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INTRODUCTION

Since human llsteners are acknowledged to be aexperts at recognising
spesgh, conneoted or unconnected, the strategy of simulating human
listening function would appear to be potentially very frultful. The
problem ls that we have only loose notiona of how this human ability
aotually works. We are, however, not totally ignorant and it is a sericus
research question as to how much progress we can make by implementing
existing knowledge in ASR technology. When a sound angineer, intent upon
making a sterecphonic recording, places his miorophones in a dummy head
with pinnae in position corresponding to the eardrums [1, p252], he 1a
engaged in juat such an implementation. Similarly, the use of an array of
band-pass rilters in a recognition device iz a passable analogue of the
mechanical filtering effeot of the basilar membrane in the mammalian ear,
When these filters have thelir ocentre frequencies equally spaced on a Bark
acale [2], the analogy 1s made explicit. Future developments could
“ inelude simulation of the characteristics of the travelling wave along the
basilar membrane [3] and the generation of spike traine such as are found
in fibres of the auditory nerve [4].

The possible benefits of these strategies are various. The use of
realistic sterecphonic recordings should help with the separation of
auditory figure from ground, i.e. the isolation of the focal stimulus from
& nolisy, distracting background. The use of carefully spaced band-pass
fllters should be an efficlent arrangement for extracting frequenay
information, if we assume that the auditery system is optimally configured
for this purpose. Modelling the travelling wave introduces phase shifts
in components of the signal freaguenaoies which lie olose to the center
frequency of the bandpass filter. This can be used to emphasise dominant
frequencies making them, easier to extract from the total stimulus
pattern,

Modelling splke trains represents an uncertain and relatively unexplared
possibility, Certainly, such trains show a dramatic inarsase in density
at the onset of a stimulus and a period of abnormally low activity
immediately after stimulus effect. These properties may prove useful in
marking changes in stimulus quality. If information concerning the
identity of a word or phrase 1s carried in the pattern of change of
atimulus parameters rather than during ateady state portions then this
oould be a very valuable property indeed. .
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Extraoting useful information from stereophonic inputs dependa partly on
relative amplitude at the two ears and partly on timing differences.
Bocause splke activity is finely located in time, it has considerable
potential for the extraction of information concerning the timing
component of the spatial localisation of the sound source. As a
consequence, splke trains may be useful in the separation of an auditory
ivage from ita background.

Because auditory nerve gpikes are only nonlinearly and probablistically
related te the instantaneous amplitude of the signal, it may appear to be
an unpromising basis for extracting frequency or pitch information.
However, we do know that human listenera can achleve just that and aoms

" theories [1, p140; 5], do exist as speculations as to how this can be
achieved. These theories involve computing the time intervals between
apikes. One advantage of this technique 1is that the system is sensitive
to amplitude modulation as well as simple frequencies thus reflecting the
human sensitivity to the pitch of harmonic complexes {common in speech
stimuli). It also provides a basis for understanding how harmonics can be
grouped {on the basis of common time intervala) and subsequently isolated
from competing harmonically structured sounds, This would be a aecond
method for achleving some of the benefits of auditory selective attention,
a problsem which has proved most challenging to devices working in the
frequency domain.

Time intervala between apikes {which ococur most commonly at timea
assooiated with the peaks of the waveform) appear to share many features
With zerc-orosaing measures. We know [6]), however, that s great desl of
frequency information 1s preserved in the zero-orossinga of a bandpass
pignal, 1if the filter width 1s not too great, Because the mechanical
properties of the basilar membrans ensure that individual fibres are
responding to bandpass filtered signals, we have good grounds for optimism
that spike trains will carry snough frequency information for our
purposes.

There are difficulties to be overcome, however. For example, auditory
nerve fibres have a very restricted dynamic range - often less than 304B -
and are easlly saturated. It is alao the case that the tight relationship
between signal phase and spike timing has only been observed at low
frequenciea (less than 5 kHz). Spike activity also shows refractory
effects whereby, loosely speaking, spikes clcser than 1 maea apart are
never observed, How the aystem generates human hearing achlevements given
these limitations, remains a matter of controversy and these problems will
need to be directly addrassed by anyone choosing to use these techniques
in a recognition device.

DESIGN CRITERIA

Considerable progress has been made in recent years in devising methoda
for generating spike trains from acoustic stimuli and the reat of this
paper will be devoted to looking at some of the methods used as well as
the eriteria employed in choosing between them. HNo theory has yet been
published which definitely meets even the current short list of oriteria
and some oiroumspection is called for. However, a number of the sexisting
methods are already good eénough for most of the purposes of ASR and we can
start exploring immediately.
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Nerve fibre response has a number of peculiar properties which need to be
simulated by any successful splke generator embodying a model of the
process:

(1) The simplest is the rate-intensity funotion given in Fig. 1.

(2) In the absence of any stimulus, the generator should produce
intermittent aotivity with inter-spike intervals broadly consistent with a
Poisson proceas with the exception of very short intervals which are
limited by refractory effecta.

{3) Because the maximum rate of fixing is often considerably less than the
frequaney of the stimulating tone, spikes cannot occur on every cyecle but
nelther are the splkezs equally spaced {n time but follow only probablistic
tendencies. However, if the response to a low frequency tone {say 1 kHz)
1s averaged over many oyolea, a period histogram (Fig. 2) shows that the
firing denaity reflects the amplitude of the positive half of the signal
while showing no relationahip to the negative half (i.e. the period
histogram ia a halfwave rectified veraion of the stimulus). At very low
amplitudes, the halfwave reotification ia not present and the period
histogram is modulated across the ccmplete cycle. This relationship
between stimulus amplitude and pericd histogram modulation oan be observed
below the fibre's firing throshold, i.e., befors the firing rate shows any
sign of change.

(4) At high signal frequencies (>5 kHz) the period histogram shows no
ralationship to the fine structure of the stimuluas,

(5) Stimuli with a rapid onaset against a relatively quiet background
produce a most characteristlic onset firing peak which rapidly fades aa
responding settles down %0 an adapted level (Fig. 3). Detailled analysia
[7] has shown that the early phase of this adaptation process 1s composed
of at least two simultaneous exponential decay functions having time -
cocnatanta in the region of 3 msec and 40 msec respectlvely. Thia analysis
has also shown that the saturation effeot so charaoteristic of the rate
intensity function for adapted responding (Fig. 1} is much lesas marked for
onset responding (Fig. 4).

(6) Smith et al. [B) have also shown that the inorease in firing which
oocurs when a stimulating tone {8 increased in intensity is quite
independent of the state of adaptation of the fibre. This particular
property 1s known as the prineiple of additivity. The converse, it
appears, does not apply to deorements in stimulation intensaity,

(T) Following atimulus offset, firing ceases briefly then returns
gradually to spontaneous firing levels with a time constant in the region
of 50 mgea, Weaterman [9) has, however, shown that the capacity of the
system to respond to a new stimulus recovera at different rates for onaet
and post onoet responding rates.

SPIKE GENERATORS

With sc may criteria to satisfy, it is not surpriasing that no system has
yot been published and shown to achieve all the goals. However, those 4
that do exist are certainly geod enough for exploring their potential in a
spesch recognition context. Host of the models currently being developed
are digital simulations of processes which might conoeivably be taking
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place in the inner hair cell in the organ of Corti. Because spike
activity in auditory fibres 1s believed to be initiated by transmitter
substance released from the hair cell into the jJunction with the fibre, it
1s this process which receives closest attention.

The models are variations on a general theme which is illustrated in

Fig. 5. Tranamitter subatance arrives from & large global store or
*factory' and is delivered to the space adjacent to the cell membrana.
Before arriving there it may be passed through one or more ‘reservolrs®.
The stimulus direotly modifies the probability that transmitter in the
immediate store will be released aoross the membrone into the cleft. This
can either be achieved by changing the global permeability of the
membrane, l.e. changing the rate of release or changing the number of
sites on the membrane which release tranamitter at a fixed rate. The
amount of transmitter released ianto the oleft then influences the
probabllity of a spike being gensrated in the attached auditory fibre., At
this point the transmitter is seither lost or is taken back into the cell
and reutilised after reprocessing. References [10-15] give typical
variations of this theme and give access to most of the relevant
literature.

The digital simpulation 13 in the form of differential equations which are
ovaluated, say, 20,000 times per second of simulated eventa. These
equations are effectively updating the amount of tranamitter in the
various locaticns of the model (the boxés in Fig, 5) as it flows through
or around the aystem. There 18 no reason why the models could not be
handled as well or better using analogue devices. When models are
perfaated this may ultimately be the beat method of using spike generators
in speech recognition devices.

From a purely computational point of view, the fewer boxes the better
because each box requires the evaluation of a differential equation for
each epoch of the simulation. The Smith and Brachman model [10] ia able
to demonstrate the additivity prineiple but requires 500 immediate storas,
Schwid and Geisler [12] have & compromise by using only aix atores.

Meddis [13, 15) gets very close using only one immedimte store and a
reuptake mechanism, Cooke's ingenicus 'state-partition' model [14}
simulates large numbers of 1mnediata aites very economically using a small
number of varlables.

8o far no comparative study bas been attempted to evaluate the respective
merits of these models. This would be an interesting exeroise but
probably academic from the point of view of the ASR community since they
all generate spikes which are tolerably similar to those coming from a
recording electrode. The first priority 1s to get them into service on an
exploratory basis as 'plug in' modules which ocan be replaced later when a
better model of auditory neural transduction is forthooming.
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FIG. 1 Rate-intensity function (schematic).
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FIG, 2 Period histogram (schematic) for 1 kHz tone.
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FI1G. 3 Adaptation of'responae to 8 300 msec tone burst.
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FIG. 5 GCeneralised representation of spike generating models.
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