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Introduction

Considering the fact that hearing loss is usually regarded as
an impairment, and its prevention worthwhile, the question
arises why someone would want to simulate such an
undesirable condition. One reason might be the endeavor to
raise awareness for the problem in the public, which seems
reasonable considering the fact that about one fifth of the
German population suffers from some form of hearing
impairment [1]. Moreover, it might be of interest to know
how an audio recording sounds for people with hearing loss,
which is relevant in the context of audio or music
production, enabling the audio engineer to assess whether
signal processing steps need to be added or changed.
Knowledge about the simulation of hearing loss might also
be sought when adapting psychoacoustic models to include
the effects of hearing loss, e.g., when calculating loudness
values. A realistic simulation of hearing loss can also help in
the development and assessment of hearing aids and the
corresponding signal processing algorithms. At the Institute
for Hearing Technology and Acoustics (IHTA), it is planned
to use hearing loss simulation in the context of auditory
selective attention experiments. A desired capability in this
context is the possibility to define a target audiogram (i.e.,
hearing thresholds as a function of frequency) for a normal-
hearing participant with the help of the hearing loss
simulator. So as a first step in the perceptive evaluation of
available simulators, the aim of this contribution is to answer
the following research question: How accurately can the
simulators impose a predefined audiogram result on normal-
hearing listeners? This contribution will focus on two
listening experiments which were conducted, rather than the
metrological evaluation which was carried out additionally.

Simulators

This section provides a brief overview of the simulators
which were gathered from literature and considered for
being part of this evaluation. All simulators have in common
that in some form it is possible to include a defined
audiogram result or at least a frequency-dependent
attenuation.

Mourgela et al. [2]. This simulator was developed in the
context of a master thesis at the Queen Mary University of
London. Its main purpose was to facilitate listening with
simulated hearing loss in the context of an audio production
within a digital audio workstation software. Hence, it was
implemented as a real-time capable VST-plugin.

Irino et al. The Wadai Hearing Impairment simulator
(WHIS) was developed at Wakayama University under the
supervision of Toshio Irino [3, 4]. Apart from the capability
to specify a target audiogram, it offers the possibility of
defining how healthy or damaged the compressive behavior
of the cochlea is supposed to be.

Grimault et al. [5]. The simulators by Grimault et al. [5] and
Irino [4] have a common ancestor, but the researchers
continued development with different priorities. While Irino
[4] focused on the development of improved filters,
Grimault et al. [5] focused on trying to achieve real-time
capability using GPUs.

Cambridge Hearing Loss Simulator. This simulator was
mainly implemented by Michael Stone, but is based on
additional work by Baer, Moore and Glasberg [6-9]. Since it
is an older project (with some files being from the 1990s),
some parts of the signal processing are realized with a
resolution of 16 bit, which potentially poses a problem in
case of signals with very low levels.

Clarity Challenge [10]. The Clarity Challenge is a project
with the goal of improving the signal processing of hearing
aids and the comprehension of speech perception in noise.
The hearing loss simulator included as part of the software
suite is a reimplementation of the Cambridge Hearing Loss
Simulator in Python, but the processing was updated to
incorporate higher bit depths (i.e., > 16 bit).

3D Tune-In Toolkit [11]. The 3D Tune-In Toolkit (3DTI) is
a C++ library with capabilities for working with spatial
audio, simulating hearing loss and experimenting with
hearing aid signal processing. Its hearing loss simulator is
also provided in the form of a real-time capable VST-plugin.
It offers two different methods for the simulation of a
decreased frequency resolution in a hearing-impaired
cochlea (referred to as “frequency smearing”), based on
methods presented in [6] and [12], termed “Baer&Moore”
and “Graf&3DTI”, respectively.

Table 1 provides an overview of the programming languages
used and the availability of the software.

Table 1: Overview of simulators

Simulator Language Available online?
Mourgela et al. Matlab Yes

Irino et al. Matlab Yes

Grimault et al. Python Yes

Cambridge Matlab & C No

Clarity Python Yes

3DTI C++ Yes
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Perceptive evaluation

Audiometry system

For the realization of the planned experiments, a pure-tone
audiometry system in which accessing and processing the
audiometric signals is possible was needed. The commercial
audiometry system available at IHTA (“Ear 3.0” by Auritec)
does not offer this possibility, so a custom-made solution
was implemented, involving the same hardware (i.c., the
“Ear 3.0” audio interface and the corresponding “HDA300”



headphones by Sennheiser). A validation experiment was
conducted with 12 participants, to confirm that the hearing
thresholds measured with the newly created system are close
to the ones measured with the Auritec software. The
observed mean difference between the two systems was
between 0 and 3 dB HL for all tested frequencies in the
range of 125 Hz to 8 kHz.

Experiment design

The experiment design comprised the independent variables
simulator, frequency, and degree of hearing loss. For degree
of hearing loss, two different levels were defined: mild and
moderate. Table 2 shows the tested audiometric frequencies
together with the corresponding target hearing thresholds
used for the configuration of the simulators. The target
values were chosen based on data provided by DIN EN ISO
7029 [13] and are representative of the hearing thresholds of
70-year-olds (mild condition) and 80-year-olds (moderate
condition). As dependent variable, the hearing thresholds
were measured. Both ears were tested for every participant.
Conditions were presented in a counterbalanced order, using
a uniformly distributed random Latin square design.
Experiment 1 and 2 share the same experiment design but
differ in the set of evaluated hearing loss simulators, the
participant group, and the test environment.

Table 2: Audiometric frequencies and corresponding target

hearing thresholds
Frequency / Hz 125 | 250 | 500 | 1k | 2k | 4k | 8k
Mild / dB HL 10 |10 [ 10 |[10]20]30]45
Moderate / dB HL 15 |15 [ 20 |25]30)45]65

Experiment 1

In experiment 1, the simulators by Mourgela et al., Irino et
al., and Grimault et al. were evaluated. Originally, the
Cambridge Hearing Loss Simulator was supposed to be
included as well, but its use of 16-bit processing made it
impossible to create sensible output signals in case of the
very low amplitude signals utilized in the context of a pure-
tone audiometry. The experiment was conducted in the
anechoic chamber at IHTA, with a duration of about 70
minutes including short breaks. A number of n = 22
participants (12 female, 10 male) completed the experiment.
Participants were normal-hearing (HL < 20 dB for all
audiometric frequencies in the range of 125 Hz to 8 kHz),
with a mean age of 24 years (age range 20-27 years). All
participants provided written consent to take part in the
study.

Experiment 1 — Results

For the ideal case that for every participant, a hearing
threshold of 0 dB HL for every frequency was measured, no
further processing of the results would be needed. As the
participants showed slight individual deviations from this
ideal result, these deviations were accounted for with an
additional post-processing step in order to obtain more
accurate results: The individual hearing threshold (as a
function of ear and frequency, without hearing loss
simulation) as measured at the beginning of the experiment
with the audiometry system developed at ITHTA was
subtracted from every individual result including hearing
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loss simulation (as a function of simulator, degree of hearing
loss, frequency and ear). Since the results obtained for the
left and the right ear turned out to be very similar, they are
presented and discussed here in a combined way.

The boxplots of Figure 1 and 2 show the final results for the
mild and the moderate conditions, respectively. The most
obvious observation is that the hearing thresholds measured
for the simulator Grimault are clearly higher (10 to 20 dB,
when referring to median values) than the target audiogram
values — this holds for all tested frequencies and both
degrees of simulated hearing loss. The results obtained with
the simulator Mourgela are closer to the target values in case
of the mild conditions (median values deviating by 1 to 6
dB), with the exception of 8§ kHz (8 dB too low). In case of
this simulator and the moderate conditions, larger deviations
towards lower hearing levels can be observed for 250 Hz,
500 Hz and especially 8 kHz (18 dB below target). Finally,
the results for the simulator /rino show good agreement with
the target values. For the mild conditions, a maximum
deviation of 5 dB at 125 Hz can be observed, while for the
rest of the frequencies, deviations are 4 dB or less. In case of
the moderate conditions, the measured median values
exactly match the target value for four out of the seven
measured audiometric frequencies, while the deviations for
the remaining three frequencies are between 2 and 5 dB.

Results for mild conditions
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Figure 1: Experiment 1 — Results for the mild conditions.
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Figure 2: Experiment 1 — Results for the moderate
conditions.
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Experiment 2

In experiment 2, the Clarity Challenge simulator and the
3DTI simulator were included, the latter with its two
different settings for the frequency smearing: Baer&Moore
and Graf&3DTI. The experiment was conducted in an
isolated hearing booth at IHTA. Similar to experiment 1, the
duration was roughly 70 minutes (including breaks). A
number of n = 12 participants (3 female, 9 male) completed
the experiment. As in the case of experiment 1, participants
were normal-hearing (HL < 20 dB, frequency range 125 Hz
to 8 kHz), with a mean age of 27.2 years (age range 23-41
years). Again, all participants provided written consent to
take part in the study.

Experiment 2 — Results

The same post-processing as for the results of experiment 1
was performed. Again, the results for left and right ear are
presented and discussed in a combined way.

Figure 3 and 4 show the results for the mild and moderate
conditions, respectively. It can be seen that the results for the
two different frequency smearing methods, Baer&Moore
and Graf&3DTI, of the 3DTI simulator are almost identical —
an observation which holds for both the mild and the
moderate conditions. The measured hearing levels for these
two simulator settings are somewhat close to the target for
frequencies up to and including 2 kHz, with deviations of 0
to 4 dB. For 4 kHz, the deviations become larger: about 10
dB below the target for both simulated degrees of hearing
loss. In case of the frequency of 8 kHz, a large gap between
results and target can be observed: The measured thresholds
are about 20 dB too low for the mild conditions and almost
30 dB too low for the moderate conditions. Finally, the
measured hearing levels in case of the Clarity simulator are
slightly higher than the target (around 2 to 6 dB) for all
frequencies up to and including 4 kHz and both degrees of
hearing loss. Interestingly, at 8 kHz this trend reverses, with
measured hearing thresholds being 6 and 7 dB below the

target values of the mild and moderate condition,
respectively.
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Figure 3: Experiment 2 — Results for the mild conditions.
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Results for moderate conditions
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Figure 4: Experiment 2 — Results for the moderate
conditions.

Discussion and conclusion

The most accurate results in our perceptive evaluation were
obtained with the Wadai Hearing Impairment Simulator by
Irino [4]. Unfortunately, the other simulators failed to deliver
the desired results (i.e., the target hearing thresholds) for
several or most of the frequencies in this evaluation,
especially in the case of 8§ kHz. Deviations were in general
smaller in case of the lower frequencies, but here we have to
keep in mind that the hearing thresholds to be simulated
were not as large as for the higher frequencies. In case of the
simulator by Grimault et al. [5] and the large deviations from
the target values observed here, it has to be concluded that
there was a problem with the calibration or setup process
which led to an overall offset of the results.

To a large extent, the results of the two listening experiments
could be predicted simply by calculating the level
attenuation as a function of hearing level of the audiometric
input signals, caused by sending the signals through a
simulator with a given configuration. An exemplary plot for
this kind of analysis is shown in Figure 5 for the case of the
simulator by Irino [4] and the moderate degree of hearing
loss setting. When inspecting the behavior at the target
hearing levels for the respective frequencies, it can be seen
that the corresponding attenuation is close to the target
hearing loss and corresponds well with the results of the
listening experiment. The plot is also well-suited to review
the non-linear effect of the simulated loudness recruitment,
as the attenuation decreases with increasing hearing levels
and drops more rapidly for the frequencies with a higher
amount of hearing loss. Of course, other non-linear or time-
variant effects, such as the frequency smearing mentioned,
cannot be revealed or assessed with this method. Similarly,
the perceptive evaluation based on pure-tone audiometry
presented here does not cover all aspects of hearing loss
simulation and its intended consequences, such as a reduced
frequency resolution and loudness recruitment.
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Figure 5: Attenuation of the input signal as a function of
hearing level for different frequencies (target values
provided in parentheses), as caused by the simulator of
Irino [4] configured for the moderate degree of hearing
loss.
Whether a particular result (or deviation from the target) can
be considered sufficiently accurate or not, is not a trivial
question to answer and surely depends on the context in
which the simulation is being utilized. A recording engineer
interested in getting a rough idea of how a mix might sound
for someone with hearing loss is one thing, but conducting
psychoacoustic experiments including precise measurements
of participants’ performances will likely involve more
rigorous requirements regarding the accuracy of the
simulation.

Outlook

It is desirable to address and solve the problem of the
deviating audiometric results observed (especially at higher
frequencies) in case of the majority of the simulators
evaluated. In the future, it is planned to conduct further
experiments with hearing loss simulation involving more
complex, supra-threshold stimuli, such as speech signals in
the context of an auditory selective attention task. Further
aspects of hearing loss simulation, which were not
considered in the context of the listening experiments
presented here, will be evaluated.

Acknowledgements

Parts of the results presented in this contribution were
obtained in the context of the master thesis by Sebastian
Hillert, written at IHTA under the supervision of the authors.
The authors would like to thank Dr. Michael Stone from the
University of Manchester for sending the code for the
Cambridge Hearing Loss Simulator, as well as Dr. Lorenzo
Picinali from the Imperial College London and Dr. Arcadio
Reyes Lecuona from the University of Malaga for providing
additional information about the 3DTI Hearing Loss
Simulator.

203

DAGA 2023 Hamburg

References
[1] Deutscher Schwerhorigenbund e. V.: Statistiken, URL:

https://www.schwerhoerigen-
netz.de/statistiken/

Mourgela, A., Reiss, J., & Agus, T. R.: Investigation of
a real-time hearing loss simulation for use in audio

production. Audio Engineering Society Convention 149
(2020)

Nagae, M., Irino, T., Nisimura, R., Kawahara, H., &
Patterson, R. D.: Hearing impairment simulator based
on compressive gammachirp filter. Signal and

Information Processing Association Annual Summit
and Conference (APSIPA) (2014)

Irino, T.: WHIS: Hearing impairment simulator based
on the gammachirp auditory filterbank. arXiv preprint
arXiv:2206.06604 (2022)

Grimault, N., Irino, T., Dimachki, S., Corneyllie, A.,
Patterson, R. D., & Garcia, S.: A real time hearing loss
simulator. Acta Acustica united with Acustica, vol. 104,
no. 5 (2018), 904-908

Baer, T., & Moore, B. C.: Effects of spectral smearing
on the intelligibility of sentences in noise. The Journal
of the Acoustical Society of America, vol. 94, no. 3
(1993), 1229-1241

Moore, B. C., & Glasberg, B. R.: Simulation of the
effects of loudness recruitment and threshold elevation
on the intelligibility of speech in quiet and in a
background of speech. The Journal of the Acoustical
Society of America, vol. 94, no. 4 (1993), 2050-2062

[8] Baer, T., & Moore, B. C.: Effects of spectral smearing
on the intelligibility of sentences in the presence of
interfering speech. The Journal of the Acoustical

Society of America, vol. 95, no. 4 (1994), 2277-2280

Stone, M. A., & Moore, B. C.: Tolerable hearing aid
delays. I. Estimation of limits imposed by the auditory
path alone using simulated hearing losses. Ear and
hearing, vol. 20, no. 3 (1999), 182-192

[10] ClarityChallenge,
URL: https://github.com/claritychallenge

[11] 3dti AudioToolkit,
URL: https://github.com/3DTune-
In/3dti AudioToolkit

[12] Badri, R., Siegel, J. H., & Wright, B. A.: Auditory filter
shapes and high-frequency hearing in adults who have
impaired speech in noise performance despite clinically
normal audiograms. The Journal of the Acoustical
Society of America, vol. 129, no. 2 (2011), 852-863

[13] DIN EN ISO 7029: Acoustics - Statistical distribution
of hearing thresholds related to age and gender. (2017)

[9]



