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abstract, 
The processing or speech In the mammalian auditory 

periphery Is discussed In terms or the spatio-temporal 
nature or the distribution or the cochlear response and the 
novel encoding schemes this permits. Algorithms to 
detect specific morphological rentures or the response pat-­
terns are also considered ror the extraction or stimulus 
spectral parameters. 

The remarkable abilities or the human auditory sys­
tem to detect, separate, and recognize speech and environ­
mental sounds has been the subject or extensive physiolog­
ical and psychological research ror several decades. The 
results or this research have strongly Influenced develop­
ments In various fields ranging rrom auditory prostheses 
to the encoding, analysis, and automatic recognition or 
speech. In recent years, Improved experimental techniques 
have precipitated maJor advances In our understanding or 
sound processing In the auditory periphery. Most Impor­
tant among these Is the Introduction or nerve-fiber popu­
lation recordings which made possible the reconstruction 
or both the temporal and spatial distribution or activity 
on the auditory-nerve In response to acoustic stimuli 
11, 2J. Sachs et al. uttllzed such data to demonstrate the 
existence or a highly accurate temporal structure that Is 
capable of providing a ralthrul and robust representation 
or speech spectra over a wide dynamic ran~e and under 
relatively low signal-to-noise conditions 13, 4J. Their work 
has since motivated further research Into the various algo­
rithms that the central nervous system (CNS) might 
employ to detect and extract these and other response 
features, and the possible neural structures that underly 
them [5, oJ. 

In pursuit or these goals, we have constructed and 
analyzed the spatio-temporal response patterns of cat's 
auditory-nerve to synthesized speech sounds 14, 5). These 
patterns are formed by spatially organizing the temporal 
response waveforms (or PST histograms) or the audltory­
nerve-flbers according to their characteristic frequency 
(CF) [4). The resulting display hlghltghts the Interplay or 
temporal and spatial cues across the Ober array and sug­
gest novel ways or vlewln~ cochlear processing and encod~ 
Ing or complex sounds J7. 5j. The avallablllty or such 
experimental data, however, Is at present limited by 
technical constraints and the massive amount or process­
Ing required to handle them. Thus, In order to analyze 
new speech tokens, and to facllltate the necessary manipu­
lation or stimulus and/or processing conditions and 
parameters, we have developed detalled biophysical and 
computational models or the auditory periphery and used 
them to generate spatio-temporal response patterns to 
natural and synthesized speech stimuli. Various CNS 
schemes for the estimation or stimulus spectral parameters 
are then Investigated based on these patterns. 

The Cochlear Model : 
Computational algorithms for the cochlear processing 

of speech are developed that are based on detailed biophy­
sical rormulatlons or linear basilar membrane mechanics 
and nonlinear hair cell transduction characteristics [81. 
Basilar membrane analysis Is based on detailed 3-1'.> 
hydroelastlc models that are quite efficient to compute 
18, gJ. These models are used to generate the transrer 
tunctlons at points along the cochlear length, which are 
then employed directly In all subsequent processln~ or 
speech sounds. The output (membrane d[splacementJ at 
each point Is transduced Into hair cell Intracellular poten­
tials through two stages representing the velocity ffuld· 
cllla coupling and the nonlinear hair cell. The latter stage 
can be approximated In most cases by a cascade or a 
compressive nonllnearlty (or the form: V = 
z.exp(au)/(l+exp(au)) where (z,a~x) are constants with 
definite lilophyslcal Interpretations tollowed by a low pass 
filter (time constant= O.l ms). he nnal outputs then 
approximately represent the Instantaneous probablllty or 
nrtng or the auditory-nerve fiber array. Many more 
detailed refinements have orten been Included In this 
model (e.g. synaptic adaptation mechanisms, middle and 
outer ear transfer functions, and some form or automatic 
gain control) to reproduce the finer details or the 
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Flg.1: Schematic of the cochlear model stages (8). 
responses. Nevertheless, the simpler model described 
above captures the ma]or features or the experlmental 
responses. 

Examples or the model outputs are show'n In Figs 
2a,3 In response to a naturally spo!Cen (female) /blt/ and 
a synthesized vowel /a/, respectively. In Flg.2a the 
response Is to the onset or the vowel portion or the 
stimulus (whose spectrogram Is shown In Flg,2b{rlght)). 
The periodic nature of the response ls evident at regular 
Intervals corresponding to the rundamental period or the 
stimulus. Strong harmonics, located near the formants of 
the vowel, dominate the response patterns over relatively 
broad segments or the channel array. Within each seg­
ment (e.g.0.4<CF<l.O KHz) the travelling waves exhibit 
two Important characteristics observed earlier In the 
experimental data: (1) Rapid apical decay due to the 
asymmetrical tuning or the basilar membrane amplitude. 
(2J phase shirts or delays In the response waveforms near 
the CF or the underlying harmonic, due to the rapid accu­
mulation or phase-lag In the travelling wave near Its point 
or resonance. The response to the plosive /t/ In /b,t/ ts 
also shown In Flg.2a, with Its noisy character and high 
frequency content evident In the response patterns. 

- .t , J 

i .. 

.. ... ,, 

(a.) 

It/ 

(.b} 

Flg.2: (a) Spatio-temporal responses or the cochlear model 
to selected portions of /bc.t/ spoken by a female. (b) Spec· 
trograms or /bt.t/ spoken by a male (lert) and a female 
(right) 112). 



,,Glf 

Flg,3: Spatio-temporal responses to synthesized vowel /a/. 
F0=130 Hz: Fl = 730 Hz: F2= 1000 Hz: F3,,.,.2·MO Ilz. 

The Central Processing of Auditory-Nerve Responses 
- This stage Involves the extraction and utilization of 
the perceptually relevant cues from the response patterns 
of the cochlear nerve. Conceptually, lt Is a particularly 
difficult problem because the nerve patterns contain a rich 
variety of cues pertaining {In unknown ways) to a multi­
tude or perceptual tasks. l'hus, In studying a particular 
encoding scheme on the auditory nerve, or In Implement­
Ing algorithms for automatic speech r11cognltlon applica­
tions, a pnori decisions have to be made as to the 
appropriate response measures that need to be used and 
the ways these are to be combined. For Instance, In the 
estimation or the spectral parameters or speech (e.g. for­
mants) several measures have been proposed that range 
rrom purely spatlal, I.e. discarding the nnc temporal struc­
ture or the nerve responses (e.g. using the distribution of 
the average rate profiles across the tonotoplcally organized 
nerve-fiber array), to purely temporal, I.e. utlllzlng prl­
marlly the periodicities In the response as measures or the 
spectral content (e.g. the dominant frequency algorithm) 
1101. Others In between Include the Average Locallzcd 
Synchronous Rate (ALSR) [31 and the Generalized Syn­
chrony Detector (1 lJ. 

An alternate approach Is to view the response pat­
terns cssentlally as 2-D spatio-temporal Images with 
specific morphologlcal features acting ns spectral cues. 
One such feature, ror Instance, are the edges In the 
profiles or activity across the spatial axis created by one 
or both or the amplitude and phase changes eluded to ear­
lier [5, 7]. The strength and position or the edges along 
the tonotoplc axis arc related to the signal spectral param­
eters through the dependence or the above two response 
characteristics on the frequency and amplitude or the 
stimulus (or Its resolved harmonics In case or complex 
sounds), Edge detection algorlthms, based on realistic 
blologlcal lateral Inhibitory network (LIN) topologies, can 
be used to extract tllese features and thus signify the 
spectrum or the undcrlylng acoustic stimulus [51. The LIN 
PDSsesses several desirable properties which Include: (1) A 
SJ)atlally distributed structure which Is naturally suited for 
fast parallel processing Implementations; (2) A robust per­
formance In the presence or certain severe stlmulus and/or 
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annel distortions. The latter point Is Illustrated In the 
N outputs or Figs.•! under three conditions: (a) 

Moderate stimulus levels where few channels are 
saturated. (b) '10 dB hlgbcr stimulus levels where most 
chdannels are saturated: Despite channel saturation, the 
e ges In the cochlear response patterns remain Intact, and 
so do the LIN outputs near Fl•F<I (These should be com­
cared to the spectrograms or Flg.2.b ). (c) Fig .1c slmu­
sres the case wl1ere the channel nonflnearlty has a large 
8 

ope la], and the response waveforms become hlghly 
lturated. The outputs here are derived by a spatial 
c l'St-dtfTerence operation evaluated only at the spatio.I zero 
e~lngs or the response pattern. The Fl and F2 are stlll 

racted, though higher formants are now lost. 
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