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Interaural-delay sensitivity to high-frequency (>3 kHz) sinusoidal-frequency-modulated~SFM!
tones is examined for rates from 25 to 800 Hz and depths of212 to 18 dB. Comparison is made
to thresholds obtained for sinusoidal-amplitude-modulated~SAM! tones for the same observers and
modulation rates. Both SAM and SFM threshold-by-rate functions are U-shaped with optimum
sensitivity to SFM tones occurring at higher rates (f m5200– 400 Hz) compared to those for SAM
tones (f m5100– 200 Hz). Effects of modulation depth were examined for rates from 50 to 300 Hz.
In all cases thresholds improved considerably with increasing modulation depth. It is also shown
that a hybrid dichotic signal composed of an SFM tone presented to one ear and an SAM tone to the
other, can perceptually fuse and be lateralized, with the contingency that both stimuli have equal
modulation rates but not necessarily equal carrier frequencies. Using bandpass noise to restrict
off-frequency listening, it was shown that for this stimulus, observers can use information from
filters either below or above the carrier frequency. Consistent with FM-to-AM conversion from
cochlear bandpass filtering, several important differences between the SAM- and SFM-tone data can
be predicted from a nonstationary stochastic model of binaural interaction whose parameters are
uniquely determined from the SAM-tone data. ©1998 Acoustical Society of America.
@S0001-4966~98!03705-9#

PACS numbers: 43.66.Ba, 43.66.Pn, 43.66.Nm, 43.66.Lj@RHD#
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INTRODUCTION

Sensitivity to interaural delays at high frequencies
documented extensively for amplitude-modulated~AM !
sounds. The early studies of AM processing investigated
dependence of sensitivity on a wide range of simple stimu
parameters such as envelope rate, carrier frequency,
modulation type~Leakey et al., 1958; Davidet al., 1959;
Harris, 1960; McFadden and Pasanen, 1974, 1975, 1
Henning, 1974a, 1980, 1981; Hafter and DeMaio, 19
Nuetzel and Hafter, 1976, 1981; Yostet al., 1971!. Later
investigations extended to more complex binaural phen
ena such as interference~McFadden and Pasanen, 197
Zurek, 1985; Trahiotis and Bernstein, 1990; Buell and T
hiotis, 1993; Bernstein and Trahiotis, 1995!, summation of
interaural information~McFadden and Pasanen, 1976; Haf
et al., 1990; Buell and Trahiotis, 1993; Saberi, 1995!, testing
models of cross correlation~Colburn and Esquissaud, 197
Stern et al., 1988a!, masking ~Henning, 1974b; Bernstein
and Trahiotis, 1992; Kohlrauschet al., 1995!, motion dis-
crimination~Saberi and Hafter, 1996!, adaptation and prece
dence~Hafter et al., 1988; Blauert and Divenyi, 1988; Sa
beri, 1996!, all at high frequencies.

In contrast, there are only a handful of papers on bin
ral sensitivity to frequency-modulated~FM! sounds~Hen-
ning, 1980; Blauert, 1981; Hukin and Darwin, 1994!. The
types of FM stimuli to which binaural sensitivity has be
shown include phase-jittered tones~Nordmark, 1976;
Blauert, 1981!, square-wave modulation~Green and Kay,

a!Current address: 216-76 Division of Biology, Caltech, Pasadena,
91125, Electronic mail: kourosh@caltech.edu
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1975; Greenet al., 1976; Kay, 1982!, noise-modulated phas
~Bielek, 1975!, and sinusoidal-frequency-modulated~SFM!
tones~Henning, 1980!. In spite of their completely flat enve
lopes, lateralization of high-frequency FM sounds is possi
because of an FM-to-AM conversion by cochlear bandp
filtering ~Zwicker, 1958; Henning, 1980; Blauert, 1981!. The
rate, depth, envelope shape, and phase of this AM-like
sponse vary across filters and primarily depend on:~1! the
frequency separation between the filter’s resonant freque
and the stimulus carrier;~2! stimulus modulation rate, phas
and depth; and~3! the impulse response of the filter, includ
ing its phase spectrum. The manner in which these fac
interact is complex and requires careful and in-depth con
eration.

With the exception of Henning~1980!, all previous bin-
aural studies on FM at high frequencies have used nons
soidal modulation. These stimuli have discontinuities in t
slope of the carrier waveform and, therefore, transi
byproducts. Sinusoidal modulation however has smoot
varying temporal properties with a power spectrum that
more confined and symmetric about the carrier frequen
and is therefore a useful stimulus for isolating the effects
frequency modulation. The one study that has examined
aural sensitivity to SFM tones at high frequencies was c
ducted by Henning~1980! who used only a single modula
tion rate~300 Hz! and carrier frequency~3.9 kHz!. Henning
reported that thresholds of 80–200ms for that stimulus were
comparable to those observed for quasi–frequen
modulation~QFM! and slightly higher than those for SAM
tones with the same rate.

The goal of the present study is to:~1! investigate bin-
aural processing of SFM tones at high frequencies for a w

A
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range of stimulus parameters and in comparison to S
tones, and~2! evaluate for SFM tones the predictions of
model of binaural interaction whose parameters are uniqu
determined from the SAM-tone data. The experiments be
with a measurement of interaural time difference~DITD!
thresholds for SFM tones at several carrier frequencies
modulation rates. Thresholds are then compared at one
rier frequency to those obtained with SAM tones using
same observers. Data and observations are also reported
variety of other psychophysical tasks that examine the
fects of modulation versus carrier delay, and modulat
depth. Finally, binaural interaction between an SFM to
presented to one ear, and an SAM tone to the other ea
examined. We begin with a description of the spectral ch
acteristics of SFM tones.

I. FOURIER SPECTRUM OF SFM TONES

An SFM tone X(t)5Ac cos@2pfct1b cos(2pfmt)# has
an instantaneous frequencyf c1D f sin(2pfmt) and a Fourier
expansion~Inglis, 1988; Carlson, 1986! expressed as the ha
monic series

X~ t !5Ac J0~b!cos 2p f ct2Ac(
n50

`

J2n11~b!

3$cos 2p@ f c2~2n11! f m#t2cos 2p@ f c1~2n

11! f m#t%1Ac(
n50

`

J2n~b!$cos 2p@ f c22n fm#t

1cos 2p@ f c12n fm#t%, ~1!

where b5D f / f m , the frequency-modulation index, is th
ratio of peak-frequency-deviation to modulation frequen
and

Jn~b!,
1

2p E
2p

p

ej ~b sin l2nl! dl ~2!

are Bessel functions of the first kind of ordern ~sideband
number! and argumentb which define the amplitude coeffi
cients of the line spectra~Fig. 1!. Equation~1! shows that the
line spectra of SFM tones consist of a carrier frequencyf c

and sidebands atf c6n fm with the odd-order lower side-
bands inverted in phase relative to the unmodulated carr

As b increases, so does the bandwidth of the SFM to
Usually, the effective bandwidth of this stimulus is appro
mated from Carson’s rule which defines the 98% ene
bandwidth as 2(b11) f m ~Cooper and McGillem, 1986
Carlson, 1986!. While the bandwidth of the SFM tone in
creases withb, the amplitudeAc of the time waveform and
therefore the stimulus power are constant and independe
b. Consequently, changingb must change the stimulus en
ergy at the carrier frequency. For some values~b52.4, 5.3!
there is no energy at the carrier. This property is very diff
ent from that of SAM tones. The carrier of an SFM to
contains part of the modulation information while the carr
of an SAM tone contains no information about the modu
tion waveform~Couch, 1987; Carlson, 1986!.

The amplitude of the sidebands of an SFM tone@Eq. ~2!#
cannot be expressed in nonintegral form, however, they h
2552 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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been numerically evaluated and tabulated for many value
b ~Abramowitz and Stegun, 1972!. The lower panel of Fig. 1
shows calculations of sideband attenuation relative to car
amplitude in decibels for various values ofb50.2, 0.4, 0.6,
0.8, 1.0, 2.0. Note that these functions are dependent on
one stimulus parameter,b. The amplitude of the sideband
drop rapidly when the sideband number exceeds the valu
b for b.1. Forb<1, the stimulus bandwidth from Carson
rule is confined to the frequency region bordered by the s
ond sidebands. For most of the carrier frequencies
modulation rates used in the following experiments, t
SFM-tone bandwidth is confined to frequencies considera
above 1.5 kHz. Nonetheless, lowpass noise and highpas
tering are used to eliminate possible low-frequency cues
intermodulation distortions.

II. MODEL STRUCTURE

In this section a model of binaural interaction is d
scribed that is later used to examine the data obtained
both SAM and SFM stimuli. The important feature of th
model is that its parameters are determined from the S
data and predictions are subsequently made for SFM to
Thus the extent to which the model captures performa
reflects the extent to which amplitude envelope cues are u
from an FM-to-AM conversion by bandpass filtering.
block diagram of the model structure is shown in Fig. 2. T
stimuli are first filtered through a Gammatone filterba
~Holdsworthet al., 1988!. The filterbank consists of 30 filter

FIG. 1. Top panel shows the amplitude spectrum of an SFM tone w
carrier f c , modulation ratef m , and a modulation indexb of unity. The
amplitudes are Bessel functions of the first kind of ordern ~harmonic num-
ber! and argumentb. The lower odd harmonics are phase reversed rela
to the remaining components@Eq. ~1!#. The lower panel shows sideban
attenuation in dBre: the amplitude of the carrier forb50.2, 0.4, 0.6, 0.8,
1.0, and 2.0.
2552Kourosh Saberi: Binaural sensitivity to frequency modulation
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distributed logarithmically from 2 to 5 kHz. The Hilbert en
velopes are then extracted and used to drive a nonstatio
fractal point process.1 The point process, which models th
serial correlation of spike patterns from auditory affere
~Teich, 1989; Teich and Lowen, 1994; Lowen and Teic
1995, 1996! is then subjected to a refractoriness mod
~Westerman and Smith, 1985; Carney, 1993! with a random
dead-time distributed uniformly fromRA50.25– 0.75 ms,
and a recovery function described by the sum of two ex
nentials

Q~ t !

5H Qmax$c0 exp@2~ t2t12RA!/s0#

1c1 exp@2~ t2t12RA!/s1#, for ~ t2t1!>RA;

0, otherwise,

~3!

wheret2t1 is the time since the last discharge, andQmax is
the maximum increase in threshold for the recovery funct
~normalized to unity in the current implementation!, c0

50.55 andc150.45 are coefficients for the discharge histo
effect, ands050.8 ands1525 ms are time constants. Th
first stage of the model is used to generate post-stimulus
histograms~PSTH! from 1000 sample waveform present
tions; the PSTHs are then low-pass filtered to reconstruct
envelopes of the filtered waveforms. The primary effect
the point process and refractoriness was to enhance
waveform peaks, similar to an expansive nonlinearity use
psychophysical models~Colburn, 1973; Sternet al., 1988a;
Shear, 1987! and also reported for physiological recording
the auditory nerve in response to SAM tones~Joris and Yin,
1992!. The resultant output of the point process is low-pa
filtered at 150 Hz; the slope of the FIR low-pass filter
chosen to fit the SAM-tone data for modulation rates ab
150 Hz.

The second stage of the model uses the reconstru
envelopes as inputs to an interaural cross-correlation fu
tion

x~ t,t, f !5p~t!E
f a

f bE
2`

t

Xl~ t, f !Xr~ t2t, f !

3$11e2~ t1m!/k%21 dt d f. ~4!

The running cross-correlation has a logistic decay with m
m520 ms and slope parameterk50.002, and a centrality
weighting functionp(t) that heavily weightst values near
zero and has the form of a sixth-order Butterworth bandp
filter that is maximally flat in the passband and monoto
overall with rolloffs at 60.6 ms.2 The cross-correlation
function of Eq.~4! is discretized at a sampling rate of 20 kH
and a deviatejt, f;normal(0,sj

2) is added, before frequenc
integration, to each delay-by-frequency sample of thet2 f
plane to model the stochastic nature of the process. The
~t! associated with the peak of the cross-correlation out
xmax, is then used to obtain a lateral position estimate, fr
which the index of detectability is calculated

d85E@t~xmax!1ep#/~var@t~xmax!#1var@ep# !0.5, ~5!
2553 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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where ep;normal(0,sp
2) is a position noise added to th

estimate before calculation ofd8 to prevent the model from
perfect discrimination in those cases where the wavefo
envelopes have a very high peak factor. Although it is,
principle, useful to maintain this parameter~e!, in practice
the position noise may be chosen to be substantially sma
than j when using high-frequency stimuli, and thereforee
may be ignored or set to zero variance. In the model imp
mentation the expected value ofd8 was estimated from com
puter simulations of 10 000 trials per each value of interau
delay. Between 2 and 4 values of interaural delay were u
to obtain 2–4 values ofd8 that bracketed 0.78. A least
squares linear fit to logd8 vs log ITD was used to obtain th
interaural-delay threshold corresponding to 71% correct p
formance in a 2IFC task (d850.78).

There are several reasons for choosing a stochastic
proach. First, this approach predicts a reduction of intera
sensitivity at low modulation rates as previously reported
SAM-tone data~Nuetzel and Hafter, 1981!. As the rate is
reduced, the maximum slope of the envelope diminishes.
the slope of the envelope decreases, the addition o
constant-variance internal noisej increases the variance o
estimating the peak of the cross-correlation pattern. As
modulation rate is increased, the slope of the envelope
creases and the variance of the position estimate is redu
thus a higherd8. As the rate is still further increased, th
sidebands of the complex are increasingly filtered~due to
increased component spacing! resulting in a reduced depth o
modulation, increased variance of the position estimate,
thereby smallerd8. We next describe experiments that me

FIG. 2. Schematic diagram of the model structure.
2553Kourosh Saberi: Binaural sensitivity to frequency modulation
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sure interaural-delay sensitivity to a variety of SFM stimu
conditions and compare performance with that from SA
tones. Model predictions are evaluated for several of th
experimental conditions.

III. EXPERIMENT I

A. Lateralization thresholds for SFM tones as a
function of modulation rate and carrier frequency

1. Procedure

In each interval of a two-interval, forced-choice~2IFC!
task, a 400-ms dichotic SFM tone with a 20-ms cosin
squared rise-decay envelope was presented. The two i
vals of the trial were separated by 300 ms. In one inter
the waveform ITD led to the left ear and in the other interv
it led to the right ear~except for the gating envelopes whic
were not interaurally delayed!. Waveform delay was
achieved by appropriately phase shifting the carrier a
modulation waveforms by fc52p f cITD and fm

52p f mITD, respectively. The subject’s task was to ident
the order of presentation of the tones~i.e., left-leading then
right, or, right-leading then left!. Each run consisted of 60
trials with visual feedback after each trial. A two-dow
one-up procedure~Wetherill and Levitt, 1965; Levitt, 1971!
was used to adaptively track the 0.707 probability of a c
rect response on the observer’s psychometric function.
step change in interaural delay was 0.2 logms up to the
fourth reversal and 0.05 logms for the remaining trials. The
startingDITD value was 1300ms ~650 ms for each interval
of the 2IFC!. The first four reversals were discarded and
values of interaural delays at the remaining reversals w
averaged to obtain one estimate of threshold.

Each subject completed a minimum of six runs per c
dition. The carrier frequencies were either 3, 4, or 8 kHz a
the modulation rates were 100, 200, 250, 300, 350, 400, 4
500, 600, and 700 Hz. The modulation indexb was equal to
unity. Each condition was defined by one value of modu
tion rate and one value of carrier frequency selected r
domly between runs, but fixed within a run. All signals we
computed before each trial of the adaptive procedure u
an IBM PC and an array processor~Tucker-Davis Technolo-
gies TDT AP2!. Signals were presented through 16-
digital-to-analog converters~TDT DA2! at a sampling rate o
40 kHz and were low-pass filtered at 20 kHz. The sou
pressure level for a continuous SFM tone was 60 dB S
Signals were highpass filtered at 1.5 kHz. In addition, c
tinuous Gaussian noise, low-pass filtered at 1.5 kHz, w
presented at a spectrum level of 32 dB to mask lo
frequency intermodulation distortions~Henning, 1974a;
Henning, 1980; Nuetzel and Hafter, 1981!. Delays between
left and right channels were checked for accuracy with
Philips dual-channel storage oscilloscope~model PM 3335!.
Signals were then led to a single-walled sound booth
presented to subjects through Sennheiser~HD-450!
headphones.3 All three subjects~EM, AN, AS! were experi-
enced in lateralization experiments, and each was pract
on various conditions of the experiment until performan
seemed to be stable. Two subjects were female and one
~EM! and their ages ranged from 18 to 22. The ear canal
2554 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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all subjects were examined and cleaned at the Univer
Infirmary. All subjects had normal hearing within 10 dB o
ISO standards for frequencies between 125 and 8000 H
determined from a Bekesy audiometric test.

2. Results

Results are shown in Fig. 3. Each line represents
averaged data for one carrier frequency. For the 8-kHz c
rier, thresholds are elevated at all rates. At this carrier
quency, the signals are clearly audible and the decline
performance is not due to stimulus detectability. For the
and 4-kHz carriers, lowest thresholds are obtained at mo
lation rates of 200–400 Hz, with the 3-kHz carrier produci
slightly better thresholds than the 4-kHz carrier. Best thre
olds are on the order of 100–200ms. One observer~AN!
produced low thresholds even at a rate of 700 Hz~thus the
large variability!. For this one subject, performance degrad
to chance as the modulation rate was increased to 1 kHz~not
shown!. The only previously available related data is fro
Henning~1980! who used a 300-Hz modulation of a 3.9-kH
carrier. The threshold of 200ms reported by Henning is simi
lar to the current results. Statistical analysis showed a
nificant effect of modulation rate for 3- and 4-kHz carriers~
F9,2052.66, p,0.05; andF9,2053.48, p,0.05! but not for
the 8-kHz carrier~F5,1250.98, n.s.!. Carrier-frequency ef-
fects were significantly different between the 3- and 4-k
conditions@ t(29)52.36p,0.05#.

B. Effects of carrier versus modulation delay

Studies on lateralization of SAM tones at high freque
cies have shown that observers are only sensitive to the
teraural delay in the envelope of the stimulus and not
carrier ~Henning, 1974a, 1980; Henning and Ashton, 198
Nuetzel and Hafter, 1976, 1981!. If the SFM stimulus is
converted into an AM-like response at the auditory perip
ery, then one may expect a similar dominance of modulat
compared to carrier delay. It should be noted however t

FIG. 3. Interaural-delay difference thresholds for SFM tones as a functio
modulation rate. The parameter is carrier frequency. Note that each inte
of the 2IFC task carried an interaural delay ofDITD/2. Data are averaged
for three observers and the error bars are one standard error of the m
2554Kourosh Saberi: Binaural sensitivity to frequency modulation
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while phase shifting the carrier of an SAM tone produce
constant delay of the carrier, this is not true for SFM ton
A constant carrier phase shift of the SFM tone introduce
dynamic delay in the fine structure. For example, an inter
ral phase inversion would produce a smaller instantane
interaural delay in the fine structure when the instantane
frequency of the waveform is equal to the carrier frequen
compared to when it is at its minimum valuef c2D f . While
our results below show that these dynamic carrier effects
not important at high frequencies, they should be accoun
for when low-frequency carriers are used, especially
largeb. All subjects, procedures and stimuli for this expe
ment were the same as part A with the exception that for
carrier-delayed case the phase of the carrier to one ear
additionally delayed byfc52p f cITD while fm50 @see Eq.
~6b!#. In the modulation-delayed case the modulation wa
form was delayed byfm52p f mITD while fc50. Only one
carrier frequency, 3 kHz, and four modulation rates of 2
300, 350, and 400 Hz for which low thresholds had pre
ously been observed were used (b51). Averaged results for
the three observers are shown in Fig. 4. The dashed
represents the carrier-delayed condition and the solid
shows the modulation-delayed condition. Error bars are
standard error of the mean. There is no significant carr
phase effect for the range of parameters examined. Thr
olds for the modulation-delayed case~solid line! are compa-
rable to the whole-waveform delayed thresholds shown
Fig. 3.

IV. EXPERIMENT II

A. Comparison of SFM to SAM thresholds

To what extent is the AM induced by bandpass filteri
of an SFM tone comparable to that produced by an SA
tone, and to what extent can performance for the SFM stim
lus be predicted from data on SAM stimuli? In this sectio

FIG. 4. The dashed line shows interaural-delay difference thresholds
sured when the modulation waveforms of an SFM tone remained in pha
the two ears, and the 3-kHz carrier was interaurally phase shifted
2p f cITD. The solid line shows thresholds for the SFM tone when
modulation waveform was interaurally delayed by 2p f mITD and the carrier
phase was zero at the two ears. The data are averaged for three obs
and the error bars are one standard error.
2555 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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DITD thresholds are measured for a 3-kHz carrier, eith
frequency or amplitude modulated at rates from 25 to 8
Hz. This is a slightly larger range of rates than those use
experiment I. The same controls and procedures as be
were used in this experiment, except that the amplitude
the SAM tone was adjusted bym2/2 ~Viemeister, 1979! to
equate the stimulus power with that of the SFM tone
which b was equal to one. Three new subjects were use
this experiment~JA,AW,KS!.

1. Results

Top panel of Fig. 5 shows the results averaged for th
observers. The bottom panel shows model predictions
will be discussed shortly. The dashed line shows thresho
measured for the SAM tone and the solid line, for the SF
tone. Error bars are one standard error. There is good ag
ment between the SFM data from experiment I~at 3 kHz!
and the current data, in spite of using different observers
is clear that the SFM data are shifted to the right by ab
200 Hz compared to the SAM data. A second observatio
that the same observers produced somewhat similar m
mum thresholds for SFM and SAM tones, although the mi
mums occur at different rates~there is a slight edge for SAM
thresholds!. Previously published data on SAM tones h
shown some variability in the minimum of this function, b
generally, best sensitivity is observed anywhere from rate

a-
at
y

vers

FIG. 5. DITD thresholds for SAM tones~dashed line! compared to SFM
tones ~solid line!. The carrier frequency was 3 kHz. Data are averag
across three subjects. Error bars are one standard error of the mean. L
panel shows model predictions.
2555Kourosh Saberi: Binaural sensitivity to frequency modulation
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125–300 Hz ~Henning, 1974a, Figs. 7, 8; Nuetzel an
Hafter, 1981, Fig. 1!. The data reported here show a min
mum for the SAM function at a rate of 100–150 Hz for a
observers, and a minimum of the SFM function that is c
tered around 200–400 Hz~Figs. 3, 5!. There are statistically
significant differences between SAM and SFM functio
~F1,40521.52,p,0.05!, rate effects~F9,40523.42,p,0.05!,
and interaction between condition~FM vs AM! and rate
~F9,40513.33,p,0.05!.

The bottom panel shows model predictions. It is critic
to note that the model parameters were determined from
SAM-tone data of experiment II. The following procedu
was used to determine these parameters. The noise para
j was adjusted to force the model performance to match
of the single SAM-tone datum at a modulation rate of 1
Hz ~average value in Fig. 5!. The low-pass FIR filter was
then adjusted to best fit the slope of the increasing thresh
as the modulation rate is increased~dashed line in top pane
of Fig. 5 from 200 to 800 Hz!. No parameter adjustment
were made for the low modulation rates below 150 Hz. T
model was then presented with the SAM stimuli at all ra
~low and high! and with the SFM stimuli. The final output o
the model was smoothed with a polynomial function. T
following are the important features of the model predicti
for experiment II.

~1! An increase inDITD threshold with SAM tones is
observed as the modulation rate is decreased below 150
This feature is also observed in the model and is a resu
its stochastic nature and the reduction in the slope of
envelopes at the filter outputs as modulation rate is decre
~approaching a dc function as modulation rate approac
zero!. Because the cross-correlation function also becom
less peaked, for a constant variance noisej, the position
estimate becomes less reliable.

~2! At low rates of modulation, thresholds for SFM
tones also increase for the same reason, however, thres
increase much faster than those for SAM tones. This is a
observed in the model behavior and is due to the followi
For a constant index of frequency modulation (b5D f / f m

51) as the modulation rate (f m) is decreased, the peak fre
quency deviation must also decrease. Consequently, th
stantaneous frequency of the stimulus sweeps through a
gressively smaller region of an auditory filter, hence
output which will have a lesser depth of modulation. This
not true of an SAM tone whose amplitude is always fu
modulated whenm51. Thus thresholds for an SFM ton
increase not only because of a decrease in envelope slop~as
for SAM tones! but additionally because of a reduction
peak-frequency-deviation and therefore the depth of mod
tion.

~3! As the modulation rate is increased above 150 H
thresholds increase for both SAM and SFM conditions,
they increase more quickly for the SAM stimuli~i.e., for a
given modulation rate above 200 Hz, SFM stimuli produ
lower thresholds!. The model also shows this feature. He
the reason is similar to that described in the previous p
except in the opposite direction. As the rate increases
does the peak-frequency-deviation. The output of a filter p
sented with a moderately high rate of frequency modulat
2556 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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~200–500 Hz! is highly peaked since the instantaneous f
quency of the stimulus sweeps rapidly through the filte
passband. The highly peaked nature of the outputs of s
filters provides a cross-correlation pattern that is also hig
peaked. Therefore, the position estimates have a low v
ance in the SFM case.

~4! The predictions for SFM conditions show a wid
region of ‘‘good’’ performance at both high and low rates
modulation. This difference is small, but consistent. T
width of this region is primarily affected by the slope of th
central lowpass filter and the bandwidth of the filterba
model.

~5! Thresholds for both SAM and SFM stimuli converg
at the highest rate of modulation~800 Hz!, both in the data
and in the model predictions. This is not surprising in eith
case. In the experiments, the adaptive procedure had a
ing DITD of 1300 ms ~650 for each interval of the 2IFC
task!. The procedure produces a maximum threshold e
mate of about 1050ms, even for an undetectable signal, b
cause correct responses are recorded by chance on ha
trials ~i.e., the probability of two successive chance corr
responses is 0.25!. For this same reason, we limited th
model performance to a high threshold of 1050ms. Both in
the data and predictions, a negative curvature from this
ture is observed as the modulation rate approaches 800

B. Thresholds as b is varied

Interaural-delay thresholds for SAM tones improve w
increasing depth of modulation~Nuetzel and Hafter, 1981!.
For an SFM tone, as the depth of frequency modulation
creases, its instantaneous frequency sweeps through inc
ingly wider frequency regions and its spectrum widens.
the tone sweeps through wider frequency regions, the
induced from bandpass filtering may also increase in de
but not necessarily in all conditions. Because the SFM to
has an infinite number of sidebands and a constant po
increasing the depth of frequency modulation may in f
distribute the spectral energy such that components fal
within a filter’s passband would produce smaller envelo
depths. The widening of the spectrum may also be proble
atic if leakage through filters with low resonant frequenc
is suspected. In the current experiment, the carrier freque
was 3 kHz and three modulation rates of 50, 100, and 300
were used. For the 300-Hz rate,b was restricted to less tha
1.5. For the lowest rate of 50 Hz, a maximum value ofb
58 was used~a peak-frequency-deviation of 400 Hz!. Note
that all signals were additionally highpass filtered at 1.5 k
and low-pass noise with the same cutoff frequency was c
tinuously presented atN0532 dB.

Top panel of Fig. 6 shows the averaged data from t
experiment for three observers. The error bars are one s
dard error of the mean. The parameter is modulation r
Modulation depth is expressed as 20 log(b) to be consistent
with the expression of amplitude modulation depth 20 log(m)
in decibels. As before, there is an upper bound of'1050ms
on performance measurement due to the ceiling imposed
the adaptive procedure, thus the negative curvature for
50-Hz rate. Clearly, a significant monotonic effect ofb is
observed. It is noteworthy that thresholds at a modulat
2556Kourosh Saberi: Binaural sensitivity to frequency modulation
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rate of 50 Hz, where virtually no sensitivity was previous
observed, have noticeably improved asb was increased to 8
This indicates that the limiting factor is not rateper sebut
the depth of the induced AM.

The lower panel shows model predictions. Predic
thresholds improve with increasingb because for a constan
rate of modulation the peak-frequency-deviation (D f ) in-
creases, producing envelopes at the filter outputs that ha
higher peak factor. Forf m5300 Hz the model substantiall
underestimates the rate of change in threshold asb varies.
The reason for this discrepancy is not clear. It should
noted that for these predictions, the noise parameterj was
adjusted to best match the middle datum at a rate of 100
~0-dB depth!. If however,j is adjusted individually at each
rate to best fit the datum at the middle value ofb for that
rate, considerably better fits are obtained even at 300 Hz~not
shown!.4

V. EXPERIMENT III

A. Binaural interaction between SFM and SAM tones

It is natural to pose the question that if an FM-to-A
conversion occurs in the auditory periphery, then would
SFM tone presented to one ear, interact with an SAM ton
identical parameters presented to the other ear? Consid

FIG. 6. Top panel shows the effects of changing the frequency-modula
depth on interaural-delay difference thresholds. The stimulus was an
tone with a 3-kHz carrier frequency and the parameter is modulation
There is an upper bound of'1050ms on performance measurement due
the ceiling imposed on the adaptive procedure. Data are averaged a
three observers. Error bars are one standard error of the mean. Lower
shows model predictions.
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comparison of the outputs of a filterbank model in respo
to SFM- and SAM-tone stimulation~Fig. 7!. The filterbank
consisted of 300 Gammatone filters whose resonant freq
cies were spaced logarithimically from 2 to 5 kHz. The t
panel shows this response to an SAM tone and the bot
panel to an SFM tone, both modulated at 200 Hz and c
tered at 3 kHz. The SAM tone produces a modulation patt
whose peak amplitude is at the filter centered on the car
The rate of modulation is constant and independent of
filter placement. An SFM tone on the other hand produce
somewhat more complicated pattern. Both the depth and
of modulation vary across filters. The output of the filt
centered on the carrier produces a small AM response wh
rate is twice that of the stimulus modulation rate. For t
filters centered slightly away from the stimulus carrier fr
quency, the response is an envelope with asymmetrically
curring double-peaks during each cycle of modulation. Th
is, consequently, substantial spectral energy at the fundam
tal frequency of modulation at the outputs of even these
frequency filters~see also Fig. 10!. For filters centered fur-
ther than the first sideband, the filter response is at
modulation rate, however, the response peaks occur at
ferent times for filters centered above and below the car
frequency. How do the different responses for different
ters combine at a later processing stage? One may add
some of these questions by examining the interactions
occur when an SFM tone is presented to one ear and an S
tone to the other. The first part of the data reported here

n
M
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nel

FIG. 7. Output of a Gammatone filterbank in response to an SAM tone~top
panel! and an SFM tone~bottom panel!. Both stimuli had a carrier frequency
of 3 kHz, a modulation rate of 200 Hz, and a rise/fall time of 5 ms.
2557Kourosh Saberi: Binaural sensitivity to frequency modulation
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presented in summary form in an earlier paper~Saberi and
Hafter, 1995!. Here individual data are presented in additi
to newly collected data and model predictions.

B. Procedure

The left- and right-ear stimuli were SAM and SFM
tones, respectively,

XL~ t !5AC8 sin 2p f ct@11m sin 2p f mt#, ~6a!

XR~ t !5AC sin@2p f ct1fc1b sin~2p f mt1fm!#. ~6b!

Both modulator waveforms were defined in sine phase, w
fully modulatedm5b51, had equal modulation rates~250
Hz! and carrier frequencies~3 kHz!. The SAM-tone modu-
lation waveform remained in sine phase throughout the
periment and an interaural delay was introduced by shift
the phase of the SFM-tone modulation. Both waveforms
20-ms cosine-squared ramps that were not interaurally
layed. The task was 2IFC with feedback. In one inter
fm50, and in the other intervalfm52p f m ITD. As before,
observers were instructed to indicate if the auditory ima
was perceived left–right or right–left. Most observers
ported that for the homophasic case, the images were
symmetric about the median plane, but shifted toward
right ear which carried the SAM tone. Because this was
referent condition, the level of the SAM tone was adjus
(Ac8) so that when the modulators were homophasic at
two ears, the intracranial image was centered. All other p
cedures and apparatus were the same as those describ
experiment IA, except that a blocked psychophysical des
with fixed stimulus parameters was used instead of the a
tive procedure and the measure of performance was pro
tion of correct responses in runs of 100 trials, with one r
per subject per interaural delay.

C. Results

Subjects reported that a single intracranial image w
perceived whose position varied as the interaural modula
phase was varied. Figure 8 shows proportion of correct
sponses for three observers~filled symbol! as a function of
interaural phase disparity. The open symbols are the a
aged data and the solid line is model predictions and will
discussed later. When the modulation of the SFM tone w
antiphasic relative to the SAM phase~p radians or a 2-ms
ITD! discrimination performance was at its maximum. A
the phase difference approached a full cycle, performa
dropped to chance. One observer reported that for the co
tions wherefm.p, the images reversed position and s
had to reverse her response pattern~i.e., the correct feedbac
light became correlated with a reversal of the order of
images!. For this case, all observers were instructed to ad
a response strategy to maximize the number of correct
sponses. Such a reversal of image positions is consistent
the cyclic nature of the modulation waveform.

Figure 9 shows results of a second experiment of
type. As before, an SAM tone with a carrier frequency o
kHz and a modulation rate of 250 Hz was presented to
right ear. The left ear, however, received an SFM tone wh
2558 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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carrier frequency and modulation rate were parameters of
study. On each run of 100 trials, a single modulation rate
a single carrier frequency were selected for the SFM to
and percent-correct detectability of a 2-ms delay imposed
the SFM-tone modulator relative to the SAM-tone modula
were examined. Two features of these data are import
First, performance is above chance only when the mod
tion rate of the SFM tone is equal to that of the SAM ton
Other modulation rates do not binaurally interact with t
250-Hz SAM tone.

It is instructive to note a lack of interaction for an SFM
tone rate of 125 Hz with an SAM tone of 250 Hz. An SF
tone with a rate of 125 Hz produces an envelope with a r
of 250 Hz at the output of a filter centered on the carri
However, this envelope, as observed from Figs. 7 and
has a very small depth and its effects are apparently ea
overwhelmed by responses from off-frequency filters. F
ther support for off-frequency listening is provided by Fig.
If only the information from the filter centered on the stim
lus carrier was used, a bimodal function may be expec
with peaks at 0.5 and 1.5 rads.

A second feature of Fig. 9 is that binaural interaction
maintained for a wide range of interaural carrier-frequen
disparities, as large as 1 kHz. This result is consistent w
that reported for high-frequency SAM tones. Nuetzel a
Hafter ~1976, 1981! and Henning~1974a! have shown that
some observers maintain interaural sensitivity to an SA
tone with interaural carrier-frequency disparity of 0.3–
kHz. McFadden and Pasanan~1975! have also shown binau
ral beats with two-tone complexes for relatively larg
interaural-frequency differences between the complex to
left and right ears ('1 kHz). Naturally, the skirts of co-
chlear filters extend beyond one critical band. If we consi
a Gammatone filter as an approximation, the level of a 3-k
carrier component of an SAM tone is 30 dB attenuated at
output of a filter centered at 4 kHz, and it is abo

FIG. 8. Results of experiment III. An SFM tone was presented to the r
ear and an SAM tone to the left ear. Proportion of correct responses
shown for three subjects~filled symbols!. The task was to discriminate ho
mophasic modulation from a delayed-modulation condition~gating enve-
lopes were not delayed!. The open symbols are the average for the th
subjects and the line shows model prediction.
2558Kourosh Saberi: Binaural sensitivity to frequency modulation
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bservers.
FIG. 9. Interaural-delay sensitivity for unequal carriers and modulation rates. The left ear received an SAM tone with a carrier of 3 kHz and a modu
of 250 Hz. The right ear received an SFM tone, the carrier and modulation rate of which were parameters~x andy coordinates!. Data were collected for all
64 combinations of carrier versus rate. Each panel shows data from one observer. The lower right panel shows the average data for the three o
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50 dB attenuated at the output of a filter centered at 2 k
These are only moderate attenuations and apparently ins
cient to prevent binaural interactions.

Data were also collected at other modulation rates. So
preliminary listening showed that different observers show
best performance at different modulation rates, but gener
rates between 100 and 250 Hz were optimal. For one
server, performance was measured at a modulation rat
100 Hz asb was varied. The number of correct responses
of 100 trials per run were 100 forb51.0, 92 forb50.2, 88
for b50.1, and 72 forb50.05. Even at a modulation dept
of 225 dB (b50.05) where the peak-frequency-deviation
only 65 Hz this observer showed above chance per
mance. The frequency deviation in this case is too sma
produce a noticeable modulation depth at the filter cente
on the carrier~'0.1 dB if calculated from a Gammaton
filter!. Listening must therefore occur at more remote filte
We show further data of this type from more observers in
discussion section when considering the off-frequency p
cess underlying this interaction.

For simplicity, the data of experiment III on binaur
interaction between an SFM and SAM tone are analyzed
a statistical approach since the data were collected at a fi
modulation rate~the stochastic aspects of the model do n
significantly affect this analysis!. Figure 11 shows a surfac
plot of the SFM–SAM cross-correlation function~after
bandpass filtering! for the two extreme stimulus phase co
2559 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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ditions, that is when the modulation waveforms of the tw
stimuli were either in-phase~left panels! or out-of-phase
~right panels! relative to each other. The surface plots are
top-down view of thet- f plane; the lighter regions represe
the areas of greatest activity. The lower panels are the s
as the upper panels except that a logistic frequen
weighting function was used to attenuate the activity abov
kHz. The upper plots show nearly identical patterns that
mirror images along the frequency axis. It is easy to see
if one were to integrate across frequency, the in-phase
out-of-phase conditions would produce similar outputs a
would therefore be the least discriminable conditions.5 This
is opposite to what was observed in the data. However
observers were to listen off frequency either to auditory
ters above or below the carrier~but not both!, then these two
phase conditions would be maximally discriminable as o
served in the data. As the lower panels show, the inclusio
a frequency-weighting function allows discrimination b
tween homophasic and antiphasic conditions because
peak activity is at negative delays for the homophasic c
ditions and at positive delays for the antiphasic conditio
To evaluate model predictions for this stimulus conditio
the cross-correlation function was frequency-weighted p
to frequency integration as shown in Fig. 11. The posit
estimate (p̂) was then calculated as the interaural delay c
responding to the peak cross correlation. Index of detecta
ity (d85 p̂/s) was then determined from the position es
2559Kourosh Saberi: Binaural sensitivity to frequency modulation
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mate wheres is the single free parameter of the mod
Predictions are plotted in Fig. 8~solid line! together with the
individual data ~filled symbols! and averaged data~open
symbols! of experiment III. Thus de-emphasizing binaur
cross-correlation activity at the higher frequency regio
captures the trend of the data.

To further test the validity of this analysis and the o

FIG. 10. Spectrum of the envelopes at the output of a Gammatone filter
for an SAM tone~upper panel! and an SFM tone~lower panel!. The stimu-
lus was a 3-kHz carrier modulated at 200 Hz.

FIG. 11. Surface plots of interaural cross-correlation functions for four c
ditions~top-down view of thet- f plane!. The lighter regions show the area
of greatest activity. Left panels show the case where the SFM and S
modulation waveforms were homophasic, and the right panels show
tiphasic conditions. The upper panels are unweighted and the lower p
are frequency weighted.
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frequency explanation, an additional control experiment w
run in which filtered noise was used to mask either upp
lower, or middle frequency regions of the stimuli. The stim
lus conditions and procedures were the same as describe
experiment III. The modulation rate and carrier frequency
both stimuli ~SFM to one ear and SAM to other! were 250
Hz and 3 kHz, respectively. The task was to discriminat
homophasic from antiphasic condition. The three mask
conditions included gated Gaussian noise with a passban
either 2.0–2.9 kHz, 2.8–3.2 kHz, or 3.1–4.0 kHz. No tria
by-trial feedback was provided.

Averaged data for three observers are shown in Fig.
Correct responses were arbitrarily assigned to one of the
orders of presentation~i.e., homophasic-antiphasic5correct;
antiphasic-homophasic5incorrect!, although as before, no
trial-by-trial feedback was provided to the subjects. A fe
features of these data are worth emphasizing. First, a reve
of performance is observed when opposite frequency reg
of the stimulus are masked, consistent with off-frequen
listening and predicted from the cross-correlation analy
discussed above~note that chance performance is 0.5!. Sec-
ond, when the frequency region near the carrier is mask
observers seem to focus on the upper frequency region~i.e.,
similar performance for 2.0–2.9 and 2.8–3.2 kHz con
tions!. Third, unmasked performance~Fig. 8! is consistant
with the low-frequency masker condition, suggesting that
the unmasked case, observers also attend to the frequ
region above the carrier frequency, even though informat
below the carrier may also be available.6

VI. DISCUSSION

We would like to address three issues in this section:~1!
Why are threshold-by-rate functions different for SAM an

nk

-

M
n-
els

FIG. 12. Proportion of correct responses of detecting a homophasic f
antiphasic modulation waveform at the two ears, as a function of mas
either lower, upper, or middle frequency regions of the stimuli. Cha
performance is 0.5. Left ear received an SAM tone and right ear an S
tone, both with carriers of 3 kHz and modulation rates of 250 Hz. T
subject’s task was to respond right if the image orders were left–right an
respond left if the orders were right–left. Correct response was arbitra
assigned to the homophasic–antiphasic, and incorrect to antipha
homophasic order of stimulus presentation in the 2IFC task. Data are a
aged for three observers and error bars are one standard error.
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SFM tones;~2! What are the envelope cues that promo
off-frequency listening to SFM tones; and~3! How does the
phase response of auditory filters alter the envelope of
AM-like response. The data and predictions both show t
interaural-delay thresholds follow U-shaped functions
both SAM and SFM tones as modulation rate is varied~Fig.
5!. Why do the minima of these functions occur at differe
modulation rates? First, consider the stimulus properties
limit interaural-delay sensitivity for SAM tones. At low
modulation rates, eventhough the carrier is fully modulat
performance is limited by the inability of the binaural syste
to track envelope synchrony for tones whose envelopes
changing very slowly~i.e., a dc effect!. This is of course not
a characteristic of high-frequency fibersper sebut of enve-
lope slope since highpass filtered clicks are easily lateral
with a precision of better than 100ms ~Hafter et al., 1983,
1988!. Performance at low rates may also be affected b
reduction in the number of samples or envelope peaks
the binaural system receives for a fixed stimulus durat
~McFadden and Moffitt, 1977!. While we do not exclude this
factor, it should be noted that the experiment on frequen
modulation depth~Fig. 6! shows that thresholds improv
with increasingb, which in turn increases the effective slop
of the envelope at a filter’s output without changing the nu
ber of envelope-peak samples. For the higher modula
rates, SAM thresholds are affected both by cochlear filter
and a possible central low-pass filter~Viemeister, 1979!. As
the modulation rate is increased, the SAM sidebands are
creasingly removed from the carrier and are thereby atte
ated by the skirts of the filter centered on the carrier, res
ing in a lower envelope depth and, thus, poorer performa
~Nuetzel and Hafter, 1981!.

What factors limit performance at high and low mod
lation rates for SFM tones? If the index of modulation is ke
constant as the modulation rate is decreased, there is by
nition a linear decline in peak-frequency-deviation,D f . The
smallerD f yields an AM response with a smaller envelo
depth. Thus for an SFM tone, not only is performance at l
rates degraded by reduced envelope slope~as was the case
for SAM tones!, but there is an additional reduction of e
velope depth due to smallerD f . Therefore, thresholds de
grade more rapidly for SFM tones compared to SAM ton
as the modulation rate is reduced. Note that even ifD f for an
SFM tone is kept constant as the rate is lowered, there i
reason to believe that the lower end of the rate-by-thresh
functions would be identical for SAM and SFM stimuli sinc
the envelope shapes would not be identical~Edwards and
Viemeister, 1996!. At higher modulation rates of about 300
400 Hz, the SFM tone produces lower thresholds than
SAM tone. One reason for this is an increase in the pe
frequency-deviation with increasing rate and a correspond
increase in depth of the AM-like envelope. At even high
rates~700 Hz! neither stimulus can be lateralized, either b
cause the components are not resolved or because of lim
tions imposed by a central low-pass filter.

What are the cues that promote off-frequency listenin
The data of experiment III suggest that observers do
heavily rely on ITDs from filters on or near the carrier fr
quency of an SFM tone. If an AM-like cue is the prima
2561 J. Acoust. Soc. Am., Vol. 103, No. 5, Pt. 1, May 1998
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information from an SFM tone, then the rate associated w
on-frequency listening would be twice the stimulus modu
tion rate and its depth would be considerably smaller th
the response from off-frequency filters. Off-frequency filte
produce an envelope rate that either has single peaks a
modulation rate or multi-modal peaks with energy at the fu
damental frequency of modulation. The reliance on o
frequency listening is not at a major cost. One can estim
the available cues at different rates of frequency modula
at the outputs of a filterbank model from the Fourier sp
trum of their envelopes. Figure 10 shows this output for b
an SFM and SAM tone with a 3-kHz carrier and a 200-H
modulation rate. Clearly, the predominant information is
the fundamental periodicity for both stimuli and the loss
information from neglecting the on-frequency filter is ve
small for the SFM tone since there is very little envelop
spectral-energy at the output of that filter to begin with. Co
sistent with these observations, others have provided
dence from monaurally presented stimuli that observers
on off-frequency filters where the change in excitation p
tern in response to frequency modulation is maximal~Moore
and Glasberg, 1986; Moore and Sek, 1992; Hartmann
Hnath, 1982!.

Finally, a concern throughout this study was how t
phase response of auditory filters affect the processing of
FM stimulus. Equation~1! shows that the odd harmonic
below the carrier of the SFM tone are inverted in phase re
tive to the remaining components. The phase character
of an auditory filter, of course, would affect the phase re
tions of this harmonic complex and thereby alter the tim
envelope at the output of that filter. Unless the filter ha
linear phase~i.e., a delay! the envelope of any filtered wave
form that contains more than two components within t
filter passband will be affected. What then are the phase
frequency functions of auditory filters; how do they compa
with the phase response of Gammatone filters; and,
changes in envelope from phase effects significant comp
to external~stimulus! envelope modulation or that caused b
a filter’s magnitude response?

Kohlrausch and Sander~1995! suggest that the phase o
an auditory filter is consistant with the phase pattern o
negative Schroeder-phase signal. A Schroeder-phase s
is a harmonic complex that has a quadratic phase-
frequency function

fn5f12pn2/N, ~7!

wheren is harmonic number,N is the total number of com-
ponents in the complex, and the sign in front ofp defines
the sign of the Schroeder phase~Schroeder, 1970!. The
Gammatone filter used in our analysis has an antisymme
phase that is increasing in slope below the point of inflect
~at the filter’s resonant frequency! and decreasing above i
The curvature of this filter’s phase~its second derivative!
changes signs at the resonant frequency, whereas the c
ture of a Schroeder-phase signal is constant. Kohlrausch
Sander suggest that a Gammatone antisymmetric p
would result in similar masking period patterns for negativ
and positive-Schroeder-phase maskers, which is not w
they have observed in their data~i.e., they suggest that th
2561Kourosh Saberi: Binaural sensitivity to frequency modulation
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Gammatone phase is not the appropriate model for audit
filter phases!. It is not however clear to what extent the fi
ter’s amplitude response affects the predicted differen
The models used by Kohlrausch and Sander for compar
were the Gammatone and Strube’s~1985, 1986! basilar-
membrane~BM! model. The BM model has a phase functio
with a negative curvature that is constant throughout mos
the filter’s passband, but has an amplitude response
simulates only the passive properties of the basilar m
brane and therefore shows poor frequency selectivity c
pared to psychophysical and physiological data. T
Gammatone on the other hand shows frequency select
comparable to psychophysical data, but has the antisym
ric phase response.

Positive- and negative-Schroeder-phase harmonic c
plexes such as those used by Kohlrausch and Sander m
phase shifted by an allpass filter with an appropriate nega
curvature such that one signal would have a high peak fa
and the other signal a low peak factor. If these two sign
are then filtered with the amplitude response of
Gammatone filter, one observes little difference in the en
lopes of the resultant waveforms at the output of the fi
~i.e., the Gammatone amplitude response is substant
more significant than its phase response in determining
modulation envelope!. Even if the Gammatone filter had
negative quadratic phase, similar predictions would be
served for the positive- and negative-Schroeder-ph
maskers.

To observe how these phase-by-frequency functions
fect the envelope of an SFM tone, we made comparis
under three conditions:~1! Gammatone antisymmetric phas
~2! negative-Schroeder-phase;~3! positive-Schroeder-phase
All stimuli were defined by summation of 13 primary ha
monics of the SFM tone, and then filtered with an allpa
filter with the assigned phase condition by phase shift
each component. The stimulus was then filtered with the
plitude response of a Gammatone filter by attenuating e
component before summation. Thus, the filtering proper
of a hypothetical Gammatone filter with a phase respo
defined by one of the three conditions was modeled. An S
tone with a modulation rate of 250 Hz and a carrier of 3 k
was the stimulus. The filter had a center frequency of 2.
3.0, or 3.25 kHz. The Hilbert envelopes of the filtered sign
were then used to calculate an amplitude modulation dept
units of 20 log10@(max2min)/(max1min)#.

Results are shown in Table I. The negative- a
positive-Schroeder-phase filters produced identical mod
tion depth, but with slightly asynchronous envelope minim
The difference between the antisymmetric phase
Schroeder phases are generally small, approximately 0.6
for filters centered at 2.75 kHz, 1 dB at 3 and 3.25 kHz. T

TABLE I. Effects of filter phase on modulation depth~dB!.

Filter CF ~kHz! Phase: Antisymmetric 1Schroeder 2Schroeder

2.75 21.57 22.22 22.21
3.00 219.5 218.5 218.4
3.25 23.3 24.3 24.3
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smallest envelope modulation, as expected, occurred a
filter centered on the carrier of the stimulus. Why are t
results so similar for the various phase conditions? The
mary components of an SFM tone are the carrier, the fi
and perhaps the second sidebands; further sidebands ar
likely to contribute significantly to the envelope of the fi
tered waveform. As shown in Fig. 1, the first and seco
sidebands are approximately 5 and 16 dB lower in amplitu
than the carrier. For a filter centered on the carrier, the fi
and second sidebands are further attenuated by 6 and 17
respectively~assuming a Gammatone filter!. The first and
second sidebands for the modulation rate of 250 Hz are c
tained within the frequency region of 2.5–3.5 kHz. For co
ponents in this region, the filter produces a phase shift tha
well modeled by a linear function of frequency for all thre
phase conditions (r 2.0.999). A linear phase shift is o
course only a waveform delay, leaving its envelope un
fected; this nearly linear phase also explains the s
in the envelope minima when using filters with negative v
sus positive Schroeder phases. If we include the effe
of the second through fourth sidebands~2.0–4.0 kHz!, the
deviation from linearity increases, but not substantia
~Gammatone:r 250.96; Schroeder:r 250.98!. For an off-
frequency filter centered at 2.75 kHz, the Gammatone-ph
curvature becomes more pronounced and the fit to linearit
reduced~r 250.94 for the 2- to 4-kHz region! while it re-
mains the same for the Schroeder-phase filters (r 250.98).
Although it is difficult to generalize these results~since both
the auditory filter phase and amplitude functions are le
dependent: Allen, 1983; Ruggeroet al., 1992! it seems that
the magnitude response of the Gammatone filter and no
phase response is the primary determinant of envelope d
for a filtered SFM tone, at least for the stimulus conditio
examined here.

VII. SUMMARY

~1! The binaural system shows optimum interaural-de
sensitivity when SFM tones are modulated at rates of 20
400 Hz, which is somewhat higher than those rates that
optimum for SAM tones~100–200 Hz!. Lowest thresholds
of about 100–200ms for SFM tones atb51 are not as good
as the 80–100ms lowest thresholds observed for SAM tone

~2! An SFM tone presented to one ear interacts inter
rally with an SAM tone presented to the other ear, but o
for equivalent modulation rates. Interaction is maintain
however, for interaural carrier-frequency disparities of up
1 kHz. Strongest interactions occur for modulation rates
tween 100 and 250 Hz. Using bandpass masking noise it
shown that observers can use information from auditory
ters either above or below the stimulus carrier frequen
although when conflicting information is present, they atte
to the high-frequency regions.

~3! SAM-tone data were used to set the parameters
stochastic interaural cross-correlation model whose pre
tions were then obtained for SFM tones of various rates
depths. Several differences between the SAM data and S
data were well predicted by the model whose main featu
were an FM-to-AM conversion by bandpass filtering, and
2562Kourosh Saberi: Binaural sensitivity to frequency modulation
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internal-noise limitation on estimating the peak of the cro
correlation function, and thereby, discrimination of late
position.
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1A fractal renewal process~FRP! is generated from sample times betwe
adjacent events that are independent and selected from the same
probability distribution~Lowen and Teich, 1995!. The survival function for
this renewal process decays as a power law

ti;power$c/tD2c/zD% for t,z

0 otherwise,

wheret i are independent samples from a power-law density,D is the frac-
tal dimension set at 0.75 in current implementation~Teich and Lowen,
1994!, z50.4 sec is a cutoff parameter for the waveform duration, andc is
a normalization constant that ensures the area under the density inte
to unity. The FRP exhibits fractal behavior over time scales under the v
of z. The process consists of a set of points on the time axis, but it ma
recast as a real-valued Bernoulli process that alternates between two s
for example zero and unity. This alternating function would then star
zero, switch to unity at the time corresponding to the first event, sw
back to zero at the second event and so on. A number of identical
independent alternating FRPs may be summed to yield a binomial pro
with the same fractal dimension as the single alternating FRP~Lowen and
Teich, 1995! which may then be scaled by the instantaneous level of
stimulus to be used as the driving function for the Poisson point proce

Poisson$m t5X~ t !SFRP~ t !% over @Ñ~ t,t1d!50,1,2,...#,

where m t is the time-dependent parameter of the nonstationary proc
X(t) is the instantaneous pressure waveform, andÑ is the number of events
within a time specified by the discrete waveform sampling period~d!. The
result is a fractal-binomial-noise-driven Poisson point process, a stimu
level dependent doubly stochastic point process~DSPP! that models fractal
spike generation by nerve fibers.

2The centrality weighting function,p(t) implemented here has the shape
a Butterworth bandpass filter. Previous models have used either a fun
with a Gaussian density shape~Shackletonet al., 1992; Saberi, 1996!, or a
hybrid function ~Stern et al., 1988b; Saberi, 1995! consisting of a uni-
formly flat maximum betweent56150ms and an exponential rolloff for
utu>6150ms. The Butterworth function was selected because it has
advantage of a relatively flat region neart50, a steep rolloff, but without
discontinuities in its derivative at the rolloff transition point~i.e., as does
the exponential model at6150ms!.

3The headphone transfer function, measured with a probe-tube microp
~Etymotic ER-7! inside the ear canal was flat within 0.8 dB from 2750
3250 Hz ~the frequency region where many of the experiments were
cused on!. In some experiments additional controls were used to ensure
envelope cues resulting from headphone properties were not signifi
For example, in some control cases, inverse digital filtering of the S
signal inside the observer’s ear canal was used to flatten the headp
transfer function. It should also be noted that any cues from the filterin
the SFM tone by the headphone transfer function is not pure AM but ra
an FM–AM cue~an envelope modulation of a carrier that is changing
frequency!.

4It is also worth documenting that attempts were made to measure mas
level differences~MLD ! for high-frequency SFM tones in continuou
noise. However, as has also be reported for SAM tones, no MLDs w
observed for SFM stimuli.
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5Previous models have used one of two measures of frequency coding.
model uses the straightness~rms error! of peak trajectories~Sternet al.,
1988b; Trahiotis and Stern, 1994! and others use frequency integratio
~Stern and Colburn, 1978; Shackletonet al., 1994; Saberi, 1996!. Both
measures produce identical results in the analysis described here.

6By using a similar masking method, Moore and Sek~1994! have shown
that monaural discrimination of SFM from SAM tones, at least at low ra
of modulation~10 Hz!, is also based on listening to off-frequency filte
and that the specific listening region~above or below the carrier! is not
critical to the discrimination task.
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