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ABSTRACT

One way towards an understanding of speech
perception is by means of computational
models based on neuroanatomical and
neurophysiological data. These can be used to
study the processing of speech sounds in the
auditory system and the results can be
compared with data on human perception.

A model of the cochlear nerve and cochlear
nucleus is described. It is suggested that some
units in the cochlear nucleus, choppers,
selectively extract a good frequency
representation of the incoming signals whereas
others, onset units, form a good time
representation. The output of the onset units
has been used to estimate the pitch of speech
sounds. An extension of the model has been
used to generate amplitude modulation maps
similar to those found in the inferior colliculus.
This has been employed in a vowel segregation
experiment and gave similar results to those
obtained by human perception of the same
stimuli.

1. INTRODUCTION

One of the main aims of speech science is to
understand speech perception and production,
i.e. to develop a theory of speech pattern
processing. But what constitutes a theory in
this field? In physics, for example, the concept
of a theory is relatively straight forward. A
model is proposed, usually in the form of a set
of equations, which predicts the known
observations. Other consequences of the model
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contains

are suggested and these hypotheses are tested
by more observations.

This kind of theory has worked so well in
physics and the other natural sciences that it
seems sensible to adopt this methodology in
speech science. Create a model which explains
all known observations then adapt and extend
this as further observations become available.
We know that speech perception occurs within
the auditory system and associated regions of
the brain so the obvious place to begin is to
build a model of this system. This system is too
complex to be characterised by a set of

equations but its operation can be
approximated by a set of algorithms.
Fortunately = developments in  computer

technology in recent years have made it
feasible to test the consequences of these
algorithms [1]. Much progress has been made
but many problems remain. These concern the
level of anatomical and physiological detail
which needs to be incorporated in order to
explain the speech percepts which arise. These,
however, are empirical questions which can, in
principle, be answered by experiment.

2. MAMMALIAN AUDITORY SYSTEM

The auditory system in mammals consists of
the ear, the peripheral auditory system and the
central auditory system. The ear is made up of
the outer, middle and inner ears. The outer ear
consists of the pinna and the meatus which
terminates at the eardrum. The middle ear
the ossicles which transmit the
vibrations of the eardrum to the oval window
of the cochlea. The inner ear contains the
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cochlea whose function is to perform a
frequency analysis of these vibrations and
transform them into nerve impulses for
processing by the peripheral and central
auditory  systems. This transduction is
performed by hair cells attached to the basilar
membrane within the cochlea. The vibrations
of the basilar membrane bend the hair cells,
opening ion channels and causing electrical
spikes to be discharged in the cochlear nerve.

Auditory Processing - Schematic Diagram
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which in unclear. It is thought that at the
peripheral level these may play a part in
maintaining or increasing the dynamic range of
the amplitude of the signals which may be
processed without saturating the units in the
cochlear nerve.

In order to study speech processing in the
auditory system and so further our
understanding of speech perception a model is
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Figure 1: Schematic diagram of the auditory system up to the level of the cochlear nucleus

These neural spikes excite units in the ventral
and dorsal cochlear nuclei where quite complex
processing takes place (Figure 1). Units in the
cochlear nuclei are connected to the superior
olive. Here signals from both ears may be
combined so some of the mechanisms
underlying binaural perception may be located
here at this level. Signals from the superior
olivary complex are passed to the inferior
colliculi where more bilateral interaction takes
place. From here the signals are transmitted to
the auditory cortex by way of the medial
geniculate body.

Although most studies have concentrated on
the ascending pathways there are also
descending pathways, the exact function of
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being developed. At present this consists of
functional models of the cochlea, cochlear
nerve and parts of the cochlear nucleus.

3. COCHLEA MODEL

The cochlea performs a frequency analysis of
the incoming signals so its function can be
modelled by a set of bandpass filters. The
shape of these filters can be estimated by a
technique known as reverse correlation [2].
Random noise is input to the auditory system
and a recording is made from a microelectrode
inserted in a cochlear nerve fibre. Each time a
spike is detected the input signal in a time
window immediately preceding the discharge is
recorded. The average of these signals is the
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impulse response, with time reversed, of the
equivalent filter. It has been shown by Carney
and Yin [3] that a gammatone filter is a good
approximation to this filter shape except at the
lowest frequencies (below 300 Hz).

The model normally consists of 32 channels.
The characteristic frequency of the channels is
varied systematically in 0.5 Bark steps between
100 and 4750 Hz.

4. COCHLEAR NERVE MODEL

The cochlear nerve model takes its input from
the filter bank and generates spike trains similar
to those measured in cochlear nerve fibres. It is
thought that single cochlear nerve fibres
transmit  both  spectral and temporal
information to the higher centres. Both
representations are far from ideal as the fibres
have limited dynamic ranges and cannot phase
lock to frequencies above 5 kHz. In fact phase
locking deteriorates above 1 kHz.

Winter et al [4] have shown that cochlear
nerve fibres have varying thresholds and
dynamic ranges. The model (Figure 2) takes
account of this by including two populations of
units: low-threshold units with their firing
thresholds matched to behavioural hearing
thresholds, high spontaneous rates (50
spikes/s) and a dynamic range of 20 dB, and
high-threshold units with their thresholds 15
dB above those of the low-threshold units, low
spontaneous rates (15 spikes/s) and a dynamic
range of 40 dB.

This model was originally based on the
electronic model of Evans [5] consisting of five
stages of processing: (1) automatic gain
control to simulate the attenuation of the spike
discharge rate, (2) half-wave rectification to
simulate the unidirectional hair cell response,
(3) logarithmic compression to mimic the linear
relation between spike discharge rate and
stimulus level in dB between threshold and
saturation, (4) short-term adaptation, and (5) a
probabilistic spike generator to simulate neural
firing [7]. Stages (1), (2) and (4) have now
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been replaced by the hair cell model of Meddis
[8]. A schematic diagram of the current
cochlear nerve model is shown in Figure 2.

5. COCHLEAR NUCLEUS MODEL

The cochlear nucleus model consists of
tonotopically organised arrays of units. Each
unit receives excitatory inputs from a limited
frequency range of simulated cochlear nerve
fibres as well as excitatory or inhibitory inputs
from local interneurones. The  input
connections and the membrane characteristics
of single units determine the response patterns.
In this way the different units found in the
cochlear nucleus can be simulated. Arrays of
units are created by connecting them to
cochlear nerve fibres with systematically
increasing frequencies (Figure 2).

There are a number of morphologically distinct
cells found in the cochlear nucleus which are
described as spherical bushy, globular bushy,
multipolar or octopus depending upon their
appearance [8]. As far as the model is
concerned it is the response pattern which is
important. The main response types are
primary-like whose responses are similar to
those of cochlear nerve fibres, choppers which
produce oscillating bursts of spikes for a short
period, onset units which generate single spikes
and pausers which output a burst followed by
more activity after a delay (Figure 1).

There are two types of chopper response:
sustained choppers which give a sustained
regular discharge and transient choppers which
respond with a sustained regular discharge
followed by irregular activity. Spectral cues are
maintained in transient choppers over
amplitude ranges which exceed the dynamic
ranges of single cochlear nerve fibres [9]. This
large dynamic range is the result of the
convergence of cochlear nerve fibres with a
range of thresholds onto a single unit. The low-
threshold units alone would drive the chopper
unit into saturation but this is prevented by
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lateral suppression from
cochlear nerve fibres.
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Figure 2: Model of the cochlear nerve and cochlear nucleus

Each transient chopper unit receives excitatory
inputs from a narrow frequency range of both
low- and high-threshold fibres and inhibitory
inputs with characteristic frequencies 2 Barks
above and below the excitatory inputs. As the
sound level increases, more and more
inhibitory inputs are activated, decreasing the
membrane potential. The result is good
spectral representation over a wide range of
intensities.

Onset units appear to encode good temporal
representation. Onset units produce single
spikes at the beginning of high-frequency
tones. Physiological data suggest that onset
units receive input from cochlear nerve fibres
distributed over a wider frequency range than
other units. Onset units have been shown to
selectively extract the ‘pitch period' of
amplitude modulated tones [10]. The cochlear
nucleus model can also do this by detecting
coincident spikes across a large number of
cochlear nerve fibres spanning a frequency
range of 7 Barks [11]. This means that their
spectral selectivity is very poor.
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The Model :

It is hypothesised that one function of the
cochlear nucleus is to produce representational
streams of the input sound such as, for
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example, one with good frequency resolution
and one with good time resolution. This is
analogous to the visual system where form,
motion and colour are encoded in separate
streams and analysed in different regions of the
brain [12].

6. SPEECH ANALYSIS

Little is known about the processing of
complex sounds such as speech in the more
central regions of the auditory system except
that the responses of neurones seem to become
more specific [13]. It might be expected that
units may be found which respond only to
formant transitions, for example. However the
techniques employed by neurophysiologists
should in principle be capable of determining
which features are detected and how they are
combined. It is of course necessary to obtain a
thorough understanding of the processing in
the more peripheral regions before any sense
can be made of the activity in the central areas.

Nevertheless an understanding of the
processing at the level of the cochlear nucleus
is gradually emerging. Two simulations will be

174



briefly described which suggest that interesting
processing is taking place at this level which
has implications for speech perception.

7. PITCH PERIOD EXTRACTION

A pitch estimation system may be constructed
from the model. This uses an array of onset
units as described above. The model produces
a spike only when activity in the majority of the
cochlear nerve fibres coincides in time. After a
spike the cell hyperpolarises. This means that
probability of a subsequent spike discharge
decreases sharply but over time increases

again. The time constant of this increase is 10
ms.

The model was tested with natural speech and
compared with the "pitch’ period derived from a
simultaneously recorded laryngogram by
autocorrelation. During the voiced part of the
utterance good matches between the values
obtained from the model and those from the
laryngogram were obtained (Figure 3).

The auditory model has also been used to
explain the virtual pitches heard by listeners
with 'missing fundamental' stimuli [14].
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Figure 3: Comparison of pitch estimation by the auditory model and by the laryngograph
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Figure 4: Two vowels, /a/ at 95 Hz (A) and /o/ at 150 Hz (B) are added (C). After segregation the original

vowels are recovered (D & E)

8. VOWEL SEGREGATION

Human listeners have an ability to understand
speech in the presence of background noise
which is as yet unmatched by machines. An
example of this is the ability to follow a
conversation in the presence of other equally
loud conversations. This is known as the
‘cocktail party effect’ [15].

The auditory model has been used to study a
simplified form of this situation, that of
recognising one vowel in the presence of
another vowel. In order to do this the model
was extended to provide amplitude modulation
maps. Maps coding amplitude modulation
frequencies against channel frequencies have
been found in the central nucleus of the inferior
colliculus by Langner and Schreiner [16].
These maps allow overlapping sources to be
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separated using fundamental frequencies as a
grouping cue, provided their fundamental
frequencies differ.

The model has not yet been extended as far as
the inferior colliculus but fairly realistic
amplitude modulation maps can be produced
from the output of the cochlea model (auditory
filterbank) by taking the Fourier transform of
the output of each channel [17].

If two vowels spoken with different pitches are
added together the amplitude modulation map
produced will contain peaks at both of their
fundamental frequencies and their harmonics.
Using a harmonic sieve technique it is possible
to obtain good estimates of the vowel
fundamentals then, by combining the
amplitudes of the map at the harmonics of each
of these, estimates of the original spectra of the
vowels may be obtained. This process is shown
in Figure 4.
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An experiment has been performed to test such
a system. Six vowels were synthesised with
fundamentals ranging from 100 to 220 Hz.
These were combined in pairs and used to
create amplitude modulation maps from which
the spectra were recovered as shown in Figure
4. A multilayer perceptron was then trained to
recognise these spectra. The results are shown
in Figure 5. As the level of the target vowel
decreased relative to that of the masker vowel
its recognition score also decreased.

neurophysiological data can be used to increase
our understanding of speech perception and
related phenomena. A system of this type
modelling aspects of the auditory system up to
the level of the cochlear nucleus was briefly
described.

It was shown that the model can be employed
for pitch estimation and vowel segregation
giving results which are quantitatively similar
to those obtained in perception experiments.

MLP vs. subject (GFM / 100ms double vowels)

100.0 :{ i
800+ TN~ AS T 4
g 60.0 + _
S
(&)
R
40.0 - 4
O - OBoth correct
20.0  filled symbols MLP, 3 - ‘OTarget correct i
open symbols human O - OMasker correct
A—A none correct
0.0 A A —ah—
18 12 6 0 -6 12 -18dB

Target Vowel / Masker, dB (avg rms)

Figure 5: Percentage of vowels correctly recognised by an auditory model (solid lines)

and a human (dotted lines)

A perceptual experiment was performed with
the same vowel pairs but with human listeners.
The recognition scores obtained are also
shown in Figure 5. There is a remarkable
correlation between the human and model
recognition scores.

9. CONCLUSIONS
It is suggested that the development of

computational models of the auditory system
based on neuroanatomical and
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