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1 Introduction
It has been known for decades that frequency analysis in the auditory system
reveals the existence of bandpass filter-like channels—the Critical Bands—a finite
number of which cover the whole range of audible frequencies, with the
consequence that nearby frequencies are not resolved individually. Because critical
bands are formed already in the cochlea, they appear with no delay: their contours
are formed the moment an acoustic wave reaches the inner ear and disappear when
the wave goes silent. Psychophysical measurement of the width of critical bands
has been pursued by a many investigators (for a summary, see Chapter 3 in Moore
2003) and this behavioral indicator of frequency selectivity has been often
compared to biophysical and physiological measures of frequency selectivity, both
excitatory and inhibitory, at various stages along the auditory pathway (see e.g.,
Evans 2001).
Yet, when moving away from the psychophysics of what the listener is capable
of doing with the aim of investigating what he/she actually does, one comes upon
phenomena that critical band analysis alone cannot explain. One such phenomenon
was studied by the early proponents of signal detection theory in audition (Swets
1963), long before the concept of attention surreptitiously escaped the watchful
eyes of orthodox behaviorism and gradually settled in experimental psychology.
These investigators were wondering whether detection of signals of uncertain
frequency occurs by the system switching between different bands or shifting a
unique band from one frequency to another. They were careful not to refer to these
bands as critical bands—to avoid confusion they named them “listening bands.”
Among the many properties of listening bands reported, an important one was their
capability to keep the listener’s attention tuned to a particular frequency even after
a pure-tone signal was turned off, and to maintain it for a rather long duration in
the absence of any signal or in the presence of broad-band random noise
(Greenberg and Larkin 1968). Other investigators demonstrated that the listening
band sluggishly remained centered at the frequency of the last signal heard until an
audible tone of a different frequency was presented (Pastore and Sorkin 1971).
Still others showed that it is possible to simultaneously tune several listening bands
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on different frequencies or even on a frequency the listener was never physically
presented with, only instructed to imagine (Schlauch and Hafter 1991). Thus, it
seems that listening bands exist in the memory of listeners and linger on for long
periods of time in quiet or in the absence of hearing another signal with a different,
salient pitch (Demany and Semal 2005).
Recent physiological data also suggest that tones give rise to activity patterns
the excitatory and inhibitory contours of which outlast the presence of the tone
itself (Fritz, Elhilali and Shamma 2005). It could well be that the existence of
listening bands may stem from these contours and may underlie behavioral
findings on listeners’ ability to shift the frequency focus. However, if the new
frequency focus is in one of the inhibitory bands flanking the excitatory band of the
previous frequency focus, the build-up of new excitation takes time and thus the
shift of the listening band should not be instantaneous. Unfortunately, important
questions related to the timing of this phenomenon have not been asked: How long
does it take to establish listening bands, how long do they last in absence of a
stimulus, and how long does it take to establish a new listening band when the
frequency of a tonal stimulus changes? The present study attempts to answer these
questions which, it seems, have important physiological implications. The
hypothesis to be tested in a psychophysical experiment is that when a tone of
different frequency follows one of a given frequency, it will be perceived with a
delay because it first has to overcome the inhibitory effect of the previous tone—a
process which takes time.

2 Methods
Since the delay stated by the hypothesis is not expected to be longer than a few
milliseconds, the question to ask is whether there is a psychophysical method
sensitive enough to measure time intervals so short. Earlier work (Divenyi and
Danner, 1977) showed that, in the 20- to 50-ms range, 4-6 percent differences of
unfilled time intervals marked by brief tone or noise bursts can be reliably
discriminated. In the present study, we used this ability to have listeners compare a
40-ms onset-to-onset time interval marked by two tone bursts of frequency f1 to a
time interval marked by one tone burst of frequency f1 and another of frequency f2.
The comparison was done using the Method of Adjustment: the listener was
instructed to adjust the second time interval between the f1 and f2 frequency
markers to match the first interval, the 40-ms standard between the two f1
frequency markers, as shown in the top diagram of Figure 1. The difference
between frequencies f1 and f2 was varied from condition to condition such that the
geometric mean remained constant at 1 kHz. The tone bursts of 20-ms nominal
duration (and 15-ms half-power duration) were shaped with a 2-ms onset and a 10ms offset; their envelope was rounded to minimize transients. The time separating
the onset of the first burst of the two observation intervals was 600 ms; the trials
proceeded at a 2.5-s rate, thus allowing the subject a response time of close to 2
seconds. That is, the diagram should be imagined to be repeating with cycle of 2.5
seconds. Stimuli were presented monaurally to the subject’s right earphone (TDH2

49 in MX/AR cushions) at 86 dB SPL. A run was terminated when the subject
indicated that the two intervals were perceived identical. The reported data
represent the average of 48 to 96 adjustments for each subject in each experimental
condition. Subjects were normal-hearing young volunteers.

3 Results
3.1 Experiment 1
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appears to have to do with frequency f2 influencing the listeners’ time judgments
such that they adjusted the interval shorter than 40 ms. This perceptual error takes
a “W” shape with two minima (i.e., maximum error points): one when ∆f is about
1/3 octave and the other when it is around 2/3 octave. In addition, although at
frequency differences of 1 octave and larger the time judgment error essentially
vanishes, its uncertainty (measured as the standard error of the mean shown in the
error bars) increases several fold.
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On the whole, the results confirm our hypothesis: the negative perceptual errors
suggest that the perceived onset of the burst with the f2 frequency occurred a few
ms later than its physical onset, possibly because it had to overcome the inhibitory
contour of the preceding burst of frequency f1. Interestingly, the subjects seemed to
be very certain when adjusting this second time interval shorter than the first, as
indicated by the small degree of uncertainty. The inhibitory contours of f1 do not
appear to extend beyond 2/3 octave, as if the listening band was “shifted” up to that
frequency difference but for differences larger than this limit a “switching” (Swets’
[1963] term) between listening bands took place.
But what could account for the dual error maxima? Indeed, this nonmonotonicity is difficult to explain unless one assumes that the inhibitory contours
of the listening band are long-lasting, that is, persisting at least for the duration of
the 2-second interval that separates the last (f2) burst of a trial and the first burst
(f1) of the next—in which case the onset of that this first burst of frequency f1 will
be perceived after a delay necessary to overcome the inhibition around the burst of
frequency f2, i.e., the last tone of the preceding trial. However, unlike the
downward frequency change in the second observation interval from f1 to f2, that
frequency change moves in an upward direction. If the inhibitory contours around
a certain frequency do not spread to the same extent above and below, as in
masking (Shannon 1976) and in the ventral cochlear nucleus (Rhode and
Greenberg 1994), then we would expect to obtain the “W”-shaped result.
Granted, this explanation is based on two corollary hypotheses—(1) that the
inhibition lingers on far beyond the cessation of a tone and (2) that it spreads
farther in one direction on the frequency axis than in the other. If these hypotheses
are true, they also bring with them the consequence that the perceptual errors
observed in Experiment 1 actually represent the sum of two delays: one that makes
the second observation interval longer by delaying its second burst (of frequency
f2), and one that makes the first observation interval shorter by delaying its first
burst (of frequency f1). Fortunately, both hypotheses are testable with a
modification of the stimulus used in Experiment 1.

3.2 Experiment 2
As it turns out, the above hypotheses are easily tested by introducing two
modifications to the stimulus: (1) have a tone of frequency f1 precede the first burst
of the trial, so that, if the inhibitory contours of the f2 tone in the previous trial must
be overcome when the frequency of the tone burst changes back to f1, such a
“disinhibition” occurs before the 40-ms interval is presented, and (2) add
conditions in which the second observation interval’s frequency change goes
upward. These modifications should also measure the perceptual error due to the f2
burst overcoming the inhibitory contours of the f1 burst in the second observation
interval alone, rather than the two summed effects we predicted that the results of
Experiment 1 reflect. The top diagram of Figure 2 shows the stimulus: it differs
from that of Experiment 1 in that it has a long (150-ms) tone of frequency f1
precede the stimulus proper. This added “cueing” tone has gradual (50-ms) onset
and offset and is presented at a level 15 dB below the stimulus, in order for it not to
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and compared it with the
results of Experiment 1 averaged for the three subjects. The bottom graph of Figure
2 in which this comparison is displayed indicates that the summed results of
Experiment 2 and the results of Experiment 1 are essentially identical. The most
surprising finding that derives from this equivalence is that, in Experiment 1, the
putative inhibitory effects of the tone of frequency f2 appear to have been still in
effect when the first tone of frequency f1 was presented in the next trial—i.e., over
a period of about 2 seconds.
The two experiments have generated results consistent with our hypotheses and
in general agreement with physiological observations. We are thus inclined to think
that establishing listening bands is a dynamic process that may reflect excitatory
and inhibitory profiles at diverse stages of the auditory system.
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3.3 A model of listening band dynamics
Excitatory build-up and decay in the auditory nerve expressed as discharge rate
have been shown to obey an exponential law (Smith 1977). The model we explored
follows this law and represents t∆f, the time required to shift the listening band from
a first frequency to a second located ∆f Hz (or octaves) away as
t∆f = A{exp(–a∆f ) + u(∆f – flim)[1 – exp(–b(∆f – flim) ]}

(1)

where A is a weighting constant that affects the inhibitory and the disinhibitory
processes to the same degree, a and b are the growth constants of the inhibitory and
disinhibitory processes, respectively, flim is the frequency difference at which the
disinhibitory process begins, and u is the unit step function. The model constants
were calculated using a nonlinear regression and the individual subjects’ data. The
model output is shown as the dotted lines in the top graph of Figure 2.

4 Discussion
The results’ general agreement with the model suggests that the buildup of
listening bands, taking up to 2 to 4 ms at the maximum frequency change at which
this buildup is observed, may be related to the excitatory buildup when the
stimulus frequency is one that falls in the inhibitory area generated by a previously
presented different frequency. Such short delay for the buildup of excitation also
suggests that the process responsible for it is likely to take place in, or close to, the
auditory periphery. Our data also show that past this frequency limit the buildup
diminishes and eventually vanishes, suggesting that the new excitatory process
encounters less, and eventually no, inhibition: it builds up a contour around a
frequency not affected by the previous tone’s response contours. However, the
moment of the onset of this new tone is not integrated efficiently with that of the
old—hence the increased variability at frequency differences approaching the
octave—consistent with what has been observed for the discrimination of gaps
between spectrally different markers (Divenyi and Danner 1977).
But the results also raise many questions. What would be the buildup time of
response contours generated by broad-band instead of pure-tone markers? If the
buildup delay truly originates at the periphery, does this mean that shifting
listening bands across ears would not result in any observable delay? Also, since
the inhibitory sidebands are intensity dependent, would changing the intensity of
the markers influence the buildup delay? If data collected in other experiments
were to answer these questions in a way still consistent with the original
hypotheses, these new experiments would strengthen the view that listening bands
develop dynamically. In absence of such data our knowledge about changing the
frequency focus of listening bands has not been significantly advanced.
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5 Conclusion
Listening bands have an itch:
Will the ear scan? Will it switch?
Yet, unless one bets
on wisdom by Swets (1963),
knows this no son of a ….
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