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Purpose: The Long-Term Average Speech Spectrum (LTASS) and Dynamic Range (DR) of
speech strongly influence estimates of Speech Intelligibility Index (Sll), gain and compres-
sion required for hearing aid fitting. It is also known that acoustic and linguistic characteris-
tics of a language have a bearing on its LTASS and DR. Thus, there is a need to estimate
LTASS and DR for Indian languages. The present work on three Indian languages fills this
gap and contrasts LTASS and DR attributes of these languages against British English.

Methods: For this purpose, LTASS and DR were measured for 21 one-third octave bands in
the frequency range of 0.1 to 10 kHz for Hindi, Kannada, Indian English and British English.

Results: Our work shows that the DR of Indian languages studied is 7-10 dB less relative to
that of British English. We also report that LTASS levels for Indian languages are 7 dB lower
relative to British English for frequencies above 1 kHz. Finally, we observed that LTASS and
DR attributes across genders were more or less the same.

Conclusions: Given the evidence presented in this work that LTASS and DR characteristics
for Indian languages analyzed are markedly different than those for BE, there is a need to
determine Indian language specific Sll, as well as gain and compression parameters used in
hearing aids.

Keywords: Long-average speech spectrum, Dynamic range, Integration time, Dynamic
range definition, Phoneme distribution

INTRODUCTION

The Long-term Average Speech Spectrum (LTASS) and Dynamic Range (DR) of speech
strongly influence estimates of Speech Intelligibility Index (SII) [1], and also prescribed
gain and compression required for hearing aid [2-4]. It is also known that acoustic and
linguistic characteristics of a language have a bearing on LTASS and DR. Thus, the SII
[5,6] as well as optimal gain and compression required for hearing aids can be language
dependent [7-9]. Unfortunately, not many studies have been conducted to estimate
LTASS and DR for Indian languages, which are spoken by over1.3 billion people. The
present study addresses this need by measuring LTASS and DR for Kannada (KL) which
is spoken in a part of Southern India, Hindi (HL) which is spoken by majority of North
Indians, and English as spoken by Indians, termed as Indian English (IE). For purpose
of comparison similar measurements were also made for British English (BE).

127

ECRCD

Received: July 3, 2021
Revision: August 31, 2021
Accepted: August 31, 2021

Correspondence:
Nachiketa Tiwari

Department of Mechanical Engineering,
Indian Institute of Technology, Kanpur,
India

Tel: +9559270306

Fax: +9559270306

E-mail: ntiwari@iitk.ac.in

© 2021 The Korean Association of Speech-
Language Pathologists

This is an Open Access article distributed under the
terms of the Creative Commons Attribution Non-
Commercial License (https://creativecommons.org/
licenses/by-nc/4.0/) which permits unrestricted non-
commercial use, distribution, and reproduction in any
medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.21849/cacd.2021.00465&domain=pdf&date_stamp=2021-08-31

Clinical Archives of Communication Disorders / Vol. 6, No. 2:127-134 / August 2021

Long term average speech spectrum

The LTASS is a frequency-dependent measure of time-aver-
aged sound pressure level for speech. It provides a global rep-
resentation of acoustic characteristics of continuous speech
[2]. There are many factors that influence the LTASS, and lan-
guage is a very important factor among these [10-12]. Byrne et
al. [13] studied 13 different languages and observed that the
differences in LTASS levels across languages do not exceed
3dB. They attributed such small differences to variations in
the frequency of occurrence of different phonemes across
languages. Based on such an understanding, they recom-
mended the use of a universal i.e., language-independent
LTASS for different applications. However, there is no hard
data to show conclusively that such differences are indeed not
significant, especially for languages which were not covered
in Byrne’s study. In fact Noh and Lee [10] showed that LTASS
levels for Korean were 5-8 dB lesser relative to English at fre-
quencies above 1.6 kHz.

We would also like to point out that there are several studies
showing that Indian languages differ significantly from Eng-
lish in terms of phoneme distribution and acoustic properties.
Differences in phoneme distribution have been reported for
Hindi [14], Kannada [15] and several other Indian languages
[16]. Further, acoustic properties of Indian phonemes are also
markedly different vis-a-vis English, as reported by Kochetov
and Sreedevi [17] and Tabain and Kochetov [18]. Such differ-
ences may be a source of a marked difference in LTASS for In-
dian languages relative to English.

However, there is only one study [19] which explores LTASS
for some Indian languages; Malayalam, Hindi and Kannada.
Among these, Malayalam was reported to have maximum en-
ergy relative to English in the 0.25-1 kHz band, in higher
bands LTASS values were more or less the same. However,
their LTASS estimates cannot be compared with those re-
ported by Byrne et al. [13] for two reasons. One, Mili et al. [19]
did not normalize their signal to normal conversational level
and two, they measured LTASS levels in octave bands instead
of one-third octave bands. Therefore, Mili’s study suggests
that there is indeed a strong need for a detailed study of LTASS
for Indian languages.

Dynamic range

The dynamic range of speech (DR) is often defined as the dif-
ference between its maximum and minimum levels. It plays
an important role in design of algorithms for predicting
speech intelligibility, prescribing gain for hearing aids, design
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and selection of acoustic transducers for mobile phones and
head-sets, and also for compressing signal for various applica-
tions.

The DR of speech is often estimated in 1/3rd octave bands.
It is calculated by breaking the speech sample over a series of
small time windows (integration time), determining the
speech level for each window, and finally computing the DR
for the signal. Such computations are performed for different
frequency bands. The DR of speech is affected by several fac-
tors; integration time [20-22], DR definition [21,22], and fre-
quency band [3,13,20-23].

Byrne et al. [13] measured DR of speech, using a 99-1% def-
inition, for 13 different languages and reported a frequency
averaged DR of 30 dB across frequencies for all languages,
sans Japanese (36 dB) and Australian English (26 dB). They
also reported that DR levels across frequency bands varied by
as much as 7 dB. In 2014, Jin et al. estimated DR values for
three languages; Korean, Mandarin, and English. They re-
ported that the DR for Korean is 11 dB less at lower frequen-
cies, and 10 dB more at mid and high frequencies relative to
English. They attributed such differences to variations of pho-
neme distributions between Korean and English. These works
show that DR values can be remarkably different across lan-
guages. Thus, there is a need to characterize Indian languages
in terms of DR as well.

Thus the present study had two objectives; to analyse differ-
ences in LTASS across three Indian languages (KL, HL, and
IE) and BE, and to analyse differences in DR for these lan-
guages corresponding to different combinations of DR defini-
tions, integration times, and frequency bands.

METHODS

Talkers

We recorded speech samples from 6 males and 6 females in
each of the three languages studied. Further, British English
samples were the same as those used by Moore et al. [3]. All the
participants were native speakers of their respective languages
and no one had any apparent speech abnormalities. Their age
ranged between 20 and 35 years. The mean age of participants
was 25.4 years across all Indian languages. BE speakers were
aged between 21 and 53 years with a mean of 36 years.

Speech Material
Participants were asked to read a standardized test passage
developed at All India Institute of Speech and Hearing, My-



sore in normal conversational style. A majority of speakers
took about 90 seconds to read the text passage. For BE, the
corresponding duration was 55 seconds.

Instrumentation and procedure for recording
For Indian languages, samples were recorded in an acousti-
cally treated room with ambient noise level less than 30 dBA.
For this a recording microphone (B & K, 4189) was placed
about 20 cm away from the speaker. The microphone was at
the level of speaker’s mouth and was placed in front of it. The
speech material was placed 30 cm away from the speaker. It
was placed below the microphone level to avoid any possible
reflections. Speakers read texts at normal speed and loudness
levels. The sound level was also monitored through a sound
level meter. Signals from the microphone were digitally re-
corded at a sampling frequency of 48 kHz using 24-bit A/D
converter (NI-9234) in MATLAB® environment.

For BE, recordings were made in a sound-treated room with
a microphone (Sennheiser, MKH 40 P 48 U3). All recordings
were made at a sampling rate of 44.1 kHz. More details about
recording equipment, procedure and room for BE samples
are provided in Moore et al. [3].

Acoustical analysis procedure

All recordings were edited in Audacity” to remove extraneous
sounds and pauses for breath. However, pauses between sen-
tences were retained. Any low-frequency noise attributable to
building vibrations and ventilation system was also filtered
out through use of a fourth order high-pass elliptic filter with
0.01 dB of passband ripple and 50 dB of stopband attenuation
with edge frequency of 70 Hz.

Next, LTASS and DR were calculated. For this, first the over-
all level of all recorded samples was scaled to 65 dB which
corresponds to normal conversation level [24]. Next, the sam-
ple was filtered for 21 one-third octave bands. The filter attri-
butes were similar to those used by Moore et al. [3]. Next,
band specific LTASS was calculated. For determining DR as a
function of frequency, each band specific time series data was
passed through a moving average filter by convolving with a T
ms long Hanning window in steps of T/2 millisecond. Here, T
corresponds to integration time. For each such window, the
average value of data in its first and second halves were calcu-
lated. Next, the band-specific DR values were calculated using
different DR definitions. For each speech sample DR was esti-
mated for 10 integration times (T=1,2, 4, 8, 16, 32, 64, 128, 256,
and 512 ms) corresponding to three different definitions; 99-
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20%, 99-10%, and 99-1%. Thus, for each language we com-
puted 30 different estimates of DR corresponding to each one-
third octave band. Finally, the overall dynamic range (DR,) for
each language was calculated by averaging values of DR
across 21 one-third octave bands.

Statistical Analysis

Shapiro-Wilks tests for LTASS and DR indicated that these
data did not exhibit normal distribution. Thus, non-paramet-
ric tests (Kruskal-Wallis test, and Dunn’s test) were used to as-
sess presence of significant differences in DR and LTASS
across languages, if any. All statistical analyses were per-
formed using R software [25].

Results and Discussion

Long-term average speech spectrum

Figure 1 is a comparison of LTASS levels for BE as measured in
this study with data presented by Byrne et al. [13] and Moore
etal. [3]. The figure shows that our results agree very well with
earlier data. Such consistency establishes the validity of our
analysis procedure.

Figure 2 shows mean LTASS levels for all languages studied
in this work for male and female speakers, respectively. It can
be observed from the Figure that LTASS levels for male speak-
ers vary between 48 and 55 dB for frequencies up to 0.5 kHz
regardless of languages. Beyond 0.5 kHz we note that the
LTASS level for BE starts falling monotonically roughly at a
rate 4.0 dB/octave and becomes 35 dB between 6.3 and 10
kHz. We also observe that among Indian languages, LTASS
curve for KL exhibits the steepest decline rate (7.1 dB/octave)
and the LTASS value becomes 28 dB between 6.3 and 10 kHz,
while the same for HL and IE decline at a rate of 5.6 dB/oc-
tave. Thus, LTASS curves for HL and IE lie between those cor-
responding to KL and BE. Such trends for HL and KL are very
similar to those reported by Mili et al. [19]. However, compari-
sons of absolute LTASS levels between these two studies can-
not be made as Mili’s analysis procedure was significantly dif-
ferent vis-a-vis ours.

We also note that LTASS for female speakers is more or less
similar to that for males with two notable exceptions. One, for
frequencies below 0.16 kHz LTASS levels are significantly
lesser for females vis-a-vis male speakers. Two, the decay rate
of LTASS levels beyond 0.5 kHz for female speakers is some-
what lesser than those for males. Both these observations are
consistent with earlier studies as shown in Figure 1, and the
reasons for such differences have been well documented ear-
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Figure 1. Comparison of LTASS as determined in present study for BE with those reported by Moore et al. (2008) and Byrne et al. (1994).
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Figure 2. LTASS as a function of frequency.

lier [2,3,10,12,13,26].

Figure 2 also shows that LTASS levels of BE are 5-10 dB
higher (p <0.05) at frequencies above 1 kHz relative to HL and
KL. Such differences in LTASS levels occur because HL and
KL tend to use phonemes with high-frequency energy such as
/d/, 11/, /tf/, /d3/, /t/, and /s/ far less often relative to English
as shown in Table 1. We have also noted that LTASS levels for
BE are appreciably higher than those for IE. Such differences
could be attributable to the influence of speakers’ native ac-
cents on acoustical properties of their oral renditions of pas-
sages from a non-native language [27-29].

Statistical analysis of our data shows that the standard devi-
ation for LTASS across speakers ranges from 1.5 to 2.5 dB, and
3 to 4.7 dB for male and female speakers, respectively across
languages. These values are consistent to those reported by
Moore et al. [3].
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Table 1. Occurrence of phonemes having dominant energy at higher fre-
quency bands for English, Hindi and Kannada

Phonemes English"? Hindi® Kannada*
/d/ 3.33% 151% 2.41%
Ji7a 5.78% 3.38% 1.61%
/f/ 1.55% -Nil- -Nil-
il 0.31% 0.61% 0.36%
/z/ 2.75% 1.71% 0.44%
/s/ 461% 3.76% 1.72%
i 0.49% 1.21% 061%

"Mines et al. (1978); “Tobias (1959); *Ramakrishna et al. (1992); “Sreedevi et
al. (2012).

Dynamic Range
Figure 3 is a comparison of values of overall dynamic range
(DR,) of BE in male speakers as computed in this study, with
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Figure 3. Comparison of overall DR of BE as detailed in this work and that by Jin et al. (2014).
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Figure 4. Overall DR as a function of integration times and DR definitions.

those reported by Jin et al. [21]. For purpose of comparison
with Jin et al. [21], all the silence present between sentences in
the samples of BE, were removed. The figure shows that our
results are in reasonable agreement with those of Jin et al.,
corresponding to different combinations of integration times
and DR definitions.
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Figure 4 depicts values of DR, for all languages considered
in this study as a function of different integration times and
DR definitions. It is seen from the figure that DR, for all Indian
languages is lesser than that for BE by as much as 10 dB espe-
cially when the integration time is 64 ms or less. We also note
that such a difference approaches 0 dB as the integration time
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rises to 512 ms. Such a difference of 10 dB between the DR, for
Indian languages and BE was significantly larger than corre-
sponding standard deviation.

We attribute such a marked difference in DR, to the fact that
Indian languages tend to have more words ending with vow-
els and thus have lesser silence durations between words.
Specifically, we found that the total duration of silence in BE,
HL, and KL, were 9.1%, 5.8%, and 6.1%, respectively. This is
consistent with observations made by Varnet et al. [30], who
reported on modulation spectrum for different languages.
They noted that languages with higher Amplitude Modula-
tion Depth (AMD), e.g., English, tend to have shorter word
durations interspersed with a larger number of silences, while
languages with lesser AMD tend to have slowly fluctuating
amplitude modulation.

We also observed that the DR, for female speakers did not
exceed 2 dB relative to male speakers. Earlier studies on Eng-
lish [13,20] have also claimed that there is no significant differ-

ence in the DR, of male and female speakers.

Figure 5 shows the difference in DR for different languages
with reference to BE as a function of frequency and integra-
tion time. It is seen from the figure that DR for Indian lan-
guages is significantly less at lower frequencies (0.1-0.5 kHz)
as well as at higher frequencies (> 2 kHz). To explore such dif-
ferences further we inspected the 99% and 10% cumulative
level characteristics for all languages across different frequen-
cies as plotted in Figure 6. The figure shows that 99% level
curves for all languages are reasonably close to each other.
However, 10% level curves for Indian languages are signifi-
cantly above that of BE at low, as well as at high frequencies.
Thus, it is the 10% level curve which is primarily responsible
for lesser DR of Indian languages.

Implications
In this work we have presented strong evidence that LTASS

and DR characteristics for three Indian languages are mark-
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Figure 5. Difference between DRs of BE and Indian languages as function of frequency and integration time.
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132



edly different than those for BE. Such differences have signifi-
cant implications with regard to calculation of Speech Intelli-
gibility Index (SII), as well as prescription of gain and com-
pression parameters used in hearing aids for Indian language
speakers. This is discussed further.

Speech Intelligibility Index
As per ANSI S3.5 [1], SII can be calculated by using the follow-
ing equation.

F
_ (SNR/+ K)
SI=Y_ BIF; [Tp
=1

Here,

BIF;: Band Importance Function for /" frequency band. This
parameter is language dependent and its determined
empirically. As of now, its values have been determined
only for English [31], Koran [32], and Madeiran [33].

SNR;: Signal to noise ratio for /* frequency band in dB. It is
calculated by using language specific LTASS:.

DR;: Perceptual dynamic range in dB.

K: Kis an offset, dependent on ratio of max speech level and
its RMS level.

We note that for a given noise level band specific LTASS;
and SNR; are positively correlated. It would also be reason-
able to argue that perceptual and measured values of DR (i.e.,
DR, and DR,) are also positively correlated. Thus, the SII of a
speech can be strongly language dependent, particularly if
LTASS and DR, parameters for the language under consider-
ation are markedly different than those of English. That is in-
deed the case for languages analysed in this work. Tradition-
ally, the values of DR, have been assumed as 30 dB based on
data from studies on English speech samples [34-37]. How-
ever, our study shows that there is a strong need to determine
it for Indian languages. The same may be said for BIF; as well.

Gain and compression parameter used in hearing aid
Typically gain parameters implemented in hearing aids help
make speech audible over most of its dynamic range. As per
ANSI S3.5 [1], the minimum gain used in hearing aids is re-
lated to output level (in dBSPL) delivered to the listener by:

DRp
Output = HT + G, where G =

Here, HT corresponds to the hearing threshold for the lis-
tener in dBSPL and G is factor estimated from DR,,. A too large
value of G may cause hearing discomfort, particularly when
the HT for person is significantly high. In contrast, too little G
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may lead to loss of perception of speech. Since languages
studied in this work have DR, values significantly lesser than
that for BE, there is a need to reassess the current practice of
setting G to at least 15 dB which is half of the DR,, of English.
Further, since LTASS levels for Indian languages are at least 5
dB less than that for BE, more gain at higher frequencies may
be needed for Indian speakers.

Further, hearing aids as well as audio-headsets rely on com-
pression algorithms to reduce signal distortion and discom-
fort, especially when loudness level is very high. Such algo-
rithms use DR, to calculate the extent of compression. Once
again, given that dynamic range for Indian languages is signif-
icantly different than that of BE, these algorithms might have
to re-worked as well.
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