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Phase effects in masking related to dispersion in the inner ear.

II. Masking period patterns of short targets®

Armin Kohlrausch
Institute for Perception Research (IPO), P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Andres Sander®
Drittes Physikalisches Institut, Universitat Gottingen, Burgerstr. 42-44, D-37073 Gottingen, Germany

(Received 7 October 1992; revised 15 August 1994; accepted 7 November 1994)

This article investigates how the amplitude and phase characteristics of the inner ear influence the
spectrotemporal representation of harmonic complex sounds. Five experiments are reported, in each
of which three sets of maskers are compared that differ only in their phase spectra. The amplitude
spectra of the complexes were flat and the phase choices were (a) zero phase, (b) Schroeder phases
with a positive sign, and (c) Schroeder phases with a negative sign. In the first four experiments, the
spectra contained all harmonics between 200 and 2000 Hz. In experiments 1 and 2, the signal
frequency was fixed at 1100 Hz and the fundamental frequency of the maskers was varied. In
experiments 3 and 4, the fundamental frequency of the maskers was fixed and the signal frequency
varied between 200 and 2000 Hz. In experiments 1 and 3, the signal duration was long compared
to the period of the maskers. In experiments 2 and 4, the signal duration was only 5 ms and
thresholds were determined for different time points within the masker’s period. The results show
a strong correlation between the minima of the short signal’s thresholds and the threshold of the long
signal. In experiment 5, the spectral extent of the masker was shifted to values one octave lower
(100 to 1000 Hz) or one or two octaves higher (400 to 4000 Hz and 800 to 8000 Hz, respectively).
For each spectral region, masked thresholds of a long signal were obtained for three values of the
fundamental frequency. In all five experiments the thresholds depended very much on the specific
phase choices with differences of up to 25 dB. The masker with a negative Schroeder phase always
led to the highest thresholds. The thresholds of the masker with a positive Schroeder phase, on the
other hand, were for a wide range of parameters lower than the thresholds for the zero-phase masker.
These phase effects are most likely caused by the phase characteristic of the basilar-membrane filter,
which affects the flat envelopes of the two Schroeder-phase maskers in a very different way. For an
appropriate choice of parameters, one of the two becomes even more strongly modulated than the
zero-phase complex. This latter observation imposes some restrictions on the second derivative

(curvature) of the phase-versus-frequency relation for the auditory filters.

PACS numbers: 43.66.Ba, 43.66.Dc, 43.66.Mk, 43.66.Nm [HSC]

INTRODUCTION

One of the intriguing qualities of the human hearing
system is its ability to follow fast temporal variations in the
acoustic input signals with high accuracy. This property is a
prerequisite for higher perceptual processes based on the
analysis of temporal cues within the signals. One example of
these central processes is the separation or perceptual group-
ing of simultaneous sounds on the basis of differences in
envelope modulation frequency (e.g., Bregman et al., 1985).
The measurement of temporal effects and the modeling of
temporal resolution within the human hearing system is
therefore one of the main fields of interest in current psy-
choacoustic research.

Temporal properties are deduced from experiments, in
which a specific signal parameter varies in time. An example

3Some of the data have been presented previously at the 8th international
symposium on hearing in Paterswolde, The Netherlands (Kohlrausch,
1988).

YCurrent address: Carl-von-Ossietzky Universitit Oldenburg, Graduierten-
kolleg Psychoakustik, Postfach 2503, D-26129 Oldenburg, Germany.
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of this approach, closely related to the procedure used in the
present study, is the masking technique. In this paradigm, a
modulated sound with a certain modulation depth is used as
masker. The threshold for detection of a short-duration signal
is measured as a function of its temporal position within the
modulation period. This experimental approach is based on
the assumption that the thrashold of the signal reflects in a
direct way the temporal coirse of the masker’s internal ex-
citation (Zwicker, 1976/77; Fastl, 1977; Rodenburg, 1977).
In the present study, we investigate masking properties
of periodic complex-tone maskers in relation to phase disper-
sion in the inner ear. The envelope modulation of the
maskers is varied by manipulating their phase spectrum.
Thus these experiments are on the one hand related to the
topic of “monaural phase effects” (e.g., Goldstein, 1967,
Patterson, 1987). On the other hand, by manipulating the
phase spectrum, we generate broadband stimuli with an am-
plitude or a frequency modulation, two classes of signals that
are usually not directly compared in terms of their spec-
trotemporal excitation (e.g., Zwicker, 1974 for frequency-
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modulated maskers and Zwicker, 1976/77 for amplitude-
modulated maskers).

These experiments continue earlier work on complex-
tone masking, where we compared the masking of continu-
ous targets produced by pairs of maskers differing only in
their phase spectra (Smith et al., 1986). Although the enve-
lopes of both maskers were flat and identical, differences of
up to 20 dB were obtained in the masked thresholds.
Through simulations with a digital, linear basilar-membrane
filter we could demonstrate that differences in masked
thresholds were largest for those maskers which had the larg-
est difference in modulation depth at the output of the
basilar-membrane filter. If low-masked thresholds of a sta-
tionary signal are produced by pronounced valleys in the
envelope of the masker, the basilar-membrane approach can
explain most of the effects observed in this previous investi-
gation.

In the present study, this way of reasoning is tested with
the technique of masking period patterns (MPPs). A signal
pulse with a duration shorter than the period of the masker is
placed at different time points within the period of the
masker. If the previous explanation is correct we should find
a masking pattern of the short tone pulse which closely re-
sembles the envelope fluctuations of the basilar-membrane
filtered masker. The signal levels at the minima in these
masking patterns should be highly correlated with the thresh-
olds obtained for stationary signals. For a zero-phase com-
plex (or periodic pulse), such a correlation had been found
by Duifhuis (1971).

In addition to the two Schroeder-phase maskers used in
the first study, a sine-phase masker with all components in
zero phase was included in all experimental conditions. As
this masker has a constant phase value at the input to the ear,
the peak factor of the input time signal—and thus the modu-
lation depth—is maximal. Due to its simple phase spectrum,
the results for a zero-phase masker should allow a better
understanding of the role of the phase characteristic of the
inner ear for the internal representation of complex sounds.

In a final experiment phase effects are compared in four
spectral regions. Measurements are performed at signal fre-
quencies of 550, 1100, 2200, and 4400 Hz. At each signal
frequency three different fundamental frequencies for the
harmonic maskers are used. The spectral parameters of the
maskers at the various signal frequencies are chosen to test
the hypothesis that (according to a first approximation) the
amplitude and the phase characteristic of the auditory filters
is invariable by shifting on a logarithmic frequency scale.

. METHOD
A. Stimuli

All maskers used in the experiments consisted of a sum
of equal-amplitude sinusoids of common fundamental fre-
quency fg. In experiments 1 to 4, the spectrum included all
harmonics between 200 and 2000 Hz. In experiment 5, the
signal frequency and the masker bandwidth were chosen
from four different spectral regions which are listed in Table
1. The actual number of harmonics in a complex depended on
the value of fy:
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TABLE 1. Relation between the signal frequency and the spectral range and
the fundamental frequencies of the maskers.

Signal Masker
frequency spectral range Fundamental f
(Hz) (Hz) (Hz)

550 100-1000 125 25 50
1100 200-2000 25 50 100
2200 400-4000 50 100 200
4400 800-8000 100 200 400

n2
m(t)= 2, Ag sin(2mnfyt+4,). (1)
n=nl

Three different values for the starting phases 6, were
used: A constant value of zero for all 6, , for which the time
function resembles a pulse sequence with an interpulse inter-
val given by the inverse of the fundamental frequency. This
signal will be named the “sine-phase’” complex or my com-
plex.

The two other phase choices are based on a formula
proposed by Schroeder (1970):

8,=—mn(n—1)/N, (2

where N=n2—nl1+1 gives the total number of components
in the complex. This phase choice reduces the peak factor of
the time function and leads to a relatively flat temporal en-
velope. The formula can be used both with a “—" sign be-
fore the fraction [as in Eq. (2)] and with a “+” sign. The
signals generated with 6, values given by Eq. (2) will be
called m _ signals, while the term m , signals will be used, if
the “+” sign is used.

The three time functions for a complex with fundamen-
tal frequency 100 Hz and the different phase choices are
shown in Fig. 1. The upper panel shows the sine-phase com-
plex, the middle panel a Schroeder-phase complex with a
“—"" sign as in Eq. (2) (m_) and the bottom panel shows a
Schroeder-phase complex with a “+” sign (m ). An impor-
tant feature of the Schroeder-phase signals is the slope of the
instantaneous frequency within each period, which is linearly
increasing for the m_ complex and linearly decreasing for
the m . complex. This can be seen by comparing the “wave-
length” of the fine structure at the beginning and the end of
each period.

In the time function of the sine-phase signal, a low- and
a high-frequency ripple is apparent between the peaks. These
oscillations correspond to the lower- and upper-edge fre-
quencies of the complex and can be perceived as separate
pitches superimposed on the 100-Hz virtual pitch of the com-
plex (Kohlrausch and Houtsma, 1991,1992; see also Moore
and Glasberg, 1989).

The spectrotemporal properties of the three signals can
be analyzed more clearly in a short-time-spectrum represen-
tation. Figure 2 shows the spectra of the three signals calcu-
lated using a moving 5-ms Hanning window. Both the edge
frequencies of the sine-phase complex and the sawtoothlike
frequency modulation of the two Schroeder-phase complexes
are pronounced in this represcntation.1

A. Kohlrausch and A. Sander: Phase effects. Il 1818
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FIG. 1. Time functions of harmonic complexes for three different choices of
the component’s starting phases. Top: 6,=0 (sine-phase or m, complex),
middle: §,=—mn(n—1)/N (m_ Schroederphase complex), bottom:
8,=+mn{n—1)/N (m, Schroeder-phase complex). All complexes are
composed of the equal-amplitude harmonics number 2 to 20 of fundamental
frequency 100 Hz. For this plot, the amplitude of an individual harmonic
was set at 1.

In experiments 1 to 4, the masker level was 75 dB SPL.
The level of individual harmonics therefore varied between
approximately 66.5 dB SPL for a complex with only 7 com-
ponents (f,=275 Hz) and 55 dB SPL for a complex with 91
components (f;=20 Hz). In experiment 5, the masker level
was 70 dB SPL. This has to be considered when analyzing
the experimental data in the following figures, as the masked
thresholds of the sinusoidal signal are always expressed rela-
tive to the level of a single masker component.

The signal frequency always corresponded to the fre-
quency of a specific masker component. In experiments 1
and 2, the center frequency of the signal was 1100 Hz. In
experiments 3 and 4, it was varied in the range 200 to 2000
Hz. In experiment 5, different spectral regions for signal and
masker were chosen and the signal was spectrally centered in
the masker. The duration of the signal in experiments 1, 3,
and 5 was 260 ms and it was gated with raised-cosine ramps
of 30 ms (10 ms in experiment 5). In experiments 2 and 4,
the signal was a 5-ms Hanning pulse consisting of two
2.5-ms raised-cosine ramps. The long signal was temporally
centered in the masker; the short signal was added to the
masker with a variable onset time difference ¢, . The signal
was always added in phase to the corresponding masker
component.

B. Threshold estimation procedure

Masked thresholds were measured with an adaptive
three-interval forced-choice procedure. The three masker in-
tervals had a duration of 320 ms each and were separated by
breaks of 200 ms. In one rardomly chosen interval, the sinu-
soidal signal was added to the masker. The subject had to
specify the interval containing the signal. The signal level
was varied adaptively following a two-down one-up rule
with a step size of 1 dB (Levitt, 1971). During the beginning
of each measurement, a larger step size of 5 or 10 dB was
used. This was progressively reduced by a factor of 2 after
each second turnaround point of the signal level. This initial
part of the measurement ended when the step size reached 1
dB. The median value of the levels within the following 20

FIG. 2. Short-time spectra using 5-ms Hanning windows for the three signals from Fig. 1. Left: sine-phase complex, middle: m complex, right: m , complex.
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trials was then taken as a single threshold value (Kollmeier
et al., 1988). During these 20 trials, typically 4 to 6 reversals
of the signal level occurred.

In experiments 1, 2, 4, and 5, each subject performed
four measurements per condition and the median was taken
as the threshold value. In experiment 3 the individual data
points are averages of two single measurements. If these two
values differed by more than 3 dB, a third value was ob-
tained and the two closer values were averaged. If subjects
had difficulties reaching a stable threshold a larger number of
measurements was performed and the final four values were
used to calculate the median.

Results of experiments 1 and 3 are shown as averages of
the two observers. For experiments 2, 4, and 5, median val-
ues across all observers are plotted. These medians were
based on all single measurements (16 for the four observers
of experiments 2 and 5, 12 for the three observers of experi-
ment 4). For these data points, the interquartile values are
plotted if they exceed 3 dB on at least one side.

Results for the three phase choices are represented in the
following way: Data for the sine-phase masker are indicated
by open squares. Data for the Schroeder-phase maskers are
indicated by open triangles with the tip pointing either to the
left or to the right. The direction of the tip is the same as the
course of the instantaneous frequency, i.e., a tip pointing to
the right is used for the m _ masker and a tip pointing to the
left is used for the m . masker.

C. Apparatus and subjects

A Gould Concept 32/9705 computer generated all
stimuli and recorded the responses of the subjects. The digi-
tal stimuli were converted into analog signals by means of a
two-channel 12-bit D/A converter at a sampling rate of 20
kHz and were low-pass filtered at 5 kHz. In experiment 5, a
16-bit D/A converter was used. Its sample frequency was set
to 30 kHz (and the low-pass filter to 10 kHz), if the audio
signal contained components above 4 kHz. After an appro-
priate amplification, the signals were presented diotically to
the listener over a headphone (Beyer DT880 monitor with
diffuse field equalizer).

Seven subjects aged between 25 and 36 years partici-
pated in the experiments, but only one subject (the first au-
thor) performed all measurements. All listeners were mem-
bers of the psychoacoustic and room acoustic research group
at the Drittes Physikalisches Institut in Gottingen and had
prior experience in psychoacoustic listening experiments.

Il. RESULTS

A. Fixed signal frequency, variable fundamental
frequency of the masker

In the first two experiments, the signal frequency was
fixed at 1100 Hz. Thus in these measurements, the influence
of temporal resolution within a fixed auditory filter was ana-
lyzed.

1. Experiment 1: Stationary signal

In the first experiment, the duration of the signal (260
ms) was long compared to the duration of a single period of

1820 J. Acoust. Soc. Am., Vol. 97, No. 3, March 1995
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FIG. 3. Simultaneous masked thresholds of a 260-ms, 1100-Hz signal as a
function of the fundamental frequency f, of the harmonic complex masker.
Thresholds are expressed relative to the level of a single masker component.
The maskers were presented at a level of 75 dB SPL. [}: mg masker; <l: m
masker; >: m _ masker. Average results of two listeners.

the masker. This experiment is closely related to experiment
1 in Smith et al. (1986) with the minor modification that,
previously, the maskers were defined as a sum of cosines
instead of as a sum of sines.

In Fig. 3, the average results for two subjects are pre-
sented. The abscissa denotes the fundamental frequency of
the masker and the ordinate gives the masked threshold of
the signal relative to the level of the 1100-Hz component of
the masker. The results for the two Schroeder-phase signals
(<1 and [>) agree well with the data in Smith ef al. (1986).
The differences between these two maskers can amount to
more than 20 dB and they are maximal for fundamental fre-
quencies between about 50 and 200 Hz.

A new aspect of these data is the relation between the
sine-phase and the positive Schroeder-phase masker. Only at
the lowest values of f,; does the sine-phase masker lead to
the lowest masked thresholds. For all fundamental frequen-
cies above 60 Hz, however, the positive Schroeder-phase
masker produces less masking than the sine-phase masker,
with a maximum difference in masked thresholds of more
than 6 dB.

2. Experiment 2: Short signal pulse

In the second experiment, thresholds of a 5-ms signal
were measured as a function of its temporal position within
the masker. Three different values for f, were used for the
maskers: (1) A high value of 220 Hz, which is somewhat
greater than the critical bandwidth at 1100 Hz, and for which
there should be only a small interaction between adjacent
masker components and phase effects should be small; (2) a
medium value of 100 Hz, for which the results of experiment
1 indicate a large difference between the two Schroeder-
phase maskers; and (3) a low value of 25 Hz, for which, in
the previous experiment, the sine-phase masker led to the
lowest thresholds, and the differences between the two
Schroeder-phase maskers became small.

In Fig. 4, the results for the maskers with fundamental
frequency 220 Hz are plotted. The abscissa describes the
temporal position of the signal onset relative to the masker
onset. For all three maskers, the masking patterns are only

A. Kohlrausch and A. Sander: Phase effects. I 1820
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FIG. 4. Masked thresholds of a 5-ms signal (relative to the level of a single
masker component) as a function of the onset time difference ¢, between
masker and signal. The masker’s phase is indicated by the three symbols as
in Fig. 3: my (Q), m, (<), and m_ (). The arrows mark the duration of
one period of the masker which has a fundamental frequency of 220 Hz.
Data at the end of the masker’s period are copies of those at the beginning
of the masker’s period. The data points are the medians of the 16 individual
threshold values from the four observers. The interquartile ranges are indi-
cated, if they exceed 3 dB on at least one side.

slightly modulated. The different positions of minima and
maxima in the MPPs for the two Schroeder-phase maskers
on the one hand and the sine-phase masker on the other hand
follow from our definition of the starting phase for the
masker components. This relation is described in detail in the
Appendix. The modulation within the patterns for the same
masker and the differences between the patterns for different
masker phases indicate that there is some interaction between
the 1100-Hz component and adjacent masker harmonics. The
thresholds for the m _ masker (5>), for instance, are always 4
to 7 dB higher than the values for the m, masker (<I). The
relative positior! of the thresholds for the three maskers cor-
responds well with the results for the stationary signal (Fig.
3). -
In Fig. 5, the corresponding results for the masker with
fundamental frequency 100 Hz are presented. Whereas the
pattern for the m _ masker is very flat for different values of
t,—the median value varies only by 5.5 dB—the pattern for
the m  masker is highly modulated with a variation of 17 dB
within the 10-ms period of the masker. The variation in the
thresholds for the sine-phase masker is similar to that for the
m , masker, but the pattern is shifted to values about 7 dB
higher.

Finally, Fig. 6 shows the results for maskers with 25-Hz
fundamental frequency. The patterns of all three maskers are
highly modulated with a variation of 20 dB for the two

20_1""|""|_

Masked
Threshold, (dB)

150 152 154 156 158 160

t, (ms)

FIG. 5. Same as Fig. 4 for a fundamental frequency of 100 Hz.
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FIG. 6. Same as Fig. 4 for a fundamental frequency of 25 Hz.

Schroeder-phase maskers and 40 dB for the sine-phase
masker.” The two Schroeder-phase maskers produce very
similar masking patterns. The width of the minimum, how-
ever, differs between the two maskers and can be related to
differences in the threshold values in Fig. 3. The wider valley
in the MPP for the m, masker in Fig. 6 corresponds to a
lower masked threshold for the stationary signal in Fig. 3.
The sine-phase pattern, on the other hand, is much more
modulated and closely resembles the envelope of the acous-
tic input signal, a series of short pulses with long periods of
low envelope values in between.

B. Variable signal frequericy, fixed fundamental
frequency of the masker

In this second part of the study, the fundamental fre-
quency of the maskers was fixed at 100 Hz and the signal
frequency was varied over the whole spectral range of the
maskers.

1. Experiment 3: Stationary signal

The temporal properties of this experiment were chosen
to be parallel to those of experiment 1: The 260-ms signal
was added to the temporal center of the 320-ms masker and
was long compared to the period of the complex. Masked
thresholds were determined at all 19 frequencies between
200 and 2000 Hz that were present in the masker spectrum.

The average results of the two listeners are shown in
Fig. 7. At both spectral edges of the maskers (200 and 2000
Hz), the differences between the three phase choices disap-
pear. However, in the spectral center, the phase values
strongly influence the masked thresholds: The w1, and m,
curves pass through a minimum around 1000 Hz, whereas
the m_ data increase below the upper edge, reach a maxi-
mum around 1600 Hz and decrease for lower frequencies.
Comparing the results for the two Schroeder-phase maskers
with the sine-phase masker, ‘we can state the following: Be-
low a signal frequency of about 1500 Hz the m, masker
leads to threshold values lower than or equal to those for the
sine-phase masker. The largest difference, of about 10 dB, is
found around a signal frequency of 900 Hz. The m _ masker,
on the other hand, generally leads to higher values than the
sine-phase masker. The greatest difference between these
two maskers, of about 20 dB, occurs around 1600 Hz.

A. Kohlrausch and A. Sander: Phase effects. Il 1821
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2. Experiment 4: Short signal pulse

In this experiment, masking period patterns with a 5-ms
signal were measured for the three maskers with fundamental
frequency 100 Hz for the following signal frequencies: 200,
600, 1600, and 2000 Hz?

In Fig. 8, the results for a signal frequency of 200 Hz are
presented. The temporal variation within a period is ex-
tremely small and also the differences between the three
curves are restricted to a few dB. This result agrees well with
what would be expected from Fig. 7.

At a higher signal frequency of 600 Hz, the patterns are
much more modulated (Fig. 9). The maxima for the two
Schroeder-phase maskers no longer occur at the same signal
delay. Following the considerations given in the Appendix,
the maxima for the m _ masker () are expected at ¢,=150
ms and those for m, (<) at 1,=155 ms. The vertical ar-
rangement of the three curves matches the average results for
the stationary signal in Fig. 7 with m_ leading to the highest
and m , leading to the lowest value.

In Fig. 10, the data for the 1600-Hz signal are presented.
Here, the m, masker (<) produces a broad minimum be-
tween ¢,=154 and 158 ms, which is about 2 dB lower than
the minimum of the sinc-phase masker. The pattern of the
m _ masker is very flat over the period of the masker, as it is
expected from experiment 3.

The last set of data was obtained for a signal placed at

(®)

o U QO

Masked

|
w

Threshold

150 152 154 156 158 160
t, (ms)

FIG. 8. Masked thresholds of a 5-ms signal as a function of the onset time
difference ¢, between masker and signal. The masker’s phase is indicated by
the same three symbols as in Fig. 3. The arrows mark the duration of one
period of the masker which has a fundamental frequency of 100 Hz. Data
are medians across 12 individual threshold values from three observers. The
interquartile ranges are indicated, if they exceed 3 dB on at least one side.
The signal frequency is 200 Hz.
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F1G. 9. As Fig. 8 for a signal frequency of 600 Hz. '

the upper spectral edge at 2000 Hz (Fig. 11). Here, m._ and
m . maskers produce nearly identical and flat masking pat-
terns. The sine-phase values differ only in showing a relative
maximum at delays 156 and 158 ms, but the value of the
minimum is the same as for the two other maskers.

C. Experiment 5: Variable spectral range of masker
and signal

The question for the final experiment was whether the
previously observed phase effects at 1100 Hz are related in a
systematic way to phase effects at other frequencies. This
was investigated by measuring masked thresholds at four
signal frequencies of 550, 1100, 2200, and 4400 Hz. The
spectral parameters at the signal frequency 1100 Hz (line two
in Table I) agreed with those used in experiment 1. The pa-
rameters at the other signal frequencies were chosen to test
whether the amplitude and phase characteristics of the inner-
ear filters are invariable on a logarithmic frequency scale. In
this case the temporal envelope of a specific masker, trans-
formed into the various frequency regions according to Table
1 and filtered at the corresponding signal frequency, always
has the same degree of amplitude modulation and the relative
arrangement of thresholds for the three phase choices should
remain the same in all spectral regions. The spectral compo-
sition of the maskers was derived from the 1100-Hz condi-
tion by scaling each frequency including f, down by the
factor 2 (for the signal frequency of 550 Hz, line 1 in Table
I) or enlarging it by the factor 2 or 4 (signal frequencies 2200
and 4400 Hz, line 3 and 4 in Table I). With this spectral
transformation, the number of masker components is the
same in all spectral regions for corresponding values of f;
(low, middle, high).

- N
@] Qo o

Masked
| Threshold (dB)

N
o

150 152 154 156 158 160
t, (ms)

FIG. 10. As Fig. 8 for a signal frequency of 1600 Hz.
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FIG. 11. As Fig. 8 for a signal frequency of 2000 Hz.

The average results of the four listeners are shown in
Fig. 12 for the four signal frequencies (panel at the top left:
550 Hz, top right: 1100 Hz, bottom left: 2200 Hz, and bot-
tom right: 4400 Hz). The three different phase choices are
indicated by the same symbols as in the previous figures. The
relative position of the data points is very similar at the two
lowest signal frequencies of 550 and 1100 Hz (top panels).
For the low value of f;,, the m, masker leads to the lowest
threshold, and for the high value, the m, masker, respec-
tively. The m _ masker always leads to the highest threshold.
Many of these relations are also found for signal frequencies
of 2200 and 4400 Hz (bottom panels). The only exception is
the relative position of m, and m, thresholds at the two
lowest fundamentals. With increasing signal frequency,
thresholds for m,, increase more than those for m , . Thus at
4400 Hz, the m, masker leads to the lowest thresholds at all
three fundamental frequencies.

Before we proceed to discuss the experimental data, we
will, in the following section, first summarize the experimen-
tal results and emphasize the important details.

T
r 1100 Hz

1
12.5 25 50

T
[ 2200 Hz

Masked Threshold (dB)

50
50 100 200 100 200 400

Fundamental Frequency (Hz)

FIG. 12. Simultancous masked thresholds of 260-ms signals as a function of
the fundamental frequency of the harmonic complex masker. The signal was
centered in the masker spectrum and has one of the following freguencies:
550 Hz (panel top left), 1100 Hz (top right), 2200 Hz (bottom left), and
4400 Hz (bottom right). The spectral range of the masker varied proportion-
ally with the signal frequency. The maskers were presented at a sound pres-
sure level of 70 dB. Data are medians across 16 individual threshold values
from four observers. The interquartile ranges are indicated, if they exceed 3
dB on at least one side.
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FIG. 13. Scatter plot showing the relation between minima of the masking
period patterns (from experiments 2 and 4) and thresholds for stationary
signals (from experiments 1 and 2) for eight combinations of signal fre-
quency and masker fundamental frequency. The points are based on the
individual threshold values of the subjects. The three symbols again indicate
the three masker phase choices as in the prior figures. The linear regression
curve (dotted curve) has a correlation value of 0.78.

lll. SUMMARY OF EXPERIMENTAL RESULTS

(a) The masked thresholds for a given combination of
fundamental frequency f;, of the masker and frequency fr of
the signal depend very much on the phase of the masker’s
components. The difference between the thresholds for the
three phase choices amounts to up to 25 dB and is observed
both for stationary signals and in the minima of masking
period patterns. The influence of masker phase disappears for
signals placed at the spectral edges of the masker (cf. Figs. 7,
8, and 11) and for high fundamental frequencies above about
20% of the signal frequency (Figs. 3 and 4).

(b) There is a positive correlation between the thresholds
for the long signal and the minima of the masking period
patterns. This relation is illustrated in the following two fig-
ures. Figure 13 shows a scatter plot of the individual masked
thresholds for the two signal durations. On the abscissa, val-
ues for the minima of the MPPs are shown. Values for sta-
tionary signals are shown on the ordinate. The three symbols
indicate the three choices of the masker phase.* The dotted
line indicates the linear regression curve. It has a slope of 0.9
and the correlation value of the fit amounts to 0.78. An even
closer correspondence is observed by analyzing the differ-
ences between the three phase choices for a fixed combina-
tion of f,, and fr. In Fig. 14, the differences between pairs of
maskers {m ,-mg shown by the triangles pointing to the left,
m_-mg shown by the triangles pointing to the right) are
presented. The abscissa gives the differences at the minima
in the MPPs and the ordinate gives the differences between
the thresholds for stationary signals. The linear regression
line is indicated by the dotted curve. It has a slope of 0.77
and the correlation value of this fit is 0.88. For comparison,
the identity relation is indicated by the dashed line.

(c) With decreasing fundamental frequency the masked
thresholds decrease. This result cannot be explained on the
basis of the masker energy within a single critical band: For
lower fundamental frequencies, the number of masker com-
ponents within a critical band increases and so does the av-
eraged masker energy relative to the level of an individual
masker component. Rather than the averaged masker energy,
it is the degree of modulation of the masker’s envelope

A. Kohlrausch and A, Sander: Phase effects. I 1823



T I T
>
8 m >
e = )
o = +4 o
5] L s
o 2 10 > ,_,’ » o
= o ,’-‘
5 % b
5 - ,:“’»"
° 5 OfF e > < .
c 2 PP
& o 4‘ £h
g = »
< 8 +7%
= 5 -10 i B
1 1 | I

-10 ¢} 10
Threshold Difference MPP (dB)

FIG. 14. Scatter plot similar to Fig. 13, but showing differences between
thresholds on the two axes. The triangles pointing to the left indicate differ-
ences between m_ and m,, the triangles pointing to the right indicate dif-
ferences between m, and mg. The linear regression curve (dotted curve) has
a correlation value of 0.88. The dashed curve indicates the identity relation.

which determines the masked thresholds. The more compo-
nents are summed with the appropriate phase relation, the
higher the degree of modulation of the masker is and the
deeper the minima in its envelope are.

(d) The slope of the steepest patts in the MPPs—for the
mg as well as for the m ; masker—increases with the signal
frequency. For the 600-Hz signal, it amounts to about 5 dB/
ms. The corresponding values for the 1100 and the 1600-Hz
signals are 6.4 and 7.5 dB/ms. For a first-order bandpass
filter, such slopes in the impulse response correspond to
bandwidths of about 91, 117, and 137 Hz, respectively.

(¢) The masking period patterns of the m; complex for
different signal frequencies (Figs. 5, 8—11) show the follow-
ing results: At both spectral edges, the patterns are relatively
flat. For the three frequencies well within the spectrum of the
masker, the minimum in the pattern becomes lower for
higher frequencies. This result is shown in Fig. 15, where the
MPPs for thesg¢ three signal frequencies are combined. The
600-Hz pattern (filled triangles) is the shallowest one,
whereas the 1600-Hz data (filled squares) reach the deepest
minimum.

(f) The m_ and m , maskers have the property of a lin-
early rising and falling instantaneous frequency. The maxima
in the MPPs of these complexes occur at those time points
where the signal frequency coincides with the instantaneous
frequency of the masker. This relation is demonstrated for
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FIG. 15. Masking period patterns in a sine-phase masker of 100 Hz funda-
mental frequency for signal frequencies 600 Hz (filled triangles), 1100 Hz
{open triangles), and 1600 Hz (filled squares).
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FIG. 16. Masking period patterns in an m, Schroeder-phase masker of
100-Hz fundamental frequency for signal frequencies 600 Hz (filled tri-
angles), 1100 Hz (open triangles), and 1600 Hz (filled squares). The tempo-
ral position of the three curves was shifted to compensate for the frequency-
dependent group delay in the m , masker. Shifts were 2.9 ms for 600 Hz, 5.5
ms for 1100 Hz, and 8.2 ms for 1600 Hz.

the highly modulated patterns of the m, complex (f;7=600,
1100, and 1600 Hz). If, on the basis of the frequency-
dependent group delay within the complex (see Appendix),
we calculate the appropriate temporal offset for each signal
frequency, we can plot the MPPs on a new time scale (Fig.
16). Indeed, the maxima and minima now occur at the same
time points within the masker period.

(g) In general the masker with a falling instantaneous
frequency (m,) produces lower masked thresholds than the
masker with a rising instantaneous frequency (m_). Thus we
can conclude that internally the temporal excitation pattern
of an m, complex is more modulated, i.e., the peaks in the
envelope are higher and the valleys are lower than for the
m _.masker.

" (h) If masking conditions are transformed to other fre-
quency regions by keeping the frequency ratios between
masker fundamental, masker bandwidth and signal frequency
constant, the relation between m, and m_ maskers remains
the same: Thresholds of stationary signals in the spectral
center of these maskers are always lower for the m1, than for
the m _ maskers. The relation between m, and my maskers
remains the same only for 550 and 1100 Hz. At higher signal
frequencies, the range of fundamental frequencies for which
m , thresholds are lower than those for m is enlarged.

IV. DISCUSSION
A. Phase effects

The basic observation in the experiments was the strong
influence of the masker’s phase values on the masked thresh-
olds. The different phase values lead of course to different
time functions for the masker and it may be a question of
taste to refer to these results as “monaural phase effects”
“time effects.” As long as at least three sinusoidal compo-
nents interact internally, i.e., excite the same auditory filter,
changes in the component’s phase can alter the time function
at the output of this filter. Thus phase effects like differences
in the just-noticeable amount of amplitude or frequency
modulation can be taken as an indication of how strongly the
spectral components interact internally and this interaction
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can give some hints for the width and shape of the internal
filter (cf. Zwicker, 1952; Goldstein, 1967; Sek and Moore,
1994).

It is, however, much more difficult to derive predictions
about the phase characteristic of the internal filter from psy-
chophysical data. For instance, in the study on monaural
phase perception by Goldstein, it was explicitly assumed that
“the unknown phase characteristic of the analyzing filter has
a negligible effect upon the excitation envelope, in compari-
son with the effect of external AM/QFM phase transforma-
tion” (Goldstein, 1967, p. 468). As was pointed out later in
the same paper, neglecting the internal phase is equivalent to
neglecting a deviation from a constant plus linear phase, i.c.,
neglecting any curvature in the phase-versus-frequency char-
acteristic. In the following it is shown that the present data
do impose restrictions on the curvature of the internal phase
of the auditory filter.

As an example, we will consider a condition with very
strong differences for the three phase choices: f,=100 Hz
and fy=1100 Hz. The flat envelope of the Schroeder-phase
maskers is achieved by choosing phase values with a con-
stant curvature (second derivative of the phase-versus-
frequency characteristic). This phase choice results in a lin-
ear frequency modulation within each period (Schroeder,
1970). If a frequency-modulated signal is passed through a
bandpass filter, the frequency modulation is transformed into
an amplitude modulation. However, for a linear-phase filter
this would not result in different degrees of modulation for
these two maskers and the MPPs should be similar.

Different degrees of modulations for the two Schroeder-
phase maskers are expected at the output of a filter for which
the curvature in the phase characteristic has a constant sign
within its passband. If the curvature has a similar, but oppo-
site value as the phase curvature of a Schroeder-phase com-
plex, the phase differences between adjacent components
will be flattened out by the filter and the resulting waveform
will be highly peaked. For the Schroeder-phase complex
with an opposite sign, the curvature in the phase character-
istic will be even increased by such a filter and the waveform
after filtering will have a rather flat envelope.

The optimum match between stimulus phase and filter
phase can be derived from the threshold values in Figs. 3 and
7 by looking for the maximum differences between m, and
m, data. In Fig. 3, differences are maximal for f;, values
between 100 and 150 Hz. The second derivative of the
phase-versus-frequency relation for the positive Schroeder-
phase complex is independent of the frequency and amounts
to

dztl)_ 27
N ¥

For complexes with a constant bandwidth as in experi-
ments 1 to 4, the total number of components N is indirectly
proportional to fy. Thus, the phase curvature for the
Schroeder-phase complexes is indirectly proportional to f.
For f, values between 100 and 150 Hz, the curvature lies
between 1.05X107>m/Hz*> and 0.74X10 >m/Hz’. We can
conclude that the curvature of the phase characteristic for the
basilar-membrane filter centered at 1100 Hz should be in the
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range of these two values, but with a negative sign.

Another interesting point in Fig. 3 is the value of f, for
which m , and m thresholds agree. Thresholds should agree,
if the envelope after filtering has the same degree of modu-
lation and this is realized if the phase at the output of the
filter has a similar absolute value of the curvature for the n,,
and the m, complex. The m, complex does not have any
curvature in the input phase. The filter curvature must thus
have half the value of the curvature of the m, complex. In
this case, it cancels kalf of the phase curvature of the m
complex and it introduces the same amount of phase curva-
ture into the my complex.

With the above inverse relation between phase curvature
and f, it is easy to see that m, complexes with f, values
between 50 and 75 Hz have a curvature which is just twice as
large as the curvature of the filter at 1100 Hz derived earlier.
And indeed, at these values of f;, the experimental data for
my and m . cross each other.

In Fig. 7, the lowest thresholds for m, complexes are
reached for signal frequencies between 900 and 1200 Hz.
Since the 100-Hz m , complex has a constant phase curva-
ture at all frequencies, one can conclude that the phase cur-
vature of the auditory filters in this range of frequencies
matches the phase curvature of the m, complex sufficiently
well. The fact that m, and m, thresholds approach each
other at about 1500 Hz incicates that filters in this region
have a phase curvature which is about half that of the m
complex and thus half that of filters centered on frequencies
of 900 to 1200 Hz. Thus one can conclude from these data
that the phase curvature of auditory filters decreases by a
factor of 2 for an increase in center frequency by about half
an octave.

The results of experiment 5 allow a comparison of the
phase curvature of the auditory filters over a wider range of
signal frequencies. The specific spectral scaling of the
stimuli scales the curvature of the phases for the Schroeder-
phase complexes in a simple way. If complexes with the
same number of harmonics are compared (e.g., complexes
having the middle value of f;, in the various spectral re-
gions), the curvature decreases by a factor of four for an
increase of the spectral range by a factor of two [cf. Eq. (3)].

The middle value of f,; (50 Hz for a signal frequency of
1100 Hz) is of particular interest, since for this parameter
value m, and m , thresholds are about equal at the two low-
est frequencies (top panels in Fig. 12). Using the arguments
applied to the data at 1100 Hz, we might conclude that the
curvature of the auditory filter at 550 Hz is about a factor of
4 larger than the curvature at 1100 Hz. Such a relation of the
second derivative of the phase-versus-frequency relation is in
line with the assumption that the phase-versus-frequency re-
lation remains constant on a logarithmic frequency scale.
This frequency dependence agrees with the above estimate
for the changes in phase curvature in the frequency range
1000 to 1500 Hz.

For the two highest signal frequencies, m, and m,
thresholds do no longer cross at the middle value of f,. By
increasing the signal frequency from 1100 to 4400 Hz, the
crossover value of f, decreases from the middle to the low
value. If this change is caused only by the change of the
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FIG. 17. Calculated waveforms for the three maskers with fundamental
frequency 100 Hz using a fourth-order Gamma-tone filter centered at 1100
Hz. Top: m, masker, middle: m _ masker, bottom: m, masker. In the input
signal, all masker components had the amplitude 1.

phase characteristic of the auditory filters with frequency,
one has to conclude that between 1100 and 4400 Hz, the
phase curvature of the filters decreases less than a factor of
16. This would imply that in this frequency range the phase-
versus-frequency relation of the auditory filters is not con-
stant on a logarithmic frequency scale.

B. Model calculations

In the following section we support the considerations
about the filter phase by using two filters with different cur-
vatures in their phase characteristics. The first filter is the
popular rounded-exponential auditory filter (Patterson et al.,
1982). Using the implementation as a fourth-order Gamma-
tone filter (Patterson et al., 1987) with a center frequency of
1100 Hz, the filtered waveforms for the m,, the m, and the
m _ maskers with f,=100 Hz were calculated. The three pan-
els in Fig. 17 each show four periods of the waveforms at the
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FIG. 18. Responses of a linear basilar-membrane model at resonance fre-
quency 1100 Hz to the three harmonic maskers with fundamental frequency
100 Hz. Top: my masker, middle: m_ masker, bottom: m , masker. In the
input signal, all masker components had the amplitude 1.

output of the Gamma-tone filter. All three time functions
have a similar degree of modulation and, especially, the two
lower traces showing the waveforms for the two Schroeder-
phase maskers are hardly distinguishable from each other.
The major reason for this similar treatment of the two
Schroeder-phase maskers by the Gamma-tone filter is its an-
tisymmetric phase characteristic relative fo its resonance fre-
quency. The curvature of the filter phase changes its sign at
the resonance frequency from negative to positive. A filter
with such a phase characteristic can never flatten out the
phase of a Schroeder-phase complex over the full range of its
passband.

In contrast, Fig. 18 shows the waveforms for the same
three complexes calculated with a basilar-membrane filter.
For these simulations, we used a digital implementation of a
linear, one-dimensional cochlear model consisting of 120
segments (Strube, 1985). This filter simulates only the pas-
sive properties of the basilar membrane and the frequency
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selectivity is relatively poor compared to psychophysical es-
timates (cf. comments by Moore in Kohlrausch, 1988). This
disadvantage is, however, more than compensated for by the
phase characteristic of the model, which has a negative cur-
vature over the range of its passband.®

As discussed earlier (Smith er al., 1986) such a filter
does show differences in the filtered waveforms for the two
Schroeder-phase maskers for those values of f, and f; for
which the masked thresholds of stationary signals differ.
With the result (b) of Sec. III, we can conclude that the same
must be true for the minima in the MPPs. As can be seen by
comparing the top and the bottom panel, the filter also shows
differences between the m, and the m, masker, with the
latter having a slightly wider minimum in its temporal wave-
form. Thus, at least qualitatively, the modulation of the fil-
tered waveforms does also agree with the masked threshold
differences between m, and m , maskers.®

This similarity between data and model simulation
should, however, not be taken as a support that the basilar
membrane behaves linearly. The only conclusion we can
draw from the present study is that for the rather high masker
level of 75 dB, the phase characteristic of the passive basilar-
membrane model is suited to explain the observed phase
effects. Since the amplitude and phase characteristics of the
basilar membrane depend on the stimulus level (e.g., Rug-
gero et al., 1992), one can expect that phase effects of the
type described in the present paper vary with the masker
level. In order to model such data, one certainly has to use a
nonlinear model for the basilar membrane (e.g., Giguere and
Woodland, 1994). Such modeling is, however, beyond the
scope of this paper.

C. Relation to just-noticeable phase changes in
harmonic complexes

Moore and Glasberg (1989) studied the sensitivity to
phase changes of a single component in a broadband har-
monic complex. The authors explained the results in terms of
changes in the waveforms at the outputs of auditory filters
introduced by the phase changes. Since the same explanation
is used in the present paper for the value of the masked
threshold, the two studies should give comparable results.

The phase change by an amount « of a sinusoidal com-
ponent with amplitude 1 is mathematically equivalent to the
addition of a component with amplitude 2* sin(a/2) and rela-
tive phase 90+ a/2 (and, of course, the same frequency as the
original component). For psychoacoustic experiments, this
consideration is only meaningful if the reference phase of the
original component is somehow retained in the test interval.
This is certainly the case if many harmonics in zero phase
interact within a single auditory filter, since they sum up to a
highly modulated waveform. In low-frequency filters, where,
in the extreme case, the harmonics are perfectly resolved, the
waveform (more accurately, the envelope) is not changed at
all by the phase change. Thus the above formula does not
apply to the low-order harmonics, but may well be used to
relate phase changes for higher-order harmonics to masked
thresholds.”

For a complex consisting of the first 20 harmonics of the
fundamental 100 Hz in cosine phase the jnd was lowest for
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harmonic numbers between 12 and 18 and increased for the
two highest harmonics. For the lowest harmonics, no phase
jnd could be determined at all. Using the above formulas, the
phase jnd values transform (o the following “masked thresh-
olds”: The minimum values for harmonic numbers between
12 and 18 correspond to relative levels between —23 and
—17 dB. The higher values at the upper spectral edge are
equivalent to a relative level of about —6 dB.

Our data in Fig. 7 for the sine-phase complex also show
the lowest thresholds for targets in the spectral center and an
increase toward the upper edge. The range of thresholds
(=25 to —15 dB) comes very close to the above estimate
derived from the data of Moore and Glasberg. The increase
toward the upper edge is somewhat smaller in our data. This
might indicate that, especially at the upper edge, additional
cues created by the interaction between edge pitch and target
play a role.

Moore and Glasberg also performed measurements with
random-phase complexes and could hardly measure a jnd. A
random-phase complex does not have the strong modulation
in the temporal envelope and is thus best comparable to the
m_ data of our measurements. For this masker, thresholds
were between —11 and —1 dB for harmonic numbers above
10. That is, in the worst case, the amplitude of the added
component had to be of the same order as the amplitude of
the masker component. This value comes very close to the
theoretical level for a 90-deg shift (+3 dB). Thus the inabil-
ity of subjects to detect a phase change in a random-phase
complex is in line with findings from our masking experi-
ments for a masker without a pronounced amplitude modu-
lation.

D. Application of Schroecler-phase signals in speech
research

The results of the present study are also relevant for
speech manipulation techniques used to reduce the peak-to-
rms ratio. Such techniques become interesting, if, ¢.g., the
transmitter imposes some constraints on the maximal peak
power. By enhancing the rns value without affecting the
peak value, the loudness and the intelligibility of the speech
waveform can be increased (Lynch, 1988; Quatieri and
McAulay, 1988). One way to achieve a lower peak factor is,
of course, to disperse the phase of the waveform. This leads
exactly to the problem and the solution discussed by
Schroeder (1970) and applied in the present study to generate
the m, and the m_ complexes with a quadratic phase.

From a technical point of view, the quadratic phase—or,
more generally, the phase dispersion—can be used with a
positive as well as with a negative sign for the phase values.
However, since the original publication by Schroeder used a
negative sign, it seems as if most later studies implemented
only this one of the two possible solutions. Quatieri and
McAulay (1988), for instance, speak of a “chirp response
with linearly increasing frequency” (p. 2559).

From the perceptnal aspect, however, these two phase
choices are not equivalent, since they lead to different
amounts of the internal crest factor of the waveforms. There-
fore, they might also lead to differences in, e.g., speech in-
telligibility. If listeners make use of temporal cues in the
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speech signal, they might be more effective in listening to a
speech signal with decreasing instantaneous frequency, since
for this signal the internal crest factor is increased due to the
phase dispersion in the inner ear.
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APPENDIX

In this Appendix, values are derived for the temporal
positions of maxima and minima in masking period patterns
for the maskers used in the experiments. The sine-phase
maskers were always generated in such a way that at time
instant zero the envelope of the summed waveform had a
peak. This peak occurs after each integer multiple of the
masker’s period. Under the assumption that the maximal
masked threshold is obtained for a signal pulse centered on
the peak, the temporal position of the maximum in the
masked thresholds will occur for those temporal positions
where the signal onset precedes a peak by half the signal
duration, in our case 2.5 ms. Those time points are £,=152
ms (for a fundamental frequency of 220 Hz), £,=157.5 ms
(100 Hz) and ¢,=117.5 and 157.5 ms (25 Hz). Since the
waveform peaks occur simultaneously over the whole band-
width of the sine-phase masker, the above consideration is
valid for all signal frequencies.

The maxima for the Schroeder-phase maskers are ob-
tained for those signal positions at which the instantaneous
frequency of the masker coincides with the signal frequency.
For signal frequencies in the spectral center of the
complex—as in experiment 2—this time point occurs ap-
proximately in the temporal center of the period. Compared
to the maxima in the sine-phase complex, the maxima for the
Schroeder-phase complexes are temporally shifted by half a
period.

If the signal has a different frequency—as in experiment
4—the time point can be best calculated from the group de-
lay of that frequency. The group delay of a system with a
given phase characteristic ¢{(w) is defined as —d¢/dw,
where w is the angular frequency. Using Eq. (2) from Sec. I,
the group delay for a Schroeder-phase complex with funda-
mental frequency fy amounts at the frequency f = a*f, to

1o(f )=+(2n—1)/2Nf,. @)

The group delay is positive for the i _ masker and negative
for the m_, masker.
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For example, the instantaneous frequency of 600 Hz for
the 100-Hz m_ complex is reached about 2.9 ms after the
beginning of the period. The corresponding time point for the
m, complex is about 7.1 ms. The three curves in Fig. 16
were plotted in such a way that the group delay of the cor-
responding signal frequencies was subtracted from the actual
temporal position. The delays used were 2.9 ms (fy=600
Hz), 5.5 ms (fy=1100 Hz) and 8.2 ms (f;=1600 Hz). After
this temporal shift, the masker’s instantaneous frequency and
the signal frequency should coincide at 160 ms and the
maxima are expected for £,,=157.5 ms.

Tna preliminary report on some of these experiments (Kohlrausch, 1988), it

was stated that the edge pitch for the sine-phase masker can be heard for
fundamental frequencies up to aboul 200 Hz and that this pitch is not
apparent for the Schroeder-phase masker. These stalements were based on
our own listening experience during the masking experiments. A sysiematic
investigation of this phenomenon revealed that the edge pitch can also be
perceived for the Schroeder-phase complexes. In addition we observed that
the edge pitch can be perceived for fundamental frequencies up to about
300 Hz, if the upper-edge frequency is at least 3 to 4 kHz (Kohlransch and
Houtsma, 1991, 1992).

During the measurements we observed that the results of the subjects varied
substantially around the minimum of the sine-phase masker (¢, between
128 and 152 ms). Two of the listeners needed a longer practice period and
performed approximately 20 single measurements for each of these data
points, until a (relatively) stable threshold was reached. Nevertheless, at
these values of ¢, the averaged values for one subject remained signifi-
cantly higher than for the other three subjects.

3Data were also obtained for a signal frequency of 1100 Hz. Since the
median values of the three observers of this experiment agreed well with
the median values of the four observers of experiment 2 for the same
condition (cf. Fig. 5), these data are not shown.

“In order to generate these scatter plats, those subjects who originally par-
ticipated only in the measurements with the short target performed after-
wards the corresponding measurements for the long-duration target.

5For the basilar-membrane filter, both the amplitude and the phase charac-
teristic are asymmetric around the resonance frequency. It is difficult to say
how much each of these two properties contributes to the differences in the
filtered waveforms of the m, and m maskers. We have some hints from
own calculations (performed by Ch. Ma at the [PO in Eindhoven) that the
asymmetric phase probably plays a more important role. If a Gamma-tone
filter is combined with an allpass filter that has a phase characteristic simi-
lar to that of the basilar-membrane filter, the two Schroeder-phase maskers
are transformed into signals with a different degree of modulation.

SAnother example for differences in the filtered waveforms at the output of
the Gamma-tone and the basilar-membrane filter can be found in Kohl-
rausch (1995).

7One remaining problem for a direct comparison between the phase jnd data
and the masked threshold data lies in the relative phase of the “added
component” which corresponds to the phase between the signal and the
masker component in the masking experiments. This value was calculated
to be 90+ a/2 for the phase jnd experiments, while it was zero throughout
the present study. However, awn unpublished data show that for a zero-
phase complex of 100 Hz fundamental and a target frequency of 1100 Hz,
masked thresholds vary by no more than 3 dB for various relative phase
values of the signal. Thus the influence of the relative phase might be
neglected for a first and somewhat rough comparison.
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