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Many naturally occurring sounds are modulated in 
amplitude or frequency; important examples include 
speech and other conspecific communication signals in 
mammals, birds, marine species, and even insects (Bai-
ley, Greenfield, & Shelly, 1993; Brillet & Paillette, 1991; 
Coscia, Phillips, & Fentress, 1991; Dankiewicz, Helweg, 
Moore, & Zafran, 2002; Dear, Simmons, & Fritz, 1993; 
Fant, 1970; Huber & Thorson, 1985; Klump & Lange-
mann, 1992; Pickett, 1980; Robisson, Aubin, & Bremond, 
1993; Ryan & Wilczynskin, 1988; Saberi & Perrott, 1999; 
Sabourin, Gottlieb, & Pollack, 2008; Simmons, 1979). 
Because amplitude- and frequency-modulated (AM and 
FM) sounds are the building blocks of complex sounds, 
understanding how the auditory system encodes these 
signals has important practical and theoretical implica-
tions (Kay, 1982; Moore & Sek, 1992; Saberi, 1998). The 
peripheral mechanisms of AM encoding are relatively 
well understood, requiring a tracking of changes in fir-
ing rates of primary auditory afferents in response to the 
modulation envelope (Javel, 1980; Langner & Schreiner, 
1988; Smith & Brachman, 1980). The mechanisms for 
coding FM signals are not as clear, because the FM enve-
lope is flat. One biological solution is to monitor ampli-
tude fluctuations at the outputs of cochlear filters as the 
instantaneous frequency of the FM sweeps through the 
passband of these filters (Blauert, 1981; Saberi, 1998; 
Saberi & Hafter, 1995). This FM-to-AM transduction is 
extremely useful, because not only does it provide a neu-
rally economical solution to encoding both AM and FM 

sounds, but, from a theoretical standpoint, it also facili-
tates analysis of such important auditory theories as the 
duplex theory of binaural localization.

The duplex theory, formulated in a seminal paper by 
Lord Rayleigh at the turn of the 20th century, proposed 
that humans use interaural time differences (ITDs) at low 
frequencies (below 1.5 kHz) and interaural level differ-
ences (ILDs) at high frequencies to localize sounds along 
the azimuthal plane (Rayleigh, 1907). In the early to mid-
1970s, the viability of this theory was challenged by stud-
ies that demonstrated use of ITDs in envelopes of high-
frequency AM sinusoidal carriers (Henning, 1974, 1980; 
McFadden & Moffitt, 1977; McFadden & Pasanen, 1975, 
1976; Nuetzel & Hafter, 1976). Neurophysiological find-
ings, in addition, showed that some binaurally sensitive 
neurons can encode ITDs in high-frequency AM sounds 
by phase locking to their slowly modulating amplitude 
envelopes (Crow, Langford, & Moushegian, 1980). Later 
psychophysical studies showed that subjects can also use 
ITDs in narrowband sinusoidal FM (SFM) signals at high 
frequencies (Blauert, 1981; Henning, 1980; Nuetzel & 
Hafter, 1981; Saberi, 1998; Saberi & Hafter, 1995).

The present study had two specific goals: The first 
was to empirically determine the binaural system’s abil-
ity to process an important class of FM signals not previ-
ously examined in spatial hearing research. This class of 
 stimuli—broadband directional FM sweeps—is a com-
mon feature of many types of natural sounds. Although 
directional sweeps have been used extensively in animal 
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where fs and fe represent the starting and ending sweep frequencies 
in hertz, and Ts is stimulus duration. ITD was set to zero in one chan-
nel and to the desired interaural delay in the other. Note, however, 
that a positive ITD in this equation results in an increase in start 
frequency and hence represents a waveform leading in time. The 
sweep’s instantaneous frequency is

 
f t f t

f f

ti s
e s

s

( ) ( ) .= + +
−( )

ITD
 

(2)

The logarithmic FM sweeps were generated from Equation 3:
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with an instantaneous frequency,
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In the present study, we selected a starting frequency of 3 kHz, 
randomized by 10% on each presentation (3–3.3 kHz), and an end 
frequency of 8 kHz (110% rove; i.e., 5-kHz sweep). We selected 
a high starting frequency to avoid carrier interaural phase effects, 
which are dominant at frequencies below 1.5 kHz (Mills, 1960, 
1972; Rayleigh, 1907; Yost & Hafter, 1987). This allowed a test 
of the hypothesized encoding of envelope interaural delays across 
frequency-matched filters as the FM sweeps through their passband. 
The frequency range of 3–8 kHz is also a critical range for a va-
riety of other spatial processes—for example, the externalization 
of HRTF-filtered sounds (Butler, 1975; Butler & Belendiuk, 1977; 
Wightman & Kistler, 1989a, 1989b). All waveforms had simultane-
ous onsets and offsets in the two channels to prevent the use of in-
teraural rise/decay envelope cues. Delays between the left and right 
channels were checked for accuracy with a dual-channel digital stor-
age oscilloscope (Tektronix, Model TDS210).

Six stimulus durations, and thus six sweep rates, were used. These 
durations were 0.5, 1, 5, 10, 25, and 50 msec, producing extremely 
rapid sweep rates ranging from 0.1 to 10 kHz/msec for linear sweeps 
and from 0.0283 to 2.83 octaves/msec for log sweeps [log2(8/3)/ 
duration].2 We selected these values on the basis of initial pilot work, 
which surprisingly showed that FM sweeps with durations exceeding 
50 msec could not be lateralized on the basis of an interaural delay.

To reduce the effects of interaural level resulting from the head-
phone transfer function when the instantaneous frequency in one 
channel lags that in the other (or resulting from a difference between 
the transfer functions of the two channels of the headphones), we 
filtered each stimulus by scaling it with the inverse of its Hilbert en-
velope, measured at the output of each channel separately at a sam-
pling rate of 44.1 kHz, using a 6-cc coupler, a 0.5-in. microphone 
(Brüel & Kjær Model 4189), a conditioning amplifier (Nexus, Brüel, 
& Kjær), and a 16-bit analog-to-digital converter (Creative Sound 
Blaster Audigy 2ZS). Analysis of the recorded waveform showed 
that the amplitude envelopes were flattened to within 0.5 dB of the 
mean level across the entire range of frequency sweeps tested. In ad-
dition to using the Hilbert envelopes to flatten the waveforms at the 
output of the headphones, we also tested flattening the headphone 
transfer functions by using a pair of complementary 512-point Golay 
codes (Zhou, Green, & Middlebrooks, 1992), with which we inverse 
filtered the FM sweeps. Although both methods provided relatively 
flat amplitude envelopes, the Hilbert transform method produced 
slightly better results. The level of a 1-sec sweep was set to 75 dB 
SPL (A weighted). No other changes were made to stimulus levels. 
Except for the 0.5- and 1-msec stimulus durations, all stimuli had 
linear rise/decay times of 1 msec.

Procedure. The experiment was run in a block design in which 
the sweep’s duration, direction (up or down in frequency), and type 
(linear or log) were held constant within a run. Each subject com-

neurophysiological studies (Brimijoin & O’Neill, 2005; 
Fuzessery, Richardson, & Coburn, 2006; Mendelson & 
Grasse, 1992; Mendelson, Schreiner, Sutter, & Grasse, 
1993; Nelken & Versnel, 2000; Razak & Fuzessery, 
2006, 2007), human developmental research (Colombo 
& Horowitz, 1986), studies of tonal languages (Luo, Boe-
mio, Gordon, & Poeppel, 2007), and studies of music per-
ception (d’Alessandro, Rosset, & Rossi, 1998), in no prior 
study has the spatial sensitivity of the auditory system to 
these sounds been investigated.1 The second goal of this 
study was to investigate theoretical issues related to the 
localization of high-frequency complex sounds. Several 
issues are addressed, including how extensions to the du-
plex theory on the use of envelope ITD cues at high fre-
quencies are predicted from an FM-to-AM transduction 
and the extent to which envelope ITD processing may be 
accounted for by the presence of ILD cues extracted from 
cross-channel spectral disparity.

Specifically, we examined ITD sensitivity to directional 
linear and logarithmic FM sweeps as a function of sweep 
direction, type, and rate. We used both an up and a down 
sweep because previous work has suggested the existence 
of neurons selective to sweep direction (Mendelson & 
Cynader, 1985; Mendelson & Grasse, 1992; Nelken & 
Versnel, 2000). We investigated binaural sensitivity to both 
linear and logarithmic sweeps because envelope fluctua-
tions at the outputs of auditory filters will have different 
rise/decay slopes, depending on sweep type, and because 
most previous work in this area has included only linear 
sweeps in spite of the logarithmically organized periph-
eral and cortical tonotopy (Clopton, Winfield, & Flam-
mino, 1974; M. C. Liberman, 1982; Müller, von Hüner-
bein, Holdis, & Smolders, 2005; Romani, Williamson, & 
Kaufman, 1982). Finally, we examined ITD sensitivity as 
a function of sweep duration, ranging from 0.5 msec to 
1 sec and, surprisingly, found that durations exceeding 
10 msec produced near-chance performance. A number of 
other unexpected observations also emerged, which con-
trast with predictions of a cross-correlation model of bin-
aural interaction that utilizes fine structure and envelope 
interaural delay cues from FM-to-AM transformation at 
the outputs of simulated cochlear filters.

EXPERIMENT 1 
Detection of Interaural Delays in FM Sweeps

Method
Subjects. Three normal-hearing adults participated in this experi-

ment. Two were male and 1 female. All of them were highly experi-
enced in psychoacoustic experiments, and were each practiced the 
various conditions of the experiment for 2 h prior to data collection.

Stimuli. The stimuli were generated using MATLAB software 
(MathWorks) on a Dell PC (Dimension 8400) and were presented 
at a rate of 44.1 kHz through 16-bit digital-to-analog convert-
ers (Creative Sound Blaster Audigy 2ZS) and through Sennheiser 
headphones (HD 470) in a double-walled steel acoustically isolated 
chamber (Industrial Acoustics Company). The linear FM sweeps 
were generated from Equation 1:
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action [F(5,10) 5 1.68, n.s.], no sweep direction 3 type 
interaction [F(1,2) 5 1.59, n.s.], and no significant three-
way interaction between duration, type, and direction 
[F(5,10) 5 2.55, n.s.].

A surprising result is the near-chance threshold ob-
served for longer stimulus durations (25 and 50 msec), 
which are relatively fast sweeps across the 5-kHz range 
(100 kHz/sec for the 50-msec linear sweep). In pilot tests, 
we found similarly high thresholds for longer sweep du-
rations up to 1 sec. Only when duration was reduced to 
5 msec or shorter did we observe thresholds in the range of 
those reported for SFM stimuli. Nearly all previous stud-
ies of spatial sensitivity to FM sounds have used narrow-
band sinusoidal modulators instead of directional sweeps 
across a broad region of the spectrum. It may, nonetheless, 
be instructive to compare the thresholds obtained in the 
present study with those from SFM signals to gain better 
insight into our findings. Prior research has shown that 
the best ITD sensitivity for an SFM signal is observed 
for rates of 200–400 Hz and carriers of 3 or 4 kHz (Sa-
beri, 1998). Figure 2 shows the instantaneous frequency 
deviation of a 300-Hz sinusoidal modulator (shown by 
the solid line) and its time derivative (broken line). The 
sinusoidal modulator has an instantaneous frequency of 
f (t) 5 fmsin(2p fmt) and a rate of change in frequency df /
dt 5 2pf 2

mcos(2pfmt), where fm is the modulation fre-
quency (for a fully modulated waveform, this is equal to 
peak frequency deviation). Note that the rate of change 
in frequency, which peaks when instantaneous frequency 
deviation crosses zero, is approximately 500 kHz/sec, or a 
factor of five higher than the constant rate associated with 
the 50-msec linear sweep and equal to that associated with 
the 10-msec linear sweep. On average, the 10-msec sweep 
produced thresholds of ~800 µsec, which is substantially 
higher than that reported for SFM stimuli under an equiv-
alent maximum rate of change in frequency ( 200-µsec 
thresholds for a 3-kHz carrier sinusoidally modulated at 
300 Hz). This difference (i.e., lower thresholds for SFM 
stimuli than for FM sweeps) may in part be because an 
SFM waveform sweeps through a restricted range of fre-
quencies hundreds of times per second and in part because 
our unidirectional sweep stimuli pass through a range of 
frequencies above 5 kHz. SFM thresholds substantially in-
crease with increasing carrier frequency, possibly because 
of wider filter bandwidths at higher frequencies (see Fig-
ure 3 of Saberi, 1998). Note, however, that the shortest du-
ration stimuli, which also sweep from 3 to 8 kHz, produce 
thresholds in the order of 200 µsec, similar to the best 
thresholds obtained for SFM stimuli.

EXPERIMENTS 2A AND 2B 
Control Conditions

Two additional control experiments were conducted to 
determine the causes of counterintuitive reversals in lat-
eralization, noted in the Method section of Experiment 1. 
These reversals, which are fully analyzed in the General 
Discussion section, suggest that interaural level cues in 
the 3- to 4-kHz region of a dichotic FM sweep dominate 
the percept of lateralization, even in the presence of other 

pleted six runs for each of 24 conditions in a random-block design 
in which 1 of 24 conditions was randomly selected without replace-
ment on each run until a full set of 24 conditions was completed. 
This process was then continued five more times. Each run consisted 
of 50 trials in a two-interval forced-choice (2IFC), two-down one-
up adaptive design, in which the subjects’ 70.7% correct-response 
threshold was tracked (Levitt, 1971; Wetherill & Levitt, 1965).

On the first interval of each trial, the dichotic sweep led to one 
randomly selected ear by a specific ITD, and in the second interval, 
it led to the other ear by the same magnitude of ITD. The subjects’ 
task was to identify the order of presentation of the sweeps (i.e., 
left leading, then right, or right leading, then left). Perceptually, this 
is equivalent to determining whether the two intracranial auditory 
images in the two intervals of the trial were heard on the left, then 
the right, or the right, and then on the left. The subjects then pressed 
either a left or a right key to respond (a left key response meant that 
they perceived the sound order as right to left). Visual feedback was 
provided after each trial. Pilot work showed that certain conditions 
produced percepts of lateralization that were clearly opposite to that 
predicted from the interaural delay. We will discuss these counter-
intuitive reversals extensively in the description of Experiments 2A 
and 2B and in the General Discussion section. The subjects were 
instructed to use the feedback in any manner they wished to obtain 
the lowest possible threshold. The feedback was provided by two 
methods: First, a plot of the staircase response (ITD as a function 
of trial number) was shown on the monitor with a trial-by-trial up-
date. Second, the subjects were told, via text on the monitor, which 
interval contained the leading interaural delay. The subjects typically 
reported that they relied more heavily on the staircase display as 
feedback and that adjusting their response strategy on the basis of 
response feedback was quite easy.

The initial value of the total interaural delay on each run was 
1,500 µsec (i.e., 750 µsec in each interval). Two successive correct 
responses led to a reduction of the total interaural delay by a step 
size of 0.15 log units (Saberi, 1995b). An incorrect response led 
to an increase in ITD by the same step size. The threshold on each 
run was estimated as the average of the stimulus values at track re-
versal points. The first three or four reversals from each run were 
discarded, and the threshold was estimated as the average of the 
remaining even number of reversals. Usually, four to eight reversals 
went into the calculation of each threshold.

Results and Discussion
Figures 1A and 1B show the results from the linear 

sweep conditions, and Figures 1C and 1D show results 
from the logarithmic sweep conditions. Figures 1A and 1C 
show results from the up sweeps, and Figures 1B and 1D 
show results from the down sweeps. The lower and upper 
axes represent sweep duration and rate, respectively,3 and 
the horizontal line near 1,200 µsec represents chance per-
formance derived from a 5,000-run Monte Carlo simula-
tion. The data are averaged across the 3 observers. Error 
bars represent 1 SD. There was a clear effect of sweep rate/ 
duration, with substantial improvement at higher rates. 
However, there is no significant difference in thresholds 
as a function of sweep direction. Figure 1E shows the data 
from the four sweep conditions overlaid, without error 
bars, to facilitate visual comparison.

A three-way (6 3 2 3 2) repeated measures ANOVA 
on the data of Figures 1A–1D showed a significant ef-
fect of sweep rate/duration [F(5,10) 5 7.34, p , .005], 
but no significant effect of sweep direction [F(1,2) 5 
10.07, n.s.] or sweep type [linear vs. log; F(1,2) 5 0.87, 
n.s.]. There was also no duration 3 direction interaction 
[F(5,10) 5 1.22, n.s.], no duration 3 sweep type inter-
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Figure 1. Interaural delay thresholds averaged across the 3 observers as a function of FM sweep duration (bottom 
axis) and rate of change in frequency (top axis). Panels A and B show the data from linear frequency-sweep conditions, 
and C and D show those from logarithmic sweeps. Panels A and C show the data from up sweeps (3–8 kHz) and panels B 
and D from down sweeps (8–3 kHz). The horizontal line near 1200 µsec shows chance performance obtained from a 
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visual comparison. 
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7-kHz region were equal in the two ears; see Figures 4A and 4B). In 
one interval of the 2IFC, the higher level in the 2- to 4.5-kHz band 
favored the left ear, and in the other interval it favored the right ear. 
As in Part 1, the subjects’ task was to determine the order of per-
ceived lateral locations (left–right or right–left). Performance was 
quantified as the proportion of lateralization judgments consistent 
with the ILD cue in the 2- to 4.5-kHz region. Each of the 3 subjects 
completed four runs of 50 trials.

In Part 3, we examined the lateralization of FM pulses that either 
had identical starting frequencies in the two ears but different ending 
frequencies or had identical ending frequencies but different starting 
frequencies. Note that the FM stimuli used in Experiment 1 had dif-
ferent onset and offset frequencies in the two ears (see the Method 
section and Equations 1 and 3). Stimulus Type 1 started at different 
frequencies in the two ears (3 and 4 kHz) but terminated at the same 
frequency (8 kHz), whereas Stimulus Type 2 started at 3 kHz in both 
ears but terminated at two different frequencies (8 and 9 kHz). The 
waveforms to the two ears always had equal durations (5 msec) and 
onset/offset temporal envelopes. These two types of stimuli gener-
ated ILD cues either in the 3- to 4-kHz region or in the 8- to 9-kHz 
region, respectively. The purpose of this part of the experiment was 
to determine whether an ILD cue at the 3- to 4-kHz region would 
provide a more salient lateral percept than that at the 8- to 9-kHz re-
gion. Note that in Experiment 1, the ITD was carried at both the start 
and the end of the sweep, hence generating conflicting simultaneous 
ILD cues. Each subject completed four runs of 50 trials in each of 
two stimulus conditions. No response feedback was provided at any 
time during any of the control conditions.

Results and Discussion
Figure 3 shows the results from Part 1, in which the 

subjects lateralized an up or down sweep in the absence 
of response feedback. Each bar shows the averaged data 
from the 3 subjects. The two left bars represent the data 
from up sweeps, and the two right bars represent those 
from down sweeps. The black bars represent the data 
from trials in which the order of the leading ITDs in the 
two intervals of the 2IFC were right then left, and the 
white bars are from trials in which the order of the lead 
ITDs were left then right. The ordinate shows the percent-
age of responses that were consistent with lead ITD, with 
the 50% point representing chance performance. These 

conflicting cues. Prior research has shown no significant 
difference between ILD thresholds for pure tones in the 
3-kHz regions and those for tones at higher frequencies, 
near 8–10 kHz (Grantham, 1984; Mills, 1960; Yost, 1981; 
Yost & Dye, 1988). These findings, however, are based 
on isolated tones in the absence of competing informa-
tion. The purpose of the first control experiment (Experi-
ment 2A) was to determine whether ILD cues in the 2- to 
4-kHz region dominate conflicting ILD cues at higher 
frequencies when they are simultaneously present in a 
complex broadband sound. Such a confirmation has im-
plications for the lateralization of interaurally delayed FM 
sweeps, as is analyzed in the Discussion section of Experi-
ment 2A. A second control experiment (Experiment 2B) 
was also conducted to ensure that low-frequency ITD 
cues below 1 kHz did not contribute to the lateralization 
of brief FM pulses.

Experiment 2A:  
Spectral Dominance in ILD Detection

Method
Subjects. Three normal-hearing adults participated in this experi-

ment. Two of the subjects had participated in Experiment 1, and 1 
was a new subject. This latter subject was highly experienced in 
psychoacoustic experiments and practiced the various conditions of 
the experiment for 1 h prior to data collection.

Procedures. The procedure and apparatus were the same as those 
in Experiment 1, with the following changes. In Part 1, we presented 
the same type of stimuli used in Experiment 1 in a 2IFC mixed-
block design without feedback to objectively verify the conditions 
under which reversals of lateralization occurred. The stimulus was 
a 1-msec linear sweep with a fixed ITD of 650 µsec. Two types of 
FM sweeps (up or down) were randomly presented within the same 
block, with the interaural delay favoring the right or left ear. As in 
Experiment 1, the subjects’ task was to determine whether the order 
of perceived locations of stimuli in the two intervals was left then 
right or vice versa. Each of the 3 subjects completed four runs of 
50 trials each. The purpose was to determine whether the perceived 
lateral positions were consistent with the lead interaural delay or 
opposite to this delay (i.e., reversal).

In Part 2, we investigated whether an ILD cue in the low-frequency 
regions of a noise band dominates an equal but opposite ILD cue in 
a higher frequency region within the same noise band. We generated 
a 500-msec burst of Gaussian noise, filtered between 2 and 9.5 kHz. 
The noise level in the 2- to 4.5-kHz region was higher in one ear 
than in the other ear by 6 dB, whereas the level in the 7- to 9.5-kHz 
region was higher by 6 dB in the opposite ear (the levels in the 4.5- to 
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the subjects performed significantly better when the ILD 
cue was contained in the lower frequency region [t(2) 5 
12.58, p , .01].

Experiment 2B:  
Control for Low-Frequency Energy

Short-duration pulses contain substantial low- frequency 
energy. Since it is well established that the binaural system 
is extremely sensitive to ITD cues below 1 kHz (Blau-
ert, 1997; Mills, 1960, 1972; Rayleigh, 1907), an impor-
tant concern was whether ITD cues derived from low-
frequency energy may have contributed to the observed 
patterns of lateralization and the low thresholds obtained 
for very short FM pulses (0.5 and 1 msec). To address 
this issue, we conducted a control experiment using FM 
sweeps that were high-pass filtered and presented in a 
background of low-pass masking noise.

Method
Subjects. Three normal-hearing adults participated in this ex-

periment. Two of the subjects had participated in the earlier experi-

data clearly verify that a down sweep generates coun-
terintuitive reversals in lateralization that are contrary 
to that predicted from the stimulus interaural delay and 
also confirm that the availability of response feedback in 
Experiment 1 allowed the subjects to adopt a strategy of 
voting opposite to the side on which they actually per-
ceived the sound.

Figure 4C shows the results for the noise band condi-
tion, with each bar showing the data from 1 subject. The 
ordinate represents the percentage of responses based on 
the ILD contained in the 2- to 4.5-kHz band (i.e., op-
posite that of the ILD contained in the 7- to 9.5-kHz 
band). The data suggest that the ILD contained in the 
lower frequency region of the spectrum dominates that in 
the higher region when they are simultaneously present 
within the same noise band. Figure 4D shows the results 
from the FM sweep conditions. The black bars represent 
the data obtained using Stimulus Type 1, with the ILD cue 
contained in the 3- to 4-kHz region, whereas the white 
bars show the data obtained using Stimulus Type 2 (ILD 
in the 8- to  9-kHz region). These data again confirm that 
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GENERAL DISCUSSION

We consider several explanations for the markedly lower 
ITD thresholds observed for short-duration FM sweeps 
and the counterintuitive reversals discussed earlier. Prior 
research with SFM tones suggests that the lateralization 
of high-frequency FM stimuli is based on an FM-to-AM 
transformation in the auditory periphery as the instanta-
neous frequency of the FM sweeps through the passband 
of cochlear filters (Blauert, 1981; Henning, 1980; Nuet-
zel & Hafter, 1981; Saberi, 1998; Saberi & Hafter, 1995). 
Figure 6A shows a 1-msec FM pulse. Figure 6B shows the 
outputs of a gammatone filter (simulating a cochlear fil-
ter; Holdsworth, Nimmo-Smith, Patterson, & Rice, 1988) 
with a resonant frequency of 5 kHz in response to 1- and 
50-msec FM pulses sweeping from 3 to 8 kHz. Note that 
the filter output is an AM pulse with a steeper slope for the 
1-msec sweep than that for the 50-msec sweep. A steeper 
AM slope provides a more effective ITD envelope cue at 
high frequencies (Blauert, 1997; Saberi, 1995a, 1998). 
Figure 6C shows a schematic of a hypothetical dichotic 
pair of FM sweeps passing through frequency-matched 
filters centered at 5 kHz. In this diagram, the FM sweep 
is delayed in the left channel (black), representing an in-
teraural delay favoring the right ear. Gammatone filter 
outputs for this dichotic stimulus (1-msec sweep from 3 
to 8 kHz) are shown in Figure 6D. Note that this stimulus 
configuration would suggest that the pulse should be lat-
eralized to the right (i.e., perceived intracranially on the 
right side of the interaural axis).4 When sweep direction 
is reversed (Figure 6E) and the ITD favors the left ear, 
filter outputs shown in Figure 6F predict that the pulse 
should be lateralized to the left. Surprisingly, both of these 
stimuli (up and down sweeps) are clearly lateralized to the 
left, contrary to what would be predicted from a simple 
FM-to-AM conversion model.

To better understand how the auditory system processes 
spatial cues from FM-to-AM conversion and why we 
observe reversals in lateralization, we processed the FM 
sweeps used in the present experiments through a cross-
correlation model of binaural interaction. This type of 
computational model, which originated in the theoretical 
work of Jeffress (1948) and later found neurophysiological 
support (Carr & Konishi, 1988, 1990; Yin & Chan, 1990), 
represents an interaural delay as a spatially distributed 
physiological place map. Peaks of activity along this tono-
topically organized frequency 3 delay map correspond to 
estimated locations in space. Our implementation included 
preprocessing through a model of the auditory periphery 
(Figures 7A–7C), consisting of a gammatone filter bank 
with 50 logarithmically spaced filters from 0.5 to 12 kHz 
(Holdsworth et al., 1988) and an inner hair-cell model 
(Meddis, Hewitt, & Shackleton, 1990; Slaney, 1998), fol-
lowed by cross-correlation of the outputs of corresponding 
left and right channels with matched filter CFs. The stimuli 
in this simulation were 1-, 5-, and 10-msec logarithmic up 
sweeps (similar patterns were observed for down sweeps). 
The corresponding frequency 3 delay cross-correlation 
surfaces, for an ITD of 400 µsec favoring the right ear 
(positive lags), are shown in Figures 7D–7F. The arrows 

ments, and 1 was a new subject. This latter subject was also expe-
rienced in psychoacoustic experiments and practiced the various 
conditions of the experiment for 1 h prior to data collection.

Apparatus and Procedure. The apparatus and procedure were 
identical to those described for Experiment 1, with the following 
exceptions. The stimuli consisted of logarithmic FM up sweeps 
(3–8 kHz) with durations fixed within a run at 0.5, 1, 5, 10, 25, 
and 50 msec. We selected only one sweep type and direction, since 
the results from Experiment 1 suggested that there are no signifi-
cant differences in performance across sweep types and directions. 
The stimuli were digitally high-pass filtered in MATLAB using a 
512-point FIR (Hamming-windowed) filter with a cutoff frequency 
of 2 kHz. The output of the digital-to-analog converter was then 
additionally fed into a dual-channel high-pass analog filter (Kemo 
BenchMaster VBF 8.13) with a cutoff frequency of 2 kHz and a fil-
ter slope of 94 dB/octave. Measurements showed that signal energy 
was down by 73 dB at 1700 Hz and not detectable at 1500 Hz with 
our instruments (Brüel & Kjær, Precision Sound Analyzer, Model 
2260). The filter outputs were led to the headphones inside the sound 
booth. In addition, from a separate microprocessor, low-pass-filtered 
Gaussian noise with a cutoff frequency of 1500 Hz was presented 
diotically through the headphones at a level of 60 dB SPL. The noise 
was on continuously throughout the entire run.

Results
The results of Experiment 2B are shown in Figure 5. 

The open symbols show the averaged thresholds from 
the 3 subjects. For comparison, the averaged data from 
Experiment 1 are also shown. The results with high-pass 
filtered stimuli produced results very similar to those with 
unfiltered sweeps. The slightly better performance with 
short-duration filtered sweeps relative to that in Experi-
ment 1 is due to the performance of the new subject, who 
generated thresholds lower than those of the replaced sub-
ject at these durations. These findings support our earlier 
observations and suggest that low-frequency ITD cues 
below 1 kHz are not responsible for the low thresholds 
reported in Experiment 1.
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from integrating the cross-correlation activity across all 
frequency channels (0.5–12 kHz), and Figures 8B and 8E 
show those from integrating only across low-frequency 
channels (0.5–1.5 kHz). The latter analysis was included 
to determine whether spectral energy at low frequencies 
where carrier interaural delay provides an effective cue 
to lateralization may have been used. Figures 8A and 8D 
show that whether predictions of lateral position are based 
on the lag associated with the peak of the integrated activ-
ity or its envelope (Hilbert envelope: dashed curve), an 
FM sweep leading to the right ear should be perceived 
on the right, and a sweep leading to the left ear should be 
perceived on the left. Furthermore, the functions shown in 

show the expected positions of straight trajectories of 
cross-correlation peaks across frequency bands; note the 
poorly defined main trajectory and spectral splatter associ-
ated with the 1-msec FM pulse.

Figures 8A, 8B, 8D, and 8E show the lateralization pre-
dictions from this model for the 5-msec sweep. Similar 
predictions were observed for the 10-msec sweep, as well 
as for the 1-msec sweep, although in the latter case, the 
patterns, as was expected, were noisier. Figures 8A and 8B 
show the predictions for an FM pulse leading to the left ear, 
and Figures 8D and 8E show those for an FM pulse leading 
to the right ear. Positive lags denote an ITD favoring the 
right ear. Figures 8A and 8D show the predictions derived 
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1886    HSieH anD Saberi

Saberi, 1998; Stecker & Hafter, 2000). There are a variety 
of conditions under which temporally or spectrally asym-
metric neural encoding mechanisms provide a potential 
ILD cue in either the envelopes of high-frequency SAM 
sounds or AM envelopes extracted from an FM waveform 
via band-pass filtering. Determining whether these puta-
tive mechanisms are used by the binaural system, however, 
would require substantial empirical evidence beyond the 
scope of the present study. Nonetheless, we believe that 
a more careful consideration of the role of ILDs derived 
from interaurally time-delayed high-frequency complex 
waveforms is warranted.

Finally, our findings have broader implications for 
how natural everyday sounds are processed by the audi-
tory system. FM sweeps form an important component of 
many communication signals in both humans and animals. 
Speech sounds contain substantial FM information in the 
form of rapid frequency glides and formant transitions, 
which provide cues to phonemic identification (Fant, 
1970; Gordon & O’Neill, 1998; A. M. Liberman, Delattre, 
Gerstman, & Cooper, 1956; Pickett, 1980). Most formant 
transitions have durations of less than 50 msec, and very 
brief FM sweeps of 5–20 msec with rates exceeding 30 
octaves per second have been used in several studies to 
examine processing of formant transitions (A. M. Liber-
man et al., 1956; Luo et al., 2007; Miller & Liberman, 
1979). Rapid FM sweeps have also been employed in the 
study of tonal languages (e.g., Chinese or Thai), where 
pitch contour variations affect lexical distinction (Howie, 
1976; Luo et al., 2007; Stagray, Downs, & Sommers, 
1992). The study of FM transitions in speech has also had 
practical applicability for language processing by children 
afflicted with language-based learning impairment (LLI). 
One cause of LLI is speculated to be impaired temporal 
processing of low-level acoustic features often associated 
with phonemic processing. Tallal et al. (1996) showed that 
reducing the FM rate of formant transitions by 50% and 
amplifying their levels relative to steady-state (non-FM) 
parts of a phoneme significantly improve the ability of 
these children to identify speech sounds.

In recent years, the study of frequency sweeps as a 
common component of communication signals in various 
animal species has also increased. New World monkey 
vocalizations (e.g., twitter calls), for example, have been 
shown to contain FM transitions with rates between 30 
and 50 octaves per second (Atencio et al., 2007; Bieser, 
1998; Cheung, Bedenbaugh, Nagarajan, & Schreiner, 
2001; Nagarajan et al., 2002; Wang, Merzinich, Beitel, & 
Schreiner, 1995). The role of frequency sweeps in animal 
communication has also been studied to determine its ef-
fect on object identification and informational unmasking 
(e.g., in nonhuman primates; Egnor, Iguina, & Hauser, 
2006; Egnor, Wickelgren, & Hauser, 2007; Petkov, 
O’Connor, & Sutter, 2003). Some animal communication 
signals provide mislocalization or poor localization cues 
that allow conspecific communication without revealing 
the location of the animal to predators (e.g., cricket chirps 
or primate alarm calls). These types of sounds are often 
narrow-band modulated (FM or AM) waveforms.

Figures 8B and 8E suggest that low-frequency cues (from 
spectral splatter) do not provide sufficient information for 
predicting lateralization of these pulses, since peak activ-
ity (as well as its centroid) occurs at zero lag, predicting an 
intracranially centered auditory image. This latter predic-
tion is also consistent with the results of Experiment 2B, 
using high-pass filtered pulses.

As was noted earlier for Experiment 2A, Part 1, both 
the up and down sweeps shown in Figures 6C and 6E are 
in fact clearly perceived on the same side of the inter-
aural axis favoring the left-leading channel, contrary to 
the predictions of cross-correlation analysis. It therefore 
appears either that ITD cues are not used for the lateraliza-
tion of directional FM sweeps at high frequencies or that 
they are dominated by another cue, which we suggest is an 
ILD cue. Figures 8C and 8F show the spectra of a dichotic 
5-msec linear FM sweep (Figure 8C) and a 50-msec sweep 
(Figure 8F) with the right channel (dashed line) advanced 
by 750 µsec, and hence a start frequency that is higher by 
approximately 0.75 kHz (note that the waveforms to the 
left and right channels had identical starting and ending 
temporal envelopes to eliminate onset/offset ITD enve-
lope cues). Figure 8C shows that this frequency offset pro-
duces a strong ILD cue in the 3- to 4-kHz region (shaded 
area) for the 5-msec sweep but not for the 50-msec sweep. 
The presence of this ILD cue at 3–4 kHz is independent of 
sweep direction and consistent with reported percepts of 
a lateralized image favoring the left ear. This explanation 
would require that the ILD cue in the 3- to 4-kHz region be 
more effective than that in the 8- to 9-kHz region, which 
is in the opposite direction. The results of our control ex-
periments, both with noise bands and FM sweeps, support 
the idea that the low-frequency ILDs dominate higher fre-
quency ILDs when they are simultaneously present in a 
complex waveform. The causes of ILD dominance at low 
frequencies are not relevant to the present study, only that 
such dominance exists. Possible causes, however, might 
include an upward spread of masking or asymmetric cor-
tical representation. Widening the bandwidth of the high-
frequency ILD region to match, on an octave scale, that of 
the low-frequency region has no effect on low-frequency 
dominance, hence ruling out unequal logarithmic widths 
of the two bands as a cause.

In general, the findings from our model analysis sug-
gest that one should think of listening to high-frequency 
sounds as potentially dominated by amplitude informa-
tion, even in situations in which one might think that tim-
ing information is the critical cue. Although we do not 
assert that ITDs are ineffective cues in high-frequency 
FM waveforms, it would be useful to consider alterna-
tive models that incorporate differential weighting of level 
cues generated from FM stimuli as they sweep through the 
up or down slopes of an auditory filter and, by extension, 
the role of ILD cues in the rise/fall slopes of sinusoidally 
amplitude-modulated (SAM) envelopes. There is consid-
erable psychophysical and neurophysiological evidence 
suggesting that these types of envelope asymmetries in-
fluence both psychophysical performance and the neural 
encoding of auditory signals (Lu, Liang, & Wang, 2001; 
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Other areas of FM research have included auditory 
scene analysis (Bregman, 1994; Crum & Hafter, 2008), 
in which the consistency of multiple FM glides in dif-
ferent frequency regions combined with spatial loca-
tion information can provide powerful cues to auditory 
object formation and stream segregation in the presence 
of distracting acoustic information (e.g., other speak-
ers), as well as the study of infant hearing development 
(Colombo & Horo witz, 1986) and even music perception 
(d’Alessandro et al., 1998). Findings from the present 
study contribute further to this growing body of research 
and to understanding how the auditory system processes 
this important class of complex sounds.
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NOTES

1. All prior studies of the lateralization of FM sounds have used sinu-
soidal FMs that have bandwidths of from a few hertz to, at most, 0.5 kHz, 
whereas the directional FMs used here sweep through wide regions of 
the spectrum ($5 kHz).

2. A 0.5- or 1-msec pulse is effectively a complex broadband click. 
However, we have found that an up-frequency 1-msec pulse is distin-
guishable from a down-frequency pulse, suggesting that the temporal 
asymmetry of the pulse is encoded by the system. Note also that given 


