
 

Proceedings of the institute of Acoustics

A MODEL OF THE PROCESSING OF VOlCED PLOSIVES IN THE AUDITORY NERVE AND
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1. INTRODUCTION

Models of the peripheral auditory system are of interest to both physiologists and speech researchers. ln tlte case
of speech research. it is hoped that the performance of a speech-processing or recognition system might be
improved by the incorporation of some of the features of the human auditory system This approach could prove
especially fruitful in solving the problems with noise and sex-difference. where the performance of the auditory
system is considerably better than current speech-recognisers. '

Physiologically-based models have until recently extended only as far as the auditory nave level. These models
can be considered simply as a filter-bank followed by a series of non-linear stages. v/hich convert tlte acoustic
stimulus into action potentials in the auditory nerve. Output from such models can be considered to be a
representation of the neural activity inthe auditory nerve. and shows similarities to a spectrogram representation.

The next level of processing in the auditory system takes place in the cochlear nucleus. The working of the
cochlear nucleus as a whole is not yet fully understood However the responses of different cell rypes found in
the cochlear nucleus are brown (fig 11). The non-homogeneous responses of these cells makes it likely that they
are used to extract different features for further processing at higher levels. Several attempts at modelling the
cochlear nucleus have been made recently [1], 12].
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Fig. I.) Idealism temporal responses in the auditory nerve and cochlear nucleus.

This paper-proposes a model of the peripheral auditory system up to the auditory nerve. and a set or units which
have similar respouse patlcms to the cells of the cochlear nucleus. These units connected in parallel could form a
model for cochlear nucleus processing.

The responses of the auditory nerve (AN) and cochlear nucleus (CN) models to voiced plosives are also
described. This is a first step in investigating the encoding of spwch with the hope of discovering the imponant
cues which are ellrztclcd or cnhanwd. and which may be imponant in speech recognition.
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2. AUDITORY NERVE MODEL

The AN model simulates the cochlea, hair cells and the auditory nerve itself. In the cochlea. sounds are

transformed into frequency dependent localised vibrations of the cochlear partition. The inner hair cells transfonn

the motion of the cochlear partition into spike trains which are transmitted via the auditory nerve to the cochlear

nucleus. The auditory nerve consists of about some individual fibres in man. each of which is finely tuned to a

specific frequency. designated the characteristic frequency. See [3) for a review of auditory nerve anatomy and

physiology. ‘

The present software model is a multichannel extension of a hardware model of a single AN fibre [4L Fig 2.1

shows a block diagram of a single channel of the AN model. The input is an auditory stimulus such as speech or

simpler test stimuli. ie clicks. noise. or pure and complex tones. The output is a train of spikes.
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Fig. 2.1 Single channel afaudirory nerve model.

Each channel of the model consists of three stages:

2.1 Cochlear filtering.
The filtering processes of the cochlea is simulated by a set of 32 FIR filters whose centre frequencies are spaced

0.5 bark apart in the range mom to 4700Hz. The impulse responses of the filters are based on the impulse

responses of cat AN fibres which are derived by reverse correlation [5]. A time-delayed gamma-tone function has

been shown to have a good correspondence with the rcvcor function {6]. and has been used in the present version

of the model.

2.2 Hair Cell Transduction.
Hair cell u'ansduetion and synaptic activation are modelled by a series of non-linear stages:

2.2.1 Automatic Gain Control (AGC). An AGC mechanism controls the spike discharge rate for stimuli of

greater than 40dB above spike activation threshold.

2.2.2 Half-wave Rectification. The pmdominalely unidirectional hair cell and synaptic response is approximated

by half-wave rectification.

2.2.3 Logarithmic Compression. This is intended to mimic the approximately linear relation of the spike

discharge rate and stimulus lcvcl in dB between threshold and saturation. The value of the spike activation dues-

hold for each channel is derived lrom human behavioural threshold data.

2.1.! Adaptation. Short-temt adaptation is simply modelled by an exponential decay in spike discharge rate

with time. Off-suppression is produced by the same mechanism.

23 Probabilistic Spike Generation.

The spike generator mechanism consists of the product of two quadrant multiplication between lowtpass filtered

white noise and the output of the previous stages of the model, undergoing level detection. if the threshold lcvcl

is exceeded. a spike is generated. followed by a refractory period of st.

A more detailed description of the AN model is given elsewhere [7].
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3. COCHLEAR NUCLEUS MODEL

The auditory nerve divides into a number of tonotopically ordered branches which project onto the cochlear
nucleus. The cochlear nucleus can be spill into the ventral (VCN) and dorsal (DCN) cochlear nucleus. The VCN
can be further split into the posterior (PVCN) and the anterior (AVCN) ventral cochlear nucleus. The tonotoplc
organisation of the cochlea is preserved in each of these regions,

In contrast to the homogeneous responses to single frequency tone bursts found in the auditory nerve. the
cochlear nucleus has at least five different response types [8]. They correspond to date-em cell types found in
the cochlear nucleus. Fig 11 shows idealised versions of such temporal responses and corresponding cell types.

The cochlear nucleus units proposed here are based on a simple neuronal model (fig 3.l). Each particular CV
unit is modelled by adjusting certain parameters to approximate the observed physiological characteristics of CN
neurons.
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Fig. 3.1 Block Diagram of processing in 1M neuronal mdel.

Excitatory (EPSP) and inhibitory post synaptic potentials (1P5?) are generated (A it B) by low pass filtering
input Spikes. If the integrated intracellular potentials (Cl exceed a given threshold, an action potential (AP) is
generated (D), The AP consists of two separate processes. a large fast dopoiarisation (D1) followed by a more
gradual hyperpolarisation (D2).The AP generator is disabled at the peak of the AP and is only reprimed when Ihc
intracellular potential falls below a predefined volutge. Normally this happens dunng the hyperpolarisation.

The time course and amplitude of the P5P: and AP are controlled by a set of parameters. Other parameters
defining the response pattern are the firing threshold and the repriming let-cl.
The ability to vary virurally all cell parameters means that the response characteristics or single Delis can be con
[rolled to match original cell recordings.

I EPSPS and IPSPs can be low-pass filtered to a degree which reflects the position of their generation:
I the duration of hyperpolarisation can be adjusted to set the relative refractory period:

3 the firing threshold can be sol to adjust or prevent spontaneous activity; and finally

- the action potential reprinting voltage can be set to provide I very powerful action potential blocking
mechanism.

In this way. units having the response characteristics of Primaryliko, Chopper. Onset.” Onsotmhypc if) and
Fauserflype lV) ccils can be simulated [9]. Of particular interest in the processing of plosives an: Onsct‘ units.

3.1 Onsetl units

Onset: responses are recorded in octopus cells. which occur in the FVCN in most mammals {in}. The cell bodies
lie at the edge of the octopus cell area with lht‘tl’ dendrites passing over a large number of auditory nerve fibres.
which explains the large receptive fields found in octopus cells. intracellular recordings show that spikes are
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followed by no or very little hyper-polarisation.

Onset: units are modelled using the action potential blocking mechanism which is invoked after every action

potentiaL The blocking mechanism is set at the onset of an AP and reset when the intracellular potential falk
below a set voltage. In all other units this happens immediately wi1h the onset of ltyperpolart'satinn. ln onsetI

units hyperpolarisadrm is suppressed and the reprinting threshold is set to a low value so that for sustained

stimuli only the onset spike is generated after which the spike generator is disabled.

To produce reliable unset respOnses.even at low stimulus amplitudes. the equivalent of 80 auditory new: fibres
are connected to the onset unit so that a steady depolarisauon is produced. The need for a large number or

aim-ant fibres is enhanced by the use of short durauon EPSPs which provide relatively hllll temporal integration.
The afferent nerve fibres aresprm over a large range of centre frequencies (CF +- 2 Bark) to simulate the wide
receptive field or Onset units, The firing threshold is set high (-3SmV) to suppress spontaneous activity.

I. RESPONSES TO VOICED PLOSIVl-‘s

Both the auditory nerve and cochlmr nut:le models have been tested with simpte stimuli [7]. In this paper die
responses of the models to VCV utterances are investigated

4.] Stimuli
21 Vowel-Consonant—Vawel (VCV) uuetanees by I single speaker were recorded. The utterances consisted of the
voiced plosives M. Id! and t‘gl preceded and followed by the vowels Isl. N and In}. The stimuli were sampled at
lOltHz

4.1 AN Model
Each stimulus was presented for 10 repetitions and the output spikes collected into post stimulus histograms
(PSTH) for each channel of the model. Fig 4.1 shows the PSTi-Is produced by the AN model in response to the
unenmoe trawl These PSTI-ls were analysed using a fixed. short-time analysis window in two different hays, giv-
ing ave-age discharge rate and synchronised discharge rate reprsentatiuns of the model responses. reflecting the
type of analysis used by auditory physiologists [3]. A fitted-window length of 12.Brns was chosen. The window
was shine: by increments of 6.4m through the PSTH data. to construct a spectrogram representation.

MW
WWW

D Fig, «.1 AN mgr response m labial. 1-05

The aver-age discharge rate is calculated by simply counting the number of spikes in each window. Fig 423
shows the average discharge rate specuogram for tube/i The synchronised discharge rate is a manure of the tem-

poral response of the model. A Hamming window was applied to the windowed data. and a l23pl FFl' calm,
lated. The synchronised discharge rate {or a given channel is the magnitude ofthe FFT component at the CF of
that enamel. Frg 4.2b shows the synchronised discharge rate spectrogram for [aha]. Fig 4.2!: gives the better
representation of the Mural activity. Formant discrimination between F1 and F2 is clearer. This is because the
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mode! exhibits synchrony suppression. but not rate suppression [3].
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Fi3. 4.2 (:1) Average and (b) Syncltmm‘sed' dim:ng rote representation of AN model rerporu'c ta labial.

The synchronised discharge rate responses for thr- mleramcs lads] and [age] are shown in fig 4.3a dt b. Visual
inspection of the 'spectromms’ gives lich indication of which plosive is present in the utterance. The formant
transitions of the CV syllables art. poorly encoded by the AN model.
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Fig. ‘3 Synchronirrd discharge rate representation of AN made! response to (a) fade! and (it) legal.

43 CN Model.
The PSTHs of the response of the AN model to the 27 VCV utterances were presented to arrays of a number of
cochlear nucleus units: PrimaryJike. Chopper. Onsell. Onsetmttypc Ii) and Pauser(t_tpe N). The response of units
with unilateral inhibition was also investigated These units act as formant edge dutacLDrS in frequency space but
have no direct physiological correlate in the CN. Onset.1 units seemed to be well suited for the encoding of pio-
sives. The other units seemed more suited for the encoding of formant frequencies or lht: fundamental frequency.
or in the case of type IV (panser) units seemed unable to encode speech information in any useful way.

4.3.1 Plusives in unsel‘ units. OnsetI units appear to act as edge detectors in time. with exactly one spike being
generated at each tone onset. Thur. unit: also produce a single spike at the plusive burst (fig 4.4.13). This sug—
gests that the units may be used to encode one of the features involved in the perception of plosives. Ainswnrth
[11] showed that the conditional probability of a listener perceiving a synthetic stimulus as/bt was greatest it a
shun noise burst was presented near the first fornat frequency. u [y if the noise was near the second formant
frequency. and as ld.‘ if the noise was centered at a higher mnw frequency. However. the experiments also
demonstrated that the efficacy of this one was dependent upon the towel context. Fig 4.6:, b & it Show: the
EMS“ of an my of Onsetl units to a VCV stimuli. labal. Jada] and legal. In all cases. both the formant
onsets (Al. A2) and the plosivt: burst (B) are enoodcd by the unit. Another feature of the unit is its ability to
phase lock into the glottal pulse period (C1 and C2).

In order to t‘ategorise the plosives. the position of the highest and lowest channel of the array activated by the
plosive burst (in. leading edge 3, fig 4.Go.b&e) was plotted (fig 4.5). The graph shows a clear SCplll'BLlDll of {bf
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inlracnlluI-r pulanlial 5|” 2

Fig. 4.4 Response afflngle Onset, urn" lo {5501.

and Id] sounds. The leading edge in lb! virtually aIwnys slam al channel 0. ending in the middle to high fre-
quency region. The plosive Id] is clmmlerised by u leading edge ranging from Ihe highest frequency. 4700 H2
down to the middle and low lirequency region. Finally 1y sounds are grouped into two areas. the common fenlure
is Ihe spread of me leading edge. Leading edges or lg] plosives are rarely spread over more than )5 channels.
11m il a large amount of overlap belween [GI and Is! which Show acLivity in the high frequency legion. This
may have beenbroughl about by me frequency runge of our model. maximum frequency of 47001-11. All fldl
sounds have mes: leading edge reaching to [his frequency region. and possibly higher.

lowest channel
20 ' '  
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Fig. 4': Cluslfimn'an cfvor'ced plosim in lenmafburu region

The W: RSI-Ills am in metal agreement will: psychophyiiml “318 [1114 Additionlly. il would be expected Illal
[he mud of the plosive bursl is un impomnl cue. For example. Iy‘ consistently has a small frequency mge
me which Ihe plosive burst causes wike discharges. The discriminaljon of voiced plosives using only lb:
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plosive burst frequencies as a cue is unlikely because of the large overlap ol lg! and Id! in the high frequency
region.

Other important cues to the plosivn typepreceding a vowel are formant transitions. and there is evidence that
some cochlear nucleus units exhibit a preference for frequency sweeps in one particular direction. However. a
systematic encoding of frequency Sweeps is more commonly associated with the central auditory system [12].

5. CONCLUSIONS

A physiologically-based model of the auditory nerve and cochlear nuclws has been produced. This has been
used to process voiced plosives in VCV utterances. the results suggnsl that some of the units in the cochlear
nucleus (Onset1 unis) may be remnsihie for detecting the onset burst frequency. a cue which has becrt shown
psychophysically to be useful in distinguishing between voiced plosives, However the complcxfly of mu system
is such that much more work needs to be carried out before definitn conclusions can be reached.
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