
























, filter­
ations, 
er con­
mpled­
opera­
o.g fac­
.nuous­
equires 
1 prob­
lorphic 

:1cward 
1. This 
ed and 
)r such 

19 only 
Lng the 
uanical 
inform 
a slice 

as the 
: useful 
d from 

sta­
les and 
stem is 
ions to 

t phys-
under 

;ions of 
sulting 

quency 
c value 
dimen­

filter 
g zeros 

FILTER CASCADES 15 

helps us to cancel some of the delay of the poles, thus making it easier for us 
to develop a model with reasonable phase. Kates [6] has explored one class of 
filter cascades using zeros to arrive at lower overall delay. 

The LG method breaks down in the cochlea in the cutoff region, where the 
eikonal has multiple complex solutions for k. In this region, the wavenumber 
changes so rapidly that there is effectively a mode coupling phenomenon that 
allows energy to couple into several of these different wave modes, which in­
terfere with each other in complex ways, and which decay more slowly with x 
than does the original mode [26]. The resulting high-frequency irregularity, or 
plateau, in the response gain, which is found in numerical 2D solutions and is 
sometimes observed in real cochleae, is not easily modeled by cascades of simple 
filters. This discrepancy is an obstacle not to the concept of a filter cascade, 
but rather to the modeling details and to the desire to use simple stages. It 
seems likely, however, that the high-frequency plateau has no functional im­
portance in normal hearing. Complicated response patterns due to cochlear 
micromechanics may lead to similar considerations, depending on one's goals 
in modeling. 

1.10 RELATION TO OTHER APPROACHES 

The most common functional approach to computational models of the cochlea 
is the bandpass filterbank. In this approach, every place to be modeled has 
its own filter, which is designed to match experimental data. Because there is 
usually no good basis for constraining a filter design using poles, an all-zero 
(transveral or finite impulse response) filter is often employed. Both of these 
features-independent filters and lack of poles-make the implementation of 
this approach computationally expensive. 

Filterbanks that use poles-such as the gammatone filterbank (GTF) and its 
all-pole variant (APGF) [14, 23]-are becoming more widely used, because of 
their efficiency and simpler parameterization. The GTF is popular, but has an 
inappropriate symmetric passband; the APGF is closely related to a cascade 
of two-pole filters, and is therefore much more realistic in terms of transfer 
function and of the possibility of parametric nonlinearity. 

An analog silicon model of the cochlea that can propagate waves bidirection­
ally has been reported by Watts [27]. It uses a 2D resistive grid as a substrate 
for directly solving Laplace's equation for wave propagation in a 2D fluid model 
of the cochlea, with second-order filters along one edge modeling the BM-fluid 
interaction. This approach needs to be further developed to see whether it 
leads to an overall advantage in implementing an effective cochlea model. A 
potential problem is that irregularities or the inherent spatial discretization 
may lead to reflections that cause instability, as has sometimes been a problem 
in 2D numerical solutions of active cochlea models. 
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1.11 CONCLUSIONS 

The filter-cascade structure for an cochlea model inherits two key advantages 
from its neuromorphic roots: efficiency of implementation, and potential re­
alism. Both the filter transfer functions, in terms of magnitude and delay 
dispersion, and the nonlinear behaviors of the cochlea, in terms of distortion 
and adaptation, are modeled realistically under the constraints imposed by the 
cascade. Minor problems, such as excess total delay in the finely discretized 
all-pole version, are tolerable in practical applications. 

Analog VLSI implementations of the filter-cascade cochlea model are cur­
rently being explored at a number of laboratories around the world. The ideal 
of a practical micropower real-time artificial cochlea circuit is rapidly coming 
closer to reality. 
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