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Introduction 

Fluctuating sounds easily attract the listener’s attention and 

have a significant impact on sound quality, thus making their 

appropriate quantification in terms of human perception an 

important task. The perception of fluctuating sounds has been 

widely studied in the literature e.g., [1-3]. However, currently 

there is no standardized calculation method and, especially for 

technical sounds, no approach that can reliably estimate the 

perceived fluctuation strength of sounds. This paper describes 

an algorithm for calculating the perceived fluctuation strength 

of technical sounds and extends a method we presented in a 

previous paper in DAGA 2022 [4]. The algorithm is based on 

the roughness calculation of the ECMA-418-2 [5] standard 

and the HSA (High-resolution Spectral Analysis) [6] to 

identify low-rate modulations. We validated the algorithm 

using the results of jury tests with technical sounds and 

synthetic data. The algorithm will likely be included in a 

future version of the ECMA-418-2 standard. 

Sottek Hearing Model 

The roughness algorithm in the ECMA 418-2 standard is 

based on the Sottek Hearing Model and uses the specific 

loudness as the basis for the calculation. The specific loudness 

is determined from the original time signal by the steps shown 

in Figure 1. 

 

Figure 1: Structure of the Sottek Hearing Model for the 

calculation of the specific loudness, including the auditory 

filter bank, where CBF is the number of critical band filters 

in the filter bank. 

This model considers many aspects of auditory perception 

[5,7], such as the filtering of the outer and middle ear, the 

auditory filter bank, and the compressive non-linearity of 

human hearing. The fluctuation strength can then be 

calculated from the specific loudness. In Figure 2 we present 

the calculation procedure for the fluctuation strength based on 

the roughness model with the modifications to the roughness 

calculation to obtain the fluctuation strength. 

 

Figure 2: Structure of the Sottek Hearing Model for the 

calculation of the fluctuation strength based on the roughness 

model. Modifications of the roughness model required for 

the determination of fluctuation strength are shown in bold 

letters. The noise reduction was not considered now. 

We are still working on a suitable procedure for the noise 

reduction, which we will propose in a future paper. 

Modifications 

In this section we discuss all the relevant modifications to the 

roughness algorithm. 

High-Resolution-Spectral-Analysis (HSA) 

The HSA method is an approach to extract periodic 

components from the signal with a very high time and 

frequency resolution. It works by deconvolution of the 

original signal spectrum into different sinusoidal waves (with 

possible interaction between them) and can achieve a 

theoretically infinite resolution for signals without noise, and 

a considerably high resolution for signals with noise [6]. 

Figure 3 represents how the HSA method is used to 

extrapolate the signal. 
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Figure 3: Schematic representation of the signal extrapo-

lation 𝑠̂(𝑡) generated by the HSA method in comparison to 

the periodic repetition 𝑠̂𝑝(𝑡) of the Discrete Fourier 

Transform (DFT). These extrapolations use the known signal 

within the time range marked with 𝑤(𝑡). 

We use the HSA method instead of a typical FFT peak 

picking/quadratic interpolation to accurately capture the very 

low modulation rates (< 5 Hz) typical of fluctuating sounds, 

where the DC component strongly interacts with the 

component itself and therefore conventional methods will fail 

unless a very large block size is used. At high modulation 

rates (> 5 Hz), the approach presented in ECMA 418-2 for the 

roughness is used, with a block size of 65536 samples, which 

is four times larger than that used in the roughness algorithm 

but still provides reasonable temporal resolution. 

Conventional methods such as FFT peak picking require even 

larger block sizes to work at very low modulation rates. 

Loudness correction 

Additional loudness correction is performed to remove 

exaggerated temporal variations in the result derived from the 

loudness change for signals with a very low modulation rate. 

To make a new estimate of loudness, an estimated DC 

component of the envelope autocorrelation using the HSA is 

used along with the fluctuation energy to estimate the correct 

energy of the signal. This is necessary because the DC 

component from the autocorrelation varies strongly as a 

function of the signal phase for signals with very low 

modulation rates, indicating spurious fluctuations. 

Adapted spectral weighting 

We adjusted the spectral weighting to obtain weighting 

factors compatible with the lower modulation rates in 

fluctuating sounds. This allowed the method to match many 

experiments presented in the literature [1,8] for fluctuation 

strengths as shown in Figures 4-9. 

 

Figure 4: Perceived relative fluctuation strength of 

amplitude-modulated broad-band noise as a function of the 

modulation rate. 

 

Figure 5: Perceived relative fluctuation strength of an 

amplitude-modulated sinusoid as a function of the 

modulation rate. 

 

Figure 6: Perceived relative fluctuation strength of a 

frequency-modulated sinusoid as a function of the 

modulation rate. 

 

Figure 7: Perceived relative fluctuation strength of an 

amplitude-modulated sinusoid as a function of the center 

frequency. 
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Figure 8: Perceived relative fluctuation strength of a 

frequency-modulated sinusoid as a function of the center 

frequency. 

 

Figure 9: Perceived relative fluctuation strength of a 

frequency-modulated sinusoid as a function of the frequency 

deviation. 

We see that the model with the new proposed modifications 

agrees well with the literature data for synthetic signals. 

Methodology  

A first test we performed to evaluate the absolute values of 

the algorithm was a cross comparison with data from Zwicker 

[1], comparing different signal types, which are defined in 

Table 1. 

For the technical sounds, we used a dataset presented in a 

previous DAGA paper [2]. There we performed a magnitude 

estimation test between technical signals and their “synthetic 

counterparts”, defining synthetic counterparts as signals that 

have a similar modulation rate and modulation depth as the 

analyzed technical signals. This was done to facilitate human 

evaluation, since it is very difficult to compare fluctuating 

technical signals. The technical signals and their 

characteristics that were used to model their synthetic 

counterparts are listed in Table 2. 

Table 1: Description of the signals used in Figure 10. 

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 -  -  

 

Table 2: Synthetic stimuli used to estimate the fluctuation 

strength of technical sounds. 

Technical signal 𝑳 

[dB] 

𝒇c  

[Hz] 

𝒇m 

[Hz] 

FM: 𝜟𝒇 [Hz] 

𝐀𝐌: 𝒅    [dB] 

Actuator A (FM) 74 1000 1.25 100 

Actuator B (FM) 75   560 7.00 250 

Actuator C (FM) 75   390 0.70   40 

Scissors (FM) 75 1000 3.00 350 

Steps on snow (FM) 77   300 1.40 150 

Washing machine (AM) 77   300 1.00   40 

Water drops (FM) 77   400 2.00 200 

Wiper (FM) 77   250 1.50   60 

 

In this test, the two sounds were played one after the other 

with a pause of one second, and the participants had to select 

the one that exhibited the lower fluctuation strength. Then, the 

absolute magnitude of the fluctuation strength of the stimulus 

with the lower fluctuation was rated in increments of 5 

between 0 and 100 compared to a value of 100 for the other 

sound. Each pair of sounds was played four times, twice with 

the synthetic reference at the beginning and twice with the 

technical sound first. We excluded participants with a lower 

consistency between repetitions as shown in [2]. The sounds 

were presented diotically via a digital equalizer (HEAD 

acoustics LabP2 frontend), ArtemiS SUITE software and 

Sennheiser HD 650 headphones in a sound-attenuated 

listening studio. A total of 22 subjects participated in the test 

(between 25 and 59 years of age, 6 females and 16 males, all 

with self-reported normal hearing). 
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Results 

The results of the cross-comparison are shown in Figure 10. 

 

Figure 10: Results of the cross-comparison for the signals 

described in Table 1. 

Here we can see very good agreement between the model and 

the data, demonstrating that the method can accurately 

represent not only relative, but also absolute values of 

fluctuation strength. The results for the technical sounds can 

be seen in Figure 11. 

 

Figure 11: Results of technical sounds. 

We found very good agreement between the method and the 

listening test result. However, we believe there is still 

potential for improvement by using a noise reduction 

algorithm, or by using the instantaneous frequency of the 

signal to determine the frequency modulations; approaches 

we will pursue in a future work. 

Conclusions 

Literature data on the main dependencies of the perceived 

fluctuation strength of AM and FM signals were reviewed and 

modeled by the Sottek Hearing Model (standardized in 

ECMA 418-2) by modifying the current ECMA 418-2 

roughness standard with the Sottek HSA (High-Resolution 

Spectral Analysis) method, a larger block size and a new 

spectral weighting. The new model can predict the perceived 

fluctuation strength of technical sounds well, although not 

perfectly. Future research aims to refine the model in terms of 

noise reduction based on more jury test data. The new 

approach to calculate fluctuation strength is planned to be 

published in a future version of the ECMA 418-2 standard. 
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