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Abstract
While personal noise exposure assessments are necessary to prevent noise-induced
hearing loss in the workplace, standard personal noise dosimeters are limited when
measuring the noise exposure of individuals wearing hearing protection devices (HPD).
To overcome the difficulties in assessing the attenuation provided by HPDs, continuous
monitoring systems of an individual’s noise exposure under the HPD show promise.
However, these systems can be affected by the noise events induced by the wearer,
though research has shown that the risk of hearing loss inherent to self-generated
sounds (voice, swallowing, chewing) can be less than for external noise. This paper
presents a low computational method to perform in-ear noise dosimetry under an
earplug while excluding the noise contributions from the wearer. The method uses
a dual-microphone earpiece able to take measurements both under the earplug and
outside the ear. A comparison of the two microphones signals, through coherence
calculations, provides sufficient information as to whether the protected noise levels
originate mainly from the wearer or from external noise sources. Laboratory results
collected on human test-subjects suggest that the proposed method is not only valid
for a wide variety of self-generated sounds, it is efficient regardless of the amount of
attenuation provided by the earplug. Further work involves validating the approach
and parameters in occupational settings, and adapting this method to other types of
HPDs such as earmuffs or dual hearing protection.
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1. Introduction
Measuring workers’ noise exposures is one of the most important parts of a workplace
hearing conservation and noise control program as it helps identifying work locations
where important noise problems exist, employees who may be at risk, and the type of
5

noise control measures that should be implemented to reduce the risk of noise-induced
hearing loss (Berger, 2003). Personal noise exposure measurements aim to assess the
amount of noise exposure for a given person, usually a worker, to ensure it complies
with the exposure limits of a specific legislation. One way of monitoring the level
of exposure is a personal body-worn dosimeter, which provides the convenience of
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continuous monitoring at the location of the individual. Personal noise dosimeters
are particularly useful when individuals are required to move frequently during their
work shift or when the acoustic environment of the workplace is hardly predictable
(e.g. construction workers), since such variables can hardly be taken into account
with standard sound level meter measurements. Personal noise dosimeters are usually
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attached to the wearer’s shoulder to measure the noise levels close to the ears. Though
adequate, this location does not always counter the effect of microphone placement,
particularly for directional sound fields (Byrne and Reeves, 2008). Also, the measured
sound pressure levels (SPL) may not represent the ambient noise correctly if influenced
by the wearer’s voice (Ryherd et al., 2012; Borgh et al., 2008). And furthermore, the
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accuracy of personal noise dosimeters is compromised when hearing protection devices
(HPD) are worn. Indeed, the attenuation provided by the HPD, which should be
subtracted from the ambient noise levels, can show large variations and uncertainties.
Despite the progress achieved in the estimation of the field performance of HPDs, current
fit-testing methods are beset by major uncertainties such as measurement uncertainty,
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spectrum uncertainty and fit variability (Voix et al., 2019), and also fail to account for
HPD removal. Such uncertainties both in the ambient noise levels and in the HPD’s
effective attenuation make it difficult to accurately determine the actual noise exposure
received by a given worker wearing HPDs.
2

Systems that continuously monitor an individual’s noise exposure under the HPD
30

(Bessette and Michael, 2012; Theis et al., 2012; Mazur and Voix, 2013; Gallagher et al.,
2014) show promise to remedy these issues. By measuring personal noise exposure
directly inside one’s protected ears, these may finally provide a clear answer to the
pressing question“Is this worker properly protected against noise?” But to do so, the
influence of self-induced sounds on in-ear noise dosimeter measurements needs to be
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considered, since the SPLs measured below HPDs may be significantly affected by
noises emitted by the wearer. This is particularly true when earplugs are worn, as the
so-called occlusion effect (OE) is known to amplify most sounds originating from the
wearer, especially at low frequencies (Berger and Kerivan, 1983). Such sounds, which
will be further referred to as wearer-induced disturbances (WIDs), may result from
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shouting, speaking, singing, coughing or sneezing, but softer sounds associated with
chewing, walking, scratching, sniffing, or swallowing may also need some attention in
low ambient noise environments. Indeed, research has previously shown that the risk of
hearing loss inherent to self-generated noise can be less than that of external noise due
to inhibition mechanisms occurring both in the middle ear (Borg and Counter, 1989;

45

Mukerji et al., 2010) and at the neuronal level (Creutzfeldt et al., 1989). Moreover, the
OE tends to amplify nonphysiological noise emanating from the interaction between
the measuring instrument and the wearer, such as rustling and thumping noises (often
referred to as microphonics) one hears when tapping the earpiece’s cord or when the
cord brushes against something. Thus, it is of clear interest to measure the average

50

noise exposure excluding the noise coming from the individual (especially when earplugs
are worn), although currently available in-ear noise dosimeters do not feature this as
an option. This paper presents a low computational method to perform in-ear noise
dosimetry under an earplug while excluding WIDs. The method (École de Technologie
Supérieure, 2018) is described in Sec. 2.1, followed by Sec. 2.2 presenting how the
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parameter values were optimized through measurements on human test-subjects. The
results are presented in Sec. 3, and discussed in Sec. 4.

3

2. Method
2.1. Description
The proposed methodology uses a dual-microphone earpiece, illustrated in Fig. 1.
60

An in-ear microphone (IEM) connected to a probe tube measures the sound pressure
under the earplug, while an outer-ear microphone (OEM) measures the sound pressure
outside the ear. Although the earpiece can support various types of eartips, the results
presented in this paper were obtained using double-flanged silicone eartips, chosen due
to easier insertion properties. A method is proposed to detect and exclude WIDs for
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dosimetry purposes. The method is based on the following principle: when the sound
pressure level measured inside the ear is due to surrounding external noise, a strong
correlation exists between the two microphone signals as sound simply travels from the
OEM to IEM through the earplug. When the IEM’s signal is perturbed by WIDs, such
as speech, this correlation drops within the frequency range of the disturbance signal.

Figure 1: Three-dimensional model of the dual-microphone earpiece used as part of the
proposed method.
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A classical tool to measure the correlation between two signals at specific frequencies
is the coherence function γ 2 (Randall, 1987). It is defined as:

γ 2 (f ) =

|SOI (f )|2
,
SOO (f ) SII (f )
4

(1)

where SOO (f ) is the autospectrum of the time signal xOEM (t) measured by the OEM,
SII (f ) is the autospectrum of the time signal xIEM (t) measured by the IEM, and SOI (f )
is the cross spectrum between the two signals xOEM (t) and xIEM (t). Coherence γ 2 (f )
75

measures the degree of linear relationship between the two signals at any given frequency
or band center frequency, on a scale from 0 (xOEM (t) and xIEM (t) are uncorrelated) to
1 (xOEM (t) and xIEM (t) are fully correlated).
For a given time frame i, it is possible to calculate the coherence function at specific
frequencies and to average it across the desired frequency range. The indicator ∆ is
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defined here and expressed as follows:
P

fp =fmax
fp =fmin

∆i = −10 log10 

γi2 (fp )

N


,

(2)

where fmin and fmax are the lowest and highest bands of the desired frequency range
to be determined, and N is the number of frequency bands within this range. ∆i , a
positive number expressed in dB, approaches 0 when the two microphone signals are
highly coherent between fmin and fmax , over time frame i. The values of fmin and fmax
85

should be representative of the disturbing signals to be detected (e.g., speech). The
authors insist that Eqs. (1) and (2) be implemented as fractional band calculations,
since it was found that computing ∆ from narrow band values decreased performance
as it gave too much weight to higher frequencies.
∆ should be computed for every time frame of duration ∆T (e.g., at every 0.5 s),
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and compared to a threshold value ∆th above which it is assumed a substantial part of
the signal measured by the IEM consists of noise contributions from the wearer. When
∆i < ∆th , the impact of WIDs on the sound pressure received by the IEM is negligible,
which implies that:

L* IEM,i (f ) ≈ LIEM,i (f ),

(3)

where LIEM,i (f ) is the SPL measured inside the occluded ear during time frame i,
95

and L* IEM,i (f ) is the SPL that would be measured in the absence of WIDs.
When ∆i > ∆th , L* IEM,i (f ) can be estimated using two different methods:

5

1. L* IEM,i (f ) computed assuming earplug attenuation remains constant during
WIDs:

L* IEM,i (f ) ≈ LOEM,i (f ) − NRtmp ,

(4)

where LOEM,i (f ) is the SPL measured by the OEM during time frame i. NRtmp is
100

the estimated noise reduction (SPL difference between OEM and IEM) measured
when the “∆i < ∆th ” condition was last met, i.e. the last time no WIDs were
detected. This approach is particularly adapted for WIDs that increase the SPL
inside the ear but barely make any difference to the sound pressure measured
outside the ear by the OEM. This method is more adapted to low to medium noise
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environments as such WIDs, hereafter referred to as “low-level WIDs”, typically
hardly contribute to the IEM’s signal in high noise environments.
2a. L* IEM,i (f ) approximated assuming ambient noise levels remain constant during
WIDs:

L* IEM,i (f ) ≈ Ltmp ,

(5)

where Ltmp is the SPL measured by the IEM when the “∆i < ∆th ” condition was
110

last met, i.e. the last time no WIDs were detected. This approach is particularly
suited for WIDs that significantly affect the levels measured by the OEM. Such
WIDs, hereafter referred to as “high-level WIDs”, include all vocal WIDs (speech,
cough, throat clearing, etc.) and other WIDs to be defined. This method is
not adapted to low noise environments in which the wearer’s physiological noise
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(breathing, heartbeats, etc.) contribute continuously to the sound pressure inside
the earcanal, hence making it difficult to meet the “∆i < ∆th ” criterion even for
short periods of time.
2b. L* IEM,i (f ) can be approximated as being the same as when the “∆i < ∆th ”
condition was last met, or when L* IEM,i (f ) was last estimated using Eq. (4)
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because the ∆th value was exceeded due to low-level WIDs. This method is simply
a variation of method 2a when the latter is used together with method 1.

6

Ideally, these two methods should be used together as each is adapted to a specific
type of WIDs, which implies that a strategy should be found to distinguish low-level
WIDs from high-level WIDs. The most obvious characteristic to help to differentiate
125

between the two is the in-ear SPLs generated by the corresponding signals. Indeed,
high-level WIDs such as speech are likely to generate higher in-ear SPLs than low-level
(and non-vocal) WIDs. Hence, a simple way to distinguish high-level WIDs from
low-level WIDs is to consider a threshold level Lth below which no high-level WIDs can
theoretically occur. The in-ear SPL in the frequency range of interest is defined as:

Li = 10 log10 



fp =fmax

X

10

LIEM,i (fp )
10

,

(6)

fp =fmin
130

To be consistent with Eq. (2), the in-ear SPLs and threshold value Lth are compared
within the same frequency range used to calculate ∆ (fmin < f < fmax ). Whenever
Li > Lth , any detected WID is considered as “high-level” (i.e. having a significant impact
on LOEM,i (f )), which implies that method 2b should be used rather than method 1.
Finally, method 2b requires a prior knowledge of Ltmp and NRtmp , which implies
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that the “∆i < ∆th ” criterion should be met beforehand. When WIDs are detected
(∆i > ∆th ) and the variables Ltmp and NRtmp are not yet initialized, L* IEM,i (f ) can
be estimated using the following expression:

L* IEM,i (f ) ≈ LIEM,i (f ) + 10 log10 (γi2 (f )),

(7)

where the quantity −10 log10 (γi2 (f )) represents the estimated noise contribution, in
dB, from the portion of the signal that is uncorrelated with xOEM (t) (Randall, 1987).
140

This equation was found to provide good estimates of L* IEM,i (f ), but is less accurate
than method 2b.
The suggested overall methodology is summarized in Fig. 2 and was optimized and
validated in laboratory tests involving human subjects. The next subsection shows how
these measurements were used to optimize the values of the method’s parameters: fmin ,
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fmax , ∆th , Lth , and ∆T .

7

i=1 i=2 i=3

....

i=n

Compute

xOEM(t)

γi2(f)
Δi

OEM

Li

IEM

ΔT

LIEM,i(f)
xIEM(t)

i=1 i=2 i=3

NRtmp(f) = LOEM,i(f)
− LIEM,i(f)
Ltmp(f) = L

*

IEM,i(f)

i++

....

L*IEM,i(f) ≈ LIEM,i(f)

LOEM,i(f)

i=n

Yes

Δi < Δth
?

No

Yes

Li < Lth
?

i++

L*IEM,i(f) ≈ LOEM,i(f)
− NRtmp(f)

No

L*IEM,i(f) ≈ Ltmp(f)

Figure 2: Flowchart of the proposed method, with signals segmented into n time frames of duration
∆T . The frames are processed chronologically from left (i=1) to right (i=n). Ltmp(f ) and NRtmp(f )
are temporary variables to be used for further time frames.

2.2. Parameter optimization on human test-subjects
With the earpiece shown in Fig. 1, tests were conducted to optimize the proposed
method’s parameters. To simulate a worst-case test scenario, a 212 m3 reverberation
room (Eckel, Morrisburg, ON, Canada) was used: in highly reflective spaces, the
150

wearer’s voice contribution on the OEM is maximized, making it, in principle, more
difficult for speech to be detected using Eq. (2). Additionally, the diffuse field created
by the room’s reverberation should reduce the linear relationship between the two
microphones exposed to a dominant surrounding noise, hence increasing the value of ∆
in the absence of WIDs.

8

155

Fourteen subjects (10 male and 4 female, age range 20-50) participated in the study,
for which the experimental protocol was approved by ÉTS’s internal review board.
Although no hearing tests were needed for these types of objective measurements,
otoscopic screenings were performed to ensure no ear abnormalities. The number of
subjects involved was mainly motivated by the will of testing a wide range of earplug
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attenuation values (see Sec. 3.2) and human voices (see Sec. 2.2).

Figure 3: Left: Subject speaking while seated in the reverberation room, as part of the experimental
procedure. Subject is wearing the earpiece shown in Fig. 1 and pronounces phrases written on the
sheet in front of him. White noise is played simultaneously on the four loudspeakers. Right: picture
showing the earpiece as worn in the participant’s ear.

The earpieces were calibrated prior to each test. The acoustical effect of the probe
tubes was assessed by measuring the microphone responses with and without the tubes
under an identical sound field. This effect was numerically removed in all measurements.
The subjects remained seated during the entire experiment, as shown in Fig. 3,
165

and wore the earpiece in both ears. After being quiet for the first 15-20 seconds, the
subjects were asked to perform a series of actions while being exposed to continuous
white noise played on four speakers (one in each corner of the room). Each subject was
9

asked to perform the task twice: first in a low to medium noise level (constant room
SPL between 50 and 75 dBA, measured with a reference free-field microphone in the
170

room), and then in a medium to high noise level (constant room SPL between 75 and
100 dBA) to cover a wide range of exposure levels in the occluded ear. This gave a
total of 56 measurements (14 subjects, 2 levels and 2 ears per subject) for analysis.
The disturbing signals to be analyzed, which are described in Table 1, were meant to
represent most of the gestures encountered in everyday life that are likely to contribute
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to the SPLs measured inside the occluded ear. The sentences to be pronounced were the
same for all subjects, and were spoken in French. As a primary analysis, the disturbing
actions were sorted in Table 1 according to their noise impact on the occluded earcanal.
The estimated in-ear SPLs associated with each of the disturbances are displayed in the
third column. These were estimated by measuring the equivalent continuous in-ear SPL
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(Leq,IEM ), in dBA, of each disturbance signal, and computing the arithmetic average of
all Leq,IEM collected in each group. As expected, vocal events are those associated with
the highest noise contribution (> 80 dBA). The authors found that shouting could
result in SPLs as high as 105 dBA under the earplug. Hence, in-ear noise dosimetry
performed in the occluded ear may significantly overestimate the noise dose received

185

from external noise sources by individuals who tend to speak a lot during their work
activities. For example, someone exposed to an average 75 dBA under the earplug
(excluding WIDs) while speaking 10% of a typical 8-hour work shift may result in a
daily equivalent continuous SPL (Leq,8h ) of 81 dBA with in-ear dosimetry if WIDs are
included (considering the speech-induced in-ear SPL to be 90 dBA). Thus, the proposed

190

method shall focus mainly on detecting vocal WIDs.
To optimize the discrimination of the vocal events, the values of the various detection
parameters should be chosen carefully. A general inspection of the collected in-ear
signals showed that although male voices had more energy at low frequencies than
female voices, both male and female voices contributed mostly to frequencies between
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200 and 1 500 Hz during speech activities, as shown in Fig. 4. Therefore, it would make
sense to choose 200 and 1 500 Hz as the respective values for fmin and fmax . To confirm
these values, the collected data were first split into separate groups, each corresponding
to an action in Table 1. For each group, the coherence between xIEM (t) and xOEM (t)

10

Estimated in-ear
Description

Action

SPL (dBA)

Subjects pronounce a phrase as if they were
Shouted speech

93.6 (± 3.3)
addressing someone 30 meters away
Subjects pronounce a phrase as if they were

Raised speech
Throat clearing

89.6 (± 3.5)
addressing someone 10 meters away
Subjects emit noise as if they were clearing their

85.7 (± 7.7)

throat
Shock on earpiece
Whistle
Cough
Low speech

Experimenter taps earpiece with fingertips

85.0 (± 2.9)

Subjects whistle a random melody

82.7 (± 3.9)

Subjects cough

81.3 (± 5.4)

Subjects pronounce a phrase as if they were speaking

81.4 (± 5.4)

to themselves
Subjects rub their upper and lower teeth together as
Chew
Sniff
Swallow
Face scratch
Microphonics

73.5 (± 6.8)
if they were chewing food
Subjects sniff

< 70

Subjects swallow with emphasis

< 65

Subjects scratch their chin

< 65

Experimenter rubs/moves the cord that connects the
earpieces to the signal conditioning box

Wink

Subjects wink with emphasis

< 65
< 55

Table 1: List of actions and their associated mean in-ear SPLs in dBA. The numbers in parenthesis
indicate the standard deviation.

was calculated using Eq. (1). Then, Wilcoxon signed-rank tests were run to compare
200

the coherence γ 2 (f ) of each group with a reference group that contains only periods
of 5-10 seconds with no apparent WID. Fig. 5 shows the probability values (denoted
“p-value”) obtained when the comparison is done at each 1/12th octave center frequency
and for each of the “noisiest” actions of Table 1. Fig. 5 demonstrates clear differences
in the coherence between xIEM (t) and xOEM (t) depending on whether the subjects were
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speaking or not, especially from 200 to 3 000 Hz (p < 10−9 ). The effect above 1 500 Hz
is, however, believed to be a consequence of the earplug’s good attenuation at mid
frequencies and the use of white noise as external stimulation, and is not necessarily
representative of the human voice spectrum. To maximize the detection of vocal noise
events under all types of acoustic environments, the authors then recommend a range of
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200 to 1 500 Hz since most of the sound energy directed towards the occluded earcanal

11

Figure 4: In-ear average sound spectrums (N = 14) measured in 1/12th octave band
frequencies for low, raised and shouted speech. The top plot indicates the standard deviation
(STD).

during speech activities are within this range, as shown in Fig. 4.
To determine the effect of the various WIDs on the OEM, the equivalent outer-ear
SPL (Leq,OEM ) was computed in dBA for each WID and compared to the outer-ear
ambient noise level (OEANL). The OEANL corresponds to the Leq,OEM , in dBA,
215

measured when the participant was quiet. Fig. 6 shows the contribution in dB of each
WID to the OEM (i.e., the difference Leq,OEM − OEANL). Unsurprisingly, speech WID
has the greatest effect on the OEM. When the ambient SPL was as low as 50 dBA, only
four WIDs contributed more than 3 dB to the OEM: speech, whistling, sniffing, and
some shocks to the earpiece.

220

Then, ∆ and L were computed by means of 1/3rd octave band calculations using
Eqs. (2) and (5), with fmin and fmax center frequencies of 200 and 1 250 Hz respectively

12

Figure 5: p-values resulting from Wilcoxon signed-rank tests comparing γ 2 (f ) in the presence and
absence of WIDs for speech, whistling and shocks to the earpiece. The results for coughing and throat
clearing are not shown as they were very similar to speech results.

(the corresponding upper cutoff frequency is 1 413 Hz). Fig. 7 is a scatterplot showing
the resulting ∆ values as a function of L, in the presence and absence of WID. For
every WID segment, the values of ∆ and L were averaged (a logarithmic average was
225

used for L) over small periods during which a particular WID occurred continuously
(e.g. for speech, ∆ and L were averaged over one phrase spoken by the subject). As
for non-WID segments, ∆ and L were averaged over periods of 5-10 seconds during
which the subjects remained completely quiet, aside from normal breathing. The in-ear
ambient noise level, referred to as IEANL, was calculated as the minimum overall SPL,
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in dBA, measured during this quiet period when the latter was split into time frames
of 0.3 seconds. For WIDs, only those exceeding the IEANL by at least 3 dB were
considered, since WIDs that do not significantly contribute to the SPL inside the ear
will probably not need to be detected.
Fig. 7 shows that even though the parameters fmin and fmax were optimized for
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speech detection, the selected values can also detect other types of WID. Fig. 7 was used
to define optimized values for the threshold parameters Lth (60 dB) and ∆th (0.75 dB).
The threshold value of 60 dB was chosen for Lth so that the four WIDs most likely to
13

Figure 6: Scatterplot showing on the vertical axis, the outer-ear ambient noise level and on the
horizontal axis, the contribution (in dBA) of the WIDs to the level measured by the OEM (Leq,OEM )
for each corresponding action. Microphonics, face scratching, swallowing, chewing or winking do not
seem to affect Leq,OEM for ambient SPLs as low as 50 dBA.

contribute to the OEM’s signal (speech, whistling, sniffing and shocks to the earpiece)
fall into the category of high-level WIDs (L > Lth ). Thus, the upper right corner of
240

Fig. 7 represents data with high-level WIDs (L* IEM,i (f ) should be estimated using
method 2b), and the upper left corner represents data with low-level WIDs (L* IEM,i (f )
should be estimated using method 1). All data in the lower part of Fig. 7 (below ∆th ) is
considered WID-free (L* IEM,i (f ) should be estimated using Eq. (3)). Fig. 7 also reveals
that below a certain ambient noise level (L < 50 dB), the subject’s physiological noises
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(breathing, heartbeat) contributed sufficiently to the in-ear SPLs to increase the value
of ∆, even when the subject was quiet.
∆T is the time frame duration at which the parameters of the proposed method
are measured and the time interval at which the main output, L* IEM,i (f ), is stored.
14

Figure 7: Scatterplot of ∆ as a function of L, in the presence and absence of WIDs (subject quiet
but breathing normally), showing how the activities recorded inside the ear are categorized using the
threshold parameters Lth and ∆th , represented respectively by the vertical and horizontal dashed lines.
∆th separates WID from non-WID activities, while Lth separates high-level from low-level WIDs.

Therefore, its ideal value obviously depends on the computational power of the wearable
250

system used for in-ear dosimetry. In modern telecommunication systems, Voice Activity
Detection (VAD) is used to relay the speech sections of an audio session and deactivate
processing during non-speech sections to avoid their unnecessary coding/transmission.
Typically, such systems use frames less than 25 ms long (Davis et al., 2006; Farsi
et al., 2009), which seems excessively short for dosimetry purposes. On the other hand,
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considering that over 80% of pauses (i.e. within-speaker gaps between words or phrases)
in spontaneous speech are between 200 and 1 000 ms (Campione and Véronis, 2002),
values of ∆T greater than 1 s should typically be avoided. In highly fluctuating noise
environments, smaller ∆T values will enhance the accuracy of the dosimetry system by

15

helping it to detect ambient noise level variations during speech pauses (see method 2b).
260

To reduce the computational time of this method, it is also possible to decrease the
number of frequency bands (N ). The authors found that the use of 1/3rd octave bands
(fmin = 200, fmax = 1 250, N = 9) lead to slightly better performances (see Table 3)
than with 1/12th octave calculations (fmin = 187, fmax = 1 414, N = 36). If the context
in which noise dosimetry occurs does not require higher spectrum resolutions, the

265

authors recommend using 1/3rd octave frequency bands and reducing ∆T .
Despite the use of optimized parameter values, the method described in Fig. 2 is
not without flaws. The authors noticed that although the values of ∆ were on average
higher than ∆th during WID emissions (as shown in Fig. 7), there could be short time
intervals (e.g. during uninterrupted speech) where WIDs were not detected as ∆ fell
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below the predefined threshold. Such false negative results may significantly affect
the Leq measured over longer periods of time as the value of Ltmp stored during the
corresponding time frames may be used to estimate L* IEM,i (f ) in further true positive
time frames (see Fig. 2). Hence, the false negative rate for WID detection should be as
small as possible, especially during speech activities as they represent the highest noise
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contributions (see Table 1). To lower the probability of false rejections, the authors tried
several approaches, including time frame overlapping or the use of hangover scheme.
The latter approach, which is based on the idea that speech occurrences are highly
correlated with time (Davis et al., 2006), appeared to work best. Using a time frame of
0.3 s, good results were obtained with the following hangover scheme: any time frame
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that precedes or follows a time frame for which the “∆i < ∆th ” condition is met should
be treated as if it satisfies the “∆i < ∆th ” condition itself (thus, method 2b should be
used for this particular time frame).
f min

f max

∆th

Lth

∆T

(Hz)

(Hz)

(dB)

(dB)

(s)

200

1 250

0.75

60

0.3

N

Hangover scheme

Treat any time frame that precedes or follows a time
9

frame for which the “∆i < ∆th ” condition is met
as if it satisfies the “∆i < ∆th ” condition itself.

Table 2: Optimized parameter values selected for the proposed method.
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The next section presents results and performance ratings obtained from laboratory
measurements. Table 2 summarizes the optimized values chosen for the parameters of
285

the proposed method, which will be used further on.

3. Results
Using the parameter values presented in the previous section, individual results
were computed using laboratory measurements and performance was verified based on
standard detection ratings. Supplementary tests were also conducted to assess whether
290

this method could be implemented with other types of HPDs that may be worn in the
workplace, such as earmuffs and dual hearing protection.
3.1. Individual results
7
∆ th
∆
WID detection trigger (boolean)

6

∆ (dB)
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0
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Time (sec)
Figure 8: Evolution of ∆ as a function of time on one subject (right ear). Subject was quiet
during the first 15 s, then pronounced 3 sentences (shouted, raised and low speech), which
were correctly identified as WIDs by the proposed method as shown by green curve. Ambient
SPL was 76 dBA and earplug provided an overall noise reduction of approximately 10 dB.

Because the room SPL was kept constant during the acquisition of every ear and
ambient noise level tested, one way to verify whether all WIDs were correctly detected
295

is to compute the in-ear equivalent sound pressure level (Leq,IEM ) over the entire
17

measurement period, while excluding WIDs using the suggested method. As an example
of the present detection principle, Fig. 8 shows the evolution of ∆ as a function of
time during speech activities of one subject. Since the subjects were to remain quiet
during the first 15-20 seconds of the experiment, the Leq,IEM without WIDs should be
300

close to the level measured during that initial period. Fig. 9 shows the results obtained
for a subject exposed to 90 dB ambient SPL. The Leq,IEM associated with the full
measurement period is presented with and without the wearer’s noise contributions.
Unsurprisingly, its value strongly depends on whether WIDs are excluded or not. To
illustrate the impact of WIDs on in-ear SPLs, Fig. 10 shows the Leq,IEM , with and
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without WIDs, obtained on all 14 subjects (28 ears) and ambient levels, and the
corresponding IEANLs. According to Fig. 10, the present method effectively excludes
WIDs, but seems less accurate at lower levels (IEANL < 40 dBA). In fact, the differences
at low ambient SPLs were, for the most part, caused by properties relating to the room.
In a reverberation chamber such as the one used for this study, the SPLs induced by
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high-level noises (such as speech) take longer to decrease due to reverberation. Since the
present method is not meant to exclude the reverberated part of WIDs, it seems normal
that the equivalent continuous SPLs measured without the contribution of WIDs are
slightly higher than the expected IEANL at lower levels. To better evaluate how well
each WID is detected by the present method and algorithms, a more detailed analysis
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was needed and performance indicators are given in the next section.
3.2. Performance assessment
The performance of the suggested method was assessed in the laboratory using
data collected on the 14 subjects. All 0.3-second time frames with WIDs provoking
a shift of at least 3 dB above the IEANL were tested with the proposed algorithms
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using the optimized parameter values shown in Table 2. Table 3 presents the true
positive detection rates (TPR: the percentage of time frames correctly labeled as WIDs)
obtained for each type of WIDs on all 14 subjects. Table 3 confirms the results shown in
Fig. 10, namely that whistling is less accurately detected than other WIDs. The authors
suspect that this is because whistling exits the wearer’s lips with minimal excitation of
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the skull. Thus, less noise is transmitted to the IEM through the wearer’s body than
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Figure 9: Evolution of in-ear and outer-ear SPLs as a function of time on one subject. While being
exposed to 90 dBA continuous white noise (free-field value), the subject performs the actions of Table 1
sequentially, with short pauses between. Graph shows in-ear SPLs without wearer’s contribution, as
estimated by the proposed method, and corresponding equivalent continuous SPLs (Leq,IEM ) with and
without wearer’s disturbances (respectively 81 and 72 dBA).

for other WIDs, which increases the coherence between the two microphones. The false
positive rate (FPR: the percentage of time frames incorrectly labeled as WIDs, when
the wearer was quiet and not contributing to the IEM’s signal) was 0%, confirming that
the parameter values were adapted for all the participants tested (to avoid the influence
330

of physiological noise on the results, the FPR was only measured for IEANLs higher
than 55 dBA). Finally, complementary tests were conducted, with the experimenter
speaking. They showed that the experimenter’s voice, as opposed to the wearer’s voice,
was never detected by the proposed algorithms, confirming that the suggested approach
is meant to detect noise events coming exclusively from the wearer.
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Because ∆ is essentially a measure of the level of similarity between the IEM and
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Figure 10: Equivalent continuous in-ear SPL over entire measurement period, with and without
contribution of WIDs. x-axis shows measured IEANLs. Measured levels excluding WIDs align well
with the actual IEANL, evidencing the method’s efficiency. The two “outliers” circled in black are due
to only partially detected whistling on one participant (left and right ears).

OEM signals, it is expected that better earplug attenuation should facilitate WID
detection, as it may produce a better seal and higher OE (although a deeper earplug
insertion may also reduce the OE (Berger and Kerivan, 1983)). For high-level WIDs,
higher earplug attenuation also reduces the amount of wearer-induced noise that reaches
340

the IEM via airborne conduction through the earplug. Since most TPRs presented in
Table 3 are at 100%, such rates can hardly be used to evaluate the effect of earplug
attenuation on the method. To do so, a custom confidence metric (∆conf ) is defined
here, and is expressed as follows:

∆conf = ∆RS − ∆Q ,

(8)

where ∆RS is the average ∆ measured (for a given participant at a given noise level)
345

during raised speech, and ∆Q is the average ∆ measured when the subject is quiet. The
value of ∆conf , expressed in dB, reflects the ease with which raised speech is detected
using the present method and algorithms. Here again, ∆conf was only computed for
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Total number of

Number of frames

True positive

Action
frames

detected

detection rate

Speech

2 179

2 173 (2 159 )

99.7% (99 .1 %)

Throat clearing

77

77

100%

Cough

117

117 (115 )

100% (98 .3 %)

Shock on earpiece

226

226

100%

Whistle

643

580 (522 )

90.2% (81 .2 %)

Chew

512

512

100%

Sniff

61

61

100%

Swallow

76

76

100%

Face scratch

302

302

100%

Microphonics

210

210

100%

Wink

58

58

100%

Table 3:

True positive detection rates (TPRs) for each type of WIDs tested with the proposed

approach and parameter values, based on data collected on 14 subjects wearing the ear apparatus
presented in Fig. 1. TPRs were computed for all frames resulting in a shift of at least 3 dB above the
IEANL. Numbers in parenthesis were obtained with 1/12th octave band (N =36) rather than 1/3rd
band calculations (if not shown, the two numbers were identical).

IEANLs higher than 55 dBA, to avoid the influence of physiological noise on the results.
Earplug attenuation was estimated as the overall noise reduction, in dB, provided by
350

the hearing protector (i.e. the overall level difference between the OEM and the IEM
when the participant is quiet and surrounded by noise). As expected, Fig. 11 shows that
∆conf increases as a function of earplug attenuation, which confirms that the present
method is somewhat more robust with a proper HPD fit. Nevertheless, the TPRs
presented in Table 3 demonstrate the method’s efficiency even with low attenuation
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due to poorly inserted earplugs.
3.3. Results with other types of HPDs
The present method applies to earplugs. Supplementary tests were performed to
assess whether the method could be adapted to other types of hearing protectors, such
as earmuffs or a combination of earplugs and earmuffs (commonly referred to as dual
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hearing protection). The results are presented in the two sections that follow.
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Figure 11: ∆conf measured for IEANLs higher than 55 dBA, as a function of earplug
attenuation. ∆conf increases with earplug attenuation, evidence of the enhanced robustness
of the proposed method with properly inserted earplugs.

3.3.1. Results with dual hearing protection
To test whether the present method could work for dual hearing protection, the
measurement protocol was repeated with 5 subjects wearing Peltor Optime 98 earmuffs
(3M Company, St Paul, MN) in addition to the earpiece used in this study. In this
365

configuration, the OEM did not measure the SPLs directly outside the HPD, as it was
covered by the earmuffs.
Fig. 12 shows the evolution of ∆ as a function of time for two subjects in conditions
of quiet and speech. For both participants, ∆ follows a similar trend as with single
earplugs, reaching its minimum value when the participant is quiet and increasing
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during vocalization. However, the minimum values of ∆ differ from those obtained
with single earplugs, and they also differ between the two subjects. Although the
physical mechanisms involved in dual hearing protection are rather complex and not
fully understood (Nélisse et al., 2017), the authors suspect that this minimum value
depends not only on the SPLs measured by the OEM, but also on the attenuation

375

provided by the earplug. Fig. 13 shows a third example in which a subject is exposed to
lower ambient SPLs. Here, speech has the effect of decreasing instead of increasing the
value of ∆. This is because for lower ambient SPLs, the wearer’s voice combined to the
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Figure 12: Evolution of ∆ as a function of time for two dual hearing protection wearers
exposed to ambient SPLs of 100 dBA (subject 1) and 85 dBA (subject 2). Dual protection
provided an overall noise reduction of approximately 35 dB. Red curve indicates when wearer
was effectively speaking (shouted, raised and low speech).

earmuffs’ OE contributes more to the OEM’s signal than does the surrounding ambient
noise. This also explains why in Fig. 12, the expected increase during vocalization is
380

less clear for subject 2 (85 dBA ambient SPL) than for subject 1 (100 dBA ambient
SPL).
Based on these results, it is assumed that the present method cannot be applied
directly in its original form to dual hearing protection, as the evolution of ∆ is not
consistent between wearers and wearing conditions (ambient SPL, earplug attenuation).
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Nevertheless, it should be noted that the results shown in Fig. 13 are rather unrealistic
in practice, as dual hearing protection is usually used for ambient SPLs higher than
100 dBA. At such levels, the method could perhaps be adapted to dual hearing protection
by including features accounting for potential differences in the minimum value of ∆
between wearers and wearing conditions. For instance, an adaptive filter could be used
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to optimize the parameters and account for such differences in real time.
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Figure 13: Evolution of ∆ as a function of time for an individual wearing dual hearing
protection and exposed to ambient SPLs of 75 dBA. Dual protection provided an overall
noise reduction of approximately 37 dB. Red curve shows when the wearer was effectively
speaking.

3.3.2. Results with single earmuffs
To assess whether the present method could be adapted to individuals wearing
earmuffs as sole HPD, a short analysis was performed using data collected in a previous
study (Nélisse et al., 2012). In this study, continuous field measurements were taken
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on workers wearing earmuffs, using the setup shown in Fig. 14. An internal (noted
“int” in the figure) microphone collects audio signals under the earmuff cups, while
an external (noted “ext” in the figure) microphone collects audio signals outside the
earmuffs. Considering the internal microphone to be the IEM described in the present
study, and the external microphone to be the OEM, the suggested method was applied
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to see whether speech activities could be detected on individuals surrounded by noise
in the workplace. Overall, the difference in ∆ between speech and non-speech activities
was insufficient to provide accurate speech detection using the present coherence-based
approach. First, the coherence achieved between the two signals when the wearer is
quiet and surrounded by noise seemed much lower than with earplugs, which may be
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due to a greater distance between the two microphones. Additionally, the drop in
coherence expected when the wearer speaks was less marked than with earplugs, as the
OE is usually less pronounced with earmuffs than with earplugs. Also, the fact that
the IEM was not placed directly inside the earcanal (see Fig. 14) has perhaps reduced
the contribution of speech to the signal xOEM (t). Fig. 15 shows the evolution of ∆ as a
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function of time during speech for a wearer of the apparatus described in Fig. 14. The
individual was wearing Peltor H7A earmuffs (3M Company, St Paul, MN).

4. Discussion
While the laboratory detection rates reported in Table 3 are certainly high, it
is worth reiterating that these only reflect the ability of the proposed approach to
415

detect wearer-induced disturbances, and do not necessarily reflect how well the quantity
L* IEM,i (f ) is estimated. Similarly, the results shown in Fig. 10 are promising, but
were obtained with constant ambient SPLs, while the noise levels in a real workplace

Figure 14: Schematic drawing from Nélisse et al. (2012). Probemicrophone measures sound pressure under the earmuffs (Pint ),
while second microphone measures sound pressure outside the
earmuffs (Pext ).
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Figure 15: Evolution of ∆ as a function of time for earmuff apparatus (Fig. 14). Wearer
was exposed to ambient SPLs of 80 to 95 dBA, and overall earmuff noise reduction was
approximately 27 dB. Red curve shows when the wearer was effectively speaking (raised
speech). Expected increase during speech is unclear, thus it is difficult to define a detection
threshold in this case.

may vary rapidly over time. Using the discussed optimized parameter values, ambient
SPL variations during high-level WIDs can only be detected if : i) L falls beyond its
420

threshold Lth , or ii) ∆ falls beyond its threshold ∆th during a period corresponding
to at least 0.9 seconds (3 time frames, due to the hangover scheme proposed here).
Hence, if the wearer speaks continuously (i.e. with all speech pauses lasting less than
0.9 seconds) for long periods of time, simultaneous changes in the ambient noise levels
will not be registered. While in most applications, this combination will probably not
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happen frequently enough to have a significant effect on the daily equivalent continuous
SPL (Leq,8h ), such imprecisions may be more problematic in the presence of excessive
impulse noise. Indeed, impact sounds occurring during speech (or other high-level WIDs)
would not be included in the noise exposure by the present method and parameter
values. Hence, complementary algorithms could be added to the present approach to
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detect impulse noise events and avoid underestimating the noise dose effectively received
by an individual. In such case, one should make sure that suitable microphones are
26

used (dynamic range, peak pressure), and that appropriate time-weighting and dose
calculation algorithms are added to the method to account for impulses (Kardous et al.,
2005).
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The proposed approach was tested, validated and its parameters optimized via
laboratory measurements performed on human test-subjects. While these parameters
demonstrated good performance in the present controlled setup (seated and static
participant, indoor environment, constant ambient SPL), further research is needed to
assess the method’s performance in real life environments. In particular, the influence of
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wearer’s movement should be examined, as it could present new WIDs (e.g. footsteps).
The influence of environmental factors, such as wind or bad weather conditions, should
also be studied.
The method presented in this paper aims at excluding noise originating from
the wearer from in-ear noise dosimetry measurements. Thanks to this approach,
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occupational hygienists or employers should be able not only to assess the actual
amount of noise a given individual is receiving from the workplace, but also to better
comprehend why some individuals exceed a given noise exposure limit. By comparing
noise exposure with and without the wearer’s contributions, there is no doubt that the
factors involved in the overexposure of a given individual will be more easily understood.
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However, it would be premature to purport that excluding WIDs provides the actual
noise dose received by an individual’s auditory system, as the effects of self-induced
noise on hearing health is still poorly understood and a matter of debate. Indeed,
despite the inhibition mechanisms that occur in response to self-induced vocalization,
chewing or swallowing (Borg and Counter, 1989; Mukerji et al., 2010), there is no
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evidence of similar mechanisms in reaction to the other types of noise examined in
this study (microphonics, whistling, sniffing, etc.). Besides, the present method can be
easily adapted to exclude only a fraction of WIDs. For instance, selecting Lth = 80 dB
and using Eq. (3) instead of Eq. (4) in method 1 would mainly exclude the loudest
WIDs (speech and shocks to the earpiece) from the noise dose. Finally, the present
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approach may, in the long run, help to establish more precise cause-effect relationships
between self-induced noise and the risks of hearing loss. A large collection of in-ear
noise data (with and without WIDs), combined with regular audiometric testing or
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other audiological assessment methods, could help hearing researchers and scientists to
better understand the impact of self-generated noise on the human auditory system.
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In comparison with typical VAD systems, this method offers clear benefits. Not
only can it be used to exclude the wearer’s voice, while keeping the voices of other
surrounding people included in the measured noise dose, but it can also detect many
other types of noise induced by the wearer (chewing, whistling, swallowing, etc.). If
used together with VAD algorithms, the proposed WID detection algorithms could also
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be used as part of an electronic communication earplug to reduce the transmission of
other people’s voice.
Finally, the present method and algorithms apply exclusively to earplugs equipped
with the dual-microphone system shown in Fig. 1. This earpiece can support various
types of eartips, and although the results presented in this paper were only obtained
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using double-flanged silicone tips, similar performances can be expected with different
models (foam, triple-flanged, etc.). Nonetheless, preliminary results obtained in the
laboratory suggest that the present method cannot be applied, in its original form, to
other types of HPDs. Further research is needed to exclude the disturbances induced
by individuals wearing earmuffs or dual hearing protection.
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5. Conclusions
This paper presents a low computational method for in-ear noise dosimetry under
an earplug, using a dual-microphone earpiece to offer the possibility of excluding the
noise disturbances produced by the wearer. Good performance results were obtained
from laboratory data collected on human test-subjects, regardless of the attenuation
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provided by the earplug. Such data also highlighted the influence that WIDs (speech in
particular) may have on in-ear noise dosimetry measurements. With earplugs being
one of the most widely used HPDs in the workplace, this approach provides a new way
of measuring personal noise exposure, while overcoming one of the main limitations
of current in-ear noise dosimeters. In the short-term, such a method should help
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to understand the factors involved in the overexposure of certain individuals in the
workplace. In the long term, there is hope that the data collected using the present
approach will also help to understand the effects of self-induced noise on the human
28

auditory system. Future research should focus on testing the proposed method and
parameters in real life environments, ideally in occupational settings, and adapting it
495

to other types of HPDs.
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Highlights :
 Noise levels in the occluded ear can be strongly influenced by self-induced
noise
 Self-induced noise can be detected and excluded using a dual-microphone
earpiece
 The proposed dual-microphone method is valid regardless of earplug
attenuation
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Abstract
While personal noise exposure assessments are necessary to prevent noise-induced
hearing loss in the workplace, standard personal noise dosimeters are limited when
measuring the noise exposure of individuals wearing hearing protection devices (HPD).
To overcome the difficulties in assessing the attenuation provided by HPDs, continuous
monitoring systems of an individual’s noise exposure under the HPD show promise.
However, these systems can be affected by the noise events induced by the wearer,
though research has shown that the risk of hearing loss inherent to self-generated
sounds (voice, swallowing, chewing) can be less than for external noise. This paper
presents a low computational method to perform in-ear noise dosimetry under an
earplug while excluding the noise contributions from the wearer. The method uses
a dual-microphone earpiece able to take measurements both under the earplug and
outside the ear. A comparison of the two microphones signals, through coherence
calculations, provides sufficient information as to whether the protected noise levels
originate mainly from the wearer or from external noise sources. Laboratory results
collected on human test-subjects suggest that the proposed method is not only valid
for a wide variety of self-generated sounds, it is efficient regardless of the amount of
attenuation provided by the earplug. Further work involves validating the approach
and parameters in occupational settings, and adapting this method to other types of
HPDs such as earmuffs or dual hearing protection.
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1. Introduction
Measuring workers’ noise exposures is one of the most important parts of a workplace
hearing conservation and noise control program as it helps identifying work locations
where important noise problems exist, employees who may be at risk, and the type of
5

noise control measures that should be implemented to reduce the risk of noise-induced
hearing loss (Berger, 2003). Personal noise exposure measurements aim to assess the
amount of noise exposure for a given person, usually a worker, to ensure it complies
with the exposure limits of a specific legislation. One way of monitoring the level
of exposure is a personal body-worn dosimeter, which provides the convenience of
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continuous monitoring at the location of the individual. Personal noise dosimeters
are particularly useful when individuals are required to move frequently during their
work shift or when the acoustic environment of the workplace is hardly predictable
(e.g. construction workers), since such variables can hardly be taken into account
with standard sound level meter measurements. Personal noise dosimeters are usually
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attached to the wearer’s shoulder to measure the noise levels close to the ears. Though
adequate, this location does not always counter the effect of microphone placement,
particularly for directional sound fields (Byrne and Reeves, 2008). Also, the measured
sound pressure levels (SPL) may not represent the ambient noise correctly if influenced
by the wearer’s voice (Ryherd et al., 2012; Borgh et al., 2008). And furthermore, the
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accuracy of personal noise dosimeters is compromised when hearing protection devices
(HPD) are worn. Indeed, the attenuation provided by the HPD, which should be
subtracted from the ambient noise levels, can show large variations and uncertainties.
Despite the progress achieved in the estimation of the field performance of HPDs, current
fit-testing methods are beset by major uncertainties such as measurement uncertainty,
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spectrum uncertainty and fit variability (Voix et al., 2019), and also fail to account for
HPD removal. Such uncertainties both in the ambient noise levels and in the HPD’s
effective attenuation make it difficult to accurately determine the actual noise exposure
received by a given worker wearing HPDs.
2

Systems that continuously monitor an individual’s noise exposure under the HPD
30

(Bessette and Michael, 2012; Theis et al., 2012; Mazur and Voix, 2013; Gallagher et al.,
2014) show promise to remedy these issues. By measuring personal noise exposure
directly inside one’s protected ears, these may finally provide a clear answer to the
pressing question“Is this worker properly protected against noise?” But to do so, the
influence of self-induced sounds on in-ear noise dosimeter measurements needs to be
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considered, since the SPLs measured below HPDs may be significantly affected by
noises emitted by the wearer. This is particularly true when earplugs are worn, as the
so-called occlusion effect (OE) is known to amplify most sounds originating from the
wearer, especially at low frequencies (Berger and Kerivan, 1983). Such sounds, which
will be further referred to as wearer-induced disturbances (WIDs), may result from
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shouting, speaking, singing, coughing or sneezing, but softer sounds associated with
chewing, walking, scratching, sniffing, or swallowing may also need some attention in
low ambient noise environments. Indeed, research has previously shown that the risk of
hearing loss inherent to self-generated noise can be less than that of external noise due
to inhibition mechanisms occurring both in the middle ear (Borg and Counter, 1989;
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Mukerji et al., 2010) and at the neuronal level (Creutzfeldt et al., 1989). Moreover, the
OE tends to amplify nonphysiological noise emanating from the interaction between
the measuring instrument and the wearer, such as rustling and thumping noises (often
referred to as microphonics) one hears when tapping the earpiece’s cord or when the
cord brushes against something. Thus, it is of clear interest to measure the average
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noise exposure excluding the noise coming from the individual (especially when earplugs
are worn), although currently available in-ear noise dosimeters do not feature this as
an option. This paper presents a low computational method to perform in-ear noise
dosimetry under an earplug while excluding WIDs. The method (École de Technologie
Supérieure, 2018) is described in Sec. 2.1, followed by Sec. 2.2 presenting how the
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parameter values were optimized through measurements on human test-subjects. The
results are presented in Sec. 3, and discussed in Sec. 4.

3

2. Method
2.1. Description
The proposed methodology uses a dual-microphone earpiece, illustrated in Fig. 1.
60

An in-ear microphone (IEM) connected to a probe tube measures the sound pressure
under the earplug, while an outer-ear microphone (OEM) measures the sound pressure
outside the ear. Although the earpiece can support various types of eartips, the results
presented in this paper were obtained using double-flanged silicone eartips, chosen due
to easier insertion properties. A method is proposed to detect and exclude WIDs for
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dosimetry purposes. The method is based on the following principle: when the sound
pressure level measured inside the ear is due to surrounding external noise, a strong
correlation exists between the two microphone signals as sound simply travels from the
OEM to IEM through the earplug. When the IEM’s signal is perturbed by WIDs, such
as speech, this correlation drops within the frequency range of the disturbance signal.

Figure 1: Three-dimensional model of the dual-microphone earpiece used as part of the
proposed method.
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A classical tool to measure the correlation between two signals at specific frequencies
is the coherence function γ 2 (Randall, 1987). It is defined as:

γ 2 (f ) =

|SOI (f )|2
,
SOO (f ) SII (f )
4

(1)

where SOO (f ) is the autospectrum of the time signal xOEM (t) measured by the OEM,
SII (f ) is the autospectrum of the time signal xIEM (t) measured by the IEM, and SOI (f )
is the cross spectrum between the two signals xOEM (t) and xIEM (t). Coherence γ 2 (f )
75

measures the degree of linear relationship between the two signals at any given frequency
or band center frequency, on a scale from 0 (xOEM (t) and xIEM (t) are uncorrelated) to
1 (xOEM (t) and xIEM (t) are fully correlated).
For a given time frame i, it is possible to calculate the coherence function at specific
frequencies and to average it across the desired frequency range. The indicator ∆ is
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defined here and expressed as follows:
P

fp =fmax
fp =fmin

∆i = −10 log10 

γi2 (fp )

N


,

(2)

where fmin and fmax are the lowest and highest bands of the desired frequency range
to be determined, and N is the number of frequency bands within this range. ∆i , a
positive number expressed in dB, approaches 0 when the two microphone signals are
highly coherent between fmin and fmax , over time frame i. The values of fmin and fmax
85

should be representative of the disturbing signals to be detected (e.g., speech). The
authors insist that Eqs. (1) and (2) be implemented as fractional band calculations,
since it was found that computing ∆ from narrow band values decreased performance
as it gave too much weight to higher frequencies.
∆ should be computed for every time frame of duration ∆T (e.g., at every 0.5 s),
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and compared to a threshold value ∆th above which it is assumed a substantial part of
the signal measured by the IEM consists of noise contributions from the wearer. When
∆i < ∆th , the impact of WIDs on the sound pressure received by the IEM is negligible,
which implies that:

L* IEM,i (f ) ≈ LIEM,i (f ),

(3)

where LIEM,i (f ) is the SPL measured inside the occluded ear during time frame i,
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and L* IEM,i (f ) is the SPL that would be measured in the absence of WIDs.
When ∆i > ∆th , L* IEM,i (f ) can be estimated using two different methods:
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1. L* IEM,i (f ) computed assuming earplug attenuation remains constant during
WIDs:

L* IEM,i (f ) ≈ LOEM,i (f ) − NRtmp ,

(4)

where LOEM,i (f ) is the SPL measured by the OEM during time frame i. NRtmp is
100

the estimated noise reduction (SPL difference between OEM and IEM) measured
when the “∆i < ∆th ” condition was last met, i.e. the last time no WIDs were
detected. This approach is particularly adapted for WIDs that increase the SPL
inside the ear but barely make any difference to the sound pressure measured
outside the ear by the OEM. This method is more adapted to low to medium noise
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environments as such WIDs, hereafter referred to as “low-level WIDs”, typically
hardly contribute to the IEM’s signal in high noise environments.
2a. L* IEM,i (f ) approximated assuming ambient noise levels remain constant during
WIDs:

L* IEM,i (f ) ≈ Ltmp ,

(5)

where Ltmp is the SPL measured by the IEM when the “∆i < ∆th ” condition was
110

last met, i.e. the last time no WIDs were detected. This approach is particularly
suited for WIDs that significantly affect the levels measured by the OEM. Such
WIDs, hereafter referred to as “high-level WIDs”, include all vocal WIDs (speech,
cough, throat clearing, etc.) and other WIDs to be defined. This method is
not adapted to low noise environments in which the wearer’s physiological noise
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(breathing, heartbeats, etc.) contribute continuously to the sound pressure inside
the earcanal, hence making it difficult to meet the “∆i < ∆th ” criterion even for
short periods of time.
2b. L* IEM,i (f ) can be approximated as being the same as when the “∆i < ∆th ”
condition was last met, or when L* IEM,i (f ) was last estimated using Eq. (4)
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because the ∆th value was exceeded due to low-level WIDs. This method is simply
a variation of method 2a when the latter is used together with method 1.

6

Ideally, these two methods should be used together as each is adapted to a specific
type of WIDs, which implies that a strategy should be found to distinguish low-level
WIDs from high-level WIDs. The most obvious characteristic to help to differentiate
125

between the two is the in-ear SPLs generated by the corresponding signals. Indeed,
high-level WIDs such as speech are likely to generate higher in-ear SPLs than low-level
(and non-vocal) WIDs. Hence, a simple way to distinguish high-level WIDs from
low-level WIDs is to consider a threshold level Lth below which no high-level WIDs can
theoretically occur. The in-ear SPL in the frequency range of interest is defined as:

Li = 10 log10 



fp =fmax

X

10

LIEM,i (fp )
10

,

(6)

fp =fmin
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To be consistent with Eq. (2), the in-ear SPLs and threshold value Lth are compared
within the same frequency range used to calculate ∆ (fmin < f < fmax ). Whenever
Li > Lth , any detected WID is considered as “high-level” (i.e. having a significant impact
on LOEM,i (f )), which implies that method 2b should be used rather than method 1.
Finally, method 2b requires a prior knowledge of Ltmp and NRtmp , which implies
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that the “∆i < ∆th ” criterion should be met beforehand. When WIDs are detected
(∆i > ∆th ) and the variables Ltmp and NRtmp are not yet initialized, L* IEM,i (f ) can
be estimated using the following expression:

L* IEM,i (f ) ≈ LIEM,i (f ) + 10 log10 (γi2 (f )),

(7)

where the quantity −10 log10 (γi2 (f )) represents the estimated noise contribution, in
dB, from the portion of the signal that is uncorrelated with xOEM (t) (Randall, 1987).
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This equation was found to provide good estimates of L* IEM,i (f ), but is less accurate
than method 2b.
The suggested overall methodology is summarized in Fig. 2 and was optimized and
validated in laboratory tests involving human subjects. The next subsection shows how
these measurements were used to optimize the values of the method’s parameters: fmin ,
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fmax , ∆th , Lth , and ∆T .

7

i=1 i=2 i=3

....

i=n

Compute

xOEM(t)

γi2(f)
Δi
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IEM
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NRtmp(f) = LOEM,i(f)
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....

L*IEM,i(f) ≈ LIEM,i(f)
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Li < Lth
?
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L*IEM,i(f) ≈ LOEM,i(f)
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L*IEM,i(f) ≈ Ltmp(f)

Figure 2: Flowchart of the proposed method, with signals segmented into n time frames of duration
∆T . The frames are processed chronologically from left (i=1) to right (i=n). Ltmp(f ) and NRtmp(f )
are temporary variables to be used for further time frames.

2.2. Parameter optimization on human test-subjects
With the earpiece shown in Fig. 1, tests were conducted to optimize the proposed
method’s parameters. To simulate a worst-case test scenario, a 212 m3 reverberation
room (Eckel, Morrisburg, ON, Canada) was used: in highly reflective spaces, the
150

wearer’s voice contribution on the OEM is maximized, making it, in principle, more
difficult for speech to be detected using Eq. (2). Additionally, the diffuse field created
by the room’s reverberation should reduce the linear relationship between the two
microphones exposed to a dominant surrounding noise, hence increasing the value of ∆
in the absence of WIDs.

8
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Fourteen subjects (10 male and 4 female, age range 20-50) participated in the study,
for which the experimental protocol was approved by ÉTS’s internal review board.
Although no hearing tests were needed for these types of objective measurements,
otoscopic screenings were performed to ensure no ear abnormalities. The number of
subjects involved was mainly motivated by the will of testing a wide range of earplug
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attenuation values (see Sec. 3.2) and human voices (see Sec. 2.2).

Figure 3: Left: Subject speaking while seated in the reverberation room, as part of the experimental
procedure. Subject is wearing the earpiece shown in Fig. 1 and pronounces phrases written on the
sheet in front of him. White noise is played simultaneously on the four loudspeakers. Right: picture
showing the earpiece as worn in the participant’s ear.

The earpieces were calibrated prior to each test. The acoustical effect of the probe
tubes was assessed by measuring the microphone responses with and without the tubes
under an identical sound field. This effect was numerically removed in all measurements.
The subjects remained seated during the entire experiment, as shown in Fig. 3,
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and wore the earpiece in both ears. After being quiet for the first 15-20 seconds, the
subjects were asked to perform a series of actions while being exposed to continuous
white noise played on four speakers (one in each corner of the room). Each subject was
9

asked to perform the task twice: first in a low to medium noise level (constant room
SPL between 50 and 75 dBA, measured with a reference free-field microphone in the
170

room), and then in a medium to high noise level (constant room SPL between 75 and
100 dBA) to cover a wide range of exposure levels in the occluded ear. This gave a
total of 56 measurements (14 subjects, 2 levels and 2 ears per subject) for analysis.
The disturbing signals to be analyzed, which are described in Table 1, were meant to
represent most of the gestures encountered in everyday life that are likely to contribute
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to the SPLs measured inside the occluded ear. The sentences to be pronounced were the
same for all subjects, and were spoken in French. As a primary analysis, the disturbing
actions were sorted in Table 1 according to their noise impact on the occluded earcanal.
The estimated in-ear SPLs associated with each of the disturbances are displayed in the
third column. These were estimated by measuring the equivalent continuous in-ear SPL
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(Leq,IEM ), in dBA, of each disturbance signal, and computing the arithmetic average of
all Leq,IEM collected in each group. As expected, vocal events are those associated with
the highest noise contribution (> 80 dBA). The authors found that shouting could
result in SPLs as high as 105 dBA under the earplug. Hence, in-ear noise dosimetry
performed in the occluded ear may significantly overestimate the noise dose received
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from external noise sources by individuals who tend to speak a lot during their work
activities. For example, someone exposed to an average 75 dBA under the earplug
(excluding WIDs) while speaking 10% of a typical 8-hour work shift may result in a
daily equivalent continuous SPL (Leq,8h ) of 81 dBA with in-ear dosimetry if WIDs are
included (considering the speech-induced in-ear SPL to be 90 dBA). Thus, the proposed
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method shall focus mainly on detecting vocal WIDs.
To optimize the discrimination of the vocal events, the values of the various detection
parameters should be chosen carefully. A general inspection of the collected in-ear
signals showed that although male voices had more energy at low frequencies than
female voices, both male and female voices contributed mostly to frequencies between
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200 and 1 500 Hz during speech activities, as shown in Fig. 4. Therefore, it would make
sense to choose 200 and 1 500 Hz as the respective values for fmin and fmax . To confirm
these values, the collected data were first split into separate groups, each corresponding
to an action in Table 1. For each group, the coherence between xIEM (t) and xOEM (t)

10

Estimated in-ear
Description

Action

SPL (dBA)

Subjects pronounce a phrase as if they were
Shouted speech

93.6 (± 3.3)
addressing someone 30 meters away
Subjects pronounce a phrase as if they were

Raised speech
Throat clearing

89.6 (± 3.5)
addressing someone 10 meters away
Subjects emit noise as if they were clearing their

85.7 (± 7.7)

throat
Shock on earpiece
Whistle
Cough
Low speech

Experimenter taps earpiece with fingertips

85.0 (± 2.9)

Subjects whistle a random melody

82.7 (± 3.9)

Subjects cough

81.3 (± 5.4)

Subjects pronounce a phrase as if they were speaking

81.4 (± 5.4)

to themselves
Subjects rub their upper and lower teeth together as
Chew
Sniff
Swallow
Face scratch
Microphonics

73.5 (± 6.8)
if they were chewing food
Subjects sniff

< 70

Subjects swallow with emphasis

< 65

Subjects scratch their chin

< 65

Experimenter rubs/moves the cord that connects the
earpieces to the signal conditioning box

Wink

Subjects wink with emphasis

< 65
< 55

Table 1: List of actions and their associated mean in-ear SPLs in dBA. The numbers in parenthesis
indicate the standard deviation.

was calculated using Eq. (1). Then, Wilcoxon signed-rank tests were run to compare
200

the coherence γ 2 (f ) of each group with a reference group that contains only periods
of 5-10 seconds with no apparent WID. Fig. 5 shows the probability values (denoted
“p-value”) obtained when the comparison is done at each 1/12th octave center frequency
and for each of the “noisiest” actions of Table 1. Fig. 5 demonstrates clear differences
in the coherence between xIEM (t) and xOEM (t) depending on whether the subjects were
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speaking or not, especially from 200 to 3 000 Hz (p < 10−9 ). The effect above 1 500 Hz
is, however, believed to be a consequence of the earplug’s good attenuation at mid
frequencies and the use of white noise as external stimulation, and is not necessarily
representative of the human voice spectrum. To maximize the detection of vocal noise
events under all types of acoustic environments, the authors then recommend a range of
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200 to 1 500 Hz since most of the sound energy directed towards the occluded earcanal

11

Figure 4: In-ear average sound spectrums (N = 14) measured in 1/12th octave band
frequencies for low, raised and shouted speech. The top plot indicates the standard deviation
(STD).

during speech activities are within this range, as shown in Fig. 4.
To determine the effect of the various WIDs on the OEM, the equivalent outer-ear
SPL (Leq,OEM ) was computed in dBA for each WID and compared to the outer-ear
ambient noise level (OEANL). The OEANL corresponds to the Leq,OEM , in dBA,
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measured when the participant was quiet. Fig. 6 shows the contribution in dB of each
WID to the OEM (i.e., the difference Leq,OEM − OEANL). Unsurprisingly, speech WID
has the greatest effect on the OEM. When the ambient SPL was as low as 50 dBA, only
four WIDs contributed more than 3 dB to the OEM: speech, whistling, sniffing, and
some shocks to the earpiece.
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Then, ∆ and L were computed by means of 1/3rd octave band calculations using
Eqs. (2) and (5), with fmin and fmax center frequencies of 200 and 1 250 Hz respectively

12

Figure 5: p-values resulting from Wilcoxon signed-rank tests comparing γ 2 (f ) in the presence and
absence of WIDs for speech, whistling and shocks to the earpiece. The results for coughing and throat
clearing are not shown as they were very similar to speech results.

(the corresponding upper cutoff frequency is 1 413 Hz). Fig. 7 is a scatterplot showing
the resulting ∆ values as a function of L, in the presence and absence of WID. For
every WID segment, the values of ∆ and L were averaged (a logarithmic average was
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used for L) over small periods during which a particular WID occurred continuously
(e.g. for speech, ∆ and L were averaged over one phrase spoken by the subject). As
for non-WID segments, ∆ and L were averaged over periods of 5-10 seconds during
which the subjects remained completely quiet, aside from normal breathing. The in-ear
ambient noise level, referred to as IEANL, was calculated as the minimum overall SPL,
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in dBA, measured during this quiet period when the latter was split into time frames
of 0.3 seconds. For WIDs, only those exceeding the IEANL by at least 3 dB were
considered, since WIDs that do not significantly contribute to the SPL inside the ear
will probably not need to be detected.
Fig. 7 shows that even though the parameters fmin and fmax were optimized for
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speech detection, the selected values can also detect other types of WID. Fig. 7 was used
to define optimized values for the threshold parameters Lth (60 dB) and ∆th (0.75 dB).
The threshold value of 60 dB was chosen for Lth so that the four WIDs most likely to
13

Figure 6: Scatterplot showing on the vertical axis, the outer-ear ambient noise level and on the
horizontal axis, the contribution (in dBA) of the WIDs to the level measured by the OEM (Leq,OEM )
for each corresponding action. Microphonics, face scratching, swallowing, chewing or winking do not
seem to affect Leq,OEM for ambient SPLs as low as 50 dBA.

contribute to the OEM’s signal (speech, whistling, sniffing and shocks to the earpiece)
fall into the category of high-level WIDs (L > Lth ). Thus, the upper right corner of
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Fig. 7 represents data with high-level WIDs (L* IEM,i (f ) should be estimated using
method 2b), and the upper left corner represents data with low-level WIDs (L* IEM,i (f )
should be estimated using method 1). All data in the lower part of Fig. 7 (below ∆th ) is
considered WID-free (L* IEM,i (f ) should be estimated using Eq. (3)). Fig. 7 also reveals
that below a certain ambient noise level (L < 50 dB), the subject’s physiological noises
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(breathing, heartbeat) contributed sufficiently to the in-ear SPLs to increase the value
of ∆, even when the subject was quiet.
∆T is the time frame duration at which the parameters of the proposed method
are measured and the time interval at which the main output, L* IEM,i (f ), is stored.
14

Figure 7: Scatterplot of ∆ as a function of L, in the presence and absence of WIDs (subject quiet
but breathing normally), showing how the activities recorded inside the ear are categorized using the
threshold parameters Lth and ∆th , represented respectively by the vertical and horizontal dashed lines.
∆th separates WID from non-WID activities, while Lth separates high-level from low-level WIDs.

Therefore, its ideal value obviously depends on the computational power of the wearable
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system used for in-ear dosimetry. In modern telecommunication systems, Voice Activity
Detection (VAD) is used to relay the speech sections of an audio session and deactivate
processing during non-speech sections to avoid their unnecessary coding/transmission.
Typically, such systems use frames less than 25 ms long (Davis et al., 2006; Farsi
et al., 2009), which seems excessively short for dosimetry purposes. On the other hand,
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considering that over 80% of pauses (i.e. within-speaker gaps between words or phrases)
in spontaneous speech are between 200 and 1 000 ms (Campione and Véronis, 2002),
values of ∆T greater than 1 s should typically be avoided. In highly fluctuating noise
environments, smaller ∆T values will enhance the accuracy of the dosimetry system by
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helping it to detect ambient noise level variations during speech pauses (see method 2b).
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To reduce the computational time of this method, it is also possible to decrease the
number of frequency bands (N ). The authors found that the use of 1/3rd octave bands
(fmin = 200, fmax = 1 250, N = 9) lead to slightly better performances (see Table 3)
than with 1/12th octave calculations (fmin = 187, fmax = 1 414, N = 36). If the context
in which noise dosimetry occurs does not require higher spectrum resolutions, the
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authors recommend using 1/3rd octave frequency bands and reducing ∆T .
Despite the use of optimized parameter values, the method described in Fig. 2 is
not without flaws. The authors noticed that although the values of ∆ were on average
higher than ∆th during WID emissions (as shown in Fig. 7), there could be short time
intervals (e.g. during uninterrupted speech) where WIDs were not detected as ∆ fell
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below the predefined threshold. Such false negative results may significantly affect
the Leq measured over longer periods of time as the value of Ltmp stored during the
corresponding time frames may be used to estimate L* IEM,i (f ) in further true positive
time frames (see Fig. 2). Hence, the false negative rate for WID detection should be as
small as possible, especially during speech activities as they represent the highest noise
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contributions (see Table 1). To lower the probability of false rejections, the authors tried
several approaches, including time frame overlapping or the use of hangover scheme.
The latter approach, which is based on the idea that speech occurrences are highly
correlated with time (Davis et al., 2006), appeared to work best. Using a time frame of
0.3 s, good results were obtained with the following hangover scheme: any time frame
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that precedes or follows a time frame for which the “∆i < ∆th ” condition is met should
be treated as if it satisfies the “∆i < ∆th ” condition itself (thus, method 2b should be
used for this particular time frame).
f min

f max

∆th

Lth

∆T

(Hz)

(Hz)

(dB)

(dB)

(s)

200

1 250

0.75

60

0.3

N

Hangover scheme

Treat any time frame that precedes or follows a time
9

frame for which the “∆i < ∆th ” condition is met
as if it satisfies the “∆i < ∆th ” condition itself.

Table 2: Optimized parameter values selected for the proposed method.
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The next section presents results and performance ratings obtained from laboratory
measurements. Table 2 summarizes the optimized values chosen for the parameters of
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the proposed method, which will be used further on.

3. Results
Using the parameter values presented in the previous section, individual results
were computed using laboratory measurements and performance was verified based on
standard detection ratings. Supplementary tests were also conducted to assess whether
290

this method could be implemented with other types of HPDs that may be worn in the
workplace, such as earmuffs and dual hearing protection.
3.1. Individual results
7
∆ th
∆
WID detection trigger (boolean)

6

∆ (dB)

5
4
3
2
1
0

0

5

10

15

20

25

30

Time (sec)
Figure 8: Evolution of ∆ as a function of time on one subject (right ear). Subject was quiet
during the first 15 s, then pronounced 3 sentences (shouted, raised and low speech), which
were correctly identified as WIDs by the proposed method as shown by green curve. Ambient
SPL was 76 dBA and earplug provided an overall noise reduction of approximately 10 dB.

Because the room SPL was kept constant during the acquisition of every ear and
ambient noise level tested, one way to verify whether all WIDs were correctly detected
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is to compute the in-ear equivalent sound pressure level (Leq,IEM ) over the entire
17

measurement period, while excluding WIDs using the suggested method. As an example
of the present detection principle, Fig. 8 shows the evolution of ∆ as a function of
time during speech activities of one subject. Since the subjects were to remain quiet
during the first 15-20 seconds of the experiment, the Leq,IEM without WIDs should be
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close to the level measured during that initial period. Fig. 9 shows the results obtained
for a subject exposed to 90 dB ambient SPL. The Leq,IEM associated with the full
measurement period is presented with and without the wearer’s noise contributions.
Unsurprisingly, its value strongly depends on whether WIDs are excluded or not. To
illustrate the impact of WIDs on in-ear SPLs, Fig. 10 shows the Leq,IEM , with and
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without WIDs, obtained on all 14 subjects (28 ears) and ambient levels, and the
corresponding IEANLs. According to Fig. 10, the present method effectively excludes
WIDs, but seems less accurate at lower levels (IEANL < 40 dBA). In fact, the differences
at low ambient SPLs were, for the most part, caused by properties relating to the room.
In a reverberation chamber such as the one used for this study, the SPLs induced by
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high-level noises (such as speech) take longer to decrease due to reverberation. Since the
present method is not meant to exclude the reverberated part of WIDs, it seems normal
that the equivalent continuous SPLs measured without the contribution of WIDs are
slightly higher than the expected IEANL at lower levels. To better evaluate how well
each WID is detected by the present method and algorithms, a more detailed analysis
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was needed and performance indicators are given in the next section.
3.2. Performance assessment
The performance of the suggested method was assessed in the laboratory using
data collected on the 14 subjects. All 0.3-second time frames with WIDs provoking
a shift of at least 3 dB above the IEANL were tested with the proposed algorithms
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using the optimized parameter values shown in Table 2. Table 3 presents the true
positive detection rates (TPR: the percentage of time frames correctly labeled as WIDs)
obtained for each type of WIDs on all 14 subjects. Table 3 confirms the results shown in
Fig. 10, namely that whistling is less accurately detected than other WIDs. The authors
suspect that this is because whistling exits the wearer’s lips with minimal excitation of
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the skull. Thus, less noise is transmitted to the IEM through the wearer’s body than
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Figure 9: Evolution of in-ear and outer-ear SPLs as a function of time on one subject. While being
exposed to 90 dBA continuous white noise (free-field value), the subject performs the actions of Table 1
sequentially, with short pauses between. Graph shows in-ear SPLs without wearer’s contribution, as
estimated by the proposed method, and corresponding equivalent continuous SPLs (Leq,IEM ) with and
without wearer’s disturbances (respectively 81 and 72 dBA).

for other WIDs, which increases the coherence between the two microphones. The false
positive rate (FPR: the percentage of time frames incorrectly labeled as WIDs, when
the wearer was quiet and not contributing to the IEM’s signal) was 0%, confirming that
the parameter values were adapted for all the participants tested (to avoid the influence
330

of physiological noise on the results, the FPR was only measured for IEANLs higher
than 55 dBA). Finally, complementary tests were conducted, with the experimenter
speaking. They showed that the experimenter’s voice, as opposed to the wearer’s voice,
was never detected by the proposed algorithms, confirming that the suggested approach
is meant to detect noise events coming exclusively from the wearer.
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Because ∆ is essentially a measure of the level of similarity between the IEM and

19

Figure 10: Equivalent continuous in-ear SPL over entire measurement period, with and without
contribution of WIDs. x-axis shows measured IEANLs. Measured levels excluding WIDs align well
with the actual IEANL, evidencing the method’s efficiency. The two “outliers” circled in black are due
to only partially detected whistling on one participant (left and right ears).

OEM signals, it is expected that better earplug attenuation should facilitate WID
detection, as it may produce a better seal and higher OE (although a deeper earplug
insertion may also reduce the OE (Berger and Kerivan, 1983)). For high-level WIDs,
higher earplug attenuation also reduces the amount of wearer-induced noise that reaches
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the IEM via airborne conduction through the earplug. Since most TPRs presented in
Table 3 are at 100%, such rates can hardly be used to evaluate the effect of earplug
attenuation on the method. To do so, a custom confidence metric (∆conf ) is defined
here, and is expressed as follows:

∆conf = ∆RS − ∆Q ,

(8)

where ∆RS is the average ∆ measured (for a given participant at a given noise level)
345

during raised speech, and ∆Q is the average ∆ measured when the subject is quiet. The
value of ∆conf , expressed in dB, reflects the ease with which raised speech is detected
using the present method and algorithms. Here again, ∆conf was only computed for
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Total number of

Number of frames

True positive

Action
frames

detected

detection rate

Speech

2 179

2 173 (2 159 )

99.7% (99 .1 %)

Throat clearing

77

77

100%

Cough

117

117 (115 )

100% (98 .3 %)

Shock on earpiece

226

226

100%

Whistle

643

580 (522 )

90.2% (81 .2 %)

Chew

512

512

100%

Sniff

61

61

100%

Swallow

76

76

100%

Face scratch

302

302

100%

Microphonics

210

210

100%

Wink

58

58

100%

Table 3:

True positive detection rates (TPRs) for each type of WIDs tested with the proposed

approach and parameter values, based on data collected on 14 subjects wearing the ear apparatus
presented in Fig. 1. TPRs were computed for all frames resulting in a shift of at least 3 dB above the
IEANL. Numbers in parenthesis were obtained with 1/12th octave band (N =36) rather than 1/3rd
band calculations (if not shown, the two numbers were identical).

IEANLs higher than 55 dBA, to avoid the influence of physiological noise on the results.
Earplug attenuation was estimated as the overall noise reduction, in dB, provided by
350

the hearing protector (i.e. the overall level difference between the OEM and the IEM
when the participant is quiet and surrounded by noise). As expected, Fig. 11 shows that
∆conf increases as a function of earplug attenuation, which confirms that the present
method is somewhat more robust with a proper HPD fit. Nevertheless, the TPRs
presented in Table 3 demonstrate the method’s efficiency even with low attenuation
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due to poorly inserted earplugs.
3.3. Results with other types of HPDs
The present method applies to earplugs. Supplementary tests were performed to
assess whether the method could be adapted to other types of hearing protectors, such
as earmuffs or a combination of earplugs and earmuffs (commonly referred to as dual
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hearing protection). The results are presented in the two sections that follow.
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Figure 11: ∆conf measured for IEANLs higher than 55 dBA, as a function of earplug
attenuation. ∆conf increases with earplug attenuation, evidence of the enhanced robustness
of the proposed method with properly inserted earplugs.

3.3.1. Results with dual hearing protection
To test whether the present method could work for dual hearing protection, the
measurement protocol was repeated with 5 subjects wearing Peltor Optime 98 earmuffs
(3M Company, St Paul, MN) in addition to the earpiece used in this study. In this
365

configuration, the OEM did not measure the SPLs directly outside the HPD, as it was
covered by the earmuffs.
Fig. 12 shows the evolution of ∆ as a function of time for two subjects in conditions
of quiet and speech. For both participants, ∆ follows a similar trend as with single
earplugs, reaching its minimum value when the participant is quiet and increasing
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during vocalization. However, the minimum values of ∆ differ from those obtained
with single earplugs, and they also differ between the two subjects. Although the
physical mechanisms involved in dual hearing protection are rather complex and not
fully understood (Nélisse et al., 2017), the authors suspect that this minimum value
depends not only on the SPLs measured by the OEM, but also on the attenuation
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provided by the earplug. Fig. 13 shows a third example in which a subject is exposed to
lower ambient SPLs. Here, speech has the effect of decreasing instead of increasing the
value of ∆. This is because for lower ambient SPLs, the wearer’s voice combined to the
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Figure 12: Evolution of ∆ as a function of time for two dual hearing protection wearers
exposed to ambient SPLs of 100 dBA (subject 1) and 85 dBA (subject 2). Dual protection
provided an overall noise reduction of approximately 35 dB. Red curve indicates when wearer
was effectively speaking (shouted, raised and low speech).

earmuffs’ OE contributes more to the OEM’s signal than does the surrounding ambient
noise. This also explains why in Fig. 12, the expected increase during vocalization is
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less clear for subject 2 (85 dBA ambient SPL) than for subject 1 (100 dBA ambient
SPL).
Based on these results, it is assumed that the present method cannot be applied
directly in its original form to dual hearing protection, as the evolution of ∆ is not
consistent between wearers and wearing conditions (ambient SPL, earplug attenuation).
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Nevertheless, it should be noted that the results shown in Fig. 13 are rather unrealistic
in practice, as dual hearing protection is usually used for ambient SPLs higher than
100 dBA. At such levels, the method could perhaps be adapted to dual hearing protection
by including features accounting for potential differences in the minimum value of ∆
between wearers and wearing conditions. For instance, an adaptive filter could be used
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to optimize the parameters and account for such differences in real time.
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Figure 13: Evolution of ∆ as a function of time for an individual wearing dual hearing
protection and exposed to ambient SPLs of 75 dBA. Dual protection provided an overall
noise reduction of approximately 37 dB. Red curve shows when the wearer was effectively
speaking.

3.3.2. Results with single earmuffs
To assess whether the present method could be adapted to individuals wearing
earmuffs as sole HPD, a short analysis was performed using data collected in a previous
study (Nélisse et al., 2012). In this study, continuous field measurements were taken
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on workers wearing earmuffs, using the setup shown in Fig. 14. An internal (noted
“int” in the figure) microphone collects audio signals under the earmuff cups, while
an external (noted “ext” in the figure) microphone collects audio signals outside the
earmuffs. Considering the internal microphone to be the IEM described in the present
study, and the external microphone to be the OEM, the suggested method was applied
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to see whether speech activities could be detected on individuals surrounded by noise
in the workplace. Overall, the difference in ∆ between speech and non-speech activities
was insufficient to provide accurate speech detection using the present coherence-based
approach. First, the coherence achieved between the two signals when the wearer is
quiet and surrounded by noise seemed much lower than with earplugs, which may be
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due to a greater distance between the two microphones. Additionally, the drop in
coherence expected when the wearer speaks was less marked than with earplugs, as the
OE is usually less pronounced with earmuffs than with earplugs. Also, the fact that
the IEM was not placed directly inside the earcanal (see Fig. 14) has perhaps reduced
the contribution of speech to the signal xOEM (t). Fig. 15 shows the evolution of ∆ as a
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function of time during speech for a wearer of the apparatus described in Fig. 14. The
individual was wearing Peltor H7A earmuffs (3M Company, St Paul, MN).

4. Discussion
While the laboratory detection rates reported in Table 3 are certainly high, it
is worth reiterating that these only reflect the ability of the proposed approach to
415

detect wearer-induced disturbances, and do not necessarily reflect how well the quantity
L* IEM,i (f ) is estimated. Similarly, the results shown in Fig. 10 are promising, but
were obtained with constant ambient SPLs, while the noise levels in a real workplace

Figure 14: Schematic drawing from Nélisse et al. (2012). Probemicrophone measures sound pressure under the earmuffs (Pint ),
while second microphone measures sound pressure outside the
earmuffs (Pext ).
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Figure 15: Evolution of ∆ as a function of time for earmuff apparatus (Fig. 14). Wearer
was exposed to ambient SPLs of 80 to 95 dBA, and overall earmuff noise reduction was
approximately 27 dB. Red curve shows when the wearer was effectively speaking (raised
speech). Expected increase during speech is unclear, thus it is difficult to define a detection
threshold in this case.

may vary rapidly over time. Using the discussed optimized parameter values, ambient
SPL variations during high-level WIDs can only be detected if : i) L falls beyond its
420

threshold Lth , or ii) ∆ falls beyond its threshold ∆th during a period corresponding
to at least 0.9 seconds (3 time frames, due to the hangover scheme proposed here).
Hence, if the wearer speaks continuously (i.e. with all speech pauses lasting less than
0.9 seconds) for long periods of time, simultaneous changes in the ambient noise levels
will not be registered. While in most applications, this combination will probably not
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happen frequently enough to have a significant effect on the daily equivalent continuous
SPL (Leq,8h ), such imprecisions may be more problematic in the presence of excessive
impulse noise. Indeed, impact sounds occurring during speech (or other high-level WIDs)
would not be included in the noise exposure by the present method and parameter
values. Hence, complementary algorithms could be added to the present approach to
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detect impulse noise events and avoid underestimating the noise dose effectively received
by an individual. In such case, one should make sure that suitable microphones are
26

used (dynamic range, peak pressure), and that appropriate time-weighting and dose
calculation algorithms are added to the method to account for impulses (Kardous et al.,
2005).
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The proposed approach was tested, validated and its parameters optimized via
laboratory measurements performed on human test-subjects. While these parameters
demonstrated good performance in the present controlled setup (seated and static
participant, indoor environment, constant ambient SPL), further research is needed to
assess the method’s performance in real life environments. In particular, the influence of
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wearer’s movement should be examined, as it could present new WIDs (e.g. footsteps).
The influence of environmental factors, such as wind or bad weather conditions, should
also be studied.
The method presented in this paper aims at excluding noise originating from
the wearer from in-ear noise dosimetry measurements. Thanks to this approach,
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occupational hygienists or employers should be able not only to assess the actual
amount of noise a given individual is receiving from the workplace, but also to better
comprehend why some individuals exceed a given noise exposure limit. By comparing
noise exposure with and without the wearer’s contributions, there is no doubt that the
factors involved in the overexposure of a given individual will be more easily understood.
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However, it would be premature to purport that excluding WIDs provides the actual
noise dose received by an individual’s auditory system, as the effects of self-induced
noise on hearing health is still poorly understood and a matter of debate. Indeed,
despite the inhibition mechanisms that occur in response to self-induced vocalization,
chewing or swallowing (Borg and Counter, 1989; Mukerji et al., 2010), there is no

455

evidence of similar mechanisms in reaction to the other types of noise examined in
this study (microphonics, whistling, sniffing, etc.). Besides, the present method can be
easily adapted to exclude only a fraction of WIDs. For instance, selecting Lth = 80 dB
and using Eq. (3) instead of Eq. (4) in method 1 would mainly exclude the loudest
WIDs (speech and shocks to the earpiece) from the noise dose. Finally, the present
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approach may, in the long run, help to establish more precise cause-effect relationships
between self-induced noise and the risks of hearing loss. A large collection of in-ear
noise data (with and without WIDs), combined with regular audiometric testing or
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other audiological assessment methods, could help hearing researchers and scientists to
better understand the impact of self-generated noise on the human auditory system.
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In comparison with typical VAD systems, this method offers clear benefits. Not
only can it be used to exclude the wearer’s voice, while keeping the voices of other
surrounding people included in the measured noise dose, but it can also detect many
other types of noise induced by the wearer (chewing, whistling, swallowing, etc.). If
used together with VAD algorithms, the proposed WID detection algorithms could also
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be used as part of an electronic communication earplug to reduce the transmission of
other people’s voice.
Finally, the present method and algorithms apply exclusively to earplugs equipped
with the dual-microphone system shown in Fig. 1. This earpiece can support various
types of eartips, and although the results presented in this paper were only obtained
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using double-flanged silicone tips, similar performances can be expected with different
models (foam, triple-flanged, etc.). Nonetheless, preliminary results obtained in the
laboratory suggest that the present method cannot be applied, in its original form, to
other types of HPDs. Further research is needed to exclude the disturbances induced
by individuals wearing earmuffs or dual hearing protection.
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5. Conclusions
This paper presents a low computational method for in-ear noise dosimetry under
an earplug, using a dual-microphone earpiece to offer the possibility of excluding the
noise disturbances produced by the wearer. Good performance results were obtained
from laboratory data collected on human test-subjects, regardless of the attenuation
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provided by the earplug. Such data also highlighted the influence that WIDs (speech in
particular) may have on in-ear noise dosimetry measurements. With earplugs being
one of the most widely used HPDs in the workplace, this approach provides a new way
of measuring personal noise exposure, while overcoming one of the main limitations
of current in-ear noise dosimeters. In the short-term, such a method should help
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to understand the factors involved in the overexposure of certain individuals in the
workplace. In the long term, there is hope that the data collected using the present
approach will also help to understand the effects of self-induced noise on the human
28

auditory system. Future research should focus on testing the proposed method and
parameters in real life environments, ideally in occupational settings, and adapting it
495

to other types of HPDs.
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