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Summary
A Radio Acoustical Virtual Environment (RAVE) is being developed to address issues occurring when
communicating in noise while wearing Hearing Protection Devices (HPD). RAVE mimics a natural
acoustical environment by transmitting the speaker’s voice signal only to receivers within a given
radius, the distance of which is calculated by considering the speaker’s vocal effort and the level of
background noise. To create a genuine RAVE, it is necessary to understand and model the speech
production process in noise while wearing HPDs. Qualitative open-ear and occluded-ear models of
the vocal effort as function of background noise level, exist. However, few take into account the effect
of communication distance on the speech production process and none do so for the occluded-ear. To
complement these models, quantitative data is used to generate quantitative open-ear and occluded-
ear models, representing the relationship between vocal effort, communication distance, background
noise level and type of HPD. These models can later be implemented within radio-communication
headsets used in the proposed RAVE. Speech production models for occluded-ear accounting for the
intended communication distance are presented in qualitative terms.

PACS no. 43.70.+i, 43.72.+q

1. Introduction

Using radio communication in noisy environments is
a practical and affordable solution allowing commu-
nication between people with Hearing Protection De-
vices (HPD). Traditionally, one of its weaknesses lies
in the lack of designating receivers: all those carrying
a personal radio (walkie-talkie, etc.) are subjected to
the broadcasted signal regardless of whether or not
they are the intended listeners. Receiving irrelevant
communication is annoying and contributes to the
daily accumulated noise dose [1]. A new concept of a
"Radio-Acoustical Virtual Environment" (RAVE) is
being developed [2]. RAVE intends to mimic a natu-
ral acoustical environment by transmitting a commu-
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nication signal only to people within a specific spatial
range. This range is defined as the intended commu-
nication distance of the speaker.
Speakers with normal hearing adjust their vocal effort
in the presence of noise [3], when trying to communi-
cate at a distance [4] and to express emotion [5]. These
adjustments still occur when wearing HPDs, however,
they are altered as a function of the type of HPD worn
[6, 7]. These changes in vocal effort as a function of
the background noise and the type of HPD have been
studied and modelled [8]. Interestingly, none of the
studies include the effect of the intended communica-
tion distance to the model.
This paper presents a review of the current known
work of the speech production process in noise both
for the open-ear and the occluded-ear condition in
Sections 2 and 3 respectively. We also propose a new
model that includes the effect of communication dis-
tance to the speech production process in noise with



HPDs in Section 4. Finally, the conclusions are pre-
sented in Section 5.

2. Open-Ear Condition

Naturally, speakers raise their voice when speaking
in noise. This is called the Lombard Effect [3]. The
Lombard effect has been well studied for the open-ear
condition. Studies have shown that speakers raise the
level of the their voice by 1-6 dB for every 10 dB
of noise increase [9]. Multiple studies have found
that Lombard speech, i.e. speech produced in noise,
increases the speaker’s fundamental frequency, f0,
[10, 11] by 0.6-2.5 semitones [12]. A gender-dependant
increase in the spectral center of gravity also occurs
during Lomabrd speech [6].
In quiet conditions, in turn, speakers raise their vocal
effort to reach farther distances. As the communica-
tion distance doubles speakers raise their vocal level
between 1.3-6 dB [13, 14, 15]. A study done by Za-
horik et. al showed that speakers adjust their vocal
effort according to their environment as well as the
communication distance [15]. The speakers’ f0 as well
as first formant, F1, also increase as a function of dis-
tance. As the vocal intensity increases, f0 increases by
5 Hz/dB while F1 increases by 3.5 Hz/dB [16]. The
changes in f0, ∆f0, caused by increase in communi-
cation distance, and thus vocal intensity, was studied
to be unique and telling of an increase in effort as a
consequence of the increase in distance [4].
It is evident from previous studies that adjustments
in the vocal effort as a consequence of either increase
in communication distance or the presence of noise
varies from speaker to speaker but follows the same
trend across speakers. Vocal intensity, and changes
in the speaker’s f0 are good indicators of raising the
vocal effort. Zahorik et al. suggested that speakers
adequately try to match the degradation in their vo-
cal intensity due to propagation loss over distances
[15]. Let us consider the model presented in [14] for
the vocal power level as a function of the distance. In
this case, we choose the model created for the speech
produced in an anechoic room. This is because it elim-
inates any corrections from reverberation and it is the
model that best fits data collected from other studies.
The model is as follows:

Lw = 59.54 + 2.96 × log2

(
d

1.5

)
(1)

where Lw is the speech power level in decibels (dB)
and d is the communication distance in meters. As
a function of distance, the vocal power level can be
graphed as shown in Fig. 1. Combining the model
in Eq. 1 and what we know about communication
in noise we can create a model that incorporates the
presence of noise as a correction factor to the model.
This will lead to a model that relates the vocal ef-
fort to the level of background noise and the intended

Figure 1. Vocal power level as a function of communication
distance as presented in [14].

Figure 2. Comparing vocal power level of a speaker in quiet
and a speaker in noise as a function of communication
distance.

communication distance. If we consider the presence
of noise to be anything above 60 dB(SPL) for the and
average that a speaker’s level will increase by 3 dB
for every 10 dB of noise, then the modified model be-
comes:

Lw = 59.54 + 2.96 × log2

(
d

1.5

)
+ n× [10 + 0.3 × (N − 60)] (2)

where n is 0 in quiet and 1 if the noise is greater than
60 dB and N represents the level of background noise
in dB(SPL). The addition of the 10 dB accounts for
an initial increase at the onset of noise that can be
estimated from [6]. For example, the vocal power of a
speaker exposed to 70 dB of noise can be compared
to that of a speaker in quiet as shown in Fig. 2. From
Eq. 1, a speaker in quiet trying to reach a distance of
50 m will speak at an estimated power level, Lw, of
74.5 dB while, from Eq. 2, a speaker in 70 dB noise
trying to reach the same communication distance will
speak at 87.5 dB. It is important to keep in mind
that the model presented in equation Eq. 2 has not
been validated but merely a prediction based on the
already available data from previous studies. In the
next section we review the effects on wearing hearing
protection devices on the speech production process.



3. Occluded-Ear Condition

Blocking the ear canal path causes a resonance of the
bone conducted vibrations caused by speech, causing
speakers to hear an amplified ‘boomy’ version of their
voice as they speak. This phenomenon is called the
"occlusion effect" [17]. The contributions of the oc-
clusion effect on changes in speech production while
wearing HPDs is arguable. In fact, it’s one’s per-
ception of his/her own voice that greatly affects the
speech production process in noise [6]. A speaker’s
perception of their own voice level compared to the
level of noise is the driving factor in the speech pro-
duction process. Studies have shown that speakers
wearing HPDs do not react to increase in noise levels
as much as speakers not wearing HPDs. Tufts et al.
report a 4-11 dB decrease in the level of speech pro-
duced in noise while wearing earplugs compared to
speech produced in noise without HPDs. In the pres-
ence of 60 dB(SPL) of noise, while wearing earplugs,
speakers did not increase their vocal effort from the
quiet condition. Also, overall speech level increased
by only 5 dB even though the noise increased 40 dB
[6]. In other words, while wearing HPDs speakers ad-
just their vocal effort by only 1.25 dB for every 10 dB
increase in noise. In quiet, however, speakers wear-
ing earplugs did not significantly alter their overall
speech level [6, 18] from their open-ear level. None of
the studies performed on the occluded ear looked at
the effects of the communication distance.
If we assume that the model from [14] presented in
Eq. 1 still holds for speech production as a function
of communication distance and we treat the use of
HPDs as a correction factor just as we did in Eq. 2
then the model becomes:

Lw = 59.54 + 2.96 × log2

(
d

1.5

)
+ n× 0.125 × (N − 60) (3)

where again n is 0 in quiet and 1 if the noise is greater
than 60 dB and N represents the level of background
noise. The three conditions, a speaker in quiet with
open ears, a speaker in noise with open ears and a
speaker in noise wearing HPDs, are compared in Fig.
3. This model would imply two assumptions:
1. In noise wearing HPDs does not greatly affect the

speech production process as a function of the com-
munication distance from the open-ear condition.

2. In quiet wearing HPDs would not affect the speech
production process as a function of distance.

Based on the studies of speech production in noise
while wearing HPDs the first assumption seems rea-
sonable. However, intuitively, wearing HPDs might
still alter the speech production process as a function
of the communication distance, making assumption
2 invalid. The effects of communication distance and
wearing HPDs in noise on the speech production pro-
cess must be better studied. In the next section we

Figure 3. Comparing vocal power level of a speaker in
quiet, a speaker in noise, and a speaker in noise wearing
HPDs as a function of communication distance.

present an experimental protocol to model the speech
production process while wearing HPDs as a function
of the background noise level, the speaker’s vocal ef-
fort and the intended communication distance.

4. Proposed Experimental Protocol

To model the speech production process while wearing
HPDs as a function of the background noise as well
as the intended communication distance, an exper-
imental protocol must be designed. Normal hearing
individuals will be recruited to perform an instruc-
tion task. Each participant will be equipped with the
intra-aural communication earpiece shown in Fig. 4.
This communication earpiece is chosen for several rea-
sons:
1. It is intra-aural, so it can be fitted into a partici-

pant’s ear using different tips (roll-down foam plug,
rounded flanged tips, malleable silicon wax, custom
molded earpiece) and, thus, causing different levels
of the occlusion effect.

2. It contains a microphone and miniature loud-
speaker inside the ear as well as a microphone out-
side the ear.

3. It is the earpiece used for the radio-acoustical en-
vironment described in Section 1.

Having a miniature loudspeaker inside the ear allows
us to play noise inside the ear directly. This leaves the
speech signal captured with the outer-ear microphone
free of noise and easier to process. The in-ear micro-
phone can capture a noisy speech signal from inside
the ear. This allows us to look at the difference in
speech level between the outside and the inside of the
ear and, in quiet, to measure the occlusion effect.

4.1. Experiment

Participants will be asked to give instructions to a lis-
tener in a corridor at 5 different communication dis-
tances: 0.3 m, 5 m, 10 m, 15 m, and 20 m. These
distances were chosen to cover a wide range of dis-
tances and vocal efforts. Since the participants will
be wearing HPDs the effects of reverberation can be
ignored. At each distance, the speaker will be asked



Figure 4. Intra-aural communication earpiece (a), its elec-
troacoustical components (b), and equivalent schematic
(c).

to instruct the listener to show him/her a color and a
digit, 20 different times. The speaker will have 4 differ-
ent colors (Red, Green, Blue, Yellow) to choose from
and 10 different digits (0-9). The speaker can choose
any combination he/she desires and can even repeat
combinations. This is done so that the speech is natu-
ral and not read, mimicking a realistic situation. This
procedure will be repeated for 5 different conditions:
in quiet and in pink noise ranging from 60 dB to 90 dB
at increments of 10 dB. Since the noise will be played
directly inside the ear, only residual noise (after the
passive attenuation of the plug) will be played. Once
the participant is fitted with the earpiece the transfer
function of the earpiece will be measured by play-
ing white noise at a high level (∼85dB(SPL)) using
a loudspeaker outside the ear which will be recorded
using both the OEM and IEM. After the transfer func-
tion is found, the noise is filtered and played inside the
ear. During the recordings the level of the speech, as
well as the speaker’s fundamental frequency, f0, will
be recorded at all conditions. The data is then col-
lected from all the participants and a model will be
found to fit it. This will give a relationship between
vocal effort, background noise level and intended com-
munication distance while wearing HPDs.

5. Conclusions

Communication is a key part of any workplace. Unfor-
tunately, the use of currently available HPDs tends to
affect communication. Modelling speech production
while wearing HPDs as a function of the noise level
and the intended communication distance can aid in
alleviating the communication problem for personal

radio systems. In this paper, we review the existing
models of speech production in quiet, as a function
of distance and in noise with and without the use of
hearing protection devices. We also propose an ex-
perimental procedure to model speech production in
noise while wearing HPDs to include the effects of the
communication distance, which is currently not found
in the literature.
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