. Interestingly, the A,
B patterns are found to be consistent in most of the stimuli
in both speaking rates.

4. Experiments and results

3.2 Illustration of range and extent
Illustrative examples of ACR, ACE, CCR, and CCE are
presented in Figure 3, where one exemplary pV1 C2 V2
stimulus is considered for each of four speakers. We report
the values of qAC and AC at bottom left and qCC and CC at
bottom right of each sub-figure in Figure 3. It is interesting
to observe that the F2, at the V1 C2 boundary, shifts above
(denoted by A) the formant value at V1 nucleus in the
chosen stimulus /pito/ for TF1 (Figure 3a) and in /pote/ for
TF2 (Figure 3b). Similarly, the F2, at the V1 C2 boundary,
shifts below (denoted by B) the formant value at V1 nucleus
in the chosen stimulus /papu/ for TM1 (Figure 3c) and in /
pipu/ for TM2 (Figure 3d). Similar A and B patterns also
occur in the F2 values in the C2 V2 boundary for different
stimuli and speakers. Considering anticipatory and carryover coarticulations together, these individual patterns
result in a total of four pairs denoted by AA, AB, BA and
BB.
In order to examine how these patterns change across
rates and stimuli we report the count of four pattern pairs in
Figure 4. Each bar corresponds to one V1 C2 V2 stimulus
with 12 (3 repetitions  4 speakers) instances with stacked
bars of four colors, each representing one of the four pattern
pairs. When C2 =/p/, we observe that the BB pattern is more
dominant in both Slow and Vfast rates. When each vowel is
considered in V1 and rest of the vowels in V2 are combined
(i.e., a total of 124=48 instances), we observe that B

4.1 Vowel space
The vowel space represented by F1-F2 coordinates is
known to vary with speaking rates and consonant context.
With an increase in speaking rate Augustine Agwuele et al
[1], have shown that there is a reduction in vowel space. An
earlier study on the effect of consonant context on the
vowel space [9, 29] have shown large shifts in formant
patterns for particularly rounded vowels in alveolar context.
In this work, we analyze the impact of speaking rates and
consonants (C2 =/p/ and /t/) on V1 in pV1 C2 V2 stimuli. The
median values of F1 and F2 in the V1 nucleus are used for
obtaining the vowel space. Figure 5 illustrates change in
vowel space for female speakers (in first row) and male
speakers (in second row) with the change in C2 from /p/ to /
t/ at Slow and Vfast rates separately. The arrow in each
figure indicates the change in the formant frequencies for a
vowel when C2 is changed from /p/ to /t/. Further, we
observe that, from Slow to Vfast speaking rate, there is a
reduction in vowel space. To quantify these observations,
we perform a one-way ANOVA test (1 df between groups,
22 df within groups) to measure the difference in means of
formant values between two speaking rates separately for
each C2 , the p-values of which are presented in last two
major columns of Table 2. This is also repeated for two
groups of C2 =/p/ vs /t/ separately for each speaking rate, the
p-values of which are presented in first two major columns
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Figure 3. Illustration of ACR, ACE, CCR and CCE on one exemplary pV1 C2 V2 stimulus for each of four speakers. The stimuli are
chosen to cover both intervocalic consonants /p/, /t/ and speaking rates. The F2 values are plotted in each case to show whether the
formant values at the consonant boundary changes above (A) or below (B) the formant value at vowel nucleus (indicated by black
horizontal dash-dotted line). In the chosen examples, these patterns for anticipatory and carryover coarticulations are a) AA, b) AB, c) BA,
d) BB. The F2 segment in light red color corresponds to the intervocalic consonant.

10

Vfast 5

/uto/
/uti/
/ute/
/uta/
/otu/
/oti/
/ote/
/ota/
/itu/
/ito/
/ite/
/ita/
/etu/
/eto/
/eti/
/eta/
/atu/
/ato/
/ati/
/ate/
/upo/
/upi/
/upe/
/upa/
/opu/
/opi/
/ope/
/opa/
/ipu/
/ipo/
/ipe/
/ipa/
/epu/
/epo/
/epi/
/epa/
/apu/
/apo/
/api/
/ape/

0
10
Slow 5
0

Figure 4. Count of BA, AA, BB and AB patterns for each V1 C2 V2 stimulus for both Vfast and Slow rates.

of Table 2. The significant (p\0:05) results are indicated in
blue color while the rest are indicated in red color. In the
case of Slow rate (first major column in Table 2), significant formant change occurs for all five vowels and all four
speakers except for V1 =/a/ in case of TM1 and V1 =/i/ in
case of TF1 and TF2. On the other hand, in the case of
Vfast rate (second major column in Table 2), significant
formant change occurs for all vowel and speaker combinations except for V1 =/o/ in case of TM2.
When C2 =/p/ (third major column in Table 2), significant
formant change occurs due to speaking rate for all speaker

and vowel combinations except for TM1 in the case
of V1 =/a/. On the other hand, when C2 =/t/ (fourth major
column in Table 2), only thirteen (among 20) speaker and
vowel combinations show significant formant change (indicated by blue colors) due to speaking rate. It is also interesting
to observe that, with C2 =/t/, less number of significant results
are obtained for V1 =/a/, /e/, and /i/ and not for back vowels.
This could be could be because of more similarity of the
articulatory configuration of /t/ with front & mid vowels
compared that with back vowels. This observation is found to
be consistent with results reported earlier [10].

Sådhanå (2021)46:128

Page 7 of 12

128

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 5. Vowel space (F1-F2) of five different vowels in V1 for female and male speakers in Slow and Vfast rates for C2 =/p/ and /t/ in
pV1 C2 V2 stimulus.

Table 2. p-values from ANOVA test to measure the difference in means of V1 formant values between C2 =/p/ vs C2 =/t/ separately for
each speaking rate (first two major columns) and to measure the difference in means of V1 formant values between two speaking rates
separately for each C2 (last two major columns) in pV1 C2 V2 stimulus.

4.2 Consonantal effects on V-C and C-V
coarticulation
Consonantal effects on ACR, ACE, CCR and CCE is
examined for each speaker separately at Slow and Vfast
speaking rates. A one-way ANOVA test (1 df between
groups, 22 df within groups) has been conducted to check
the significance of difference of mean values between the /
p/V1 /p/V2 vs /p/V1 /t/V2 separately considering each of five
vowels in V1 , for each of which the remaining vowels in V2
are considered together. The results of the ANOVA test

show that the consonants exert more significant effects
(p\0:05) on ACR and CCR than ACE and CCE across
speakers and across the speaking rates. Significant consonantal effect on ACE in Slow speaking rate is observed
only for V1 =/a/, /o/ and /u/ in case of speaker TF1, TM2
and TF1 respectively. No significant consonantal effect on
ACE in Vfast speaking rate is observed. However, there are
more instances of significant consonantal effect on CCE
compared to that on ACE. For example, significant consonantal effect on CCE in Slow speaking rate for V2 =/a/
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and /o/ occurs in case of two speakers while that for V2 =/e/,
/i/, and /u/ occurs for only one speaker. Similarly, significant consonantal effect on CCE in Vfast speaking rate for
V2 =/a/ and /o/ is observed in case of three speakers while
that for V2 =/u/ and /e/ occur for two and one speaker
respectively. However, no significant consonantal effect on
CCE is found for V2 =/i/ in Vfast speaking rate.
As there are more significant consonantal effect on ACR
and CCR than on ACE and CCE, we summarize these
effects on ACR and CCR in Figure 6. It is clear from the
figure that significant consonantal effect on ACR in Slow
speaking rate happens consistently across more speakers in
case of V1 =/a/, /o/ (four speakers) than in case of V1 =/i/
(three speakers), /e/ (two speakers) and /u/ (one speaker).
On the other hand, in Vfast speaking rates this happens
consistently across more speakers in case of V1 =/i/ and /o/
(four speakers) than in case of V1 =/e/ (two speakers), /a/,
and /u/ (one speaker each).
Significant consonantal effect on CCR in Slow speaking
rate happens consistently for all speakers only in case of
V2 =/o/. For none of the vowels this happens in Vfast
speaking rate. In Slow speaking rate, three speakers show
significant consonantal effect on CCR in case of V2 =/i/ and
/e/, while only two speakers show the same in case of V2 =/
a/ and /u/. In the Vfast speaking rate, a maximum of three
speakers show significant consonantal effect on CCR in
case of V2 =/a/, while two speakers show the same in case of
V2 =/i/ and only one speaker shows the same in case of V2 =/
e/ and /u/.

TF1

4.3 Change in V-C and C-V coarticulation
across vowels for a fixed intervocalic consonant
We examine how the ACR and ACE alter across five
vowels in V1 for a given consonant in C2 in a speaking rate
specific manner for every speaker. For each of five vowels
in V1 position, the median of ACR for three repetitions for
each of the remaining vowels in V2 are grouped together. A
one-way ANOVA test (4 df between groups, 15 df within
groups) has been conducted to measure the significance of
difference in means of ACR across five such group corresponding to five vowels. This is repeated for ACE also.
Similarly, the effect on CCR and CCE are examined across
five vowels in V2 for a given consonant in C2 in a speaking
rate specific manner for every speaker.
No significant (p\0:05) difference in mean ACE among
five vowels in V1 is observed except for speaker TF1 when
C2 =/p/ and for speaker TF2 when C2 =/t/ in Slow speaking
rate. Similarly, no significant difference in mean CCE is
observed except for speakers TF1, TF2, TM2 when C2 =/p/
and for speakers TF2 when C2 =/t/ in Slow speaking rate. In
Vfast speaking rate no significant difference in mean CCE
is observed except for speakers TF1, TF2 when C2 =/p/ and
for TM1 when C2 =/t/. Thus, significant impact on extent of
coarticulation is primarily found more in the case of female
speakers than male speakers considered in this study.
However, the impact on ACR and CCR occurs irrespective
of gender of the speakers. For every combination of speaker
and speaking rate, the mean of the ACR values for all five
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Figure 6. Illustration of consonant effect on ACR and CCR in different speaking rates. Significant results are indicated by U.
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Figure 7. Comparison of ACR and CCR values across five vowels in a speaker and rate specific manner separately for C2 =/p/ and C2 =/
t/. Significant results are indicated by U.

vowels in V1 are shown in barplot in top row of Figure 7 for
C2 =/p/ as well as /t/. The significant cases are indicated by
U. Otherwise  is used. Similarly the mean of the CCR
values are shown in bottom row of Figure 7.
It is clear from the figure that mean ACR values for all
five vowels in V1 are significantly (p\0:05) different for
all speaker and speaking rate combinations except for TM1
in Vfast rate when C2 =/p/ and for TF1 in Vfast rate when
C2 =/t/. It is interesting to observe that when significant
results are observed with C2 =/p/, the ACR values in the
case of front vowels (/e/, /i/) in V1 are more than those for
back vowels (/o/, /u/) for all speakers. Similarly, when C2 =/
t/, the ACR values in the case of back vowels (/o/, /u/) in V1
are more than those for front vowels (/e/, /i/) for all
speakers.
From the bottom row in Figure 7, it can be observed that
mean CCR values for all five vowels in V2 are significantly
(p\0:05) different for all speaker and speaking rate combinations except for TM1 in Slow rate and TF1 in Vfast rate
when C2 =/p/ and for TM2 in Vfast rate when C2 =/t/.
Similar to the ACR case, it can be seen that when significant results are observed with C2 =/p/ in Slow speaking rate,
the CCR values in the case of front vowels (/e/, /i/) in V1
are more than those for back vowels (/o/, /u/) for all
speakers. However, this is not observed for all speakers in
case of Vfast speaking rate. On the other hand, when C2 =/t/,
the CCR values in the case of back vowels (/o/, /u/) in V1
are more than those for front vowels (/e/, /i/) for all
speakers.Table 3.Top (bottom) table: V1 tV2 stimuli listed
in each row in the descending order of the change of their
ACR (CCR) from Slow to Vfast speaking rates. Each row
in the table corresponds to one speaker. The amount of

change in ACR and CCR for the first and last entry in the
list are provided next to the respective stimulus. Blue and
violet colors indicate positive and negative differences
respectively

4.4 The effect of speaking rate on V-C and C-V
coarticulation
We examine the effect of speaking rate on the range and
extent of both anticipatory and carryover coarticulations for
all pV1 C2 V2 stimuli for C2 =/p/ and C2 =/t/ separately.
Considering five vowels in V1 and V2 , there are a total 20
asymmetrical stimuli for each choice of C2 . We investigate
whether there is a change in range and extent of coarticulation from Slow to Vfast rate in a consonant specific
manner. For example, for C2 =/p/, we consider median of
ACR from three repetitions of each of 20 stimuli in Slow
and Vfast rate separately. This results in 20 pairs of values.
A one-way ANOVA test (1 df between groups, 18 df within
groups) has been conducted to measure the difference in
mean ACR values between Slow and Vfast rates. This is
repeated for ACE, CCR and CCE separately. Similarly,
when C2 =/t/, the ANOVA test is also carried out for ACR,
ACE, CCR, and CCE separately.
No significant (p\0:05) rate effect is observed for CCE
in both C2 =/p/ and /t/. This is true for ACE also except for
C2 =/p/ in case of TF1 and C2 =/t/ in case TM1. Interestingly, when C2 =/p/, no significant rate effect is found on
ACR and CCR. On the contrary, when C2 =/t/, the ACR and
CCR drops significantly from Slow to Vfast rate except for
speaker TM2 in case of CCR. The change in ACR from
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Table 3. Top (bottom) table: V1tV2 stimuli listed in each row in the descending order of the change of their ACR (CCR) from Slow to
Vfast speaking rates. Each row in the table corresponds to one speaker. The amount of change in ACR and CCR for the first and last entry
in the list are provided next to the respective stimulus. Blue and violet colors indicate positive and negative differences respectively

Slow to Vfast speaking rates is computed by subtracting the
ACR in Slow rate from the ACR in Vfast rate. When the 20
stimuli for each speaker are sorted in descending order of
change in the ACR (as shown in the top part of Table 3), it
is clear that only a few of them show positive change (blue
color). This is true for CCR as well (as shown in lower part
of Table 3).
From the table, when stimuli for ten maximal drops (i.e.,
negative change) are considered in the case of ACR from
all speakers, it turns out the drop in ACR occurs for both /
oti/ and /ato/ consistently across all four speakers. However, the stimuli for which the drop in ACR occurs in the
case of three among four speakers are /atu/, /eto/, /ota/, /ote/
, /uti/. It is interesting to observe that the stimuli, where a
drop in ACR happens consistently across majority of
speakers, have V1 primarily as back vowel and the
respective V2 does not come from the same vowel category.
The stimuli where a drop in CCR occurs consistently for
three or more speakers are /otu/, /oti/, /itu/, /ita/, /etu/, /atu/,
/ato/. Most of these have back vowels in V2 . It could be
because articulatory configuration for /t/ is more similar to
front vowels than back vowels; hence, there could be more
coarticulatory resistance due to /t/ which gets affected
significantly by speaking rate.

5. Discussion
The effect of consonant context on vowel space has been
significantly observed in Toda for both Slow and Vfast
rates. This is consistent with the findings by Jacewicz et al
[11] who reported that consonantal context has a significant
and systematic effect on the amplitudes of individual formants at the vowel nucleus. Results on the effect of consonant context on vowel space in this study is also similar
to the reports by Gobl et al [6], who conducted a fine-

grained analysis of the voice source to show that the
influences on the vowel’s mode of phonation depend on the
manner of articulation of the consonant.
Unlike range, the extent in both anticipatory and carryover
coarticulation is found to be not significantly affected either
due to rate or consonant context. It is tightly linked to the way
we defined the extent of coarticulation. It should be noted that
the extent in this study has been defined as a percentage of the
respective vowel duration. Vowel lengthening in presence of
consonant is well known [13]. Similarly the speaking rate
alters the vowel duration. Thus, when the extent of coarticulation is measured as duration of a part of the vowel, it would
not reflect the speaking rate and consonantal effect on coarticulation extent. Rather it would indirectly reflect the change
in vowel duration due to speaking rate and consonant context.
The normalization by the vowel duration, in this study,
enables to have a measure of extent which captures factors
other than that due to change in vowel duration. No significant result using extent of coarticulation indicates that irrespective of rate and consonant context, the articulatory
planning associated to V-C and C-V coarticulation production occurs essentially at the same time relative to the vowel
segment in the respective cases.
Front vowel to alveolar consonant and vice-versa is
found to provide more coarticulatory resistance compared
to that for labial consonant. This is clear from both the
effect of speaking rate as well as the consonant effect on
V-C and C-V coarticulation. Such observations could be
associated to the gestural antagonism [25]. Front vowel and
labial consonants could be gesturally antagonistic. Interestingly, in this study with two male and two female subjects, it is found that the significant results of coarticulatory
effects often come from the female speakers more than the
male speakers. While limited in gender variability, this
study indicates that there could be a gender bias for coarticulation in Toda.

Sådhanå (2021)46:128
The consonants exert significant coarticulatory effects on
the vowels /a/, /o/ and /i/ compared to the vowels /e/ and /u/
in both the anticipatory and carryover coarticulation. And it
is a universal phenomenon that the labial consonant /p/ is
free to coarticulate compared to the lingual consonant /t/ as
the latter one requires more constrained lingual articulation.

6. Conclusions
Acoustic analysis using V1 C2 V2 sequences from two male
and two female Toda speakers in this study has several
interesting findings about the effect of speaking rate and
consonant context on the vowel space and anticipatory and
carryover coarticulation. Significant drop in the vowel
duration is observed from Slow to Vfast rate for both V1
and V2 for all combinations of intervocalic consonants and
subjects. The duration of V1 is found to decrease from
consonant context /p/ to /t/ for both slow and fast speaking
rates for majority of the subjects. However, no such trend is
observed for V2. It is found that formant values drop at the
onset of intervocalic consonant compared to the formant
value at the V1 nucleus more for front vowels with C2 =/p/
than for back vowels. On the other hand, the formant values
at the onset and offset of intervocalic consonant increase
compared to the formant values at the V1 and V2 nucleus
respectively more for back vowels with C2 =/t/ than for
front vowels. Further, we find that, from Slow to Vfast
speaking rate, there is a reduction in vowel space except for
C2 =/t/, for which significant results are obtained when V1 is
either a front or mid vowel and not a back vowel.
Several interesting results from coarticulatory analysis
are found. For example, consonants exert more significant
effects on anticipatory and carryover range than anticipatory and carryover coarticulation extent across speakers and
across the speaking rates. Unlike anticipatory and carryover
coarticulation extent, coarticulation range for all five
vowels in V1 are found to be significantly different for
majority of speaker and speaking rate combinations. It is
interesting to observe that when such significant results are
observed with C2 =/p/, the anticipatory coarticulation range
values in the case of front vowels in V1 are more than those
for back vowels for all speakers. Similarly, when C2 =/t/, the
anticipatory coarticulation range values in the case of back
vowels in V1 are found to be more than those for front
vowels for all speakers. No significant rate effect is
observed for carryover coarticulation extent for /p/ and /t/
as intervocalic consonant for majority of the subjects. This
is also found to be true for coarticulation range when C2 =/
p/. However, when C2 =/t/, the coarticulation range drops
significantly from slow to fast rate for most of the speakers.
Toda is an unique under-resourced language spoken by a
very small community and it has no written script. This
makes it difficult to find Toda speakers who can spend time
for such a study. While several of these findings
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corroborate with previously reported results, few of the
findings reveal gestural antagonism and unique nature in
which speaking rate and consonant context affect the vowel
space in both anticipatory and carryover coarticulation. In
order to further understand the speaking rate and consonantal effects on coarticulation in Toda, it is essential to
conduct some studies in the future to examine the effect of
retroflex, palatal and alveolar consonants on coarticulation
in Toda.
A study with stimuli which includes Toda-specific
vowels and consonants is required to bring out Todaspecific characteristics in comparison with other languages.
Also a study a with large number of subjects is required to
minimize significant gender bias on the results reported in
this study. Additionally as a future objective, a set of
suitable stimuli has to be designed to study the effects of
V-V coarticulation.
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