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Introduction 

Fluctuating sounds easily attract the listener’s attention and 
can therefore have a profound impact on sound quality. 
Thus, quantifying the fluctuation of sounds according to 
human perception is a task of high importance.  
The perception of fluctuating sounds has been widely 
studied in the literature e.g., [1-3]. Fluctuation is of high 
interest because sounds which fluctuate easily draw the 
attention of a human listener. This fact is often considered to 
be connected to the fluctuation of speech where the syllable 
rate lies around 4 Hz [4], which is also the modulation rate at 
which the perception of fluctuation is the highest. Since 
fluctuating sounds draw the attention of a listener, these 
kinds of sounds are commonly used in cases where the 
attention should be directed to the sound, such as for 
example in sirens. In product sound engineering, it is usually 
desired to have sounds which are rather inconspicuous. 
Therefore, detecting and mitigating fluctuations is a relevant 
task for product sound engineering. 
Even though fluctuation strength is of such high importance, 
there is currently no standardized method for the automatic 
quantification of perceived fluctuation strength. However, 
the ECMA-418-2 standard [5] which was recently 
standardized (in December 2020) contains methods for the 
psychoacoustic evaluation of tonality and roughness. Both 
methods are based on a model of human hearing. Since 
roughness and fluctuation strength both describe a sensation 
based on sound modulations, it is expected that a method for 
the estimation of perceived fluctuation strength can be 
developed based on the ECMA-418-2 roughness method and 
on the Sottek Hearing Model [6] also described in this 
standard. Such a method is presented in this paper. It is 
planned to include this method or a modified version of it in 
a future version of the ECMA-418-2 standard. 
In the following, the method is presented. First, the Sottek 
Hearing Model is described, followed by the algorithm for 
fluctuation strength. Finally, the results are compared with 
listening test results. 

Sottek Hearing Model 
The hearing model emulates several steps of the human 
hearing process. The basic structure is shown in Figure 1. In 
the following, a quick overview of the processing steps is 
given. A detailed description can be found in [5, 6].  
The sound pressure signal 𝑝(𝑛) as a function of the time 
index 𝑛 is first filtered with a filter modeling the influence of 
the outer and middle ear on the incoming sound wave. Next, 
the resulting signal is filtered by an auditory filter bank of 
overlapping filters that emulate the auditory filters that 
transform the sound waves to nerve impulses in the cochlea. 

The bandwidths of these filters are based on the Bark scale 
with a corresponding Bark number 𝑧 and an overlap of 50 %. 

 

Figure 1: Structure of the Sottek Hearing Model. 

 
The resulting CBF=53 band-pass signals are segmented into 
overlapping blocks. These blocks are indexed with the time 
index 𝑙. For the fluctuation strength, a block size of 16384 
samples at a sampling rate of 48 kHz is used. This 
corresponds to a block length of ~340 ms. This block length 
was chosen to ensure that the algorithm can react quickly 
enough to changes in the signal. The segmented band-pass 
filtered signals 𝑝𝑙,𝑧(𝑛) are later used as the basis for the 

psychoacoustic parameters tonality and roughness in the 
ECMA-418-2 standard. Correspondingly, they are also used 
as basis of the psychoacoustic fluctuation strength in the 
following. With the next steps of the hearing model, a 
specific loudness value 𝑁′(𝑙, 𝑧) is calculated for each of the 
segments, considering the processing steps of human 
hearing. The subsequent half-wave rectification accounts for 
the fact that nerves fire only when the basilar membrane 
vibrates in a specific direction. A compressive non-linear 
processing step maps the sound pressure onto a scale that 
linearly correlates with human loudness perception. Finally, 
the threshold in quiet of human hearing is considered, 
resulting in an estimation of the time-dependent specific 
loudness. The model was designed in such a way that the 
overall loudness, which can be calculated from this time-
dependent specific loudness, very precisely mimics the equal 
loudness contours defined in ISO 226:2003 and the lower 
threshold of hearing defined in ISO 389-7:2005. 
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Calculation of Fluctuation Strength 

The calculation of fluctuation strength is based on the 
segmented band-pass filtered signals 𝑝𝑙,𝑧(𝑛) which were 

obtained in the hearing model. Additionally, the specific 
loudness 𝑁′(𝑙, 𝑧) is also used. Figure 2 shows the structure 
of the algorithm. 

 

Figure 2: Structure of the algorithm for the calculation of 
psychoacoustic fluctuation strength. 

 

In a first step, the envelope of the segmented signals is 
estimated by estimating the analytical signal using the 
Hilbert transform. The absolute value of the analytical signal 
is taken as the envelope of the signal. 

 

Figure 3: Top: Segments of ~340 ms of an exemplary 
signal (amplitude modulation with ~1 Hz modulation rate). 
Bottom: Concatenated segments  

Figure 3 (Top) shows the resulting envelopes of nine 
segments for an exemplary signal with an amplitude 
modulation with modulation rate of ~1 Hz. Single segments 
are not sufficient to identify the modulation. This motivates 
the next processing step, the concatenation of segments. In 
the concatenated segments shown in Figure 3 (Bottom), the 
modulation can be seen much more clearly than in single 
segments. 

The concatenated envelope is used to estimate the 
modulation rate 𝑟mod by sinusoidal fitting. Figure 4 (Top) 
illustrates how a sinusoid can be matched on the data. The 
segments should be long enough to estimate the frequency of 
the sinusoid but not longer than necessary, to ensure that the 

algorithm reacts quickly to changes in the signal. For this 
reason, the length of the segment is adapted depending on 
the estimated modulation rate. Figure 4 (Bottom) shows an 
example where the segment is cropped such that 1.5 periods 
of the fitted sinusoid fit into the segment.  
 

 

Figure 4: Top: Sinusoidal fit on concatenated envelope 
Bottom: Cropped segment corresponding to modulation 
rate (contains 1.5 periods of the modulation). 

 
The sinusoidal fit not only provides information about the 
modulation rate but also about the magnitude 𝑀 of the 
modulation and the degree of modulation 𝑚. The magnitude 
defines the strength of the modulation and is therefore used 
as basis for the estimation of the fluctuation strength. The 
magnitude is first scaled according to equation (1):  

𝑀scaled(𝑙, 𝑧) =
𝑀(𝑙, 𝑧)

max
𝑧
𝑀 (𝑙, 𝑧)

∙ 𝑠(𝑚(𝑙, 𝑧)) ∙ 𝑁′(𝑙, 𝑧) (1) 

The magnitude is normalized to the maximum over all bands 
𝑧. This way, only the relative distribution of the magnitudes 
over the frequency bands is retained. To consider the 
dependency of the perception of fluctuation strength with the 
signal energy, the specific loudness is multiplied. Another 
term 𝑠(𝑚(𝑙, 𝑧)) is multiplied, which depends on the 
estimated degree of modulation. 𝑠(∙) is a nonlinear 
transformation which helps to model the dependency on the 
degree of modulation. 

The next step is a spectral weighting. The scaled magnitudes 
𝑀scaled(𝑙, 𝑧) are weighted with a factor depending on the 
estimated modulation rate 𝑟mod. The weighting factor is the 
highest at a modulation rate of around 𝑟mod = 4 Hz. This 
corresponds to the studies investigating the dependency of 
perceived fluctuation strength on modulation rate in [1]. 

Next, the specific fluctuation strength is calculated by 
considering the spectral shape of the modulated signal. This 
is done in the same way as in the ECMA-418-2 roughness 
algorithm. Finally, a lowpass filter is applied to smooth the 
estimated result and the results are calibrated such that a 
reference signal (fully amplitude modulated sinusoid with a 
carrier frequency of 1 kHz and a modulation rate of 4 Hz at 
60 dB SPL) results in an estimated fluctuation of 1 vacil. 
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Evaluation 

In [1], several dependencies of the perception of fluctuation 
have been investigated by listening experiments for different 
types of synthetic signals. In the following, these results are 
compared with the results from the presented model. The 
synthetic signal types contain amplitude modulated (AM) 
broadband noise (BBN), AM sinusoids (SIN) and frequency 
modulated (FM) SIN. 

 

Figure 5: Dependency on modulation rate. Top to bottom: 
AM BBN, AM SIN, FM SIN. 

In Figure 5, the results for the dependency on modulation 
rate are shown. From [1], two different results are shown: 
Jury tests with a reference signal with a modulation rate of 
4 Hz, and with a reference signal with a modulation rate of 
0.5 Hz. The results are normalized to the result for 4 Hz 
modulation rate, thus they are shown as percentage of 
relative fluctuation strength. The results of the model are 
shown as black circles. It can be seen that the model is well 
capable of emulating the dependency of the modulation rate 
for these different kinds of signals. 

Figure 6 shows results for the dependency on the sound 
pressure level. The results from the jury tests conducted in 
[1] show that the perceived fluctuation strength increases 
with the level of the signals. Again, the results of the jury 
tests were normalized (to the respectively highest sound 
pressure level), thus the perceived fluctuation is given in 
percentage. 

 

Figure 6: Dependency on sound pressure level. Top to 
bottom: AM BBN, AM SIN, FM SIN. 

The model results, which are again shown as black circles, 
correspond well with the results of the jury tests for all 
signal types. 

Figure 7 shows results for the dependency on the modulation 
depth. Since modulation depth is only a property of AM 
signals and not of FM signals, no results for the case FM 
SIN can be shown. The experiments were conducted for 
modulation depths from 0 to 40 dB. The results are 
normalized by the 40 dB results and the relative perceived 
fluctuation strength is thus again shown in percentage. 
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The model results correspond well to the results of the jury 
tests for both AM signal types. 

 

Figure 7: Dependency on modulation depth. Top to 
bottom: AM BBN, AM SIN. 

The results in Figures 5-7 only prove that the model is 
capable of emulating the relative fluctuation strength. 
However, it cannot be concluded from the previous results 
that the estimated fluctuation strength of different signal 
types has a reasonable magnitude compared to other signal 
types. For this reason, a cross comparison is tested, where a 
corresponding jury test was performed in [1], which is 
shown in Figure 8. The four signals which were used are 
described in Table 1. The resulting estimation of perceived 
fluctuation strength for this experiment is given in vacil.  

 

Figure 8: Cross comparison of different signal types. The 
signals are described in Table 1. 

The results of the model (in vacil) are shown as black circles 
in Figure 8. It can be seen that the model outputs fit well to 

the absolute fluctuation strength in vacil for these different 
kinds of signal types. 

Table 1: Description of the signals used in Figure 8. 

Signal 1 2 3 4 

Type FM 
SIN 

AM 
BBN 

AM 
SIN 

FM 
SIN 

Frequency [Hz] 1500 - 2000 1500 

Level [dB] 70 60 70 70 

Modulation Rate [Hz] 4 4 4 4 

Modulation Depth [dB] - 40 40 - 

Frequency Deviation [Hz] 700 - - 32 

Bandwidth [Hz] - 16000 - - 

Conclusion 

In this paper, a model for the estimation of perceived 
fluctuation strength was described. The model is based on 
the Sottek Hearing Model which is described in the ECMA-
418-2 standard. It also uses several calculation steps of the 
roughness method described in the same standard. 

The work on this model is ongoing. Future work will include 
modeling the transient response of the model considering the 
results on this topic which were obtained in [2]. Another 
focus will be on the applicability of the model to real world 
sounds. First tests indicate that the model works well for AM 
real world sounds but tends to underestimate the fluctuation 
strength for FM real world sounds. This might be due to the 
noise in those signals. Thus, one of the topics of future 
development of the model will be on noise reduction. The 
final model will likely be included in a future version of the 
ECMA-418-2 standard. 
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