Quantifying the implications of nonlinear cochlear tuning
for auditory-filter estimates

Michael G. Heinz®

Speech and Hearing Sciences Program, Division of Health Sciences and Technology, Massachusetts
Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139 and

Hearing Research Center, Biomedical Engineering Department, Boston University, 44 Cummington Street,
Boston, Massachusetts 02215

H. Steven Colburn and Laurel H. Carney”
Hearing Research Center, Biomedical Engineering Department, Boston University, 44 Cummington Street,
Boston, Massachusetts 02215

(Received 25 April 2001; revised 26 October 2001; accepted 19 Novembey 2001

The relation between auditory filters estimated from psychophysical methods and peripheral tuning
was evaluated using a computational auditory-néAN) model that included many of the response
properties associated with nonlinear cochlear tuning. The phenomenological AN model included the
effects of dynamic level-dependent tuning, compression, and suppression on the responses of high-,
medium-, and low-spontaneous-rate AN fibers. Signal detection theory was used to evaluate
psychophysical performance limits imposed by the random nature of AN discharges and by
random-noise stimuli. The power-spectrum model of masking was used to estimate psychophysical
auditory filters from predicted AN-model detection thresholds for a tone signal in fixed-level
notched-noise maskers. Results demonstrate that the role of suppression in broadening peripheral
tuning in response to the noise masker has implications for the interpretation of psychophysical
auditory-filter estimates. Specifically, the estimated psychophysical auditory-filter equivalent-
rectangular bandwidth€ERBS that were derived from the nonlinear AN model with suppression
always overestimated the ERBs of the low-level peripheral model filters. Further, this effect was
larger for an 8-kHz signal than for a 2-kHz signal, suggesting a potential characteristic-frequency
(CF) dependent bias in psychophysical estimates of auditory filters due to the increase in strength of
cochlear nonlinearity with increases in CF. ZD02 Acoustical Society of America.
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I. INTRODUCTION noise detection is constant when the long-term signal-to-
- ) ] noise power ratio is constant at the output of a linear filter
The ability of the aqdﬂory system to partlally resolve cantered ator close t9 the frequency of the tonévioore,
frequency components in a complex stimulus has beeRggsa Fletcher(1940 noted that the auditory-filter band-
W'dely used as t_he basis for many fundamental theories cV\/idth could be estimated as the ratio of the signal power at
auditory perception(e.g., von Helmholtz, 1863; Fletcher, \ q1qd threshold to the power-spectral density of a broad-
1940, 1953 Thus, much effort has gone into developing band noise, now referred to as the critical ratMoore,

psychophysical tgghniques for the measurement of auditor¥995a, if it were assumed that threshold corresponded to a
frequency selectivity. Fletched940 observed that the de- signal-to-noise ratio of 0 dB at the output of the auditory

tection threshold for a tone in bandlimited noise increases ater Auditory-filter bandwidths have also been estimated
the bandwidth of the noise increases up toritical band- from Fletcher's band-widening experiment as the noise

width, beyond which detection threshold is roughly constant . " : .
This observation led to the concept of the psychophysicalﬁandw'dth(cmlcal band beyond which detection thresholds

. ; . ; are constant, based on the assumption of rectangular filters.
auditory filter, which forms the basis for many modern psy- ) ! :
. L . : Psychophysical tuning curves have been derived by measur-
chophysical methods for estimating auditory tunifigr a . :
. ing the level of a variable-frequency tone or narrow-band
review see Moore, 199%a . . ) .
masker that is required to just mask a low-level tone signal at

Most psychophysical methods for measuring auditory X )
frequency selectivity are based on the power-spectrum mod rﬂe fr_equency of _mtergs{e.g._, Moore, 1978; Vogten, 1918
espite the relative simplicity of these methods, the use of

of masking, which assumes that performance for tone-in- . . . !
notched-noise maskers to estimate auditory-filter shapes has

proven to be a much more reliable psychophysical method
Acurrent address: Department of Biomedical Engineering, Johns HopkinMoore, 1995a In the notched-noise method, detection
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a function of the separation between the two noise bandas notch width is increased, and the psychophysically esti-
(i.e., the notch width and the power-spectrum model is usedmated auditory filter would represent an average auditory
to derive an auditory-filter shape that accounts for the rate dfilter across a range of signal levels. Rostml. (1998 have
threshold decrease as notch width is increased. Asymmetrghown that notched-noise detection data across a wide range
notches are often used to derive the upper and lower sides of levels were fitted better by the power-spectrum model
the auditory filter separately, and thus allow estimates ofvhen the auditory filter was assumed to depend on the signal
auditory-filter asymmetry to be made. While the notched-level rather than on the masker level. Glasberg and Moore
noise method provides estimates of auditory filters that ar¢2000, who used uniformly exciting noise that was designed
successful in predicting detection performance in a variety ofo provide equal excitation for each psychophysical ERB,
masking conditionge.g., Derleth and Dau, 20p0a funda- also concluded that models in which the signal level was
mental question is whether the frequency selectivity meaassumed to control auditory-filter shape were better able to
sured psychophysically is primarily determined by peripherapredict the detection data. Despite the debate over whether
tuning. the signal or masker level controls auditory-filter shape,
Glasberg and Mooré¢1990 derived equations that de- methods based on both views result in nonlinear changes in
scribe the variation in psychophysical estimates of auditoryauditory-filter shapes that qualitatively match nonlinear
filter equivalent-rectangular bandwidtflSRB9 with charac-  trends in physiologically measured tuning. While the debate
teristic frequency(CF) and with masker level. The variation has focused on assumptions about which aspects of the
in auditory-filter ERB with CF was consistent with the idea stimulus control nonlinear tuning, a direct comparison be-
that a psychophysical ERB represents a constant distandé&een psychophysical measures of frequency selectivity and
along the basilar membran&reenwood, 1961 The varia- physiological measures of nonlinear peripheral tuning has
tion in psychophysical estimates of auditory filters with not been made in the same subject.
stimulus level was consistent with the well-established result  The present study uses a computational AN model to
that cochlear tuning broadens with increases in stimuluselate peripheral tuning to estimates of frequency selectivity
level (e.g., Patuzzi and Robertson, 1988; Ruggetal, from psychophysical methods. This phenomenological AN
1997. In addition, psychophysical estimates of auditory fil- model provides a useful description of nonlinear peripheral
ters were typically broader for hearing-impaired listenerstuning (Heinz et al, 2001c; see also Zhargj al,, 2001 and
than for normal-hearing listeneréGlasberg and Moore, is used to evaluate how different nonlinear AN properties
1986; Moore, 1995b; Mooret al, 1999h, consistent with  affect psychophysical methods for estimating auditory filters.
the loss of sharp frequency tuning in basilar-membrane and Many of the observed nonlinear AN response properties
auditory-nervg AN) responses of damaged cochléBatuzzi appear to result from a single physiologically vulnerable
et al, 1989; Ruggero and Rich, 1991; Liberman and Doddsmechanism that controls peripheral tunii@achs and Abbas,
1984). Mooreet al. (19990 have shown that psychophysical 1974; Sewell, 1984; Patuzet al, 1989; Ruggero and Rich,
estimates of auditory-filter ERB from the notched-noisel991; Ruggeroet al, 1992; see the review by Ruggero,
method are correlated with several other psychophysical992. This mechanism is widely believed to be related to
measures assumed to be related to cochlear nonlinearityuter-hair-cell(OHC) electromotility; however, the underly-
Thus, it appears that psychophysical estimates of frequenapng biophysical basis for the role of the OHCs in this mecha-
selectivity from the notched-noise method are closely relatedism is still unknown(Allen, 2001). The most prevalent
to peripheral tuning in humans. Consistent with this concluview is that the OHCs provide the high sensitivity and sharp
sion, Evanset al. (1992 found a high degree of correspon- tuning that characterize normal hearing through an active
dence between psychophysical and physiological ERBs bothrocess, often referred to as thechlear amplifier which
measured in guinea pigs. enhances the vibration of the basilar membrane in response
In spite of this general agreement about the importancéo low-level soundge.g., Yates, 1995; Moore, 1996he
of psychophysical auditory filters, there is continued debat&esults from the present study do not depend on the biophysi-
about the proper method for psychophysically estimatingcal basis for the underlying mechanism; rather, they depend
auditory-filter shapes as a function of leyeltfi and Patter- only on the idea that a single physiologically vulnerable
son, 1984; Moore and Glasberg, 1987; Glasberg and Moorenechanism produces many of the nonlinear peripheral re-
1990, 2000; Rosen and Baker, 1994; Moore, 1995a; segponse properties that have been described. Basilar-
Rosenet al, 1998 for a review This debate has focused on membrane tuning has been shown to broaden with increases
which aspect of the stimulus, signal or masker level, controlsn level and to demonstrate associated compressive magni-
the auditory filter shape. Moorg¢1995a has proposed tude responses and nonlinear phase responses ng¢&ugk
masker level per ERB as the controlling variable, rather thamero et al, 1997. These three nonlinear properties are re-
overall masker level or spectrum level. Rosen and Bakelated in terms of a filter gain/bandwidth trade-off, i.e., the
(1994 and Roseret al. (1998 argued that deriving auditory peripheral filter gain at CF decreases as the bandwidth in-
filters across a range of fixed noise spectrum levelg., creases with increases in stimulus level. The nonlinear phase
Glasberg and Moore, 1990 only appropriate if the level shifts correspond to the peripheral-filter phase-versus-
dependence of the auditory filter is determined by the noisérequency response becoming shallower as level increases,
spectrum level. If auditory filters were to vary with signal and have also been observed in inner-hair-¢gfiC) re-
level rather than masker level, then the auditory filter wouldsponses(Cheatham and Dallos, 199&nd AN responses
vary across notch widths because the signal level decreasésndersonet al, 1971). Recioet al. (1998 have shown that
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the dynamics of cochlear compression are extremely faspathway from the periphery to the brain, and thus the effects
with a time constant on the order of 2Q. of peripheral response properties can be characterized based

Two-tone suppression, another response property of then the total information that is available to the central ner-
auditory periphery associated with nonlinear cochlear tuningyous system for the psychophysical task. A second benefit of
refers to suppression of basilar-membrane and AN responsesnsidering AN information is that the effects of several sig-
to CF tones by an off-CF ton&achs and Kiang, 1968; Del- nificant peripheral transformationgsbetween the basilar
gutte, 1990b; Ruggeret al, 1992. Delgutte (19903 dem-  membrane and ANare included, e.g., that AN information is
onstrated that AN suppression plays an important role in thencoded by intrinsically random all-or-none action potentials
masking of signals by off-frequency stimuli, a finding that that have a spontaneous rate, and that the driven rate of AN
has been supported by related psychophysical experimenfibers typically saturates about 30—40 dB above threshold.
(Oxenham and Plack, 1998Suppression has been hypoth- Heinz et al. (20010 used this approach to demonstrate that
esized to play a role in psychophysical estimates of auditorgompressive magnitude responses and nonlinear phase re-
tuning based on the common finding that psychophysical essponses associated with nonlinear cochlear tuning are signifi-
timates of frequency selectivity are sharper when using noncant for the encoding of sound level based on responses of a
simultaneous masking than when using simultaneous maskarrow range of CFs; however, their analytical AN model
ing (e.g., Houtgast, 1977; Moore, 1978; Moore and Glasbergwas limited to pure-tone stimuli, and several extensions of
1981, 1982, 1986; Moore and O’Loughlin, 1986; Moore this approach were necessary to evaluate detection in random
et al, 1987. The role of suppression is often discussed innotched-noise maskers in the present study. Heihal.
terms of how the reduction in signal response due to thé2001a demonstrated the use of computational AN models
off-frequency masker may affect psychophysical estimates ofith this SDT approach, and a theoretical extension of the
auditory tuning. However, Moore and O’Loughlit986 ar-  SDT analysis was developed to quantify the influence of ran-
gue that this simple-attenuation view is not as well justifieddom stimulus variation(in addition to AN variability on
as a distributed-attenuation view, which is supported by botfsychophysical performandgeieinz, 2000.
psychophysicale.g., Moore and Glasberg, 1982nd physi- In the present study, psychophysical auditory filters were
ological (Pickles, 198J studies. A direct measure of the ef- estimated from the AN model using the notched-noise
fect of off-frequency noise on the underlying peripheral tun-method by predicting psychophysical detection thresholds
ing was reported by Kiang and Moxd974), who showed based on the information available in the population dis-
that the tuning curves of high-CF AN fibers became broadefharge patterns of AN-model fibers. Two specific questions
and CF-tone thresholds were raised when a near-threshol@ere addressed1) How closely are estimates of psycho-
low-frequency masking noise band was presented simultaRhysical auditory filters related to peripheral tuning, given
neously with the tone. The phenomenological AN modelthat psychophysical detection is based on a population of
used in the present studiieinzet al, 2001c; see also Zhang 30000 AN fibers that have a wide range of CFs, different
etal, 2001 represents suppression as the ability of off-SPontaneous ratéSR9, and different thresholdd.iberman, -
frequency energy to reduce the excitatory-filter gain at CFL9787 (2) How do AN response properties associated with
and thus to broaden peripheral tuning. nonh_near co_chlea_r tuning mﬂuence_ estimates of psypho-

Thus, consideration of the peripheral response propertie@hys'cal auditory f!lters? Notched-noise maskers with a fixed
associated with nonlinear cochlear tuning suggests that psyPectrum levelas in Glasberg and Moore, 199@ere used
chophysical methods would have difficulty in directly esti- ' order to present the most _stra|ghtforward d.emonstra_uon of
mating AN-fiber frequency selectivity. This does not necesth€ expected effects of nonlinear AN properties on estimates
sarily pose a problem for psychophysical studies that aim el psychophysmal auditory filters. Four versions of the com-
characterize behavioral frequency selectivity without regardPutational AN model were used to demonstrate the separate
for the underlying mechanisms. However, this issue is im.contributions  of compression and.suppressmn to the esti-
portant for interpreting changes in psychophysical estimate@ates of psychophysical auditory filters.
of frequency selectivity as a function of level or cochlear
state, as well as for modeling studies that use human psych@- METHODS
physical data to specify peripheral tuning.

The present study relates many of the response prope’?i'
ties associated with nonlinear cochlear tuning to estimates of Zhang et al. (2001 developed a phenomenological
psychophysical auditory filters by combining a phenomeno-model for cat AN responses. This model has a single nonlin-
logical AN model with signal detection theoisDT). Pe-  ear mechanism that accounts for many nonlinear AN re-
ripheral tuning(as specified in the AN modetan be directly sponse properties, including the on- and off-frequency con-
compared to estimates of psychophysical auditory filtergrol of peripheral tuning, i.e., compression and suppression.
based on SDT analysis of AN-model population dischargeHeinz et al. (20019 modified the original model in several
patterns. Previous studies have used SDT with analyticabays to make it more appropriate for evaluating human psy-
AN-population models to quantify psychophysical perfor-chophysical performance. These modifications included a de-
mance limits based on the stochastic nature of AN dischargscription of human tuning, implementation of three SR
patterns(e.g., Siebert, 1968, 1970; Colburn, 1973, 1981;groups (Liberman, 1978 and several implementations of
Delgutte, 1987; Heinzt al., 2001h. A benefit of this ap- peripheral-tuning control to allow the separate effects of
proach is that the AN forms a bottleneck in the informationcompression and suppression to be evaluated. The AN model

Computational auditory-nerve model

998  J. Acoust. Soc. Am., Vol. 111, No. 2, February 2002 Heinz et al.: Effects of cochlear nonlinearity on auditory filters



used in the present study was identiGatluding all param- NL w/ Compression |  NL w/ Compression | Lincar Sharp Linear Broad,
eter values to the Heinzet al. (20019 model. The model (o Suppression| | wlo Suppression | | lmpaired
properties that are relevant to the current study are describe ‘fﬁ'\}ﬁzj?\ ‘f{\'\m ‘ N ‘
below, while the details of the model implementation are | ¥ = ’ = v - _

described elsewheréHeinz et al, 2001c; Zhanget al,
ZOO:D, FIG. 1. Four versions of the phenomenological auditory-nerve model used

The AN model has a signal path that consists of a nonte |s_o|ate the effects of compression and suppression on _tur?mg. Only t_he
. . . section of the model that includes the peripheral tuning is illustrated; it
linear, third-order narrow-band filter followed by a broacIerincludes the signal patftin A, B, C, D; only the initial third-order signal-
linear, first-order filter and an IHC/synapse module that propath filter is shown; see the téxind the control pattin A, B; filled squares
duces the time-varying discharge raj(q) for a given CF. and ovals rgpresent control-path mod_ules that are_the_ same in both n_onlinear
The bandwidth and gain of the nonlinear signal-path filter ar#l“‘)de' versions The curved arrows in A and B indicate that the filters

. . . uctuate with level. A: Thenonlinear with compression and suppression
varied accordlng to the output of a control path, which CON-model version has a broad control-path filter. B: Tanlinear with com-
sists of a nonlinear wideband filter followed by an OHC pression and without suppressiamdel has a narrow control-path filter. C:
module. As the level of the stimulus energy that passeghe”_neaf'Sh_ar:Pmoﬁ' hAaS Sgagp “Imi“? anld hé?hﬂ?;i;n a:)a“sdtimU'US_ 'e(\j/e'sv

- . . onsistent with models A and B at low levels. D: ar-broad, impaire

thrOl.Jgh the, control-patlh fllt,er !ncreases' the bandywdth O,f thénodel has broad tuning and low gain, consistent with the average tuning in
nonlinear signal-path filter is increased and the filter gain akodels A and B at high stimulus levels.

CF is reduced, representing the reduction in cochlear gain at

CF as stimulus level is increased above roughly 20 dB SPIper and Rhode, 1997nd with human psychophysical data
(Ruggeroet al. 1997. This single control mechanism in the (Hicks and Bacon, 1999; Glasberg and Moore, 200he
AN model produces nonlinear tuning with both compressionyandwidth of the linear, first-order filter in the signal path
and suppression. Compression represents the reduction in G&yualed the time-averaged bandwidth of the nonlinear signal-
chlear gain at CF as the level of the stimulus near CF igath filter at high levels, i.e., with full reduction of the co-
increasedRuggeroet al, 1997. Suppression represents the chlear gain(Heinz et al, 2001c; Zhanget al, 2001). The
ability of off-CF energy to reduce the cochlear gain at CFeffective ERB of the total signal-path filter at low levels was
(Ruggero, 199p Stimulus energy that passes through thecajculated computationally to be about 20% larger than the
wideband control-path filter but not the narrow-band excitajow-level ERB of the nonlinear signal-path filter for a 2-kHz
tory filter causes suppressi¢e.g., Geisler and Sinex, 1980 CF, and about 25% larger for an 8-kHz CF.
The wideband control-path filter was centered slightly higher  predictions from four versions of the AN modelig. 1)
in frequency than the signal-path filtéa basal shift of 1.2 are compared to evaluate the role of several response prop-
mm along the basilar membrane; Heietal, 2001c; see erties associated with nonlinear cochlear tuning, including
Zhanget al, 2001 for details The size of the basal shift and compression and suppressiteinz et al, 20019. (1) The
the bandwidth of the control-path filter were chosen to matchonlinear with compression and suppressisBN model is
AN two-tone suppression tuning curves from the literaturethe standard version of the model with a level-dependent
(e.g., Sachs and Kiang, 1968; Delgutte, 1990the dynam-  proad control-path filtefFig. 1(A)]. (2) The nonlinear with
ics of the AN-model control path are extremely fast, with theCQmpression and without suppressidN model controls the
ability of the control signal to follow cycle-by-cycle fluctua- level-dependent gain and bandwidth of the signal-path filter
tions in the stimulus determined by an 800-Hz low-pass fi|t9Iby the stimulus energy within a narrow-band control-path
in the OHC module. The fast dynamics in the model controffilter that has the same level-dependent bandwidth and center
path are consistent with the 2Q@ basilar-membrane com- frequency as the nonlinear signal-path filiEig. 1(B)]. The
pression time constant reported by Reeioal. (1999 and  nonlinear model§#1 and 2 differ from one another in the
the nearly instantaneous effects of two-tone suppressiogpectral content of the stimulus that controls the level-
(e.g., Arthuret al,, 1971). dependent tuning(3) The linear-sharp version of the AN
The low-level tuning of the nonlinear AN model was set model has low thresholds and linear signal-path filters with
based on low-level psychophysical estimates of human audbandwidths set to the low-level tuning in the nonlinear AN
tory tuning (Glasberg and Moore, 1990The ERBs of the model[Fig. 1(C)]. (4) Thelinear-broad, impairedversion of
nonlinear signal-path filters at low levels were set to be 1.2he AN model has high thresholds and linear filters with
times smaller than the standard midlevel psychophysical essroad bandwidths that match the time-averaged high-level
timates of auditory-filter ERBs described by Glasberg anduning in the nonlinear AN moddlFig. 1(D)]; this model
Moore (1990 as a function of CF, a factor that is roughly represents an impaired cochlea in which the cochlear-
consistent with their more complicated level-dependenamplifier mechanism is absef#.g., total OHC losgs Loss of
equation for auditory-filter ERBsee Heinzet al. 2001c for  the cochlear-amplifier gain, which increases as a function of
detaily. High-level tuning in the AN model is broadened CF (as discussed aboyeroduces a sloping high-frequency
because the cochlear gain at CF is reduced as stimulus levietaring loss for this version of the AN modgleinz et al,
increases, i.e., due to the filter gain/bandwidth trade-off. Th&0019.
maximal reduction in cochlear gain at CF across |¢eéten Each version of the AN model was used to generate a
referred to as the cochlear-amplifier gairanges from 20 dB  population response for each of the three SR groups de-
at and below 500 Hz to roughly 55 dB at and above 8 kHz scribed by Liberman1978. All AN fibers within an SR
which is consistent with basilar-membrane data from thegroup had the same SR, threshold, and dynamic range for a
chinchilla basal and apical turfRuggeroet al, 1997; Coo- CF-tone respons@einzet al, 20019. Spontaneous rates of
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60, 5, and 1 spikes/s were used for the high-, medium-, antieinz et al, 2001a. In the rate-place analysis, the observa-
low-SR populations, respectively. The physiological threshtions on which the detection decision is made are the popu-
olds for high-SR fibers were chosen for simplicity to be neardation of spike count§K;}i_; v, whereM is the total
0 dB SPL at all CFs, i.e., no external- or middle-ear filteringnumber of AN fibers. The counts are produced\dyhomo-
was included in this AN model. The lowest physiological geneous Poisson processesnditionally independent, given
thresholds observed in cat AN fibers are roughly O dB SPLlthe stimulug with rates equal to the average ratgspro-
and are found for high-SR fiberdiberman, 1978; Miller duced by the AN model. This section provides an overview
et al, 1997. Auditory-nerve thresholds were inversely re- of the detection-in-noise analysis for rate-place information
lated to SR in the modelLiberman, 1978 The elevated that was used in the current study, while the details of this
thresholds for low-SR fiber§~20 dB above the high-SR approach for both rate-place information aaitlinformation
clasg resulted in wide dynamic ranges for the low-SR fibers(both temporal and average-rate informaji@ne described
due to the compression in the signal-path filter respd8se by Heinz (2000.
chs and Abbas, 1974The increased amount of compression A likelihood-ratio test(LRT) can be used to derive the
at high CFs resulted in “straight” rate-level curves for form of an optimal processor based on a set of random ob-
high-CF low-SR fibers and “sloping saturation” rate-level servationgvan Trees, 1968 For the case considered here in
curves at low CFs, consistent with the lack of straight ratewhich the stimulus is random in addition to the AN dis-
level curves observed for CFs below 1.5 kHz in guinea pigsharges, the form of the optimal population processor can
(Winter and Palmer, 1991 only be specified analytically if the processor is assumed to

Sixty model CFs ranging from 200 Hz to 20 kHz were have knowledge of the average AN discharge raés) for
used to simulate the AN population response and were unieach noise wavefornm from the random-noise ensemble
formly spaced in location according to a human cochleafHeinz, 2000; however, this is an unrealistic assumption for
map (Greenwood, 1990; as in Heinet al, 2001a.1 This  human listeners in a random-noise masking task. In order to
spacing of fiber CFs corresponded to roughly a 0.5-mm sepaemove this assumption, the same processor form as the op-
ration on the basilar membrane and is estimated to be abotitnal processor was used with the assumption that the pro-
one-half of a human psychophysical ERBlasberg and cessor only has knowledge of theverage-noise-response
Moore, 1990. The tone frequency was always chosen to beproperties(i.e., x;=E[r;(n)], whereE, represents the ex-
equal to one of the model CKs.qg., the closest model CFs to pected value across the random-noise enseirdnie not the
the 2- and 8-kHz conditions used in the present study werendividual-noise responseg(n). Thus, the predictions in the
1927 and 8079 Hz, respectively, based on the roughly logpresent study represent smboptimalprocessor that is as-
spaced cochlear mapPopulations of high-, medium-, and sumed to have knowledge of the averdgeross noise wave-
low-SR fibers were simulated by assuming that 200 high-SRforms) AN discharge properties in response to the masked
75 medium-SR, and 50 low-SR fibers were represented btone[X;(SN)] and in response to the notched-noise masker
each model CF. This represents all AN fibers within the fre-alone[ x;(N)]. The processor uses this knowledge of average
guency range from 200 Hz to 20 kHlzased on a total popu- noise responses in the same way that the optimal processor
lation of 30000 AN fibers from 20 Hz to 20 kHz in human uses the knowledge of individual-noise responses.
(Rasmussen, 1940; Heiret al, 20013], and is consistent The form of this general processor, which evaluates the
with the 61%, 23%, and 16% distributions for high-SR, number of observed discharges from fltle AN fiber based
medium-SR, and low-SR fibers reported by Libermanon the assumed priori knowledge,x;(SN) andx;(N), is
(1978. All AN fibers were assumed to have independentgiven by
Poisson discharge-generating mechanisms. Thus, the model

. . . Xi(SN)
AN-fiber responses were treated as conditionally indepen- Yi(K)2
dent stochastic point processes given the stimuhlsinz xi(N)

et al, 20013; however, there were correlations across AN-whereT is the duration of the stimulus. The decision variable
fiber responses due to random stimulus fluctuations assoc¥,(K,) is a function of the random AN discharge cou,

In

Ki+T [xi(N)=x(SN)], @

ated with the noise maskefsee below. and thus is a random variable itself that depends on both the
) ] stimulus and AN variability. The reliability of this decision
B. Signal detection theory variable for indicating the presence of the tone depends on

Heinz et al. (20013 used SDT analysis with computa- the difference in the mean value ofi(K;) between the
tional AN models to predict psychophysical performancesignal-plus-masketSN) and masker-aloneN) observation
limits based on the intrinsic variability in AN-discharge re- intervals, and on the variance ¥f(K;). A useful metric for
sponses; however, this analysis was limited to deterministifuantifying the sensitivity of a decision variabeis
stimuli. For masking_studies with ra_ndom-noise mgskers, the (E[Y|SN]—E[Y|N])2
effects of random stimulus fluctuations on the variability of Q= Var Y|N] ,

AN responses must also be taken into account. The present
study used the SDT analysis developed by HéR200 to  where detection threshold is defined as the signal level for
guantify detection performance limits due to random varia-which the sensitivity indexQ=1. This sensitivity metriaQ
tions in the notched-noise stimuli as well as in the AN re-is similar to [d’)?, and represents a complete characteriza-
sponses. Predicted performance was calculated for a proce#n of performance when the decision variablés Gauss-
sor based omate-placeinformation (as shown in Fig. 2 of ian and has equal variance in both observation intervals

@
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(Green and Swets, 1966; van Trees, 196hese two as- mated based on AN-population responses to the signal-plus-
sumptions are reasonably accurate for characterizing justhasker and masker-alone conditions for ten individual noise
detectable differences in decision variables that are based amveformsn from the random-noise ensemble. The ad-
the total population of all AN dischargeSiebert, 1968, equacy of using only ten noise waveforms to estintatend
1970; Colburn, 1969, 1973, 1981; Heieral, 2001a. Ac-  Var, was evaluated by verifying in several conditions that the
tual deviations from these assumptions do not significantlyesults did not change significantly when more noise wave-
affect the characterization of performance based on the seferms (20-40Q were used. The sensitivity inde® was

sitivity metric Q (Colburn, 1981 evaluated as a function of level for each notch width. The
Performance based dvi AN fibers was calculated for a signal level at whichQ=1 was defined as representing the
population decision variable psychophysical detection threshold and was determined by
M interpolation.
Y=2, Yi(K). (3)

The equal-weighting combination in E¢B) behaves in an

intuitive way based on Eq1). Fibgrs for which the signal C. Notched-noise method for estimating auditory

does not(on averaggchange the discharge rate in responsejers

to the maskefi.e., x;(SN)=x;(N) ] do not contribute to the ) o )
population decision variabl¥ becauseY;(K;)=0 for any Most psychophysical methods for estimating audl_tory—
observed discharge coultt . However, as described above filtér shapes use the power-spectrum model of masking to
the equal-weighting combination is not necessarily optimal,de”VG the best auditory filter to explain a set of detection
because across-fiber correlations are not accounted for in ttta (Moore, 1995a The power-spectrum model assumes
way information is combined across fibers. The populatiorfh@t the psychophysical detection threshold corresponds to a
sensitivity indexQ based on this suboptimal procesgags. fixed long-term signal-to-noise rati®NR) at the output of

(1) and(3)] is given by the auditory filter. To estimate the psychophysical auditory
filter, signal power at detection thresholdg, is measured
V X;i(SN) 2 for various masker spectid(f ), and the best auditory-filter
Q= 2 In (N [Xi(SN)=xi(N)] shapeW(f) to explain the set of detection data is derived
based on the constant-SNR assumption. To simplify the fit-
1 M (SN2 M X (SN) ting of th(_e detection data_,.a class of auditory-filter _shapes
= In x(N)+ Var, E In———1ri(n|N) |, W(f), which can be specified by a few parameters, is often
Tzl xi(N) =10 Xi(N) assumed.

“ In the present study, psychophysical detection thresholds

where Vay, represents the variance across the random-noiseere predicted from the AN modé&hs described aboyéor a
ensemblgHeinz, 2000. Note that the variance of the deci- tone in the presence of two noise bands that were above and
sion variableY [the denominator of Eq4)] is separated into below the tone frequencf, had bandwidths equal to G.4
two terms, where the first term represents the contribution odnd had dixed noise spectrum levéNy=20 dB SPL. The
AN variability and the second term represents the contributone was always centered arithmetically between the two
tion of stimulus variability noise bands, i.e., only symmetric notches were used in the

Detection performance was predicted based on the indipresent study. The notch widthf was defined as the fre-
vidual high-, medium-, and low-SR populations of AN fibers quency separation between the tone and the edge of each
(as described aboyeas well as on the total AN-fiber popu- noise band that was closest to the tone frequency, and is
lation. For predictions based on a population of AN fibers,referred to in terms of the normalized frequency separation
the effect on performance of any potential correlation be-Af/f. Psychophysical detection thresholds were predicted
tween AN fibers of different SR or CF due to a commonfor normalized frequency separations of 0.0, 0.1, 0.2, 0.3,
random-stimulus drive was accounted for by including all0.4, 0.5, and 0.6.
AN fibers in the three summations in Eg). The summation The predicted AN-model detection thresholds were then
across AN fibers in the numerator and in both denominatoused to derive an estimate of the psychophysical auditory
terms differs from summing individual values &;. The filter W(f) from a common class of auditory filters using the
sensitivity indicesQ; for individual fibers cannot be simply power-spectrum model in the usual mani&lasberg and
added to obtain the total sensitivity because the fibers’ reMoore, 1990. The class of rounded-exponential filters,
sponses are potentially correlated when stimulated witmoex(p,r), is specified by a parameter that describes the
random-noise stimulisee Heinz, 2000 In general, if the slope of the filter and a parameterthat controls the filter
stimulus-induced contribution to the varianfgecond de- dynamic range(Pattersonet al, 1982; also see Moore,
nominator term in Eq(4)] of the decision variabl& domi-  19953.? The estimated psychophysical auditory filter repre-
nates the intrinsic-AN contributioffirst denominator term in  sents the roex{,r) filter that best describes the AN-model
Eqg. (4)], then AN fibers with similar CFs will be correlated. detection thresholds predicted from the SDT analysis. The

Psychophysical detection thresholds based on the ANjoodness of fit is quantified in terms of the root-mean-
model were simulated using E@}). For a fixed signal level squared deviation in dB between the predicted thresholds
and masker notch width, the sensitivity indéxwas esti- from the power-spectrum model and the AN-model de-
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tection thresholds. The estimated psychophysical auditory Notch width (24f, in Hz)

filters from the fitting procedure are described in terms of the g0 400 800 1200 1600 2000 2400
roex-filter parameterp andr, and the ERB(which equals Dx ‘ Z uiggifgogtz:?:::oﬁ:t;ate

4f/p). Thg power-spectrum model also.mcludes the varlgble 4Gl 4 Low Spongneous Rate |
Kpsm» Which represents the constant signal-to-noise ratio al gi ‘ O Total AN Population

the output of the auditory filter at detection threshold. The ‘ | % PSMfor 2-kHz CF (ERB=233 Hz)
corrections described by Glasberg and Mo@r@90 for the 35 S o ]

transmission characteristics of the middle and external ea
and for the earphone frequency response were not needed 301
the fitting procedure because the AN model had constan__
thresholds as a function of frequen@yeinz et al, 20019.

ERB=234 Hz
lll. RESULTS

A. The relation between model peripheral filters and
estimates of psychophysical auditory filters

ignal Threshold (dB SPL

First, estimates of psychophysical auditory filters were
derived from predicted detection performance based on thé®
total AN population using a version of the AN model with
linear tuning. The ERBs of these estimated psychophysica
auditory filters can be compared directly to the ERBs of the
linear peripheral filters of the AN model at the signal fre-
quency.

Predicted performance for tHinear-sharp version of =5 S A S 2
the AN model is shown in Fig. 2 for the three SR populations ‘ - ‘ ! ‘ §
(triangles as well as for the total AN populatioftircles. _100 0.1 i , : ; g

. 0.2 0.3 0.4
Detection thresholds for the rate-place model are plotted as Normalized notch width (Af/)
function of notch width for fixed-spectrum-leve(Ng

=20 dB SPL notched-noise maskers. Note that the pI’e-FIG' 2. Predicted detection thresholds for a tone in a notched-noise masker

. . . . ,as a function of notch width based on tleear-sharpAN model. Model
dicted detection thresholds for the total-AN pOpU|atlon dldpredictions are for a 2-kHz, 100-nt&0-ms rise/fall tone presented simul-

not correspond to one SR group for all notch widths. Ratheraneously with the masker, which had a spectrum leveligf 20 dB SPL.
detection performance was dependent on the low-SR popurredicted thresholds for the AN model are shown for each of the three SR
lation for small notch widths and on the high-SR popu|atiOnpopulations(triangles, as well as for the combination of all three SR groups

. . . circles. The solid curve represents the best fit from the power-spectrum
for Iarge notch widths due to the differences in threshold an(ﬁnodel to the total-AN-population detection thresholdscles that were

dynamic range across SR groups. The on-frequency maskesed to derive the estimated psychophysical auditory fiE®B given in
energy in the zero-notch-width condition drove the high- andhe figure; all auditory-filter parameters given in Table The detection
medium-SR fibers closer to saturation than the low-SR ﬁ_thresholds and estimated psychophysical-auditory-filter ERB derived from

. . . . the AN model match very closely to the predicted thresh@tisrg from the
bers, which have a higher threshold and wider dynam'%ower—spectrum modelPSM) based on the effective ERB of the 2-kHz

range. The dependence of performance on low-SR fibers waripheral model filtetsee the tejt which was 233 Hz.

stronger at higher levelghot shown, consistent with AN-

fiber responses to tones in noi€éung and Barta, 1996 L . L

Thus, estimates of psychophysical auditory filters are derive&'ev'at'or)' Shaileret al. (1390 rgported rms deviations be-_
from detection performance that is based on different ANtween.power-spectrum model fits gnd human psychophysical
fibers as a function of notch width. It is unlikely that esti- d€tection thresholds that were typically between 0.9 and 2.2
mated auditory filters based on individual AN fibd on dB and were always less than or equal to 2.7 dB. The ERB of

single SR classes, as discussed belawuld consistently

correspond with those estimated psychophysically. HowevemABLE 1. Psychophysical-auditory-filter parameters derived from the
this does not necessarily imply that psychophysical estimategpwer-spectrum model for Fig. 2. The derived estimate of the psychophysi-
of auditory filters do not represent peripheral tuning, becausE?! auditory filter represents the rogxt) filter that best describes the rate-

. . . . . lace detection thresholds predicted from the AN model. The roex-filter
Same'CF AN flber_s with different SRs have similar tuning asgarameters used to predict thresholds from the power-spectrum model based
a function of CF(Liberman, 1978

) ) on the effective 2-kHz peripheral model filter bandwidsars, Fig. 2 are
The power-spectrum model was used to derive estimatesso listed. ERB: equivalent-rectangular bandwidth; rms: root-mean-squared
of psychophysical auditory filters from the AN model predic- error; p: filter slope;r: filter dynamic rangeKpsm: signal-to-noise at the

tions based on the total populatiecombined across all three auditory-filter output required for detection threshold.

SR groups The resulting fit is shown in Fig. &olid curve, ERB s p r K pem
and a summary of the roex-filter parameters used by the (Hz) (dB) (dB)  (dB)
power-spectrum model to fit these ddtircles is given in Rate-place model 234 14  330-523 62
Table I. The fit of the power-spectrum model to the predicted , i, peripheral model filter ~ 233 -~ 331 -540 -57

AN-model detection thresholds is quite gogi4 dB rms
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the estimated psychophysical auditory filter derived from the Notch width (2Af, in Hz)

total-population AN-model thresholds was 234 Hz. This es- 0 400 800 1200 1600 2000 2400
timate of the psychophysical-auditory-filter ERB matches ‘ ' ‘ '
very C|ose|y to the effective ER&33 HZ, see SEC)lbf the 4§<;.; ........ O S SO R, 4

2-kHz-CF peripheral filter in the linear-sharp AN model. As
discussed above, detection performance predicted from th
total AN population was based on different SR classes at
different notch widths. Thus, as expected, none of the esti-
mated psychophysical-auditory-filter ERBs derived from in-
dividual SR classefe.g., EREHSR =214 Hz, EREMSR)
=216 Hz, or ERBLSR)= 245 Hz, not showhcorresponded

to the 234-Hz ERB of the estimated psychophysical auditory,
filter based on the total AN population.

For reference, detection thresholds predicted from the
power-spectrum model based on the effective 2-kHz periph-
eral model filter with ERB-233 Hz are shown in Fig. 2 F
(starg. The roex-filter parameters used to predict the detec-8 ERBy wic, wors

— ERBLy groag022 HZ

-
o 20
%)
m
e

hold (

100

hres

tion thresholds are given in Table | and were chosen to bq%) (1] U e D \\ ..... % .—..-.—..a,—,,,-%..,._..._‘_.-1
consistent with critical ratios and absolute thresholds. Detec- . ERB. 234 Hz & : E
tion threshold for the zero-notch-width condition was set to 1 Lin Sharp .‘“‘~~®—---©
38 dB SPL, which is equal to the masker spectrum I¢26l _10l- ‘ R : ]
dB SPL plus the hqma_n critical ratio at 2 kH#8 dB, o AN Mode,:,_in'ear_Bmad, ,mpaired'
Fletcher, 194§ by adjusting the variabl& ps,,. Asymptotic < AN Model: Nonlinear w/ compression, w/ suppression
detection thresholds for large notch widths, controlled by the D> AN Model: Nonlinear w/ compression, wo/ suppression

. . _opll © AN Model: Linear-Sharp
parameter, were set to be consistent with the AN-model % Human
rate-place absolute threshold of roughty7 dB SPL at 2 , i , i ;
kHz. The rate-place detection threshold is slightly less than 0 0.1 0.5 06

0.2 0.3 0.4
the lowest AN-fiber physiological threshold because the Normalized notch width (Af/)
threshold definitions differ and because information is com+iG. 3. Predicted detection thresholds for a 2-kHz tone in a notched-noise
bined across many AN fibers in the rate-place model. masker as a function of notch width for the four versions of the AN model.

Overall, the detection thresholds based on the total Al\Eame conditions as in'Fig. 2. .Predicted thresholds for the AN model are
lation were verv close to the detection thresholds pr -ased on the combination of discharge counts across the three SR popula-
popula y Pr€ons. curves represent the best fits from the power-spectrum model

dicted from the power-spectrum model based on the 2-kHgauditory-filter parameters given in Tabld.IAlso shown are typical human
peripheral model filter. Thus, estimates of psychophysicatietection thresholdéstarg for No=20 dB SPL predicted from the power-

auditory filters based on rate-place detection thresholds frorfPectrum modelsee the text; Glasberg and Moore, 189the 2-kHz pe-
y P r‘Efp))heral filter in the linear-sharp AN model had an effective ERB of 233 Hz

the Imear'Sharp AN model appear to be closely related t%nd corresponds to the low-level tuning in the nonlinear AN models. The
peripheral tuning at the signal frequency. ERB of the peripheral filter in the linear-broad, impaired AN model was 613

Hz, corresponding to the ERB of the filter that represents a full reduction in
the cochlear gain. The ERB of the estimated psychophysical auditory filter
derived for the nonlinear AN model with compression and suppression was
323 Hz, corresponding to an overestimation of the ERB of the peripheral
model filter describing low-level tuning to the signal.

B. The influence of compression and suppression on
estimates of psychophysical auditory filters

If estimates of psychophysical auditory filters are di-
rectly related to peripheral tuning, as shown above for the
linear-sharp AN model, then it is expected that changes imsed by the power-spectrum model to fit the AN-model de-
peripheral tuning associated with compression and suppresection thresholds is given in Table Il. Also shown in Fig. 3
sion would affect psychophysical methods for estimating auare typical human psychophysical detection thresholds
ditory filters. A demonstration of how AN response proper-(starg for a masker spectrum level &f,=20 dB SPL pre-
ties associated with nonlinear cochlear tuning influencalicted from the power-spectrum model based on a
estimates of psychophysical auditory filters is provided bypsychophysical-auditory-filter ERB of 223 H&lasberg and
comparing auditory-filter estimates based on detectiotMoore, 1990. The roex-filter parameters used to predict
thresholds from the four versions of the AN model. typical human detection thresholds are given in Table Il and
Predicted detection thresholds for the four versions ofwvere chosen to be consistent with human critical ratssin
the AN model are compared in Fig. 3 for a 2-kHz signal andFig. 2) and with an absolute threshold of 0 dB SPL at 2 kHz
a fixed masker spectrum level &f;=20 dB SPL. Perfor- (Robinson and Dadson, 1966
mance was predicted based on the combination of the three The lowest predicted detection threshold for each notch
AN-model SR groups and plotted as a function of notchwidth (except zerpwas for the linear-sharp AN-model ver-
width. The power-spectrum model was used to derive estision, while the highest threshold was always for the linear-
mates of psychophysical auditory filters from the AN-modelbroad, impaired versiofFig. 3). Detection thresholds from
detection thresholds, and the resulting fisrves and ERBs  the two nonlinear versions of the AN modglith and with-
are shown in Fig. 3. A summary of the roex-filter parametersout suppressionwere in between those for the two linear
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TABLE Il. Psychophysical-auditory-filter parameters derived from the power-spectrum model for the 2-kHz
(Fig. 3 and the 8-kHz(Fig. 4) signals. The roex-filter parameters used to predict typical human detection
thresholds(starg from the power-spectrum model fod;=20 dB SPL are also liste@Glasberg and Moore,

1990.
ERB rms p r Kpsm Peripheral model
(Hz) (dB) (dB) (dB) filter ERB
(H2)
2 kHz
Linear-sharp 234 1.4 33.0 -523 -6.2 233
Nonlinear, w/o suppression 237 1.9 32.6 —46.9 —4.9 233-613
Nonlinear, w/suppression 323 1.4 239 —-414 -9.6 233-613
Linear-broad, impaired 622 0.2 126 —245 —-7.6 613
Human 223 34.6 —48.0 -55
8 kHz
Linear-sharp 932 2.1 34.7 —535 -6.4 934
Nonlinear, w/o suppression 931 1.7 347 -57.1 -2.0 934-6168
Nonlinear, w/suppression 1486 0.4 21.8 —48.7 —-8.3 934-6168
Human 889 36.4 —57.0 -25

model versions and were within 5 dB of one another for allAN model (234 H2. In contrast, the ERB of the estimated
notch widths. Furthermore, for all notch widths except zero psychophysical auditory filter derived for the nonlinear AN
the detection thresholds for the nonlinear AN model withmodel with both compression and suppres<i®23 H2 was
suppression were higher than those for the nonlinear model factor of 1.38 larger than the ERB of the estimated psycho-
without suppression, which in turn were higher than thosehysical auditory filter for the linear-sharp AN model. This
for the linear-sharp model. Thus, for all off-frequency mask-result suggests that the presence of suppression results in an
ing conditions, both compression and suppression in the ANstimated psychophysical-auditory-filter ERB that overesti-
model led to higher predicted psychophysical thresholds fomates the ERB of the peripheral tuning to the signal alone at
detecting a tone in a notched-noise masker. low levels. In response to the tonal signal alone at levels
The fits from the power-spectrum model to the predictedbelow roughly 20 dB SPL, the tuning in the nonlinear AN
AN-model detection thresholds in Fig. 3 were good for allmodel equals the tuning in the linear-sharp AN model be-
versions of the AN modg(Table Il). For both linear versions cause the compression threshold for CF tones is 20 dB SPL
of the AN model, the ERBs of the estimated psychophysicalHeinz et al,, 2001c; see also Zharg al,, 200). Although
auditory filters were close to the ERBs of the peripheralthe signal level at detection threshold for the nonlinear AN
model filters for the 2-kHz CF. The peripheral filters in the models was below 20 dB SPL for notch widths of 0.2 and
nonlinear versions of the AN model vary with level and time. greater(Fig. 3), the notched-noise masker contains energy
At low stimulus levels, the tuning in the nonlinear AN model that passes through the wideband control path and thus acts
is linear and corresponds to the tuning in the linear-sharp ANo broaden the peripheral tuning in the AN model.
model version. As stimulus level increases, tuning in the  While there was a clear effect of the AN-model nonlin-
nonlinear AN model tends to broaden as the signal-path-filteearity on the detection thresholds and estimated
gain is reduced; however, the fast dynamics of the contropsychophysical-auditory-filter ERBs for the 2-kHz THg.
path result in a peripheral filter in the nonlinear AN model 3), a larger effect could be expected for higher-frequency
that fluctuates as a function of time. Thus, the instantaneouSFs due to the increased strength of cochlear nonlinearity at
ERB of the 2-kHz nonlinear signal-path filter in the AN higher frequencies. The maximal reduction in cochlear gain
model can vary between 233 Hz, corresponding to the effecat CF across level was 30 dB at 2 kHz in the AN model and
tive ERB of the filter that describes low-level tuning, and 55 dB at 8 kHz(Heinz et al., 20019. Figure 4 shows pre-
613 Hz, corresponding to the ERB of the filter that representslicted detection thresholds for an 8-kHz signal as a function
a full reduction of the signal-path-filter gaine., the filter in  of notch width for the four versions of the AN model. De-
the linear-broad, impaired AN-model versjoriThe time- tection thresholds were predicted for a fixed-level masker
average value of the nonlinear signal-path-filter ERB in-(Ny=20 dB SPL based on the combination of all three SR
creases as the stimulus level through the control-path filtegroups.
increases. Thus, the peripheral tuning in the nonlinear AN  The relative roles of the SR groups across different
model with compression and suppression can be expected twtch widths(not shown were the same as for the 2-kHz
be broader when the masker is present than when the signsignal, i.e., low-SR fibers accounted for detection perfor-
is alone. mance at small notch widths, while high-SR fibers accounted
Despite higher predicted detection thresholds at all notclior detection at large notch widths. Detection thresholds for
widths, the ERB of the estimated psychophysical auditonthe linear-broad, impaired AN model were essentially invari-
filter for the nonlinear AN model without suppressi@37  ant with notch width and represent the absolute rate-place
Hz) was essentially the same as the ERB of the estimatethreshold for an 8-kHz tone in the impaired modeleinz
psychophysical auditory filter derived for the linear-sharpet al, 20019. Full reduction of the cochlear gain by 55 dB at
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Notch width (2Af, in Hz) bility could be evaluated in future studies by including a

0 1600 3200 4800 6400 8000 9600  middle-ear filter in the AN model. Table Il summarizes the
‘ ' ‘ ' power-spectrum-model fitécurves to the predicted AN-
50_[\ ............. D ............... O PPN ............... ] model detection thresholds shown in F|g 4 and the roex-

filter parameters used to predict typical human detection
_ : thresholds. The power-spectrum model was not fit to the pre-
401 \ .............. ,,,,,,,,,,,,,,,, pree ................ ............... N dICted deteCtion threShOIdS for the Iinear-broad, impaired AN
: model because the thresholds were approximately invariant
with notch width due to the high absolute tone threshold for

E 30 \\\\\ ............... ERB=1486HZ ,,,,,, i thIS mOdel VerSion. - |
2 | NLw/f:, wiS The same relative effects between predicted psycho-
K= \%\ N physical detection thresholds for the different versions of the
E [-10 | EEITRITPRPOPE NPT é \\\\ ..................................................... _ AN model were demonstrated for the 8-kHz Slgﬂaig 4)
] NN as were observed for the 2-kHz sign&ig. 3). The lowest
£ Y detection threshold at each notch width except zero was for
® W0 /g o the linear-sharp AN model. Predicted thresholds for the non-
& ERBNL3W/C,wo/S=-931 Hz :\\\'\.\ - ‘ linear AN model without suppression were only slightly
j : /B 1 higher than for the linear-sharp model, but the detection
Oy erB .=932.I.:-Iz. T ] thresholds for the nonlinear AN model with suppression
.~ Lin Sharp ‘ _ : il were substantially higher for the middle notch widths. The
O AN Model: Linear-Broad, Impaired ' large difference between the nonlinear AN models with and
107 A e Nomnar W compression. w:ﬁ’ggzggn without suppression for notch widths larger than 0.1 was due
O AN Model: Linear-Sharp to off-frequency masking energy passing through the wide-
* Human : : : band control-path filter and acting to reduce the signal-path-
-205 o Y 03 o4 05 0.6 filter gain, and thus to broaden the peripheral tuning in the
Normalized notch width (Af/f) model.

FIG. 4. Predicted detection thresholds for an 8-kHz tone in a notched-noise The_ ERB of the estimated pSyChophySICal aUdItory filter
masker as a function of notch width for the four versions of the AN model fOr the linear-sharp AN modeb32 H2 was very close to the
(as in Fig. 3. Curves represent the best fits from the power-spectrum modegffective ERB of the 8-kHz peripheral model filt€d34 H2),
[auditory-filter parameters given in Tabld.lAlso shown are typical human L _ -
detection thresholdsstars for No=20 dB SPL predicted from the power- similar to ,the result for the 2 !(HZ CFfabIe I,I)' Agam'_ none
spectrum mode(see the text; Glasberg and Moore, 1990he 8-kHz pe-  Of the estimated psychophysical auditory filters derived from
ripheral filter in the linear-sharp AN model had an effective ERB of 934 Hz, the individual SR classes[e.g., ERBHSR) =850 Hz,
while the ERB of the peripheral filter in the linear-broad, impaired AN _ _
model was 6168 Hz. The factor by which the ERB of the estimated psycho-ERB_(MSR) 864 Hz, or ER_ELSR) 1022 Hz, n(_)t ShOVY]‘I
physical auditory filter derived for the nonlinear AN model with suppression Provided as accurate an estimate of the underlying peripheral
overestimated the ERB of the peripheral model filter describing Iow—IeveItuning as the estimated psychophysical auditory filter based
tuning to the signal was greater for the 8-kHz CF than for the 2-kHz CF -
(Fig. 3. on the to'tal AN population. .
The instantaneous ERB of the 8-kHz peripheral model

filter in the nonlinear AN models can vary between 934 Hz at
the 8-kHz CF raised the absolute rate-place detection threshow levels and 6168 Hz at high levels based on the output of
old from roughly—7 dB SPL in the nonlinear AN model to the control-path filter. Similar to the 2-kHz signal condition,
48 dB SPL in the impaired model. Typical human detectionthe ERB of the estimated psychophysical auditory filter for
thresholds(stars in Fig. 4fo_r a masker spectrum level of the nonlinear AN model without suppressi@31 H2 was
No=20 dB SPL were predicted from the power-spectrumyery close to the ERB of the estimated psychophysical audi-
model based on a psychophysical-auditory-filter ERB of 889,y filter derived for the linear-sharp AN modé@32 H2. In
Hz (Glasberg and Moore, 1990The roex-filter parameters ¢qniragt when suppression was included in the nonlinear AN

used to predict typical human psychophysical deuaCtior}nodel the ERB of the estimated psychophysical auditory
thresholds were chosen to be consistent with the 8-kHz huﬁlter (i486 H2 was a factor of 1.59 larger than the ERB of

man critical ratio(27 dB, Fletcher, 1940and an absolute . . . ! .
threshold of roughly 0 dB SPL. The use of an absolutethe estimated psychophysical auditory filter derived for the

threshold of 0 dB SPL in the present study is a simpliﬁcation”near'Sh"jlrp AN model. This factor was larger than the cor-

to match the absolute threshold of the AN model. Humar €SPonding factor of 1.38.for the 2'!<HZ CF; thus, as ?X'
absolute threshold at 8 kHz is about 18 dB SiRobinson pected, the degree by which the estimated psychophysical-

and Dadson, 1956 primarily due to middle-ear filtering, auditory-filter ERB overestimates the low-level peripheral

which is not considered in the present study. The currentuning bandwidth was larger for the 8-kHz CF than for the

predictions thus isolate the frequency-dependent effects &-kHz CF. The larger difference at higher frequencies was
cochlear nonlinearity from those of middle-ear filtering; due to the increased strength of cochlear nonlinearity at high
however, the potential effects of frequency-dependent audirequencies in the AN model.
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IV. DISCUSSION 2. Implications of the nonlinear control of peripheral

I _ . tuning for the interpretation of psychophysical-
For the AN model with linear tuning, the estimated psy- auditgry-filter estinfates peyehophy

chophysical auditory filters were shown to be closely related
to the peripheral filters in the AN model. Thus, detection  The results from the present study show that suppression
predictions from the rate-place model were used in theproduces an estimated psychophysical auditory filter with an
present study to evaluate the effects of compression and supRB that overestimates the ERB of peripheral tuning to the
pression on estimates of psychophysical auditory filters.  signal alone at low levels. The low masker spectrum level
used in the present studyNg=20 dB SPL was chosen to
evaluate whether compression and suppression influenced
estimates of psychophysical auditory filters near the lowest
The primary benefit of the modeling approach taken inspectrum levels that have been used in psychophysical stud-
the present study was to provide a quantitative framework iies. The phenomenological AN model suggests that any con-
which to explore the effect of nonlinear AN response prop-dition for which enough stimulus energgignal and masker
erties on estimates of psychophysical-auditory-filter bandpasses through the wideband suppression filter to reduce the
widths. It is not surprising that the inclusion of nonlinear AN cochlear gain would result in estimates of psychophysical
response properties associated with broadened peripher@lditory filters that were broader than low-level peripheral
tuning resulted in broader estimates of psychophysical audtuning. The compression threshold for CF tones is about 20
tory filters. However, the specific properties related to thedB SPL in the model, consistent with physiological measures
nonlinear control of peripheral tuning have potentially im- of basilar-membrane compressigRuggero et al, 1997.
portant implications for the interpretation of psychophysical-Thus, any noise masker that produces roughly 20 dB SPL or
auditory-filter estimates. While several of the fundamentaimore of overall level through the suppression filter would be
implications were demonstrated directly in the present studyexpected to reduce the cochlear gain and thus to broaden
many others are clearly suggested from this initial demonperipheral tuning. Psychophysical studies that estimate audi-
stration and it will be important to investigate these quanti-tory filters rarely use noise spectrum levels less than 20 dB
tatively in future studies. SPL, and AN suppression bandwidths are much larger than
100 Hz for both low and high CFDelgutte, 1990h Thus,
it is likely that most psychophysical estimates of auditory
Many nonlinear AN response properties, often describedilters include the effects of suppression, and therefore over-
separately, are consistent with a single underlying mechaestimate the bandwidth of low-level peripheral tuning to the
nism that controls peripheral tunir@@.g. Sachs and Abbas, signal alone. Consistent with this prediction, Rossral.
1974; Sewell, 1984; Patuzet al, 1989; Ruggero and Rich, (1998 found that psychophysical estimates of auditory filters
1991; Ruggeroet al, 1992; see the review by Ruggero, were nonlinear down to the lowest stimulus levels that they
1992. The phenomenological AN model used in the presentould measure. A consequence of this limitation is that the
study included both compression and suppression propertigifference between the frequency selectivity of normal and
by accounting for the general property that both on- andmpaired listeners may be underestimated using current psy-
off-frequency stimulus energy can act to control peripherachophysical methods, because the largest difference would
tuning. This property suggests that both the signal and thbe expected to occur for stimulus levels just above absolute
masker can influence peripheral tuning, and the fast dynanthreshold, where suppression was not invoked.
ics of nonlinear cochlear tuningArthur et al, 1971; Recio The debate over how to estimate psychophysical audi-
et al, 1998 implies that both the temporal and spectral re-tory filters as a function of level has focused on which aspect
lation of the signal and masker must be considered whenf the stimulus controls the level dependence of the psycho-
interpreting the results of psychophysical masking studiesphysical auditory filter, e.g., signal or masker level, overall
Thus, it is improper to discuss the tuning at a given CHevel or level per ERBMoore, 1995a In addition, the de-
without specifying the stimulus configuration. For example,bate has included whether the dependence is on the stimulus
Kiang and Moxon(1974 showed that AN tuning curves in level prior to filtering(e.g., Glasberg and Moore, 1998 on
cat were broader and CF thresholds were higher in the preshe level of the filtered stimuluge.g., Rosen and Baker,
ence of a bandpass noise centered well below CF than they994; Roseret al., 1998. Glasberg and Moor€000 have
were in the presence of the signal alone. This effect is conrecently suggested that the gain of their tgharp filter
sistent with the difference in human psychophysical fre-might depend on the output of their tdlbroad filter. The
guency selectivity estimated using simultaneous maskingurrent results suggest that none of these views is entirely
(for which both the signal and the masker influence the peeorrect because they fail to account for the effect of suppres-
ripheral tuning and nonsimultaneous maskitfgr which the  sion on peripheral tuning. Contrary to the current debate,
signal and the masker influence peripheral tuning indepernperipheral tuning depends on both the signal and the masker,
dently) (e.g., Houtgast, 1977; Moore, 1978; Moore and Glas-and the level dependence is based on the stimulus energy that
berg, 1981, 1982, 1986; Mookt al,, 1987. Thus, the non- passes through the suppression filter rather than the excita-
linear control of cochlear tuning poses a basic problem fotory filter. This property suggests that the underlying periph-
the interpretation of psychophysical estimates of frequencyral tuning is likely to vary across the different notch widths
selectivity because the noise maskers affect the tuning of thesed to estimate psychophysical auditory filt¢asso see
peripheral filter that is being measured. Sinex and Havey, 1986; Delgutte, 19908hus, as suggested

A. The influence of nonlinear cochlear tuning on
estimates of psychophysical auditory filters

1. Nonlinear control of peripheral tuning
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by Rosenet al. (1998 for fixed-level masking conditions, combination of faster growth rates and higher thresholds for
psychophysical estimates of auditory filters are likely to rep-suppression below CF than above CF produces suppression
resent some sort of average auditory filter over the differenthat is stronger above CF at low levels and stronger below
notch widths. Future modeling studies that evaluate the ef€F at high levelg§Delgutte, 1990h This result is consistent
fect of stimulus level on estimates of psychophysical audiwith psychophysical estimates of auditory filters having shal-
tory filters are needed to investigate this issue further. lower high-frequency slopes at low levels, shallower low-
The present study predicts that the increase in strengtffequency slopes at high levels, and symmetric slopes at me-
of cochlear nonlinearity with CF could introduce a CF- dium levels(Moore, 1995& Thus, the present study suggests
dependent bias in psychophysical estimates of auditory filterthat the reported changes in the asymmetry of
such that the bandwidth of high-CF peripheral tuning is over{psychophysical-auditory-filter estimates as a function of
estimated to a greater extent than the bandwidth of low-CHevel may be due téor at least influenced byhe asymmetry
tuning. This predicted CF-bias is consistent with recent nonin the growth rate of suppression above and below CF, and
invasive measures of human cochlear tuning based on theot solely to actual changes in excitatory-filter asymmetry.
phase response of stimulus-frequency otoacoustic emissiorfsuture studies are needed to explore this issue quantitatively.
Shera and Guinari2000 and Sheraet al. (2002 described The nonlinear control of peripheral tuning may have im-
the frequency dependence of an emission-based measure f@ications for comparing estimates of frequency selectivity
the sharpness of tuning derived from the theory of cohererlerived from different psychophysical methods. Techniques
reflection filtering (Shera and Zweig, 1993; Zweig and such as Fletcher's(1940 band-widening (critical-band
Shera, 1995 for humans, cats, and guinea pigs. Themethod, the critical ratio, psychophysical tuning curves, and
emission-based measure of sharpness of tuning increaséte notched-noise method have all been criticized based on
with frequency for all three species, consistent with neuramethodological issues, such as the role of off-frequency lis-
measures of sharpnes®+ CF/ERB) for cats and guinea tening, the varying influence of random-noise fluctuations as
pigs (e.g., Liberman, 1978; Milleet al, 1997. In contrast, @ function of masker bandwidth, and the assumption of rect-
the increase in the human emission-based measure of shaggular filters(tMoore, 1995a However, a more fundamen-
ness with frequency was inconsistent with the essentiallj@l issue is whether the underlying peripheral tuning at the
constant sharpness of tuning above 1 kHz described by thequency of interest is the same in each experiment, given
frequency dependence of psychophysical estimates dhat these methods use different stimulus configurations that
auditory-filter ERBs(Glasberg and Moore, 19920 may affect the control of peripheral tuning in different ways.
The role of suppression in broadening peripheral tuninglhe critical-b_and and critipal—ratio methods use noise
suggests an important implication for the use of asymmetrignaskers of different bandwidths centered at the tone fre-
notched-noise maskers to estimate psychophysical-auditorfit€ncy, while the notched-noise and psychophysical-tuning-
filter asymmetry. Studies that have used asymmetric notcRUrve methods primarily use off-frequency maskers. Each of
widths have consistently shown that psychophysical estith€se methods involves the physiological mechanisms of
mates of auditory filters derived from the power-spectrumCOmpression and suppression in vastly different ways, and
model become more asymmetric as stimulus level increase¥US it is likely that the bandwidths of the underlying periph-
with the low-frequency side of the derived auditory filters €ral filters are different for these common psychophysical
becoming shallower as level increagdtoore and Glasberg, Methods for estimating auditory frequency selectivity. For
1987; Glasberg and Moore, 1990, 2000; Rosen and Bakefx@mple, different bandwidths of the underlying peripheral
1994; Moore, 1995a; Roseet al, 1998. However, the re- filters are likely to be the cause for the common finding that
sults from the present study suggest that the relative influf€auency selectivity measured psychophysically using non-
ence of suppression above and below the signal frequengMultaneous masking is typically sharper than when mea-
must be considered in an interpretation of psychophysicatUed Using simultaneous maskirig.g., Houtgast, 1977;

estimates of auditory filters derived using asymmetric notcf00re. 1978; Moore "’_‘”d Glasberg, 198_1’ 1982, 1986; Moore
widths. Delgutte (1990h systematically measured the and O’Loughlin, 1986; Mooret al, 1987; see Moore, 1995a

growth of two-tone suppression in AN fibers as a function of(©f @ review. Thus, differences in psychophysical estimates

suppressor level and found that suppression growth wagf frequency selectivity across methods must be evaluated

asymmetric above and below CF. The growth rate of SUIOpoth in terms of methodological issues and in terms of the

pression was much higher for suppressor frequencies beloW‘derly'ng peripheral tuninge.g., Lentzet al, 1999.
CF (ranging from 1-3 dB/dBthan for suppressor frequen-

cies above CHranging from 0.15-0.7 dB/dB The much ) )

faster growth rate of suppression below CF than above CF i What dp current psychophysical estimates of
consistent with the much greater effect of level on broadenfiUd'tory filters represent?
ing the low-frequency side of psychophysical estimates of Despite the complications that cochlear nonlinearity
auditory filters than the high-frequency side. In addition, theplaces on the interpretation of psychophysical estimates of
asymmetry in psychophysical estimates of auditory filters forauditory filters, these estimates have proven useful in pre-
2- and 4-kHz signals was reported to be greater than that fatticting psychophysical data from a variety of masking con-
lower-frequency signal§Glasberg and Moore, 2000which  ditions (Moore, 1995a Derleth and Dau2000 have sug-

is consistent with the greater asymmetry in AN suppressiomgested that their linear filter bank was successful in
growth rates for CFs above 2 kHDelgutte, 1990h The predicting masking patterns at midlevels because the effects
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of cochlear nonlinearities were likely to be included in thethe strength of compression in chinchilla, guinea pig, and
psychophysical-auditory-filter bandwidths estimated usinghumans.

simultaneous notched-noise maskers, and that these filter

bandwidths could be considered to represent “effective” au-

ditory filters. The present study suggests that psychophysica&. Implications of the cochlear-amplifier mechanism

auditory filters estimated using simultaneous masking mayor comparing normal and impaired hearing

be appropriate for representing the average peripheral tuning The present study demonstrated that the nonlinear re-

in the presence oboth the signal and the maskeire., the  g,nqe properties associated with the physiologically vulner-
“effective” tuning), which is consistent with their success in gpje cochlear-amplifier mechanism influence estimates of
accogntmg for S|m|lar_ masking conditions. AIt(_arnatlver, psychophysical auditory filters. This result suggests that a
nonsimultaneous masking may be more appropriate for eSthetter quantitative understanding of these influences may al-
mating peripheral tuning in response to thignal aloneby o\ for a direct psychophysical characterization of cochlear
allowing the masking noise to be used primarily as an exCigiarys in human listeners. Loss of the cochlear-amplifier
tatqry masker due to the fast dynamics of nonlinear cochleghachanism in hearing-impaired listeners is likely to be
tuning. However, the signal and the masker may pasgaysed by the loss of OHCs, and it represents a form of
through peripheral filters with different bandwidths in nonsi- sensorineural hearing loss that is likely to be common in
multaneous masking experiments, which would have imporhumans(PickIes, 1988; Patuzzit al, 1989; Ruggero and
tant implications for comparing the amount of excitation Pro-Rich, 1991; van Tasell, 1993; Moore, 1995Fhe results
duced by the signal and by the masker. A similar idea wagrom the current study are consistent with the view that lis-
used to model the additivity of nonsimultaneous maskingeners with OHC loss have broader psychophysical auditory
based on the independent effects of compression on the sigers than normal-hearing listeners, but that reduced fre-
nal and on the maskéOxenham and Moore, 1994Thus,  guency selectivity is not the only difference between normal
even though psychophysical estimates of auditory filtergpg impaired listeneréVloore, 1995b.
based on nonsimultaneous masking may provide a better es- The phenomenological AN model used in the present
timate of peripheral tuning in response to the signal alonegtydy highlights the idea that the difference between a
these estimates are likely to depend on peripheral tuning bothormal-hearing listener with a cochlear-amplifier mechanism
in response to the signal alone and to the masker alone. P@nd a hearing-impaired listener without a cochlear-amplifier
tential differences between Signal-alone and maSker-a'Onﬁ]echanism is not S|mp|y a difference between one system in
peripheral tuning can be minimized by measuring maskegwo states, i.e., with low or high thresholds, narrow or broad
detection at stimulus levels as close to absolute threshold Qﬁning, Compressive or linear magnitude responses. Rather,
possible. the difference is between two different systems: an impaired
The predicted detection thresholds in the present studgystem that is static, insensitive, and has broad tuning, and a
were based on peripheral AN-model filters that were specinormal system with fast, dynamic tuning that is continuously
fied according to low-level psychophysical estimates of auchanging in response to the stimulus. This view is different
ditory filters (Glasberg and Moore, 1980however, the than the view that has arisen from the power-spectrum model
present results suggest that these psychophysical estimatesopfmasking, i.e., that the primary differences in the impaired
auditory filters are likely to be broader than human periph-system are higher thresholds and broader tuning.
eral tuning at low levels. A strength of the present study  The difference between these two views is likely to be
comes from demonstrating the issues that need to be consighost significant for rapidly changing complex stimuli and
ered to interpret the effects of cochlear nonlinearity on psymay be less significant for steady-state stimuli. Petéral.
chophysical estimates of auditory filters, and this demonstrac1998 and Mooreet al. (19993 have reported that the dif-
tion does not depend significantly on the accuracy of théerence between the ability of normal-hearing and hearing-
peripheral-filter ERBs in the AN model. In order to deter- impaired listeners to understand speech is much larger in the
mine the appropriate ERBs to use for low-level human pepresence of temporally and spectrally varying backgrounds
ripheral tuning, the variation in the strength of cochlear nonthan for stationary broadband backgrounds, even when ad-
linearity as a function of frequency and the bandwidth of thevanced amplification algorithms were provided to the
suppression filter must be determined for human listenershearing-impaired listeners. This result has been interpreted as
Determination of whether the current model parameters areepresenting a deficit in the ability of hearing-impaired lis-
appropriate for human listeners will require future studiesteners to “listen in the dips{e.qg., Peterst al,, 1998; Moore
that can evaluate the strength of human cochlear nonlinearitgt al, 1999a. This deficit has been suggested to result from
by quantitatively relating physiological response propertieslegraded frequency selectivity and reduced temporal resolu-
to human psychophysical performance. The related physiion, which have been accounted for in terms of broadened
ological and psychophysical masking studies by Delguttéuning and loss of compression, respectivésge Moore,
(19903 and Oxenham and Pla¢k998 provide a good basis 1995b, and Moore and Oxenham, 1998, for reviewsus,
for relating the strength of compression and suppression ithe absence of the dynamic peripheral tuning provided by the
cats and humans. Physiological and psychophysical meaochlear-amplifier mechanism is likely to be significant for
sures of basilar-membrane compressieny., Ruggeret al,, stimulus conditions in which current amplification algo-
1997; Cooper and Rhode, 1997; Oxenham and Plack, 1997ithms have the most limited benefit. The present modeling
Plack and Oxenham, 199®rovide useful data for relating approach provides a quantitative method that could be used
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in future studies to investigate the significance of the loss oformed on computers provided by the Scientific Computing
degradation of dynamic cochlear tuning in hearing-impairedand Visualization Group at Boston University.
listeners.
The human cochlear map described by Greenwd®®0 was used in the
present study, and is given Hyx)=165.4(16°%—0.88), wherex is the
distance(in mm) along the basilar membrane from the apex, &g is the
(1) The ERB of the estimated psychophysical auditory filter frequency(in Hz) corresponding to the position
that was derived based on the total AN-model population The equation for the roer) filter shape is given byv(g)=(1-r)(1
was closely related to the ERB of the peripheral AN- +pg)exp(—pg)+r, where g= |f—f.|/f represents the normalized fre-

. . . quency relative to the filter center frequenty (Moore, 1995a The pa-
model filter at the SIQnaI frequency for model versions rameterp determines the filter slope and bandwidth, while the paranmeter

with ”nea_r peripheral _tuning. controls the filter dynamic range.
(2) The predicted detection performance that was used téEstimates of psychophysical auditory filters derived from the all-
derive estimates of psychophysical auditory filters was information modelbased on discharge times and coudiisl not represent

based on different AN-fiber SR classes at different notch? good measure of peripheral tunifgee Heinz, 2000 and thus are not
presented in this report. The all-information estimates of psychophysical

widths due to the variation of thr_eSh0|d and dynam?c auditory filters were typically narrower than the AN-model peripheral filters
range across SR. None of the estimated psychophysicalue to the differential effects of the random-noise masker on the temporal
auditory filters derived from individual SR classes pro- signal information for on- versus off-frequency masking conditions. In the

; ; : : | Zero-notch-width condition, the on-frequency random-masker energy de-
vided as accurate an estimate of the underlying periph graded the temporal signal information, resulting in an all-information de-

eral tuning as the estimated psychophysical auditory fil-tection threshold that was only about 10 dB below the rate-place threshold.
ter based on the total AN population. For the off-frequency conditiong.1-0.6 notch widths the temporal in-

(3) The ERBs of the estimated psychophysical auditory fil- formatio_n about the signal was much more reliable, producing all-
ters derived from the nonlinear AN model with suppres- Lﬂfrc;rsmhgﬂjosn thresholds that were roughly 25—30 dB below the rate-place
sion were always larger than the ERBs of the estimated
psychophysical auditory filters from the linear-sharp AN
model. This result suggests that psychophysically estiAllen, J.B.(2001. “Nonlinear cochlear signal processing,” Physiology of

mated auditory-filter ERBs represent an overestimate of the Ear edited by A.F. Jahn and J. Santos-Sad@ingular Thomson
Y b Learning, San Diego pp. 393—442.
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