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Abstract: Splitting of speech into two using time-varying comb filters has helped in reducing the effect of increased
temporal and spectral masking Smultaneously. The time varying comb filters contained pre-calculated sets of
coefficients, which were sdlected in steps, such that a cyclic sweeping of magnitude responses occur. Presently
investigation has been carried out to find the best sweep cycle. The two sets of coefficients selected a any ingtant of
time formed a pair of complementary comb filters with 18 auditory critical bands which provided spectra separation of
components that are likely to get masked. Sweeping of bands provides temporal separation and reduces the effect of
temporal masking. As the number of magnitude responses swept increases, the sweeping becomes smoother. The sweep
cycle duration determines the time for which the sensory cells of the basilar membrane remain stimulated. Perception
evaluation tests were conducted with dowly sweeping sine wave and running speech from a male and a female speaker
for sweep cycles of 10, 20, 40, 50, 60, 80, and 100 ms. Best results were obtained for a sweep cycle of 50 ms.

1. INTRODUCTION

Sensorineural hearing loss which occurs due to the
mafunctioning of cochlea, auditory nerves or both, is
characterized by elevated hearing threshold, loudness
recruitment, reduced temporad and frequency resolution,
and increased temporal and spectral masking [1],[2].
Increased spectral masking causes smearing of spectral
peaks and valleys due to broader auditory filters.
Reduction in spectral contrasts leads to difficulty in the
discrimination of consonantal place feature. Forward
and backward masking of weak segments by strong
ones causes reduction in the discrimination of sub-
phonemic segments like noise bursts, voice-on-set time,
and formant transitions. Masking takes place at the
peripheral level of the auditory system. Information
received at both the ears gets integrated at higher levels
of auditory perception. Hence splitting of speech into
two complementary signals for hbinaural dichotic
presentation can be used to relax the hair cdls of the
basilar membrane periodically and reduce the effect of
masking.

Lunner et al. [3] implemented an 8-channel digital
filter bank with constant bandwidth of approximatey
700 Hz. The aternate bands were combined to form two
complementary comb filters for spectral splitting in
binaural dichatic presentation. An improvement of 2 dB
in speech-to-noise ratio is reported for dichotic over
diotic. Further, the comb filters were aternated after
every 10 ms for obtaining combined spectral and
temporal splitting. They reported no improvement over
spectral  splitting and poor sound quality due to
switching of bands.

Recently, Chaudhari and Pandey [4],[5] investigated
a scheme of spectral splitting using a pair of comb
filters with complementary magnitude responses. Each
of these comb filters had nine pass bands based on
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auditory critical bands described by Zwicker [6]. The
bandwidths were constant a 100 Hz for center
frequencies below 500 Hz and were 15-17% of the
center frequencies in the range of 1-5 kHz. The pair of
comb filters formed by the odd and even bands, split the
speech signa into two such that the spectral components
that are likdly to get masked are presented to the two
different ears. The comb filters were linear phase FIR
filters with 128 coefficients designed with sharp
transitions between bands, using frequency sampling
techniques. Real time implementation of the scheme
was done on two TI/TMS320C50 DSP processors.
Listening test evaluation on bhilaterally hearing impaired
persons showed improvement in the perception of
consonantal  features particularly the place feature,
which lead to the conclusion that spectrd splitting
helped in reducing the effect of increased spectra
masking for sensorineural hearing impaired. Further, a
scheme of temporal splitting was experimented, in
which inter-aural switching of speech signal was done
using trapezoidal fading function [7]. The evaluation of
the scheme was conducted on normal subjects with
simulated hearing loss. The scheme helped in improving
the consonantal duration feature, showing reduction in
the effect of increased tempora masking.

In spectral splitting sensory cells corresponding to
alternate bands are always relaxed, while in temporal
splitting all the sensory cells of the two ears are
alternately relaxed. Subsequently a scheme of combined
splitting was developed, so that all the sensory cdls of
the basilar membrane are periodically relaxed from
stimulation for some time. The implementation was
done using a pair of time varying comb filters with pre-
calculated sets of coefficients, which were selected in
steps such that a cyclic sweeping of magnitude
responses occur. Experimental evaluation on normal



subgect with simulatel hearing Ies was coductel for
a constah sweep cyck o 20 ns [8] The scheme
provided improvemen in respons times and
recogniion scores Information transmssian analysis
showal increae in the percefon o all features
especilly the place ad duration featuresThe scheme
was successfun smultaneous} reducing the effecs of
increasd tempor& and spectral masking Presetly
invedigation is carriel out to fnd the optimal time
duration o a singe cyck d sweepig in the time
varying conb filters.

2. IMPLEMENTATION

In our edlier work [8], invesigation was carri@ out
with a constansweep cyok d 20 ms With constant
sweep cyck the ime duratim o stimulation o the
sensoy cdls remairs constantFa the percefion of
consonants tempord cues relatel to rapd formant
transtions voice-on-se time etc. a& important The
duration o formart transitiors in stop consonastis
15-30 ns [9]. The preseninvegigation is involved in
finding the optimal vale far a sweep cye in the ime
varying conb filters The schematic representatiof
the scheme focombinal spectrband temporasplitting
using time varyirg conb filters is showm in Fig. 1(a)
The digitized inpti signals(n), in passal through a pair
of time varyirg conb filters © produce tw digitized
outputs si(n) and sy(n) to be fed ¢ the two ears
(binaurd dichotic presentation)Eah o thes time
varying conb filters containd m conb filters (shiftingg
which hawe magitude responses ducthd the pass
bands ad stop bandsfecead d thes conb filter will
be dightly shifted alorg the frequeng axis with respect
to the pass ad stop bandsfahe previos conb filter, as
shown in Fig 1(b). If the conb filters in the time
varying conb filter for the lef ear are humbedein the
orde of sweepig & [1], [2], ..., [M2], [m/2 +1], ...,
[m], then the same fothe righ will be [nV2 +1], [nV2
+2], ..., [m], [1], [2], ..., [V2]. At ary instant of time
two complementarmagniude responses correspamgli
to odd ad even band praesses t# speech which
provides separatio o spectré components thaare
likely to g¢ masked[1] and [nV2 +1], [2] and [mV2 +2],
...,[m/2] and [m] forms theg complementarpairs.

Eath o thee conb filters has nie pas bands
carespondig to auditoy critical band describd by
Zwicker [7] and wee designed a56-coefficiert linear
phag FIR filters with minimun spectrd distortion. To
minimize the perceived spectradistortion & the
transtion betwea any tw adjaen band d a par used
simultaneously the cressoves wee adjusted d lie
betwee -4 dB and -6 dB with resgct to pas band
gain [10]. This weas obtaind by iterativey adjustirg the
magnitue d the transitim sampls [11]. The transition
bandwidh o the conb filters was 78 H at low
frequencie ard 117 H at highe frequencis with a
samplirg rae d 10 k Samples/s The st@ band
attenuatim was greate then 30 B with pass band
ripple constrainedot 1 dB. A swepsine tone processed
with each 6thes complementgrpar of comb filters
tha need b be used together, mhace negligible
perceived varigéion in loudness.
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The number bmagniude responsesslfiftings in a
time varyirg comb filte was chosa as 2 4, 8 ard 16.
An idealized representatiod magniude respores of
the par of time varyirg conb filters with 16 shiftingsin
a sweep cyok d 50 nms is shown m Fig 2 As the
numbe of shiftings increases more magitude
response tale pat in the sweepingherce the sweeping
becomes snoothe and tle stimulatim o the sensory
cells n the basilar membranal® will move smoothly
from ore barm to another Sweepirg o band provides
temporé splitting ard help in reducig the effed¢ of
increasd forwad ard backward masking.

3. EVALUATION AND RESULTS

Fao initial investigation a sire wave lineast swept
from 100 H to 5 kHz and back with a sweep period of
1s was uge as test signal. Té pracessiy was dore for
filters with 2 4, 8 and 16shiftings Filters with sweep
cycle d 10, 2Q 50 80 ard 100 ns wee used Then
there were ® (4 x 5 types d filters. Teg signals
processd by eab o these filters wee presentedni a
randomize orde for comparisa with the unprocessed
tes material The process® signat with 8 and 16
shiftings for 50 ms swee cycke were foud to be
almog similar to the unprocessed swept sitone.

Fao the secord rourd of evaluéion, 6 types d filters
were used filters with sweep cyot time ¢ 40, 50, 60
ms axd 8 aml 16 shiftings Listenhg tess were
conductd on three normal suegs with the tes signal
processd by thege sk comb filter pairs for comparison
with the unprocessed tesignal Maximum smilarity
with the original wa obtaind for 16 shiftings wih a
sweep cyck time perid o 50 ms The difference in
speedb clarity for 8 ard 16shiftings wa nedigible.

Further running speech fran a maé ard a female
speake was recorded usig the microphoe connected
to the RC ound card Peception tes was corducted
with the two spech stimul processed by th time
varying conb filters with different sweep cyak time
periods 610, 20, 4050, 60 80, and 100 ns far 2, 4, 8,
and 16 shiftings Bilaterd sensorineuda hearig
impairmert was simulatd by alding broad-bad noise
with constant short-time signal-to-neigatio (SNR).
For obtainirg differert levels d¢ hearirg impairment
SNRs d =, 6, 3, 0, -3, -6, ard -9 wee used Since the
numbe of processal tes materials wasdo many the
first authe performel an informd percegion evalusion
and abou 8 praessd gimuli were short-listed foeach
of the SNRs with mak ard femak runing speech
material Pecepion evaludion o thee processed
signak wee corductel on two norma subgcs other
than the fird autho as in the previos case.
Improvemen with pracessity was clearly perceived for
all the pracessed tegmaterials with an increasig trend
from highe SNR to lowa SNR Speech intdigibility of
processd gimuli with 8 ard 16 shiftings wa dmog the
same Fa very lov sweep cyck (10 ard 20 m3 a
ringing sund could ke perceived along with ptessed
speeb stimuli At sweep cyck d 100 s a1 ecto was
heard as the speech stimutuwas peceived Finally, the
highes perceptual qulity ranking was given for 16
shiftings wih a sweep cyeld 50 ms.
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Fig. 1. (@) A schematic representation of the scheme of combined temporal and spectral splitting using time varying
comb filters and (b) The representation of magnitude response of one of the time varying comb filters which includes
the magnitude response of the comb filters, which are swept over one after the other cyclically.
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Fig. 2. An idedlized representation of magnitude response of the pair of time varying comb filters with 16 shiftings and
50 ms sweep cycle (@) for theleft ear and (b) for right ear.
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4. CONCLUSIONS

The scheme fatime varyirg conb filters far splitting
the speech tempdha and spectrly has helpe in
improving the peregion o speech unde adverse
listening condtions, by reducing the effecs o increased
tempord and spectrd masking. A the number of
shiftings increases, ¢h sweepig of band becomes
smoother This hels in reducing the spectradistortion
associatd with switching. The improvemens gpear to
stablize at d&dou 8-16 shiftings As the numbe of
shiftings increases, ¢hnumbe of coefficiens © be
storel and retrievel increasesHerce i is concuded
tha 8-16 shiftings ae adequate.

All the sensor cells d the basilar membran get
adivated for almog the sane time duratim in a
particula sweep cyak far all the shiftings As the sweep
cycle increaseseatb d the sensor cdls gets smulated
and relaxel for a longe time in one sweep cycle.
Certan minimum time d stimulation may be required
for perceivig sone d the temporhcues Also if the
stimulation time exceed certan limit, the schera may
na hep in reducing the effect ¢ increasd forwad and
backwad masking m persons with sensorineural
hearirg impairment With the presehinvegigation, it
could be concudel tha a sweep cyed d 50 ms
provides the maxmum improvement.

Work need b be continued on test) the schera on
bilaterd sensorineudahearng impairel subjects The
problenrs due ¢ elevatd hearing threshal and
loudness ecruitmen alo need b be consideredby
implementhg muti-band compresian in the scheme
along with time varyirg conb filters which may help in
reducirg al the charactertgcs d sensorineurdahearing
impairment.
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