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A phenomenological model was developed to describe responses of high-spontaneous-rate
auditory-nerve 共AN兲 fibers, including several nonlinear response properties. Level-dependent gain
共compression兲, bandwidth, and phase properties were implemented with a control path that varied
the gain and bandwidth of tuning in the signal-path filter. By making the bandwidth of the control
path broad with respect to the signal path, the wide frequency range of two-tone suppression was
included. By making the control-path filter level dependent and tuned to a frequency slightly higher
than the signal-path filter, other properties of two-tone suppression were also included. These
properties included the asymmetrical growth of suppression above and below the characteristic
frequency and the frequency offset of the suppression tuning curve with respect to the excitatory
tuning curve. The implementation of this model represents a relatively simple phenomenological
description of a single mechanism that underlies several important nonlinear response properties of
AN fibers. The model provides a tool for studying the roles of these nonlinearities in the encoding
of simple and complex sounds in the responses of populations of AN fibers. © 2001 Acoustical
Society of America. 关DOI: 10.1121/1.1336503兴
PACS numbers: 43.64.Bt, 43.64.Pg 关BLM兴

I. INTRODUCTION

Phenomenological models for auditory-nerve 共AN兲 responses provide a useful tool for studying the representation
of simple and complex sounds at the first level of neural
coding in the auditory system. These models allow hypothesis testing of the mechanisms that underlie various response
properties. They also provide a tool for creating population
responses that can be used to quantify the information available to the central nervous system 共CNS兲 for different
stimuli. In this study, a phenomenological model for AN
responses was developed that focuses on several nonlinear
response properties of AN fibers. The motivation for the development of this model was to provide a more accurate and
quantitative description of the responses of AN fibers to
complex sounds, such as noise-masked stimuli and speech
sounds. To study the encoding of complex stimuli, inclusion
of nonlinear interactions between frequency components in
the stimulus is important.
a兲
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Nonlinearities that are the focus of this study include the
compressive changes in gain and bandwidth as a function of
stimulus level, the associated changes in the phase of phaselocked responses, and two-tone suppression. These phenomena have all been related to a single mechanism in the inner
ear, often referred to as the cochlear amplifier 共Patuzzi and
Robertson, 1988; Patuzzi, 1996; Holley, 1996兲. The challenge of the present study was to develop a model with a
single mechanism that produces these different response
properties. The development of the model was guided by the
data available in the literature, where possible. However,
physiological descriptions of nonlinear response properties
typically focus on one or two properties at a time, and have
been conducted in a number of different species. Therefore,
the goal of the present study was to develop a model that
captures the key features of several AN nonlinearities, while
keeping the model as simple as possible.
Evidence for nonlinear gain in the inner ear was first
described in terms of a compressive nonlinearity, or reduction in gain as stimulus level was increased to relatively high
levels 共Rhode, 1971兲. More recent studies have demonstrated
that the compressive nonlinearity affects responses from as
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low as 20 dB SPL up to the highest levels tested 共110 dB
SPL兲 in the most sensitive ears 共Ruggero et al., 1997兲. Ruggero et al. 共1992兲 and Cooper and Rhode 共1996兲 showed that
the compressive nonlinearity and two-tone suppression are
both affected by the same experimental manipulations, providing evidence that these two nonlinear properties are likely
to be due to a single mechanism. Two-tone suppression has
previously been described in a number of studies of the AN
共e.g., Sachs and Kiang, 1968; Costalupes et al., 1987; Javel
et al., 1978, 1983; Delgutte, 1990; Temchin et al., 1997兲,
inner hair cells 共IHCs兲 共Cheatham and Dallos, 1989, 1990,
1992; Nuttall and Dolan, 1993兲, and basilar membrane 共BM兲
共e.g., Ruggero et al., 1992; Nuttall and Dolan, 1993; Rhode
and Cooper, 1993, 1996; Cooper, 1996兲. Two-tone suppression grows with suppressor tone level at different rates depending upon the frequency of the suppressor with respect to
the characteristic frequency 共Costalupes et al., 1987; Javel
et al., 1983; Delgutte, 1990; Ruggero et al., 1992; Rhode
and Cooper, 1996兲. This property of two-tone suppression
will influence the responses of AN fibers to complex wideband sounds. The present model includes this asymmetrical
aspect of two-tone suppression as well as the compressive
nonlinearity associated with the cochlear amplifier.
The model described here significantly extends a previous model developed by Carney 共1993兲, which included
compression and level-dependent bandwidths and phases,
but not realistic two-tone suppression. The wide-band, feedforward control path in the present model replaces the feedback control mechanism used in the previous model and is
critical for including two-tone suppression. Wide-band suppression mechanisms superimposed on the more narrowly
tuned excitatory process have previously been suggested as
explaining some of the properties of two-tone suppression
共Geisler and Sinex, 1980; Delgutte, 1990兲.
The model proposed here joins several other phenomenological models of basilar membrane and/or AN responses. This model focuses on the nonlinear response properties of auditory-nerve fibers described above, especially the
level-dependent phase properties and two-tone suppression.
Level-dependent phase properties of AN responses have not
been a focus of other modeling studies, but several have
addressed the problem of two-tone suppression and related
nonlinear response properties.
Several modeling studies have explored combinations of
linear filters and memoryless nonlinearities that provide phenomenological representations of responses at the level of
the basilar membrane 共without inclusion of models for the
inner hair cells and IHC-AN synapse兲. Initial models of this
type included the bandpass nonlinearity 共BPNL兲 models of
Pfeiffer 共1970兲 and Duifhuis 共1976兲. Goldstein 共1990, 1995兲
extended this approach with a multiple bandpass nonlinear
共MBPNL兲 model, which included two interacting paths, one
with a low-pass filter followed by a memoryless nonlinearity,
and one with a bandpass filter. Several nonlinear cochlear
response properties can be explained by this model due to
the level-dependent interaction of the two paths, which can
be thought of as representing multiple modes of BM excitation 共e.g., Lin and Guinan, 2000兲.
The MBPNL model describes level-dependent iso649
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reponse tuning curves that include ‘‘tails,’’ as well as several
aspects of two-tone rate suppression, including the asymmetry of suppression for low-side versus high-side suppressors,
synchrony capture by low-frequency tones, simple-tone interference, and the generation of combination tones 共Goldstein, 1990, 1995; Lin and Goldstein, 1995兲. While there is
some overlap between the phenomena described by the
present model and by the MBPNL model, there are several
important conceptual differences between the two modeling
approaches. The MBPNL model consists of parallel pathways comprised of static filters that interact through memoryless nonlinearities, whereas the model presented here consists of a simple bandpass filter with time-varying gain and
bandwidth. In addition, most of the simulations presented
here include models for the IHC and the IHC-AN synapse;
the goal of this model is to provide AN discharge patterns 共as
opposed to cochlear responses兲, and comparisons of model
output are primarily made to AN response properties described in the literature. The detailed relationship between
phases of BM and AN responses, which vary with stimulus
frequency, characteristic frequency 共CF, the frequency to
which an AN fiber is most sensitive兲, and SPL 共e.g., Ruggero
and Rich, 1987; Narayan et al., 1998; Cheatham and Dallos,
1999兲 are beyond the scope of this study.
The level-dependence of the phase of BM 共e.g., Geisler
and Rhode, 1982; Ruggero et al., 1997兲, IHC 共Cheatham and
Dallos, 1998兲, and AN 共e.g., Anderson et al., 1971兲 responses to tones at frequencies above and below CF is a
nonlinear response property that is potentially important for
the encoding of complex sounds 共e.g., Carney, 1994兲. This
property cannot be described by the MBPNL model. The
study presented here examines the relationship between
level-dependent phase and two-tone suppression and illustrates that a single mechanism can be used to incorporate
both properties in a phenomenological model. Note that the
model presented here does not attempt to include all of the
properties explained by the MBPNL and other models. In
particular, tails of tuning curves and simple-tone interference, which can be explained by MBPNL models, are not
addressed by this model. Also, this model does not include
asymmetrical filter shapes, which are the focus of Irino and
Patterson’s 共1997兲 auditory filter model that includes a leveldependent ‘‘glide’’ of the instantaneous frequency of AN
impulse responses as a function of time. Actual BM and AN
responses have glides that are level-independent 共e.g., Recio
et al., 1996; de Boer and Nuttall, 1997; Carney et al., 1999兲,
and the direction of the glide varies with CF in AN responses
共Carney et al., 1999兲. Inclusion of this potentially important
temporal response property into an AN model would be of
interest for future studies.
Another feature of several AN models is the inclusion of
high, medium, and low spontaneous-rate AN fibers 共Liberman, 1978兲. Sachs and Abbas 共1974兲 and Schoonhoven et al.
共1998兲 investigated phenomenological models that explained
rate-level functions for AN fibers with different spontaneous
rates in terms of the relation between AN threshold and BM
compression. Also, detailed models of the IHC-AN synapse
共e.g., Schwid and Geisler, 1982; Meddis, 1986, 1988; Westerman and Smith, 1988; Geisler, 1990; Hewitt and Meddis,
Zhang et al.: Phenomenological AN model
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1991; Lopez-Poveda et al., 1998兲 provide descriptions of
several features of AN rate-level functions. In the study presented here, results are limited to high spontaneous-rate AN
fibers.
One benefit of the filterbank model developed here is
that it allows the simulation of population responses of AN
fibers to simple and complex sounds. Previous models have
also been developed for this purpose, and these models share
some of the properties of the present model. Jenison et al.
共1991兲 developed a composite model for AN responses that
included level-dependent peripheral filter bandwidths, which
were based on filters derived from a database of AN ratelevel functions. Deng and Geisler 共1987兲 developed a composite model for AN responses based on a nonlinear cochlear
model with longitudinal stiffness coupling. Giguere and
Woodland 共1994兲 proposed an analog/digital composite
model that included the compressive nonlinearity. All of
these models were tested primarily with speech stimuli, and
showed several interesting features, such as synchrony capture by low-frequency formants. None of these models were
tested closely using simple tones or pairs of tones to explore
the details of their level-dependent phase properties or details of two-tone suppression.
The model described in the present study shares some
general features with a recent model proposed by Robert and
Eriksson 共1999兲, which included nonlinear gain, bandwidth,
and some aspects of two-tone suppression. However, the
Robert and Eriksson 共1999兲 model did not address several
key response properties that are a focus of the present study.
For example, their study did not include the temporal response properties of AN fibers, such as the dependence of
synchrony on level and frequency, and the level-dependence
of the phase of phase-locked responses. In addition, they did
not address the asymmetry in suppression growth above and
below CF. Their model involved a feedback control mechanism that combined control signals from neighboring fibers
with different CFs to achieve an effectively wider-band control path, and thus wide-band two-tone suppression.
In the present study, the strategy is instead to use a
wide-band feedforward path, which allows the properties of
two-tone suppression to be included in a model of a single
CF fiber 共without having to simulate responses of the neighboring fibers兲. Furthermore, the level-dependent gain and
bandwidth of the feedforward control path in the present
model allow the asymmetry of two-tone suppression to be
included. Because studies of information coding in the auditory system are still investigating the roles of temporal information and/or average discharge rate, this model was designed to simulate both aspects of the AN discharges with as
much accuracy as possible, over wide ranges of CF and SPL.
This report presents the overall design and implementation of the model and shows responses of the model to a
number of stimuli that have been used in physiological studies of AN fibers. The next section describes each stage of the
model and its parameter values 共either in equations or in a
table兲, justification for parameter choices, and an explanation
of the major effects of each parameter. Following the model
description, response properties of the model are shown and
discussed. Model responses are compared to several ex650
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FIG. 1. Block diagram of the AN model. The waveforms that illustrate the
output of each stage are the responses of a 500 Hz CF fiber to a 50 dB SPL
pure tone at CF.

amples of AN responses from the literature; note that the
parameters of the model were the same for all simulations.
However, the levels of the stimuli tested were sometimes
adjusted to accommodate differences in threshold between
the model and a particular AN fiber. The model parameters
are primarily based on the responses of AN fibers in cat;
however, data from other species were used when necessary.
The model presented here is focused on nonlinear tuning
properties and is limited to high-spontaneous-rate AN fibers.
Interactions between nonlinear aspects of basilar-membrane
tuning and the properties of the IHC-AN synapse create different response properties for low- and mediumspontaneous-rate AN fibers 共Sachs and Abbas, 1974兲. Future
study in this series will focus on inclusion of more detail in
the IHC-AN synapse, as well as the interaction of the properties of the synapse with the other nonlinear features of the
present model, and will thus extend this model to include the
other spontaneous-rate groups.
II. MODEL DESCRIPTION
A. Overview

The general scheme of the AN model implementation1 is
illustrated in Fig. 1. The input to the model is the instantaneous pressure waveform of the stimulus in Pascals. The
effects of the external and middle ears are not considered
here. The model includes properties described in recent
physiological studies of the auditory system; however, it is a
phenomenological model and the main effort is to simulate
realistic level-dependent average-rate and temporal reZhang et al.: Phenomenological AN model
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sponses of AN fibers with the simplest possible model. To
determine the model parameters, experimental data available
in the literature were used whenever possible and reasonable
assumptions were made when there were no data to support a
particular parameter value. The selection of parameters and
equations in the model was guided mainly by the response
properties of the model rather than by the mechanisms of the
actual physiological system. The two major parts of the nonlinear filtering section of the model are the signal path and
the feedforward control path 共Fig. 1兲.
The tuning of the signal path 共corresponding roughly to
tuning on the basilar membrane兲 is modeled by a cascade of
a time-varying filter and a linear filter. The control path acts
to regulate the tuning of the time-varying signal-path filter
and is responsible for the compression and suppression effects observed in model AN responses. The bandpass filter in
the control path has a broader bandwidth than the signal path
to achieve two-tone suppression over a wide frequency
range. A saturating nonlinearity followed by a low-pass filter
in the control path determines the dynamic range and the
dynamics of the compression and suppression. The control
signal is then shifted and scaled to adjust the threshold and
range of compression 共each fiber is scaled based on its CF兲.
The output of the signal-path filter is then passed through
models for the IHC and IHC-AN synapse that represent corresponding processing stages in the cochlea. A nonhomogeneous Poisson-process model with refractory effects is used
to generate the discharge times of the AN fiber. Brief descriptions and values for all model parameters are provided
in Table I.

B. Signal-path filter

The signal-path filter represents the tuning properties of
a specific location on the basilar membrane; the output of the
signal-path filter provides the input to the IHC model. The
signal path consists of a time-varying filter followed by a
linear filter. The gain and bandwidth of the time-varying
narrow-band filter are changed continuously as the control
signal fluctuates, varying on a cycle-by-cycle basis with
stimulus fluctuations below 800 Hz 共limited by the low-pass
filter in the control path兲. The signal-path time-varying filter
is the source of the level-dependent-phase and the two-tonesuppression response nonlinearities illustrated in the figures
below. The nonlinear filter also introduces asymmetry in the
output signal, resulting in a dc component that varies across
stimuli and sound levels. This dc component 共which may or
may not be biophysically appropriate兲 is difficult to accommodate using the simplified model stages that follow the
nonlinear signal-path filter. Therefore, the final stage in the
signal-path filter is a linear bandpass filter that eliminates the
dc component of the response.
Both the time-varying nonlinear filter and the linear filter in the signal path were based on gammatone filters, which
have been used in several studies to represent the impulse
responses of AN fibers 共Johannesma, 1972; de Boer, 1975;
de Boer and de Jongh, 1978; de Boer and Kruidenier, 1990;
Carney and Yin, 1988; Carney, 1993兲. The impulse response
of the gamma-tone filter is given by
651
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g 共 t 兲 ⫽u 共 t⫺ ␣ 兲共 t⫺ ␣ 兲 ␥ ⫺1 e ⫺ 共 t⫺ ␣ 兲 /  cos关  CF共 t⫺ ␣ 兲兴 共1兲
where u共•兲 is the unit-step function, ␣ is a delay added to the
gammatone response,  is the time constant,  CF is the radian
frequency corresponding to the characteristic frequency 共CF兲
of the model fiber, and ␥ is the order of the filter. This function has a simple expression in the frequency domain 共Patterson et al., 1988兲:
G 共  兲 ⫽0.5 ␥ 共 ␥ ⫺1 兲 !e ⫺ j  ␣
⫹
⬵

冋

1
关 1⫹ j  共  ⫺  CF兲兴 ␥

1
关 1⫹ j  共  ⫹  CF兲兴 ␥

册

 ␥ 共 ␥ ⫺1 兲 !e ⫺ j  ␣
, CFⰇ0,
2 关 1⫹ j  • 共  ⫺  CF兲兴␥

共2兲

where j is 冑⫺1.
The signal path consists of a nonlinear third-order gammatone filter followed by a linear first-order gammatone filter. The nonlinear filter is implemented by frequency shifting
the input signal downward by CF, then using a cascade of
three first-order low-pass filters, based on the strategy of
Patterson et al. 共1988兲. The low-pass filters were implemented digitally using the IIR bilinear transformation 共Oppenheim and Schafer, 1975兲. The time delay ␣ in the nonlinear filter is the additional delay that is required for a gammatone filter to represent the AN impulse response, including
traveling-wave, acoustical, and synaptic delays 共Carney and
Yin, 1988; Shera and Guinan, 2000兲. The delay is a function
of CF, estimated from fits of gammatone functions to measured reverse-correlation functions 共Carney and Yin, 1988;
Carney, 1993兲:

␣ 共 CF兲 ⫽A D e ⫺x CF /A L ⫺2  /  CF ,

共3兲

where A D and A L are from Carney 共1993兲 and x CF is the
distance 共mm兲 from the apex of the basilar membrane from
Liberman’s 共1982兲 frequency map for cat.
From Eq. 共2兲 it is clear that both the gain and bandwidth
of the filter are controlled by the time-varying time constant
 (t). The output of the control path specifies the time constant  sp (t) for each of the three first-order gammatone filters
in the cascade that comprises the time-varying third-order
filter in the signal path. The time constant  sp (t) varies over
a range determined by  narrow 共for sharp tuning at low SPL兲
and  wide 共for broad tuning at high SPL兲, where  narrow is
greater than  wide . The time-invariant time constant for the
first-order linear gammatone filter in the signal path is set to
 wide and the gain of this filter is set to 0 dB at CF. The
values of  narrow and  wide are determined by the tuning properties of AN fibers. A linear fit of measured values of Q 10
共the ratio between CF and bandwidth measured 10 dB above
the fiber threshold兲 for cat AN fibers 共Miller et al., 1997兲
determines the value of  narrow :

 narrow⫽

2Q 10
,
2  CF

共4兲

where the Q10 data is fit by
log10共 Q 10兲 ⫽0.4708 log10共 CF/1000兲 ⫹0.4664.
Zhang et al.: Phenomenological AN model

共5兲
651

Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP: 130.113.109.220 On: Thu, 27 Oct 2016 14:46:26

TABLE I. Description of the parameters used in the AN model. The desired values of PST histogram characteristics are used to derive parameter values for Westerman and Smith’s 共1988兲 three-store diffusion model 共see
the Appendix兲. The resulting values of these characteristics for the model response are not the same as these
input parameter values due to the effects of refractoriness. For example, the spontaneous rate of the model fiber
response is approximately 45 spikes/s, rather than the 50 spikes/s indicated in the table below 共see Fig. 7兲.
Parameters

Description

Values

Basilar membrane tuning filter and control path
 CF
characteristic frequency of the fiber 共rad/s兲
␣
delay of the onset tone responses for cat 共s兲
See Eq. 共3兲
AD
coefficient for traveling wave delay 共ms兲
8.13
AL
length constant for traveling wave delay 共nm兲
6.49
x CF
distance from apex of basilar membrane 共mm兲
 (t)
output of the control path
 narrow
estimated time constant at low sound level
See Eq. 共4兲
 wide
estimated time constant at high sound level
See Eq. 共6兲
␥ cp
order of the wide bandpass filter in control path
3
 cp
center frequency of the wide bandpass filter
1.2 mm basal to fiber CF
K
ratio of time constant in control path to that in signal path
0.2⫹0.8  wide /narrow
parameter in logarithmic nonlinearity
970
A cp
B cp
parameter in logarithmic nonlinearity
2.75
C cp
parameter in logarithmic nonlinearity
0.69
x0 cp
parameter in Boltzman function
7.6
s0 cp
parameter in Boltzman function
12
x1 cp
parameter in Boltzman function
5
s1 cp
parameter in Boltzman function
5
shiftcp
parameter in Boltzman function
0.125
cut cp
cutoff frequency of control-path low-pass filter 共Hz兲
800
k cp
order of control-path low-pass filter
3
dc
estimated dc shift of CP low-pass filter output at high
0.37
level
R0
ratio of  LB 共lower bound of  S P 兲 to  narrow 关see Eq. 共13兲兴
0.05
Inner hair cell model
A ihc0
B ihc
C ihc
D ihc
cut ihc
k ihc
p1
p2
Synapse
spont
A SS
 ST
R
A R/ST
PTS
P I max

scalar in IHC nonlinear function 关see Eq. 共16兲兴
parameter in IHC nonlinear function 关see Eq. 共15兲兴
parameter in IHC nonlinear function 关see Eq. 共16兲兴
parameter in IHC nonlinear function 关see Eq. 共16兲兴
cutoff frequency of IHC low-pass filter 共Hz兲
order of IHC low-pass filter
parameter in V ihc rectifying function
parameter in V ihc rectifying function
spontaneous rate of fiber 共spikes/s兲
steady state rate 共spikes/s兲
short-term time constant 共ms兲
rapid time constant 共ms兲
rapid response amplitude to short-term
amplitude ratio
peak to steady state ratio
permeability at high sound level

Spike generator and refractoriness
c0
parameter for relative refractoriness
c1
parameter for relative refractoriness
s0
parameter for relative refractoriness 共ms兲
s1
parameter for relative refractoriness 共ms兲
RA
absolute refractory period 共ms兲

While  narrow is based on physiological data in the literature
and is the main parameter for the sharp low-level tuning of
the signal-path filter, the actual tuning properties of the complete model output are affected by the compressive nonlinearity of the model. The parameter  wide is chosen based on
the desired filter gain at high levels. The difference between
 wide and  narrow is directly related to the gain of the cochlear
amplifier at a given CF:
652

J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001

0.1
2000
1.74
6.87e-9
3800
7
0.0143
See Eq. 共18兲

response

50
350
60
2
6
8.6
0.6
0.5
0.5
1.0
12.5
0.75

 wide⫽narrow10⫺gain共CF)/60,

共6兲

based on the third-order nonlinear filter.
The gain of the cochlear amplifier, or equivalently the
amount of compression in the model, is a simple function of
CF and is limited between 15 dB 共at low CFs兲 and 70 dB 共at
high CFs兲 as follows:
Zhang et al.: Phenomenological AN model
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gain共CF)⫽max兵 15,min关 70, 20⫹42 log10共 CF/1000兲兴 其 .

共7兲

The gain of the cochlear amplifier, or the amount of compression, has not been well characterized at many CFs in cat.
The function above was chosen based on a maximum gain of
70 dB for high-CFs 共Ruggero et al., 1997; Nuttall and Dolan,
1996兲 and a minimum gain of around 15 dB at low CFs
共Cooper and Rhode, 1996, 1997兲 observed in other mammalian species, with a smooth transition between low and high
CFs, as observed psychophysically in humans 共Hicks and
Bacon, 1999兲. This gain function could be easily modified
when data are obtained from cat; however, the present implementation represents the generally accepted concept that
there is stronger compression at high CFs than at low CFs.
For model responses to pure tones at stimulus frequencies
more than an octave away from CF, there was not much
change in gain as a function of stimulus level 关see Eq. 共2兲兴,
which is consistent with the data of Ruggero et al. 共1997兲.
C. Wide-band feedforward control path

The function of the control path is to provide a timevarying signal  sp (t) to the signal-path filter such that several level-dependent response properties can be replicated by
the signal-path filter. The control path is designed to reflect
the active process corresponding to the local CF place as
well as to the neighboring CFs. The control path consists of
共a兲 a time-varying bandpass filter with a broader bandwidth
than the signal-path filter; 共b兲 a symmetrical nonlinear function to compress the dynamic range of the control signal; 共c兲
a nonlinear function followed by a low-pass filter to control
the dynamic range and dynamics of compression; and 共d兲 a
nonlinear function to adjust the total strength of compression.
The wide-band control filter is a third-order gammatone
filter with its center frequency shifted 1.2 mm basal to the
fiber CF along the basilar membrane 共i.e., higher in frequency than CF兲. The size of the shift of the wide-band filter
and the order of the filter were based on the shape of AN
suppression tuning curves in the literature 共e.g., Sachs and
Kiang, 1968; Arthur et al., 1971; Delgutte, 1990兲. The bandwidth of the nonlinear wide-band control-path filter is varied
by  cp (t), which is a scaled version of  sp (t), the signal that
controls the bandwidth of the nonlinear filter in the signal
path. The scaling of  sp (t) by the factor K 共⬍1, see Table I
to create  cp (t) 共Fig. 1兲 guarantees that the control-path filter
has a wider bandwidth than the time-varying signal-path filter, and that the bandwidth ratio is constant. The gain of the
wide-band control-path filter is normalized to 0 dB at the
signal-path CF instead of at the center frequency of the
control-path filter. As a result, the level-dependence of the
gain of the control-path filter differs for frequencies above
and below CF. This asymmetry is the key to producing the
different properties of low-side and high-side suppression in
the present model.
The analytical description of the control-path filter is
given by the equation:
G cp 共  兲 ⬵ 兵 gaincp 共 t 兲 / 关 1⫹ jK  sp 共 t 兲共  ⫺  cp 兲兴 其 ␥ cp e ⫺ j  ␣ , 共8兲
where
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gaincp 共 t 兲 ⫽ 冑1⫹ 关 K  sp 共  CF⫺  cp 兲兴 2 ,

共9兲

j is 冑⫺1, and  CF is the radian frequency corresponding to
the fiber’s CF. The center frequency of the wideband
control-path filter,  cp was computed using Liberman’s
共1982兲 frequency map based on the 1.2 mm basal shift from
CF. The parameter gaincp (t) is calculated for every time step
of the simulation to normalize the gain of the control-path
filter to 0 dB at CF.
Experimental data show that the cochlear response is
linear at low sound levels and becomes compressive at medium and high levels 共Ruggero et al., 1997兲. The slope of the
compression has been shown to be as low as 0.2 dB/dB in
the range of 40–80 dB SPL. Two different saturating nonlinear functions are used in the control path to implement
this compression. A symmetrical logarithmic function
V 关 x 共 t 兲兴 ⫽sgn关 x 共 t 兲兴 B cp log共 1⫹A cp 兩 x 共 t 兲 兩 C c p 兲 ,

共10兲

where x(t) represents the output signal of the control-path
filter; A cp , B cp , and C cp are parameters which determine the
共compressed兲 dynamic range of the signal before the second
nonlinearity. The second function, an asymmetrical saturating nonlinearity, is a second-order Boltzmann function with
an asymmetry of 7:1 共Mountain and Hubbard, 1996兲, given
as
out共 V 兲 ⫽

1
1⫺shiftcp
⫻

再

1⫹e

⫺ 共 V⫺x0 c p 兲 /s0 c p

冎

1
共 1⫹e ⫺ 共 V⫺x1 c p 兲 /s1 c p 兲

⫺shiftcp ,

共11兲

where x0 cp , s0 cp , x1 cp , and s1 cp are parameters, and
shiftcp ⫽

1⫹e

x0 c p /s0 c p

1
.
共 1⫹e x1 c p /s1 c p 兲

共12兲

The parameters in the two nonlinear functions above
were adjusted by comparing compression-versus-level
curves for the signal-path filter to physiological BM responses described in the literature 共e.g., Ruggero et al.,
1997兲. The parameter A cp determines the level at which the
signal-path filter became nonlinear. Together with the parameters in the Boltzmann function, B cp determines the level
at which the signal-path filter became less compressive
again. The parameter shiftcp guarantees that the nonlinear
function passes through the origin. The parameter values are
reported in Table I; these parameter values are invariant as a
function of CF.
The two nonlinear functions are followed by a thirdorder low-pass filter. The cutoff frequency of the low-pass
filter in the control path is set to 800 Hz. This cutoff frequency was chosen to produce an approximately 0.2 ms time
constant for the onset of the compressive nonlinearity, consistent with the time course of compression estimated from
click responses of the basilar membrane 共see Fig. 8 in Recio
et al., 1998兲.2
Zhang et al.: Phenomenological AN model
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The last stage of the control path is a nonlinear function
that converts the output of the low-pass filter, V L P (t), to the
time-varying time constant of the signal-path filter 共Fig. 1兲:

冋

 sp 共 t 兲 ⫽  narrow R 0 ⫹ 共 1⫺R 0 兲

冉

 wide /narrow⫺R 0
1⫺R 0

冊

兩 V L P 共 t 兲 兩 /dc

册

.

共13兲

 sp (t) varies continuously between a maximal value of
 narrow 共which corresponds to a long time-constant, for a narrowly tuned filter兲 and an asymptotic lower bound,  LB . The
value of R 0 is determined by the ratio  LB /  narrow . The parameter dc is an estimate of the dc component of the controlpath output at high levels 共i.e., a measure of the asymmetry
of the control-path nonlinearities兲. The nonlinear function in
Eq. 共13兲 varies the dc value of  sp (t) from  narrow at low
levels to  wide at high levels 关see Eq. 共6兲 for  wide兴. The even
function described in Eq. 共13兲 causes the signal-path filter to
be compressive for both the positive and negative parts of
the instantaneous stimulus pressure for low frequency stimuli
共Cooper, 1996兲. Note that the nonlinear filters in both the
signal path and the control path are controlled by varying the
filter time constants and associated gains: thus these filters
are inherently stable 共as long as positive time-constants and
finite gains are specified兲. The time-varying time constant for
the control path is simply a scaled version of the time constant for the signal path:
 cp 共 t 兲 ⫽K  sp 共 t 兲 where K⫽0.2⫹0.8

 wide共CF兲
. 共14兲
narrow共CF)

D. IHC-AN synapse

Physiological studies have shown that the IHCs transduce the mechanical responses of the basilar membrane to an
electrical potential that results in the release of neurotransmitter at the synapse between the IHC and the AN fiber to
generate action potentials in the AN fiber. Many studies have
explored IHC potential changes in response to different
stimuli. It is widely agreed that the synchrony coefficient of
fibers responding to tones is affected by the ratio of the ac
and dc components of the IHC response 共e.g., Dallos, 1985;
Palmer and Russell, 1986兲. This finding is the guideline for
the analytical description of the present IHC model. The
nonlinear function in the IHC model is a logarithmic compressive function
V ihc共 t 兲 ⫽A ihc关 P sp 共 t 兲兴 log共 1⫹B ihc兩 P sp 共 t 兲 兩 兲 ,

共15兲

where P sp (t) is the output of the signal-path filter 共Fig. 1兲.
The function A ihc关 P sp (t) 兴 and the parameter B ihc were adjusted to achieve the appropriate IHC response properties, as
follows: The asymmetry of the nonlinear function for
A ihc关 P sp (t) 兴 , given by
A ihc关 P sp 共 t 兲兴
⫽

再

A ihc0

for P sp 共 t 兲 ⬎0

兩 P sp 共 t 兲 兩 C ihc⫹D ihc
⫺
A ,
3 * 兩 P sp 共 t 兲 兩 C ihc⫹D ihc ihc0

for P sp 共 t 兲 ⬍0

共16兲

changes smoothly as a function of the level of its input,
P sp (t), from 1:1 to 3:1, such that at low sound levels, the dc
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response increases with a slope of 2 dB/dB compared with
the 1 dB/dB slope of the ac response 共Dallos, 1985兲. A ihc0 is
a scalar, and the values of B ihc , C ihc , and D ihc are constants
that determine the SPLs of the inflection in the ac and dc
components of the nonlinear function 共see Table I兲. Note that
these parameters are invariant with CF. This function for
A ihc关 P sp (t) 兴 guarantees the appropriate relationship between
ac and dc response components, as opposed to a hyperbolic
tangent 共e.g., Carney, 1993兲 or Boltzman function, and was
thus critical for obtaining realistic synchrony-versus-level responses for pure tones across a wide range of CFs 共especially
between 1 and 4 kHz兲.
The low-pass filter in the inner hair cell is a seventhorder filter with a cutoff frequency of 3800 Hz. This cutoff
frequency was chosen to match the maximum sync coefficient versus CF for the model to data from cat 共Johnson,
1980兲. The high order of the low-pass filter likely represents
not only the low-pass filtering properties of the IHC membrane but other low-pass mechanisms such as the calciumrelated synaptic processes 共Weiss and Rose, 1988兲.
The nonlinear IHC-AN synapse also affects the characteristics of the AN fiber discharge patterns. A simplified
implementation of a previous time-varying three-store diffusion model 共Westerman and Smith, 1988; Carney, 1993兲 was
used in the present model. The parameters in the current
model were determined according to the equations in the
Appendix of Westerman and Smith 共1988兲 based on desired
characteristics of post-stimulus-time 共PST兲 histograms for
tones 共see the Appendix兲. The values of parameters used in
the model are provided in Table I. A detailed description and
discussion of the synapse parameters and their effects on the
PST histograms as a function of spontaneous rate will be
discussed in another paper. The results presented here are
limited to high-spontaneous-rate model fibers, and thus depend less strongly on the details of the synapse model.
The immediate permeability P I (t) is a soft rectifying
function of the model inner-hair-cell response, V ihc 共Fig. 1兲,
described as
P I 共 t 兲 ⫽ p 1 log共 1⫹e p 2 V ihc共 t 兲 兲 ,

共17兲

where p 1 determines the immediate permeability at rest and
the spontaneous rate of the model fiber. The parameter p 2 is
given by
p 2⫽

再

1165

for CF⬍685 Hz

⫺5430⫹1010 log共 CF兲

for CF⬎685 Hz

共18兲

and determines the slope of the relationship between P I and
V ihc . Therefore p 2 affects the threshold of the model fiber.
The CF-dependence of p 2 in Eq. 共18兲 adjusts the thresholds
of model fibers at CF to be approximately 0 dB for all CFs.
The numerical expressions in Eqs. 共17兲 and 共18兲 共and Table I
for p 1 兲 were derived from basic parameters related to the
IHC-Synapse model 共see the Appendix for details兲. The effects of the external and middle ears on the threshold of AN
fibers can be included in future models by appropriately attenuating the input to the model as a function of frequency,
referenced to the 0 dB baseline threshold in the present
model. The output of the diffusion model is the time-varying
discharge rate s(t) prior to the inclusion of refractory effects,
Zhang et al.: Phenomenological AN model
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where s(t)⫽ P I (t)C I (t). For further details of the IHC-AN
synapse model, see the Appendix; also see the appendices of
Westerman and Smith 共1988兲 and Carney 共1993兲.
E. Discharge generator

The model discharge times are produced by a renewal
process that simulates a nonhomogeneous Poisson process
driven by the synapse output s(t) and modified to include
refractory effects 共Carney, 1993兲. The time-varying arrival
rate of the Poisson process is described as
R 共 t 兲 ⫽s 共 t 兲关 1⫺H 共 t 兲兴 .

共19兲

The discharge-history effect, H(t), was determined by a sum
of two exponentials 共Westerman and Smith, 1985兲:
H共 t 兲⫽

再

c 0 e ⫺ 共 t⫺t 1 ⫺R A 兲 /s 0 ⫹c 1 e ⫺ 共 t⫺t 1 ⫺R A 兲 /s 1
for 共 t⫺t 1 兲 ⭓R A
1.0

,

共20兲

for 共 t⫺t 1 兲 ⬍R A

where t 1 is the time of the preceding discharge, and c 0 , c 1 ,
s 0 , s 1 are parameters 共Table I兲. Discharges are not allowed
to occur during the absolute refractory time R A , and H(t)
varies continuously from 1 to 0 as the interval from the previous discharge increases beyond R A . The statistics of the
discharge are affected by refractoriness 共Teich and Lachs,
1979兲, and the parameters in the expression for H(t) 共Table
I兲 were adjusted to match the statistical properties of the
responses 共mean and variance of discharge rate兲 to published
data 共Young and Barta, 1986; Winter and Palmer, 1991兲.
III. RESULTS
A. Responses to pure tones

Figure 2 illustrates an overview of the responses of several model stages for three fibers tuned to different frequencies in response to 60 dB SPL pure tones at CF. The magnitude of the signal-path filter output P sp (t) decreases as the
fiber’s CF increases due to the larger compression at high
CFs. The control signal  (t), which varies the gain and
bandwidth of the signal-path filter, varies on a cycle-by-cycle
basis with the stimulus at low frequencies. At higher frequencies, the control signal becomes increasingly dominated
by dc energy. Also, the IHC voltage V ihc(t) changes on a
cycle-by-cycle basis at low frequencies, but is dominated by
a dc bias for responses to pure tones at high frequencies. The
adaptation in the diffusion model shapes the onset response
of the fiber in the synapse output s(t).
Threshold tuning curves are shown in Fig. 3共a兲 using the
paradigm of Liberman 共1978兲. The thresholds at CF are
around 0 dB; these thresholds can be adjusted by adding a
middle-ear model to simulate the changes in threshold as a
function of frequency that contribute to the audiogram. The
model’s Q 10 bandwidths 关Fig. 3共b兲兴 are comparable to Q 10
data for normal cats from Miller et al. 共1997兲. The high-CF
fibers respond at low frequencies, despite the lack of an explicit ‘‘tail’’ 共Kiang and Moxon, 1974; Kiang, 1975; Liberman, 1978; Narayan et al., 1998兲 mechanism included in this
model. This low-frequency response is due to distortion introduced by the nonlinear filter in the signal path. The low655
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frequency portion of the tuning curve for high-CF model
fibers is strongly influenced by the cutoff frequency of the
low-pass filter in the control path, which influences the dynamics of the nonlinear variation in tuning and thus the degree of distortion. The details of the low-frequency response
共tail兲 of high-CF fibers were not a focus of this study.
The response to a CF tone grows at a rate less than 1
dB/1 dB due to basilar membrane compression. It has been
reported by several authors 共e.g., Ruggero et al., 1997;
Rhode and Cooper, 1996兲 that the basilar membrane responds linearly at low levels and is most compressive between 40 and 80 dB SPL. The growth rate for high-CF fibers
can be as low as 0.2 dB/dB 共Ruggero et al., 1997兲. The compression gain 共the gain difference between low levels and
high levels兲 varies from approximately 10 dB to 70 dB as the
CF of the fibers increases 共Nuttall and Dolan, 1996; Cooper
and Rhode, 1996, 1997; Ruggero et al., 1997兲. The response
magnitude 共ac RMS兲 of the signal-path filter output as a
function of CF-tone level is illustrated in Fig. 4共a兲. As the
stimulus level increases, the average value of the control
signal is decreases as the system changes from linear to compressive. At high levels, the model response is less compressive due to the saturation of the control path. The results of
the model are similar to the nonlinear response properties
described by Rhode and Cooper 共1996兲 and Ruggero et al.
共1997兲, except perhaps at levels above 80 dB SPL, where the
most sensitive cochleae appear to have basilar-membrane responses that remain compressive at very high levels 共Ruggero et al., 1997兲. The amount of compression in the model
as a function of CF is illustrated in Fig. 4共b兲.
As the level of the input tone is changed, the fiber response properties, such as average rate, synchrony, and PSThistogram shape, also change. The phases of the temporal
AN responses are affected by continuous changes in the
phase versus frequency properties of the signal-path filter;
the phase properties of the signal-path filter are time-variant,
as they are affected by the control-path signal. As the bandwidth of the signal-path filter changes, its phase properties
also change. The temporal response properties are also affected by the low-pass filter in the IHC model, which limits
the phase-locking of the response at high frequencies 共and
introduces a time-invariant phase shift兲. The diffusion model
of the IHC-AN synapse also has some influence on temporal
response properties, for example, interval statistics are influenced by the adaptation and refractory properties of the synapse model.
It is believed that depolarizing voltage responses of the
IHC determine the detailed firing patterns in AN fibers. The
neural synchrony of AN fibers especially depends on the
ratio between the ac and dc components of the IHC receptor
potential 共Dallos, 1985; Palmer and Russell, 1986; Cheatham
and Dallos, 1993兲. The ac and dc responses for model fibers
at two CFs are shown in Fig. 5. For the fiber with a CF of 1
kHz, the ac potential always dominates the output of the
IHC, resulting in a high synchronization coefficient. For
high-CF fibers, the dc potential dominates the IHC output,
and the synchronization coefficient is lower. At low levels,
the dc response in the model increases at a rate of 2 dB/dB,
and the ac response increases at a rate of 1 dB/dB, as reZhang et al.: Phenomenological AN model
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FIG. 2. Responses of several model stages to a CF tone for different model-fiber CFs. The stimulus was a 25 ms duration tone burst with a 2.5 ms rise/fall
time and was presented at 60 dB SPL. The waveforms shown 共see Fig. 1兲 are 共a兲 P(t), stimulus, 共b兲 P S P (t), signal-path filter output, 共c兲  (t) 关 or  sp(t) 兴 ,
control signal, 共d兲 V IHC(t), IHC response, 共e兲 S(t), synapse output, and 共f兲 PST histogram based on 500 presentations and 0.1 ms bin size.

ported in the literature 共Dallos, 1985兲. If a transition exists
from an ac-dominated output to a dc-dominated output
within the fiber’s dynamic range, then experimental data
would be expected to show dramatic nonmonotonic changes
in the neural synchrony coefficient as a function of sound
level, especially for mid-frequency CFs 共1–4 kHz兲. This
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phenomenon is not found in experimental responses 共Joris,
1999兲, and the model for the IHC was designed to avoid
strongly nonmonotonic synchrony-level functions by using
the asymmetrical function in Eq. 共14兲.
Figure 6共a兲 shows the ac and dc responses of the IHC
stage for an 800 Hz fiber in response to frequencies below,
Zhang et al.: Phenomenological AN model
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FIG. 3. 共a兲 Threshold tuning curves for fibers with different CFs. The tuning
threshold was defined as the level that results in a response 10 spikes/s
greater than the spontaneous rate 共200 repetitions of each stimulus兲. The
stimulus is a 50 ms tone burst with a 2.5 ms rise/fall time 共Liberman, 1978兲.
Differences in discharge rates were counted between the 50 ms tone burst
interval with 1.25 ms delay and the subsequent 50 ms silent interval. 共b兲 Q 10
measured from the tuning curve of model fibers 共solid line兲 compared with
the data 共crosses兲 from Miller et al. 共1997, Fig. 3兲. A linear fit of these data
was used to determine the bandwidth of the signal-path filter at low SPLs.
Q 10 was then recomputed from the simulated tuning curves of the complete
nonlinear model across a range of CFs to validate the model
tuning.

at, and above CF. For comparison, Fig. 6共b兲 shows an example of ac and dc components of responses recorded from
an IHC 共Dallos, 1985兲. The model responses 关Fig. 6共a兲兴 to
tones at frequencies below, at, and above CF are generally
similar to the data, however, they do not saturate as completely as those shown in the examples from Dallos 关Fig.
6共b兲兴. Other reports of IHC responses indicate that these cells
may not completely saturate 共e.g., Russell et al., 1986兲, and
recent models derived to fit IHC responses have incomplete
saturation 共e.g., Zagaeski et al., 1994; Mountain and Hubbard, 1996兲. For example, the dotted curve in Fig. 6共a兲 shows
the fit used by Zagaeski et al. 共1994兲 to the dc component of
IHC responses to tones well below CF. The relatively large
dynamic range of the IHC response in the model is important
in order to support the wide dynamic range of lowspontaneous-rate fibers, which will be pursued in future extensions of this model.
Figure 7 illustrates average discharge rate versus level
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FIG. 4. Compressive nonlinearity of the signal-path filter output in response
to CF tones for different CFs. 共a兲 rms of the ac component 共based on the
peak-to-peak amplitude of the sinusoidal steady-state response兲 of the filter
output as a function of stimulus intensity. The rms was computed from 10
cycles of the stimulus starting 40 ms after the onset of the stimulus. The
solid line is the output of a linear filter. 共b兲 Compression gain 共the reduction
in gain due to the compressive nonlinearity兲 for model fibers at different
CFs. The compression gain was calculated as the difference of the gain of
the responses to CF tones at 0 dB SPL and 120 dB SPL 共Rhode and Cooper,
1996; Ruggero et al., 1997兲.

and synchronization coefficient versus level functions in response to pure-tone stimuli at CF for fibers with CFs of 1
kHz and 4 kHz. The simulations presented in this study are
limited to high-spontaneous-rate fibers; both fibers in Fig. 7
have spontaneous rates of about 45 sp/se. The sustained rate
has a dynamic range of 40 dB and the onset rate has a wider
dynamic range 共Smith, 1988兲. The synchronization coefficient reaches its maximum at about 10 dB above threshold
and then drops slightly as level increases, similar to AN-fiber
responses 共Johnson, 1980兲.
The increased dynamic range of the onset rate is a result
of the adaptation included in the IHC-AN synapse model.
This adaptation can also be illustrated by PST histograms of
responses to tones 共Fig. 8兲. The shape of the PST histogram
changes as SPL is increased. The peak-to-sustained discharge rate increases with SPL, and the latency of the response decreases by integral multiples of 1/CF 共Kiang et al.,
1965; Carney, 1993兲.
Rate and phase responses to pure tones at frequencies
away from CF provide more information about the nonlinear
Zhang et al.: Phenomenological AN model
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FIG. 5. IHC responses to pure tones at CF versus stimulus intensity for
model fibers with CFs of 共a兲 1 kHz and 共b兲 4 kHz. The responses were
measured over 10 cycles of the stimulus beginning 40 ms after the onset of
the stimulus. The ac and dc components of the responses increase at different rates at low levels, and the dc component dominates the output as the CF
of the fibers increases 共Dallos, 1985兲.

tuning of the model. Figure 9 illustrates the response area
共responses to tones across a range of frequencies and levels兲
for an AN model fiber with CF of 2300 Hz, chosen for the
purpose of comparison with the example shown from Anderson et al. 共1971兲. Changes in rate as a function of level for
frequencies above and below CF are illustrated in the upper
panels. The response area 共iso-level contours of discharge
rate兲 spreads as the input level increases. A level-dependent
shift in the peak frequency of the response area was not
observed in the results due to the symmetry of the gammatone filter, which is a limitation of the model. Changes in the
phase of phase-locked responses as a function of level, above
and below CF, are illustrated in the lower panels. The phases
are referenced to the response at 90 dB SPL, following
Anderson et al.’s 共1971兲 convention. Systematic leveldependent phase changes have been observed in basilar
membrane motion 共Ruggero et al., 1997兲, in IHC responses
共Cheatham and Dallos, 1993兲, and in AN fibers 共Anderson
et al., 1971兲. The level-dependent change in phase of the
phase-locked responses is consistent with the phase change
expected due to broadening of the signal-path filter as level
increases. The size of the phase change for low levels was
comparable to the data from Anderson et al. 共1971兲; maximum phase changes were approximately 0.5.
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FIG. 6. ac and dc response components of 共a兲 model IHC and 共b兲 actual IHC
responses 共Dallos, 1985; with permission兲. Both model and actual IHCs
have a CF of 800 Hz, responses to tones at 300, 800, and 1400 Hz are
shown. The dynamic range of the model and actual responses are similar,
although the threshold of the actual IHC in this example is lower than that of
the model. The dotted line in the model dc response plot 共upper right兲 is the
fit of Zagaeski et al. 共1994兲 to IHC responses to tones well below CF.
Zagaeski et al.’s fit was shifted up to the normalized units of the IHC model
共by setting Zagaeski et al.’s parameter R P max to 0.6兲.

Figure 10 illustrates level-dependent discharge rates and
phases, across a range of stimulus frequencies, for a high-CF
fiber. In this case, the phases were computed from the output
of the signal-path filter and are compared to measurements of
basilar-membrane phase from Ruggero et al. 共1997兲. The
phase change for high-CF model fibers was stronger than for
the low-CF fiber because of the stronger compression at
high-CFs 关Fig. 4共b兲兴. Due to the rolloff in synchrony at high
CFs 共see below兲, it is difficult to compare the leveldependent phase at high CFs to AN responses. Illustration of
the level-dependent phase based on the filter output also
makes it clear that this phenomenon is a result of the nonlinear filter in the signal path. The IHC, synapse, and discharge
generator models that follow the signal path do not introduce
level-dependent phase shifts.
The maximum synchronization of responses to pure
tones at CF as a function of CF is an important description of
the temporal response of AN fibers. The synchronization coefficient was strongly influenced by the low-pass properties
of the IHC model. Other factors, such as the low-pass properties of the synapse, also affect the synchronization of the
AN fiber 共Weiss and Rose, 1988兲. Figure 11 shows the maxiZhang et al.: Phenomenological AN model
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low-pass filter and of the IHC-Synapse model were adjusted
to achieve this representation of the rolloff in synchrony as a
function of CF over the wide range of CFs modeled.
B. Responses to complex sounds

FIG. 7. Rate-Level and Sync-Level functions for model fibers with CFs of
共a兲 1 kHz and 共b兲 4 kHz. Sustained rate is calculated in the 10–45 ms
response time window for 400 repetitions. Onset rate is the maximum discharge rate during the first 10 ms and was calculated using 0.5 ms bins 共bin
size is one stimulus cycle if the stimulus cycle is greater than 0.5 ms兲. The
onset response in the figure is scaled 共divided by 5.0兲 for better illustration.
The discharges in the 10–45 ms time window were analyzed using a 32 bin
period histogram from which the synchronization coefficient was then calculated 共scale on right兲 共Johnson, 1980兲.

mum synchronization coefficient for the model and for data
from cat 共Johnson, 1980兲. The model synchronization coefficient is within the scattered data, but is slightly lower than
the mean of the data. The parameters of the seventh-order

One goal of this study was to develop a model capable
of simulating the responses of AN fibers to complex sounds.
Interactions between different components of complex
sounds have been studied for many years to gain a better
understanding of these responses. Two-tone suppression is a
nonlinear phenomenon of AN responses whereby the rate
response to a pure tone at CF can be suppressed by a second
tone 共suppressor兲 共Nomoto et al., 1964; Sachs and Kiang,
1968; Delgutte, 1990兲. More recent studies have reported
two-tone suppression in the responses of IHCs and in cochlear mechanics 共Cheatham and Dallos, 1989, 1990, 1992;
Rhode, 1977; Ruggero et al., 1992; Cooper and Rhode,
1996; Cooper, 1996兲. These observations have shown that
the two-tone suppression nonlinearity originates in the mechanics of the cochlear partition 共Ruggero et al., 1992兲.
Two-tone suppression is asymmetrical for low- and high-side
suppressors, both in terms of the shape of the suppression
threshold tuning curve and in the suppression growth rate for
tones above and below CF 共e.g., Arthur et al., 1971; Prijs,
1989; Delgutte, 1990兲.
Figure 12 shows suppression tuning curves of two lowfrequency model fibers with CFs at 1 kHz and 2 kHz. The
asymmetry of the suppression-tuning threshold is due to the
shift of the center frequency of the wide-band control-path
filter with respect to the model fiber’s CF. The asymmetry of
the model suppression tuning curve is comparable to that
reported in the literature across a range of CFs 共e.g., Sachs
and Kiang, 1968; Arthur et al., 1971; Delgutte, 1990兲. Suppression was found even when the level of the suppressor
was in the excitatory region of the tuning curve. This is
because the CF tone level is set at a level which results in 2/3
of the maximum driven discharge rate 共e.g., Delgutte, 1990兲,
and the suppressor acts to suppress the response to the CF
tone at this level. The relatively weak suppression for
low-CF fibers, as compared to high-CF fibers 共see below兲,
especially for frequencies below CF, is due to the relatively

FIG. 8. PST histograms for 共a兲 model
and 共b兲 actual AN fibers with CF equal
to 600 Hz. Responses are to pure tones
at CF at three different SPLs. The
stimulus was 25 ms in duration and
presented every 50 ms. The rise/fall
time was 3.9 ms and the bin size was
0.1 ms. The PST histograms contain
responses to 200 presentations at each
SPL. The AN response was recorded
as part of another study 共Carney,
1990; see also Fig. 7, Carney, 1993兲.
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FIG. 9. Comparison of model and actual response areas. Left: Intensity-dependent discharge rate and phase responses for a model fiber with CF of 2300 kHz.
Rates were computed from the sustained responses to 100 repetitions of a 50 ms tone burst. The phase for each response was referenced to the phase in
response to that frequency at 90 dB SPL 共e.g., Anderson et al., 1971兲. Right: Rates and phases for the response area of an actual AN fiber with the same CF
from Anderson et al. 共1971, Fig. 8; with permission兲. The levels chosen for the model simulation 共20–70 dB SPL兲 were selected to approximately match the
levels, with respect to threshold, of Anderson et al.’s data set 共i.e., note that the response of the model at 20 dB SPL is similar to the AN fiber’s response at
40 dB兲.

low gain of the cochlear amplifier for low CFs 关see Fig.
4共b兲兴. This pattern of suppression at low CFs is consistent
with physiological data 共Delgutte, 1990兲.
The upper panels of Fig. 13 show an example of a twotone suppression tuning curve for a high-CF model fiber and
an actual suppression tuning curve with the same CF 共Delgutte, 1990兲. The general shape of the AN-model suppression tuning curve is similar to those reported for AN fibers:
suppression thresholds are lowest for frequencies just above
CF, and there is a broad low-frequency region of suppression. These two properties were introduced into the model by
shifting the center frequency of the control-path filter to a
frequency slightly higher than the CF of the signal-path filter
共see above兲. In addition to the asymmetry in thresholds
above and below CF, there is an asymmetrical growth of
two-tone suppression for suppressors above and below CF.
This property is illustrated in the lower two panels of Fig. 13,
which show the level of a tone at CF that is required to
maintain a constant discharge rate 共i.e., to offset the suppression兲 as a function of suppressor level. The suppression
growth curves for suppressor frequencies above CF are shallower than for tones below CF in both model and actual AN
responses 共Delgutte, 1990兲. The asymmetry in the model responses is qualitatively correct; however, it is not as strong
as in the actual responses, especially for high CFs for which
the asymmetry in growth is stronger than for low-CF fibers
共Delgutte, 1990兲. More realistic filter shapes, as opposed to
the symmetrical gammatone filter, would be expected to enhance this asymmetry. Also, the model suppression at very
low frequencies does not grow as high as in the actual data;
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this limitation may be related to the lack of a tail mechanism
at low frequencies in the model.
Another illustration of the differences between two-tone
suppression properties for suppressors below and above CF
is provided in Fig. 14. These plots show rate-level functions
for a CF-tone alone, and for a two-tone stimulus with F1
⫽CF, and F2 either above CF 关Figs. 14共a兲, 共c兲兴 or below CF
关Figs. 14共b兲, 共c兲兴. Model responses are shown for two fibers
with CFs chosen to match examples from Sachs and Abbas
共1976兲. The difference in level between the suppressor tone
and the CF tone are fixed. The range of SPLs shown, and the
difference in levels between tones, were chosen to yield ratelevel functions comparable to the examples 共note that the
model fibers have lower thresholds兲.
The functions in Fig. 14 show several of the trends as
seen in the data 共Sachs and Abbas, 1976兲. For a suppressor
above CF 关Figs. 14共a兲, 共c兲兴, the response to the two-tone
complex begins to diverge from the CF-tone response at low
levels, and the growth of suppression 共as both the CF tone
and the suppressor are increased in level兲 is gradual. For a
suppressor below CF 关Figs. 14共b兲, 共d兲兴, the threshold of suppression is high with respect to that for the CF tone alone.
The growth of suppression as level increases above suppression threshold is steeper for the below-CF suppressor than
for the above-CF suppressor, although suppression by
below-CF frequencies, especially at high levels, is not as
strong in the model as in the data 共as seen above, Fig. 13兲.
The lack of low-frequency tail mechanisms may impose a
limitation on the behavior of below-CF suppressors in this
model. The differences between the properties of the aboveZhang et al.: Phenomenological AN model
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FIG. 11. Maximum synchronization coefficient of model AN fibers to CF
tones as a function of CF 共solid curve兲. Each coefficient was computed as
the peak of the sync-level function 共see Fig. 7兲 for a model fiber at each CF.
The stimulus was 100 ms in duration with 3.9 ms rise/fall times. The synchronization coefficients were computed from the 10–100 ms time window
referenced to the stimulus onset. Maximum synchronization coefficients for
a population of AN fibers in cat 共Johnson, 1980兲 are plotted 共crosses兲 for
comparison.

FIG. 10. Response area rates 共a兲 and phases 共b兲 for a model fiber with CF
equal to 10 kHz. The phases are measured from the output of the signal-path
filter; rolloff of phase-locking precludes using phase-locked discharge times
to illustrated the level-dependent phase properties of the high-CF model
fiber. Phases are referenced to the phase of the response at each frequency at
80 dB SPL, as in Ruggero et al. 共1997兲. 共c兲 For comparison, phases responses from the 10 kHz place of the basilar membrane of chinchilla 共see
Fig. 14 in Ruggero et al., 1997; data are replotted here using the same
convention as Fig. 9兲.

and below-CF suppressors are further illustrated by the fractional response curves 共dotted lines, Fig. 14兲 which show the
ratio between the response to the CF tone alone and the
two-tone complex 共Sachs and Abbas, 1976兲.
Addition of a suppressor tone affects not only the rate of
the response to a tone at CF, but also its phase 共e.g., Deng
and Geisler, 1985兲. Figure 15共a兲 illustrates rate-level functions in response to F1 共a tone at CF, 2900 Hz兲 and to the
two-tone complex, F1⫹F2, where F2 is a suppressor tone
at 4700 Hz with a fixed level of 50 dB SPL. Figure 15共b兲
661

J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001

FIG. 12. Excitatory-tuning 共line兲 and suppression-tuning 共plusses兲 curves
for model fibers with a CF at 共a兲 1 kHz and 共b兲 2 kHz. Suppression thresholds were measured using the algorithm of Delgutte 共1990兲. Two 50 ms
stimuli 共combination of suppressor tone and CF tone and CF tone alone兲
were presented in alternation and the average discharge rate was calculated
over 200 repetitions. The level of CF tone was set to produce 2/3 of the
saturated rate response in the model AN fiber 共typically at 20 to 25 dB SPL兲.
The suppressor threshold was then found as the level of the suppressor that
resulted in a 10 sp/s decrease in the response to the combined tones as
compared to the response to the CF tone alone. The bandwidth of the
suppression-tuning curve is mainly determined by the wide-band filter in the
control path.
Zhang et al.: Phenomenological AN model
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FIG. 13. Two-tone suppression tuning curve for a model fiber with CF equal to 8.6 kHz 共left兲 in comparison to and AN fiber with the same CF 共right,
Delgutte, 1990; with permission兲. The upper panels show excitatory and suppression tuning curves 共see Fig. 12 caption兲. The lower panels show growth of
suppression for suppressors at several frequencies. The level of the CF tone required to maintain a criterion rate 共2/3 of saturated rate兲, in the presence of the
suppressor tone, is plotted as a function of the suppressor level 共Delgutte, 1990兲. The asymmetry in high-side and low-side growth rate is comparable with
experimental results from Delgutte 共1990兲 for low-CF AN fibers, but underestimates the asymmetry for high-CF AN fibers.

shows the phase of the phase-locked responses to F1 alone,
and the phase of the response to the F1 component in the
two-tone complex, F1⫹F2. The trends seen in the model
phase are similar to those reported by Deng and Geisler
关1985, Figs. 15共c兲, 共d兲兴 for the majority of AN fibers. The
main effect that they reported, also seen in the model response, is that addition of the suppressor F2 causes an increase in phase lag 共where phase lag is the phase delay of the
response with respect to the stimulus phase兲. The change in
phase is seen in the response to F1 at levels of F1 where
rate-suppression is seen; at higher levels of F1, where the
model rate-level functions in response to F1 and F1⫹F2
converge 关Figs. 15共a兲, 共c兲兴 the model phase functions in response to F1 and F1⫹F2 also converge 关Figs. 15共b兲, 共d兲兴;
similar trends were reported for AN fibers 共Deng and Geisler, 1985兲. Note that the change in phase with level of the
model response to F1 is much less than for the AN data; this
discrepancy is consistent with the fact that CF is leveldependent in AN fibers in this CF range while the model CF
is level-independent. A change in phase in response to the
CF tone of the AN fiber is also consistent with the possibility
that the CF of the actual AN fiber was not exactly equal to
the frequency chosen for F1 共whereas in the model, the CF
is known兲; a mismatch between CF and F1 would result in
level-dependent phase 共as illustrated in Fig. 9兲.
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The final aspect of the nonlinear response of the model
to two-tone complexes illustrated here are the combination
tones, or distortion products 共Fig. 16兲. In this figure, the
magnitudes of the components in the signal-path filter in
response to F1, F2, and the distortion products 2F1⫺F2
and 2F2⫺F1, are shown. Although this filter-bank model
does not provide a medium for propagation of the distortion
products to the place tuned to the distortion product frequency, it is still possible to examine the trends of the lowlevel distortion products created by a nonlinear filter model
共e.g., Goldstein, 1995兲. Figure 16共a兲 shows the response of
the model’s signal-path filter 共shown as the magnitude of the
Fourier component at the frequency of interest兲 to a CF tone
alone, to 2F2⫺F1 with F2/F1⫽1.1 and 1.2, and to 2F1
⫺F2, with F2/F1⫽1.1. In each case, F1 and F2 have equal
amplitudes, and their frequencies are chosen such that the
frequency of the combination tone is equal to the model CF
of 8.5 kHz, chosen to match the CF of the example in Robles
et al. 关1991, Fig. 16共b兲兴. The trends in the level-dependence
of both of these distortion products as a function of level,
and for different F2/F1 ratios, are consistent with measurements from the basilar membrane. The amplitudes of the
distortion products in the model are lower than those reported by Robles et al. 共1991兲, which might be expected due
to the fact that propagation of the distortion products and
Zhang et al.: Phenomenological AN model
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FIG. 14. Different properties of suppression for above- and below-CF suppressors. Responses of two model fibers and two AN fibers to tones at CF and
two-tone complexes. 共a兲 Model fiber with CF⫽6 kHz. Suppressor frequency is 8 kHz, and suppressor level is 25 dB SPL above that of the CF tone. 共b兲 Model
fiber with CF⫽8 kHz. Suppressor frequency is 2 kHz, and suppressor level is 20 dB SPL above that of the CF tone. 共c兲 AN fiber from Sachs and Abbas 共1976,
their Fig. 4兲 with the same CF and suppressor parameters as the model fiber in panel a. 共d兲 AN fiber from Sachs and Abbas 共1976; with permission兲 with the
same CF and suppressor parameters as the model fiber in panel b. Driven rate is the sustained rate 共computed over the 25–45 ms window of the 60 ms duration
stimulus; 500 repetitions were used兲 minus spontaneous rate. The fractional response 共open circles兲 is the ratio of the driven rates in response to the CF tone
and to the two-tone complex.

FIG. 15. Effect of a suppressor on the rate and phase of the response to a tone at CF. 共a兲 Rate-level functions for response of model fiber with CF equal to
2900 Hz. F1 is at the CF, and F2 is 4700 Hz. The level of the tone at F2 is 50 dB SPL. 共b兲 The phase of the phase-locked response to F1 is shown as a
function of the level of the F1 tone. Responses are shown for responses to F1 alone, and for the phase of the F1 component of the response to F1⫹F2. 共c兲
Rate, and 共d兲 phase for a comparable example from Deng and Geisler 共1985; with permission兲. The level of the suppressor in their figure was 90 dB.
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FIG. 16. 共a兲 Amplitude of the distortion products 共or combination tones兲 in the model response as a function of level for equal-intensity two-tone complexes.
The frequencies of the primary tones were chosen so that the frequency of the distortion product 共i.e., 2 f 1 – f 2, or 2 f 2 – f 1兲 was matched to the model CF 共8.5
kHz兲. The level-dependent trends of the distortion products are similar to those measured on the basilar membrane 共b兲 共Robles et al., 1991; with permission兲.
The amplitudes of the model distortion products are not as large as in the data, especially for the 2 f 1 – f 2 distortion product. The low-amplitude model
responses are consistent with the lack of a propagation medium in this filterbank model; the gain that would be experienced by a component as it travelled to
the best place along the basilar membrane is not included here 共see Goldstein, 1995兲.

associated amplification are not included in the model 共cf.
Goldstein, 1995兲.
Arbitrary input waveforms can be used as inputs to the
model, which allows the study of the detailed temporal and
statistical response properties for complex sounds. Figure 17
illustrates the temporal responses of a model fiber with a CF
of 1 kHz to two broadband stimuli, clicks and wide-band
noises. Both responses show periodicities in the PST histograms that are dominated by the CF of the model fiber. The
representation in the model response of the envelope of the
complex sound is influenced by the peripheral filtering. Representation of envelope properties in the model responses are

qualitatively appropriate. A quantitative analysis of the envelope response properties of the model is not addressed
here.
The empirical statistics of AN-fiber discharge counts
共e.g., mean and variance兲 are important for evaluating potential coding schemes in the auditory nerve. Several reports
共e.g., Young and Barta, 1986; Winter and Palmer, 1991兲
show that the empirical discharge-count statistics differ from
the behavior of a Poisson process. Differences from Poisson
statistics are partly due to the effects of refractoriness 共Teich
and Lachs, 1979兲. Figure 18共a兲 shows the mean and standard
deviation of sustained-rate responses of a 1 kHz CF model

FIG. 17. Model fiber responses for CF of 1 kHz to click and noise waveforms. The top panels show the stimulus waveforms, middle panels show the response
of the signal-path filter, and lower panels show PST histograms of response to 500 repetitions. The click stimulus is 200 s long and 70 dB SPL 共peak
equivalent兲. The Gaussian noise stimulus has a bandwidth of 10 kHz and was presented at 50 dB SPL rms.
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for low-CF AN fibers 共cf. Evans, 1977; de Boer and de
Jongh, 1978; Carney and Yin, 1988兲 due to the relatively
small gain of the cochlear amplifier at low CFs. However,
the level-dependent changes in phase near the CF 共Fig. 19兲
associated with these changes in bandwidth represent significant level-dependent temporal shifts of the AN discharge
times at low frequencies that have been hypothesized to be
important for level encoding 共Carney, 1994兲. Recent studies
have quantified the information contained in these nonlinear
temporal response properties and have shown that they contribute significant information for level encoding that is not
included in the average-rate responses of the majority of AN
fibers 共Heinz et al., 1999, 2001; Colburn et al., 2001兲.
IV. DISCUSSION

FIG. 18. 共a兲 Rate-level functions 共mean and standard deviation兲 for responses to tones at CF and to wide-band noises for a model fiber with a CF
of 1 kHz. Discharges in the 1.25–51.25 ms time window were counted for
200 repetitions of each stimulus. The Gaussian noise stimulus has a bandwidth of 10 kHz. The responses to the noise are shifted to the right 共with
respect to the tone responses兲 because they are plotted as a function of dB
SPL rms. 共b兲 Standard deviation versus mean discharge counts for tone and
noise responses. The dotted line is the fit to Young and Barta’s 共1986兲 data
used by Winter and Palmer 共1991兲, and the dashed line is the standard
deviation for a Poisson process.

fiber to a CF tone and to a wide-band noise as a function of
level. The model shows a wider dynamic range for noises
than for tones 共Schalk and Sachs, 1980; May and Sachs,
1992兲. Figure 18共b兲 shows the standard deviation of the
model-response rate as a function of the mean discharge
count for both CF tones 共crosses兲 and noise 共plusses兲. The
dotted line is a fit 共from Winter and Palmer, 1991兲 to the
experimental data of Young and Barta 共1986兲, and the
dashed line is the standard deviation expected for a Poisson
process. The statistical responses of the model fiber are consistent with physiological responses as summarized by the
dotted line.
The revcor function is a useful estimate of the AN fiber’s impulse response based on responses to wide-band
noise 共de Boer and de Jongh, 1978兲. The revcor filters estimated from model noise responses at different levels are illustrated in Fig. 19共a兲 and show changes in bandwidth as a
function of the input level that are comparable to actual AN
revcor filters 关Fig. 19共b兲兴 共Carney and Yin, 1988兲. The
changes in bandwidth of the revcor filters are relatively small
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This report describes a phenomenological model for AN
responses that includes the major nonlinearities associated
with the cochlear amplifier. The model has compressive gain
in response to tones at CF, nonlinear bandwidth and phase,
and two-tone suppression. The model has asymmetric
growth of two-tone suppression, i.e., suppression-growth is
greater for tones below CF than for tones above CF. This
property has been difficult to incorporate into previous models that predict responses to arbitrary stimuli 共Delgutte,
1990兲. Other aspects of the model discharge properties for
high-spontaneous-rate fibers are also appropriate, including
saturating rate-level functions, the drop in synchrony as a
function of CF, and the statistical nature of discharge counts
across a range of discharge rates. The responses of this
model to a wide range of simple and complex stimuli provide reasonably accurate representations of the discharge
rates and discharge times of AN fibers across a wide range of
CFs and levels.
Physiological data show that the active process of the
basilar membrane is affected by a wide region of the basilar
membrane 共Delgutte, 1990; Zhao and Santos-Sacchi, 1999兲.
It has also been shown that tones at frequencies above and
below CF have different effects on nonlinear tuning 共Delgutte, 1990; Ruggero et al., 1992兲. Experimental data on
IHCs and AN suppression tuning curves also suggest that the
OHCs responsible for enhancing vibration of a group of
IHCs are located basal to the IHCs 共Patuzzi, 1996兲. The current model’s time-varying wide-band filter in the control
path, which is shifted slightly basal to the AN-fiber CF, is
used to represent the effect of the local and neighboring
OHCs on responses of the signal-path filter.
Several AN response properties were not included in
this model and are challenges for future modeling studies.
For example, the model does not include tails of tuning
curves 共Kiang and Moxon, 1974; Liberman and Kiang,
1978兲, the glide in instantaneous frequency in the AN impulse response that is related to the level-dependent shift in
best frequency 共Carney et al., 1999兲, the dramatic changes in
rate and phase in response to tones 共i.e., simple-tone interference兲 and clicks at high sound levels 共Kiang, 1990; Ruggero et al., 1996; Lin and Guinan, 2000兲, the effects of
middle- and external-ear acoustics 共Rosowski, 1996兲, the effects of efferents on the rate and timing of AN discharges
共Wiederhold, 1986; Guinan, 1996兲, and low and medium
Zhang et al.: Phenomenological AN model
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FIG. 19. 共a兲 Spectral magnitude and phase of the revcor filters of a model fiber with CF of 510 Hz measured from responses to wide-band noise presented
at several levels. The functions were calculated by averaging 15 ms of the stimulus prior to each discharge time that resulted from a 10 s noise stimulus
presented for five repetitions. A Hamming window was used to calculate the frequency responses. The amplitudes of the filter responses were normalized to
0 dB at CF 共Carney, 1993; Carney and Yin, 1988兲. Noise levels are given in dB SPL rms. 共b兲 Examples of revcor functions at several levels for actual cat AN
fiber with CF equal to 510 Hz 共Unit ID: U86166-39, recorded as part of a previous study; Carney and Yin, 1988兲.

spontaneous rates 共Liberman, 1978兲. In addition, as discussed above, the filterbank nature of this phenomenological
model precludes explanation of phenomena that depend upon
propagation of signals along the basilar membrane, such as
the overall phase properties and propagation of combination
tones to the position along the basilar membrane tuned to the
distortion tones 共see Goldstein, 1990, for a description of this
limitation兲.
Inclusion of the tails of the tuning curves may play an
important role in understanding population responses to
moderate- to high-level broadband stimuli, such as speech
sounds, in which significant energy at low frequencies may
influence responses of neurons over a wide range of CFs.
Also, the glide in the instantaneous frequency of the impulse
responses will influence both the rate and timing of discharges for most AN fibers over a wide range of stimulus
levels. Because this property interacts with the nonlinear tuning to produce shifts in frequency tuning with sound level
共Recio et al., 1996; Carney et al., 1999兲, this property is important to explore in future models that include nonlinear
tuning.
The model described here represents a significant extension of our previous modeling efforts 共Carney, 1993兲 in that
the nonlinear tuning is much more accurate without a significant increase in the complexity of the model, and the model
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has been extended to high CFs. The gain and bandwidth of
each AN fiber were influenced by a broad frequency range
surrounding the fiber’s CF, which resulted in more accurate
two-tone suppression. One aspect of the two-tone suppression property that was not accurately captured in this model
was the degree of asymmetry in the growth of suppression
with suppressor level. The asymmetry of the model is similar
to that described for low-CF fibers, but not as strong as reported for high-CF fibers 共Delgutte, 1990兲. A future model
that includes CF-dependent shifts in frequency with level, in
both the signal path and the control path, might be able to
accurately simulate this aspect of two-tone suppression. Inclusion of the CF-dependent glide in the instantaneous frequency of the impulse responses 共Carney et al., 1999兲 may
be sufficient to make this aspect of two-tone suppression
more accurate. In addition, interactions between mechanisms
for two-tone interaction and tail mechanisms in future models would be expected to influence the asymmetry of growth
of suppression.
Extension of this model to include low- and mediumspontaneous-rate fibers is motivated by the need for accurate
descriptions of these responses to examine their potential
role in level encoding of pure tones, as well as complex
sounds. It is also important to explore the different
spontaneous-rate groups in the context of a nonlinear model,
Zhang et al.: Phenomenological AN model
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since the slopes and dynamic ranges of their rate-level functions are strongly influenced by the cochlear amplifier 共e.g.,
Yates et al., 1992兲. In addition, the ability of this model to
simulate responses over a wide range of CFs is important to
the further study of models for AN fibers with different
spontaneous rates. The change in the amount of compression
共or equivalently, the change in the gain of the cochlear amplifier兲 as a function of CF has strong implications for the
roles of the different spontaneous-rate fibers in encoding
stimulus features at different CFs 共Heinz et al., 1999, 2001兲.
A nonlinear model for AN responses over a wide range of
CFs and spontaneous rates will allow quantification of the
information encoded by these fibers 共e.g., Colburn et al.,
2001兲.
Another direction for extension of this model is to combine the nonlinear filterbank approach used here with some
aspects of the parallel signal-processing pathways of the
MBPNL approach. Such an effort might allow explanation of
a wider range of phenomena than can be explained by either
model independently. The tails of tuning curves 共Goldstein,
1990兲, the multiple modes of excitation that are suggested by
Lin and Guinan’s 共2000兲, and the level-dependent phase relationship between tip and tail phenomena suggested by
these and other AN responses 共e.g., Goblick and Pfeiffer,
1969; Lin and Goldstein, 1995兲 are examples of phenomena
that could be approached by combining aspects of these two
modeling approaches. The present modeling approach provides a useful description of both rate and temporal 共including nonlinear phase兲 response properties from excitation
modes associated with the active cochlear process, while the
MBPNL approach provides a valuable framework for modeling response properties associated with the combination of
multiple modes 共either active or passive兲.
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APPENDIX

The IHC-AN synapse model is a time-varying implementation of Westerman and Smith’s 共1988兲 three-store diffusion model that allows simulations of responses to arbitrary stimuli. The three stores are the immediate 共I兲, local
共L兲, and global 共G兲 stores. The concentration 共C兲 at each
store varies as the ‘‘substance’’ to be released diffuses; the
concentration differences and the permeability 共P兲 at each
boundary regulate the rate of diffusion.
The local and global permeabilities and the three volumes are constant values; these values are specified in terms
of time constants for diffusion and response amplitudes that
can be estimated from the literature and adjusted based on
the shape of the model’s PST histogram. The desired response properties, based on PST histograms in response to
tones, are used to set the parameter values for the steadystate discharge rate, A SS ; spontaneous rate, spont; rapid time
constant for adaptation,  R ; short-term time constant for adaptation,  ST ; the ratio of rapid response amplitude to shortterm response amplitude, A R/ST ; the maximum immediate
permeability, P I max ; and the peak-to-sustained response amplitude ratio, PTS.
Several intermediate parameters can then be determined
from those above. The onset rate, rapid and short-term response amplitudes, resting permeability and global concentration are computed as follows:
A ON⫽PTS A SS ,
A R ⫽ 共 A ON⫺A SS 兲

共A1兲
A R/ST
共 1⫹A R/ST 兲

,

A ST ⫽A ON⫺A SS ⫺A R ,
P rest⫽ P I max
C G⫽

s pont
,
A ON

s pont 共 A ON⫺s pont 兲
.
A ONP rest共 1⫺s pont/A SS 兲

共A2兲
共A3兲
共A4兲
共A5兲

The volumes of the three stores are then computed; first
several intermediate parameters are defined as 共see Westerman and Smith, 1988兲:

␥ 1 ⫽C G /s pont,
 1 ⫽⫺1/ R ,

␥ 2 ⫽C G /A SS ,

 2 ⫽⫺1/ ST .

共A6兲

Following the strategy of Westerman and Smith 共1988兲,
the immediate volume is computed as:

V I0 ⫽

1⫺ P I max / P rest
,
␥ 1 兵 关 A R 共  1 ⫺  2 兲 / 共 C G P I max兲兴 ⫹  2 / 共 P rest␥ 1 兲 ⫺  2 / 共 P I max␥ 2 兲 其

共A7兲

V I1 ⫽

1⫺ P I max / P rest
,
␥ 1 兵 关 A ST 共  2 ⫺  1 兲 / 共 C G P I max兲兴 ⫹  1 / 共 P rest␥ 1 兲 ⫺  1 / 共 P I max␥ 2 兲 其

共A8兲

V I⫽
667

共XZ, MGH, LHC兲, NIH T32DC00038 共MGH兲, NIDCD
DC00109 共ICB兲, and NIDCD DC00023共ICB兲.

V I0 ⫹V I1
.
2
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S 共 kT 兲 ⫽C I 共 kT 兲 P I 共 kT 兲 .

Several other intermediate parameters are useful for the derivation of the other volumes and permeabilities:

␣⫽

␥2
,
 1 2

1

␤ ⫽⫺ 共  1 ⫹  2 兲 ␣ ,

 2 ⫽V I / P I max ,

 1 ⫽ ␣ P I max /V I ,

 3 ⫽ ␥ 2 ⫺1/P I max .

共A10兲

Then, the local and global permeabilities can be specified as:
P L⫽

冉

P G⫽

冊

␤ ⫺  2 3
⫺1 P I max ,
1

1
.
 3 ⫺1/P L

共A11兲
共A12兲

The local volume and concentration, and the resting value of
the immediate concentration, are set as follows:
V L⫽  1 P L P G ,

共A13兲

C I rest⫽spont/ P rest ,

共A14兲

C L rest⫽C I rest

共 P rest⫹ P L 兲
.
PL

共A15兲

The voltage-dependent immediate permeability, P I varies with the IHC-model voltage, V IHC, through a soft-rectifier
specified as:
P I共 t 兲 ⫽

P SL
log共 1⫹e P ST V IHC共 t 兲 兲
P ST
where
and

P SL ⫽ P restP ST /log共 2 兲
P ST ⫽log共 2 V sat / P rest⫺1 兲 ,

共A16兲

where P rest is the resting value of the immediate permeability, and V sat sets the saturation voltage for the soft rectifier.
The value of V sat varies with CF, in order to maintain the
threshold of the model fibers at about 0 dB SPL at CF:
V sat共CF)⫽18.54 P I maxK CF
where K CF⫽max关 1.5,2⫹3 log10共 CF/1000兲兴 .
共A17兲
Note that Eqs. 共17兲 and 共18兲 in the text provide simple numerical descriptions for the IHC-synapse model expressions
shown above; p 1 in the text is equivalent to P SL / P ST and p 2
is equal to P ST .
The difference equations for the concentrations of the
stores in the diffusion model are as follows:
C I 共 kT⫹T 兲 ⫽C I 共 kT 兲 ⫹

T
兵 关 ⫺ P I 共 kT 兲 C I 共 kT 兲兴
VI

⫹ P L 关 C L 共 kT 兲 ⫺C I 共 kT 兲兴 其 ,
C L 共 kT⫹T 兲 ⫽C L 共 kT 兲 ⫹

共A18兲

T
兵 ⫺ P L 关 C L 共 kT 兲
VL

⫺C I 共 kT 兲兴 ⫹ P G 关 C G ⫺C L 共 kT 兲兴 其 ,

共A19兲

where T is the sampling time used in the simulation. The
initial values are set as follows: C I (0)⫽C I rest , C L (0)
⫽C L rest , and P I (0)⫽ P rest . Finally, the output of the synapse model is:
668
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The code will be made available on the Earlab website at Boston University: http://earlab.bu.edu
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