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The perceptual significance of the cochlear amplifier was evaluated by predicting
level-discrimination performance based on stochastic auditory-nge activity. Performance

was calculated for three models of processing: the optimal all-information procésssed on
discharge times the optimal rate-place processdrased on discharge coupta&nd a monaural
coincidence-based processor that uses a non-optimal combination of rate and temporal information.
An analytical AN model included compressive magnitude and level-dependent-phase responses
associated with the cochlear amplifier, and high-, medium-, and low-spontaneoulSRafibers

with characteristic frequencieCF9 spanning the AN population. The relative contributions of
nonlinear magnitude and nonlinear phase responses to level encoding were compared by using four
versions of the model, which included and excluded the nonlinear gain and phase responses in all
possible combinations. Nonlinear basilar-membréBi) phase responses are robustly encoded in
near-CF AN fibers at low frequencies. Strongly compressive BM responses at high frequencies near
CF interact with the high thresholds of low-SR AN fibers to produce large dynamic ranges.
Coincidence performance based on a narrow range of AN CFs was robust across a wide dynamic
range at both low and high frequencies, and matched human performance levels. Coincidence
performance based on all CFs demonstrated the “near-miss” to Weber’s law at low frequencies and
the high-frequency “mid-level bump.” Monaural coincidence detection is a physiologically realistic
mechanism that is extremely general in that it can utilize AN informatawerage-rate, synchrony,

and nonlinear-phase cyesrom all SR groups. ©2001 Acoustical Society of America.
[DOI: 10.1121/1.1404977

PACS numbers: 43.66.Ba, 43.64.Bt, 43.66/FHRL ]

I. INTRODUCTION hearing-impaired listeners have much difficulfivoore,
e 1995. The present study evaluates quantitatively some of the
The cochlear amplifier is the name often used to de; 9 P y d y

scribe an active mechanism within the cochlea that is thoughl%enems of the cochlear amplifier for extending the dynamic

to provide amplification of low-level sound¥ates, 1995 range of the auditory system. The absence of the cochlear

Moore, 1995, While the mechanism of amplification is not amplifier in damaged cochleae is likely responsible for the

completely understood, several physiological response prOF5:_ommon report of loudness recruitment by listeners with

erties associated with the cochlear amplifier are ofarg- sensorineural hearing loss and for the associated reduction in
gero, 1992 The most significant of these is that the activedynamic rangesee review by Moore, 1995

mechanism is vulnerable to cochlear damage and has been It is still not well understood how the auditory system
shown to be absent in many common forms of sensorineurdvercomes the dynamic-range probleffor reviews see
hearing loss(Patuzziet al, 1989. This finding raises the Evans, 1981; Viemeister, 1988a, 1988te., the discrepancy
question of how the cochlear amplifier benefits normal-between the large dynamic range of human heafmger
hearing listeners, especially in complex listening environ-120 dB (Viemeister and Bacon, 1988 and the limited dy-
ments, such as understanding speech in noise, for whichamic range of most auditory-ner¢&N) fibers[less than 30
dB (May and Sachs, 1992 A psychophysical experiment in
3Portions of this work were presented at the Joint Meeting of the AcousticalVhich the dynamic-range problem is clearly evident was ex-
Society of America and the European Acoustics Association, in Berlin,amined in the present modeling study: level discrimination

, cermany in 1999. o . _of high-level, narrow-band signals in conditions for which
Now at: Department of Biomedical Engineering, Johns Hopkins Univer-.

sity, 505 Traylor Building, 720 Rutland Avenue, Baltimore, MD 21205; information is re_stricted to freqqency regions near the fre-
electronic mail: mgheinz@bme.jhu.edu quency of the signale.g., Viemeister, 1974, 1983; Carlyon

J. Acoust. Soc. Am. 110 (4), October 2001 0001-4966/2001/110(4)/2065/20/$18.00 © 2001 Acoustical Society of America 2065



and Moore, 1984 An influential experiment for level- near-CF response properties include both compressive mag-
encoding hypotheses was performed by Viemeigi®83, nitude response$Rhode, 1971; Ruggeret al, 1997, as
who found that Weber’s lawi.e., constant just-noticeable- well as level-dependent phase shif8M: Ruggeroet al,
difference in level as a function of leyelvas achieved for 1997; inner-hair cell(IHC): Cheatham and Dallos, 1998;
high-frequency, narrow-band noise in the presence of bandAN: Andersonet al, 1971]. In evaluating the potential of the
reject noise. This experiment was designed to prevent theochlear amplifier to extend the dynamic range of the audi-
spread of excitation by using a band-reject noise masker andry system, it is important to consider several limiting trans-
to prevent the use of temporal information by using a highformations that occur between the BM and the AN. These
frequency signal. Viemeister’s finding has been taken as evinclude (1) saturating rate-level curve&iang et al, 1965;
dence that Weber’s law must hold in narrow frequency re-Sachs and Abbas, 1974which act to limit the effect of
gions and must rely on the use of average-rate informationnonlinear gain on average discharge ra@®), roll-off of
Low-spontaneous-ratd SR), high-threshold AN fibers phase-locking at high frequencieSohnson, 1980; Joris
(Liberman, 1978 have been implicated in the encoding of et al, 19943, which limits nonlinear phase encoding, and
high sound levels based on average-rate information in naf3) randomness of AN respons€goung and Barta, 1986;
row frequency regions because of their wide dynamic rang#iller et al, 1987; Winter and Palmer, 1991; Delgutte,
(Colburn, 1981; Delgutte, 1987; Viemeister, 1988a, 1988b1996, which limits overall psychophysical performance.
Winslow and Sachs, 1988; Winter and Palmer, 198ow-  Thus, it is important to consider the encoding of information
ever, when models based on cat AN fibers have been used itw the AN, not just the compression in BM responses, when
qguantify the total information available in a restricted evaluating the significance of the cochlear amplifier.
characteristic-frequenc§CF) region with physiological dis- The nonlinear phase changes associated with the co-
tributions of the SR groups, performance has been predictechlear amplifier, which have not been studied in as much
to degrade as the level increases above 40 dB(@&®lburn, detail as the compressive magnitude resporiSeshs and
1981; Delgutte, 1987; Viemeister, 1988a, 1988b; WinslowAbbas, 1974; Winter and Palmer, 1991; Moore, 1995; Moore
and Sachs, 1988which is inconsistent with Weber’s law and Oxenham, 1998are a focus of the present study. These
and with trends in human performan¢giemeister, 1974, phase cues continue to encode changes in stimulus level at
1983; Carlyon and Moore, 1984Delgutte (1987 demon-  high levels, despite the saturation of average rate above 40
strated that Weber’s law could be achieved in single CFdB SPL for the majority of AN fiber§Sachs and Abbas,
channels by processing high-threshold, LSR AN fibers mord974; May and Sachs, 1992nd thus may provide a partial
efficiently than low-threshold, high-SRHSR) fibers. He  solution to the dynamic-range problem. It is important to
showed that the “near-miss” to Weber’s laie., a slight consider physiologically realistic mechanisms that could
improvement in performance as level increaseghich is  make use of the information provided by nonlinear phase
observed in human performance for tones in queg., shifts. While an absolute phase reference is presumably un-
McGill and Goldberg, 1968; Rabinowitet al., 1976; Jest- available to the central nervous system, a relative phase ref-
eadtet al, 1977; Florentineet al,, 1987, could be obtained erence can be obtained by comparing across neighboring
by combining information across CF channels that individu-CFs because the changes in phase are different in adjacent
ally achieved Weber’s law. This idea is similar to the as-CFs. Carney(1994 demonstrated that nonlinear phase shifts
sumption made by Florentine and Bu@$%981) in their  on single AN fibers result in systematic changes in the tem-
excitation-pattern model. poral discharge patterns across @CE., spatio-temporal pat-
While there is anatomical evidence that AN fibers with terns that vary with level over a wide dynamic rajgand
different thresholds and SRs have different patterns of prohypothesized that changes in spatio-temporal patterns may
jection to the cochlear nucleu®.g., Feketeet al, 1984; be important for the encoding of sound level. Any two AN
Rouiller et al, 1986; Liberman, 1991, 1993there is no fibers with different CFs have a relative phase difference that
strong physiological evidence for the type of preferentialvaries with level, independent of the absolute phase of the
processing of LSR fibers used by Delgu(i®87. In addi-  stimulus. Thus, a mechanism that compared the relative tim-
tion, the wide dynamic range of LSR fibers depends on théng of two AN fibers would be sensitive to changes in level,
compressive basilar-membra@M) responsegSachs and without requiring an absolute phase reference.
Abbas, 1974 and there appears to be much less compres- The present study considers monaural, cross-frequency
sion at low frequencies than at high frequendi@esoper and coincidence detection as a mechanism for decoding the non-
Rhode, 1997; Hicks and Bacon, 199®Reduced compres- linear phase cues provided by the cochlear amplifier. Coin-
sion at low frequencies is consistent with the absence ofidence detection is a physiologically realistic mechanism,
nonsaturating“straight”) rate-level curves at low frequen- because any neuron with multiple subthreshold inputs acts as
cies in guinea pigWinter and Palmer, 1991 Thus, it is a coincidence detectqiCarney, 1994; Joriet al, 1994a.
desirable to investigate other potential sources of informatioiCarney(1990 has shown that several response types in the
that could produce Weber’s law in narrow frequency regionsantero-ventral cochlear nucle@8vCN) with low CF were
especially at low frequencies. sensitive to changes in relative phase across their inputs,
The cochlear amplifier is potentially relevant for the en-consistent with a coincidence detection mechanism. Joris
coding of sound level in narrow frequency regions becauset al. (1994a, 1994phave reported enhanced synchroniza-
the associated nonlinear properties influence primarily CF&on in low-CF bushy cells in the AVCN in response to CF
near the frequency of a tone. Specifically, the nonlineatones and in high-CF primary-like-with-notch cells in re-
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sponse to low-frequency tones, consistent with coincidence TLex(L,fo,CR)]

detection at all CFs in globular bushy cells. In addition, there  Ti(t;L,fo,T,¢)=

. . .. . . . Io{g[Leﬁ(L,fo,CE),fo]}

is much evidence for coincidence detection in the binaural

system(Yin and Chan, 1990; Goldberg and Brown, 1969; xexplg[Lex(L,fg,CR), o]
Roseet al, 1966; Yinet al,, 1987; Joriset al,, 1998. Neu-

rons in the medial superior olive and inferior colliculus have xcog2afot+ O(L,fo,CR)+ 41,
responses that are consistent with coincidence detection be- D
tween inputs from each ear as a mechanism for deCOdin\%herel
interaural time differences that are known to be important fo

sound localizatior{reviewed by Colburn, 1996 term). Both the average raf@L 4] and synchrong[ Loy, fo]

th In tgg present Stu?)Y’ rgetht(r)]ds from|5|_gnfll delt_ect|0nare affected by saturating nonlinearities, where the effective
eory (SDT) were ccombined with an analytical nonlinear g, | L¢s is determined by the nonlinear BM filtering prop-
AN model and a simple coincidence-counting model. Ana-

lytical AN models, which represent functional descriptionserties and by the level and frequency of the tone. The term
of neural activity ’to a well-defined class of stimuli, have Al Ler, fol @lso depends on the_ stimulus frequerfr_éysuch

: . ' .~ that the strength of phase locking decreases at high frequen-
been used previously with SDT to evaluate psychophysic ies. The nonlinear phase resporée, f,CF) depends on
performance limits based on the stochastic activity in ANihe level and frequency of the tone ’as ;/velll as on the CE of
responsege.g., Siebert, 1965, 1968, 1970; Colburn, 1969'the AN fiber (see Andersoret al, 1971: Ruggeroet al
1973, 1977a, 1977b, 1981Computational auditory models ' ’ ’

. : 1997, and is described similarly to Carneyal. (1999. The
have also been combined with SDT to evaluate pSyChOphySEtimulus is assumed to have random aniformlv dis-
cal performancde.g., Dauet al, 1996, 1997; Gresham and phés y

i i id th ion that the ph f
Collins, 1998; Huettel and Collins, 1999; see Hekgtzal, tributed in order to avoid the assumption that the phase o

: " . _the tone is known to the detector.
2001a for review. The present study quantifies the relative Many basic response properties of the AN model are
contributions of nonlinear magnitude and nonlinear phascﬁluS

o0 level dina b g f . £ th trated in Fig. 1. Panel&@)—(c) show the implementation
responses 1o level encoding by using tour Versions of My ype nonjinear magnitude responses, which are consistent

analytical AN model, which included and excluded the non- ... physiological data from Ruggewt al. (1997. Normal-

linear gain and nonlinear phase responses in all possible, | g\ response versus frequency for a 10-kHz CF is

combinations. shown in Fig. 1a), for a range of levels. The filters are
triangular at low levels, consistent with the linear AN models
1. METHODS used by Sieberi(1965, 1968, 1970and Colburn(1969,
1973, 1977a, 1977b, 19810 fit AN tuning curves in cat.
The maximum gain of the cochlear amplifiére., the gain
The nonlinear AN model used in the present study is arrelative to high levels, or equivalently the amount of com-
extension of simple linear analytical AN models used bypression relative to low leveloccurs at CF and is equal to
Siebert (1965, 1968, 1970and by Colburn(1969, 1973, 60 dB for this CF. The nonlinear gain decreases as tone fre-
1977a, 1977b, 1981The linear AN model was modified to quency moves away from CF, and the response is linear well
include the main properties of the cochlear nonlinearities asaway from CF(roughly more thant1/2 octaves Figure
sociated with the active process, includifi) nonlinear 1(b) shows BM output at CF as a function of level for the
compressive responses from 30 to 120 dB SRLcompres-  10-kHz place. The solid curve represents the nonlinear BM
sive nonlinearity restricted to “near-CF” region&3) com-  response, while the dashed line represents the linear version
pression strength that varies with QB) systematic phase of the model. The compressive region extends from 30 to
shifts of up to* 7/2 above and below CI5) no phase shifts 120 dB SPL, and the model responses are linear below this
at CF, and6) dynamic range of each SR group that dependsange. Figure (c) shows the cochlear-amplifier gain at CF as
on the compressive magnitude response. The response prapfunction of CF. The maximum gain decreases as CF de-
erties of the model are described in the text below, while thereases, with 60 dB of gain for frequencies above 8 kHz, 20
assumptions and equations used to specify the model adB of gain for frequencies below 500 Hz, and a smooth
described in Appendix A. This analytical nonlinear AN transition for CFs in between. This pattern of nonlinear gain
model was purposefully kept as simple as possible in ordeacross CF is consistent with both physiological and psycho-
to provide greater intuition and to allow the contribution of physical evidence, although the exact amount of gain at low
each nonlinear property to be investigated separately. Thigequencies is still unclear. The majority of BM data has
analyses presented below are not limited to this AN modelbeen obtained at high CFs and indicates a maximum gain of
however, and could be pursued in the future with more comroughly 50—60 dBRuggeroet al, 1997; Nuttall and Dolan,
plex computational nonlinear models. 1996. The BM data at low CFs is less abundant, but indi-
The statistics of the AN discharges are modeled by aates reduced nonlinearity at low CFKs.g., Cooper and
nonstationary Poisson process with rate functi¢t). The Rhode, 199Y. Hicks and Bacon1999 presented psycho-
phase-locked response of thte AN fiber (with characteris- physical evidence that cochlear nonlinearity is reduced at

olg} is the zeroth-order modified Bessel function of
the first kind (equal to the time average of the exponential

A. Auditory-nerve model

tic frequency CB to a tone burst of levell, frequencyfy, low frequencies and is characterized by a gradual, rather than
durationT, and phasep, is described by a time-varying rate steep, transition as CF decreases.
function similar to that used by Colburi98), i.e., Figures 1d) and (f) illustrate how average rate varies
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FIG. 2. Simple model of a monaural, cross-frequency coincidence counter.
The coincidence detector receives two AN inputs with characteristic fre-
quencies CF and CF, and discharge timesT'=ty,...ti, and 7’
=tl,...tk , wheret! is thelth discharge on theth AN fiber. The coinci-
dence detector discharges if both inputs discharge within the narrow coin-
cidence windowf (x). The output of the coincidence counter is the number
of coincidences that occur within the duration of the stimulus.
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;‘é % relative to the phase at a high lev@0 dB SPL in both
510_1 g panels, where each curve represents a different tone level.
g ) s - Thus, any dlfference from zero _represents_ a phas_e response
% —— AN model £ il Otk that changes with level. The major properties of this nonlin-
= 10'12023) = 1 8 : = - ear response, observed for BM responses at high frequencies
Frequency (Hz) Tone Level (dB) (Geisler and Rhode, 1982; Ruggesbal., 1997, and IHC
g " @ L Rtoke g . M ek (Cheatham and Dallos, 19983nd AN (Anderson et al,
g : S g 1971 responses at low frequencies, are ttiaphase lags as
8 et o o= 8 level increases fof <CF, (2) phase leads as level increases
% 100 5 00l for f>CF, (3) there are no phase changes at G#, the
g A £ S R nonlinear-phase region is the same width in frequency as the
4 8 8 10 12 14 4 & 8 10 12 14 nonlinear region for the magnitude response, &bdthe
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maximum phase shifts observed are roughly/2 and occur
FIG. 1. Nonlinear AN model response propertié®. Normalized basilar- about half way into the nonlinear region. The nonlinear
membrangBM) response for a 10-kHz place as a function of frequency forphase responses are consistent with broadened tuning as

levels ranging from 0—100 dB SPkb) BM output at CF as a function of . . . _
level for a 10-kHz placgsolid: nonlinear; dashed: linear(c) Nonlinear level increases and the associated Changes in the phase

gain at CF as a function of CFd) Rate-level curves for a 10-kHz tone at CF Versus-frequency slofee., the slope becomes more shallow
for three SR group$HSR: solid, MSR: dashed—dotted, LSR: dashée) as filters broaden
Maximum synchrony versus frequency. Model responses are compared to  A|| predictions in the present study were made with 120
data measured in catohnson, 1980 (f) Rgte-level curves foral-kHz Fone. distinct model CFs spaced Iogarithmically from 300 to
(g) BM phase-response aregshase relative to 80 dB SPlfrom chinchilla :
for a 10-kHz CF(data from Ruggeret al, 1997. (h) AN-model phase- 20000 Hz. It was assumed that the total AN pOpUlatlon con-
response areas for a 10-kHz Qfg,h): same symbols as i@]. sists of 30000 total AN fiberSRasmussen, 194Qvith CFs
ranging from 20 to 20 000 HzGreenwood, 1990; also see
review by Ryugo, 1992 Appendix A describes how the
with level for the three spontaneous-ragR) groups of AN ponlinear-gain and nonlinear-phase properties of the model
fibers at high and low frequencies, respectively. The ANwere included or excluded separately to evaluate the relative
m0de| represents a” fiberS W|th|n eaCh SR pOpulation Wlth Q:Ontribution Of each property to |eve| encoding.
fixed threshold and SR. Based on data from Liberman
(1978, SR values of 60, 3, and 0.1 sp/s, thresholds of 0, 10 o )
and 30 dB SPL, and population percentages of 61%, 23%E,5' Monaural, cross-frequency coincidence counting
and 16%, were used for the HSR, medium-8&SR), and hodel
LSR populations, respectively. A saturated rate of 200 sp/s The present study uses a simple coincidence-counting
was used for all three SR groups. Note that the rate-levainodel that was described by Colbu(h969, 1973, 19773,
curves at low frequencies are either “saturating” or “sloping 1977h in his studies of binaural phenome(fég. 2). A co-
saturating,” while at high frequencies there is a third class ofincidence detector receives two AN-fiber inputs, and is as-
“straight” rate-level curves. This pattern is consistent with sumed to discharge only when the two input fibers discharge
rate-level curves in guinea pig described by Winter andwithin a narrow temporal window. The output of the coinci-
Palmer (1991, who found no “straight” rate-level curves dence counter is the number of coincident discharges within
below 1.5 kHz, and it results from the decrease in cochleathe duration of the stimulus. The present use of the
compression as frequency decreases. Figieg dompares coincidence-counting model differs from that of Colburn
the rolloff in phase-locking versus frequency in the model toonly in the source of the two AN inputs. In the binaural
that in cat(Johnson, 1980 model, each AN fiber was from a different ear and had the
Figure Xg) illustrates nonlinear physiological BM phase same CF. In the present study, the two AN inputs are from
responses for a 10-kHz GRuggercet al, 1997, while Fig.  the same ear, but can have different CFs. In both studies,
1(h) shows the AN-model phase responses. Phase is plottgzerformance was assumed to depend only on the number of
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co?nc@dences betw_een two AN fibefise., the _tim_ing of the ized sensitivities, §')2=3;(6'[CFR])? based on the as-
coincidences was ignoredrhe number of coincidences be- sumptions of independent AN fibers for deterministic stimuli
tween two AN fibers with discharge timeE ={t,....tx }  (Johnson and Kiang, 1976; see also Heshal, 20014, and

and71={t},... tk } is given by an optimal combination across AN fibers. The just-
Kji " noticeable-differenc€IND) in level is given by
CAT D=2 X f(ti—th), ) 1
I=1 m=1 AL:_’ (4)
whereti is thelth discharge out oK; on theith AN fiber, (&")
and f(-) is a rectangular coincidence window with 18- Equation(3) describes the normalized sensitivity based
width and unity heightsee Colburn, 1969 on the all-information model; the normalized sensitivity
based on rate-place information can be calculated with Eq.
C. Evaluation of psychophysical performance limits (3) by assuming that(t) is constant across the duration of

the stimulus and equal to the average-dischargerrgi®.,
settingg to 0 in Eq.(1)]. Thus, the rate-place model does not
Psychophysical performance is limited in part by theinclude information from fine-time or onset responses and
random nature of AN responsése., different responses are therefore predicts inferior performance to the all-information
observed for two identical stimulus presentatior®sycho- model. The contribution of temporal information in AN dis-
physical performance limits for discrimination experimentscharges can be discerned from a comparison between perfor-
have been evaluated with methods from signal detectiomance based on the all-information and rate-place models.
theory (SDT) by using a nonstationary Poisson process with
a time-varying discharge ratgt) to describe the stochastic
nature of AN dischargete.g., Siebert, 1968, 1970; Colburn
1969, 1973; Heinz, 2000; Heiret al, 2001a, 2001 Heinz
et al. (20012 described a general computational method for Performance based on the outputs of a set of coincidence
evaluating psychophysical performance limits using any ANcounters was calculated and compared to rate-place, all-
model that describes(t) for the stimulus conditions of in- information, and human performance. While the all-
terest. The analytical AN model used in the present studynformation predictions represent the optimal performance of
was implemented computationally, and psychophysical perany decision device based on the AN discharge times, the
formance limits were evaluated based on two hypotheses faincidence mechanism represents a specific processor that
the type of information used to perform the tasi)- uses the discharge times suboptimally. The number of dis-
information and rate-place The all-information model as- charges from a single coincidence detecth7',7'}, is a
sumes that the observations used by the optimal processsimple function[Eq. (2)] of the two sets of Poisson AN dis-
consist of the complete set of discharge times across theharge times7' and 77, and thus the statistics of the coin-
entire AN population, 7={t};_; | Mii=1..k, Where M cidence counts can be describ@ppendix B. The perfor-
=30000 total AN fibers, an#; is the number of discharges Mmance of a single coincidence count€y; for level
on theith AN fiber. Thus, the all-information model assumes discrimination can be evaluated by calculating the sensitivity
that the processor makes optimal use of all available inforindex
matlon_from the AN (e.g., average-rate, synchrony, and (E[Cij|L+AL]—E[Cij|L])2
phase information The rate-place model assumes that the — Q;;= ,
optimal processor only uses the number of discharges ob- Va’[CiJ|L]

served on each AN fibefK;}. where the just-noticeable difference for this coincidence
Optimal performance for single-parameter discrimina-coumer,A|_ij snD» corresponds t€;; = 1. The sensitivity in-
tion experiments can be calculated using a likelihood-ratiqyey Q; rep'resents the commonly used sensitivity index
test (van Trees, 1968and has been shown to match the (4')2 if ¢ has a Gaussian distribution with equal variance
performance limits described by the CramBRao bound nder both hypothese, and L+AL (Green and Swets,
(Heinzet al, 2001a. The contribution of each AN fiber to a 19g6: van Trees, 1968These two assumptions are reason-
level discrimination task can be quantified by calculating theaply accurate for characterizing just-noticeable differences
normalized sensitivityy’ to changes in stimulus leveld’ is  pased on a population of independent decision variables
defined as the sensitivity’ per dB(see Durlach and Braida, (Siebert, 1968, 1970; Colburn, 1969, 1973, 1977a, 1977b,
1969; Braida and Durlach, 1988; Heiet al, 2001a.] The  1981; Heinzet al, 20014, such as the population of coinci-
square of the normalized sensitivity of tite AN fiber inthe  jence counts in the present stu@ge below Potential de-

1. Optimal processing of AN responses

' 2. Performance based on coincidence counts

®)

all-information model is given by viations from these assumptions do not significantly affect
T 1 [ari(t)]? the characterization of performance based on the sensitivity
(8'[CR])?= Lm[ oL } , (3 metricQ (Colburn, 1981
|

It can be assumed thEl[Cij|L] varies linearly over the
whereT is the duration of the stimulusSiebert, 1970; Heinz incremental level range from to L + AL jyp. Thus, the nor-

et al, 2001a. The total normalized sensitivity based on the malized sensitivity squared for a single coincidence counter,
population of AN fibers is the sum of the individual normal- defined as é{j)zéQij /(AL)?, can be approximated as
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J 2 AN model filter bank
(a_LE[Cij“—]) [ L=100dB SPL ' '

(=]

) B ol f=1kHz i
(8= (6) 3-20r :
. Var[Cij“—] —a0 (a) ‘ /
The expectation and variance in H6) can be evaluated in Rate Response
terms of the stimulus parameters and the two AN CKs- 200 7 N
pendix B. The partial derivative with respect to level in Eq. 2100} J N\

(b)

(6) can be approximated computationally as the difference & o
between the expected value at two slightly different levels 0.0
divided by the incremental level differendgéleinz et al,
20014. :
The total normalized-sensitivity-squared for a popula-

tion of coincidence counters is given by the sum of the indi-
vidual normalized-sensitivities-squared, if it is assumed that
the population decision variable is an optimal linear combi-
nation of independeriuncorrelategirandom variablegor an
optimal combination of independent Gaussian random vari-
ables. In order to satisfy the independence assumption, it iS«
assumed throughout the present study that no AN fiber innere L) e sz-lzszponse i

vates more than one coincidence counter. The JND based o 5 50 : : :
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In order to illustrate the potential benefit of nonlinear
phase cues to the encoding of sound level, we first focus on
level discrimination at high levels. where the dynamic-rangeC'G- 3. Distribution of rate, synchrony, and phase information across the

. . o . . ... AN population ofhigh-spontaneous-rate fibefsr level discrimination of a
p_rOblem IS m,OSt prom'lner_lt. Figure 3 illustrates the dIStrIbu_Iow-frequency, high-level tong@ AN filter bank with a 1-kHz, 100-dB
tion and relative contributions of rate, synchrony, and phasepL tone.(b) Average discharge rate as a function of CF for two tones of
cues across the AN population of high-spontaneous-ratelightly different level.(c) Average-rate informatiotnormalized sensitivity
(HSR) fibers for level discrimination of a 1-kHz, 100-dB squaredl as a function of CF. The vertical dotted lines indicate the
SPL t Th t . disch ' t restricted-CF region used in the present study to emphasize the dynamic-

One' e rate reSpons@E" averag? Ischarge rate as range problem(d) Synchrony coefficientor vector strength, which ranges
a function of CH of the nonlinear-gain, linear-phase model from 0 to 1, see Johnson, 1988s a function of CF for both tonege)
are shown for two tones of slightly different level in panel Information available from both rate and synchrony cusNormalized
(b). The more intense tone produces a wider activation patghase respongeelative to 90 dB for both tones(g) Total information from

. . rate, synchrony, and phase cues.

tern; however, the discharge rate for a wide range of CFs
near the tone frequency is the same for both tones due to
saturation. The distribution of rate informatifice., normal-  tone frequency. Humans are typically able to perform level
ized sensitivity squared, &([CF])2, for the rate-place discrimination well in the presence of a notched ndisg.,
model shown in panelc) illustrates which AN fibers across Viemeister, 1974, 1983; Carlyon and Moore, 1984;
the population contribute information for level discrimina- Schneider and Parker, 198Thowever, Fig. &) shows that
tion. The only rate information available for HSR fibers is atthere is no average-rate information in HSR AN fibers within
frequencies well away from the tone frequen(Siebert, the narrow-CF region.

1965, 1968; also see Stevens and Davis, 1936; Steinberg and AN phase-locking has a different level dependence than
Gardner, 1937; Whitfield, 1967 average rate does, and thus it is important to examine the
The situation of primary interest in this study is when distribution of synchrony information in addition to rate in-

information is restricted to AN fibers with CFs near the fre- formation. Figure &) shows the 1-kHz synchrony coeffi-
quency of the tone. This situation is thought to occur incient (or vector strength, which ranges from 0 to 1; see
experiments that use a notched noise masker to limit thdohnson, 1980for each tone plotted as a function of CF.
spread of excitatior{e.g., Viemeister, 1974, 1983; Carlyon Synchrony-level curves have thresholds that are roughly 20
and Moore, 198% A narrow frequency region that will be dB below rate thresholds, and they typically saturate just
considered in the current study is indicated by the verticahbove rate thresholdJohnson, 1980 The synchrony-
dotted lines in Fig. 3. This region represents seven modealesponse regions are thus slightly wider than the rate-
CFs, three above and three below the CF equal to the tonesponse regions, but they are also saturated over a wide
frequency. The narrow frequency region for the 1-kHz tonerange of CFs near the tone frequency. The distribution of
is 896—1107 Hz and is similar to the notch width used byinformation available from both rate and synchrony informa-
Carlyon and Moorg1984), which extendedt 10% from the tion is shown in panele) and represents the all-information

Characteristic Frequency (Hz)
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10 kHz CF for HSR and LSR fibers at low and high frequendsse
\[—— HSR: rate, synch, phass Figs. Xd) and (f)]. The contribution of nonlinear phase in-
o o ot egion formation in HSR fibers is compared to the contribution of

o average-rate information in LSR fibers. The limited-CF re-

gion is indicated by the vertical dotted lines in the top panels,

|
|
|
I
|
§

RCERN)

e
=3
[

N Voo y and this region is magnified in the bottom panels. At low
0.01 /\ frequenciedleft column), the HSR fibergsolid curve con-

0 AV . e ooo7T tribute significant information from the nonlinear phase cues
o4 Characte:ié%ic Frequency (kHz)s'o ® Characteristic ;?equency (kHz) 2 within the limited CF region. The LSR fibefglashed curve

do not contribute any information within the limited CF re-
gion for the 1-kHz tone because the LSR fibers saturate at 80
dB [see Fig. 1f)] due to the small amount of compression
associated with the cochlear amplifier at low frequencies
[Fig. 1(c)]. In contrast, at high frequenciésght column the
HSR fibers contribute no phase information due to the rolloff
e - -- in phase lockindFig. 1(e)], while the LSR fibers contribute
significant average-rate information within the narrow CF
Characteristic Il?gquency (kHz;.1 (93haracteristic Fr:e%uency (kHz) " region' The Iarge amount of CompreSSion at high frequencies
[Fig. Lc)] results in very shallow(“straight”) rate-level

FIG. 4. Comparison of nonlinear phase informationhigh-spontaneous-  cyrves for LSR fibers at high frequencig&g. 1(d)].
rate (HSR) fibersand average-rate information iaw-SR fiberdor the en-

coding of high sound levels in CFs near the tone frequency. The distribution
of information across the AN population is shown for level discrimination of
100-dB SPL low-(1 kHz, left column and high-frequency10 kHz, right

column tones. The HSR curvesolid) represent rate, synchrony, and phase B. Predicted performance based on a narrow CF
information, while the LSR curveglashed represent only average-rate in- region

formation. Physiologically realistic properties of HSR and LSR fibers were
o e e et e docseent s eson sy iy PeTformance based on a nartow CF reglon was explored
L?Z\vgﬁfri)ézs?nn the bottom row. Sgame stimulus conditizns were usy(’ed as irby predl_ctmg the ‘?ND 'r_] levelAL; .Eq' (4)] using only the
Fig. 3. information contained in a restricted set of model CFs
(seven surrounding the frequency of the tone. Performance
was calculated for a lowf996 H2 and a high-frequency
normalized sensitivity squared for the nonlinear-gain, linear{9874 H2 tone, where the tone frequencies were chosen to
phase model. Similar to rate information, there is no synbe equal to one of the 120 model CFs. For the low and high
chrony information near the tone frequency for high levelstone frequencies, the near-CF regions used were 896—-1107
due to saturation of the synchrony coefficient. The usefuHz and 8882—-10977 Hz, respectively. Performance was pre-
information from synchrony cues is spread further awaydicted for the HSR, MSR, LSR, and total populations of AN
from the tone than rate information due to lower synchronyfibers, based on the physiological proportions described by
thresholdgColburn, 1981 Liberman (1978. Predicted level-discrimination perfor-
The distribution and relative contribution of nonlinear mance is compared for the rate-place and all-information
phase cues is illustrated in pandl3 and (g). The phase models, where information in the seven model CFs was as-
responsesrelative to the phase at 90 dB SPaf both tones sumed to be combined optimally, and was scaled to account
are shown as a function of CF in pari@l for the nonlinear-  for the number of AN fibers represented by each model CF.
gain, nonlinear-phase model. Auditory-nerve fibers with CFPerformance for the monaural-coincidence scheme was cal-
above and below the tone frequency have phase responseglated based on the same number of total AN fibers as the
that change with level and thus contribute information. Thereate-place and all-information predictions. The seven model
are no changes in phase at CF, or well away from CF wher€Fs in the narrow-frequency region were assumed to inner-
the BM response is linear. The distribution of the total infor-vate a set of four coincidence counters, one of which had
mation provided from rate, synchrony, and phase cues iboth CF inputs equal to the tone frequency. The other three
shown in panelg), and represents the all-information nor- coincidence counters received one CF input above and one
malized sensitivity squared for the nonlinear-gain, nonlinearbelow the tone frequency, which were both separated from
phase model. By comparing pané&® and (g), the signifi-  the tone frequency by an equal numi§ene, two, or three
cant contribution of nonlinear-phase cues to the encoding aihodel CFs. Based on the assumption that each AN fiber
level can be seen. While there is no information for the CHnnervates only one coincidence counter, one-half as many
equal to the tone frequency, there is significant phase inforsame-CF-input coincidence counters were included in the to-
mation just below and just above the tone frequency. Theal coincidence population as were coincidence counters with
amount of phase information is roughly twice as large as thelifferent CF inputs. Thus, rate-place, all-information, and co-
rate and synchrony information. Most importantly for the incidence predictions are all based on the same set of AN
dynamic-range problem, the only information available infibers with CFs near the tone frequency. Three separate
the restricted-CF region is that from nonlinear phase cues. populations of coincidence counters were used associated
Figure 4 compares the distribution of information acrosswith the three AN SR groups. This implementation is con-
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FIG. 5. Level-discrimination performance based on the populatidmighf- FIG. 6. Level-discrimination performance based on the populatidovef

spontaneous-rate (HSR) fibersa narrow range of CFs near the tone fre- spontaneous-rate (LSR) fibeirs a narrow range of CFs near the tone fre-
guency(see text The just-noticeable differenckL is plotted as a function  quency(see text The symbols are the same as those used in Fig. 5.

of stimulus level for a 996 Hizleft column and a 9874 HZright column

tone (500-ms duration Optimal performance based on average rate and all

information is shown in the top and middle rows, respectively. Performancformation are demonstrated by comparing rate-place and all-

based on a set of monaural coincidence counters is shown in the bottom royhformation predictiongFig. 5, top and middle rows The

(Note the scale difference between rowsour versions of the AN model 0 o synchrony information is most clearly illustrated with
are shown in each panel to illustrate the effect of nonlinear gain and phas

responses. Predictions from the four model versions are identical below 3§1€ !inea_lr—phase versions of the AN model. Synchrony infor-
dB SPL. Levels for which symbols are not shown represent conditions irmation improves performance at low levels for the low-

which there is no information available for a particular mo@ed., infinite frequency tone; however, synchrony does not extend the dy-
IND). namic range to higher levels due to the saturation of
synchrony coefficients at lower levels than average (@t-
sistent with anatomical studies that have demonstrated didurn, 198). The nonlinear phase responses extend the dy-
tinct projections of the different AN SR groups to the co- namic range for level discrimination up to at least 100 dB
chlear nucleugLiberman, 1991, 1993 SPL at low frequencies. This is in sharp contrast to the range
Figure 5 shows level-discrimination performance basedf rate-place information, which does not encode level
on the HSR fibers within the narrow frequency region inchanges in HSR fibers above 50 dB SPL. At high frequen-
terms of AL as a function of stimulus level for a low- cies, rate-place and all-information predictions are essen-
frequency(left column and a high-frequenciright column tially the same because of the sharp rolloff of phase-locking
tone. Rate-place, all-information, and coincidence perforat high frequenciegFig. 1(e)].
mance are shown in the top, middle, and bottom panels, re- The predictions from the simple coincidence-counter
spectively. Note that the scale for the ordinate of the coincimodel(Fig. 5, bottom row follow the same general trends as
dence panel is different than those for the rate-place anthe all-information predictions for both low and high fre-
all-information panels. In order to illustrate the relative con-quencies, but are more than an order of magnitude worse
tributions from nonlinear-gain and nonlinear-phase properthan optimal all-information performance. The coincidence
ties, performance based on four versions of the AN model isnodel utilizes the average-rateand some of the synchrony

shown in each panel. information that dominates performance below 30 dB SPL.
Average-rate information in HSR fibers encodes change$he coincidence mechanism also successfully utilizes non-
in level only over a limited dynamic rand€ig. 5, top row. linear phase cues provided by the cochlear amplifier at low

When the nonlinear gain is included in the AN model, thefrequencies.
dynamic range over which changes in level are encoded is Predictions based on the set of LSR AN fibers within the
extended by 10 dB at low frequencies and by 20 dB at higmarrow frequency region are shown in Fig. 6. At both low
frequencies. The degradation in performance at 30 dB SPand high frequencies, the nonlinear gain extends the dynamic
for the nonlinear-gain models results from the compressiveéange over which changes in level are encoded for the rate-
BM response that begins at 30 dB SHig. 1(b)]. The larger  place model; however, performance degrades significantly
influence of the nonlinear gain at high frequencies comparedbove 40 dB SPL at low frequencies. Changes in level of a
with low frequencies is due to the CF dependence of thel-kHz tone are not encoded above 90 dB SPL in the average
cochlear-amplifier gain. rate of the set of LSR fibers with CFs near the frequency of
The contributions of synchrony and nonlinear-phase inthe tone. In contrast, LSR rate-place performance for a high-
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Colburn, 1981; Delgutte, 1987 Changes in level are en-
coded much more consistently across level at high frequen-
cies as a result of the large amount of cochlear compression
at high frequencies.

The all-information predictiongFig. 7, middle rowy
based on all three SR groups are roughly constant across a
dynamic range of 100 dB at low frequencies, unlike the rate-
place predictions. Thus, Weber’s law is achieved based on
information within a narrow range of CFs at low frequencies
only when nonlinear-phase information is included. Further-
more, performance based on the HSR fibers is as good and
often better than performance based on the MSR and LSR
001¢_ All-Information All-Information __ fibers for low frequencies, especially at high levels.

: ' _ ; Performance at low frequencies based on the popula-

: ‘ : tions of coincidence counte(Eig. 7, bottom left pangldem-

o X
% 10 \ ) onstrates roughly the same pattern as the all-information pre-
2 »E@ﬂ@ﬂ_ﬂ > g - dictions, but is roughly an order of magnitude worse than
™ [%_Human: Viemeister (1963) ] optimal performance. Performance is roughly constant across
1f,_Coincidence Coincidence ; ; ; ; ; ;
e 5 PE— PR a W|de_ dynamlc_range and is primarily determined by the
Level (dB SPL) Level (dB SPL) HSR fibers. At high frequencies, performance based on the

o o coincidence counters is also roughly constant from 10 to 100
FIG. 7. Level-discrimination performance based on individual and com-
bined spontaneous-rate groups in a narrow range of CFs near the tone frgB SPL and is determined by HSR fibers at low levels, by
guency(see text The just-noticeable differenckL for the nonlinear-gain, MSR fibers at medium levels, and by LSR fibers at high
nonlinear-phase AN model is plotted as a function of stimulus level for alevels. For comparison human performance for level dis-
996 Hz(left column and a 9874 Hzright column tone(500-ms duration crimination of a hlgh frequency bandpass nd6e14 kH2
Optimal performance based on average rate and all information is shown in !

the top and middle rows, respectively. Performance based on a set of m0|llrI a noise masker with a 6—14 kHz notch is shown by the
aural coincidence counters is shown in the bottom reMote the scale  Stars(Viemeister, 1988

difference between rows.HSR: high-spontaneous-rate; MSR: medium-

spontaneous-rate; LSR: low-spontaneous-rate; TOT: optimal combination Predicted performance based on entire population
all three SR groups. Levels for which symbols are not shown represent P pop

conditions in which there is no information availalee., infinite JND.

all CFs)
Human data for level discrimination of a 200-ms high-frequency noise band : . .
(6—14 kH2 in the presence of a notched noise is shown by the stars in the Predicted performance based on the entire population of

bottom right panelViemeister, 1988 AN fibers (i.e., all CF$ was compared to human perfor-
mance in a pure-tone level-discrimination task in quiet. Rate-
place and all-information predictiof&q. (4)] were based on
frequency tone is roughly constant across a wide dynamithe optimal combination of information from the 120 model
range, up to 100 dB SPL. The all-information predictionsCFs. The same four coincidence counters were used for each
demonstrate that the nonlinear phase responses extend t8€& as in the narrow-CF predictions described above. The
dynamic range of LSR fibers at low frequencies up to 100 dBotal normalized sensitivity squared was the sum of the indi-
SPL. The coincidence predictiofisig. 6, bottom rowat low  vidual normalized-sensitivities-squared from each of the four
frequencies show a small benefit from the nonlinear gaircoincidence counters at each of the 120 model ClRsthis
responses; however, performance based on nonlinear gaimplementation, each AN fiber innervated only one coinci-
alone significantly degrades above 70 dB SPL. The benefiience counter, and thus the normalized-sensitivities-squared
from the nonlinear-phase cues is also seen in performanamuld be summed based on the assumption of independent
based on the coincidence counters, extending the dynamisN fibers.
range beyond that based on nonlinear gain alone. At high Predicted rate-place, all-information, and coincidence
frequencies, coincidence performance is constant above ferformance based on the entire HSR population is shown in
dB SPL when the nonlinear gain is included in the AN Fig. 8 for low- and high-frequency, 500-ms tones. Rate-place
model. performancgtop row) based on the linear AN model is flat
The contribution of each of the three SR groups to level-above 20 dB SPL for the low-frequency tone, consistent with
discrimination performance based on the narrow range othe predictions of Weber’s law based on the spread of exci-
CFs is shown in Fig. 7 for both low- and high-frequency tation (Siebert, 1968 For the high-frequency tone, there is a
tones. The rate-place predictions illustrate that the HSR andmall rise inAL above 60 dB SPL for the linear AN model.
MSR fibers are primarily responsible for performance at lowThis rise is due to the upper side of the excitation spreading
levels, while the LSR fibers are responsible at high leveldbeyond the highest CF, and it is consistent with the expected
(roughly above 50 dB SPL at both low and high frequencies v2 reduction inAL due to the loss of one-half of the infor-
Performance based on the combination of average-rate infomation. There is only a small effect of nonlinear gain on
mation in the three SR groups degrades by an order of magate-place performance based on the population of CFs. The
nitude between 20 and 90 dB SPL at low frequencies, and ndegradation in performance for the high-frequency tone at
changes in level are encoded above 90 dB $&e also mid-levels results from the large amount of compression at
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FIG. 8. Level-discrimination performance based on the total population ofFIG. 9. Level-discrimination performance based on the total population of

high-spontaneous-rate (HSR) fibefhe symbols are the same as those usedindividual and combined spontaneous-rate graogpsne symbols as Fig).7

in Fig. 5. Human data for level discrimination of 500-ms tones measured as a function
of sensation level is shown by the stars in the bottom left and right panels
(Florentineet al, 1987. Human level—-discrimination data for a 200-ms

high frequencies. The presence of a mid-level bump at highgigh-frequency noise ban@—14 kH3 in quiet is shown by the plus sym-

but not low, frequencies is consistent with human perfor-bols in the bottom right panéViemeister, 1988
mance (Florentine et al, 1987. At low frequencies, syn-
chrony improves all-information performangeig. 8, middle Predictions based on the populations of coincidence
row) for the linear AN model by a factor of five at 0 dB SPL, counters are shown in the bottom row of Fig. 9 and are
and by a factor of slightly less than two for higher levels.compared to human performance measured by Florentine
Weber’s law is again predicted above 20 dB SPL based omt al. (1987 as a function of sensation level for the same
the contributions of rate and synchrony information. low- and high-frequency tone conditioAssuman perfor-
The near-miss to Weber’s law is present in the low-mance measured by Viemeistdr983 for level discrimina-
frequency predictions when the nonlinear phase responséi®n of a high-frequency, narrow-band noise in quiet is
are included in the AN model. This is consistent with theshown for comparison in the bottom right panel. At low fre-
nonlinear phase responses producing Weber’'s law withimuencies, performance based on the HSR population is al-
narrow-CF regiongFig. 5), and the combination of informa- ways better than performance based on the MSR and LSR
tion across CFs producing the near-miss to Weber’s law. Prepopulations, similar to the all-information predictions. Above
dicted trends based on the population of coincidenc®0 dB SPL, all three SR groups contribute essentially
counters (Fig. 8, lower row generally resemble the all- equally. Overall performance based on the total population of
information predictions at both low and high frequencies,coincidence counters is more than an order of magnitude
with the exception that the benefit from synchrony informa-worse than optimal performance, but matches human perfor-
tion at very low levels is not observed. Overall, nonlinearmance very closely. Predicted performance is slightly better
gain and nonlinear phase have only a small effect on prefwithin a factor of 2 than human performance at most levels.
dicted level-discrimination performance in quiet due toThe slope of the near-miss to Weber’s law observed in the
spread of excitation, which is dominated bgear, off-CF  human performance is matched by the coincidence predic-
responses. tions for the low-frequency tone, as well as by the near-miss
The contribution of the three SR groups to the predictedbeginning at 30 dB SPL. The near-miss in the coincidence
performance based on the total AN population is shown impredictions results primarily from the nonlinear-phase cues
Fig. 9 for the nonlinear AN model. The rate-place predictions(which begin at 30 dB SPLin the HSR fibers, and it is not
for the low-frequency tone demonstrate that each of the thremfluenced by the population of LSR fibers.
SR groups contribute essentially equally above 50 dB SPL. At high frequenciegFig. 9, bottom right pang| coinci-
Performance based on the total population of AN fibersdence performance based on the HSR fibers is best among
(squaresdecreases only slightly between 30 and 80 dB SPLthe three SR groups below 80 dB SPL. Coincidence perfor-
Rate-place predictions at high frequencies show that both thmance based on the total AN population matches the human
HSR and MSR population have a mid-level bump, while theperformance very closely and is within a factor of 2 of both
LSR population does not. Performance below 70 dB SPL iglata sets at all levels. The nonmonotonic dependence on
determined primarily by the HSR and MSR fibers, while thelevel (the “mid-level bump”) observed in both sets of human
LSR fibers determine performance above 90 dB SPL. data is also demonstrated in the coincidence predictions. The
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level at which the bump occurs is well predicted by the co-frequency tone up to 90 dB SPL based on average rate, and
incidence performance. The size of the bump in the coinciperformance degrades significantly above 50 dB SPL. This
dence performance matches the data from Vieme{4&83 result is consistent with predictions of level-discrimination
and is slightly smaller than the data from Florentigieal.  performance based on cat AN fibers, for which “straight”
(1987. Aslight rise inAL as level increases at high levels is rate-level curves are not observéelg., Sachs and Abbas,
present in the coincidence performance and is predicted974; Delgutte, 1987; Viemeister, 1988a, 1988b; Winslow
based on the spread of the high-frequency information beand Sachs, 1988In contrast, Winter and Palmé&t991) pre-
yond the highest CF in the model. A slight rise is also oftendicted that level-discrimination performance for a 1-kHz
observed in human data when plotted as a function of SPtone based on guinea-pig AN fibers that innervate a single

(Florentineet al,, 1987. IHC was better than human performance up to at least 110
dB SPL; however, their model used compression values that
IV. DISCUSSION were primarily determined from high-frequency fibers, and

~ thus their model may not account for the reduced cochlear
It has often been suggested that the cochlear amplifier isompression at low frequencies. Thus, while LSR fibers have
responsible for the extremely wide dynamic range of the aupeen implicated in the encoding of sound level at high levels,

ditory system(e.g., Yates, 1995 However, this suggestion they do not appear to quantitatively solve the dynamic-range
has typically been based solely on the compressive magnjsroblem at low frequencies.

tude response observed on the basilar membrane. The
present study quantifies the information available for level
discrimination in the auditory nerveAN) with and without . . )
the nonlinear gain and nonlinear phase responses that are 1he nonlinear phase responses associated with the co-

2. Nonlinear phase

associated with the cochlear amplifier. chlear amplifier havg rarely been considered for their ability
. - . to extend the dynamic range of the auditory syst€arney,
A. The benefit of the cochlear amplifier for extending 1994; however, they are significant because the wide dy-

the dynamic range within narrow CF regions namic range of their information about changes in level is

The encoding of sound level within narrow CF regions present in all AN fibers, including the HSR fibers that com-
has been studied psychophysically using notched-noiserise the majority of the AN population. Such a representa-
maskers; however, understanding mechanisms by whiction of level is preferred to the level-dependent combination
stimulus level within restricted CF regions can be robustlyschemes across SR groups that are required for average-rate
encoded has important implications for wide-band stimuliinformation to account for level discrimination across a wide
(such as speeghwhich often have independent information range of levels(Delgutte, 1987; Winslowet al, 1987,
in many frequency regions. Viemeister, 1988a, 1988b For example, Winslowet al.
(1987 have suggested that level could be encoded based on
average rate with a level-dependent selective processor that

The ability of humans to discriminate changes in levelrelies on HSR fibers at low sound levels and LSR fibers at
consistently across a wide range of levels in Viemeister'shigh levels(see review by Mayet al,, 1997. Figure 7 dem-
(1983 notched-noise experiment has been interpreted asnstrates that the nonlinear phase responses within a narrow
demonstrating that Weber’s law is achieved based on averagange of CFs support Weber’s law at low frequencies based
rate within a narrow range of CKe.g., Delgutte, 1987The  on a combination of the three SR groups that is anatomically
notched-noise masker is presumed to mask the CFs awagalistic(Liberman, 1978 In fact, performance based on the
from the signal, and the high-frequency signal is presumed toear-CF HSR fibers alone is relatively flat across the entire
rule out temporal information. The present predictions supfange of human hearing.
port this idea at high frequencies, where the amount of co- Carney(1994 has illustrated schematically how nonlin-
chlear compression is large enough that the LSR fibers cagar phase shifts on single AN fibers produce systematic tem-
encode changes in sound level at high levElg. 7). Figure  poral patterns across QFe., spatio-temporal pattemsShe
6 demonstrates that the ability of LSR fibers to encodeshowed responses for a bank of model AN fibers with differ-
changes in high sound levels is due to the nonlifearel- ent CFs as a function of time for several stimulus levels
dependentgain (i.e., compressionassociated with the co- (Fig. 5 Carney, 1994 The main feature of the spatio-
chlear amplifier. Changes in level of the high-frequency tongemporal patterns is that, as level increases, the trajectory
were only encoded up to 70 dB SPL in the LSR fibers wheracross CF of the peaks in the discharge probability as a func-
the nonlinear gain response was removed from the ANion of time becomes steepére., the responses across CF
model, but were encoded up to 100 dB SPL with the nonlin-become more coincidentThis motivated her to propose that
ear gain. sound level may be encoded in the spatio-temporal discharge

At low frequencies, however, the average-rate informapatterns of AN fibers, and that an across-frequency coinci-
tion in a narrow CF region was not adequate to account fodence mechanism could utilize these level cues at medium to
Weber’s law. There was not enough cochlear compression &iigh levels. Figure 7 demonstrates quantitatively that a set of
low frequencies to encode changes in level across the entironaural, cross-frequency coincidence counters can encode
human dynamic range in the average rate of any of the thresound level robustly across the entire range of human hear-
SR groups(Fig. 7). The model LSR fibers, which have a ing based on AN fibers within a narrow range of CFs for
sloping saturation, only encode changes in level of the lowboth low- and high-frequency tones.

1. Nonlinear gain
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Because the cochlear amplifier acts primarily in near-CHrequency of the tone. Thus, the CFs that are dominating
regions, the benefits from both gain and phase cues for experformance at medium and high sound levels are respond-
tending the dynamic range within narrow-CF regions are paring linearly because the nonlinear effects associated with the
ticularly useful for complex stimuli such as speech, wherecochlear amplifier are restricted to near-CF frequencies.
spread of excitation is limited. This suggestion is consistent  Several other physiological models have produced a
with the general finding that hearing-impaired listeners havaear-miss with only low-threshold, HSR fibers. Teich and
the most difficulty with complex stimuli in difficult listening Lachs (1979 demonstrated the near-miss with a rate-place
conditions where spread of excitation may not be possiblenodel that had more rounded filter shapes than Siebert’s fil-
(Moore, 1995. Due to the rolloff in AN phase-locking above ters and that incorporated the effects of refractoriness on AN
2-3 kHz, the greatest benefit from nonlinear-phase cues is discharge-count variance. Delgutt¢ 987 model included
low frequencies; however, the majority of important speechaverage tuning-curve shaped filters and realistic AN-count
information is at low frequencies. The ability of nonlinear- variance. Heinzet al. (20013 predicted a significant near-
phase information to account for Weber’s law in narrow-CFmiss based on a computational AN model with linear
regions at low frequencie@nd the inability of average-rate gamma-tone filters and Poisson discharge statistics. The abil-
information to do s@ suggests that nonlinear-phase cuesity of many models to predict the near-miss based on differ-
should be considered in the encoding of complex stimuli aent mechanisms supports the idea suggested by Viemeister
high stimulus levels. Loss of the cochlear amplifier would be(19883a that the near-miss to Weber’s law is not a critical
expected to degrade the representation of complex stimuli iaspect of the dynamic-range problem, and that the robust
impaired ears due to loss of the nonlinear-phase cues; hovencoding of sound level in narrow-CF regions is the most
ever, this impairment would not be observed in physiologicaimportant issue.
studies that quantify the reduction of AN information in im-
paired animals based only on average-rate and synchronizegd- Mid-level bump at high frequencies

rate responsee.g., Miller et aI.., 1997, 1999 In contrast, A puzzling detail of human level discrimination of tones

Ml quiet is that performance is nonmonotonic at high frequen-
"Cies, in contrast to the consistent improvement in perfor-
mance with level at low frequencieg.g., Carlyon and

would be expected to demonstrate an impairment in the e
coding of complex stimuli at high stimulus levels in impaired
an(ljmalsH The ab.'l'w of rr(1j01|1aurlal (;0||n0|dfence counters to ®"Moore, 1984; Florentinet al, 1989. Many of the psycho-
co ehc _gngzs insoun e\tlﬁ at low requten_mfes actr_oss_ ysical experiments exploring the “mid-level bumpgor

much wider dynamic range than average-rate information Iy, o «geyere departure from Weber’s layvhave used short-

the AN may provide a basis for reports of enhanced rat ration signals in various noise maskers, because the effect

S u
representations in the cochlear nucleus. Blackburn and Sacr(’%hen reported a& /1) is generally larger for short-duration
(1990 and Mayet al. (1998 have reported that rate repre- signals(e.g., Carlyon and Moore, 1984nd can be enhanced
sentations of speech sounds are enhanced in the ventral co- reducecj by various confiéurations of notched-noise

chlear nucleuge.g., chopper neurons and primary-like unitsmaskers(e.g., Oxenham and Moore, 1995: Plack, 1998

W'tT low .SR) %Oan:‘/lred }[N'tlh tlhgegANTln nqrmfll-nearlng an(;— However, the analytical AN model used in the present study
mals (reviewed by Mayet al,, 7. Transient-chopper and ;¢ only appropriate to compare to long duration conditions

primary-like-with-notch neurons in the cochlea_r_ r“’Cleusbecause onset/offset responses and neural adaptation are not
have been shovv_n to be _sen5|t_|ve_ fo phase tran_smons aCrOfRIuded in the model. In addition, the effects of a notched-
frequency, consistent with coincidence detecti@arney, noise masker on the different types of AN information must
1990. be considered quantitatively using methods that are beyond
the present study, as discussed below. Thus, the high-
B. Pure-tone level discrimination in quiet frequency mid-level bump reported by Florentire al.
(1987 for level discrimination of 500-ms pure tones in quiet
is an appropriate comparison for the present predictions.
The present predictions suggest that the only effect of  Plack(1998 has discussed several explanations for the
the nonlinear responses associated with the cochlear amphnid-level bump based on both peripheral and central mecha-
fier for level discrimination of low-frequency tones is that nisms; however, only those that are addressed by the present
the near-miss, rather than Weber’s law, is predicted based goredictions are discussed here. Carlyon and Mdadss4
the nonlinear phase responses. The degree of the near-misshiave suggested that the mid-level bump at high frequencies
the all-information predictions is larger than in the rate-placemay be explained by two populations of AN fibers. They
predictions, but only matches human performance in theuggested that good performance was provided by the low-
coincidence-detection predictions. Although there are manyhreshold, HSR fibers at low levels and by the high-
intuitive reasons to believe that cochlear nonlinearity wouldthreshold, LSR fibers at high levels, with a degradation in
strongly influence level discrimination of tones, the predictedperformance at mid levels because neither population en-
effect for tones in quiet is quite small. This nonintuitive find- coded changes in sound level. The absence of the mid-level
ing results from the fact that at medium to high sound levelshump at low frequencies was suggested to result from syn-
where cochlear compression has a strong effect on near-Gfhrony information providing good performance at mid-
BM responses, the primary information about changes idevels. The present predictions do not support this explana-
level is contributed by HSR fibers with CFs away from thetion by Carlyon and Mooré1984. For the high-frequency

1. Near-miss to Weber’s law at low frequencies
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tone, the transition between HSR and LSR fibers determining  Coincidence detection is a physiologically realistic
performance occurs near 80-90 dB SHiig. 9, and no  mechanism, because any neuron with multiple subthreshold
degradation in performance occurs because of the contribinputs acts as a coincidence detedia., several nearly co-
tion of the third SR group(MSR) reported by Liberman incident discharges across the inputs are required to produce
(1978. The contribution of synchrony information at low an output discharge There is strong evidence that coinci-
frequencies is restricted to levels below those where HSRlence detection occurs in the binaural auditory systgim
fibers contribute rate informatiaffrig. 9), and thus cannot be and Chan, 1990; Goldberg and Brown, 1969; Resal.,
responsible for good performance at mid-levels. It was sug1966; Yin et al, 1987; Joriset al., 1998, and coincidence
gested by von Klitzing and Kohlraus¢ti994 that the mid-  detection forms the basis of most models of binaural process-
level bump can be explained based on mid-level compresing (Colburn, 1996. Carney (1990 showed that several
sion on the BM; however, their explanation requires that BMlow-CF cell types in the antero-ventral cochlear nucleus
responses become linear above roughly 50 dB SPL, whicfaAVCN), primarily globular bushy cells, were sensitive to
has been shown not to be true in healthy cochlé@agygero changes in the relative phase across their inputs. 8o
et al, 1997. (1994a, 1994phave provided evidence for monaural coinci-
The present predictions demonstrate that a mid-levefience detection at all CFs in similar AVCN cell types based
bump that is consistent with human data results from then enhanced synchronization in low- and high-CF cells to
large amount of cochlear compression at high frequenciepw-frequency tones.
(Figs. 8 and 9 The degradation in model performance at  The simple coincidence-counting mechanism analyzed
mid-levels is due to the BM input—output function becomingin the present analysis was shown to utilize the level-
strongly compressed at 30 dB SREig. 8). As level in-  dependent phase cues associated with the cochlear amplifier,
creases further, the spread of excitation goes beyond thgs suggested by Carnél994. In addition, the present study
near-CF nonlinear region, and performance is dominated biyemonstrates that monaural, cross-frequency coincidence de-
HSR AN fibers that are responding linearly. Thus, thetection is a robust mechanism for encoding sound level in
nonlinear-AN-model predictions for the HSR fibers matchthat both average-rate and nonlinear-phase information from
those from the linear AN model at levels above 60 dB SPLAN discharges are encoded in the coincidence counts, as
The lack of a mid-level bump at low frequencies in the el as some information from synchrony cues. Thus, coin-
model predictions is consistent with the small amount ofcidence detection may account for level discrimination of
cochlear compression at low frequencjégg. 1(c)]. noise as well, by decoding average-rate increases at low
Thus, the present predictions suggest that the main effegipise levels and increases in across-CF correlation due to
of compressive magnitude responses on level discriminatiogroadened tuning at high levelsee Carney, 1994
of high-frequency tones in quiet is a degradation in perfor-  Qyerall coincidence-based performance depends on the
mance at mid levels. This hypothesis suggests that hearingmplementation of the coincidence counter population, which
impaired listeners without a healthy cochlear amplifier wouldyyas chosen to be simple and conservative in the present
not show a mid-level bump. However, this would be difficult syydy. Inclusion of every AN fiber as an input to the coinci-
to measure due to the typically limited dynamic range iNgence population allowed the efficiency of the coincidence
hearing-impaired listener§-lorentineet al, 1993. mechanism to be evaluated. Allowing each AN fiber to in-

. In general, the effect of cochlear nonlinearity on levelhepyate only one coincidence neuron created an independent
discrimination of tones in quiet was predicted to be Sma”'population for which performance could be more easily cal-
because the influence of the cochlear amplifier is restricted tQ,|5ted. This implementation provided a conservative esti-
near-CF frequencies and the role of spread of excitation igyate of coincidence-based performance because allowing
large for tones in quiet. This small predicted effect is consisan fibers to innervate more than one coincidence neuron

tent with hearing-impaired listeners sh_owing normal INDs atqd only improve performandes long as potential across-
equal SPL for suprathreshold conditioffslorentineetal,  no,ron correlation was accounted for in the combination

1993; Schrodeet al, 1994. across coincidence couints
o - . ] It is generally accepted that there is far more information
C. Coincidence detection: A robust, physiologically in AN responses than is used by humans, and that an ineffi-

realistic neural mechanism cient processor is needed to account for human level-

The predictions from the present study suggest that a seliscrimination performancge.g., Colburn, 1981; Delgutte,
of monaural, cross-frequency coincidence counters that ret987. The coincidence-counting model processes the AN
ceive AN inputs from a narrow range of CFs can account fordischarge times inefficiently. Information is lost in the pro-
Weber’s law across the dynamic range of human hearingzess of coincidence detection because only the times of co-
both at low and high frequencies. This finding is significantincident AN discharges are considered. Additional informa-
because Weber’s law in narrow-CF regions appears to bgon is lost by basing performance only on the coincidence
required to account for human level-discrimination perfor-counts(i.e., by ignoring the coincidence time&ven though
mance(Florentine and Buus, 1981; Viemeister, 1983ow-  the coincidence mechanism in the present study is far from
ever, an optimal combination of average-rate informationoptimal, the coincidence-performance predictions are typi-
across the set of three SR groups in the AN does not producglly shifted upward roughly in parallel from the all-
Weber’s law across a wide range of levels, at least at lownformation predictions. Figures 7 and 9 illustrate that the
frequencieqFig. 7; Colburn, 1981; Delgutte, 1987 degradation in performance that occurs due to the coinci-
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dence mechanism results in absolute performance levels féteinzet al. (20010 have described an extension of the SDT
level discrimination that are very close to human perfor-analysis to discrimination tasks in which a single parameter
mance. In addition, the monaural coincidence mechanisis randomly variede.g., random level variationin addition,
eliminates the requirement of an inefficient processor thad general theoretical analysis of detection or discrimination
varies its inefficiency as a function of level, which has beenof a signal in random noise has been developed and applied
suggested based on average-discharge rate information in tte the detection of tones in notched noise by Hei2@00.
AN (Colburn, 1981; Delgutte, 1987

The derivations_ of performance based_ on a monaura_lv_ CONCLUSIONS
cross-frequency coincidence counter described in Appendix
B Suggest an interesting property that could be useful for The cochlear amplifier benefits normal-hearing listeners
physiological studies of neurons that are hypothesized to pePy extending the dynamic range within narrow frequency
form coincidence detection. The ratio of the expected valugegions. Nonlinear phase responses near CF associated with
of coincidence countfEq. (B12)] to the variance of counts the cochlear amplifier encode changes in level across the
[Eq. (B13)] is dependent only on the properties of the tem-entire dynamic range of hearing at low frequencies; however,
poral coincidence windowf(x). This ratio would be ex- the rolloff in phase locking reduces the effectiveness of
pected to be independent of stimulus parameters, and therBhase cues at high frequencies for simple stimuli. Highly
fore the statistics of the observed discharge counts may beompressive basilar-membrane responses at high frequencies
used to make inferences about the shape and size of tf@low for the robust encoding of level based on average dis-

coincidence window of a given neuron. charge rate; however, the reduction in cochlear compression
at low frequencies reduces the relative ability of average rate
D. Limitations of the present study to robustly encode sound level at low frequencies.

Cochlear nonlinearity has only a small effect on suprath-

 th ¢ studv. Th gel d tinclude t reshold level discrimination of pure tones in quiet because
poses of the present study. 1he moael does not Include Mg, formance is dominated by spread of excitation to linear
effects of external- and middle-ear filtering, or onset/offse

. ) ff-CF responses. The only effects of cochlear nonlinearit
and adaptation responses. Also, the model does not mclu%eg P y y

L . edicted by the model for this task are the “near-miss” to
many complex AN response properties, including refractor

. . eber’s law at low frequencies and the nonmonotonic “mid-
behavior, the effects of the olivocochlear efferent Systenq el bump” at high frequencies

(Guinan, 1;“).9? Iandl several cSrtT)lpIex lrregduI:.HUes jl_gsrf-- Monaural coincidence detection is a physiologically re-
sponse to high-level tondg.g., Liberman and Kiang, ' alistic mechanism that can utilize the nonlinear gain and

éia_ng, 19536 19_?3; Rubggelei aI.,fl?]96 and cIick;(Lindand Bhase cues provided by the cochlear amplifier. Performance
uinan, 0l The absence of these properties does no ased on a population of coincidence counters matches hu-

I!m!t the bas'lc cp.nclusmns of the present st.udy, but doe?nan performance for level discrimination of tones across the
limit the applicability of the present model at high levels andentire dynamic range of hearing at both low and high fre-
for more complex stimuli, as discussed further in Heinzquencies

(2000.
Predictions in the present study were compared to hu-

man data for level discrimination in a notched noise based oACKNOWLEDGMENTS
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1992. The AN response to a CF tone in the presence of a
notched-noise masker may be suppressed by the nois )
whereas the response of AN fibers with CFs within the nois PPENDIX A: NONLINEAR ANALYTICAL AUDITORY-
. .~ NERVE MODEL

may be suppressed by the tone. Such complex interactions
between the tone and noise maskers could contribute signifi- The analytical nonlinear auditory-nerv@N) model
cant information to detection or discrimination of signals inused in the present study includes simple descriptions of the
noise and therefore need to be quantified. most significant properties of the cochlear amplifier. This

For cases in which the stimulus is random, an extensiomodel was kept as simple as possible so that basic concepts
of the SDT analysis beyond the present study is required teelated to rate and timing cues associated with the cochlear
guantify the relative effects of physiologicéhterna) and  amplifier could be demonstrated without the difficulty of in-
stimulus(externa) variation on psychophysical performance. terpreting predictions from a more complex model. The as-

The analytical AN model was kept simple for the pur-
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sumptions and equations that specify the analytical modeihereG,,;,=20 dB, G,,,=60 dB. (2) The cochlear amplifier
are described in this appendix, and basic response propertipgovides full gain for levels below - =30dB SPL, and the
are shown in Fig. 1. cochlear-amplifier gain is systematically reduced as level in-

The discharge statistics of AN fibers are assumed to bereases fronL}- to LN.=120dB SPL[see Fig. 1b)]. (3)
described by a nonstationary Poisson process with a timeéFhe cochlear amplifier only provides amplification for stimu-
varying rate functior (t). Equation(1) describes the phase- lus frequencies near CF, i.d/{-<f,<fN-, where
locked response of an AN fiber in response to a tone burst. NL e 2010
The average discharge rafl o] and the strength of phase fif-=CR[10 Gmax/(20-107,
locking g[ Les, fo] both depend on the effective le that (A5)
drivesgegacﬁffANoﬁber. P e fhr = CR[10Pma(20207],

The effective level for théth AN fiber is determined by
the tone levelL (dB SPL and by the nonlinear-filter magni-
tude responseHy, (fq,CF,L) for the characteristic fre-
guency CFand the tone frequenchy, i.e.,

as shown in Fig. (g). This simple implementation of the

nonlinear frequency region results in a flat magnitude re-

sponse betweefij- and f\; at high levels [=LL5) and

high characteristic frequencies (GFB000Hz). Based on
Leg(L,fo,CR)=L+20log{Hy (fo,CF,L)]. (A1) these assumptions, the level- and frequency-dependent re-

duction in gain is given in dB by

The implementation of nonlinear tuning in the present model

[see Figs. (8)—(c)] represents the idea that the cochlear am-Yas(fo.CF L)

plifier produces high sensitivity and sharp tuning at low lev- fo G(CF,)

els by providing amplification to near-CF frequencies, and :,Bmag(L,fo)[ —20IoglO[HS(ﬁ”—GmaXHG—},

that the cochlear-amplifier gain is reduced as level increases ! max

(Yates, 1995 At low levels, the magnitude response is de- (AB)

scribed by linear triangular filters that are consistent with

those used by Siebef1968, 1970to describe tuning curves where
in cat[see Fig. 1a)], i.e., (0, L$Lt’\ﬂ# or fo¢[f|’\#L=wa;
fO 10 ) L_L{\rl.ll_
W |l R ) i)
HS( _O> - | (A2) Brad L fo) =1 A Fsat™ Bt
CF i)  f,=CF. Lit<L<LM: and fl\-<fo<f}f;
CR (1, L=LY: and fl{*<fo<fir.

Nonlinear compression is incorporated into the magnitude (A7)

responseH . by multiplying the linear triangular magnitude Tpe parameteB.{L,fo) is a linear interpolation between
respon{se-ls by a level- and frequency-dependent attenuationpe compression thresholc[}‘# and saturation Iele’s\leli_t [see
factor, i.e., Fig. 1(b)], and it represents the reduction in cochlear-
f amplifier gain as level increases for near-CF frequencies. The
Hn(fo,CR ,L)= (107d8(fo.CF VL)/ZO)HS( _0). (A3)  second term in Eq(A6) (in curly brackety produces maxi-
CR mum gain at CF and reduced gain for tone frequencies off

This form is used so that the level- and frequency-depender%':’ and the third term controls the amount of gain as a func-

attenuationygys(fo,CF ,L) is specified in dB, which allows tion IOf CZ‘ ¢ luate the effect of th i .
model properties to be matched directly to experimental de- n order o evaluate the effect ot the nonlinéar magni-
scriptions of responses associated with the cochlear amplfEJde response on_pred|ct|on_s in the presen_t study, versions L
fier. The next few expressions describe the frequency anH1e AN model with and without the noplmear mag_mtude

level dependence of this attenuation. responses can be compared. The nonlinear magnitude re-

The reduction in gain of the cochlear amplifiefg, is ;%ZT:?SHS?Pe;’Seﬁ;(z:dEd by settifiga{L.fo)=0 for all
specified based on several simple assumptions, consistent The dependence of average discharge Tatm the ef-

with physiological findingse.g., Ruggeret al, 1997: (1) fective levelLo; of an AN fiber is specified in terms of a

For a given CF, the maximum gai@ provided by the co- > . )
chlear amplifier is produced for tones presented at CF&Gnd simple saturating nonlinearigbased on Colburn, 1981

in dB increases with Clfsee Fig. 1c)] according to (SR, Leg<Lg—5:
G, CFR<500Hz; SR+ (1/600 (Rai— SR (Lef— Lint 5)?,
log, o CF./500) Linr—S=<Le=<Ltnt5;
Gmint (Gmax— Gmin |—Iu ?[Leff]: - o
G(CF)= 00;0(8000/500 SR+ (1/30) (Rear— SR (Leg— Ly,
500<CFK=<8000 Hz; Liy+5<Leg<Ly+30;
Gnax, CHR=8000Hz; \ Rsat  Le=Lint30;
(A4) (A8)
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which depends on the spontaneous r@B), the saturated ¢(f,,CF,L)
rate (Rsa), and the rate threshold ¢,). The dependence of

average rate on tone levelis shown for a high CRmaxi- 0, foe[fiy.f
mum gain and a low CF(small gain in Figs. 1d) and (f),
respectively, for the three SR groups used in this study. BphaskL,fo) - 24 0max( ) fi-=<fo<ff™;
The dependence of phase locking on effective lavgl
is specified using the same general form of saturating non-
IineSrity, i.e., g g g _ ﬂphaséLafO)'zA 9max( ) fIPfH$fO$CF| ;
BpnaskL, o)+ 24 emax(f ) CR=fo=fi\
(0, Le=<Lg—25;
[Gmax( f0)/600] (Lei— Lint25)?, BonaskL,fo) - 24 0max< — ) fhr=fo=fhr:
(Lo fol= Line— 25<Le<Lin—15; (A9)
Ao 00 [ gmal £0)/30] (Lo~ Lyt 20), (A12)
L= 15<L o= L+ 10; WhereAHma’\)‘( S is the maximum phase change between
f L.=L, +10: I-thr and Lsati and BphaskL.fo) =1—BmadL.fo), Where
( Imad o), Ler=Lint Brad L, fo) is specified by EqA7).

Versions of the AN model with and without the nonlin-
ear phase changes can be compared in order to evaluate the
where the dependence of synchrony on frequeggy(fo),  effect of nonlinear phase responses. The level-dependent
is matched to data from c@see Fig. 1e); Johnson, 198)  phase changes can be excluded by setfpgs{L.fo)=1

and is described by for all levels and frequencies.
31, f4=1200 Hz; APPENDIX B: PERFORMANCE BASED ON A
MONAURAL COINCIDENCE COUNTER
3.1x1200
gon(fo={  fo 1200<f,=<2800 Hz; (AL0) This appendix presents derivations of the expected value
max. "o and variance of the coincidence couig7",7'} [Eq. (2)]
3.1+ 1200 2800 f.=2800 Hz. that are needed to calculate the normalized sensitiVityf a
(fo)° b0 monaural, cross-frequency coincidence courjtég. (6)].

Similar equations and related discussions are presented with-
out derivations by Colburii1969, 1977bfor a binaural co-
Note that the threshold for phase locking is specified to be 201cidence counter. The expected value and variance in Eq.
dB below the average-rate threshold in E49). (6) depend on the Poisson statistics of the two sets of inde-
The implementation of the nonlinear phase responses ipendent AN discharge time%! and7’, and will be shown to
the present studjsee Fig. 1h)] is based on several simple be given by
assumptionsil) The level-dependent phase responses ar i
I|m|tedpto the(s)ame near- CF f?equencypregmn aspthe magm% 7l GHT T

tude responsesﬁ|f $f0sf . (2) Phase varies linearly with _ _
tone level.(3) The maximum phase changes occur half way =Ey fo JO fx=yIri(x;d)rj(y: ¢)dx dyj, (B1)
into the near-CF nonlinear frequency region, i.e., at frequen- ) o
cies Varzi 7i o[ Ci{ T, T'}]
[T (T
=E4 fo fo P2 (x=y)ri(x; ¢)rj(y; )dx dy|, (B2)

fif=0.5CR+f}"), fi'=0.5CR+fN). (A11)
wherer;(t;¢) andr(t;¢) represent the time-varying rate
functions of the two AN inputs to the coincidence countgr,
és a random phase imposed on every AN fiker force the
lack of an absolute time or phase referenemdf(x) is the
ow temporal coincidence window.

The derivations of Eqs(B1) and (B2) rely on several
Igeneral results for decision variables of the form

(4) The maximum phase shifts between low levels and 80 d
SPL are roughlyn/Z (5) The total traveling-wave delay at
high levels (> Lsat) is compensated for in each CF with narr
neural delays prior to innervation of the coincidence-
detection population. This simple assumption is based o
strong onset responses to tones for many cell types in the K _

cochlear nucleus(Young, 1984; Rhode and Greenberg, X(Th=2, s(t]), (B3)
1992. Based on these simple assumptions, the compensated _ =1 _
nonlinear filter phase responfsee Fig. 1h)] is specified by  wheres(t;) is any function of thdth discharge time; gen-
the equation erated from a Poisson process with rate functigh). It can
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be shown(e.g., Riekeet al, 1997 that the expected value

and variance oX;(7') are given by

The expected value of the coincidence coUnised in
Eq. (6) of the texi can be derived as follows:

E i 7j Ci' T 7']
EA[X(T)]= f r(tdt, (B4) 7.1.00Cit i}] .
. =Erirg 2 2 f(ti—t’;n)}
VarTi[xi(T')jzf s2(t)r;(t)dt (B5) . T
based on the probability density function for Poisson dis- :Eﬁmﬁ[z 2 f(ti—th) H

charge timegqsee Parzen, 1962; Snyder and Miller, 1991

Equations(B4) and (B5) imply that

' T
EA{[X(T)]%= fo S2(t)ri(t)dt+

T 2
f s(t)ri(t)dt} .
0
(B6)

Eri 7 [ CH{T  T}]

3

2[5
e

> f(ti—y)
=

:E'Ti,¢

)

ri(y; ¢)dy+

Ki p
2 f fti=y)ri(y: ¢)dy|.

Using Eq.(B4) agaln Eq.(B1) is obtained. Similarly, the
term Efpm,d)[c {7, 77}] can be derived as follows:

= E'Ti,zf) (B?)

Kioop 2
> f f(ti—y)rj<y;¢>dyH
I=1J0

=E fosz - : “$)d d+foTfo —y)f(u— : : ‘¢)dx du d
=Ea) |, /s (X=y)ri(x;)ri(y;p)dx dy oo s (X=y)f(u=y)ri(x;p)ri(u; p)ri(y; ¢)dx du dy

T(T (T
" fo fo fo F(x—y)F(x—0)r (X )1 j(vi )rj(yi p)dx co dy+

The variance in Eq(6) is then equal to
Varri 7i o[ Ci{ T, T'}]
=ETi,Ti,gb[Ciz}{TaTj}]—(ETi,TJ,(ﬁ[Cij{T:ﬁ}])Z

T(T 5 . .
_E¢[ fo fof (x=yIri(x;)riy; ¢)dx dy

T(T
f f f(X=y)ri(x;o)r;(y;¢)dx dy
0Jo

2
] . (B8)

T(T(T
+fo fo fo fx=y)f(u=y)ri(x;@)ri(u;d)r;(y;¢)dx dudy

T (T (T
+fo fo fof(X_y)f(X_U)ri(X;¢)rj(v;¢)rj(y;¢)dxdvdy _ ©9)

The two triple-integral terms in the right-hand side of Eq.Both of these conditions are satisfied for the d®rectangu-

(B9) can be shown to be negligible relative to the double-lar coincidence window in the present study, and thus the

integral term if (1) the coincidence window (x) is much
narrower than the period of variation in discharge rdtg,

approximation in Eq(B2) holds.
Note that Eqs(B1) and (B2) can be used with either

which is never less than about 0.5 ms given the rolloff ingnaytical or computational AN models because they are in-

phase locking of AN fibers above 2 kHEig. 1(e); Johnson
(19801, and(2) the following inequality holds:

- 2 e
Rsa[f f(x)dx <f f2(x)dx, (B10)

where R¢,; is the maximum discharge rate of an AN fiber.
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dependent of the AN model used to produce the rate func-
tions. More informative expressions for the expected value
and variance can be derived for the present analytical AN
model. The expected value can be derived by substituting the
rate functionr(t) from the analytical AN mode[Eq. (1)]

into Eq. (BY), i.e.,
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where g;=g[Len(L,fo,CF),fol, Ti=TLex(L,fo,CR)], and
6;=06(L,fy,CR), and ly{g} is the zeroth-order modified
Bessel function of the first kind. The second form follows
from writing the sum of cosines as a single cosine, and th
last expression follows from the insensitivity of the integral
over a period to the phase angle.

Using the assumption that the coincidence winddgw)
is narrow relative to the period of stimulus variation, the
expected valudEq. (B1)] and variancd Eq. (B2)] can be
shown to be approximated by

Trir; 2.2
E[Cij||-]:m|0[ Vo7 +97 +2g;g; cog 6, — 6))]
XJ'EO f(x)dx, (B12
Trir; 2.2
Va'[Cij|L]2mlo[\/gi +9gj+2g;9; cog 6,— 6;)]

o

X j, f2(x)dx. (B13)

T[T
jo fo H(x—y)l o V7 + 07+ 20,0, Cod 27 o(x—y) + 6,— ]} dx dy,

(B11)
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