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This study examines the amplitude modulation rate discrimination for sinusoidal and
noise carriers. It was shown that the discrimination of AM rates is a monotonically growing
function of modulation rate. Higher values of the discrimination thresholds were observed
for a narrowband carrier. It appears that in the case of a narrowband noise carrier, the
spectral range of the noise envelope is similar to that of the modulation rates of the signal
(up to 120 Hz). It results in a masking in the modulation rate domain and in a much higher
threshold growth than that observed for a wideband noise carrier or a sinusoidal carrier.
The results are consistent with the idea of the so-called second stage of filtering acting on
the envelope of the acoustic signal. This hypothesis postulates the existence of a so-called
modulation filter bank, (MFB), responsible for the frequency selectivity observed in the
amplitude modulation rate domain. The existence of the MFB suggests that a certain form
of the spectral analysis of any acoustic signal envelope may be performed in the auditory
system after initial filtering in the auditory filter bank. A model of the modulation rate
discrimination based either on the classical concept of the excitation patterns or on the
modulation excitation patterns has not accounted for our experimental data. According to
both the models, an increase in the frequency discrimination threshold versus modulation
rate should be slower than that measured in the experiment.

1. Introduction

The peripheral auditory system is usually considered in the context of a so-called
auditory filter bank which is responsible for the most important feature of the system,
i.e. the frequency selectivity [21]. The auditory filter bank model is similar to the concept
of the critical bands and assumes that in a tone detection process the subject takes
advantage of a single auditory filter with the best signal-to-noise ratio. However, in
recent years there has been some evidence that subjects, in majority of real situations,
take advantage of more than one auditory filters combining their output signals in a
specific way like in the case of the comodulation masking release (CMR) effect [11, 18]
or the modulation detection/discrimination interference (MDI) [20].

One of the convincing interpretations of the CMR and MDI effects is based on the
so-called perceptual grouping concept. It is assumed that if the changes in a multi-
component broadband signal are similar in all its frequency bands (e.g. the rate of changes



4 J. LEMANSKA, A.P. SEK and E.B. SKRODZKA

is similar in all bands), than such signal forms a single perceptual object. Distinguishing
between changes within such an object (e.g. modulation depth discrimination) is more
difficult than across different auditory objects [2].

Another way of CMR and MDI interpretation assumes that there is a second stage of
filtering in the auditory system. According to this hypothesis, the acoustic signal is first
filtered in a set of bandpass auditory filters. Thus, the output signal from the auditory
filters describe envelope changes in different frequency bands. Then the output signals
are filtered in linear bandpass filters tuned to the frequency of the signal envelope. A set
of those hypothetical filters is called a modulation filter bank (MFB). The concept of the
MFB implies that the auditory system performs a certain form of spectral analysis with
limited resolution on the envelope of the output of each auditory filter. Moreover, it is
also assumed that it does not perform a time analysis.

The main argument supporting the MFB concept is the existence of an array of
auditory neurones that generate action potentials when there are slow amplitude changes
(less than 100 Hz) in the input signal. Neurons tuned to such low characteristic frequencies
have been found above the auditory nerve (i.e. in the cochlear nucleus [19, 31] and the
inferior colliculus [15, 17, 27, 32]). It is generally assumed that they can be considered
as the modulation filter bank. In the MFB concept, similarly to the auditory filter bank
model, it is assumed that there is a set of overlapping bandpass linear filters (called
modulation filters) tuned to different rates of amplitude changes (i.e. modulation rates).
Therefore, it seems that in the modulation filter bank many phenomena, analogous to
those found for the auditory filter bank, should be observed, e.g. a frequency selectivity
in the modulation rate domain, tuning, masking, ringing and temporal integration.

Although the concept of the second stage of filtering performed in the MFB remains
still somehow controversial, evidences consistent with this idea have come from many
psychophysical experiments. The concept gives a successful interpretation of some effects
which cannot be explained using the classical model of the auditory filter bank only. The
most important results concerning the modulation masking and suggesting the existence
of a frequency selectivity in the modulation rate domain were reported by HOUTGAST [14]
and BACON and GRANDHAM [1]. A similar effect was observed by SEK and SKRODZKA
[36, 37]. Their results are consistent with Dau’s idea who assumed that if the MFB
does exist, the resulting frequency selectivity in the modulation rate domain is much
poorer than the frequency selectivity related to the auditory filter bank, i.e. in the audio
frequency domain.

Many arguments supporting the MFB concept were given by DAU [3—7]. He analysed
the sinusoidal AM detection of a noise carrier as a function of its bandwidth. He found
that the inherent fluctuations of the noise carrier played a critical role in the modulation
detection. He showed that the modulation detection thresholds for the narrowest carrier
(3.14 Hz) were the highest for the lowest modulation rates, while for a 314-Hz wide noise
carrier the thresholds were highest for the highest modulation rates used. Dau concluded
that the elevation of the AM detection thresholds resulted from a masking effect in the
modulation rate domain. The signal, in this case sinusoidal amplitude changes being
detected, was masked by inherent noise fluctuations. The above result can be described
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by saying that the AM detection was the most difficult (required high values of AM
depth) when the modulation rate of the signal fell within the spectral range of the noise
envelope connected with its inherent fluctuations.

The concept of the MFB allows to model the peripheral auditory system as a set of
stages, the MFB is one of the stages [6, 7]. The model could account for the results of
many masking modulation experiments as well as for the temporal modulation transfer
function (TMTF [38]). A significant progress in the MFB development was done by
EvERET and DAU [8] who examined the frequency selectivity in the modulation rate
domain and suggested values of the main parameters of the modulation filters.

Regardless many experiments supporting the concept of the second stage of filtering,
the idea is still controversial because no unique psychophysical evidence of it has been
found so far. An assumption about the MFB implies that the modulating signal spectrum,
rather than its temporal pattern, is crucial for the signal changes perception. However,
many experimental data on the modulation masking can be explained without the MFB
concept by taking into account temporal models comparing the similarity between a
temporal pattern of the masker and the signal. Thus, it seems that in order to accept
the auditory system model containing the MFB, it is necessary to present a variety of
arguments and evidences.

2. Aim

One of the most important manifestations of the auditory filters is the so called fre-
quency discrimination describing the ability of the auditory system to detect changes in
the signal frequency in course of time. The frequency discrimination can be measured ei-
ther as frequency modulation detection thresholds or as frequency difference limens [24].
SEK and MOORE [35] have shown that for continuous frequency changes (e.g. for FM sig-
nals) and for modulation rates higher than 5 Hz, the peripheral filtering was responsible
for the detection of frequency changes. The modulation detection thresholds increasing
with increasing carrier frequency, but related to equivalent rectangular bandwidths of the
auditory filters, were constant. This suggested that the frequency discrimination mecha-
nism is based on the peripheral filtering exclusively. Frequency discrimination thresholds
(difference limens) for two successive sinusoidal tones are monotonically increasing func-
tions of frequency, too [39]. It should be pointed out that the basic mechanism responsible
for this type of discrimination is based on phase locking [29], however, the initial signal
processing takes place in the auditory filter bank which significantly influences the thresh-
old value. Thus, if the second stage of bandpass filtering, analogous to the first stage of
filtering, does exists, it should be possible to observe a frequency discrimination (for
modulation rate in this case) for two successive amplitude modulated sinusoidal tones.

In order to analyse the ability of the auditory system to discriminate the frequency of
the acoustic signal envelope changes and the factors responsible for this discrimination,
it seems worthwhile to repeat the classical frequency discrimination experiment but in
the modulation rate domain. If there are modulation filters in the auditory system and
if they operate similarly to the auditory filters, one can expect that the modulation
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rate discrimination thresholds should be monotonic functions of the modulation rate.
Furthermore, the ratio of the discrimination thresholds to the modulation rate may enable
the estimation of the modulation filter bandwidth and the comparison of the selectivity
of those filters with the selectivity of the auditory ones. Therefore, the main aim of the
experiments presented was to measure the frequency discrimination thresholds in the
amplitude modulation frequency domain, i.e. to measure just noticeable modulation rate
differences for two successive bursts of amplitude modulated sinusoidal tones.

Intrinsic fluctuations observed for the noise carrier are an important element of the
Dau’s model. The model accounts for the modulation perception of noise carriers and
bands of noise, but it does not work for sinusoidal carriers. Therefore, in the experiment
presented we used a sinusoidal carrier, a band of noise narrower than one critical band
and a wide band of noise covering several critical bands.

3. Experiment

AM rate discrimination thresholds were measured using three types of the carrier:
a 4-kHz sinusoid, a 450-Hz wide band of noise centred at 4kHz and a 6-kHz wide band of
noise centred at 3.2 kHz. The reason for the high values of the frequency of the sinusoidal
carrier and centre the frequency of the noise bands was the fact that the spectral structure
of the AM signal does not play a role in the modulation detection. As shown by OZIMEK et
al. [26], there was a wide range of roughness for the carriers up to 4kHz (for modulation
rates up to about 200Hz), where AM detection thresholds were roughly independent
of the modulation rate. The range covers a band of modulation rates for which the AM
signal is not perceived as loudness fluctuations or as a multitone, i.e. based on its spectral
structure.

The thresholds were measured using an adaptive two-interval, forced-choice procedure
with two-down and one-up stepping rule that estimates a 71% correct point on the
psychometric function. Two successive intervals were presented for a subject’s preferred
ear. Each interval contained a pair of AM signals with the modulation depth m = 0.5. In
one pair both signals were modulated at a modulation rate fioa (a reference modulation
rate), while in the other interval one of the signals was modulated with a modulation
rate fi = fimod + 0.5 - AF04, while the other one was modulated with a rate fo =
fmod — 0.5 - AF04. The modulation rate difference, AFy04, of these two signals was
changed according to the adaptive procedure: after one incorrect answer it was increased
by a certain factor and decreased after two correct answers. The subjects were asked to
indicate the interval at which the modulated signals differed in the modulation rate. The
reference modulation rate, fioq, was equal to: 10, 20, 35, 50, 75, 100 and 125 Hz. The
overall level of the stimuli used in the experiment was 70dB SPL.

Each run consisted of 12 reversals and the threshold estimate for that run was taken
as the arithmetic mean of the last eight reversals. At least three estimates were obtained
for each threshold value. The order of the pair and that of the two stimuli in each pair
were random. Each signal in the pair had a duration of 500 ms. The time interval between
stimuli in the pair was 100 ms and between pairs was 400 ms. The signals were presented
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monaurally using a Sennheiser HD414 headset in an acoustically isolated chamber. The
stimuli were generated using a Tucker-Davis system II. Four subjects without hearing
disorders were tested.

4. Results

4.1. AM rate discrimination thresholds

The results of experiments performed are presented in Figs.1-3 for the 4-kHz si-
nusoidal carrier, the 450-Hz wide carrier centred at 4kHz and the 6-kHz wide carrier
centred at 3.2kHz respectively. The modulation rate discrimination thresholds vs. refer-
ence modulation rate, fnoq, for all subjects are plotted in the pictures.
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Fig. 1. Amplitude modulation rate discrimination threshold vs. modulation rate for the 4-kHz sinusoidal
carrier.

For the sinusoidal carrier the AM rate discrimination thresholds increase with in-
creasing modulation rate from about 2 Hz (for fi,0.qa = 10Hz) to about 10Hz (for fiea =
125 Hz). The results obtained for subjects taking part in the experiment are qualitatively
consistent, although a scatter can be observed. LEE [16] obtained similar results which
are also shown in Fig. 1 for comparison.

For the 450-Hz wide carrier the AM rate discrimination thresholds also increase with
increasing modulation rate (Fig.2) as observed in the case of the sinusoidal carrier.
However, the threshold values as well as the growing rate of the thresholds as a function
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Fig. 2. Amplitude modulation rate discrimination threshold vs. modulation rate for the 450-Hz wide
noiseband carrier cantered at 4kHz.

of the AM reference rate are much higher compared to the sinusoidal carrier; they are
about 2—3Hz (for fimoa = 10Hz) up to about 100 Hz (for fioa = 125Hz). Significantly
higher AM rate discrimination threshold values for the narrow band of the noise carrier
can be caused by random changes in the amplitude envelope of this noise which are not
observed for the sinusoidal carrier and which are quite different for the wide band of noise.
An attempt to interpret the experimental results basing on the analysis of the envelopes
of the carrier noise bands can be found in the further text. The results obtained for all
the subjects are qualitatively consistent, although there are some differences. HANNA [12]
obtained similar results that are shown in Fig. 2 for comparison.

The AM rate discrimination thresholds for the wide noise carrier are an increasing
function of the modulation rate, too. The experimental values found for all the subjects
are similar and cover a range from about 2Hz (for fmoq = 10Hz) up to 20Hz (for
fmod = 125 Hz) as can be seen in Fig. 3. These results are very similar to those obtained
for the sinusoidal carrier. It is observed that for the wide noise carrier the threshold
differences across the subjects are much smaller than for the sinusoidal carrier.

In summary, the AM rate discrimination thresholds for all the carriers are increasing
functions of the reference modulation rate. The results obtained for the sinusoidal carrier
and the wideband one are similar. The thresholds for the narrowband carrier are signifi-
cantly higher. The results for both the noise carriers are qualitatively and quantitatively
consistent for all tested subjects, however not for all the reference modulation rates used.
The differences in the threshold values for the sinusoidal carrier, especially for modulation
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Fig. 3. Amplitude modulation rate discrimination threshold vs. modulation rate for the 6-kHz wide
noiseband carrier cantered at 3.2kHz.

rates higher than 50 Hz, may result from the different subject’s sensitivity to AM signals
at high modulation rates. It is possible that for the bands of noise carrier their inherent
fluctuations as well as the broadband excitation the sensitivity fluctuations for different
rates compensate each other resulting in much smaller scatter of the experimental data.

Neglecting the observed scatter it can be stated generally that the AM rate discrimi-
nation thresholds are monotonically increasing functions of the reference modulation rate
regardless of the type of the carrier. The highest threshold values and a steeper increase
with the modulation rate was observed for the narrowband carrier.

To assess the statistical significance of the effects described above the data were
subject to an analysis of the variance ANOVA (Genstat 5.1 program package) with the
following factors: reference modulation rate and type of the carrier. Taking into account
that only for the sinusoidal carrier a statistical scatter for all the subjects was observed,
a within-subjects analysis of the variance was performed and the data obtained for all
the subjects were treated as repetitions of the same measurement.

As expected, the modulation rate was highly significant [F(6, 18) = 36.33, p < 0.001]
what confirmed the earlier observation of a monotonic increase of the AM rate discrim-
ination thresholds with increasing modulation rate for all the carriers used. The type
of the carrier signal was highly significant, too [F(2, 6) = 44.61, p < 0.001]. Indeed,
on average the thresholds for the sinusoidal carrier and the 6 kHz one are similar, while
the thresholds are significantly (by a factor of 10) lower than those for the 450-Hz wide
carrier.
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The most important result of the analysis is that the interaction between the two
factors, i.e. modulation rate and the type of the carrier, was significant too [F'(12, 36) =
20.27, p < 0.001]. The interaction means that the growth of the AM rate discrimination
threshold is different for different carriers. This can be easily seen when the data for
different carriers are compared.

4.2. Weber’s law for the AM rate discrimination

The experimental results were considered in the context of the Weber’s law. In our
case an analysis of the Weber fraction implies the calculation of the ratio of the modu-
lation rate discrimination threshold to the modulation rate in order to show a relation
between the ratio and the modulation rate. Therefore, the results for all the subjects were
averaged, or they were treated as repetitions. Further, the Weber fractions were calcu-
lated for three carriers used in the experiment and plotted versus modulation rate as
shown in Fig. 4. For the sinusoidal carrier, the Weber fraction is constant for modulation
rates lower than 50 Hz while for higher rates the fraction slightly decreases. This means
that Weber’s law is not completely fulfilled. The decrease of the AFy04/ fmoa ratio for
modulation rates higher than 50 Hz means that for this range the AM rate discrimination
threshold grows slower than for modulation rates below 50 Hz, as seen in Fig. 1. For the
narrowband carrier, the Weber fraction slightly increases as a function of the modulation
rate. This means that there is also a near miss of Weber’s law for the narrowband carrier.
The increase of the Weber fraction as a function of the modulation rate implies that the
AM rate discrimination threshold rises increasingly faster when the modulation rate in-
creases too (Fig. 2). For the wideband noise carrier the AFy,04/ fmod ratio is constant and
independent of the modulation rate within the range of the standard error. This implies
that for the 6-kHz wide carrier the Weber’s law is fully satisfied and that the modulation
rate discrimination threshold is proportional to the modulation rate, as shown in Fig. 3.
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Fig. 4. The Weber fraction for three carriers used in the experiment vs. modulation rate.
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The Weber fractions are higher for the narrowband noise carrier than for the sinusoidal
and the wideband ones; for the two latter carriers the, Weber fractions are comparable.
The above statement supports earlier the conclusion that for the narrowband noise car-
rier the AM rate discrimination thresholds rise faster than for the other ones; for the tone
and the wideband noise carriers the thresholds are similar functions of the modulation
rate. It should be pointed out that near miss from the Webers law for the tone and the
wideband noise carriers is not significant. Similar discrepancies are observed in the case
of the intensity discrimination of some acoustic stimuli.

5. Discussion

5.1. AM rate discrimination vs. excitation pattern models

The most important part of the sound analysis in the auditory system takes place
on the peripheral filtering level. Thus, the modulation detection/discrimination is often
considered within the frames of the excitation pattern models. The excitation pattern
can be defined as an internal activity of the auditory system and is often described as
an envelope of the basilar membrane displacement from its equilibrium position being a
function of the characteristic frequency of its points. The impulse response of the filters is
usually described by the Euler gamma function [28] (see Eq. (5)). However, the frequency
characteristics of the auditory filter is often described by the roex (p) function:

W(g) = (1 +pg)e", (1)

where g is a relative deviation from centre frequency of the filter and p is the steepness
of the filter’s slopes for the low- and high-frequency sides.

According to ZWICKER’s model [40], changes in a stimulus are detected when the
change in the excitation pattern at any point (for any characteristic frequency) exceeds a
criterion amount, of about 1dB. The model proposed by FLORENTINE and Buus [9] is a
generalisation of the Zwicker’s model. They assumed that the information from the entire
excitation pattern is combined in an optimal way instead of the information coming from
one point only.

The global detectability d’ can be expressed in this case as a sum of the detectabilities
observed for the individual filters (critical bands) d}:

d = /Z d?. (2)

The detectability in the i-th band is proportional to the square of the AM modu-
lation index [13, 20] (the index is proportional to the difference of the extreme levels
of the modulated signal for small modulation depths). Hence, the general form of the
detectability d’ can be expressed as:

d =K /ZAL;*, (3)

where K is a constant.
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Basing on the above assumption, MOORE and SEK [25, 34] suggested the so-called
non-optimal excitation pattern model. They assumed that changes in the stimulus are
detected basing on the unweighted sum of the detectabilities of all the active auditory
filters. Thus, the detectability d’ is assumed to be:

" AL?
"= K : 4
d ;,1 = (4)

where n is the number of active filters/channels.

This work the constant modulation depth was used. Therefore, signal levels corre-
sponding to the signal amplitude extreme values were always the same and led to an
amplitude changes detection instead of the modulation rate discrimination. The modula-
tion rate change for the constant AM depth is clearly visible in a signal spectral structure
which was an input signal to the model. The differences in the excitation patterns evoked
by the AM signals on the modulation rate discrimination threshold were analysed and
the d' values were calculated according to Eqgs. (3) and (4) taking into account active
auditory filters only. The calculated detectability d’ was an increasing function of the
reference signal modulation rate for both the analysed models. The increase was signifi-
cant because the change in the calculated detectability d’ for the sinusoidal carrier and
for modulation rate from 10 to 120 Hz was nearly 100 times higher.

If the AM rate differences detection (discrimination) were based exclusively on the
excitation pattern changes evoked by the modulated signals with different modulation
rates, then the calculated d’ should be a more or less constant function of the reference
modulation rate. Thus, the model predicts a much higher sensitivity of the auditory
system in the modulation rate discrimination task than that observed experimentally.
Moreover, if the decision about the modulation rate discrimination were based on differ-
ences in the auditory filters activity, the discrimination thresholds would be lower and
their increase with modulation rate should be much slower. Therefore, it seems that a
different mechanism is responsible for the AM rate discrimination.

5.2. Frequency discrimination vs. modulation rate discrimination

Our results appear to be consistent with those of WIER et al. [39]. They found that
the frequency discrimination thresholds for tones in the audio frequency domain are
an increasing function of frequency. When the logarithm of the threshold is plotted
against the square root of frequency, a linear relation is obtained [39]. Similar relation
was found for our results: the logarithm of the thresholds was proportional to the square
root of reference modulation rate. High values of correlation coefficients were found for
each carrier used: R = 0.96, 0.98, and 0.98 for the sinusoidal carrier, the narrowband
carrier and the broadband carrier, respectively. This qualitative agreement of the analysed
data with the frequency discrimination in the audio frequency domain suggests that
the frequency discrimination mechanisms in both the domains are similar. Thus, if the
frequency discrimination is considered in the context of frequency selectivity based on
the peripheral filtering or the auditory filter bank, the AM rate discrimination may be
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considered as the frequency selectivity in the modulation rate domain. The selectivity
may result from the filtering performed in the analogous filter bank working in the signal
envelope frequency domain, i.e. in the modulation filter bank. An alternative mechanism
may be the phase locking of neurons tuned to modulation rates with signal amplitude
envelope maxima.

It is worthwhile to focus the attention on the differences in the slopes of straight lines
describing our results and those obtained by WIER et al. when the results are plotted in
the sqrt(f) and log(AF) plane. For our data these slopes are 0.083, 0.175 and 0.106 for
the sinusoidal carrier, the narrowband carrier and the broadband carrier, respectively,
while for the results of Wier et al. the slope is much smaller and no higher than 0.02. If
we assume that the frequency discrimination thresholds result from the auditory system
selectivity and the modulation rate discrimination thresholds result from the analogous
selectivity in the modulation rate domain, it can be stated that in the latter case the
selectivity of the modulation filters is much worse than that in the auditory filters.

5.8. AM rate discrimination vs. modulation filter bank

5.3.1. Modulation masking

Our experimental data can be interpreted by virtue of the modulation filter bank
concept. If we assume that the MFB works similarly to auditory filters, our results are
consistent with this idea. The frequency discrimination thresholds are increasing functions
of frequency, as mentioned above [39]. In many models of the auditory system, the increase
in the frequency discrimination thresholds is interpreted as an evidence of the auditory
filters existence whose bandwidths are increasing functions of their centre frequency. If we
assume that there are modulation filters in the auditory system, where signal envelopes of
the auditory filter outputs are analysed, the results obtained in the experiment presented
suggest that the bandwidths of the modulation filters should be increasing functions of
their centre frequency too, consistently with the DAU’s assumption [3].

The relative value of the discrimination thresholds for frequency modulation does not
exceed 1% in the range of 250-4000Hz [35] and the thresholds expressed as a portion
of the equivalent rectangular bandwidth (ERB) of the auditory filters are approximately
constant. The average value of the ratio of the AM rate discrimination thresholds to
the modulation rate found in our experiment was about 0.35, i.e. it is approximately
100 times higher than the analogous ratio of the frequency discrimination thresholds to
frequency in the audio frequency domain. If we assume that the ratios did describe the
filters, it could be said that the relative bandwidth of the modulation filters is much
broader than the auditory filter bandwidths. The above conclusion is consistent with the
DAU’s concept [3] and with the measurements of the modulation tuning curves [36]. It is
consistent with the studies of SEK and MOORE [33] who found that the ringing duration
in modulation filters for sinusoidal modulation was rather short and that their activity
decay in a time shorter than one modulation period. Thus the quality factor, @, and
frequency selectivity for modulation filters should be much poorer compared to those of
the auditory filters.
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The MFB concept also explains the differences in the discrimination thresholds for
the 450-Hz wide carrier, and in the sinusoidal and broadband carriers (see Figs. 1 and 3).
An increase in the modulation discrimination thresholds for the narrowband carrier is
probably brought about by random changes in the amplitude envelope. The amplitude of
the band of noise (its envelope) is random and depends strongly on the noise bandwidth.
Thus, if the spectral range of the inherent noise amplitude fluctuations coincided with
the spectral range of modulation rates used in the experiment, we would expect some
interaction between the inherent noise those and changes evoked by the modulation
being detected. Especially, random noise changes (inherent changes) could be mixed
up with changes evoked by modulation, or inherent noise fluctuations could mask the
modulation. Thus, the modulation rate discrimination should be more difficult under
such conditions and the thresholds should be much higher. To be sure that such kind of
interaction (masking) is taking place, the envelope changes spectra were determined for
unmodulated bands of noise with a centre frequency of 4 kHz and bandwidths 100, 450
and 600 Hz and for a 6-kHz wide band of noise centred at 3.2kHz. The Hilbert Transform
was used in the amplitude envelope calculations. The next step was the calculation of
the spectrum of the AC component of the envelope, as shown in Fig.5. The maximum
values of the amplitude changes were normalised to unity to enable a comparison of the
dynamics of the amplitude changes in the analysed noise bands. Figure 5 shows that for
each noise bandwidth the spectrum of the amplitude envelope changes is constant in a
certain frequency range staring from 0 Hz. The range increases with increasing bandwidth
and its level changes too. For example, for the 100-Hz, 450 Hz, 600 Hz and 6 kHz wide
noise the ranges are about 70 Hz, 300 Hz, 500 Hz and 4.6 kHz, respectively. However, the
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Fig. 5. Spectra of amplitude envelope changes for the noise bandwidths: 100 Hz, 450 Hz, 600 Hz and
6 kHz, respectively.
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level of fluctuations for the 450-Hz and the 600-Hz wide noise in the ranges mentioned
above was by 20dB higher than for the 6-kHz wide noise. A considerably high level of
amplitude fluctuations for the 450-Hz wide noise compared to that of the 6-kHz wide noise
in the frequency range up to 300 Hz suggests that for the narrow band of noise inherent
changes in the amplitude envelope may be mixed up with AM-evoked amplitude changes.
Presumably, these inherent fluctuations of the 450-Hz wide noise with their high level
in the frequency range up to 300 Hz may effectively mask amplitude changes evoked by
the sinusoidal modulation. Thus, it is clear that the modulation detection threshold for
this carrier is higher than the threshold for the sinusoidal carrier for which no amplitude
fluctuation occurs.

For the 6-kHz wide noise, the spectral range of the amplitude envelope changes is
very broad; its level is by about 20dB lower than for the 450-Hz wide noise. Thus, we
can assume that the level of the inherent amplitude envelope changes for the 6-kHz wide
carrier is low and does not influence the discrimination of the modulation rate or that
the influence is much smaller than in the case of the 450-Hz wide carrier. Therefore, the
AM rate discrimination thresholds for the 6-kHz wide carrier are similar to thresholds
found for the sinusoidal carrier.

The spectral range of the noise envelope fluctuations for the 450-Hz wide noise extends
up to 300 Hz, but the modulation rate used in the experiment does not exceed 150 Hz.
Thus, we can say that for the 450-Hz wide noise changes evoked by the AM signal at a
given modulation rate were masked by the inherent amplitude envelope changes occurring
at a frequency close to the modulation rate. The masking observed in our experiment
may result from the MFB, similarly to the masking observed in the audio frequency
domain which was one of the arguments supporting the auditory filter concept.

5.3.2. Filtering in the modulation filter bank

An alternative interpretation of the pattern of the results can be performed by virtue
of the auditory system model containing the MFB. A block diagram of the model is shown
in Fig. 6. The first stage of the signal processing (not shown in Fig. 6) in the model is a
constant bandpass filter describing the outer- and the middle ear performance [29]. The
next stage of the model is a bank of the auditory filters (Gammatone Auditory Filter
Bank, GAFB) modelling the signal processing on the basilar membrane. The impulse
response of the auditory filters is given by the 5th order Eulers gamma function:

D(t) = t"te2™B cos(2rt fy), (5)

where n is the order of the function, B is the equivalent rectangular bandwidth of the
auditory filter with centre frequency fo. The quality factor, @, of the auditory filters is
about 8 and their bandwidths are described by GLASBERG and MOORE [10] as:

B = 24.7(0.00437 fo + 1). (6)

The next stage of the model is a nonlinear transformation which can be performed by
raising signal intensity to the power of 0.3 [24]. This stage mimics the transformation
of the basilar membrane motion to compound action potentials in the neurons of the
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Fig. 6. Block diagram of the auditory system with the modulation filter bank.

auditory nerve. The output of the compressive nonlinearity is fed through the modulation
filterbank (MFB).

The impulse response of the filters was described by the Euler’s gamma function of
the order of 5 and it was assumed, similarly to DAU et al. [4, 5], that their quality factor,
@, was 2. In the model presented to each auditory filter a separate MFB was attributed.
When a sinusoidal carrier was delivered to the auditory system, only one auditory filter
was used, i.e. this one centred at the signal frequency. Many auditory filters spread
uniformly in the frequency domain (usually every 10 Hz) were used for the bands of noise.
The outputs from the auditory filters were then fed through separate MFBs which worked
in the same manner as those for the sinusoidal carrier. The total modulation excitation
for given modulation rate consisted of output signals from all the active modulation filters
having the same centre frequency. By analogy to the auditory filters, the pattern of the
modulation filters activity as a function of their centre frequency was called a modulation
excitation pattern. Examples of the patterns for the AM 4-kHz sinusoidal carrier with a
modulation rate of 50 Hz and 60 Hz and modulation depth of 50% are shown in Fig. 7.
The excitations are normalized according to their maximum values and plotted in a liner
scale. The excitation, similarly to the excitation pattern in the audio frequency domain,
has a steeper slope at the low-frequency side and a shallow slope at the high-frequency
one. However, the dynamic range of the modulation excitation pattern (no higher than
10dB) is much lower compared to that of the excitation patterns in the audio frequency
domain. It is worthy to remember that the dynamic range of the signal envelope for AM
with a modulation depth of m = 0.5 is about 9.5dB and it is subsequently decreasing
by the non-linear transformation and the temporal integration which smooths the signal
amplitude changes. The last stage of the model is a decision device. The nature of the
decision device may vary with the task being considered. The decision device transforms
outputs from modulation filters or modulation excitation patterns.

The main assumption of our model is that in the AM detection process a subject relies
on the modulation filter which is the most active or which has the biggest modulation
excitation pattern or which has the best signal-to-noise ratio. It is assumed that for the
detection of the AM rate differences (or the modulation rate discrimination measured in
our experiment) the subject detects the difference in the modulation excitation patterns
evoked by two AM signals with different modulation rates. If the difference, expressed in
the model as the RMS values of all modulation filter excitation differences, is equal or
bigger than a certain value, the AM rate differences are detected.
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Fig. 7. Normalised modulation excitation patterns describing the activity of neurons tuned to the
envelope changes frequency vs. their characteristic frequency (linear units) for the amplitude modulated
4-kHz sinusoidal carrier with modulation rate of 50 Hz and 60 Hz and a modulation depth m = 0.5.

The application of this model to the prediction of AM detection thresholds was rather
successful because the thresholds calculated for the 4-kHz sinusoidal carrier were inde-
pendent of the modulation rate in the roughness region, i.e. for modulation rates not
higher than 200 Hz.

However, the model application to the AM rate discrimination task was not as suc-
cessful as it was for the AM detection thresholds: only a qualitative agreement between
the model predictions and the experimental data was found. In other words: the AM rate
discrimination thresholds were increasing functions of the reference modulation rate,
however the increase of the calculated thresholds was smaller than for those measured
experimentally. Generally, it can be stated that the predicted ability to discriminate the
modulation rate was much better than found in the experiment. Similar results were
obtained for different quality factors of the modulation filters (i.e. @ = 0.5, 1 and 2)
and for different statistics calculated by the decision device (e.g. a maximum value of
excitation differences, a difference between the excitation on one side of the pattern and
a maximum excitation or a difference in the excitation maxima). Hence, it seems that
the decision about the AM rate discrimination is not only supported by the differences in
the modulation excitation patterns or by the MFB having the best signal-to-noise ratio.
If it were so, the AM rate discrimination thresholds would increase much slower than it
was found in our experiment.
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It seems reasonable that each model stage influences the subjects decision. Apart from
the modulation excitation pattern the most important stage of the model seems to be
signal processing on the basilar membrane shown schematically in Fig. 6 by a dashed line.
Moreover, it is also reasonable to take into account an internal noise which is present on
each level of the auditory system caused by spontaneous activity of the neurons. When
the internal noise is arbitrary chosen on each level, or when an arbitrary signal from the
output of the auditory filterbank is fed through the decision device, the predictions of
the model are much closer to the experimental data.

Our model, as well as many other models, represents a class of models which do not
account for all known phenomena and processing rules in the auditory system. The most
important phenomenon, strongly related to signal processing in the auditory system and
not taken into account, is the phase locking: neural firings tend to occur at a particular
phase of the stimulating waveform, so that there is a temporal regularity in the firing
pattern in response to a periodic stimulus. The frequency discrimination (in the audio
frequency domain) is much better than that resulting from the quality factors of the
auditory filters. The phase locking seems to be the mechanism responsible for this ob-
servation. A similar situation is observed for the frequency selectivity in the modulation
rate domain: the selectivity of the modulation filters is too poor to explain the auditory
system ability to resolve two modulation rates. Probably, the phase locking is the crucial
factor for detection of the signal envelope frequency changes.

6. Conclusions

The most important conclusions of this paper are as follows:

1. The AM rate discrimination thresholds are monotonically increasing functions of
the reference modulation rate. For the sinusoidal carrier and the 6-kHz wide noiseband
carrier, the thresholds are similar. For the 450-Hz wide noiseband carrier the thresholds
are significantly higher.

2. The relation between the AM rate discrimination thresholds and the modula-
tion rate is qualitatively similar to that between the frequency discrimination thresh-
olds and the frequency in the audio frequency domain. The similarity allows to assume
that the frequency discrimination processes in these two domains may be similar to each
other.

3. The modulation rate discrimination thresholds obey the Webers law approxi-
mately: they are also constant fractions of the modulation rate, as it is in the audio
frequency domain. By analogy it can be stated that the mechanisms responsible for the
audio frequency discrimination and modulation rate discrimination work in a similar
manner.

4. The values of the modulation rate discrimination thresholds for the 450-Hz wide
carrier higher than for other carriers may result from amplitude changes masking (inter-
action) evoked by AM detected by internal changes in the noise band amplitude. This
form of masking also confirms the MFB concept.
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5. The overall pattern of the results is consistent with the MFB concept in that
amplitude envelope changes are processed. The monotonically increasing relation between
the modulation rate discrimination thresholds and the modulation rate supports the idea
that the bandwidths of the modulation filters increase with the centre frequency.

6. The model which could account for our experimental data should take into account
the decision cues coming both from the MFB and from the AFB as well as the phase
locking in the audio frequency domain and in the modulation rate domain.
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