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Modulation masking effect for modulation maskers of different spectral and statistical
properties was investigated in this study. Three noisebands centred at 16 Hz were used as
modulation maskers, namely: 1) 32-Hz wide Gaussian noise (GN 32 Hz); 2) 32-Hz wide low-
noise noise (LNN 32 Hz) and 3) 4-Hz wide low-noise noise (LNN 4Hz). The GN 32 Hz and
LNN 32 Hz were characterized by the same power spectrum density and different probabil-
ity density functions. Conversely, the LNN 32 Hz and LNN 4 Hz had the same probability
density functions, but different power spectrum densities. The root mean square of the mod-
ulation maskers was normalized to 0.2. During the measurements audibility of a sinusoidal
probe modulation presented simultaneously with the modulation maskers was investigated by
means of the 3AFC adaptive procedure with a 3-down/1-up decision rule. The results of the
experiment indicated that modulation masking was mainly determined by power density spec-
trum of the modulation masker, however, due to peripheral compression, temporal (statistical)
properties of the masker might have played also some role in the modulation masking.

Keywords: amplitude modulation, envelope perception, modulation masking, modulation fil-
terbank concept, Gaussian noise, low-noise noise, crest factor.

1. Introduction

A vast majority of natural sounds (for example speech, environmental signals) are
characterized by temporal changes of their parameters, i.e. amplitude and/or frequency.
These temporal changes, known as amplitude (AM) or frequency (FM) modulation, are
widely recognized to convey an important part of information “coded” in acoustic stim-
uli (for example: speech). Accordingly, many experiments concerning various aspects
of modulated sounds analysis and processing at different stages of the auditory system
have been carried out over the last decades.
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Results of many investigations eloquently suggest that auditory system performs
some kind of spectral analysis with respect to signal envelope and reveals some (lim-
ited) ability to decompose its spectral content. The frequency selectivity of the audi-
tory system in the modulation frequency domain is usually modelled and interpreted in
terms of the so-called modulation filterbank (MFB) concept,which assumes an activ-
ity of an array of bandpass, linear, overlapping filters tuned into different modulation
frequencies, existing at the higher stages of the auditory system [1]. In other words,
the MFB concept postulates two stages of acoustic stimuli analysis in the auditory sys-
tem, namely: cochlear filtering in the audible frequency domain (the auditory filters),
which is followed by the modulation filters functioning in the envelope rate domain.
Although, the hypothetical modulation filters are thought to work analogously to the
auditory filters, it is assumed that their selectivity is much poorer (Q ≈ 1 [2]) than
that of the auditory filters (Q ≈ 8 [3]). It should be stressed, that the most recent
model of modulation filters argues that the sound envelope isprocessed at the higher
stages of the auditory system in a set of filters characterized by non-negative impulse
response [4, 5].

The selective properties of the auditory system in the modulation rate domain have
been described by results of many psychoacoustical experiments in which similar ef-
fects, as in the audible frequency domain, were observed: “tuning” [1, 2, 6, 7], fre-
quency discrimination [8], perception of modulation asynchrony [9], some phase ef-
fects [10] and independence of masking from masker temporalrepetition [11]. Thought,
the mentioned above experiments concerning different aspects of modulation percep-
tion, the existence of “critical band” in the modulation rate domain was proved in
the measurements concerning the so-called modulation masking phenomenon, i.e. the
effect in which modulation perception is disturbed in a presence of another modula-
tion signal, called as a “modulation masker”. It has turned out that the modulation
masking effectiveness increased when spectral separation(in the modulation frequency
domain) between the masked (probe) and the masker was decreased (like in the au-
dible frequency domain), which can be explained in terms of decreasing signal-to-
noise ratio, SNR, in a hypothetical modulation channel tuned to the masked modula-
tion rate [1, 2, 6, 7]. However, it should be stressed that modulation masking is also
interpreted in terms of perceptual grouping of the probe andthe masking modula-
tion [12].

The main purpose of the present investigation was to gain further insight into mech-
anisms underlying the modulation masking, namely to examine this phenomenon with
respect to spectral as well as statistical properties of themasker.

It had been assumed that if the masking changed with a change in spectral prop-
erties of the modulation masker only, it would be another strong argument supporting
a concept of multi-channel envelope processing at the higher stages of the auditory
pathway. In contrast, if the masking patterns changed when statistical properties of the
masker were modified, such an effect might suggest that a temporal representation of
the masker has some influence on this phenomenon.
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2. Psychoacoustical measurements

2.1. Stimuli

General formula describing the stimuli used in this investigation was as follows:

y(t) = (1 + xmod(t)) sin(2πfct), (1)

wherefc is a carrier frequency;xmod(t) is a modulation signal:

xmod(t) = mp cos(2πfpt+ φ) +mmxmask(t), (2)

wheremp, fp andφ are the probe (masked) modulation depth, frequency and initial
phase, respectively;xmask(t) is the masking modulation,mm its modulation depth.
Three different masking signalsxmask(t) were used: 1) a 32-Hz wide Gaussian noise
(GN 32 Hz); 2) a 32-Hz wide low-noise noise (LNN 32 Hz) and 3) a 4-Hz wide low-
noise noise (LNN 4 Hz). All the maskers were centered at 16 Hz and their root-mean-
square value,mmrms, was normalized to 0.2. Therefore, 2 kinds of noise waves and2
spectral bandwidths were used. Figure 1 presents power spectrum densities (upper pan-
els) and distributions (lower panels) of the respective modulation maskers: GN 32 Hz
(left panels), LNN 32 Hz (middle panels) and LNN 4 Hz (right panels).

Fig. 1. Power spectra (upper panels) and histograms (bottompanels) of masking modulators used in the
measurements: GN 32 Hz (left panels), LNN 32 Hz (middle panels) and LNN 4 Hz (right panels).

As can be seen from Fig. 1, GN 32 Hz and LNN 32 Hz have the same power spectra
and different histograms: GN 32 Hz reveals the normal distribution, while the histogram
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of LNN 32 Hz is “U-shaped”. On the other hand, LNN 32 Hz and LNN 4Hz have dif-
ferent power spectra, but are characterized almost identical histograms. Therefore, if
modulation perception were determined by spectral properties of the masking signals,
the identical masking patters for GN 32 Hz and LNN 32 Hz would be obtained and
different pattern for LNN 4 Hz might be observed. Conversely, if the modulation mask-
ing depended on statistical properties of the masker, similar masking patterns could be
observed for signals of comparable histograms (LNN 32 Hz andLNN 4 Hz), while the
masking pattern for GN 32 Hz would be different. GN 32 Hz was generated via inverse
fast Fourier transformation (ifft). Low-noise noise signals were generated by means of
an iterative procedure described by KOHLRAUSCHet al. [13]. The carrier frequencyfc

was 4 kHz. A probe modulation initial phaseφ was randomised (the uniform distribu-
tion from−π to π).

2.2. Method and apparatus

The modulation detection thresholds were determined for the following probe mod-
ulation frequencies (rates)fp: 4, 6, 8, 12, 16, 24, 32, 48 and 64 Hz. The thresholds
were determined in an absence of the modulation maskers (unmasked thresholds) as
well as in a presence of the masker (masked thresholds). The standard3AFCstaircase
adaptive procedure with a1-up/3-downdecision rule (converging to the 79.4%-correct
response point on a psychometric function) [14] was used to determine the modulation
thresholds. During measurements, three stimuli (“intervals”) were presented to a sub-
ject, whereas only one contained a probe modulation (“signal interval”). The position
of the “signal interval” was randomised. In the unmasked andmasked thresholds mea-
surementsmmrms = 0 andmmrms = 0.2, respectively, for all the intervals. A subject
task was to indicate the signal interval (i.e. the one that differs perceptually from the
others). The root mean square of the probe modulation,mprms, was increased by some
value (step) after one (1-up) incorrect response and was decreased after three succeed-
ing correct responses (3-down). The listeners were informed whether their response was
correct or incorrect (“feedback response”). The measurement lasted until 12 turnpoints
were determined. The initial step was 4 dB (in terms of20 logmprms) and was reduced
to 1 dB after first 4 turnpoints. A final threshold value was computed as a geometric
mean of the last 8 turnpoints. The stimuli were generated by means of the RP-2 real
time 24-bit processor (Tucker-Davis Technologies, TDT, System 3), passed through
headphone amplifier HB7 (TDT System 3) and presented to the subjects monaurally
via the Sennheiser HD 580 headphones. Finally, the modulation masking patterns were
computed as difference between masked and unmasked modulation threshold values.

3. Results and discussion

The determined modulation masking patters were subjected to the three-way anal-
ysis of variance (ANOVA) with respect to the following factors: probe modulation rate
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(“rate”), modulation masker type (“type”) and also inter-individual differences were
taken into consideration (“subject”). The ANOVA revealed that the parameters of mod-
ulation turned out to be highly statistically significant (“rate” {F (8, 242) = 82.72,
p ≪ 0.001}; “type” {F (2, 242) = 461.73, p ≪ 0.001}), while the “subject” factor
was statistically insignificant{F (2, 242) = 0.36, p = 0.69}. Moreover, a statistically
significant interaction between “rate” and “type”{F (16, 242) = 22.11, p ≪ 0.001}
indicated not only quantitative, but also qualitative differences between the masking
patters obtained for respective maskers.

Figure2 presentsmodulationmaskingpatternsdeterminedfor therespectivemaskers:
GN 32 Hz (squares), LNN 32 Hz (circles) and LNN 4Hz (triangles). The respective
points depict data averaged across subjects and repetitions.

Fig. 2. Modulation masking patterns obtained for GN 32 Hz (squares), LNN 32 Hz (circles) and LNN
4 Hz (triangles).

As can be seen, the masking patterns reflect power spectrum density of the masker:
these obtained for GN 32 Hz and LNN 32 Hz are approximately flatfor probe rates up
to 32 Hz; above this frequency a decrease in masking values isobserved. The pattern for
LNN 4 Hz reflects a clearly visible local maximum in power spectrum density of this
masker: the masking effectiveness decreases as spectral separation between the probe
and the masker increases. This remark is in agreement with the results of the previous
measurements concerning narrowband modulation maskers [1, 2, 6, 7]. Although, the
patterns obtained for GN 32 Hz and LNN 32 Hz are quite similar,an additionalpost
hocanalysis (Scheffetest,p = 0.007) surprisingly revealed statistically significant dif-
ferences between these results. Since the both maskers havethe same power density
spectra, the differences in their phase spectra and, consequently, parameters describing
temporal representation of the maskers might have influenced the modulation masking.
As for GN 32 Hz crest factorCf ≈ 3.5 (Cf = max |xmask|/mmrms) and for LNN
32 HzCf ≈ 1.6, it might have been that in the case of GN 32 Hz relatively highin-



336 D. J. KUTZNER

stantaneous values of masking modulation were much more effectively attenuated by
cochlear compression [15], than in the case of LNN 32 Hz and slightly more effective
modulation masking was observed for LNN 32 Hz.
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