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A new concept concerned with the transformation of acoustic stimuli in the auditory system postulates the existence of a form of spectral analysis applied to the amplitude changes
of the stimuli. It is assumed that this analysis takes place in the so-called modulation filters,
i.e. bandpass linear filters tuned to different rates of the amplitude changes. The most striking
argument supporting this idea is an effect of masking in the amplitude modulation domain
whose nature can be easily explained basing on this concept. As the modulation filters are
situated on the higher levels of the auditory system, it is also assumed that this form of masking is entirely a central process. However, most of the studies concerned with masking in the
modulation domain used monaural listening only. Therefore, the main purpose of the presented here experiments was to investigate whether this type of masking is entirely a central
process.
Using a Three-Alternative Forced-Choice (3AFC) procedure the binaural and monaural
masked thresholds of amplitude modulation were determined. A sinusoidal carrier at a frequency of 4 kHz was amplitude modulated by a specially designed band of noise characterized
by a very low value of the crest factor, which was used as a masking signals. Different bandwidths of the modulating masking signals were used as well as different center frequencies
to investigate whether the masking patterns in the modulation domain depend on the masker
bandwidth and its center frequency. The modulating target (masked) signal was a pure tone
at a frequency range from 2 to 256 Hz. Both modulating signals were applied to the same
sinusoidal carrier signal.
The most effective masking was noticed when the rate of the sinusoidal modulation was
close to the center frequency of the masking signal or when it was in its spectral range and
decreased outside of this range. The character of this dependence confirms the existence of
some form of a frequency selectivity in the modulation rate domain similarly to the audible
frequency domain. The thresholds for monaural and binaural listening were very close to each
other. This implies that masking in the modulation domain is a central process.
Key words: masking, masking in the modulation domain, modulation filterbank.
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1. Introduction
An initial stage of the signal processing in the peripheral auditory system is connected with the transformation of basilar membrane displacements into action potentials. At the next stage, taking place at higher levels of the auditory system, a temporal
integration occurs. This means that the energy of a signal (or information conveyed by
the signal) is summed up in short periods of time. This stage of the signal processing is
often considered basing on the modulation filterbank concept [3], that is bandpass linear
filters tuned to the frequencies of the amplitude envelope of the acoustic stimuli (MFB).
The idea of modulation filters postulates the existence of a form of spectral analysis
that may take place at higher stages of the auditory system with reference to the output
signals from the auditory filterbank. An assumption of the existence of modulation filters implies also the existence of some form of the frequency selectivity in the amplitude
modulation (AM) rate domain and was proved by many experimental data [2, 3]. It is
usually assumed that each auditory filter is followed by its own modulation filterbank.
Within each filterbank the center frequency of the filters corresponds to the frequency
of the amplitude envelope changes of the acoustic signal [3, 4, 6, 9].
The analysis of the envelope of the signal changes is proceeded most probably using
a set of neurons tuned to the frequencies of changes of the envelope of these signals.
Such “specialized” neurons were found at higher stages of the auditory system and they
serve as the physiological basis of the modulation filterbank concept [16, 22].
Similarly to the audible frequency domain, the most important psychophysical experiments supporting the idea of the modulation filterbank are experiments concerned
with masking in the modulation rate domain [2, 3]. Since the modulation filterbank
is localized at higher stages of the auditory pathway, masking noticed in this case
is considered as a central process. Thus, the masking in the AM domain is assumed
to be quite different from that in the audible frequency domain, which is attributed
to the peripheral processing. In this form of masking, the amplitude changes evoked
by the target modulating signal are masked by the amplitude changes of the same
carrier produced by the masking modulating signal. Although masking in the modulation rate domain was proved and demonstrated in many experiments [1, 9], most
of investigations concerned with this topic were carried out using mainly monaural
listening. Therefore, there is no convincing argument that this form of masking can
be attributed to the central part of the auditory system. It is difficult to assume that
in the masking in the modulation domain peripheral processes do not play any role
without proper set of experimental data. In this paper we have intended to measure
the monaural and binaural masked threshold in the amplitude modulation domain to
compare the modulation masking patterns in these two cases. If the thresholds for
monaural and binaural listening were not significantly different, then it would be a
crucial argument supporting the central character of the masking in the modulation
domain. On the other hand, a significant difference in the masking pattern for monaural an binaural listening would prove an important contribution of the peripheral processes.
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In this study we have also intended to investigate the influence of the modulating
signal bandwidth and its center frequency on the modulating masking patterns. There
are some ambiguities in the literature concerned with this problem. H OUTGAST [9],
for example, showed that an increase in modulating masking signal bandwidth brought
about an increase in the masked thresholds. On the other hand, L EMA ŃSKA et al. [13]
did not confirm this result. Masking patterns presented there did not depend neither
on the bandwidth nor on the type of the narrowband masking modulator. However,
assuming several analogies between the auditory filters and the modulation filters, one
would expect that the masking patterns in the modulation domain should depend on the
bandwidth of the masking signals as it occurs in the audio frequency domain.
This paper presents, then, two experiments concerned with the masking in the amplitude modulation domain. One of them analyses a character of the type of masking i.e.
whether this form of masking is entirely central process while the second one deals with
the influence of the modulation masking signal bandwidth on the masking patterns.
2. Experiments
2.1. Signals
The binaural and monaural masked thresholds of amplitude modulation were determined for a pure tone carrier at a frequency of 4 kHz. Such a high carrier frequency
was chosen because of the fact that up to 4 kHz the amplitude fluctuation sensitivity
is independent of the modulation rate up to 200 Hz [21]. Furthermore, according to
the significant auditory filter bandwidth for this frequency (440 Hz), spectral sidebands
of the AM signal are not resolved in the auditory system: the only time pattern of the
modulated waveform is decisive for the modulation detection. The carrier was amplitude modulated by a sinusoidal signal at a frequency of: 2, 4, 8, 16, 32, 64, 80, 128 or
256 Hz. (The frequency of the sinusoidal target signal is called in this paper the modulation rate). Masking modulator was so-called Low-Noise Noise (LNN) [11] at a center
frequency of 16 Hz and bandwidth of 8 Hz or LNN at a center frequency of 64 Hz and
bandwidth of 8, 6 or 32 Hz. A band of the Low-Noise Noise is generated basing on the
corresponding band of the Gaussian noise. However, the time course of the Gaussian
noise is divided by its amplitude envelope to minimize its inherent fluctuation. The division, however, increases the bandwidth of the resulting noise. Thus, in the next step
the bandwidth is limited to the required limits and the division by the envelope of the
resulting noise is repeated. Once the number of the transformations described above
is repeated 10 times, the crest factor of the resulting noise is about 1.7 which makes
it a very useful signal in studying the masking in the modulation domain. First of all,
higher modulation coefficients connected with the masker may be used without a risk
of an overmodulation. Furthermore, the spectrum of the LNN and the band of the white
noise are similar, i.e. the power spectrum is constant and independent of frequency in
both cases. It should be emphasized that recent research on masking of modulation [9]
were conducted using Gaussian noise. Such noise is characterized by a large crest fac-
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tor (3.5) and was insufficient for masking in the modulation rate domain analysis due
to the possibility of overmodulation. The peak value of the Gaussian noise, at the rootmean-square (RMS) of 0.3, is larger than 1 and causes the overmodulation of the carrier
by the masking signal only. In the experiments presented here we have intended to use
the largest possible amplitude modulation depth connected with the masking modulating signal to get the largest dynamic range of the modulation masking patterns. In the
trial experimental sessions we have found that a band noise of the RMS value of 0.3
produces clearly audible changes in the amplitude of a sinusoidal carrier. However, the
band of the Gaussian noise at the RMS value of 0.3 causes an overmodulation as its
crest factor is equal to 3.5 (peak of the AM depth equals to 1.05) and does not leave
any space for the modulation depth produced by the target. On the other hand, for the
low-noise noise at the RMS value of 0.3, the maximum of the modulation depth is not
larger than 0.51 which enables to use the AM depth of the target up to 0.49.
2.2. Method
The study was conducted using a Three-Alternative Forced-Choice (3AFC) method
with an adaptive procedure 3-down, 1-up with a feedback [15]. This method allows
the determination of the threshold for 79.4% correct responses. Three signals were presented to the subjects in each trial. One of them (selected on random) was the carrier
modulated by both the masking band of the LNN and the target tone, while the other
two were amplitude modulated by the LNN only. The subjects were asked to indicate
the signal within which the sinusoidal amplitude modulation was present. The amplitude modulation index connected with the sinusoidal modulation, m, was increased after
each incorrect answer and decreased after three successive correct answers. The depth
of the AM produced by the LNN was kept constant: the RMS of its amplitude was equal
to 0.3. The threshold value was calculated as a geometric mean of the last 8 of the total
12 turn points. Each data point presented in this paper was calculated as an arithmetic
mean based on at least 4 separate measurements.
There were several reasons for the use of the 3AFC instead of the 2AFC procedure
although the latter one is slightly simpler and makes the experiment faster. First of all,
the 3AFC determines the threshold for the higher probability of correct responses that
gives more precise, more accurate and more stable results. The second reason was that
the experiment itself was quite difficult to listen to. So having three intervals the subject
could detect the target basing on either the amount of modulation produced by the target
or basing on the similarity of the two non-signal intervals.
While the monaural masking thresholds were measured, the three signals were presented to one ear. All signals were modulated by LNN and one of them was modulated
also by a sinusoid. The noise used in the experiment was not so-called frozen noise.
For the binaural condition, signals were presented to both ears: three intervals of the
carrier modulated by the LNN were presented to one ear (e.g. left), while two intervals
of the unmodulated carrier and one of the carrier modulated by a sinusoidal signal were
presented to the other ear (e.g. right). The phases of the carrier signals presented to
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the left and the right ear were the same. This way of presentation of stimuli is consistent
with the experiment analyzing the central masking process in the audible frequency domain [26]: the masked signal (the target) was presented to one ear, while a masker was
presented to the other one.
All the signals were presented in double-walled, acoustically isolated chambers.
The duration of each signal was 1000 ms, including rise/fall times of 20 ms each, while
the time interval between the signals was 300 ms. The overall level of the signals was
70 dB SPL.
2.3. Subjects
The masking patterns in the amplitude modulation domain were measured for three
subjects aged 20–25 with audiologically normal hearing. The subjects were paid for
participation in the experiment. Prior to the study each subject took part in training
sessions (5 hours) to get familiar with the method and the kind of task used in the
experiment.
2.4. Apparatus
The binaural and monaural masking patterns in the AM domain were measured by
the Tucker-Davis-Technology, TDT System II. The signals were generated in two independent channels of the16-bit digital-analog converter (TDT-DD1) at a sampling rate of
50 kHz and fed to low-pass filters (TDT-FT1) of the cutoff frequency of 8 kHz. Then,
the signals were delivered to the programmable attenuators (TDT-PA4), to adjust the
same level in all the intervals and both channels. Finally, they were summed up (TDTSM1) and delivered to the headphone buffer (TDT-HB6). The signals were presented
monaurally or binaurally through Sennheiser HD 580 headphones. The subjects were
asked to answer on the response box TDT-RBox. During monaural listening only one
transmission channel was used.
2.5. Results
The results of this experiment, i.e. the masked threshold in the modulation domain
for monaural (empty symbols) and binaural (filled symbols) stimuli presentation are
depicted in Fig. 1. This figure presents the dependencies of the sinusoidal amplitude
modulation depth expressed as 20 log(m) at the masked threshold as a function of the
modulation rate.
The successive rows in Fig. 1 present data for three subjects participating in the
experiment whereas successive columns show the results for different bandwidths of
masking noise that is Low-Noise-Noise at the center frequency of 64 Hz and bandwidth
of 8, 16, 32 Hz.
Generally, for all types of the masker, the initial increase in the modulation rate, up
to the center frequency of the masker (64 Hz) causes an increase in the threshold values.
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Fig. 1. Amplitude modulation depth expressed as 20 log(m) at the detection threshold (ordinate) as a
function of the modulation rate (abscissa). Low-Noise-Noise (LNN) at the center frequency of 64 Hz and
the bandwidth of 8, 16 or 32 Hz was used as a masker.

The increase in the modulation rate above the center frequency of the masker causes a
decrease in the masked thresholds of amplitude modulation. The same situation occurs
for both binaural and monaural listening. The masking noticed during the experiment
was most efficient when both frequencies of the modulating signal (sinusoid and noise)
were similar. These data are consistent with the results presented by L EMA ŃSKA et
al. [14], H OUTGAST [9], BACON [1] and DAU et al. [4, 5]. Such a shape of the described dependency proves the existence of the frequency selectivity in the amplitude
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envelope change domain. This selectivity may be the result of the activity of the modulation filterbank. It should be emphasized that the thresholds for monaural and binaural
masking modulation are similar. The similarity is concerned with both the frequency position of the maximum masking pattern and the slopes on the low- and high-frequency
sides of the pattern. This agreement enables to conclude that masking in the modulation
domain is rather a central process and takes place most likely after the first crossing of
the neurons that transmit signals from the left and the right ear.
The thresholds obtained for masking noise at the center frequency of 64 Hz were
analyzed using a within-subject analysis of variance (ANOVA) in which the results
gathered for individual subjects were treated as the repetitions of the same measurement. Within the factors of the analysis an influence of the modulation rate, the masker
bandwidth and the type of listening (monaural or binaural) on the threshold values were
examined. As follows from the analysis, the modulation rate was proved to be statistically significant [F (8, 16) = 62.27, p < 0.001]. The type of listening was proved to
be statistically insignificant [F (1, 2) = 2.44, p = 0.120] which showed the similarity
of the masked threshold values for monaural and binaural listening. The masker bandwidth was also proved to be statistically insignificant [F (2, 4) = 0.370, p = 0.710].
Among all the interactions between all of these factors, the only interaction between the
type of listening and the modulation rate was marginally significant [F (8, 16) = 2.91,
p = 0.033] which may reflect slightly narrower modulation masking patterns for the
binaural stimuli presentation and for a higher center frequency of the masker. The results of the ANOVA confirmed that the threshold values were similar for both types of
listening (monaural and binaural) and changes in the masker bandwidth did not influence significantly the threshold values as a function of the target frequency.
In Fig. 2 the AM masked thresholds are depicted for LNN masker at the center frequency of 16 Hz and a bandwidth of 8 Hz. This figure presents the dependencies of
sinusoidal amplitude modulation depth expressed as 20 log(m) at the detection threshold as a function of the modulation rate. The empty symbols show the thresholds for
monaural masking of AM, while the filled ones present analogous data for binaural lis-

Fig. 2. Amplitude modulation depth expressed as 20 log(m) at the detection threshold (ordinate) as a
function of the modulation rate (abscissa). Low-Noise-Noise (LNN) at the center frequency of 16 Hz and
the bandwidth of 8 Hz was used as a masker.
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tening. Although the shape and the width of the AM masking patterns for both monaural
and binaural listening are slightly different, they are qualitatively consistent for all the
subjects participating in the investigation.
Similarly to Fig. 1 (where Low-Noise Noise at the centre frequency of 64 Hz and
bandwidth of 8, 16 and 32 Hz were used), Fig. 2 reveals a significant increase in the
threshold values with increasing modulation rate up to some frequency limit equal or
close to the center frequency of the masker. A further increase in the modulation rate
brings about a decrease in the threshold value. Again, the masker came out to be most
efficient in the range where its spectral components are non-zero. The effectiveness of
the masking, however, decays gradually outside of this area which implies the existence
of the frequency selectivity in the amplitude modulation rate domain. These results
are analogous to the data from the classical experiments concerned with masking in
the audible frequency domain by E GAN and H AKE [7], and Z WICKER [25], where the
masking effect is most efficient in the spectral range of the masker. The agreement
between the monaural and binaural masked thresholds in the modulation rate domain
that can be seen in this figure, suggests again that the contribution of the peripheral
processes in the masking in the modulation domain may be rather neglected.
The data shown in Fig. 2 were analyzed using a within-subject analysis of variance
(ANOVA). In that analysis, the influence of the modulation rate and the type of listening
(monaural or binaural) was investigated. Similarly to the earlier results of the ANOVA,
the modulation rate was proved to be statistically significant [F (8, 16) = 22.66, p <
0.001] and the type of listening was proved to be statistically insignificant [F (1, 2) =
0.03, p = 0.880].
It is also possible to compare the masking thresholds for different central frequencies
of the modulating masker (LNN) at the same bandwidth (see Fig. 2 and left column in
Fig. 1). Furthermore, the data from the two figures allow to compare the AM masked
thresholds in the modulation domain in the case when the relative bandwidth of the
masking noise was the same for two different center frequencies of the noiseband (see
Fig. 2 and right column in Fig. 1).
This comparison of the data implies that, generally, the masked thresholds in the AM
domain do not depend on the center frequency of the masker. For all center frequencies
of the masker, both the binaural and monaural masking threshold values were similar
and in each case the highest values occur for frequencies of the target equal or close to
the center frequency of the masking noise. Nevertheless, curves obtained for the center
frequency of 16 Hz seem to be wider. If the concept of the modulation filterbank were
accepted, it should be stated that the relative bandwidth of the modulation filters should
be constant.
3. Discussion
The main conclusion from the experiment is that the existence of a modulating
masking signal causes an increase in the amplitude modulation threshold values. For
all types of the masking signal, the initial increase in the modulation rate causes an in-
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crease in the AM threshold values up to the center frequency of the masker. A further
increase in the target frequency decreases the masked thresholds. These results are analogous to the masking patterns obtained in the experiments concerned with masking in
the audible frequency domain.
Masking at the peripheral stage of the auditory system is often interpreted in terms
of the difference between excitations evoked by the masking signal and by coexisting
masking and masked signals. When the difference of these excitations exceeds a certain
critical value (or alternatively when the signal to masker ratio reaches a certain value),
the masked signal is detected. Although the models assume mainly a definition of excitation on the basis of mechanic oscillations or deflections of the basilar membrane, a
similar analysis can be carried out assuming that the excitation is related to the activity
of neurons in the auditory nerve as a function of their characteristic frequency. A similar
model may be implied relating to the phenomenon of masking in the amplitude modulation domain presented in this study. At a certain stage of an acoustic signal processing
the information on the signal amplitude envelope is available in the neurons tuned to
low frequencies corresponding to the frequencies of changes of the amplitude envelope
(modulation). The excitation in the amplitude modulation rate domain can be defined
as a number of spikes in a time unit as a function of the characteristic frequency of the
neuron [18, 19]. It can be assumed that the detection of the amplitude modulation occurs on the basis of a comparison of the modulation excitations evoked by a target with
a masker and the excitation evoked by a masker only. The similarity of the results gathered in this study and the masking patterns in the audible frequency domain [7] implies
that both the processes are alike in their nature. Since the shape of the masking patterns
in the audible frequency domain results directly from the frequency selectivity and the
auditory filterbank concept, it may be also assumed that the masking in the modulation
domain (similar in its nature) results from the existence of the modulation filterbank and
the frequency selectivity in the modulation rate domain.
The data in Figs. 1 and 2 are depicted in a logarithmic scale of the modulation rate.
They seem to be approximately symmetric as far as a limited portion of data around the
maxima is concerned. However, when the same data are plotted in a linear frequency
scale, a lack of symmetry of the patterns may be easily revealed. They appear to be
more steep at the low-frequency side similarly to masking patterns in the audible frequency domain. The asymmetry in the masking patterns, as well as in the excitation
pattern, in the audible frequency domain is attributed to a broadening in the auditory
filter bandwidth with the increase in its center frequency [20]. Therefore it seems, that
an asymmetrical shape of the masking patterns in the amplitude modulation rate domain can be interpreted in the same way. In response to a narrow-band stimulus, the
modulation excitation is asymmetrical and corresponds to the masking curves in Figs. 1
and 2. The asymmetry of the excitation may be easily interpreted making the assumption that the bandwidth of the modulation filters is an increasing function of their center
frequencies.
The modulation filter bandwidth should increase with the increase in its center frequency. That implies that a wider modulation filter leads to excitations in a wider range.
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Comparing the masking patterns in the audible frequency domain and those gathered in
this study, it can be noticed that the relative bandwidth of the excitation in the audible
frequency domain reaches much smaller values than those from this study. One may
conclude that the relative modulation filter bandwidth is larger than that of the auditory
filter, which means that the quality factor (Q) of the modulation filter is much smaller
than that of the auditory filters.
To assess a ratio of the Q factors for the auditory filters and the modulation filters,
the data gathered were approximated by means of a fifth rank polynomial. Basing on
this approximation, the 3 dB bandwidth of the excitation patterns in the modulation
domain was assessed for each masking pattern presented in Figs. 1 and 2. The average relative 3 dB bandwidth was around 0.55. However, slightly larger values of the
relative bandwidth were noticed for the monaural listening. The same assessment was
proceeded with respect to the relative 3 dB bandwidth of the excitation pattern in the
audio frequency domain and it was around 7.5. The ratio of the relative 3 dB bandwidths
may be treated as an estimate of the ratio of the proper filter bandwidths. Thus, it can be
stated that the bandwidth of the modulation filter is about 15 times larger than that of the
auditory filter. It may be concluded, that the Q factor of the modulation filters is around
0.5 to 0.6, which means that the frequency selectivity in the amplitude modulation rate
domain is much poorer than that in the audible frequency domain.
As follows from the experiment, the masked thresholds of the amplitude modulation
for binaural listening are similar to the masked thresholds for monaural listening. This
implies the central character of the masking in the modulation rate domain. There is no
difference between those two types of listening for all the types of noise applied in the
experiment (for all center frequencies and bandwidths of LNN).
So far, in all studies concerned with the masking in the modulation rate domain and
the modulation filterbank, it was assumed that the masking of modulation occurs at the
higher stages of the auditory system. No central process, that would be responsible for
the existence of such kind of masking, was ascribed to this form of masking. Nevertheless, comparing the monaural and binaural AM masked thresholds it is clear that
they are consistent. In both cases the AM masked threshold reaches maximum values
when the frequency of the target falls into the spectral range of the masker or is close
to this range. Furthermore, the shapes of the modulation masking patterns as a function of the modulation rate are only slightly different in these two cases. Even though
the thresholds for binaural masking in the modulation rate domain were slightly below
those of monaural listening, it was not ultimately proved by the analysis of variance.
A qualitative and quantitative agreement of the AM masking patterns for both types of
listening implies a central nature of the masking in the AM domain and the contribution of peripheral processes seems to be insignificant. Hence, it is likely that some kind
of summation of sensations, concerned with changes in the intensity of stimuli in the
right and the left ear, occurs in the auditory system. It is fully consistent with the recent
studies of KORDUS and S EK
˛ [12], where it was proved that the detection thresholds
of the amplitude modulation for binaural listening were lower than those of monaural
listening.
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On the basis of DAU’s [3] assumption about the existence of different modulation
filter sets for each auditory neuron, localized probably in the inferior colliculus [10, 18],
it is necessary to assume the existence of separate sets of those filters for the left and the
right ear. The agreement of the AM masked thresholds for monaural and binaural listening implies that the modulation excitation from the left and the right ear are summed up
in some way at higher stages of the auditory pathway. This kind of summation is quite
different from the summation of sensations in the audible frequency domain [8, 17] because in this domain the central masking is a process significantly different than that in
the peripheral one.
It is important to emphasize that for all three subjects there exists a local maximum
for the modulation rate of 2 Hz for both monaural and binaural listening. Changes at this
rate (2 times per second) might have been too slow to be noticeable by the subjects in
signals that had lasted for 1 s. Extreme values of the intensity of the carrier had occurred
only two times and, according to the concept of multiple looks by V IEMEISTER and
WAKEFIELD [23], it might have been not enough for the detection of the amplitude
changes. For the modulation rate of 4 Hz there exists a local minimum that is fully
consistent with the data of Z WICKER [24] and can be easily interpreted on the basis of
the general properties of filters.
4. Conclusions
The main conclusion from the presented study is that the amplitude changes of the
acoustic stimuli may be proceeded in the modulation filterbank whose parameters are
significantly different from those of the auditory filters. Furthermore, since there was
no difference between the values of the monaural and the binaural masked thresholds of
the amplitude modulation and no significant differences between the masking patterns
determined in these two cases, it is clear that the masking in the modulation domain is
a central process.
The results of the experiment implies the following specific conclusions:
1. The masking in the modulation rate domain is characterized by a broad tuning.
It is most efficient when the frequency of the target signal is close to or falls into
the spectrum range of the modulating masking signal.
2. The data gathered for the amplitude modulation rate domain are analogous to
the masking patterns in the audible frequency domain, where the most efficient
masking occurs in the spectral range of the masker.
3. The agreement of the binaural and the monaural modulation masked thresholds
reveals that the binaural masking of modulation may occur above the cochlea
and the contribution of the peripheral processes may be neglected.
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