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Extending Sottek Hearing Model loudness to estimate 
partially-masked sound qualities of loudness, tonality, 

and sharpness
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Abstract: The Sottek Hearing Model provides a means to analyse perceptual sound qualities including loudness, tonality, roughness, 
and fluctuation strength. An extension to the loudness algorithms is described, which addresses cases in which a source of interest is 
partially masked by other sounds, such as an encompassing ambient acoustic environment. The proposed extension is validated with 
objective predictions for unmanned aircraft systems (UAS) and artificial noise, and subjective test results for UAS. The partial loud
ness extension proposed also enables the calculation of further partial sound qualities, including partial tonality, partial tonal loud
ness, and partial sharpness. Software implementations of the tools are provided. VC 2026 Author(s). All article content, except where 
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

[Editor: Andrew Mitchell]                                                                                                       https://doi.org/10.1121/10.0044195 

Received: 2 April 2026 Accepted: 4 June 2026 Published Online: 16 June 2026  

1. Introduction

Psychoacoustic models of human perception enable the assessment of sound qualities and a rich description of the aural 
impressions that may be expected for a given acoustic signal. The Sottek Hearing Model (SHM) offers a holistic psycho
acoustic sound quality framework, which includes sound quality metrics (SQMs) for perceptual attributes of loudness, 
sharpness, roughness, tonality, and fluctuation strength (Ecma International, 2025; Sottek, 1993).

When the focus is on a specific sound source operating within a real environment, there may be a particular 
interest in understanding how perception of the source sound qualities could be influenced by other sources in the acous
tic environment. For example, complex perceptual sound masking effects can reduce the audibility of the source, leading 
to it appearing as less prominent in the overall soundscape. A psychoacoustic model for estimating the loudness of 
partially-masked sources was developed by Moore et al. (1997) and Glasberg and Moore (2005), and this description of 
“partial loudness” has been applied to analyse the potential for ambient acoustic environments to mask the sound immis
sions of conventional transportation sources (Lee et al., 2021), rotorcraft, and advanced air mobility (AAM) vehicles 
(Rafaelof and Wendling, 2021; Schlittenlacher and Moore, 2021).

In this study, an extension of the partial loudness concept is conceived, which proposes that other partially-masked 
sound quality metrics (P-SQMs), beyond loudness, can also be evaluated, providing a more comprehensive psychoacoustic 
description of the perception of an acoustic signal within other masking sounds. The SHM provides a platform for realising 
this idea, which is based on using a form of partial loudness to analyse other sound qualities, including tonality, tonal loud
ness, and sharpness. To achieve this, a partial loudness based on the SHM has been developed and implemented. Prediction 
results from this P-SQM are compared with those obtained using an implementation of the time-varying adaptation of the 
Moore–Glasberg partial loudness model for a particular application case of interest: the sounds of unmanned aircraft systems 
(UAS) operating within ambient acoustic environments. Subjective test data from a psychoacoustic experiment have also been 
used to validate the SHM-based partial loudness (Sec. 4). The straightforward manner in which the P-SQMs for partial tonal
ity, partial tonal loudness, and partial sharpness proceed from the SHM-based partial loudness is then described (Sec. 5), 
alongside a metric for (partial) “tonal sharpness,” defined here as the sharpness of the (partial) tonal loudness.

a)Corresponding author: m.j.lotinga@edu.salford.ac.uk 
b)Email: m.c.torjussen@edu.salford.ac.uk 
c)Email: m.c.green@salford.ac.uk 
d)Email: roland.sottek@chalmers.se 
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The notation employed in this work follows the formulaic definitions of the standardised SHM SQMs (Ecma 
International, 2025), with full details of the implemented algorithms and parametric values provided by Lotinga (2026). 
Software implementations for all of the SHM-based P-SQMs presented have been developed in MATLAB, licensed for open- 
access use and made publicly available (Lotinga, 2026); parametric inputs to all formulations presented can be found in 
the software code.

2. SHM loudness overview

The loudness SQM in the SHM is standardised in ECMA-418-2 (Ecma International, 2025), established from the theoreti
cal consideration and empirical validation reported by Sottek (1993, 2016). Briefly, the acoustic pressure signal input is 
filtered to emulate the effect of the human outer and middle ear, followed by a further bank of critical band (z) auditory 
filters, representing the basilar membrane spectral selectivity. The filtered z-dependent signals are segmented into overlap
ping time blocks (l), transformed using a non-linear compressive function, and adjusted for the loudness threshold in 
quiet (LTQ) to obtain the “specific basis loudness” N0basis. Autocorrelation analysis is applied to identify and separate the 
tonal and broadband components, which are individually processed to reduce signal processing noise, resulting in sepa
rated estimates of tonal and broadband partial loudness; these components are combined using a weighted sum to obtain 
the psychoacoustic specific loudness N0ðl; zÞ for the input pressure signal. Compared with the loudness model of Moore 
et al. (1997), the SHM loudness covers a wider frequency range and yields predictions in closer agreement with conven
tional empirical equal-loudness contours (Sottek et al., 2023). Details of the SHM loudness SQM definition can be found 
in the standard (Ecma International, 2025), and a verified, open-source implementation has also been presented by 
Lotinga et al. (2025b) and Lotinga (2026).

3. Partial loudness extension to SHM loudness

The defining principles behind this partial loudness extension to the SHM are as follows. The partially-masked loudness 
of the target signal Npart;target should adhere to these boundary conditions: 

1. When the target signal excitation is well below the masking noise excitation, Npart;target approaches 0.
2. When either of the following two conditions hold, Npart;target approaches the value it would have if the masker was not 

there (Ntarget), i.e., when 
(a) either the target signal excitation is well above the masker, or
(b) the masking noise is below excitation threshold in quiet (ETQ),

partial loudness approaches its unmasked value.
3. When the target signal and masking noise have equal excitation, Npart;target approaches what it would be if the target signal 

excitation was equal to ETQ in the absence of the masker.

The approach taken starts with calculation of the quantity ~N 0ðl; zÞ described in ECMA-418-2 as the “specific 
loudness of the signal without consideration of the threshold in quiet” (Ecma International, 2025) separately for both 
the target signal and masking noise signals. Then, a simplified function is applied to approximately invert the non- 
linear compressive loudness transformation using band-dependent parameters, yielding quantities resembling audi
tory excitation patterns. The difference between masker and target in this “inverse-compressed” domain is used to 
apply a dynamic, frequency-dependent weighting to the target loudness ~N 0target in response to the masker 
loudness ~N 0masker.

To develop the inverse-compressive function, use is made of a detection efficiency factor K, presented by 
Moore et al. (1997) as an empirical quantity representing the ratio of target signal excitation to masking noise excitation 
“at the output of the auditory filter required for threshold at high masker levels.” Here, the value of K is approximated 
using a 4th-order polynomial expression over the base-10 logarithm of the critical band centre-frequencies FðzÞ, after 
Ward (2019). A band-dependent masking function compression parameter ccðzÞ is then defined using limiting constants 
qn (see the supplementary material for parameter values and a signal processing flow diagram), 

cc ¼ q1 þ ðq2 − q1Þ
K

1þ K
: (1) 

The inverse-compressed loudness quantities �ðl; zÞ are calculated for both target and masker using cc as follows: 

� ¼ ~N 0ð1=ccÞ: (2) 

The subtraction of masker from target is then performed using these inverse-compressed quantities, normalised (adding 
� ¼ 10−12 to avoid any undefined ratios), ensured non-negative, and exponentiated using a damping parameter, cd, defined 
in the same way as in Eq. (1), using limiting constants q3, q4; this cd controls the smoothness in the response of Eq. (3): 

~� target ¼ max 0;
�target − 0:5�masker

�target þ �masker þ �

� �cd

: (3) 
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The result of Eq. (3) is then applied as a scaling to �target (reducing the effective excitation in relation to the masker), 
with the scaled product “recompressed” yielding an estimate of the specific partial loudness of the target, prior to consid
eration of the LTQ, 

~N 0part;target ¼ �target~� target
� �cc : (4) 

Commensurate with the SHM, ~N 0part;target is then compensated by the z-dependent LTQ to yield an estimate of the specific 
“partial basis loudness” for the target signal 

N0part;basis;target ¼ max 0; ~N 0part;target − LTQ
� �

: (5) 

This quantity, N0part;basis;target, proceeds in place of N0basis through the remaining processing steps in the same manner as 
defined in ECMA-418-2 to arrive at the main output, the specific partial loudness for the target N0part;targetðl; zÞ. This 
N0part;target in turn also has the standard spectral and temporal aggregations applied to derive time-dependent partial loud
ness Npart;targetðlÞ and overall (power-time-averaged) partial loudness Npart;target. Similarly, in the case of two-channel bin
aural input signals (for both target and masker), it is assumed that the same binaural quadratic averaging approach 
defined in ECMA-418-2 can also be applied to N0part;target to estimate the combined binaural partial loudness.

4. Validation

Two forms of comparison are examined to demonstrate the validity of the developed algorithms: first, Sec. 4.1 presents 
predictions of SHM-based partial loudness compared with equivalent objective results obtained using an implementation 
of the existing Moore–Glasberg partial loudness model (Glasberg and Moore, 2005; Moore et al., 1997; Ward, 2017, 
2019); second, predictions made using both partial loudness models are compared with subjective noticeability results 
obtained from a laboratory experiment (Lotinga et al., 2025a), as described in Sec. 4.2.

4.1 Comparison with objective predictions

The sounds used for the comparison with Moore–Glasberg partial loudness comprise binaural recordings of auralised 
experimental stimuli featuring UAS flight operations within ambient acoustic environments. As detailed by Lotinga et al. 
(2025a), the experiment included three different UAS types and two ambient environments; a selection of results is pre
sented here, and further examples are provided in the supplementary material. The comparison results for time- 
dependent partial loudness illustrate a good agreement between the predictions made using each model with similar 
patterns observed, albeit with different absolute loudness scaling (Fig. 1); this difference is expected, since the models pro
duce differing estimates of absolute loudness (Sottek et al., 2023). The two examples presented demonstrate the behaviour 
of the partial masking: within the relatively steady street ambient environment [Fig. 1(a)], the UAS overflight is predicted 
to be inaudible (zero partial loudness) for parts of the gradual rise/fall periods of the loudness envelope, whereas the 
unmasked loudness would be non-zero for almost the entirety of the recording duration. The peak of the overflight event 
(at 12.5-s) remains higher in (partial) loudness relative to the (absolute) loudness of the ambient but is somewhat reduced 
by the masking sound. In the more-variable park ambient environment [Fig. 1(b)], brief, transient sound events can be 
observed as producing sudden masking of the UAS landing event (noticeably at 10-s and 17-s), momentarily reducing 
the partial loudness—these short events correspond with instances of birdsong rising above the steadier sources in the 
environment.

The specific partial loudness results (Fig. 2) further illustrate the similarity in behaviour of the models across 
the auditory frequency range. (When viewing this graphical representation, it should be noted that the visible patterns 
are sensitive to the selection of the scale upper limit. Differences in time and spectral resolutions between the models also 
influence the relative magnitudes observed.) For the overflight event [Fig. 2(a)], the partial loudness peak can be seen to 
be focussed in the 1–6 kHz range for both models. The intermittent, transient birdsong masking effect on the landing 
event is again clearly visible in the park environment, in the 1.6–4 kHz range [Fig. 2(b)].

Comparing time-aggregated partial loudness predictions for the full sample of recordings again demonstrates 
that there is good agreement between the results for each model (Fig. 3), despite the differences in their original formula
tions and corresponding assumptions (Ecma International, 2025; Moore et al., 1997).

A comparison of objective predictions made using artificial white noise signals with varying signal-to-noise 
ratios can be found in the supplementary material, which also indicates comparable behaviour between the proposed 
SHM extension and the Moore et al. (1997) partial loudness model, and adherence to the boundary conditions defined 
in Sec. 3.

4.2 Comparison with subjective evaluations

The approach taken in the experiment used to obtain data for the comparisons presented in the present work has been 
reported in detail by Lotinga et al. (2025a). Briefly, the subjective data presented here relates to the judgements of 30 par
ticipants, who were exposed to the stimuli outlined in Sec. 4.1, presented over an ambisonic loudspeaker array. The 
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subjective results considered here were derived from participant typological identification of sounds they had “noticed” 
during each of the acoustic scene stimuli; these judgements were analysed to yield estimates of the percentage of the par
ticipants who were considered to have noticed a UAS event within each scene. Some of the scenes had a relatively high 
loudness of the UAS relative to ambient sound, while others had UAS events with lower relative loudness, which were 
expected to be partially (or completely) masked by the ambient sound. In this way, the noticing of the UAS event is 
expected to be directly associated with its relative audibility within each ambient environment.

The comparison of these subjective data with the partial loudness predictions demonstrates very similar 
behaviour for each model, and both indicate similarly strong predictions of the “UAS noticed” outcome [Figs. 4(a) 
and 4(b)]. Also shown is a comparison of the subjective data with a third metric, “detectability” [Fig. 4(c)], which pro
vides a means of estimating the expected chance that a masked sound would be aurally detected by a listener on a sta
tistical basis (Fidell et al., 1974; Rizzi et al., 2026). This metric is noteworthy here, as it is similar in application use- 
case to partial loudness, but operates on considerably lower-resolution data; an implementation of the aural detectabil
ity metric is also made available within the same open-source repository as the proposed SHM-based partial loudness 
(Lotinga, 2026).

5. Partially-masked sound qualities

The results presented in Sec. 4 suggest that the proposed partial loudness based on the SHM produces comparable results 
to the existing Moore–Glasberg model. A considerable advantage of the new model is that, combined with the holistic 
approach in the SHM, this development enables further P-SQMs to be defined, building from the (partial) basis loudness. 
The provided software implementations demonstrate initial examples of these (Lotinga, 2026), which presently include 
partial tonality, partial tonal loudness, and partial sharpness. Dropping the “target” descriptor, the partial (specific) tonal
ity T0part and partial (specific) tonal loudness N0T;part are obtained in the standard way as defined in ECMA-418-2, but 
substituting N0part;basis in place of N0basis. Partial sharpness Spart is derived from N0part using the loudness substitution 

Fig. 1. Comparison of binaurally-combined partial loudness predictions; UAS data from Lotinga et al. (2025a): top, UAS overflight with 
street ambient; bottom, UAS landing with park ambient; solid lines, target UAS sound; dotted lines, ambient masker.
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approach proposed by Swift and Gee (2017).1 Combining these concepts together, metrics for “tonal sharpness” and “par
tial tonal sharpness” have also been developed (Lotinga, 2026). The tonal sharpness metric is derived by evaluating the 
sharpness of the specific tonal loudness N0T and then calibrating the result to yield 1 acum for a reference 
signal, which, for consistency with the reference signals for sharpness (Fastl and Zwicker, 2007) and tonality 

Fig. 2. Comparison of single-channel (left ear) specific partial loudness predictions (corresponding with Fig. 1); UAS and ambient audio 
data from Lotinga et al. (2025a): top, UAS overflight with street ambient; bottom, UAS landing with park ambient.

Fig. 3. Comparison of overall binaurally-combined, time-aggregated partial loudness predictions; UAS and ambient audio data from Lotinga 
et al. (2025a); linear and locally weighted scatterplot smoothing regression fits indicating central tendency; corresponding equation, coeffi
cient of determination and residual standard error for linear fit displayed as black inset text.
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(Ecma International, 2025), is chosen as a 1 kHz sinusoid in free-field plane wave frontal incidence at 60 dB Lp. The 
short step to partial tonal sharpness is taken by evaluating sharpness using N0T;part in place of N0T .

We defer perceptual comparison and interrogation of these proposed P-SQMs to further research (example 
calculation results are provided in the supplementary material). The objective of this work is merely to introduce the 
principles and elucidate the processing approach, which is built from the proposed partial loudness extension to the SHM 
loudness. The extension itself represents an initial approach, which has been developed by approximating the behaviour 
of the Moore et al. (1997) model using relatively simple algorithms; a more rigorously underpinned approach based on 
theoretical considerations within the SHM framework could be established in the future. Further refinement via percep
tual testing could also enable optimisation of parameters used in the SHM-based partial loudness model, which has not 
yet been undertaken.

The full utility of these P-SQMs needs to be tested and investigated further; however, we envisage they will be 
very helpful for predicting perception and response to sounds that are expected to be somewhat masked in the environ
ments in which they operate. This includes the specific example used to examine the metrics in this work, that of UAS 
(or other AAM vehicles) operating in urban environments.

6. Conclusions

A newly-formulated extension to the SHM loudness has been described, which models the effect of partial masking. The 
SHM-based partial loudness has been shown to perform similarly to the existing Moore–Glasberg partial loudness model 
for the cases tested, both in terms of objective predictions and agreement with subjective noticeability data. A key advan
tage of the SHM-based formulation is the enablement of new P-SQMs to be developed, which offer potential for 
advanced predictive assessment of perception and response to sound sources operating in real acoustic environments.

Supplementary Material

See the supplementary material for further details on the calculations, tabulated parameter values, and additional figures, 
comprising a signal processing flow diagram, further partial loudness model comparisons for masked UAS and white 
noise signals, and example P-SQM calculation results.
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