Microsecond temporal resolution in monaural hearing
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The auditory system encodes the timing of peaks in basilar-membrane motion with exquisite
precision, and perceptual models of binaural processing indicate that the limit of temporal resolution
in humans is as little as 10—2ficrosecondsin these binaural studies, pairs of continuous sounds
with microsecond differences are presented simultaneously, one sound to each ear. In this paper, a
monaural masking experiment is described in which pairs of continuous sounds with microsecond
time differences were combined and presented to both ears. The stimuli were matched in terms of
the excitation patterns they produced, and a perceptual model of monaural processing indicates that
the limit of temporal resolution in this case is similar to that in the binaural system20E3
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I. INTRODUCTION brainstem, however, the temporal precision of neural firing
deteriorates as the volley of firing progresses to higher stages
Physiological studies have shown that primary auditory-in the systemRouilly et al, 1979. Time-interval models of
nerve fibers phase lock to the temporal fine structure ofuditory processinge.g., Meddis and Hewitt, 1991a; Patter-
sinusoids up to frequencies as high as 5 kHz in the cagonet al, 1995 assume that there is a mechanism that mea-
(Johnson, 1980 Psychophysical studies indicate that thesures the time intervals between peaks in the phase-locked
binaural system can detect interaural time differences of activity of auditory-nerve fibers, and thereby converts the
few tens of microseconds. Perceptually, interaural time difunstable temporal information in the phase-locked response
ferences are interpreted in terms of where the source is relanto a more stable time-interval code. The obvious assump-
tive to the head, or how spatially compact it(Burlach and  tion, although it is not explicitly stated, is that the time-
Colburn, 1978. In this paper, we report a monaural percep-interval representation might emerge at the stage of the infe-
tion experiment which suggests that the auditory system carior colliculus in the midbrain. This is the level in the system
also detect monaural time differences of a few tens of microwhere the upper limit of phase locking drops to about 500
seconds in continuous sounds even when they have matcheft, and there is a mandatory synapse with strong conver-
excitation patterns. In this case, the perception involves disgence of ascending pathwaglsvine, 1993.
tinguishing whether the sound contains one or two sources, Studies of temporal processing often employ a stimulus
or in the limit, how perceptually coherent the sound is. Thesgeferred to as iterated rippled noigfRN) in an effort to
source characteristics would appear to be defined by thgeutralize processing in the tonotopic dimension and focus
monaural temporal structure of the sound rather than its spattention on temporal processing. IRN is constructed by de-
tial or spectral attributes. laying a copy of a random noise layms, adding it back to
The experiments were motivated by a monaural modethe original noise, and iterating the procesgimes. The
of temporal processing that was recently used to explain gtimulus has a noise-like waveform with a degree of tempo-
monaural masking release that is presumed to be based oal regularity that increases with increasing numbers of itera-
the temporal microstructure of the sourisumbholzet al,  tions, n. When the delayg, is between about 1 and 30 ms,
2001). The model and the masking release are introduce¢RN elicits a two-component perception, with a noisy hiss
briefly in subsections | A and I B to explain the motivation and a buzzy tone whose pitch corresponds th. 1RN is
for the research, which is introduced in subsection | C. interesting because it enables the generation of sounds with
any degree of tonality from almost completely tonal to com-
pletely atonal while leaving the gross temporal structure and
Much of the temporal information in the neural firing the excitation pattern of the stimulus essentially unchanged.
patterns generated in the cochlea is preserved up to the levekrceptual differences between IRNs with matched excita-
of the superior olivary complexOertel, 1997. Beyond the tion patterns are used to demonstrate the importance of time-
interval analysis in auditory processing; Yastal. (1996
dCurrent address: Institute for MedicifBME), Forschungszentrum lich, and Pattersoret al. (1996 have shown that the pitch and
D-52425 Jiich, Germany. pitch strength of IRN are more readily explained by time-

A. Models of monaural temporal processing
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’W FIG. 2. Results from the IRN masking experiment of Patterson and Datta
I T T Y (1996. The abscissa is the number of iterations in the magkdterations
1 ) . 1 indicates that the masker was a ngisehe signal was a noissquarey or
® 8 ms an IRN with 256 iterations and a delay of either (s8arg or 18 (triangles
B milliseconds. The data show the average for three listeners and threshold is
= J L expressed in terms of the signal-to-masker ré8MR).
505
&
0 . . i guency dimension, and that the auditory image might be
0 10 20 30 thought of as the pattern of activity in a two-dimensional

Time interval in ms array of neurons at the level of the brainstem or the mid-
FIG. 1. Upper panel: Auditory imag@\l) of an IRN with a delay of 8 ms ~ brain. This is a convenient way to conceive the processing of
and 16 iterations. The solid lines show time-interval histograms of the neuratemporal information, but a spatial array of time intervals is
activity in different channels of the tonotopic array; the ordinate is the b(_esrnot necessary for the functioning of these models: any
frequency of the channel. Lower panel: Summary Al computed by averaglngn thod of ti trati f activity at diff t
across channels in the Al; the short horizontal line shows the normalized, € 0 ot representing C_O“Cﬁ‘“ rations or activity at difieren
height of the first peak in the summary image. time intervals would suffice.

g A monaural masking release based on temporal

interval models of auditory processing than by models base
microstructure

on the excitation patterns of the stimuli.
In these time-interval models, a summary of the neural  Patterson and Dattd 996 reported that a noise masks
processing up to the level of the midbrain is simulated with aan IRN much more effectively than an IRN masks a noise,
tonotopic array of autocorrelation functioriMeddis and even when the stimuli have the same energy and are filtered
Hewitt, 1991a; Slaney and Lyon, 1996r time-interval his- in the same spectral region. The effect is illustrated in Fig. 2,
tograms(Pattersoret al., 1992; Patterson, 1994The upper which shows the masked threshold for a nqisguaresand
panel in Fig. 1 shows the simulated neural pattern in rean IRN with a delay of 16 ms and 256 iteratiqissarg in the
sponse to an IRN with a delay of 8 ms and 16 iterations. Theresence of five different maskers—a random nésiera-
pattern was produced with the Auditory Image Mo@&IM; tions) and an IRN with 1, 4, 16, or 256 iterations and the
Pattersoret al, 1995. The abscissa is time interval; the or- same 16-ms delay. Threshold is expressed in terms of the
dinate is frequency as it is represented along the frequencsignal-to-masker ratidSMR), which is the difference be-
dimension of the cochlea. Each line in this representatiotween the overall level of the signal at threshold and the
shows the kind of time-interval histogram that might be cal-overall level of the masker. All of the stimuli were highpass
culated from the stream of spikes flowing from individual filtered at 800 Hz, which is 12.6 times the reciprocal of the
auditory-nerve fibers at a given frequency. The verticaldelay. The filtering ensures that the excitation patterns of the
ridges at 8 ms and integer multiples thereof demonstrate th€&RNs do not have sets of harmonically spaced peaks, and the
presence of temporal regularity in the neural activity acrossong delay ensures that the stimuli contain frequency com-
the tonotopic array. The representation is referred to as aponents in a frequency region with accurate phase locking to
“auditory image” (Patterson, 1994 The overall form of the support time-interval processing. The figure shows that a
temporal regularity is similar in all channels, which illus- noise signal is effectively masked by noise and by IRN with
trates how the stimulus neutralizes the tonotopic dimensiowne iteration. But, as the number of iterations in the masker
of auditory processing. The lower panel of Fig. 1 shows thdncreases and its fine structure becomes more regular, there is
normalized sum of the activity across channels. It is referre@ release from masking by as much as 18 dB. Similarly, the
to as a “summary auditory image,” and it is this representa-IRN signal with 256 iterations is effectively masked by IRN
tion that is typically used to summarize responses to stimulith 256 iterations. But, as the number of iterations in the
in quantitative evaluations of time-interval models. masker decreases and its fine structure becomes less regular,
It is perhaps worth noting that in these representationsthreshold decreases. However, in this case the release from
the autocorrelation-lag, or time-interval dimension is pre-masking is only about 7 dB. Thus, there is an asymmetry of
sented as if it were a spatial dimension similar to the fre-masking between noise and IRN, in that a ng&é&erations

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Krumbholz et al.: Microsecond monaural temporal resolution? 2791



—_

showed that the pitch strength was greatly reduced except at
octave delay ratios. Pattersast al. (2000 measured the
pitch strength of merged IRNs with very small delay differ-
ences where the pitches of the two IRNs merge. They
showed that there is still a pronounced reduction in pitch
strength even when the delay difference was as little as 6%
L . . of the basic delay. So, the reduction in peak height remains
8 ms, 8.1 ms audible to the listener after the pitches have merged. When
the delay difference is less than about 2%, the time-interval
peaks associated with the signal and masker merge in the
summary auditory imagéPattersoret al, 2000; the lower
. . . panel of Fig. 3 shows the case where the masker is an 8-ms
0 10 20 30 IRN and the signal is an 8.1-ms IRN. The form of the sum-
Time interval in ms mary image is very similar to that for the 8-ms IRN masker
FIG. 3. Summary Als of “merged IRNs” consisting of an 8-ms masker IRN on its own(Fig. 1), but the heights of the peaks are reduced,
and a signal IRN with a delay of either(@pper panélor 8.1 (lower panel corresponding to the perceptual reduction in pitch strength.
milliseconds. The signal was added with a SMR of 0 dB. The IRNs wereNote that the merging of the time-interval peaks for small
comput_ed with 16 iteratio_ns of the de_Iay-and-ac_id process. The short horideh,le differences is due to auditory processing that the
zontal lines show the height of the first peak in the summary Al of the ~ . . . . . -
masker alone, shown in the lower panel of Fig. 1. stimuli undergo prior to the time-interval processing stage;
Pattersoret al. (2000 attribute it to a loss of phase-locking
information in the midbrain. In any event, the degree to
which the peaks merge provides information about the pe-
C{ipheral processing of the stimuli.
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masks an IRN(star3 much more effectively than an IRN
(iterations=4) masks a noisésquares Recently, Krumbholz
et al. (200)) extended the range of the observations an
showed that, for delays within the pitch region, the basic

masking asymmetry between noise and IRN was essentially

independent of the spectral region. This means that it is verg, A masking paradigm for measuring monaural
unlikely that models based on the excitation patterns of th@emporal resolution

stimuli could explain the data. Krumbhott al. (2001 ex-
plain the asymmetry of masking in terms of the fine-grain

temporal information in the neural activity patterns of the ™™ _ _ A ) )
stimuli estimate the resolution with which time-interval information

There is a third condition in the study of Patterson andis represented in the auditory system. The listener’s task is to

Datta(1996 in which the signal is an IRN with a delay of 18 dfticlt ad_sfifgnal lF;NI in thi prgs:ance Oc]; ? m?SkfrthN WiLh a
ms and 256 iterations; it has a noticeably lower pitch than th&'lgntly |f¢rednt g"’;‘y' IT el ?iy an (Iave of the mgsd er
IRN masker. The thresholdgiangleg show that the 18-ms IRN were fixed and the leve] of the signal IRN was varied to

IRN is masked by noise to about the same degree as t'.Qeetermine the threshold as a function of the difference be-

16-ms IRN, as would be expected. However, when the numf[-Ween the signal delay and the masker delay. The summary

ber of iterations in the masker is four or more, the listener Mages in Figs. 1 and 3 suggest that threshold would drop as

can use the difference in delay between signal and masker fHe delay of the s_ignal be_gins to diverge from _that of th_e
asker. The function relating threshold to the difference in

detect the signal, and threshold falls to about the same IeveSEeI b he sianal and K il be referred
as for the noise signal. This stands in contrast to the increa ay between the signal and masker will be referred to as a

in threshold when the IRN signal has the same délgyms “time-interval masking pattern.” The traditional masking

as the IRN masker. It is this condition where the IRNs have?attern reveals properties of frequency resolution in terms of

different pitches that provides the motivation for the currentN® €lévation of threshold for a sinusoidal signal in the fre-

study guency region around a narrow-band noise masker. Simi-

The upper panel of Fig. 3 shows the summary auditor)J‘_"‘rly' the time-intervaI(TI)_ ma_sking pattern reveals proper-
image when a 9-ms IRN signal is added to an 8-ms IRNIES of temporal resol_utlon n terms of _the (_aleva_\tlon of
masker with a signal-to-masker ratiSMR) of 0 dB. The thre_shold for an IRN signal with a delay in a time-interval
summary auditory image of the 8-ms IRN masker on its owrf€910n around the delay of an IRN masker.
was presented in the lower panel of Fig. 1. The summary
auditory image of this “merged” IRNPattersoret al., 2000
exhibits peaks at both the masker def@yns and its integer || METHOD
multiples, and at the signal del&9 m9 and its integer mul-
tiples. The heights of the peaks associated with the masker The time-interval masking pattern was measured for dif-
are, however, somewhat smaller than those for the maskéerent masker delays and in different spectral regions to as-
alone; for reference, the short horizontal line shows thesess the effect of auditory filter width and phase locking on
height of the 8-ms peak in the masker-alone condition. Hantemporal resolution. The study of Krumbhoét al. (2001
del and Pattersori2000 measured the pitch strength of showed that both variables have a pronounced effect on the
merged IRNs with relatively large delay differences andasymmetry of masking between IRN and noise.

In this paper, the reduction in pitch strength caused by
the merging of IRNs with small delay differences is used to
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A. Stimuli 800-ms observation intervals that were separated by 500 ms.
6One interval contained the masker alone; the other interval
iterations of the add-original algorithrfYost et al, 1996, gpntflneﬁ_ rna_tsrer pllus stlg_nala L? N I!sterwlet: s task was o |n]:
using a gaing, of unity. The stimuli were generated digitally Icate which interval contained the signal by pressing one o
two buttons on a response box. Feedback was given after

with 16-bit resolution and a sampling rate of 25 KHEDT )
AP2). In order to produce the very small IRN delay differ- egch response. The adaptive parameter was the level of the

ences required in this experiment, the IRN was generated iﬁ'gnal' Att the bleglnn|r|1|g (;f eacL\ threghpld rclj“mr’] S|gfr11alldleéel
the spectral domain, by multiplying the Fourier spectrum ofVas setto a va ue weti a oyet e anticipated threshold. >19-
al level was varied according to a 3-down, 1-up rule which

a Gaussian noise with the complex, comb-filter spectrum oi[:.;acks the signal level that yields 79% correct responses
an add-original IRN with delayd, andn iterations ) . ?
9 W (Levitt, 1971). The step size for the level changes was 5 dB
n

. o up to the first reversal in signal level, 3 dB up to the second
H(d’”):kzo g'lcog2mkdf)+i-sin(27kdf)], reversal, and 2 dB for the rest of the ten reversals that made
up one threshold run. Each threshold estimate was the aver-
wherei is the imaginary unit andiis frequency. The signal age of the last eight reversals of signal level. Threshold was
and masker were played out through separate channels of thgeasured three times in each condition; the data points and
TDT DD1 D/A converter and antialiasing filtered with a 10- error bars in the figures show the means and standard errors
kHz cutoff (TDT FT6-2. They were separately attenuated of the three estimates. In some cases, the error bars are
aCCOI’ding to the Signal and masker levels of the current triaéma”er than, and thus covered by’ the Symbo|s_ The order in
using two programmable attenuat¢DT PA4). Finally, the  which conditions were measured was counterbalanced be-
signal and masker were added in an analog mX@T  tween the three threshold runs. The masker had a nominal
SM3) and presented diotically to the listener, who was seate@verall level of 60 dB SPL. In order to reduce the salience of
in a double-walled, sound-attenuating booth. level cues and to encourage listeners to base their decisions
The stimuli were filtered into frequency bands with angn differences in sound quality, the level of the stimuli was
equivalent reCtangUlar bandwidth of 2.2 kHZ, the lower CUt-randomized over a 10-dB range in every interval of every
off frequency,F, was 0.4, 0.8, 1.6, 3.2, or 6.4 kHz. In order trjal. The random level rove was expected to increase thresh-
to avoid edge tones, the lower and upper edges of the frey|d in the conditions where signal and masker IRNs had the
quency bands were rounded with a quarter cycle of a cosingame delay, and thereby enhance the effect of sound quality

function whose width was 0.2 kHz on the lower edge and lgifferences associated with delay differences between signal
kHz on the upper edgésee Fig. 1 in Krumbholztal, and masker.

2003). A background of continuous pink noise was intro-

duced to mask any distortion products that might be audibl%l Listeners

in the region below the passband of the stimuli. The pink

noise was low-pass filtered half an octave below the lower A total of five listeners participated in the current experi-
cutoff frequencyF ., of the current filter condition; the slope ment: authors KK and AN, as well as three students, who
beyond the cutoff frequency was 96 dB/octave. The unfil-were paid for their services at an hourly rate. The listeners
tered pink noise had a level of 31.3 dB SPL in the 1/3-octavevere between 20 and 32 years of age and had no history of
band around 1 kHz. In the 0.8- and 3.2-kHz filter conditions,hearing impairment or neurological disease.

thresholds were measured for several different masker de-

lays, d.,, ranging from 4 to 64 ms foF.=0.8kHz, and [lI. RESULTS

from 4 to 32 ms forF.=3.2kHz. Initially, we intended to )

measure the same range of masker delays in both filter con- Th_e average threshold data for the qlete_ctlon of an IRN
ditions. However, pilot work showed that the task was toos_Ignal in an IRN masker are presented n Figs. 4 and 5 for
difficult for d,,=64 ms in the 3.2-kHz filter condition. In the filter cutoﬁg of 0.8 and 3.2 .kHZ' respectively. Threshold 'S
other filter conditions, only one masker delay, 16 ms, wagxpressed In terms of the_ signal-to-masker ratio, SMR. The
used. Each masker delay was combined with six diﬁerenparameter_m bo_th f|g_ures |slthe delay of the masker IRNE the
signal delays. The delay differenatd, between signal IRN number of iterations in the signal gnd masker IRNs was flxgd
and masker IRN ranged from@s to a maximum of 80Qs. at 16. In the upper panels of Figs. 4 and 5_, threshold is
Pilot work revealed that signals with very small delay differ- plotted as a function of the absolute delay differendd,

ences were more readily detectable in the higher filter conbhemiert,he flgnzl and fmaslfer ”?'\rIIS; ml the I(()jwler %z:'l#els,
ditions, so the maximundd varied with filter cutoff,F,,  thresholdis plotted as a function of the relative delay differ-

from 800 us whenF, was 0.4 kHz, to 5Qus whenF, was ence, that is, delay difference normalized by the delay of the
c . ) C

6.4 kHz. The signal and masker were gated on and off simul_[naSker IRN.dp. Each functi(”)n in Figs. A_l_and 5 is. a “_time-
taneously with 25-ms cosine-squared ramps and a total dl5r_1terval (T1) masking pattern” for a specific combination of
ration of 800 ms(between the 0V points masker delay and filter condition. Whetd was O us, the

only detection cue was the loudness difference between the
masker alone and masker plus signal. The levels of both
stimuli were randomized over a 10-dB range, so threshold
Masked threshold was measured using a two-intervalSMR in this condition was relatively higfabout 2 dB. As
forced-choice adaptive procedure. The trials consisted of twsoon asdd was increased to a few tens oficroseconds

The masker and signal IRNs were generated with 1

B. Procedure
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FIG. 4. Average masked threshold for detection of an IRN signal as &IG. 5. Average masked threshold for detection of an IRN signal as a
function of the delay differenceld, between signal and masker IRNs; the function of the delay differencejd, between signal and masker IRNs; the
parameter is the delay of the masker IRiBgend in lower pangl The filter parameter is the delay of the masker IRBgend in lower pangl The filter

cutoff was 0.8-kHz. The panels show the same thresholds but the abscissadatoff was 3.2-kHz. The panels show the same thresholds but the abscissa in
the lower panel imormalizeddelay difference, that isdd divided by the  the lower panel imormalizeddelay difference, that isjd divided by the
masker delayd,,,. The error bars show the standard error of the thresholdmasker delayd,,. The error bars show the standard error of the threshold
estimates. estimates.

however, there was a small difference in pitch strength beeition (F.=6.4kHz), a delay difference of just 12/ pro-
tween the two intervals, and threshold dropped by more thaduced a masking release of about 7 dB relative to the
10 dB in some conditions. Thereafter, threshold decreased abndition wheredd is 0 us. The size of the delay difference
an ever slower rate, approaching an asymptote vdtewas  producing a significant masking release, and the fact that the
200—-400us for F.=0.8 kHz, and whemld was 50-10Qus  width of the Tl masking pattern decreases witlcreasing

for Fc.=3.2kHz. The initial slope of the Tl masking pattern filter cutoff means that it is unlikely that the present data
was steeper, and the asymptotic level lower, for the smallecould be explained by spectral differences between the
masker delays. The normalized making patterns in the lowestimuli when one considers the spectral resolution of the in-
panels of Figs. 4 and 5 show that, fy, in the range 16—64 ternal excitation pattern. In most of the experimental condi-
ms, the rate of the initial descent was inversely proportionations, the lower filter cutoffF., was greater than 12 times
tod,,. The masking patterns fat,,=4 and 8 ms were simi-
lar in terms of their widths and asymptotic levels. The TI

54 * u

masking patterns were much narrower in the 3.2-kHz filter . -0— 0.4kHz
condition (Fig. 5 than in the 0.8-kHz filter conditiotiFig. 0 —o- 0.8kHz |}
4); note that in Fig. 5, the scale of the abscissas is stretched Z ;132 E:i
by a factor of 4 relative to Fig. 4. =51 ' [

Figure 6 shows the average Tl masking patterns for a
masker delay of 16 ms and filter cutoff frequencies ranging
from 0.4 to 6.4 kHz. As before, threshold is expressed in
terms of the SMR and plotted as a functiondaf. Figure 6

SMR in dB
!
2

|
-
(8}
2
| -
T

shows that the width of the Tl masking pattetecreasechs —20 [
the filter cutoff frequency increased from 0.4 to 6.4 kHz. 25 : ; ;
Overall, the TI masking patterns reveal remarkable tem- 0 100 200 300 400

poral resolution. When the delay of the masker IRN is short Delay difference (dd) in us
(4—8 mg or when the filter cutoff is highH3.2—6.4 kHz, a

. . IG. 6. Average threshold for detecting an IRN signal in the presence of a
difference of a few tens of microseconds between the delay:&—ms IRN masker as a function of delay differendd; the parameter is

of the signal and maSke!' is SUfﬁCienf[ to pro.duce an appréme low-frequency cutoffi; , of the filter passband. The error bars show the
ciable release from masking. Indeed, in the highest filter constandard error of the threshold estimates.
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the reciprocal of the IRN delay, so the excitation patterns ofevel of the stimulus. In the experiment, the roving level
the IRNs were like those for random noise filtered to theparadigm discouraged the use of overall level as a detection
same frequency regiofiKrumbholzet al, 200J). In some of cue. The lower limit of pitch for complex sounds occurs
the conditions, however, the excitation patterns of the IRNsvhen the period exceeds about 33 fkumbholz et al,
would be expected to exhibit a few resolved harmonics by2000. Accordingly, the summary Al was limited to time in-
the relatively lenient criterion of Shackleton and Carlyontervals less than 35 ms, and the modeling was restricted to
(1994. The fact that there are no discontinuities in the Tlconditions where the masker delay was less than 35 ms. The
masking patterns suggests that resolved harmonics did netimuli in the simulations were generated using the same
play a part in the processing, and that the masking release software as in the experiment. The maskers were set to a
associated with a single mechanism operating on the differfixed level of 60 dB SPL. Signals were generated with SMRs
ences in the monaurt#mporalstructure between the masker ranging from—27 to 14 dB in 3-dB steps and then added to

alone and the masker plus signal. the maskers as in the experiment. The stimuli had a duration
of 810 ms. For each stimulus condition, summary Als for 15
IV. SIMULATION OF TIME-INTERVAL MASKING different random samples of the stimuli were averaged to
PATTERNS WITH A TIME-INTERVAL MODEL OF produce the summary Al used to calculate the decision sta-
AUDITORY PROCESSING tistic. Moreover, the summary Al for a given stimulus sample

was itself an average of 20 summary Als generated at 35-ms
relation model of pitch was used to determine whether jntervals throughout the stimulus duration; the first summary

simple time-interval model of auditory temporal processing I_was calculated 105 ms after stimulus onset, at which
could account for the basic effects in the present data. Spé?—oInt the model response had reached steady state.
cifically, we used a modified version of the auditory imageA. Decision measure, D?

model (AIM) presented in Pattersoet al. (1995, imple-
mented with thebsam/ams software package andATLAB .
The auditory model consisted G a second-order bandpass
filter with cutoffs at 0.45 and 8.5 kHz(i) a 60-channel

A computational version of Licklider's1951) autocor-

Listeners reported using different detection cues in dif-
ferent experimental conditions. When the delay difference
between the signal and masker IRNs was large, or the
) . : masker delay was small, the signal IRN produced a pitch that
gammatone filterbanigltf) with center frequencies between was distinct from that of the masker IRN, and listeners based

0.1 and 8 kHz, evenly distributed on the ERB scdi@; - . )
o . their judgments on whether the stimulus contained one or
half-wave rectification, square-root compression, and fourth:

order low-pass filtering with a 0.8-kHz cutofh€l) in each two pitches. For small delay differences, or large masker

) o delays, the pitches of the signal and masker merged, and
frequency channel{iv) a channel-by-channel time-interval L )
. . - listeners based their judgments on the strength, or salience,
analysis performed by strobed temporal integratismi)(

AR : . . . of the pitch. In the simulations, we used a Euclidean dis-
which is similar to autocorrelation. This version of AIM is 2 : . .
: . .~ tance,D“ (Meddis and Hewitt, 1991&0 measure the differ-
referred to as thgtf/hcl/sti model, and a detailed descrip- ences between the summarv Al for the sianal plus masker
tion of it can be found in Sec. IV of the paper by Krumbholz y gnal p

2 . .
et al. (2001, who used the model to explain the masking and that 9f the masker alon® is the integral .Of. the
. squared difference between the summary Als, so it includes
asymmetry between noise and IRN.

The stages of thtf/hcl/sti model prior to the time- differences at all time intervals within the summary images.

interval analysis simulate peripheral auditory processing u@or each experimental conditide., each combination of
d, anddd), D? was calculated as a function of SMR.
C» H ]

to the level of the auditory nerve: the initial bandpass filter. ,

nory . P Threshold was defined as the SMR at whBA reached a
represents the operation of the middle ear, the gammatone., T .
) . . criterion level,C, and this criterion was the main parameter
filterbank (@tf) simulates the spectral analysis performed by.

the cochlea, the half-wave rectification, compression, anc'P the fitting process. All of the conditions of the experiment

low-pass filtering ficl) simulate the transformation of the were fitted simultaneously, with a fixed value ©f which

. o was then varied to find the value that minimized the root-
basilar-membrane response to the neural activity pattern

(NAP) flowing up the auditory nerve. Strobed temporal inte_mean-squarérms) deviation between the simulated and ob-

. . . . . served thresholds. The version of AIM in Krumbhatal.
gration (sti) produces a time-interval histogram of the neu- ) . A
Lo . B (2001 produced a good fit to the data without modification.
ral activity in each tonotopic channel, which is similar to the

all-order time-interval histograms produced by autocorrela—At the same time, it appeared that the fit could be improved

tion. However,sti has the advantage of preserving short-by (1) modifying thetime-interval weighting functioassoci-

term temporal asymmetry that listeners hé@atterson and ated with the lower limit of_pitch aznd/o(ii) limiting the
: . . . order of the peaks that contribute ©“.
Irino, 1998, and at the same time, it requires far less com-
putation. The tonotopic array of time-interval histograms is
referred to as an auditory imagal), and the structure in the
upper panel of Fig. 1 is the Al produced by the model in There is a progressive reduction in pitch strength when
response to an IRN with an 8-ms delay. approaching the lower limit of pitch. In the default version of
The decision statistic was derived from the “summary AlM, the reduction in pitch strength and the lower limit of
Al,” produced by averaging the Al across frequen@s in  pitch are implemented with a linear weighting function that
the lower panel of Fig. )1 The summary image was normal- decreases from unity when the time interval is 0 ms, to zero
ized to the value at 0 ms which is a measure of the overalvhen it is 40 ms. It is this which produces the progressive

B. Time-interval weighting
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x 10 from 0.25 to 8; they all decrease from unity tat=0 ms to

8 ' ' Bl s 'ms zero atti=40ms, but the relative weight of the short and
o Bl 16 ms long intervals varies considerably. Whes<1, the function
26- - is concave and longer time intervals contribute relatively less
g to the decision statistic; whea>1, the function is convex
% 4 i and the longer time intervals contribute relatively more. The
o vertical, dotted line in Fig. 8 marks the time intery8b mg
g where the summary images were truncated.
&2 -
)

C. Peak-order limit
00 10 20 30 Peaks in the summary Al at multiples of a basic delay
Time interval in ms are referred to as “higher-order” peak¥ost, 1996a,h The

: __presence of higher-order peaks is due to the fact that auto-
FIG. 7. Squared difference between the summary Als for masker-plus-sign . .. . . .
and masker alone, plotted as a function of time interval. In the case of thgorrelatlon ‘?mdSt' include t'm_e intervals between npnadja-
gray area, the masker and the signal had delays of either 8 and &drays ~ cent peaks in the neural activity pattern, as well as first-order
shading, or 16 and 16.1 meblack shading intervals. Kaernbach and colleagues have pointed out that the
order of the time intervals that contribute to a given peak in

reduction of activity level across time interval in the Al of the Al is usually greater, or equal, to the peak ordéaern-
the upper panel in Fig. 1, and thus, the slope in the summarjach and Demany, 1998; Kaernbach and Bering, 2001
Al of the lower panel in Fig. 1. This linear time-interval Figure 7 shows that the squared difference associated
weighting function in turn produces an approximately linearwith the second-order pedkear 16 mscan be greater than
decrease in the weight of the squared difference between ti{Bat associated with the first-order pe@ear 8 mg despite
summary images for masker and masker plus signal acro$Be linear time-interval weighting in the underlying summary
time interval. The black foreground in Fig. 7 shows theimages. The reason is that the separation between the peaks
squared difference for a 16-ms masker IRN combined with #f the signal and masker increases in proportion to peak or-
16.1-ms signal IRN plotted as a function of time interval; theder. So, in the current example, the delay difference of 100
SMR is 0 dB andF, is 0.8 kHz. The squared difference is us between the 8-ms masker and the 8.1-ms signal produces
concentrated at the signal delay, the masker delay, and thedr Peak separation of 10@s for the first-order peaks, but a
integer multiples. The gray background shows the squarefieak separation of 20@s for the second-order peaks, and
difference for an 8-ms masker with an 8.1-ms signal. Thethe larger peak separation leads to a larger squared difference
first peak in the squared difference function for the 8-msfor the second-order peaks. It is also the case that stimuli
masker is about twice as large as the first peak in the differwith shorter delays produce more higher-order peaks within
ence function for the 16-ms masker because of the timethe time-range of the summary images than stimuli with
interval weighting function. longer delays. In the version of the model proposed by
The relative weight of the time intervals was varied with Krumbholz et al. (2001 all peaks with delays less than 35
a power function that reduces to the linear weighting func-ms contribute to th®> measure, and the higher-order peaks
tion when the exponenty, is unity. The weighting function ~€nable the model to simulate the general reduction in thresh-
is w(ti) =1—(ti/40)%, whereti is time interval ande is a  0ld that occurs as delajecreases the asymmetry of mask-
parameter that determines the degree of nonlinearity. Figuré@d experiment.

8 shows the time-interval weighting function for valuesaof There are other studies, however, where listeners appear
to make little, if any, use of higher-order peaks, indicating

that higher-order peaks may affect the masking properties of
the stimulus more, and in a somewhat different way than
they do its pitch and pitch strength. Yodt996a and Yost
et al. (1996 found that listeners had difficulty discriminating
IRN in which the delayed copy is added back to the “origi-
nal” noise (IRNO) from IRN in which the delayed copy was
added to the “same” nois€RNS). The first-order peaks in
these stimuli have the same height but the higher-order peaks
in IRNO are larger, and so the IRNO might have been ex-
pected to have a stronger pitch. It appears that higher-order
peaks have no influence on the pitch or pitch strength, as
0 1'0 2'0 3'0 40 long as they are ndarger than the first peakYost, 1996b,
Time interval in ms 1997. In IRN, peak height usually decreases with increasing
peak order. However, when IRN is produced with a negative
FIG. 8. Time—inte.rval ngght_ing functions for_ values afflrom 0.25 to 8,_ ain factor the first-order peak is inverted and it is re-
plotted as a function of time interval; the vertical dotted line marks the tlmeg _’g’ . P . .
interval where the Al was truncaté@5 mg. The function fore=1.5, which placed by its adjacent smaller side peaks that dominate the
produced the best fit to the data, is shown by the dashed line. perception when the number of iterations,is small. When

Amplitude
o
<

a=0.25
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FIG. 9. Minimum root-mean-squafems) deviation between simulated and
observed thresholds, as a functionafthe parameter of the time-interval
weighting function, andpw (the parameter of the peak-weighting funcion

SMR in dB

the shading is black for smaller deviations and white for larger deviations 204 IOVOUI e — -

(scale bar across the top of the figur@he small white cross marks the F =32kHz :
combinationa of and pw for which the rms deviation is minimur(l.85 -25 c . ; ]
dB). 0 25 50 75 100

Delay difference (dd) in us

n increases, however, these side peaks can be smaller th%. 10. Simulated thresholdéold symbols and lingsand observed
the second-order peak at twice the delay, which is not inthresholds(thin symbols and lingsas a function of delay difference; the
verted wherg is negative. In this case, the pitch corresponddilter cutoff is 0.8 kHz (upper pansl or the 3.2-kHz(lower pane). The
to the second-order pedb(ost, 1996bh, 199)7 parameter is the delay of the masker IRN.

The data from the current study appear to be ambiguous
with regard to the use of higher-order peaks. On the onat pw=2.25 anda=1.5, marked by a white cross. At this
hand, the width of the Tl masking function decreased withpoint, the time-interval weighting function is slightly convex
delay for maskers with delays between 64 and 8 ms, whiclisee the dashed line in Fig),&nd second-order peaks in the
suggests that higher-order peaks are used. On the other hastimmary images contribute to the decision measure, but
there was no further decrease for masker delays below 8 mbjgher-order peaks do not. The TI masking patterns produced
which suggests that there is some relatively low limit on theby this version of the model are presented by the bold sym-
order of the peaks that can be used. Accordingly, AIM washbols and lines in Figs. 10 and 11; the thin symbols and lines
modified to include a “peak-weighting” function, (), that  show the observed thresholds.
reduced the contribution of time intervals from unity to zero Overall, the model produces a surprisingly good fit to
between one order of peak and the next. That is, for a givethe data. The upper and lower panels of Fig. 10 show the
peak orderpw, the function decreased linearly from unity at data for the 0.8- and the 3.2-kHz filter conditions, respec-
ti=pwXd,, to zero atti=(pw+1)Xd,,, whered,, is the tively; the parameter is the masker deldggend in upper
masker delay. The upper limit opw is effectively 8 since pane). The initial descent of the simulated Tl masking pat-
the shortest delay in the current experiment was 4 ms, and itern is very similar to that of the data, except in the case of
eighth-order peak would occur at 32 ms. the 32-ms masker in the 3.2-kHz filter condition where the
tip of the simulated masking pattern is too broad. The width
of the Tl masking pattern increases with the delay of the
masker as in the data. The asymptotic level at the larger

The simulation of the Tl masking patterns with the delay differences increases with increasing masker delay as
modified version of AIM was performed repeatedly usingin the data, although the absolute values at the largest delay
time-interval weighting functions witlw ranging from 0.25 differences are a little too low when the filter cutoff is 3.2
to 8 in steps of 0.25, and peak-weighting functions vgth ~ kHz.
ranging from 1 and 8 in steps of 0.25. For each combination  Figure 11 shows the results for the 16-ms masker; in this
of @ and pw, the fit was evaluated in terms of the rms de-case, the parameter is filter cutoff; (legend in upper
viation between the simulated and observed thresholds. Figgane). The width of the Tl masking pattertiecreaseswith
ure 9 shows the rms deviation between simulated and olincreasing filter cutoffupper panel of Fig. 11 which sug-
served threshold plotted with on the abscissa angw on  gests that temporal resolutiéas measured by IRN masking
the ordinate(white representing large, black representingis affected by the duration of the impulse response of the
small, deviations The figure shows that there is a local auditory filter, which is roughly inversely proportional to fil-
minimum in the region wherpw is 1.5 to 2.5 andrvis 1 to  ter center frequency. In the model, the duration of the audi-
3. The minimum rms deviation is just 1.85 dB and it occurstory filter impulse response determines the width of the ver-

D. Modeling results
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51 ; : * o would not be expected to contribute much to the detection of
0 o ﬁ 8:8 kH; I the signal(see the black area in Fig).7Thus, to the extent
§ : ~— 1.6 kHz that the model is appropriate, the present data suggest that
o 5{RNR e A= 32kHz 11 the monaural system processes time-interval information
© ) : : —— 6.4 kHz . . . S
c AL - with a resolution of 10—20 microseconds, which is similar to
104 BRR NN ; ]
o : : : the resolution of the binaural system.
0 -1547 Ny v The temporal resolution revealed by the TI masking pat-
““““ tern (tens of microsecondisis two orders of magnitude
-20 d =16 ms greater than the values obtained with traditional measures
o5+ ; : like gap detection or modulation detectidfrorrest and
0 5 1|°° i 200 d 300 400 Green, 198Y. The discrepancy suggests that the thresholds in
. eay. tierence (. d) in ps the Tl masking pattern are based on a different perceptual
5 j : cue and a different neural code. The cue in the gap and
------ : modulation experiments is rapid fluctuation in the temporal
: : : envelope of the sound, whereas the cue in the Tl masking
2 : : experiment is stationary—a reduction in pitch strength or
5 AL EELRTTRRIERR RN Lo precision of the perception. In models of envelope process-
= : : ing, it is assumed that the cue is a temporal fluctuation, and
]

: : that it is represented by tmporalcode up to the highest
i I ............... SR processing levels. In time-interval models of auditory pro-
: ¢ : cessing, it is assumed that the cues are based on stable time-

0 o 0o 03 interval histograms with relatively long time constants that
dd*F may involve aspatial representation of the time-interval in-

formation in the monaural stimuluge.g., Pattersoret al.,

FIG. 11. Simulated thresholdbold) and observed thresholdgin) for the 1995.

16-ms maske_r asgfunction of_delaydifference; the paramgte_r is filter cutoff, Rate discrimination measurements yield estimates of

F.. The abscissa is absolule in the upper panel andd multiplied by F. . . .

in the lower panel. temporal _acmty that are closer to the m|cro_second resolutlon

reported in the present study than the estimates from tradi-

tional measurements of temporal resolution. Rate discrimina-

tion threshold for sinusoidally amplitude-modulat€®iAM)

oise is about 6% for base rates up to about 30GHtNa,

992. A 6% difference in rate at 300 Hz corresponds to a

difference of 200us in the repetition period of the modula-

tor. Kaernbach and Berin@001) report that listeners could

tical ridges in the Al of IRN, just as the frequency resolution
of the auditory filters determines the width of the excitation
pattern of a sinusoid. Consequently, the width of the ridgen
decreases with increasing filter frequen(see the upper
panel in Fig. 1. This, in turn, explains the model’s ability to

account for the decrease in the width of the Tl masking patd. iminate the rate of periodic click trai ith ity of
tern with increasing filter cutoff frequency. In the lower Iscriminate the rate ot periodic click trains with an acuity o

panel of Fig. 11, threshold is plotted as a functiondaf about 1.25% when the rate was 250 Hz and the click trains

timesF.. This panel shows that the width of the simulatedV€"® high-pass filtered at 4.5 kHz to remove spectrally re-

masking pattern, like that of the observed masking patterns,owed harmonics. A 1.25% difference in rate at 250 Hz cor-

does not decrease in proportion to filter cutoff. The paneres_pon_ds to a difference of % in the period of the sound,
also shows that the model is unable to explain why theWh'Ch is not much larger than the value suggested by the

asymptotic threshold level increases with increasing filte/dat@ from the current experiments. However, Kaernbach and
cutoff (lower panel of Fig. 11 Bering’s results might be overly optimistic; using essentially

the same stimuli, Cullen and Lor(@986 reported rate dis-
crimination thresholds that were considerably larger than
those reported by Kaernbach and Bering. Discrimination of
The previous section showed that a simple time-intervathe frequency of a sinusoid can be interpreted to indicate
model of auditory processing can produce a remarkably gootemporal acuity that surpasses even the }&5esolution
fit to the present IRN masking data. The model explains thesuggested by the current data. At 1 kHz, frequency discrimi-
absolute width of the Tl masking pattern and it accounts fomation threshold is about 0.2%. So, if changes in the fre-
the effects of masker delay and frequency region. The modquency of sinusoids are mainly mediated by temporal cues in
eling results indicate that first- and second-order peaks in théhe phase-locking range, threshold at 1 kHz would corre-
time-interval histograms contribute to the masking releasspond to temporal acuity on the order ofwa. However,
but that higher-order peaks do not, and that contribution othanging the frequency of a sinusoid produces a change in
longer time intervals decreases approximately linearly withthe place of the excitation along the cochlear partition, and
time interval. In the highest filter conditiofr(=6.4kHz), a  so this measure is probably confounded by spectral cues.
delay difference of just 12.5us between the signal and It is interesting to compare the temporal resolution de-
masker IRNs produced a significant masking relé&sg 6). rived from Tl masking patterns with the frequency resolution
The masker delay was 16 ms, and so the second-order pedkrived from spectral masking patterns. The resolution with
at 32 ms was close to the lower limit of pitch. As a result, it which temporal and spectral information is represented in the

V. DISCUSSION
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auditory system might be expected to reflect their relativdive and negative gain which show that the second-order
importance for the formation of perceptions. When IRN peak contributes to the discrimination when it is similar in
threshold is plotted as a function of the relative delay differ-size to the first-order pealyost, 1996b, 1991 The current
ence as in the lower panels of Figs. 4 and 5, the Tl maskingtudy corroborates the use of second-order peaks but indi-
pattern is found to be surprisingly narrow. In the 0.8-kHzcates that peaks beyond second order are not used.
condition (Fig. 4), the width of the masking patterns is less In the current simulation, the time-interval analysis was
than 1% of the masker delay, and the percentage is eveaperformed by strobed temporal integratiostif, instead of
smaller in the higher frequency regidiig. 5). In percentage autocorrelationsti measures time intervals from local peaks
terms, spectral masking patterns are more than an order of the neural activity and, as a result, it is sensitive to tem-
magnitude wider than Tl masking patterns. The relativeporal asymmetry in the stimulus. This is a fundamental dif-
width of spectral masking patterns is determined by thderence betweeati and autocorrelation. The contribution of
width of the excitation pattern produced by the narrowbanchigher-order peaks in the time-interval histograms was lim-
masker, which is approximately 10%—-15% of the maskeited by multiplying the histograms with a peak-order weight-
frequency. ing function, and the longer time intervals were reduced by a
The paradigm used to generate and analyze the TI maskime-interval weighting function to explain the lower limit of
ing patterns is reminiscent of the binaural laterality para-melodic pitch. These modifications could be applied to the
digm. In that case, temporal resolution is measured in termgutocorrelogram and/or summary autocorrelogram in a simi-
of the listener’s ability to detect minute differences betweerlar way, but they would still represent aspects of autocorre-
the neural patterns produced by two similar sounds presentddtion that must be modified and/or limited if it is to explain
concurrently, but to separate ears. In the monaural case, tHéch perception in detail.
two stimuli are combined before entering the auditory sys-
tem, and temporal resolution is measured in terms of th&l. CONCLUSIONS
listener’s ability to detect minute temporal differences in the  The current study indicates that listeners can discrimi-
neural pattern of the masker due to the presence of the signg|ate a coherent sound, consisting of a single IRN, from a less
The two paradigms both yield resolution estimates on th@oherent sound, consisting of two IRNs, when the delays of
order of 10us and time-interval models appear to be a reathe two IRNs differ by only a few tens of microseconds. The
sonable basis for explaining the main effects in both domagnitude of the difference and the fact that the difference
mains. decreases when the stimuli are restricted to higher frequency
In most of the current models of monaural temporal pro-regions mean that it is unlikely that the discrimination is
cessing, the transformation from the time domain to thepased on spectral cues. Rather, the discrimination appears to
time-interval domain is modeled by an autocorrelation proe based on small temporal differences in the monaural neu-
Cess; they effectively compute an all-order interval histograma| patterns produced by masker and masker plus signal.
for each channel of the tonotopic array produced in the co-  The just-discriminable difference in IRN delay de-
chlea. Although autocorrelation models can explain manyreased with masker delay from 64 down to 8 ms, but it did
perceptual phenomena in general tefieddis and Hewitt, not decrease further as delay decreased to 4 ms. This sug-
1991a,b, 1992; Meddis and O’Mard, 199They have been gests that higher-order peaks in the time-interval histograms
shown to be inadequate in several respegtstime-interval  contributed to the resolution at the shorter masker delays, but
histograms produced by autocorrelation are symmetric in thénhat there is a limit on the order of the peaks that can be used.
time-interval dimension. The autocorrelogram does not preSignals with small delay differences were more readily de-
serve temporal asymmetries in the stimulus which listenergsectable in the higher filter conditions, indicating that the
may well perceivePatterson and Irino, 1998(ii) The auto-  resolution is affected by the duration of the impulse response
correlation process places no particular limit on levegthof  of the auditory filters.
the time intervals that are represented in the histograms, A computational model of time-interval processing
whereas psychophysical evidence suggests that human ligPattersoret al, 2000; Krumbholzet al, 2001 was modi-
teners can accurately process time intervals up to 33 ms bffied to limit the contribution of longer time intervals and
no longer(Krumbholzet al,, 2000; Pressnitzest al,, 200J). higher-order peaks, and in this modified form it could ex-
(ii) In autocorrelation models, there is no limit on thkeler  plain the main effects in the data accurately.
of the time intervals that appear in the histograms. Kaern-
bach and colleagug&aernbach and Demany, 1998; Kaern- ACKNOWLEDGMENT
bach and Bering, 2001constructed click trains exhibiting
temporal regularity in the higher-order interclick intervals
but not in the first-order intervals, and concluded that “the
mechar_n_sm" operates more eas.”y on fIrSt_order"'tempor%ullen, Jr., J. K., and Long, G1986. “Rate discrimination of high-pass
regmam'es (KaembaCh and Bering, 2001, p. 10'4W|0re' filtered pulse trains,” J. Acoust. Soc. A9, 114-119.
over, pitch-strength studies suggest that higher-order peaks Burlach, N. 1., and Colburn, H. $1978. “Binaural phenomena,” irHear-
the time-interval histograms, which are composed of higher- ing, Handbool_< of Perceptigredited by E. C. Carterette and M. P. Fried-
order time intervals, do not contribute to pitCh St.ren@thst Fg:re:ans(t,A'(l:'é((jBe.,m;%dN(SeerirblgD.vl?ﬂlllsl)\é?). “Detection of partially filled gaps
1996a; Yostet al, 1996; Pattersort al, 2000. (iv) There iy noise and the temporal modulation transfer function,” J. Acoust. Soc.
are experiments involving discrimination of IRNs with posi- Am. 82, 1933-1943.

Research supported by the Medical Research Council
(Grant No. G9901257

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Krumbholz et al.: Microsecond monaural temporal resolution? 2799



Hanna, T. E(1992. “Discrimination and identification of modulation rate,” Patterson, R. D(1994). “The sound of a sinusoid: Time-interval models,” J.
J. Acoust. Soc. Am91, 2122-2128. Acoust. Soc. Am96, 1419-1428.

Handel, S., and Patterson, R. @000. “The perceptual tone/noise ratio of ~Patterson, R. D., and Datta, A.(1996. “The detection of iterated rippled
merged, iterated rippled noises with octave, harmonic and nonharmonic noise(IRN) masked by IRN,” Br. J. Audiol 30, 148.

delay ratios,” J. Acoust. Soc. Anl08 692-695. Patterson, R. D., and Irino, T1998. “Modeling temporal asymmetry in the
Irvine, D. R. F.(1992. “Physiology of the auditory brain stem,” iThe auditory system,” J. Acoust. Soc. Am04, 2967—-2979.

Mammalian Auditory Pathway: Neurophysiolo@gdited by A. N. Popper  Patterson, R. D., Robinson, K., Holdsworth, J., McKeown, D., Zhang, C.,

and R. R. Fay(Springer, New York pp. 153-231. and Allerhand, M.(1992. “Complex sounds and auditory images,” in

Johnson, D. H(1980. “The relationship between spike rate and synchrony Auditory Physiology and Perception, Proceedings of the 9th International
in responses of auditory-nerve fibers to single tones,” J. Acoust. Soc. Am. Symposium on Hearingdited by Y. Cazals, L. Demany, and K. Horner
68, 1115-1122. (Pergamon, Oxford pp. 429—-446.

Kaernbach, C., and Demany, [1998. “Psychophysical evidence against Patterson, R. D., Allerhand, M., and Gigae C. (1995. “Time-domain
the autocorrelation theory of auditory temporal processing,” J. Acoust. modeling of peripheral auditory processing: A modular architecture and a

Soc. Am.104, 2298-2306. software platform,” J. Acoust. Soc. An®8, 1890—1894.

Kaernbach, C., and Bering, @00J). “Exploring the temporal mechanism Patterson, R. D., Handel, S., Yost, W. A., and Datta, A(1296. “The
involved in the pitch of unresolved harmonics,” J. Acoust. Soc. AfD, relative strength of tone and noise components of iterated rippled noise,”
1039-1048. J. Acoust. Soc. Am100, 3286—-3294.

Krumbholz, K., Patterson, R. D., and Pressnitzer,(000. “The lower Patterson, R. D., Yost, W. A., Handel, S., and Datta, A(2D00. “The
limit of pitch as determined by rate discrimination,” J. Acoust. Soc. Am. perceptual tone/noise ratio of merged iterated rippled noises,” J. Acoust.
108 1170-1180. Soc. Am.107, 1578-1588.

Krumbholz, K., Patterson, R. D., and Nobbe, ®001). “Asymmetry of Pressnitzer, D., Patterson, R. D., and Krumbholz,(2001). “The lower
masking between noise and iterated rippled noise: Evidence for time- limit of melodic pitch,” J. Acoust. Soc. Am109, 2074-2084.
interval processing in the auditory system,” J. Acoust. Soc. A0, Rouilly, E., deRibaupierre, Y., and deRibaupierre(1979. “Phase-locked

2096-2107. responses to low frequency tones in the medial geniculate body,” Hear.
Levitt, H. (1972). “Transformed up—down methods in psychoacoustics,” J. Res.1, 213-226.

Acoust. Soc. Am49, 467-477. Shackleton, T. M. and Carlyon, R. PL994. “The role of resolved and
Licklider, J. C. R.(195)). “A duplex theory of pitch perception,” Experi- unresolved harmonics in pitch perception and frequency modulation dis-

entia7, 128—133. crimination,” J. Acoust. Soc. Am95, 3529-3540.

Meddis, R., and Hewitt, M. J19913. “Virtual pitch and phase sensitivity ~ Slaney, M., and Lyon, R. F1990. “A perceptual pitch detector,” irPro-
of a computer model of the auditory periphery. I. Pitch identification,” J. ceedings of the IEEE International Conference on Acoustics, Speech, and
Acoust. Soc. Am89, 2866—-2882. Signal Processing, Albuguerque, New MexidBEE, New York, pp.
Meddis, R., and Hewitt, M. J1991b. “Virtual pitch and phase sensitivity 357-360.
of a computer model of the auditory periphery. II. Phase sensitivity,” J. Yost, W. A. (1996a. “The pitch strength of iterated rippled noise,” J.
Acoust. Soc. Am89, 2883-2894. Acoust. Soc. Am100, 3329-3335.
Meddis, R., and Hewitt, M. J1992. “Modeling the identification of con-  Yost, W. A. (1996b. “The pitch of iterated rippled noise,” J. Acoust. Soc.
current vowels with different fundamental frequencies,” J. Acoust. Soc. Am. 100, 511-518.

Am. 91, 233-245. Yost, W. A. (1997. “Pitch strength of iterated rippled noise when the pitch
Meddis, R., and O’Mard, L(1997. “A unitary model of pitch perception,” is ambiguous,” J. Acoust. Soc. Ani01, 1644—-1648.

J. Acoust. Soc. Am102 1811-1820. Yost, W. A., Patterson, R. D., and Sheft,($996. “A time domain descrip-
Oertel, D.(1997. “Encoding of timing in brain stem auditory nuclei of tion for the pitch strength of iterated rippled noise,” J. Acoust. Soc. Am.

vertebrates,” Neurorl9, 959-962. 99, 1066-1078.

2800 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Krumbholz et al.: Microsecond monaural temporal resolution?



