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Abstract

Objective: The human auditory system perceives any speech sound through the inherent temporal cues i.e., the temporal fine structure (TFS)
and envelope (ENV) cues which has its own predominance for perception across languages. Research in English and Mandarin Chinese
language showed the difference between these cues with tonal language employ more of TFS cues and non-tonal language employ ENV cues
for perception. Earlier studies on Indian language (Kannada and Malayalam) revealed ENV cues predominance for perception. Based on this,
the aim of this study was to compare stimuli in which the TFS and ENV cues had been interchanged (so-called auditory chimeras). The stimuli
were Malayalam language sentences delivered through a hearing aid using two compression schemes - syllabic compression and dual compres-
sion — and processed by a nonlinear 8-channel and 16-channel system.

Method: Thirty-five normal hearing individuals were assessed for the perception of chimeric sentences across eight sets of frequency bands
(1, 4, 6, 8, 16, 24, 32, and 64 bands). Before the administration of the chimeric sentences all the individuals were assessed for normal hearing
abilities through routine audiological evaluations.

Results: The results of the present study reveal there is a significant difference across frequency bands on both the syllabic and dual compres-
sion processed stimuli using either 8 or 16 channels. The ENV cues were better perceived whether 4, 6, 8, or 16 frequency bands were used,
with dual compression being marginally better than syllabic compression for both 8 and 16 channels. However, 16 channels gave overall better
perception than 8 channels.

Conclusions: The results of the study revealed a better processing of envelope (ENV) cues, which are most important for understanding
speech through a hearing aid.
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POROWNANIE SYLABICZNIE I PODWOJNIE SKOMPRESOWANYCH MALAJSKICH
ZDAN CHIMERYCZNYCH PRZETWORZONYCH PRZEZ APARAT SLUCHOWY

Streszczenie

Cel: Ludzki uklad stuchowy odbiera kazdy dzwigk mowy poprzez sekwencje czasowe, tj. sygnaly o strukturze subtelnej dzwieku (TFS) i sygnaly
obwiedni (ENV), ktore maja swoja przewage w percepcji w roznych jezykach. Badania w jezyku angielskim i chinskim mandarynskim wyka-
zaly roznice migdzy tymi sygnatami, przy czym jezyk tonalny wykorzystuje wiecej sygnaléw TFS, a jezyk nie tonalny wykorzystuje sygnaty
ENV do percepcji. Wczesniejsze badania jezyka indyjskiego (kannada i malajalam) ujawnily przewage sygnatéow ENV w percepcji. Celem
tego badania bylo poréwnanie dwdch schematéw kompresji malajskich zdan chimerycznych - kompresji sylabicznej i podwdjnej kompresji -
i przetwarzane przez nieliniowy system 8-kanalowy i 16-kanatowy.

Metoda: Badaniem objeto 35 0sob normalnie styszacych pod katem percepcji zdan chimerycznych w o$émiu zestawach pasm czestotliwosci
(1, 4, 6, 8, 16, 24, 32 i 64 pasma). Przed podaniem zdan chimerycznych wszystkie osoby zostaly zbadane pod katem normalnych zdolnosci
styszenia poprzez rutynowe testy audiologiczne.

Wryniki: Wyniki niniejszego badania pokazuja, ze istnieje znaczaca réznica miedzy pasmami czestotliwosci zaréwno w przypadku sylabicz-
nych, jak i podwojnie przetwarzanych bodzcéw wykorzystujacych 8 lub 16 kanalow. Sygnaty ENV byly lepiej postrzegane bez wzgledu na to,

czy zastosowano pasma czestotliwoéci 4, 6, 8 czy 16, przy czym podwdjna kompresja jest nieznacznie lepsza niz kompresja sylabiczna dla obu
kanalow 8 i 16. Jednak 16 kanaltéw dalo ogolnie lepsza percepcje niz 8 kanatéw.

Whioski: Wyniki badania ujawnily lepsze przetwarzanie sygnaléw obwiedni (ENV), ktéore s3 najwazniejsze dla zrozumienia mowy za pomoca
aparatu stuchowego.

Stowa kluczowe: zdania chimeryczne « kompresja podwojna « obwiednia « kompresja sylabiczna e subtelna struktura czasowa
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Introduction

The hearing system processes sounds by transducing a sig-
nal through the auditory nerve after which further process-
ing occurs at the level of auditory cortex. Usually, speech
stimuli consist of two temporal cues: the temporal enve-
lope cue (ENV) and the temporal fine structure (TES) cue.
The ENV cues are the slowly varying amplitudes of a speech
signal, while the TFS cue is the rapid oscillation which var-
ies in time at the centre frequency of the band [1,2]. Essen-
tially, the TFS is the carrier of the signal and the ENV is
the amplitude modulation. In a normal hearing individ-
ual the TFS cues are processed by the phase-locking abil-
ity of a normal cochlea, although the ability is restricted to
below 4 kHz [3,4]. However, for normal hearing individ-
uals the ENV cue is more important because reconstruc-
tion of the envelope takes place at the level of cochlea [5].

To study the relative contribution of these cues, several
algorithms have been employed. One among them is the
peak clipping method; however, with this method the dis-
tortion of the signal is more, which in turn affects the intel-
ligibility of the signal [6]. Later, the Hilbert transform [7]
has been used so that the perceptual significance of ENV
and TFS cues can be studied separately by constructing
hybrid sounds called ‘auditory chimeras. These chime-
ras interchange the TFS and ENV cues from two different
speech stimuli across frequency bands. Perceptual stud-
ies have revealed that, for speech perception in quiet, the
ENV cues are adequate; however speech perception in noise
needs the involvement of TFS cues for better understand-
ing of speech [8,9].

Individuals with hearing impairment who have a moder-
ate level of hearing loss experience difficulty in processing
TFS cues due to impaired phase-locking ability, probably
because depletion of inner hair cells causes broadening of
auditory filters [10]. However, in normal hearing individu-
als, ENV cues in 4 to 6 important frequency bands are ade-
quate for processing speech stimuli. However, for pitch per-
ception tasks, where TFS cues are predominantly used for
perception, 32 frequency bands are normally required [9].

Perception of auditory chimeras in both tonal and non-
tonal language (by manipulation of the frequency bands)
has revealed that, for a tonal language, TFS cues predom-
inate. However, for a non-tonal language ENV cues are
generally more important for the perception of speech,
although there is better perception starting with 4 fre-
quency bands and a gradual increase in perception as the
number of frequency bands increases [11].

With these research works as support, studies have been
done on south Indian languages such as in Malayalam
and Kannada using chimeric sentences. In Malayalam,
the speech stimuli in the lower bands have been identified
as TFS cues, whereas speech stimuli in the higher bands
rely on ENV cues [12]. However, when Kannada chime-
ric words and sentences are used, the results reveal that
ENV cues are used more than TFS cues [13]. Since diver-
gent results have been reported with two different south
Indian languages, there is a need to investigate the relative
importance of these cues when an individual with hearing
loss perceives speech through a hearing aid.

This study of simulation for moderate hearing loss was
carried out on normal hearing individuals using stimuli
processed through a hearing aid using two different sorts
of hearing aid (8-channel and 16-channel) and two dif-
ferent compression systems (syllabic and dual compres-
sion). The reason for employing these two compression
systems is that studies have shown that syllabic compres-
sion and dual compression have the same effect on speech
identification scores (SISs) for both quiet and noisy con-
ditions, but that a hearing aid user prefers to use syllabic
compression for understanding speech [14]. The present
study therefore aimed to compare the perception of ENV
and TFS cues using different compression systems and dif-
ferent number of signal processing channels. In all cases,
hearing-aid processed Malayalam chimeric sentences were
employed across different frequency bands.

Methods

A total of 35 participants (15 male and 20 females), in the
age range 18 to 30 years (mean = 22 years, SD = +2.58) who
had normal hearing and were native speakers of Malay-
alam participated in the present study. Written informed
consent was obtained. The included individuals had nor-
mal hearing thresholds on pure tone audiometry, normal
middle ear function as indicated by type ‘A tympanogram,
present acoustic reflexes on immittance evaluation, and no
history of speech and language disorder, neurologic dis-
order, or cognitive deficit. The present study was carried
out in four phases. In phase I the speech stimuli were pre-
pared as auditory chimeras across frequency bands and
consisted of 180 Malayalam sentences from developed and
standardised Malayalam sentence lists [15]. In phase II the
chimeric words were prepared. In Phase III, two types of
hearing aids (8-channel and 16-channel) were chosen and
programmed with syllabic and dual compression. The hear-
ing aid processed speech samples were then recorded. In
Phase IV identification of processed speech through the
hearing aids and recording of responses was carried out.

Phase I

The stimuli were chosen from the developed sentence list
in Malayalam [15] which is routinely used in our clinic for
testing speech identification. The full sentence list con-
sisted of 12 lists, each consisting of 10 sentences; all the
sentences were in recorded format. All the sentences in
the list had 4 words with all 4 being key words for scor-
ing. To prepare the chimeric sentences across 8 sets of fre-
quency bands (1, 4, 6, 8, 16, 24, 32, and 64 bands), a total
of 16 individual full sentence lists were needed, but in the
developed sentence list in Malayalam [15] there are only
12 full lists available. Hence there were 4 full lists lacking,
and so 4 lists from the original 12 were again random-
ized to give the 16 full lists needed. In this way, a total of
160 sentences was obtained and these were employed for
the preparation of chimeric sentences.

Phase 11

In this phase, the preparation of chimeric sentences was
done using a Hilbert transform algorithm performed
on a personal computer loaded with MATLAB 7.12.0 soft-
ware (The MathWorks Inc., release 2011a). The recorded

34

Journal of Hearing Science - 2020 Vol. 10 - No.1



Udhayakumar R. and Devi N. - Comparison of temporal and envelope cues

Malayalam sentences were fed in to extract the separate
ENV and TFS cues; the separated cues from two differ-
ent sentences were then mixed together to form a hybrid
sentence in which the sentences varied across 8 sets of
frequency bands (1, 4, 6, 8, 16, 24, 32, and 64). A total of
80 sentences were prepared using 10 sentences for each
of the frequency bands. Henceforth, this stimulus set is
referred as the unprocessed stimuli.

Phase III

In this phase, the prepared chimeric sentences were uti-
lized for the preparation of processed chimeric sentences.
First, nonlinear 8- and 16-channel hearing aids from the
Rexton Company (Sivantos group, Singapore), Joy series
20 and 30 model respectively were chosen. The features,
technical advances, and fitting range of the hearing aid
were similar except for the number of channels. These
hearing aids were programmed with two compression sys-
tems, i.e., syllabic and dual compression, to simulate 40 dB
flat hearing loss using NOAH 4.0 software for Windows
(Hearing Instrument Manufacturers Software Association,
release 2014, Copenhagen, Denmark). During program-
ming, only the compression system was made functional
with all other technical features disabled in both the hear-
ing aids to control variables which might have a possible
effect on the outcome. After programming the hearing
aid, the hearing aid was coupled to a KEMAR (Knowles
Electroacoustic Manikin for Auditory Research) and the
stimuli were presented through a Radio Ear SP85A loud-
speaker at 0° to the KEMAR through Cubase SX 2.0 soft-
ware (released 2003; Steinberg, Hamburg, Germany) and the
output of the KEMAR was recorded using a Britel & Kjeer
(BZ-5503) sound level meter and software (Briiel & Kjeer
Sound & Vibration Measurement A/S, Neerum, Denmark)
and recorded in .WAV format.

Phase IV
The prepared syllabic and dual compression processed

chimeric Malayalam sentences from the 8-channel and
16-channel hearing aids were presented to participants

through a PC loaded with Adobe Audition 3.0 software
(released 2007; Adobe Inc, San Jose, CA) and circumau-
ral High Definition Audio 300 headphones. The response
of the participants was recorded using PRAAT 6.0.39 soft-
ware (released 2018, University of Amsterdam). Further
analysis was carried out on the recorded responses where
scoring of repeated sentences was based on the number
of keywords repeated, which ranged from 0 (no response)
to 4 (all words correctly repeated).

Statistical analysis

The data were collected and subjected to statistical analy-
sis using the Statistical Package for Social Sciences (SPSS)
v20 software (released 2011; IBM Corp., Armonk, NY).

Ethics
In the present study; all testing procedures were carried out
using non-invasive techniques, adhering to the conditions

of the Ethics Approval Committee of the institute [16].

Results

The data was tabulated into ENV and TFS cues based on
the overall frequency of the participants’ response to check
whether the cues were the same across different numbers
of channels of hearing aid and across different compres-
sion systems. The results are shown in Table 1.

The data in Table 1 show a predominance of ENV cue over
TES cue, with TFS exhibiting zero values. Hence further sta-
tistical analysis was applied only to the ENV cues. Descrip-
tive statistics was done and the mean, median, and stan-
dard deviation were computed and are tabulated in Table
2; the median values are plotted in Figure 2.

From Table 2 and Figure 1 it is evident that there is an
increase in speech perception scores with increase in the
number of frequency bands. A marginal increase in scores
was observed with the 16-channel hearing aid processed

Table 1. Representation of participant frequency (%) for identification of fine structure and envelope cues in dual and syl-
labic compression system across frequency bands and across hearing aid

8-channel hearing aid

16-channel hearing aid

Dual Syllabic Dual Syllabic

Frequency band TFS ENV TFS ENV TFS ENV TFS ENV
(%) (%) (%) (%) (%) (%) (%) (%)

$1 94.28 572 94.28 572 92.64 7.36 94.28 572
54 0 100 0 100 0 100 0 100
S6 0 100 0 100 0 100 0 100
S8 0 100 0 100 0 100 0 100
$16 0 100 0 100 0 100 0 100
24 0 100 0 100 0 100 0 100
$32 0 100 0 100 0 100 0 100
S64 0 100 0 100 0 100 0 100

Note: S = Chimeric sentence list, 1-64 indicates number of frequency band
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Table 2. Mean, median, and standard deviation of chimeric sentences across different frequency bands and with compres-

sion system across hearing aids

8-channel hearing aid

16-channel hearing aid

Stimulus
Mean SD Median Mean SD Median
Du1 7.00 4.95 5.00 8.14 5.012 7.50
Du4 13.07 7.07 15.00 18.92 8.93 17.50
Du6 10.35 5.85 10.00 15.28 9.90 15.00
Du8 17.85 8.47 17.50 23.00 11.09 17.50
Du 16 78.64 10.83 77.50 80.71 8.84 82.50
Du 24 88.92 4.89 90.00 91.14 5.15 90.00
Du 32 95.07 3.76 95.00 95.78 517 97.50
Du 64 99.71 0.80 100.00 99.57 0.95 100.00
Sy 1 7.14 4.62 7.50 9.28 4.71 10.00
Sy 4 14.85 6.99 15.00 18.42 6.67 17.50
Sy 6 11.28 5.15 10.00 14.57 7.96 15.00
Sy 8 18.57 8.42 17.50 24.85 15.71 17.50
Sy 16 80.00 9.17 80.00 81.07 777 80.00
Sy 24 89.42 6.03 90.00 90.78 531 90.00
Sy 32 95.50 4.32 95.00 95.00 4.96 95.00
Sy 64 99.71 0.80 100.00 99.92 0.42 100.00

Note: Du = dual compression, Sy = syllabic compression, 1-64 indicates number of frequency bands

stimulus compared to that of the 8-channel hearing aid for
both the dual and syllabic compression processing.

A Shapiro-Wilks test of normality revealed that the data
was not distributed normally. Hence a Friedman test was
done to find if there was a significant difference across dif-
ferent frequency bands (1, 4, 6, 13, 16, 24, 32 and 64) for
both the 8- and 16-channel hearing aid processed stimuli
and for both the dual and syllabic compression systems.
The results revealed a significant difference across fre-
quency bands with dual compression on both 8-channel

and 16-channel hearing aids (x*> = 231.14; p<0.05) and
(x> = 228.65; p<0.05), and for syllabic compression on
both 8-channel and 16-channel hearing aids (x* = 233.31;
p<0.05) and (x* = 231.15; p<0.05). Further, a Wilcoxon
signed ranked pairwise comparison was done. The num-
ber of comparisons among each of Tables 3, 4, 5, and 6 was
28, and the estimated family-wise error rate (FWER) was
<0.76. Hence, the probability of 28 pairwise compari-
sons exhibiting a Type 1 error is around 76%. To con-
trol for FWER, a correction was estimated based on the
level of significance hypothesized earlier and the number
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Figure 1: Overall median score across frequency bands and compression systems among 8-channel and 16-channel hear-

ing aid processed chimeric sentences
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Table 3. Result of Wilcoxon signed rank test for comparison across frequency bands for 8-channel dual compression pro-

cessed chimeric sentence

1Du 4Du 6 Du 8Du 16 Du 24 Du 32Du 64 Du
1Du 5.03* 5.17* 5.17* 5.17* 5.18* 5.19*% 5.56*
4Du 2.07 2.67 5.17* 5.17* 5.17* 5.16*
6 Du 3.87* 5.17* 5.17* 5.17* 5.18*
8Du 5.16* 5.17* 5.17* 5.16*
16 Du 4.43* 4.94* 5.09*
24 Du 4.63* 5.12*
32Du 4.59*
64 Du

Note: * = p <0.0018 (after family-wise error rate correction); Du = dual compression, 1 to 64 bands

Table 4. Result of Wilcoxon signed rank test for comparison across frequency bands for 8-channel syllabic compression

processed chimeric sentence

1Sy 4 Sy 6 Sy 8 Sy 16 Sy 24 Sy 32Sy 64 Sy
1Sy 5.17* 5.10* 5.17* 5.17* 5.18* 5.21* 5.60*
4Sy 2.13 1.96 5.18*% 5.17% 5.16* 5.17%
6 Sy 3.87* 5.17* 5.17* 5.17* 5.18*%
8 Sy 5.16* 5.17% 5.17* 5.18*%
16 Sy 4.35* 5.18* 5.18*%
24 Sy 4.21* 5.05*
32Sy 4.53*%
64 Sy

Note: * = p <0.0018 (after family-wise error rate correction), Sy = syllabic compression, 1 to 64 bands

Table 5. Result of Wilcoxon signed rank test for comparison across frequency bands for 16-channel dual compression pro-

cessed chimeric sentence

1Du 4Du 6 Du 8 Du 16 Du 24 Du 32Du 64 Du
1Du 4.87* 4.97* 5.17* 5.17* 5.21* 5.21* 5.55*
4Du 1.97 2.62 5.16* 5.16* 5.17* 5.17*
6 Du 3.34* 5.17* 5.17* 5.17* 5.17*
8Du 5.17* 5.17* 5.17* 5.17*
16 Du 4.92* 5.10% 5.10%
24 Du 4.20* 4.84*
32Du 4.16*
64 Du

Note* = p <0.0018 (after family-wise error rate correction); Du = dual compression, 1 to 64 bands

of comparisons done. The correction was estimated to be
0.0018, and hence a value of < 0.0018 was considered as
denoting the power of the statistics. The results are shown
in Tables 3-6.

From Tables 3-6 it is evident that the speech identifi-
cation scores significantly improve starting from 4 fre-
quency bands through to 16 bands, after which the scores
are found to be 100%, with a significant difference across

Journal of Hearing Science - 2020Vol. 10 - No.1

all frequency bands except for the comparison of 4 bands
versus 6 bands and 4 bands versus 8 bands under all four
conditions (i.e. the 8-channel hearing aid programmed for
syllabic and dual compression, and the 16-channel hear-
ing aid programmed for syllabic and dual compression).

A Wilcoxon signed ranked test was done to compare
the difference between syllabic and dual compression
in both 8- and 16-channel hearing aids and the data is
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Table 6. Result of Wilcoxon signed rank test for comparison across frequency bands for 16-channel syllabic compression

processed chimeric sentence

1Sy 4 Sy 6 Sy 8 Sy 16 Sy 24 Sy 328y 64 Sy
1Sy 5.17* 5.03* 5.17* 5.18* 5.20*% 5.19* 5.84*
4 Sy 2.25 247 5.17* 5.17* 5.17* 5.18*
6 Sy 4.35% 5.17* 5.17* 5.17* 5.16*
8 Sy 5.16* 5.17* 5.17* 5.17*
16 Sy 4.64* 5.05* 5.18*%
24 Sy 3.39*% 4.85*
325y 4.40*
64 Sy

Note: * = p <0.0018 (after family-wise error rate correction); Sy = syllabic compression, 1 to 64 bands

Table 7. Result of Wilcoxon signed rank test for comparison between dual and syllabic compression within frequency

bands on 8-channel processed chimeric sentence

1Sy 4 Sy 6 Sy

8 Sy

16 Sy 24 Sy 32Sy 64 Sy

1Du 0.00

4Du 0.92

6 Du 0.85

8 Du

0.69

16 Du

1.05

24 Du

0.99

32Du

0.64

64 Du

Note: Du = dual compression, Sy = syllabic compression, 1 to 64 bands

Table 8. Result of Wilcoxon signed rank test for comparison between dual and syllabic compression within frequency

bands on 16-channel processed chimeric sentence

1Sy 4 Sy 6 Sy

8 Sy

16 Sy 24 Sy 32Sy 64 Sy

1Du 1.73

4 Du 0.03

6 Du 0.80

8 Du

0.58

16 Du

0.23

24 Du

1.03

32Du

0.82

64 Du

Note: Du = dual compression, Sy = syllabic compression, 1 to 64 bands

tabulated in Tables 7 and 8. The number of comparisons
in Tables 7 and 8 was eight and the computed FWER was
<0.33 (33%) and the correction was estimated to be 0.006.
Hence, a value of < 0.006 was considered as denoting the
power of the statistic.

From Tables 7 and 8 the results revealed no significant dif-
ference between either the 8-channel or 16-channel hear-
ing aid for both syllabic and dual compression system pro-
cessed Malayalam chimeric sentences. However a marginal

38

difference was observed based on median values, with the
16-channel being better compared to the 8-channel hear-
ing aid. Similarly, for both the 8- and 16-channel hearing
aids, the dual compression processed Malayalam chime-
ric sentences were better across each frequency band com-
pared to syllabic compression processed stimuli. Based
on the current results, it is evident that at least 4 through
16 frequency bands are essential to perceive ENV cues
in Malayalam language stimuli processed by a hearing
aid, irrespective of the type of compression system and
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number of signal processing channels used. Since there
was no significant difference in scores between using syl-
labic or dual compression, it is apparent that both com-
pression systems invariably affect the perception of tem-
poral envelope cues in speech processed through hearing
aids with either 8 or 16 channels. The present study reveals
that the number of signal processing channels might par-
tially affect the perception of envelope cues in speech pro-
cessed through a hearing aid.

Discussion

The objectives of the study relate to the effect of envelope
and temporal fine structure cues with both syllabic and
dual compression systems across two different channels
of hearing aid processed chimeric sentences. The results
revealed a larger influence of envelope cue for the per-
ception of speech. This enhanced perception of envelope
cue could be due to its slowly varying nature and because
it also acts as an amplitude modulator enhancing percep-
tion [7]. However, the TFS cue perception was much less
due to the inability of the auditory nerve to phase lock to
the rapid oscillations of the fast varying TFS cue [2]. This
inability was mainly because TFS cues largely work by plac-
ing cues in speech sounds; however, voicing and nasal-
ity basically utilise ENV cues, which in turn show a poor
contribution of TFS cues to perception as the band num-
ber increases [17].

The results of the study showed an increase in response
starting from 4 frequency bands in all four conditions.
The possible reason is that the performance between 4, 6,
and 8 bands were almost the same because this is the range
over which temporal cues start to get perceived. This sup-
ports earlier research that the envelope cue starts to pre-
dominate at or around 4 frequency bands, after which the
response starts to increase or attain a ceiling [9]. The pos-
sible reason for this envelope cue enhancement might be
due to ENV cue reconstruction which might take place at
the level of cochlea; this phenomenon has been studied by
presenting only TFS cues to normal hearing individuals.
However, individuals with normal hearing can respond to
ENV cues which are not actually present in a stimulus [17].

Studies on tonal and non-tonal foreign language have also
found a difference in predominance of ENV and TFS cues
between languages. The perception of ENV cues has been
found to be significantly higher in non-tonal languages,
even at low frequency bands. Whereas in tonal languages
(such as Mandarin Chinese) the trend is opposite, with the
TFS cues being perceived better than the ENV cues, start-
ing from low frequency bands [11]. In an Indian context,
little research has been done on understanding the per-
ceptual importance of temporal cues using chimeras. One
study in the Kannada language using auditory word and
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