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one always would have been accompanied by degradation of the 
other. 

From the previous paragraph it is clear that there are two ways 
to achieve high resolution in frequency. One way is to reduce the 
filter's bandwidth-the narrower the bandwidth the greater the 
spectral resolution. The problem with this method is that no real 
filter can discriminate perfectly between signal ( or noise) com
ponents that fall within the band from those that do not. The 
second method is to increase the ability of the filter to discriminate 
components within its. band from those outside, independent of 
the width of the band. When spectral resolution is increased by 
bandwidth reduction, temporal resolution must decrease. When 
spectral resolution is achieved by improvement of a filter's ability 
to discriminate components within its band from those outside, on 
the other hand, time and frequency resolution can be manipulated 
independently. The width of the filter's band can be adjusted to 
give the desired temporal resolution, then the shape of the band 
edges can be adjusted to give the desired discrimination between 
spectral components within the band and those outside. 

HIGHER-ORDER FILTERS 

Perfect spectral discriminability would be achieved by a filter that 
passes all frequencies within its pass band and completely rejects 
all other frequencies. Although such a filter is impossible to realize, 
it provides us with a direction for design: as the stimulus frequency 
approaches the edge of the pass band from within it, the response 
amplitude should remain nearly constant (C1 in Eq. 4 should be 
close to 1.0); as the frequency moves beyond the edge of the pass 
band, the amplitude should decline precipitously (C1 should be 0). 
It already is clear that the band width and the steepness of the 
band edge cannot be manipulated independently in a second-order 
filter; both depend on the same parameter, Q. However, the two 
can be manipulated independently with filters of order greater than 
two. In fact, with the width of the pass band fixed, the way to 
increase the steepness of the band edge is to increase the order of 
the filter. The order of a linear system is the same as that of the 
differential equation describing its behavior in the absence of on-
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flat top across the pass band of the resultant amplitude tuning 
curve (Fig. le); and the width of the band would be limited only 
by number of summed resonances. Whether or not notches are 
present, convexity in the (log-log) amplitude tuning curve 
generated by summed parallel resonances still is limited approxi
mately to the upper 3 dB, and the total phase shift is limited to 
! cycle. Approximately 20% of the afferent axons from the bullfrog 
sacculus exhibit single antiresonances of very high Q, suggesting 
the possibility of simple parallel summation. Arguing against this 
interpretation, however, are the facts that the phase shift in these 
axons ranges over several half-cycles, not just one, and the slopes 
of the flanks of their (log-log) amplitude tuning curves are convex 
(over several tens of dB, until they disappear into the noise floor). 
The amplitude tuning curves for the remaining 80 percent of axons 
from the intact bullfrog saccule and all axons from the intact frog 
amphibian papilla exhibit single peaks and no antiresonances. They 
too exhibit phase shifts that range over several half cycles and 
amplitude tuning curves with convex flanks. In order to achieve 
such phase and amplitude tuning curves, the responses of some 
resonances would have to be added and the responses of others 
subtracted (leading to what is known in electrical network theory 
as a "partial-fraction expansion realization" of the filter).39 There 
are at least two ways that the paths through some hair cells might 
be additive while those through others are subtractive: (1) the 
afferent axon might receive excitatory synapses from some hair 
cells and inhibitory synapses from others; or (2) the afferent axon 
might be connected to hair cells of opposite mechanical orienta
tion. There presently is no evidence that any hair cell makes an 
inhibitory synapse on an afferent axon, making possibility (1) very 
unlikely. Possibility (2) exists for some hair cells of the frog am
phibian papilla, but not for those in the (low frequency) regions 
where Pitchford and Ashmore found resonances, and not for the 
bullfrog sacculus at all. 11• 38 Even if possibilities (1) or (2) were 
available, partial-fraction expansion realizations of filter properties 
are extremely sensitive to the gains of the individual paths and 
therefore seem to be a poor basis for reliable filter design by natural 
selection. 

Thus the evidence strongly suggests that the bidirectional cou
pling between the electrical and mechanical sides of the hair cell 
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