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The hearing-care platform is a dedicated software and hardware solution for personalized assessment
of noise exposure and the promotion of hearing health aimed toward university music students. The
software features three modules: a calibrated noise level measurement kiosk, an exposure monitoring
module, accounting for all exposure periods and activities, and an attenuation estimation component
that takes into account the use of hearing protectors when applicable. Finally, the AYE metric ("Age
of Your Ears") is used in the result module as a way to demonstrate the risk of noise-induced hearing loss along with a music-playback-embedded hearing loss simulator. The computational methods
behind each of the modules are presented in detail while the technical specifications of the software
design framework are documented in support of long-term developments and maintenance of this
unique research and awareness app.
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1.

Introduction

Hearing preservation is a topic that has gained much momentum in recent decades. It has become
frequent, even the norm, to wear hearing protectors in noisy workplaces. However, despite these protective measures, too many individuals still develop impaired hearing in the workplace. Moreover hearing
1

loss is on the rise for young people who are on average more exposed to loud music, whether through
their leisure activities (concerts, nightclubs, etc.) or through listening devices.
Some communities are more affected than others. For example, music students, exposed daily to several hours of very high volumes, are regularly diagnosed with significant hearing loss even before the end
of their studies [1]. The combination of the above-mentioned aggravating factors is serious. Although
prevention and awareness activities are more commonly offered, much research remains to be done to
determine the best strategies and approaches to raise awareness and reduce the risk of hearing loss among
music students [2, 3, 4, 5] .
The Hearing-Care Platform (HCP) is a joint project between the Centre for Interdisciplinary Research
in Music Media and Technology (CIRMMT), the Schulich School of Music (McGill University) and the
CRITIAS chair (École de technologie supérieure). Its objectives are to develop a mobile application for
university music students, for this initial field deployment the students of the Schulich School of Music,
to make them aware of their listening habits and the associated sound exposures, as well as raise their
awareness as to the risk of premature hearing loss. Rather than displaying complex data through typical
occupational noise exposure metrics such as the A-weighted eight-hour time-weighted average sound
level (LAeq )[6] or doses as a percentage of a daily dose, the HCP displays an estimation of the extra aging
caused by the excessive noise dose each user is exposed to. The associated metric, called ’Age of Your
ears’ (AYE), is based on the average exposure level[7], which allows the user to understand the possible
impact of noise exposure from different activities on their hearing. This metric takes into account the
use and percent of use of several Hearing Protection Devices (HPD - whose attenuation can be measured
using the app).
This paper first presents the methods developed and implemented to measure and assess the average
noise exposure levels, taking into account the possible use of a hearing protection device (HPD), as
well as the calculation of the Age of Your Ears (AYE), accounting for measurements not performed in a
controlled environment. In a second step, the implementation of these methods in the mobile application
and kiosk is detailed. The limitations of the methods in terms of computational uncertainties and target
audience are explained followed by an overview of the work that remains to be done.

2.

Methodology

This section details technical aspects of the HCP, in particular, the calibration methodology and the
algorithms designed for each of the software modules. These modules, illustrated in Fig.1, are an HPD
attenuation estimation module (detailed in section 2.4), a noise exposure measurement module (detailed
in section 2.2), an exposure monitoring module (detailed in section 2.5), and finally, the AYE metric
("Age of Your Ears") calculation module (detailed in section 2.6). A brief overview of the calculation of
uncertainties is detailed in section 2.7.
2.1

Mobile application calibration

To compensate for systematic errors inherent to the typical microphone and audio recording components of a phone, a calibration of the mobile application is required before any measured noise levels can
be acquired. The calibration used to adjust the mobile phone sensitivity is a level-dependent trimming
algorithm, which consists in adding one constant offset, ∆phone, in dB, to the phone’s uncorrected noise
levels. ∆phone is the difference between a reference noise level (measured with a "reference" sound
level meter) and the uncorrected noise level at one specific reference noise level. In the context of the
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Figure 1: Overview of HCP components, featuring the Kiosk, which estimates noise exposure via the
portable media player and the smartphone for all other noise exposures
Hearing-Care Platform, each participant will be given an external (factory calibrated) omnidirectional
microphone compatible with smartphones that will be calibrated in an anechoic chamber using a IEC
61672 class 1 sound level meter as the reference level [8]. Both the sound level meter microphone and
the phone’s external microphone are directed towards a loudspeaker at a distance of approximately 2
meters while a one-minute pink noise signal is played at approximately 90 dB(A).
2.2

Kiosk Calibration

The listening-level measuring kiosk measures the field assessment of the noise level delivered by a
personal media player and the associated headphones or earphones. The kiosk consists in an acoustical
test fixture with a hard fiberglass head, two 3D-printed soft-silicon pinna in which two miniature electret
microphones (one per ear) connected to a tablet are embedded (see details in [9]).
A 3-step frequency and level-dependent calibration was conducted, as detailed in [9]: First, the
frequency-dependent calibration aimed to correct the frequency response of the miniature electret microphones and the transfer function from free-field to in-ear noise levels measurements. Second, octave
band frequency responses and transfer function were measured in an audiometric booth. Correction values (from free field 1” reference microphone relative to in-ear right and left manikin microphones) in
third octave band frequencies were calculated in dB and applied as a calibration constant offset to the
phone’s uncorrected third octave band noise levels. Third, an overall (dBA) level-dependent calibration
consisted in adjusting the microphones and tablet sensitivity with one constant offset, ∆kiosk, in dB,
added to the kiosk’s measured exposure level in dBA.
∆kiosk was measured by comparing a reference noise level (measured with an IEC 61672 class 1
sound level meter [8]) with the noise level measured by the acoustical test fixture (without any headphones or earphones). A noise level of approximately 95 dB(A) was generated using an uncorrelated
pink noise signal played from six loudspeakers, placed along the perimeter of the room, facing the walls
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and oriented towards the corners. The manikin head was located slightly off the center of a partiallyreverberant acoustical laboratory. Although the room did not meet ISO standard 3745-2003 reverberant
chamber acoustical requirements, its acoustical treatment with large reflective surfaces provided enough
diffusion to create an acceptable random incidence sound field at the measurement location.
The "reference" level was measured at the location corresponding to the center of the manikin head
(equidistant from the two silicon ears) in the same laboratory but without the acoustical test fixture.
2.3

HPD attenuation

Frequency limitation of smartphone speakers: To measure the attenuation of hearing protectors,
sounds must be produced within the human hearing frequency bandwidth, which in this case were originally intended to be between 125 Hz and 8 kHz. However, the smartphone speakers roll off from 1 kHz
and are not optimized for low frequency response. It was therefore decided that the 125 Hz octave band
not be considered. In addition, the signal amplitudes must be equalized to compensate for the joint action
of the frequency response of the human ear and that of the smartphone speaker. This adjustment has been
made empirically.
2.4

HPD attenuation estimation module

The application divides the types of hearing protectors into four categories (see Table 1) and if the
categories do not apply, it is also possible to create a custom HPD type.
Categories
Earplugs
Earmuffs
Semi-insert earplugs
Unconventional protectors

HPD types
Premolded, FOAM, custom
Small muffs, medium muffs, large muffs
Semi-inserts
Palms, fingers, cotton balls, helmets, other

Table 1: List of HPD types available in the app. The unconventional category contains types or methods
of hearing protection the user can test to compare with common HPDs. The other type is a custom type
that allows the user to create his own HPD
The hearing protectors’ attenuation are measured and reported per octave band. To enable the user
to calculate the attenuation of a HPD for a given octave band, a sound sequence with a decreasing 5dB
step-down pattern is generated until it is no longer audible. The user counts the number of sounds they
hear without a protector, then repeats the same with their protectors. The calculation of the attenuation
j
j
for the octave band j is as follows: aj = 5 × (Nunprotected
− Nprotected
) in dB. In practice, the sequences
will occur in a random order and spacing to avoid the anticipation phenomenon. The 5dB step implies a
measurement uncertainty related to the quantified noise, which will be characterized in section 2.7.
Because the measurement is not performed in a controlled environment, it is necessary to automatically check that the attenuation values are well estimated for this type of HPD. The current method
verifies that the measured data correspond to reasonable variations of the average model. If a value
deviates too far from the model, it is considered an outlier and the measurement must be repeated.
Finally, for both the attenuation and average exposure per octave band, it is possible to calculate the
attenuated exposure as Ljatt = Lj − aj . However, for a given activity, it is unlikely that the user will wear
his protectors during the entire time. Taking into account the exposure time, that is, when no earplugs are
worn, is addressed in section 2.5.
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2.5

Exposure monitoring module

2.5.1

Activities and equivalent continuous noise level

The users must log their exposure for various activities. These activities are predefined and categorized. However, the user is free to create custom activities in each category. The proposed categories are
listed in Table 2.
Categories
Music practice
Music listening with personal device
Entertainment
Leisure and social activities
Commute
Off-campus work

Examples of activities
Amplified, Non-amplified, Individual practice
Music listening, High volume setting
Night club, Concert, Sporting event
Restaurant, House party, Indoor sport
Outdoor walking, Public transportation
Bar/restaurant, Call center

Table 2: List of activity categories

2.5.2

Calculation of overall cumulative LAeq

For each i activity chosen, the user is asked to record at least Ki characteristic exposures using the
microphone of their smartphone. For each recording, the exposure is calculated in dB per octave band,
for 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz and 8 kHz bands. These values are assumed to coincide with the
LAeq on each band normalized to one second (LAeq,1s ).
Finally, the calculation of the LAeq for each band is updated in real time by a recurrence relation.
Thus, noting ejn the sample number n (LAeq,1s ) for the octave band j and Ljn , the updated LAeq at the
sample number n for the octave band j gives:


1
N −1
LjN −1 /10
eN /10
j
· 10
+
· 10
Ln = 10 log10
N
N
These exposures do not take into account potential attenuation due to hearing protectors.
2.5.3

Calculation of overall cumulative LAeq accounting for HPD attenuation

To consider HPD attenuation for the activities in question, the natural method is to consider two
activities instead of one: an activity of duration wT of unattenuated exposure and an activity of duration
(1 − w)T of attenuated exposure, where w is the proportion of time during which the HDP is not worn.
The equivalent level can then be calculated by taking into account the attenuation and the non-wearing
time for the octave band j:


j
j
j
LjAeq,T (w) = 10 log10 (1 − w) · 10(L −a )/10 + w · 10L /10
The global LAeq is calculated as the energy sum over all octave bands:
!
Leq,T

=

10 log10 (1 − w) ·

X
i

10Li /10 + w ·

X

10Li −ai

(1)

i

The formula obtained above is a barycenter but with a logarithmic metric. Note that the middle
(w = 0.5) is no longer the middle in the Euclidean sense of the term. This barycenter is interpreted as
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the exposure received during a fictitious activity of duration T where the user would wear an HPD of
attenuation between 0 and a. The real duration of the activity is thus preserved.
2.6

Age of Your Ears (AYE) Calculation Module

In reality, for each activity, more than one recording is required. The average exposure for each
activity i is calculated as the energy average of the Ki records made by the following relationship, where
Lik is the k-th equivalent level measured for activity i:
!
K
X
1
i
10Lk /10
Liavg = 10 log10
Ki k=1
Calculation of the AYE requires the user’s 8-hour normalized average exposure, which is calculated
as follows:
!
1X
i
Ti 10Lavg /10
LAeq,8h = 10 log10
T i
where T is the total time of the normalized 8-hour activity and Ti is the duration of the normalized
8-hour i activity. For example, if an activity lasts 1 hour per day, then Ti = 20 min/8h.
The calculation of the AY E is explained in a previous publication [7]. AYE depends on the age of
the person (over 18 years old) as well as their gender and of course their LAeq,8h .
2.7

Estimation of uncertainties

We are interested in the accuracy of the calculation of the LAeq,8h . Each variable of the computation
is subject to uncertainty, i.e. the measured exposures, the HPD attenuations, the frequency of the activity,
and the HPD wearing time. We can estimate the average errors on certain quantities:
• Exposition error: depends on many factors (smartphone microphone, noise frequency, movement
of the smartphone).
• Attenuation error by octave band: follows a triangular distribution with support [-10, 10] dB.
• Activity frequency error: is mainly user-dependent.
• Wearing-time error: is user-dependent. Assuming that the user’s estimate is accurate, the source
of the error will originate from the 5% step, therefore, it will follow a uniform supporting law [-2.5,
2.5]%
.
It is not possible to perform uncertainty calculations for every possible situation. However, for illustrative purposes, an uncertainty calculation will be conducted here for a simple case involving a single
activity.

3.

Results

The modules presented earlier have been integrated into two different applications partially using the
same source code. The first is a mobile application to measure the noise exposure for all activities except
for music listening using a personal device (it will be presented in section 3.1). The other is dedicated
to a tablet linked to an acoustic manikin that measures the noise level of music players (section 3.2). An
example of computation error for a single activity is detailed in section 3.3.
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3.1

Mobile application and online database

The application is programmed using Flutter, an open-source UI software development kit created by
Google (Mountains View, CA, USA). Flutter is a framework for mobile programming enabling development on both Android and iOS operating systems.
The proposed application associates a mobile device to a unique profile. The first time the user logs
on, they create their profile by entering their date of birth, age and gender. They then indicate their field
of study (performance, musicology, other, etc.) and the instrument they play. They must then select their
practice activities and respective frequency (number of hours per day, week or month), which can be
adjusted later. Finally, they calibrate their phone or select/create their first digital hearing protector.
Afterwards, the user can make audio recordings, have access to the history of their previous recordings or see the age of their ears if all the necessary recordings have been made. They can also create or
manage their hearing protectors via a dedicated menu.
The data is stored on an online database hosted on a Heroku server (San Francisco, CA, USA).
Queries are performed using a Hasura API (San Francisco, CA, USA) based on the GraphQL language.
Most of the data (records, activities, HPDs, etc.) are stored online, which makes it possible for CIRMMT
researchers to have permanent access to them. These data are anonymized and users are only associated
to coded PINs. The application requires internet access, however the records can be stored locally on a
temporary basis so that they can be saved when no internet connection is available.

Figure 2: Flowchart of the mobile app. Red: dashboard to select the activities, record exposure and
select the HPDs. Orange: result chart available if all activities have reached the minimum number of
recordings. Blue: settings (calibrate phone, fill the audiogram). Green: selection and management of the
HPDs.

3.2

Kiosk application

The kiosk is located at the Marvin Duchow Music Library at the Schulich School of Music on
McGill’s university campus, Montreal. It allows users to record their exposures while wearing headphones or earphones paired to a manikin. The manikin’s ears are equipped with microphones that are
calibrated in order to assess "free field equivalent" sound pressure levels[9].
The kiosk is also accessible to all to give everyone the chance to assess whether or not their listening
habits are detrimental to their hearing. This data is also stored on the database.
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Figure 3: Examples of pages of the mobile app. Left: recording
page; Center: history and HPD selection page; Right: HPD
attenuation measurement page
3.3

Figure 4: Kiosk tablet and manikin,
located in the Marvin Duchow Music Library at McGill University

Uncertainties estimation

This section focuses on a single activity of music listening from a loudspeaker two hours a day at
an average volume (exposure [70, 80, 70, 70, 70, 70, 70] dBA from the 250 Hz to 8 kHz bands) with a
mean absolute error of 2.5 dBA, which corresponds to the fluctuations of experimental measurements for
this type of exposure. The HPD is a premolded-type earplug. Lastly, the percentage of earplug wearing
and the frequency of activity are only subject to the sampling error due to the respective steps of 5% and
1h/day.
LAeq,8h (dBA)
Contribution in absolute error in LAeq,8h (%)
Wearing time (%) True value Absolute error Exposure Attenuation Duration Wearing time
0
75.74
0.68
79.76
0
18.50
1.73
50
72.75
0.81
78.09
0.37
18.11
3.41
90
65.86
1.81
66.73
2.81
15.48
14.98
100
50.65
17.93
18.63
24.81
4.32
52.23
Table 3: Average contribution in total error in LAeq calculation. The absolute error is a markup calculation error for mean errors over all variables in the worst case scenarios (when all errors cumulate).
The exposure uncertainties have a large impact when the wearing time is low while the wearing time
uncertainties are preponderant when the wearing time is close to 100%.
It is observed that the calculation errors are low when the percentage of HPD use is low. However,
when the percentage of use is close to 100%, the measurement uncertainty increases dramatically.

4.

Discussion

This section presents the problems pertaining to the calculation of uncertainty (section 4.1.1) and
the target audience (section 4.1.2). The need to supervise the students who will use the application is
discussed.
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4.1
4.1.1

Current limitations
Computation accuracy limitations

The accuracy of the calculations depends on many factors, such as the quality of the phone microphones or speakers. However, the user is responsible for most of the potential inaccuracies, since it is
their responsibility to estimate, among other things, the recurrence of their activities and the fraction of
time they wear the hearing protectors. We have seen that for HPD wear times close to 100%, inaccuracies
in estimation can seriously compromise the results.
The imprecision on the value of the HPD wearing time is a problem that is difficult to solve as it
seems unlikely that users can estimate the percentage of wearing time subjectively within an accuracy of
less than 5%. If the calibration is badly performed, a systematic error (or bias) on the exposure values is
to be expected, which will be found in the LAeq,8h and thus the AYE.
One can notice that the error on the attenuation value per octave band only intervenes significantly on
the LAeq,8h when the wearing time of the activity is very high and the activity is of high exposure.
Finally, the results essentially revolve around the AYE method. This method has the advantage of
being fairly easy to calculate as well as being accessible to novices. However, like all simple models, it
has limitations. In particular, it does not take into account that the subject may already be suffering from
hearing loss.
4.1.2

Limitations on the target public

The accuracy of the results also depends largely on the time that is allocated to the recordings (several
hours of recordings spread over several weeks or even months) and to the creation of a digital version of
individual HPDs (between 10 to 20 minutes per device). In a supervised context with trained students
involved in the project, this should not be a problem, but such dedication definitely limits the possibility
of the proposed HCP app being used by the general public. Similarly, the microphone calibration that
is required is also a limiting factor for mass adoption, as it cannot be conducted by users on their own,
without the access to well-equipped acoustical laboratories.
It should also be noted that the AYE method is, for now, only intended for people over 18 years of
age, which excludes its being used by adolescents, a population particularly at risk of hearing loss due to
the massive use of "personal listening devices".

4.2

Field Deployment and Usability Assessment

The Hearing Care Platform Kiosk was installed in early March 2020 at the Marvin Duchow Library
at the Schulich School of Music, McGill University (see Fig. 4), just one week before the COVID-19
pandemic shutdown. It has therefore, at the time of this writing, not yet been field-tested. Nevertheless,
the following field deployment and usability assessments have been planned so the HCP may be formally
used and implemented within the School of Music curriculum hopefully in the upcoming semesters:
1. Pilot study, including ethics approval: usability of the three HCP components with small ensemble
participants;
2. Development of pedagogical material:
• User’s manuals for app and kiosk components;
• Train the trainers’ material: didactic material for an accessible HCP in educational settings;
• Integration and alignment of the HCP learning outcomes into curriculums such as large and
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small music ensembles;
• Data acquisition on large music-student populations and other young adult groups;
3. Development of the HCP for other youth populations - across universities.
4. Market study and promotional material development for white-labelling of the HCP components
for other music schools.

5.

Conclusions

In this article, the functionalities of the Hearing-Care Platform have been presented. The challenge
of this project resides in the fact that the measurements are not carried out in a laboratory and that
the loudspeakers and microphones are of lower quality than those that would normally be used for such
measurements. The accuracy of the measurements is largely dependent on the user. The fact that students
must be accompanied throughout the process prevents the large-scale launch of the application.
5.1

Future work

The application is functional, however it can be improved. Feedback from the first groups of students
will help overcome bugs and make the application more accessible and robust. More in-depth work on
the detection of outliers also seems necessary to ensure the autonomy of the users.
A better estimation of the accuracy of the measurements is also desirable. In order to deal with more
complex cases, the development of a stochastic model would be helpful.
5.2

Perspectives

This project will be deployed initially at McGill University, in a small group of music students.
Subsequently, the project may be extended to larger groups of students at McGill University as well as
with other volunteer groups from other universities. The fact that the application is on Android and iOS
ensures that a majority of students will have access to it.
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