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Introduction

For narrowband signals with subcritical bandwidths, it is
generally assumed that loudness only depends on the level,
independent of the bandwidth. This assumption is also
demonstrated by standardized loudness models such as
ISO 532-1 (Zwicker) and ISO 532-3 DIS (Moore, Glasberg,
Schlittenlacher) [1, 2].

However, there are several published experimental studies
that show different results. In 1974, Zwicker [3]
measured a positive level difference between a critical
bandwidth noise and an equally loud pure tone. In 2010, our
own experiments on loudness matching of a tone and
bandpass-filtered pink noises showed higher levels for such
signals with increasing bandwidth compared to an equally
loud sinusoid [4]. In 2013, Hots et al. published two papers on
the loudness of subcritical bandwidth sounds as a function of
bandwidth, center frequency and level, and obtained similar
results [5, 6].

The results of these experiments show that the loudness of
pure tones compared to noise is underestimated by existing
standards, which may indicate that the loudness of tonal
components, i.e., tonal loudness, may have a stronger impact
on the loudness perception than the loudness caused by the
noise components, i.e., noise loudness.

The Sottek Hearing Model [7] separates a signal into tonal and
non-tonal (noise) loudness, so it provides a natural framework
to combine both results.

In this paper we propose how the overall loudness prediction
can be improved by a suitable combination of tonal and noise
loudness in a post-processing step to the Sottek Hearing
Model as standardized in ECMA 418-2 [7].

Sottek Hearing Model

Description

The Sottek Hearing Model models the human hearing to
calculate various psychoacoustic parameters such as
loudness, roughness and tonality [7]. The method is
standardized in ECMA 418-2 and briefly schematized in
Figure 1. The main steps of the model are:

1. Process the measured time signal considering the
influence of the outer and middle ear on the incoming
sound wave and separate it into critical band signals using
an auditory filter bank.

2. Calculate the specific loudness for each critical band

signal by considering the compressive nonlinearity of the
hearing system and the threshold of quiet.
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Separate the critical band signals into tonal components
and noise components with the use of an autocorrelation
function.

Weight the tonal and noise components with the specific
loudness calculated in step 2 to obtain the specific tonal
loudness and specific noise loudness.

The results are the specific tonal loudness and noise
loudness as a function of the critical band rate scale z.

By applying those steps, it is possible to obtain a good
estimate of the tonal and noise loudness of the signal which
closely matches human perception.

outer and middle ear filtering

auditory filter bank with rectification

i i critical band z

[
v
| intensity average J

| compressive nontlinearity J

autocorrelation and separation
of tonal and noise componen

components

| s
| consideration of threshold in quiet J | weighting J \ weighting J
| | |
v v
- SHERE loudness 9 loudness
o I )

6 specific tonal and noise loudness N; (z), Ny(z

Figure 1: Sottek Hearing Model calculation scheme.

Adding noise weighting

In this work an extension to the Sottek Hearing Model is
proposed to better handle signals with subcritical bandwidth,
namely a power average of the specific tonal loudness N{ (z)
and the specific noise loudness N;(z), where the exponent
e(z) is a function of the maximal pre-weighted specific
loudness. This relationship can be seen below in Eq 1.

1/e(z)
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e(z) =

This equation allows the different terms to have a different
effect on the subjective perception of the overall loudness.
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We present the results of this approach in four different
listening tests along with the results of the standardized
methods throughout this paper. To fit the parameters
(a,b,c,w,) of Eq. 1 and Eq. 2, only the results from
experiment 3 and 4 (see below) were used to reduce the
probability of overfitting the data.

For the comparison between the model results and the
experimental data, the following representative values were
chosen: For ISO 532-1 the loudness value that is equalled or
exceeded 5 percent of the time (N5) and for ISO 532-3 DIS
the maximum of the long-term loudness N,,, was taken. In
addition, the LLP values (intensity average of the loudness
level in phons) are shown for these standards. For the Sottek
Hearing Model the LLP value is proposed.

It is noted in ISO 532-3 DIS in relation to the LLP: “A suitable
metric for calculating a representative overall loudness value
can be obtained by converting the running long-term loudness
level values to running intensity-like values, averaging the
resulting intensity-like values over time, and then converting
the average back to a loudness level”.

This corresponds to a power average of running loudness with
an exponent of (log10(2))™! ~ 3.3219.

Experiment 1

The first experiment was performed in [5]: The loudness of a
band-pass filtered (with infinite slope) Gaussian noise
centered around 1.5 kHz was matched to a sine wave with a
frequency of 1.5 kHz and L = 50 dB. The level of the noise
was adjusted in an adaptive two-interval, two-alternative
forced-choice procedure, and the total number of subjects was
10. In Figure 2 we see that the results of the new proposed
method agree very well with the listening test and are
significantly better than the algorithms standardized in
ISO 532-1 and ISO 532-3 DIS. It is worth noting that the ISO
methods strongly overestimate the level of the noise signals,
while the Sottek Hearing Model approach shows the same
tendency as the listening test results.
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Figure 2: Experiment 1: results of various loudness models.

Experiment 2

The second experiment was performed in [6] and has similar
properties and matching procedures as experiment 1.
However, here the center frequency of the tone and the noise
was both 750 Hz and 3000 Hz. The number of participants
was 9. We see in Figure 3 that, like experiment 1, the Sottek
Hearing Model approach reflects the tendency of the
experiment very well.
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Figure 3: Experiment 2: results of various loudness models.

Experiment 3

Experiment 3 was like the previous ones, but with a higher
variety of stimuli. The test was also performed in [6] with
three center frequencies and three sound pressure levels,
namely: 750 Hz, 1.5 kHz and 3 kHz at the levels of 30 dB,
50dB and 70 dB. The number of participants in this
experiment was 9. Figure 4 shows the results for different
center frequencies at a level of 30 dB.
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Figure 4: Experiment 3: results of various loudness models

for a level of 30 dB.
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Figure 5 and Figure 6 show the results for different center

frequencies at levels of 50 and 70 dB.
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Figure 5: Experiment 3: results of various loudness models
for a level of 50 dB.
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Figure 6: Experiment 3: results of various loudness models
for a level of 70 dB.
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The bandwidth can be expressed as a function of the critical
bandwidth in Barkpws (critical bandwidth used in the Sottek
Hearing Model) referenced to the signal frequency. This
allows us to create for each level a single plot for all
frequencies, which shows that the main pattern is the same
when shown as a function of the bandwidth in Barkuwvs. These
results can be seen in Figures 7 to 9. The new proposed
weighting applied to the Sottek Hearing Model can match this
tendency very well. We also note that the difference between
tonal and noise loudness seems to decrease and flatten at
higher levels. This effect is also accounted for by the model
due to the loudness-dependent power average term in Eq. 2.
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Figure 7: Experiment 3: results expressed as a function of
the bandwidth in Barkuwms for all frequencies at a level of
30 dB. It is possible to see that the patterns are very similar
for the different center frequencies when we plot the results
as a function of the bandwidth in Barkmuws.
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Figure 8: Experiment 3: results expressed as a function of
the bandwidth in Barknwms for all frequencies at a level of
50 dB.
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Figure 9: Experiment 3: results expressed as a function of
the bandwidth in Barknwms for all frequencies at a level of
70 dB. We note here that the differences start to become
lower, which indicates a compression effect at high levels.

Experiment 4

An additional experiment [8] was evaluated, which matches
the loudness of a single 1 kHz pure tone to a broadband pink
noise (20 Hz — 20 kHz). In this experiment, the method of
adjustment was used and a total of 20 participants performed
the test. The results can be seen in Figure 10, and we can
observe that the results of the Sottek Hearing Model and
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ISO 532-1 match very well with the experiment while
ISO 532-3 DIS shows an average deviation of about 5 dB.
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Figure 10: Experiment 4 and the results of various loudness
models.

Conclusions

It was known from several loudness-matching experiments in
the literature that subcritical bandwidth noise signals are
perceived differently regarding loudness at the same sound
pressure level. However, this fact is not considered in
standardized loudness models such as ISO 532-1 and
ISO 532-3 DIS, creating a problem when evaluating the
loudness of these narrowband and tonal signals.

Based on the concept of tonal loudness, the Sottek Hearing
Model (standardized in ECMA 418-2 for tonality and
roughness calculation) can overcome these problems through
a nonlinear combination of the standardized parameters of
partial tonal and noise loudness as used in ECMA 418-2,
which matches very well these literature results, as shown in
this paper. Additionally, the model is also able to account for
the perceived loudness of a pure tone compared to broadband
pink noise signals.
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