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ABSTRACT

Harmonic complexes with identical component fre-
quencies and amplitudes but different phase spectra
may be differentially effective as maskers. Such har-
monic waveforms, constructed with positive or nega-
tive Schroeder phases, have similar envelopes and
identical long-term power spectra, but the positive
Schroeder-phase waveform is typically a less effective
masker than the negative Schroeder-phase waveform.
These masking differences have been attributed to an
interaction between the masker phase spectrum and
the phase characteristic of the basilar membrane. To
explore this relationship, the gradient of stimulus
phase change across masker bandwidth was varied by
systematically altering the Schroeder-phase algorithm.
Observers detected a signal tone added in-phase to a
single component of a masker whose frequencies
ranged from 200 to 5000 Hz, with a fundamental fre-
quency of 100 Hz. For signal frequencies of 1000-4000
Hz, differences in masking across the harmonic com-
plexes could be as large as 5—-10 dB for phase gradients
changing by only 10%. The phase gradient that
resulted in 2 minimum amount of masking varied with
signal frequency, with low frequencies masked least
effectively by stimuli with rapidly changing component
phases and high frequencies masked by stimuli with
more shallow phase gradients. A gammachirp filter
was implemented to model these results, predicting
the qualitative changes in curvature of the phase-by-
frequency function estimated from the empirical data.
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In some cases, small modifications to the gammachirp
filter produced better quantitative predictions of cur-
vature changes across frequency, but this filter, as
implemented here, was unable to accurately represent
all the data.

Keywords: masking, phase, auditory filters, harmonic
complexes

INTRODUCTION

Although spectral analysis has long dominated our
understanding of auditory processing, in recent years,
temporal waveform information has come to be recog-
nized as contributing significantly to auditory percep-
tion. Cochlear analyzing mechanisms have been
likened to a bank of overlapping bandpass filters,
whose spectral and temporal characteristics interact
with acoustic stimuli to produce changes in the shapes
of waveforms. The amplitude characteristics of the fil-
ters have been described extensively (e.g., Patterson
and Moore 1986; Glasberg and Moore 1990; Leek and
Summers 1993a; Rosen and Baker 1994) but little is
known about the phase response.

The lack of information concerning the phase char-
acteristics of cochlear filtering has been especially trou-
bling in the implementation of spectro-temporal
models of hearing. Patterson et al. (1995) assumed a
gammatone filter in the initial versions of the Auditory
Image Model. Moore et al. (1989) made a similar
assumption to support modeling of gap detection
results, while acknowledging that the true phase char-
acteristic was unknown in both normal and impaired
ears. However, Kohlrausch and Sander (1995)
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UNFILTERED STIMULI
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FILTERED STIMULI

Positive Schroeder (C=+1.0)
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FIG. 1. Two Schroeder-phase har-
monic maskers are shown in the left
panels. The upper-left panel shows
the negative  Schroeder-phase
masker, and the lower-left panel
shows the positive Schroeder-phase
masker. In the right panels, the
Schroeder-phase waveforms were
passed through a computer-simu-
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reported that their masking data were not well-mod-
eled by the gammatone filter and suggested that the
phase response was almost certainly incorrect. Carlyon
(1996) also pointed out that a more realistic phase
response was needed in order to model results from
a study using complex dynamic maskers. Questions
concerning the perceptual effects of abnormal
cochlear filtering in hearing-impaired listeners have
been restricted primarily to the magnitude response,
with only general reference to possible interactions
between the stimulus phase spectrum and the phase
response of the filters (Leek and Summers 1993b; Leek
et al. 1996).

No direct measurements of the phase characteristics
of human auditory filters have been made, but some
investigators have incorporated impulse responses
derived from mammalian VIIIth nerve data in descrip-
tions of psychophysical data (Moore et al. 1989; Pat-
terson et al. 1995). Patterson et al. (1987) discussed
the relative value of several choices of auditory filter
phase. They concluded that a time-domain filter
described by the gammatone function, corresponding
to the impulse response that reflects patterns of audi-
tory nerve firing, was the best candidate. This function
had been described earlier by de Boer and de Jongh
(1978) to account for physiological data obtained
using the reverse correlation technique. Irino and Pat-
terson (1997) later modified this time-domain audi-
tory filter to include an onset “chirp,” allowing the
resulting filter to have slope asymmetries about the
center frequency in the spectral domain. They termed
this more realistic auditory time-domain filter the gam-
machirp filter and incorporated it into more recent
models and simulations of auditory processing along
both spectral and temporal dimensions.

—_—

lated gammachirp filter with a reso-
nant frequency of 2000 Hz to
generate the filtered waveforms
shown.

vu v

Smith et al. (1986) first suggested that masking by
selected harmonic complexes might provide insight
into the phase response of the human cochlea. They
used harmonic complexes with equal-amplitude com-
ponents as maskers. Component phases were chosen
to be either monotonically increasing or decreasing
with component frequency following an algorithm
developed by Schroeder (1970). The resulting
Schroeder-phase waveforms have identical long-term
power spectra and equally flat temporal envelopes, but
one of them is the time reverse of the other, as shown
in the left panels of Figure 1. The negative Schroeder-
phase waveform, shown in the top left panel of Figure
1, is generated using negative phase selections and has
a monotonically increasing instantaneous frequency
within each fundamental period. The negative
Schroeder-phase waveform is typically a more effective
masker than the positive Schroeder-phase waveform
(shown in the bottom left panel), which has positive
phases and a monotonically decreasing instantaneous
frequency within the fundamental period. Depending
on other stimulus characteristics, these two maskers
can result in masked threshold differences of 5-25
dB (Smith et al. 1986; Kohlrausch and Sander 1995;
Summers and Leek 1998). Because the positive and
negative Schroeder-phase waveforms have identical
power spectra, the measured masking differences are
not consistent with an energy model of masking.

Following preliminary psychophysical and model-
ing work on the phase dispersive properties of the
inner ear by Smith et al. (1986), Kohlrausch and
Sander (1995) argued that the basis for the large differ-
ences in masking by the two Schroeder-phase wave-
forms lies partially in an interaction between the
stimulus phase spectrum and the phase characteristic
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of the basilar membrane. They measured thresholds
for a 5-ms tone, added in-phase to a single masker
component within a Schroeder-phase waveform hav-
ing a fundamental frequency of 100 Hz. This short
tone occurred at different times within the 10-ms fun-
damental period of the masker. When the masker was
the negative Schroeder-phase waveform, thresholds
depended slightly on the time placement of the signal
within the period. However, for the positive Schroeder-
phase masker, thresholds differed by as much as 20
dB, depending on the time of the signal onset within
the masker period. The threshold variability with the
positive Schroeder-phase masker is level-dependent,
with lesser effects at low and high stimulus levels and
more threshold variability across the masker period
for moderate-level stimuli (Carlyon and Datta 1997,
Summers 2000).

These differences in the masking period patterns
as a function of signal onset time provide evidence
that the “internal” waveform may be altered from the
physical stimulus during auditory processing. Dau et
al. (2000) also showed data that support this interpre-
tation, measuring the magnitude of the auditory brain-
stem response (ABR) to a modified “chirp” stimulus.
Taking into account phase dispersion along the length
of the basilar membrane, Dau et al. (2000) showed
that the magnitude of the ABR was greatest for this
“chirp” stimulus, suggesting that a synchronous
response of the basilar membrane was produced by a
stimulus with a rising frequency sweep. Phase disper-
sion along the length of the basilar membrane may
cause the internal representation of the positive
Schroeder-phase waveform to be highly modulated
(Kohlrausch and Sander 1995). In a manner reminis-
cent of masking by amplitude-modulated stimuli, the
peaks within a highly modulated internal waveform
would lead to high thresholds for the short-duration
probe, whereas valleys in the waveform would result
in lower thresholds (Zwicker 1976; Buus 1985). For
long-duration signals, masking by the positive
Schroeder-phase masker would be less than the nega-
tive Schroeder-phase masker, as the signal would be
heard within the “valleys” of the internally modulated
positive Schroeder-phase masker. According to this
interpretation, the internal representation of the wave-
form of the negative Schroeder-phase masker is less
modulated, and, therefore, there would be fewer low-
amplitude portions to provide a release from masking.
It should be remembered that the physical harmonic
complexes do not have these characteristics; both the
positive and negative Schroeder-phase waveforms have
fairly flat temporal envelopes.

Kohlrausch and Sander (1995) described how
alterations in the internal waveform shape of the
Schroeder-phase maskers might promote an under-
standing of the phase characteristic of the auditory
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system. Theyreasoned thatitis the phase characteristic
of a given auditory filter (or channel) that alters the
shape of the internal within-channel temporal wave-
form. The least effective masker, reflecting the ability
to hear the probe signal in a “valley” within the internal
representation of that masker, might represent an
interaction between the input phase spectrum and the
phase characteristic of the relevant auditory channel.
When the phase spectrum of the masker closely mir-
rors (and, therefore, counteracts) the internal phase
characteristic, the resulting internal waveform at the
output of the relevant auditory channel should have
a very peaky temporal structure. In fact, it should be
similar to an external waveform having all components
in phase (e.g., a cosine- or sine-phase harmonic com-
plex). Masking should be minimal in response to such
a modulated waveform.

Figure 1 describes the effects of cochlear filtering
on the Schroeder-phase stimuli. The left panels show
the positive and negative Schroeder-phase stimuli.
These stimuli were passed through a gammachirp filter
centered around 2000 Hz to generate the waveforms
in the right panels of Figure 1. The gammachirp filter
counteracts the phase characteristics of the positive
Schroeder-phase stimulus to greater extent than it
does the negative Schroeder-phase stimulus, leading
to different temporal patterns in the output wave-
forms. The waveform resulting from the negative
Schroeder-phase stimulus (upper panels) is less modu-
lated than the waveform resulting from the positive
Schroeder-phase stimulus (lower panels).

This logic was implemented in a search for psycho-
physical reflections of the phase characteristic of
the basilar membrane. The phase spectra of the
Schroeder-phase harmonic complexes represent a
constant curvature of the phase-by-frequency function.
In order to estimate the phase characteristic across
frequency, differences in masking effectiveness were
measured for waveforms constructed with systemati-
cally modified Schroeder-phase stimuli, resulting in
changes in the phase-by-frequency gradient of each
masker stimulus. The psychophysical data of Kohl-
rausch and Sander (1995) and phase descriptions in
the animal literature (e.g., Ruggero etal. 1997) suggest
that the curvature of the phase-by-frequency function
of the basilar membrane is not constant along its
length. Therefore, the modified Schroeder-phase stim-
ulus whose phase characteristic best mirrors the phase
response of the basilar membrane must be different
for different frequencies (i.e., places of maximum
stimulation along the membrane). By identifying the
phase gradient producing the least masking for a given
signal frequency, the curvature of the phase-by-fre-
quency characteristic of the underlying auditory sys-
tem might be estimated.
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FIG. 2. Three sample stimulus waveforms are shown. Scalars (C)
of +0.2, +0.7, and +1.5 were used to generate the stimuli in the
upper, middle, and lower panels, respectively.

METHODS

Stimuli

The maskers were constructed by summing equal-
amplitude cosine tones, harmonically spaced every 100
Hz from 200 to 5000 Hz. The starting phase of each
component was selected according to a modification
of the algorithm given by Schroeder (1970):

6, = Crn(n + 1)/N 1)

where 6, represents the phase of the nth harmonic,
Nis the total number of harmonics, and Cis a scalar.
Maskers were generated for scalar values C selected
to sample the range between —1.0 and +2.0, with
approximately ten scalars tested for each observer.
Mehrgardt and Schroeder (1983) and Schreiner et al.
(1983) first presented a scaled modification of the
Schroeder-phase algorithm to produce “gaps” in the
temporal structure of waveforms. When € = +1.0 or
—1.0, the original Schroeder-phase waveforms are gen-
erated (see Fig.1). Three additional examples of the
masker waveforms, with scalars C = +0.2, +0.7, and
+1.5, are presented in Figure 2. The maskers were 400
ms in duration, with 30-ms raised-cosine rise/fall times.

The phase arrangement of the positive and negative
Schroeder-phase maskers is such that the frequency
sweep from 200 to 5000 Hz occurs exactly within the
fundamental period of the waveform (for these stim-
uli, 10 ms). Smaller scalars produce faster frequency
sweeps and larger scalars produce slower frequency
sweeps. When the frequency sweep rate is high (—1.0
< C< +1.0), there are low-energy portions within the
masker period (see the top two panels of Fig. 2). For
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C< —1.0and C> +1.0, however, the entire frequency
sweep from 200 to 5000 Hz lasts longer than the 10-ms
period of the masker. The high-frequency components
(for C> +1.0) have phase leads which cause them to
wrap across more than one period and thus appear in
the previous masker period (see Fig. 2, bottom panel).
The phase wrapping leads to a more complex wave-
form, which, however, probably only minimally affects
the masking results reported here. This issue will be
revisited as the results are presented.

The signal to be detected was a tone added to its
corresponding frequency component in the masker
with the same starting phase as the masker component.
Four signal frequencies were tested: 1000, 2000, 3000,
and 4000 Hz. The duration of the signal was 200 ms,
with 30-ms rise/fall times, and it was temporally cen-
tered within the masker. The signal was presented at
a fixed level of 40 dB SPL. Threshold was defined as
the masker power in dB SPL needed to mask the fixed-
level signal tone at a performance level of 79% correct
detections. These values will be presented as overall
masker levels (masker level per component is 17 dB
less, given that there are 49 components in the
masker).

Informal listening to these maskers and signals sug-
gested that, when the signal was a 4000-Hz tone, there
was a chance of some confusion with the edge pitch
resulting from the abrupt spectral offset of the masker
at 5000 Hz. Therefore, a second set of maskers was
constructed with a spectral ramp in which the five
highest-frequency harmonic components were pro-
gressively attenuated by 3 dB (see Alcantara and Moore
1995). Thus, the 49th component was attenuated by
15 dB with respect to the other components of the
masker. These “ramped” stimuli were used only for a
signal frequency of 4000 Hz when there appeared to
be some confusion between masker and signal.

The signal and masker stimuli were generated using
two channels of a 16-bit digital-to-analog converter
(DAC) (TDT DD1) at a sampling rate of 20.48 kHz.
The outputs of the DAC were low-pass filtered at 8.5
kHz (TDT FLT3 105 dB/oct attenuation band with
maximum attenuation of 65 dB), attenuated, and
summed. The resulting stimulus was fed into one ear-
phone of a TDH-49 headset.

Procedure

Following the procedure used by Summers and Leek
(1998), the overall level of the masker was varied in a
standard/two-alternative forced-choice task, and a 3-
up, l-down tracking procedure was used to estimate
masked threshold (Levitt 1971). When the interval
containing both masker and signal was chosen cor-
rectly on three consecutive trials, the level of the
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masker was increased; one incorrect selection was fol-
lowed by a decrease in the masker level. Observers
were seated in a sound-attenuating room and indicated
which interval contained the signal tone by touching
a designated area on a touch-screen terminal. Correct-
answer feedback was provided after each trial.

On every trial, the masker alone was presented in
the first interval. The other two intervals contained
either masker alone or masker-plus-signal, presented
in random order with equal probability. The interstim-
ulus interval was 400 ms. At the start of each experi-
mental session, the observer was presented with four
practice trials in which the signal was clearly audible
within the masker. The level of the masker on each
adaptive track was set initially to 10-15 dB below the
listener’s estimated threshold. Masker levels were
changed in steps of 4 dB at the start of each track and
then reduced to 1-dB steps after three reversals in
direction. The threshold search continued until the
track direction had reversed 12 times. The mean of
the masker levels at the last eight reversal points was
taken as threshold. Three threshold tracks were col-
lected for each experimental condition. The final
reported thresholds are the means of the three
track thresholds.

Observers and order of data collection

Four normal-hearing observers, ranging in age from
28 to 52 years, participated. All observers had pure
tone audiometric thresholds within 15 dB of the 1989
ANSI standard at 250-6000 Hz. All listeners had previ-
ous experience with psychoacoustic tasks. Observers 1
and 2 are the first and second authors, respectively.

Thresholds were measured using a randomized
block design. For each observer a signal frequency was
chosen at random and thresholds were measured for
scalars in random order (except that, in many
instances, scalars C = —1.0, —0.5, and 0 were tested
last). Each threshold was measured at least three times
over several days. After three replicates of each scalar
had been tested for a selected signal frequency, a differ-
ent frequency was chosen and the process repeated.
No two replications were completed on the same day.
To assess possible practice effects, thresholds were
spot-checked for several scalars at each frequency.
These checks resulted in replications that were within
one standard deviation of thresholds obtained pre-
viously.

Following data collection at all signal frequencies,
because of a possible confusion between the masker
edge pitch at 5000 Hz and the 4000-Hz signal, listeners
were retested at 4000 Hz using the maskers with a high-
frequency spectral ramp. Thresholds reported for the
4000-Hz signal for Observers 2, 3, and 4 were measured
with the spectrally ramped maskers (Observer 1

LENTZ AND LEEK: Phase Effects on Masking

showed no difference in thresholds whether the ramp
was present or not).

RESULTS

Threshold data are plotted as a function of scalar (C)
in Figure 3. Each panel represents data for one signal
frequency (1000, 2000, 3000, or 4000 Hz), and thresh-
olds for individual observers are shown as different
symbols within the panels. Error bars indicate standard
errors of the mean across three threshold replicates.
Recall that the signal level was fixed and the threshold
values are the level of the harmonic-complex maskers
required to mask the signal; data toward the bottom
of the panels indicate more effective maskers, while
higher thresholds reflect poorer maskers.

For each signal frequency, there is a nonmonotonic
relationship between masker level at threshold and
the scalar being tested. At the most negative scalar
values, masker levels tend to be lowest, indicating
highly effective maskers. As the scalar approaches zero,
masker levels generally rise slightly and continue to
rise beyond scalars of zero until a maximum level is
reached. For scalar values larger than that associated
with the highest masker level, levels fall slightly with
further increases in scalar. Within a single observer
and signal frequency, the difference in masking gener-
ated by changing the scalar can be quite large, often
exceeding 10 dB. Summers and Leek (1998) reported
similar masking differences of 8-15 dB between the
positive and negative Schroeder-phase maskers at sev-
eral probe frequencies. These data are also in accord
with those of Smith et al. (1986) and Kohlrausch and
Sander (1995) who measured a masking difference
between the positive Schroeder-phase and negative
Schroeder-phase maskers on the order of 10-20 dB
for signal frequencies of 1100, 2200, and 4400 Hz.
Their stimuli differed considerably from those used
here in that the bandwidths and number of compo-
nents were different and the signal level was varied to
find threshold in a fixed-level masker. Nonetheless, we
find the same pattern of results for these different
threshold measurement techniques.

Across nearly all observers and signal frequencies
there is a peak in the functions relating threshold
masker level to scalar value. The scalar associated with
this maximum level (the peak scalar) is generally simi-
lar across listeners. Within each panel of Figure 3, a
shaded region highlights the range of peak scalars
across all listeners. The larger the width of the shaded
region, the greater the variability of peak scalar loca-
tion across listeners. Some signal frequencies have
more variability than others (e.g., 4000 Hz has a nar-
rower shaded region than the other signal frequen-
cies) but, overall, the range of peak scalars is rather



LENTZ AND LEEK: Phase Effects on Masking

90

1000 Hz

80

70

Masker Level (dB SPL)

50 ! T T T lv
90

{ 4000 Hz
80

70

-1 05 0 05 1 1.5 2
Scalar Value (C)

FIG. 3. Threshold (masker power in dB SPL needed to mask a 40
dB SPL signal tone) is plotted as a function of scalar value for four
signal frequencies and four observers. Signal frequencies of 1000—
4000 Hz are shown from the top to the bottom panel, respectively.
Error bars are the standard errors of the mean across three replicate
threshold estimates. The different symbols denote different observers:
(—m=) Obs 1, (—4-) Obs 2, (—A-) Obs 3, (—e—) Obs 4.

small across listeners. Quantifying the peak scalar at
1000 Hz is difficult because the individual functions
do not have a sharp peak like the functions at the
other signal frequencies. The true peak scalar may be
beyond the range of scalars tested here but it appears
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to be greater than +1.3 for all listeners. The high-
lighted region at 1000 Hz includes all scalar values
greater than +1.3. (To further explore this result, we
tested scalar values greater than +2.0 during pilot data
collection. However, for maskers generated with these
scalars, we did not see a continuation of the drop in
thresholds with increasing scalar; thresholds rose and
fell in a manner unrelated to increases in scalar value.)

For all conditions, the peak scalar occurs at scalar
values above zero, reflecting less masking by the posi-
tively scaled Schroeder-phase maskers than by the neg-
atively scaled Schroeder-phase maskers. In addition,
the location of the shaded region varies across fre-
quency. Larger peak scalars are measured for the lower
signal frequencies, and smaller peak scalars are associ-
ated with higher signal frequencies. This can be seen
in the movement of the gray-shaded region toward
lower scalars as signal frequency increases from the
top panel to the bottom panel in Figure 3.

Peak scalars larger than +1.0 were measured for
1000-and 2000-Hz signals. Recall that, for scalars larger
than +1.0, the high-frequency components “wrap”
across the waveform periods occurring in the latter
end of the previous masker period (see discussion in
Methods section and bottom panel of Fig. 2). For the
2000-Hz signal, with a peak scalar of 1.125, the first
component to wrap to the previous masker period is
approximately 4500 Hz. At this signal frequency, it is
unlikely that the wrapped frequencies affect masking
by the peak scalar masker, as they are sufficiently dis-
tant from the signal frequency. For a signal of 1000
Hz at the peak scalar (G > +1.3), the first compo-
nent to wrap to the end of the masking period is
around 3900 Hz. For cases where the (e is much
greater than +1.3, masking may be influenced by the
wrapping of frequencies. The G, is not well-defined
at 1000 Hz and phase wrapping may adversely affect
masking. Carlyon and Datta (1997) showed that mask-
ing of a 1000-Hz signal by Schroeder-phase harmonic
complexes was most influenced by components at fre-
quencies ranging from approximately 500 to 1500 Hz,
with some contributions from more distant compo-
nents. At 1000 Hz, masking due to the relatively remote
wrapped frequencies is probably limited, though not
necessarily negligible.

In addition to the strong relationship between
threshold and scalar, Figure 3 also demonstrates large
masking differences across listeners, shown in the sepa-
rations among the different symbols within each panel.
For example, at 4000 Hz, Observer 1 (squares) shows
little masking overall (high thresholds) while for
Observer 4 (circles) the 4000-Hz tone was masked
much more effectively. The threshold differences
between these two observers are on the order of 15 dB,
regardless of scalar value. These masking differences
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among observers are not consistent across signal fre-
quencies: A listener who shows little masking at one
signal frequency may not show the same trend at a
different signal frequency. Note Observer 4 as an
extreme example (circles). Observer 4’s thresholds
exceed those of all observers at 2000 Hz, indicating
the most resistance to masking by the different stimuli.
However, at 3000 and 4000 Hz, the same observer
shows the most masking at scalar values above zero.
The source of these individual differences in level of
masking is unclear. It is unlikely that they are due to
the order of testing for each observer, as no patterns
of particularly low or high masking levels could be
related to the sequence of tested frequencies. Further,
the relatively small standard errors across the three
replicates for each threshold, as well as the confirma-
tions found in the additional checks of some thresh-
olds, do not suggest an effect of training or fatigue
leading to differences in thresholds for some frequen-
cies. The individual differences appear to be unrelated
to the points of minimum masking, however, as little
variability across listeners is present in the determina-
tion of peak scalar.

High thresholds (i.e., poor maskers) might indicate
a highly modulated “internal” waveform in which an
observer could detect a signal easily in the masker
valleys. A harmonic complex constructed with the peak
scalar associated with a given signal frequency is
assumed to approximately mirror the internal phase
characteristic in that frequency region. That is, the
peak scalar generates a masker with a phase-by-fre-
quency curvature that reflects the curvature matched
to a particular auditory channel. These findings are
consistent with the suggestion of Kohlrausch and
Sander (1995) that the phase curvature of a single
auditory filter is negative. Positive scalars counteract
the phase curvature of an auditory filter, leading to a
more highly peaked waveform. Their estimates also
indicate that the curvature of higher-frequency audi-
tory filters is less than lower-frequency auditory filters.
The thresholds reported here provide a more detailed
characterization of the change in curvature with
increasing signal frequency. The masker stimuli used
in this study have a constant curvature given by the
equation:

d*0 2
R VE ®)
where N is the number of harmonics and f is the
fundamental frequency of the masker (see Kohlrausch
and Sander 1995). Equation (2) indicates that the
curvature of the Schroeder-phase stimulus is depen-
dent on the number of harmonics. Such a dependence
of the phase curvature on number of masker compo-
nents complicates comparisons between thresholds
obtained by Kohlrausch and Sander (1995) for positive
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and negative Schroeder-phase stimuli and those meas-
ured here for C = *1, as the masker phase curvatures
differ in the two studies. An estimate of the curvature
of the phase characteristic of the auditory filter at
each signal frequency is given by determining the peak
scalar and using Eq. (2) to find the curvature of the
corresponding stimulus.

Peak scalars averaged across the four observers are
plotted as a function of frequency in Figure 4 (filled
circles). The right ordinate indicates the phase curva-
ture of the resulting stimulus. The arrow above the
data point at 1000 Hz indicates that the true peak
scalar is probably greater than those reported here.
A repeated-measures analysis of variance indicates a
significant effect of signal frequency on the peak scalar
(F39) = 11.70, p < 0.002). Peak scalars generally
decrease with increasing signal frequency. This corres-
ponds with a magnitude of stimulus phase curvature
that decreases with increasing frequency. If the curva-
ture of auditory filters is the mirror image of the curva-
ture of the stimulus generated by the peak scalar, the
magnitude of the curvature of auditory filters also
decreases with increasing center frequency, but the
sign is negative. The crosses connected with a dotted
line indicate estimated curvatures based on Kohl-
rausch and Sander’s (1995) data set. The curvature at
1100 Hz was estimated explicitly by Kohlrausch and
Sander. Curvatures at 2200 and 4400 were estimated
using Figure 12 from Kohlrausch and Sander (1995).
Following their logic, we determined the fundamental
frequency at which thresholds for the positive
Schroeder-phase masker and the sine-phase masker
were equal, as shown in their Figure 12 (bottom pan-
els). The phase curvature of the auditory filter cen-
tered at the signal frequency would cancel half of the
phase curvature of the positive Schroeder-phase
masker created with this fundamental frequency and
would introduce half its phase curvature into the sine-
phase masker. Therefore, the curvature of the positive
Schroeder-phase masker, with the fundamental fre-
quency at the intersection of the positive Schroeder-
phase and the sine-phase maskers shown in Figure 12
of Kohlrausch and Sander (1995), may be estimated
to reflect twice the curvature of the phase characteris-
tic of the auditory filter. At 1100 Hz, Kohlrausch and
Sander estimated that the phase curvature lies between
—3.39 X 1075 and —2.33 X 107° rads/Hz2. The data
point on Figure 4 is the average of these two curva-
tures. In the current experiment, the estimated aver-
age curvature of —1.86 X 107° rad/Hz? is somewhat
closer to zero than Kohlrausch and Sander’s estimate.
However, it may be underestimated here because of
the lack of a distinct peak in the functions in Figure
3 at 1000 Hz. To produce a stimulus with the same
curvature as that used in the Kohlrausch and Sander
experiment using frequencies ranging from 200 to
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FIG. 4. Average peak scalars (shown on the left axis) and the corres-
ponding curvature (shown on the right axis) are plotted as a function
of signal frequency. The filled symbols indicate the psychophysically
measured peak scalars. Error bars indicate the standard errors across
four observers. The large X’s denote the peak scalars estimated from
Kohlrausch and Sander’s (1995) data set.

5000 Hz, scalars of C = 2.6 and C = 1.8 (scalars where
more substantial phase wrapping may affect masking)
would need to be used. The estimated curvatures for
frequencies of 2200 and 4400 Hz are similar to the
current estimates in those frequency regions, despite
the differences in measurement techniques between
these two studies.

DISCUSSION

In agreement with past studies, these data show that
harmonic stimuli with different phase spectra can
produce different amounts of masking (Smith et al.
1986; Kohlrausch and Sander 1995; Carlyon and
Datta 1997; Summers and Leek 1998). This differen-
tial masking cannot be attributed to changes in
energy with the addition of a signal because the long-
term power spectra are identical, regardless of the
phase spectra. Listening in the valleys of the external
masker also cannot adequately explain these results
because a stimulus with a flat temporal envelope often
is a poorer masker than a stimulus with a scalar that
produces substantial valleys in its temporal structure.
The data of Kohlrausch and Sander show that, in
many instances, positive Schroeder-phase maskers
were less effective than maskers where all components
were added in sine phase. Kohlrausch and Sander
(1995) suggested that these masking differences were
the result of alterations of internal waveform shape
due to interactions with the phase response of the
basilar membrane. Less effective maskers reflect a
cancellation of the stimulus phase characteristic by
phase changes imposed by cochlear processing. The

415

resulting internal representation of the waveform is
highly modulated, and the auditory system can detect
the signal in the low-amplitude portions of each
masker period.

This hypothetical effect of cochlear processing was
explored here by measuring masking effectiveness of
harmonic complexes with systematic changes in their
phase spectra. The masking differences observed
among these masker complexes most likely reflect
the stimulus-phase and internal-phase interactions
occurring within a single auditory channel. The peak
scalar, determined by masking within a limited spec-
tral region around the signal frequency, varies as a
function of frequency, implying that the magnitude
of the curvature of auditory filter phase decreases
as frequency is increased. Thus, component phases
within the masker stimuli at higher frequencies are
altered less from the external stimulus than phases
atlower frequencies. Fewer phase alterations also sug-
gest that the temporal waveform shape at the level
of the cochlea is better preserved at high frequencies
than low. The variation of local phase curvatures
within auditory channels provides evidence of more
global changes in the curvature of the phase charac-
teristic along the length of the cochlea. Thus, at
higher frequencies within these masker waveforms,
the phase dispersive properties of the basilar mem-
brane have less effect on the temporal structure of the
waveform, and the external shape of the waveform is
more accurately preserved internally.

Data obtained from Schroeder-phase masking
experiments have been modeled to some extent with
basilar membrane models (Smith et al. 1986; Kohl-
rausch and Sander 1995) as well as with the gam-
matone filter described by Patterson et al. (1987).
Basilar membrane models, such as developed by
Strube (1985), have limited applicability to psycho-
physical data because the filters employed in those
models have much broader filter characteristics than
have been measured in humans (see comment by
Moore in Kohlrausch 1988). These models, however,
do predict that the output waveform for the positive
Schroeder-phase stimulus is peakier than the negative
Schroeder-phase stimulus. Kohlrausch and Sander
(1995) used the gammatone model with a more realis-
tic bandwidth for psychophysical data but were unable
to account for the large masking difference between
the positive and negative Schroeder-phase stimuli with
that model. These data may be better described using
the gammachirp filter developed by Irino and Pat-
terson (1997). In fact, Micheyl et al. (1999) qualita-
tively described changes in Schroeder-phase stimuli
using a gammachirp filter to explain their otoacoustic
emission data. The gammachirp filter is implemented
here to determine whether realistic auditory filtering
can account for the current results.
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Description of the gammachirp filter model and
crest factor analysis

The gammachirp filter has a well-developed impulse
response in which passband asymmetries present in
human psychophysical auditory filters can be realized.
The impulse response of the filter is given by

g(t) =l 2mERB(/)! COS(QWﬁ + cln(t) + (/))

where n, b, f;, and ¢ are free parameters. The order of
the filter is defined by n. The bandwidth is given by
ERB (), the equivalent rectangular bandwidth of the
filter at its resonant frequency f, in Hz, as defined by
Glasberg and Moore (1990), scaled by a bandwidth
parameter b. The gammachirp filter takes into account
the frequency dependence of frequency selectivity, in
that filters centered at higher frequencies are broader
than those at lower frequencies (Glasberg and Moore
1990). To account for nonlinear changes in bandwidth
and filter asymmetry with level, Irino and Patterson
(1997) defined the impulse response of the filter to
be level-dependent through a chirp parameter ¢, which
is based on the power of a signal. Depending on the
time duration of the window used to estimate the
power passing through the filter, the properties of the
filter may change for stimuli which have large level
changes across their duration. For most of the stimuli
used in the current experiment, the gammachirp filter
does not have a constant passband or phase character-
istic throughout the stimulus duration. The filter’s
bandwidth is most affected by changes in the band-
width parameter 5. Changes in the chirp parameter
have a smaller effect. The chirp parameter has control
over the degree of filter asymmetry and changes in
phase across the filter’s passband. Figure 5 plots the
magnitude and phase characteristics of example gam-
machirp filters with wide and narrow bandwidths. The
filters shown in Figure 5 reflect changes imposed by
altering the bandwidth parameter 5. Note that slower
phase changes are associated with gammachirp filters
having larger bandwidths. The relationship between
the chirp parameter and phase and filter bandwidth
is more complex.

The effects of passing waveform with different mask-
ing effectiveness through a gammachirp filter cen-
tered at 2000 Hz are demonstrated in the right-hand
panels of Figure 1. The simulated gammachirp filter
was based on a stimulus level of 80 dB SPL. The upper-
right panel shows a stimulus that is less peaky than
that in the lowerright panel. Recall that, in masking
a 2000-Hz tone, the negative Schroeder-phase wave-
form in the upper-left panel is a more effective masker
than the positive Schroeder-phase waveform in the
lower-left panel. The parameters defining this gam-
machirp filter are based on a 3-parameter fit described
by Irino and Patterson (1997). Parameters n and b are
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FIG. 5. Examples of two gammachirp filters that show the effects
of changing the bandwidth parameter b. The heavy line represents
the filter magnitude, keyed to the left ordinate, while the lighter line
shows the filter phase, referred to the right ordinate.

4 and 1.51, respectively. The chirp parameter c¢is 3.88
—0.109P,, where P;is the power of the stimulus passing
through the filter ata given instant. Further discussions
regarding the definition of P, appear later. For many
of the stimuli used in the current experiment, the
power differs depending on the duration of the
assumed time window of the ear. For Figure 1 and the
simulations reported here, the power of the stimulus
is computed over a 3-ms time window. This value is
based on gap detection experiments where it has been
shown that listeners can discern a temporal gap of 2-3
ms (e.g., Plomp 1964), and on estimates of the time
constant of temporal modulation transfer functions
(e.g., Viemeister 1979; see Viemeister and Plack 1993
for review).

The “peakiness” of the masker waveforms may be
quantified by the crest factor, which is the ratio of
the peak amplitude in a waveform to the root-mean-
square amplitude of the waveform (Hartmann and
Pumplin 1988). The internal crest factor is deter-
mined by the interaction between the external wave-
form and the filtering and phase dispersive properties
of the basilar membrane. Internal crest factors of the
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stimuli used here may be computed by passing the
stimuli through a computer-simulated auditory filter.
Referring again to Figure 1, after filtering, the crest
factor of the negative Schroeder-phase waveform
(3.51, upper-right panel) is lower than the crest factor
of the positive Schroeder-phase waveform (4.19,
lower-right panel), even though prior to filtering these
two stimuli had the same crest factor (1.83). Assuming
that maskers with high crest factors are less effective,
the gammachirp filter predicts the empirical finding
that the positive Schroeder-phase waveform is a
poorer masker than the negative Schroeder-phase
waveform.

Internal crest factors were calculated based on a
bank of gammachirp auditory filters for comparison
with the empirically measured peak scalars for each
signal frequency. The parameters chosen for the gam-
machirp filter are the same as those used to generate
Figure 1; however, the large range of overall stimulus
levels in the data set pose an interesting problem for
the implementation of the gammachirp filter. In the
threshold measurements, the masker level is varied to
estimate threshold. Because the signal is added in-
phase to a component of the masker, the actual level
of that component depends on the threshold level of
that masker. Recall that the gammachirp filter is level-
dependent—the chirp parameter depends on the
level of the signal passing through the filter. As applied
here, it is unclear whether this means the level of the
signal itself (40 dB SPL), the level of the signal added
to its corresponding masking component (ranging
between 40 and 73 dB SPL), or the level of the stimulus
passing through the filter itself. Irino and Patterson
(1997) defined the gammachirp filter using notched-
noise data, where the level of the masker was varied
and the signal level was fixed. In those experiments,
the signal and masker did not overlap in frequency,
and, therefore, the level of the signal component was
never in question. In addition, notched-noise stimuli
usually do not have large changes in the power of the
stimuli throughout the waveforms, and, therefore, a
relatively static representation of the gammachirp fil-
ter can be used. In contrast, in the current experi-
ment, the overall levels of the stimuli differ at masked
threshold, and the instantaneous power of the stimuli
varies within a masker period. The choice regarding
how to define the power passing through the filter
has great impact on the results of a gammachirp simu-
lation as the chirp parameter is explicitly defined by
this value. Greater stimulus levels will lead to more
filter asymmetry and alterations in the phase charac-
teristics of the filter.

If the characteristics of the filter were selected
based on the signal level alone (40 dB), a difference in
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masking between the positive and negative Schroeder-
phase stimuli would not be predicted. The phase char-
acteristics of that filter would be very similar to that
of a symmetric gammatone filter (¢ = 3.88 — 0.109 X
40 = —0.48 compared with ¢ = 0 for the gammatone).
Further, because the signal tone is added to a compo-
nent of the masker, the level of that component is
never truly 40 dB. Thus, in the current application,
it seems inappropriate to define P;in this way. Rather,
P; is defined as the power of the stimulus passing
through a single gammachirp filter. This definition
was chosen because it is more realistic to assume that
the auditory system can determine power only within
some frequency region rather than the power of a
single spectral component.

The gammachirp filter and crest factor analysis
were implemented here by filtering both masker and
signal-plus-masker stimuli. To account for offfre-
quency listening, a bank of 21 gammachirp filters with
center frequencies between 80% and 120% of the
signal frequency was used. The filter with the largest
change in power between the masker-alone stimulus
and signal-plus-masker stimulus was taken as the analy-
sis filter. The crest factor of the masker-alone stimulus
was computed at the output of the selected analysis
filter.

It was assumed that at the output of the gam-
machirp filter, stimuli with higher crest factors would
be poorer maskers than stimuli with lower crest fac-
tors. Masked thresholds are assumed to be monotoni-
cally related to crest factor. Because stimulus level is
critical to the implementation of the gammachirp fil-
ter, the effect of stimulus level on crest factors is dis-
cussed first. Then, results of the crest factor analysis
are compared with the experimental data in two dif-
ferent ways. First, predicted peak scalars are compared
with psychophysically measured peak scalars to deter-
mine whether the phase changes across the gam-
machirp filter’s passband are sufficient to describe the
data. Second, the results of the modeling are exam-
ined to determine whether the filter model can
explain the large differences in threshold that are
measured for different scalars.

Behavior of the gammachirp filter model with
level

To evaluate the effects of stimulus level on crest factor,
the maskers used in the current experiment were gen-
erated at three different overall levels (57, 70, and 90
dB). Maskers and signal-plus-masker waveforms (sig-
nals were 40 dB) were filtered using the same parame-
ters as in Figure 1 (taken from Irino and Patterson
1997). Recall that the filtering process attenuates the
majority of the stimulus components, resulting in
reduced levels at the output of a single filter. Figure
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FIG. 6. Crest factor is plotted as a function of scalar value for the
experimental stimuli (dotted line) and for the stimuli passed through
gammachirp filters centered at 1000, 2000, 3000, and 4000 Hz, at
three different stimulus levels.

6 shows crest factors of the masker-alone stimuli, after
they have been passed through gammachirp filters,
plotted as a function of scalar. Each panel represents
a different signal frequency. Three different stimulus
levels are shown by the different symbols. The crest
factors for the unfiltered stimuli are indicated by the
dotted line in each panel. Stimulus level does not affect
the crest factors of the unfiltered stimuli.

The largest crest factor is found for the unfiltered
stimuli at a scalar of zero, as all the component phases
are the same and the waveform is the “peakiest.”
Regarding the unfiltered stimuli, large changes in crest
factor are associated with small changes in scalar, espe-
cially for scalars near zero. Large changes in crest fac-
tor with scalar also occur for the filtered stimuli,
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although these changes are smaller than for the unfil-
tered stimuli. The maximum crest factor for the unfil-
tered stimuli is approximately 10, whereas the
maximum crest factor for the filtered stimuli is less
than 6. Filtering attenuates many of the stimulus com-
ponents, leading to fewer harmonic interactions and,
therefore, less change in crest factor with scalar value.

At 1000 Hz, the function relating crest factor to
scalar value is even flatter than the pattern in the data
(Fig. 3). This result is due to the relatively narrow filter
bandwidth at 1000 Hz, where very few components
interact with one another. For the other three frequen-
cies, the modeling results show smooth functions relat-
ing crest factor to scalar value. As with the psycho-
physical data, at negative scalar values, crest factor
gradually increases with increasing scalar value. Once
apeakin the function is reached, crest factor decreases
with increasing scalar. Within a single frequency, the
maximum crest factor increases with increasing stimu-
lus level. Yet, crest factors are not elevated with increas-
ing stimulus level at all scalars. For example, for signal
frequencies of 2000-4000 Hz at C= —1.0, crest factors
tend to decrease with increasing level. Thus, there is
an interaction between increasing filter bandwidth and
the cancellation of the phase characteristics of the
stimuli.

As with the experimental data, there is a peak scalar
associated with the maximum crest factor for most
stimulus levels and signal frequencies. The peak scalar
changes depending on the overall level of the stimulus.
For example, at 2000 Hz, for a stimulus level of 57 dB,
the maximum crest factor is measured at a scalar of -
0.5. However, the peak scalar at a stimulus level of 70
dB is +0.5, and at 90 dB it is +0.3. A similar depen-
dence of peak scalar on stimulus level is found at 3000
Hz but not at 4000 Hz. These shifts in peak scalar are
partially a result of changes in the phase characteristic
of the gammachirp filter with increasing stimulus level.
The effects of offfrequency listening may cause shifts
in the peak scalar as well. Filters with higher resonant
frequencies may be selected as the analysis filters at
greater stimulus levels. Regardless of the stimulus level,
the peak scalar is always measured to be less than +0.5.
These results contrast with the experimental data in
which peak scalars ranged between +0.7 and +1.3.
While Figure 6 simply serves to illustrate the effects
of level on filtering Schroeder-phase stimuli, it also
indicates that crest factors extracted from the gam-
machirp filter model, as implemented here, will not
easily account for the psychophysical data.

The gammachirp filter parameters suggested by
Irino and Patterson (1997) are based on notched-noise
data of Lutfi and Patterson (1984), Rosen and Baker
(1994), and Moore et al. (1990). The parameters were
generated using assumptions that take into account
only the spectral characteristics of sound rather than
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temporal characteristics. The power spectrum model
of masking has been shown to be inadequate in a
number of studies, especially those tasks which impli-
cate temporal cues (cf. Richards 1988; Kidd et al.
1989). Lentz et al. (1999) suggested that the auditory
filter bandwidths recommended from the notched-
noise task may be too wide to use for all psychophysical
tasks. Expanding on this finding, recall from Figure 5
that narrower filter bandwidths are associated with
faster phase changes across a filter’s passband. Faster
phase changes would be associated with a greater peak
scalar. Therefore, one way to increase the predicted
peak scalar would be to decrease the bandwidth of
the filter. The effects of narrower filter bandwidths is
discussed in the next section.

Predictions of peak scalars from gammachirp
filter simulations

Can the gammachirp filter accurately predict the peak
scalars and, therefore, the estimated phase curvature
of cochlear processing? A crest factor analysis of simu-
lated filter outputs was carried out for each observer
and frequency, using the masker waveforms corres-
ponding to each scalar value. However, the level depen-
dence of the gammachirp filter, while realistic,
introduces some difficulty in attempting to model the
masking data and predict a peak scalar. Figure 6 shows
that the scalar resulting in the highest crest factor at
the output of a gammachirp filter varies depending
on the input level of the stimulus. The psychophysical
data of Figure 3 reflect a large distribution of masker
levels at threshold, with distinct patterns relating
threshold to scalar value and, at most frequencies, a
clear peak in the functions. The peak scalars provide
estimates of the curvature of the phase-by-frequency
function of cochlear processing at the peak scalar
threshold level, but, at other stimulus levels, it is likely
that a different curvature would be estimated. If the
masker threshold level for each scalar is used in a
gammachirp filter simulation, the determination of
peak scalar would be biased toward the highest masker
level, i.e., the actual peak scalar in the data, which is
to be predicted. To reduce that bias, a crest factor
analysis was undertaken for filter outputs for each
scaled waveform, input at the stimulus level of the
peak scalar rather than at its true threshold level. It is
thought that this compromise focuses the analysis on
the stimulus level of the curvature estimate in each
data set and diminishes the unwanted effects of differ-
ent scalar threshold levels. Three filter bandwidth
parameters (b = 1.5, b = 1.1, and b = 0.9) were used
because the previous analysis suggested that a nar-
rower bandwidth might lead to increases in the pre-
dicted peak scalar.
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FIG. 7. Average peak scalars at three signal frequencies predicted
by gammachirp filters with three different bandwidth parameters. The
solid circle is the mean of the measured data, with error bars indicating
the standard errors across observers.

Stimuli were generated for all scalars at the maxi-
mum threshold level for each signal frequency and
observer. Figure 7 shows predicted peak scalar values
averaged across observers as a function of signal fre-
quency for the three different bandwidth parameters
tested. The filled circles reflect the average of the psy-
chophysically measured peak scalars. Error bars are
the standard errors of the mean across the four observ-
ers’ measurements. The filled stars indicate predicted
peak scalars for & = 1.5; gray stars connected with a
dashed line indicate predicted peak scalars for b =
1.1; and the unfilled stars show predicted peak scalars
when b = 0.9. Peak scalars are not shown for 1000 Hz
because of the inability to determine a true peak in
the functions relating crest factor to scalar value.

Figure 7 shows that predictions of peak scalars using
the gammachirp filter differ from the external stimu-
lus (which would be C = 0) and that the predicted
peak scalars tend to decrease with increasing signal
frequency. This indicates that the gammachirp filter
phase characteristic counteracts (at least to some
extent) the external phase spectrum. As expected
from the results shown in Figure 6, when the band-
width parameter is 1.5, the peak scalar estimates are
much lower than estimates from the data. The gray
and unfilled symbols in Figure 7 reflect peak scalar
predictions for narrower bandwidths, indicating that
narrowing the filter has the effect of increasing the
predicted peak scalar. However, for 6 = 1.1, the nar-
rowing of the filter does not raise the peak scalars up
to the experimental values. A narrower filter (6 = 0.9)
raises the peak scalar at 2000 Hz to a level that is too
great, and yet the peak scalars at 3000 and 4000 Hz
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still are not in accord with the data. These values come
closer to the experimental data than those obtained
using b = 1.5, however.

Recall that slower phase changes across the filter’s
bandwidth are associated with smaller peak scalars.
So, the phase changes across the gammachirp filters,
especially at 3000 and 4000 Hz, are slower than indi-
cated by the psychophysical data. With these particular
parameter specifications, the gammachirp filter does
not capture the large phase changes found in the
experimental data. However, when the narrower filter
bandwidth is included, the gammachirp filter comes
closer to predicting the measured peak scalars.

In summary, the gammachirp filter generally can
account for masking differences between the positive
and negative Schroeder-phase maskers (scalars of
*1.0), but it may be unable to represent fully the
psychophysical data obtained using harmonic maskers
with the systematic phase changes used here. For the
higher frequencies (i.e., 3000 and 4000 Hz), there
would need to be a greater change of phase across the
passband in order for the gammachirp filter to fully
account for these Schroeder-phase masking data, at
least under the assumptions of this analysis. Greater
phase changes are associated with a narrower filter.
Therefore, at these frequencies, narrower bandwidths
in the modeled filters would produce more accurate
peak scalar predictions. However, at the lower meas-
ured frequencies of 1000 and 2000 Hz, somewhat
broader filters might produce better estimates,
resulting in a lower peak scalar and a slower phase
change across the passband. This may be especially
true for the 1000-Hz signal because, referring to Figure
6, when & = 1.5, the filter analysis shows no change
in crest factor with changes in scalar. At that frequency,
it is possible that the gammachirp filter is narrow
enough to resolve the 100-Hz harmonics, thus making
within-channel phase interactions impossible. In that
case, a broader filter description would be indicated.

Prediction of maximum—-minimum threshold

Like many filter constructs, the gammachirp filter is
described by a function in which the phase response
of the filter is changed with changing filter bandwidth.
Filters with shallow skirts impose a slower phase change
than filters with steep skirts. The filter applied here
has a wider passband and shallower skirts at high fre-
quencies than at low frequencies. These two properties
of the filtering process interact to produce the masking
effects in Figure 3. Thus, it is expected that as signal
frequency is increased, greater masking differences
with changes in scalar should be a result of widening
of auditory filter bandwidths. This expectation is con-
sistent with the data of Summers and Leek (1998) who
showed that, at 4000 Hz, the difference in masking
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between the positive and negative Schroeder-phase
waveforms was about 15 dB, whereas, at 1000 Hz, the
difference in masking was around 8 dB. Second,
because increasing filter center frequency is associated
with a slowing of the phase change across a filter’s
passband, it is also expected that the scalar at the
masking peak is lower at high frequencies. These quali-
tative predictions are consistent with the data of Fig-
ure 3.

The crest factor analysis can also be used to deter-
mine whether these predictions agree with masking
differences seen across frequency. It is assumed that
greater crest factors lead to less effective masking and,
therefore, greater psychophysically obtained thresh-
olds. Because it is assumed that this relationship is
monotonic, a comparison between the threshold mask-
ing differences and the maximum and minimum crest
factors in the simulations can be made. To compare
the modeled and obtained masking differences, the
obtained threshold (or modeled crest factor) at C =
—1.0 was subtracted from the maximum threshold (or
maximum crest factor). (For simplicity, the threshold
for the C = —1.0 masker will be taken as the minimum,
although in some isolated cases one of the other scalars
produced slightly more masking.) Modeling results are
presented using b = 1.5, as a similar pattern of results
emerged for the narrower filter bandwidths. The top
panel of Figure 8 plots the measured differences
(maximum — minimum threshold) as the solid bars,
and the bottom panel of Figure 8 plots the predicted
differences in dB [maximum crest factor in dB — mini-
mum crest factor in dB; 10 log(crest factor)] as the
hatched bars.

Absolute numbers have little meaning here as the
scales are different and not necessarily linearly related,
but common trends across frequency are of interest.
For the experimental data, the difference between the
maximum and the minimum threshold increases with
increasing signal frequency (filled bars), except the
value at 4000 Hz which is lower than the threshold
differences at 2000 and 3000 Hz. The maximum —
minimum threshold difference at 4000 Hz is 8 dB
greater than the difference at 1000 Hz. These results
are similar to those of Summers and Leek (1998), who
reported masking differences between positive and
negative Schroeder-phase maskers to be 7 dB greater
at 4000 Hz than at 1000 Hz, although they used a 60
dB SPL signal tone rather than the 40 dB tone used
here. Even though the increasing filter bandwidth
would lead to the expectation of a larger maximum
— minimum value at 4000 Hz than at 3000 Hz, this
was not observed in the threshold masking data. The
difference actually gets smaller rather than larger.
However, given the lower overall masking levels for
the 4000-Hz signal, shown in Figure 3, the modeled
filter is not actually broader than that for 3000 Hz
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FIG. 8. The maximum threshold—minimum threshold is plotted for
different signal frequencies as the solid bars in the top panel. Error
bars denote standard errors across four observers. The maximum crest
factor (dB) — minimum crest factor (dB) is plotted for different filter
center frequencies as the hatched bars in the bottom panel.

(where overall masker levels are higher), which may
account for the reduction in threshold difference both
in the data and the predictions. This is a reminder
that filter bandwidths likely reflect an interaction of
both frequency and level.

SUMMARY AND CONCLUSIONS

This experiment measured masking produced by
equal-amplitude harmonic complexes with systemati-
cally changing phase spectra. Replicating the results
of Kohlrausch and Sander (1995), these data suggest
that the curvature of different regions of the basilar
membrane decreases with increasing frequency. Thus,
the internal representation of stimuli at higher fre-
quencies is better preserved with respect to the physi-
cal waveform.

The scalar providing the least masking at a given
frequency may produce the most highly modulated
internal waveform. The gammachirp filter was able to
model qualitatively the changes in cochlear curvature
with increasing frequency. However, this model (as
implemented) does not produce appropriate changes
in phase across its passband to account for the psycho-
physical results at all frequencies tested in this mask-
ing experiment.
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