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abstract

‘The processing of speech In the mammalian audltory
periphery is discussed In terms of the spatlo-temporal
nature of the distribution of the cochlear response and the
novel encodlng schemes this permits. Algorithms to
detect specific morphologleal features of the response pat-
terns are also consldered for the extractlon of stimulus
spectral parameters.

I

The remarkable abllitles of the human audltory sys-
tem to detect, separate, and recognlze speech and environ-
mental sounds has been the subject of extenslve physlolog-
jcal and psychologlcal research for several decades. The
results of this research have strongly Influenced develop-
ments in varlous flelds ranging from auditory prostheses
to the encoding, analysis, and automatic recognltion of
speech. In recent years, improved experimental technlques
have precipltated major advances In our understanding of
sound processing In the auditory periphery. Most Impor-
tant among these 1s the Introduction of nerve-fiber popu-
lation recordings which made possible the reconstruction
of both the temporal and spatial distributlon of activity
on the auditory-nerve in response to acoustic stimull
[1, 2]. Sachs et al. utllized such data to demonstrate the
existence of a highly accurate temporal structure that Is
capable of providing a falthful and robust representation
of speech spectra over a wlde dynamlc range and under
relatively low signal-to-nolse conditions |3, 4], Thelr work
has since motlvated further research Into the varlous algo-
rithms that the central nervous system (CNS) mlght
employ to detect and extract these and other response
features, and the possible neural structures that underly
them [5, 8).

In pursult of these goals, we have constructed and
analyzed the spatlo-temporal response patterns of cat’s
auditory-nerve to syniheslzed speech scunds [4, 5]. These
patterns are formed by spatlally organizing the temporal
response waveforms (or PST histograms) of the audlitory-
nerve-ibers according to thelr characteristic frequency
(CF) [4]. The resultlng display highlights the Interplay of
temporal and spatlal cues across the filber array and sug-
gest novel ways of viewlng cochlear processing and encod-
Ing of complex sounds FT 5]. The avaliablllty of such
experlmental data, however, s at present llmited by
technical cofistraints and the masslve amount of process-
ing required to handle them. Thus, In order to analyze
new speech tokens, and to facllitate the necessary manipu-
latlon of stimulus andfor processing conditlons and
parameters, we have developed detalled blophysical and
computational models of the auditory periphery and used
them to generate spatlio-temporal response patterns to
natural and syntheslzed speech stimull. Varlous CNS
schemes for the estimatlon of st!mulus spectral parameters

are then Investigated based on these patterns.

The Cochlear Model :

Computatlonsal algorlthms for the cochlear processing
of speech are developed that are based on detalled blophy-
sical formulatlons of linear basllar membrane mechanles
and nonlinear halr cell transductlon characteristics [Slk
Basliar membrane analysls is based on detalled 3-
hydroelastlc models that are quite efliclent to compute
8, 9]. These models are used to generate the transfer
unctions at polnts along the cochiear length, which are
then employed directly In all subsequent processing of
speech sounds. The output (membrane displacement) at
each polnt Is transduced Into halr cell Intracellular poten-
tials through two stages representing the veloclty fluid-
cilla coupling and the nonlinear halr cell. The latier stage
can be approximated In most cases by a cascade of 2
compressive nonlinearity (of the form: V =
z.exp(au&/(1+exp(au)) where (z,axg are constants with
definite blophysical Interpretations) followed by a low pass
fllter (time constant=0.1 ms). The flnal outputs then
approximately represent the Instantaneous probablllty of
firilng of the auditory-nerve fiber array. Many more
detalied reflnements have often been included in this
model (e.g. synaptic adaptation mechanlsms, middle and
outer ear transfer functlons, and some form of automatlc
galn control} to reproduce the flner detalls of the
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Flg.l:‘Schemat.lc of the cochlear model stages (8].

responses, Nevertheless, the simpler model described
above captures the malor features of the experlmental
responses.

Examples of the model outputs are shown In Flgs
22,3 In response to a naturally spoken (female) /bit/ and
a synthesized vowel /fa/, respectlvely. In Flg.2a the
response s to the onset of the vowel portlon ol the
stimulus (whose spectrogram. is shown In Flg.2b{right)}).
The perlodic nature of the response Is evident at regular
intervals corresponding to the fundamental perlod of the
stimulus. Strong harmonics, located near the formants of
the vowel, dominate the response patterns over relatively
broad segments of the channel array. WIithin each seg-
ment (e.£.0.4<<CF<1.8 KHz} the travelllng waves exhlblt
two important characteristics observed earller In the
experimental data: (1) Rapld aplcal decay due to the
asymmetrical tuning of the basilar membrane amplitude.
(2) phase shifts or delays In the response waveforms near
the CF of the underlylng hatrmonle, due to the rapld accu-
mulatton of phase-lag In the travelling wave near its polnt
of resonance, The response to the plosive /t/ In /bst/ is
also shown In Fig.2a, with Its nolsy character and high
frequency content evident In the response patterns.
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Flg.2: (a) Spatio-temporal responses of the cochlear model|
to selected portions of /bet/ spoken by a female. (b) Spec-
E:ﬁv,gr:}f‘)nﬁzfr /bet/ spoéen by a male (left) and (a)rerﬁale
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: tlo-temporal responses Lo syntheslzed vowel faf.
gz)g-'-jissop%[z; I-‘1=p730 Hz; [F2=1000 Hz; T'3==2440 Hz.

The Central Processing of Auditory-Nerve Responses

is stage Involves the extractlon and utilizatlon of
the p’gi'lcept.ua{.,lly relevant cues from the response patterns
of the cochlear nerve. Conceptually, 1t Is a particularly
difficult preblem because the nerve patterns contaln a rich
variety of cues pertalning (l‘n unknown ways) to a.mulnl-
tude of perceptual tasks. Thus, In studylng a particular
encoding scheme on the auditory nerve, or in implement-
Ing algorlthms [or automatic speech recognltlon applica-
tlons, @ priert declslons have to be made as to the
appropriate response measures that need to be used and
the ways these are to be comblned. IFor Instance, In the
estimatlon of the spectral parameters of speech (e.g. for-
mants) several measures have been proposed that range
from purely spatlal, l.e. discarding the fine temporal struc-
wure of the nerve responses (e.g. using the distrlbution of
the average rale proflles across the tonotopleally organized
nerve-flber array), to purely temporal, l.e. utilizing pri-
marlly the perlodleltles in the response as measures of the
spectral content (e.g. the domlnant frequency algorithm
10}. Others In between Include the Average Locallze
Lynchmnous Rate iALSR) [3] and the Generallzed Syn-
chrony Detector [11

n aiternate approach Is Lo view the response pat-
ternsA essentlally as 2-D spatlo-temporal images with
speciflc morphologlcal features acting as spectral cues.,
One such feature, for Instance, are the edges In the
profiles ol actlvity across the spatlal axls created by one
or both of the amplitude and phase clmnges eluded to ear-
ller [5, 7). The strength and positlon of the edges along
the tonotoplc axls are related to the signal spectral param-
eters through the dependence of the above two response
characteristics on the frequency and amplitude of the
stimulus (or its resolved harmonles ln case of complex
sounds), [Edge detectlon algorithms, based on realistic
blologleal lateral inhibitory network (LIN) topologles, can
be used to extract these features and thus slgnlfy the
Spectrum of the underlylng acoustle stimulus [5]. The LIN
Possesses several desirable properties which Include: (1) A
Spatlally distributed structitre which 1s naturally sulted for
fast parallel processing implementations; (2) A robust per-
Urmance In the presence of certain severe stimulus and/or
channel distortlons. 'I'he Iatter polnt Is 1llustrated In the

outputs ol Figs.4 under three conditlons: {a)

oderate  stimulus levels where few channels are
Saturated, (b) 40 dB higher stimulus levels where most
channeis are 'saturated: Desplie channe) saturation, the
edges | the cochlear response patterns remain Intact, and
50 do the LiN outputs near I*1-F4 {These should be com-
Pared to the spectrograms of F‘lg.‘.!.bl). (¢) Fig .dc slmu-
3les the case where the channel non Inearlty has a large
Siope [a), and the response waveforms become highly
S8turated, The outputs here are derived by a spatial
St-diflerence operatlon evaluated onfy at the spatial zero
Srossings of the response pattern. The 1 and F2 are still
ext.ract.ed. though higher formants are now lost,
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