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Preface

Noise in the working and living environment

Noise is one of the most common physical risks in
the workplace. Long-term exposure to its high levels
can pose a significant threat to workers’ health, in-
cluding hearing loss. According to the report State of
the Environment in Poland 2011. Signals, trends in en-
vironmental noise indicate an increased risk of traffic
noise as well as reduced growth or downwards trends
in industrial noise. Noise seems to be the environmen-
tal factor that is the greatest nuisance. This issue of
Archives of Acoustics is dedicated to the problems of
noise; it brings full texts of selected papers presented at
the XVI International Conference Noise Control 2013.
Noise Control is the most important international

acoustics conference organized on a regular basis in
Poland. The XVI International Conference Noise Con-
trol 2013 is taking place in Ryn, June 26–29, 2013. It
is organized by the Central Institute for Labour Pro-
tection – National Research Institute (CIOP-PIB), the
Committee on Acoustics of the Polish Academy of Sci-
ences with the cooperation of the Department of Me-
chanics and Vibroacoustics of the AGH University of
Science and Technology.
Patrons of the Conference:

• Minister of Labour and Social Policy,
• Chief Labour Inspector,

• Chief Inspector of Environmental Protection,
• President of the City of Olsztyn.
Plenary and special interest sessions focus on the

results of activities in fundamental sciences, education,
occupational safety and health management, and spe-
cific technical solutions involved in noise control. Out-
standing foreign and Polish researchers are presenting
their papers. Their abstracts can be found in this issue
of the Archives of Acoustics, which all participants of
the Conference have received.
I hope that readers will find these materials inter-

esting, and that the problems of noise control will thus
become more accessible.
An exhibition is taking place at the same time

as the Conference; companies have an opportunity
to present their latest achievements in measurement
equipment and technical solutions for noise control.
The Organization Committee expresses it heartfelt

thanks to members of the Scientific Committee of the
Conference and referees for their effort and great in-
volvement. Sincere thanks also go to Conference par-
ticipants for accepting our invitation.

Wiktor M. Zawieska
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Global Index of the Acoustic Quality of Classrooms

Jan RADOSZ

Central Institute for Labour Protection – National Research Institute
Czerniakowska 16, 00-701 Warsaw, Poland; e-mail: jarad@ciop.pl

(received October 16, 2012; accepted November 15, 2012 )

Acoustic quality of a classroom is a term proposed to describe acoustic properties that contribute to
a subjective impression received by a human, such as speech intelligibility, external noise, or vocal effort.
It is especially important in classrooms, where suitable conditions should be provided to convey verbal
content to students, taking into account their age. The article presents a method for assessing the acoustic
quality of classrooms based on a single number global index and taking into account a number of factors
affecting the outcome of the assessment. Partial indices are presented and their weights are proposed
based on an analysis of factors determining whether a room meets applicable acoustic requirements.
Results of the assessment of the acoustic quality carried out with the use of the developed method in
selected classrooms are also presented.

Keywords: acoustic quality index, classrooms, schools, room acoustics.

1. Introduction

The author defines acoustic quality of classrooms as
a term used to describe acoustic properties that con-
tribute to a subjective impression received by a hu-
man, including speech intelligibility, external noise, or
vocal effort. Acoustic quality of classrooms indicates
whether a room satisfies applicable requirements, such
as ensuring the following:
• adequate speech intelligibility,
• low level of background noise,
• no need to speak in a raised voice,
• teaching and learning comfort.
Acoustic quality is particularly important for pri-

mary school rooms, where students, because of their
age, should be provided with the best possible con-
ditions for the transmission of verbal content (Sato,
Bradley, 2008). Moreover, children with health prob-
lems such as hearing loss, patterns deficits, ADHD,
APD, etc. need good acoustic conditions not only in
terms of acquisition of knowledge, but also in terms
of equalizing educational opportunities and create en-
vironment conducive to the development (Crandell,
Smaldino, 2000).
Acoustic quality of rooms is affected by many fac-

tors (Mikulski, Radosz, 2010). Bad acoustic qual-
ity, which can be described for example by exces-
sive reverberation time, deteriorates verbal communi-

cation, causes higher noise levels in rooms used for
teaching and learning (Fig. 1) and, what is impor-
tant for safety reasons, interferes with the reception of
messages broadcast through modern warning signals
(Sato, Bradley, 2008; Radosz, 2012). One option
for reducing noise in classrooms and improving condi-
tions for educational activities is to improve the acous-
tic quality of rooms used for teaching and learning. In
order to achieve this, it is necessary to develop an un-
ambiguous method of acoustic quality assessment of
such rooms. This assessment should cover a number of
important factors: room acoustic parameters, internal
and external noise as well as intelligibility and clarity
of speech.

Fig. 1. Relationship between reverberation time RTmf and
the level of background noise during lessons (Mikulski,
Radosz, 2012), where RTmf is the arithmetic mean of the
reverberation time from 500 Hz, 1 000 Hz and 2 000 Hz

octave bands.
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Room acoustics, particularly with respect to rooms
used for teaching and learning, is a popular issue,
which is often discussed in the literature (Rudno-
Rudzińska, Czajkowska, 2010;Kotus et al., 2010).
Every year there are new publications in this field.
In the EU, there are guidelines, criteria, and require-
ments to be met by such rooms, e.g. Building Bulletin
93 guidelines (United Kingdom), DIN 18041:2004-05
standard (Germany), SFS 5907:2004 standard (Fin-
land), and ÖNORM B 8115-3 standard (Austria).
However, they do not include all the relevant acous-
tic parameters, and most of them only provide the
required insulation values of partitions, the back-
ground noise level (in empty rooms), and reverberation
time.
One of the possibilities for a comprehensive assess-

ment of classrooms, which takes into account a num-
ber of important factors affecting acoustic quality, is
the index method. It involves determination of a sin-
gle number-valued global index based on partial indices
(Fig. 2). It has a number of applications on all aspects
of vibroacoustics (Piechowicz, 2004; Pleban 1999;
2010; 2011). Index method was used in assessing the
acoustic quality of church buildings and is still being
developed (Engel et al., 2007;Kosała, 2011; 2012) in
this regard. The index method used to evaluate church
buildings is also applied outside Poland (Carvalho,
Silva, 2010). The index method proposed in this pa-
per for assessing the acoustic quality of classrooms
is based on similar assumptions as the method pro-
posed by Engel (2007), but because of a different in-
tended use, it is based on other partial indices and their
weights.

Fig. 2. The global index of classroom acoustic quality.

2. Assumptions for the index method of
classroom acoustic quality assessment

Assumptions for the proposed classroom acoustic
quality assessment method are based on the following:

• commonly used measurement methods (ISO 3382-
1:2009, EN 60268-16:2011),

• results of measurements of acoustic properties of
more than 100 classrooms (Mikulski, Radosz,
2011),

• analysis of factors affecting the intelligibility of
content, low level of background noise, teacher’s
speech effort, and the comfort of teaching and
learning (Sato et al., 2008; Radosz, 2012;
Mikulski, 2012),

• experimental tests in selected classrooms.
To complete a global classroom assessment with the

use of the index method, it is necessary to carry out
the following measurements:

• room impulse response (reverberation time RT,
speech transmission index STI, clarity C50, rela-
tive sound strength Grel) in empty but furnished
classrooms,

• sound level identifying teacher’s speech effort dur-
ing classes,

• signal-to-noise ratio (SNR) for the duration of
classes,

• background noise level in empty but furnished
classrooms.

Based on the measured acoustic parameters, values
of the individual partial indices are determined and
then, after taking into account their respective weights,
the global index QIG is determined according to the
following formula:

QIG =

n∑
i=1

QIiηi

n∑
i=1

ηi

, (1)

where QIi is the i-th partial index, ηi is the weight
of the i-th partial index, and n is the total number of
partial indices.
To determine the global acoustic quality index of

classrooms, 6 partial indices are proposed, which are
presented in Fig. 2.
For the proposed partial indices, the global index of

classroom acoustic quality is expressed by the following
formula:

QIG =
(
QIRT ηRT +QISIηSI +QISEηSE +QISDηSD

+QIBNηBN +QISNRηSNR
)/(

ηRT + ηSI

+ ηSE + ηSD + ηBN + ηSNR

)
, (2)
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Fig. 3. Assessment scale of the global index of classroom acoustic quality.

where QIRT is the reverberation index, QISI is the
speech intelligibility index, QISE is the speech effort
index, QISD is the sound strength distribution index,
QIBN is the background noise index, QISNR is the
signal-to-noise ratio index, ηRT is the reverberation
index weight, ηSI is the speech intelligibility index
weight, ηSE is the speech effort index weight, ηSD is
the sound strength distribution index weight, ηBN is
the background noise index weight, and ηSNR is the
signal-to-noise ratio weight.
The global index has a value of 0 to 1. The bet-

ter the acoustic quality of a classroom, the higher the
value of the global index. This assumption results from
the analogy to other applications of the index method
(Engel et al., 2007) and objective evaluation methods
of acoustic parameters (EN ISO 9921:2003). In order
to facilitate the assessment of the acoustic quality of a
classroom, assessment intervals were adopted to clas-
sify unambiguously the tested room depending on the
value of the global index (Fig. 3). The classification
is the result of the analysis of acoustic parameters of
tested classrooms and recommendations and standards
for this type of rooms.
A vast majority of classrooms (about 95%) in Pol-

ish schools have volumes between 155 m3 and 200 m3

(Mikulski, Radosz, 2011). Therefore, it was assumed
that the proposed assessment method applies only to
rooms within the above volume range, with the excep-
tion of special-purpose rooms, such as music rooms or
speech therapy rooms. However, the author does not
preclude future expansion of the scope of the proposed
assessment method.
Weights of partial indices are shown in Table 1.

Weight values do not the result from close relation-
ships. They have been adopted on the basis of anal-
ysis of the factors affecting the acoustic quality of
classrooms and based on the results of experimental
tests conducted in selected rooms. Justification of the
adopted weights is provided in the discussion of indi-
vidual partial indices.

Table 1. Weights of partial indices.

ηRT – the reverberation index weight 0.8

ηSI – the speech intelligibility index weight 1

ηSE – the speech effort index weight 0.3

ηSD – the sound strength distribution index
weight

0.5

ηBN – the background noise index weight 1

ηSNR – the signal-to-noise ratio weight 0.5

3. Methods for determining partial indices

3.1. Reverberation index

Reverberation time, because of a strong correla-
tion of the reverberation time and auditory impres-
sions, is one of the most important criteria for as-
sessing acoustic quality of a room. This parameter is
usually determined in octave frequency bands. Stud-
ies (Sato et al., 2008) show that the difficulty in un-
derstanding speech is affected by the reverberation ef-
fect in the frequency range of 1–4 kHz. These studies
also show a strong correlation between reverberation
time in the octave band with a centre frequency of
2 kHz and subjective speech intelligibility tests. This
is also confirmed by research carried out by CIOP-
PIB (Mikulski, 2012). Therefore, to determine the
reverberation index, reverberation time in the octave
band with a centre frequency of 2 kHz was adopted.
A reverberation index curve (Fig. 4) was determined
empirically, based on the results of research carried
out in Poland and other countries (Sato, Bradley,
2008; Leśna, Skrodzka, 2010; Mikulski, Radosz,
2011; Mikulski, 2012) and the criteria and require-
ments for this type of rooms (Building Bulletin B93,
ANSI S.12.60, SFS 5907:EN). To plot the curve, stu-
dents’ acoustic absorption was taken into account and
its value was adopted as 0.41 m2 per person for a fre-
quency of 2 kHz (Sato, Bradley, 2008). The rever-
beration index takes the value 1 for the reverberation
time RT 2 kHz in the range 0.45–0.55 s. It is the op-
timal value of the reverberation time for classrooms
with a capacity of less than 200 m3 according to many
studies in this field (Bradley, 1986; Sato, Bradley,
2008; Sato et al., 2008; Leśna, Skrodzka, 2010).
The curve is also corresponding to the criteria and
requirements of the above mentioned standards. The
reverberation index value QIRT can be determined
from the curve presented below or by using the for-
mula:

QIRT = −0.48{RT2 kHz}4 + 2.55{RT2 kHz}3

− 4.77{RT2 kHz}2+ 3.13{RT2 kHz}+ 0.34, (3)

where {RT 2 kHz} is the numerical value of the reverber-
ation time in the octave band with a centre frequency
of 2 kHz, in seconds.
Based on the analysis of the results of studies by

Sato and Bradley (2008) and the results of own ex-
perimental research, the value of the weight of the re-
verberation index ηRT = 0.8 was adopted.
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Fig. 4. Relationship between the reverberation time RT 2 kHz and the reverberation index QIRT .

The reverberation index provides also a basis for
the approximate evaluation of acoustic quality with
use of the singular value decomposition (SVD) method
(Kosała, 2012).

3.2. The speech intelligibility index

Speech intelligibility is very important in the pro-
cess of teaching and learning. For an objective assess-
ment of speech intelligibility, the speech transmission
index STI is used, which is highly correlated with sub-
jectively perceived speech intelligibility. The values of
the indicator are adopted in the range between 0 and 1,
where 1 indicates perfect intelligibility (EN ISO 9921).
For objective assessment of speech intelligibility in

classrooms, clarity C50 can also be used which is the
ratio of the signal energy received by listener during
the first 50 ms to its total energy (a value of 50 ms is
related to the time constant of the ear). Clarity C50 is
an important measure of classroom acoustics because
it determines the perception of sounds occurring in
quick succession. As in the case of the reverberation
time, it is provided in octave frequency bands. Due
to a strong correlation with the subjective speech in-
telligibility (Bradley, 1986), to determine the speech
intelligibility index the octave band with centre fre-
quency of 1 kHz was adopted. To determine the value
of the speech intelligibility index QI SI , it is necessary
to determine the value of an auxiliary index, conven-
tionally adopted as the clarity index CI. It is deter-
mined on the basis of clarity C50(1 kHz), assuming that
above C50(1 kHz) = 4 dB, the value the auxiliary clarity
index CI will be 1. The auxiliary clarity index curve
(Fig. 5) is based on the research by Bradley and
Bistafa (2002). The auxiliary clarity index CI can be
determined from the curve presented below or by using
the formula

CI = −0.00616{C50(1 kHz)}2

+0.0615{C50(1 kHz)}+ 0.85, (4)

where {C50(1 kHz)} is the numerical value of the clarity
in the octave band with a centre frequency of 1 kHz.

Fig. 5. Relationship between the clarity C50(1 kHz) and the
auxiliary clarity index CI.

On the basis of the research by Bradley (1986)
and the results of our own research (Mikulski, Ra-
dosz, 2010) it was assumed that speech intelligibility
will depend on the speech transmission index and the
clarity, therefore it was assumed that it will be deter-
mined with the use of the formula:

QISI = 0.55STI+ 0.44CI, (5)

where STI is the speech transmission index and CI is
the auxiliary clarity index.
Due to the intended purpose of classrooms, speech

intelligibility is very important, therefore, it was as-
sumed that the weight of the speech intelligibility in-
dex ηSI will be equal to 1.

3.3. The speech effort index

According to studies conducted by various re-
search centres (Koszarny, 1992; Bronder, 2003;
Augustyńska et al., 2010) teachers, especially pri-
mary school teachers, complain about a need to speak
in a raised voice during lessons. This leads not only to
an increased speech effort, but also to a fast growth of
fatigue. A significant percentage of teachers who find
it necessary to speak in a raised voice during lessons,
negatively assesses the conditions of their work and
physical well-being.
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The sound pressure level of the speech is one of ob-
jective parameters determining the speech effort. Ac-
cording to EN ISO 9921:2003, normal speech effort is
equivalent to A-weighted sound pressure level of 60 dB
at 1 metre from the mouth of the speaker (Table 2).
The above-mentioned standard does not specify the
methodology for measurement in real conditions such
as conducting classes. However, for the purpose of the
proposed index method, a noise dosimeter was used
with appropriate correction due to distance from the
mouth. The speech effort was deduced from time his-
tory of A-weighted sound pressure levels during several
classes.

Table 2. Speech effort of a male speaker and associated
A-weighted sound pressure level at a distance of 1 m

from the mouth (EN ISO 9921:2003).

Speech effort
A-weighted sound
pressure level (in dB)

Very loud speech 78

Loud speech 72

Raised voice 66

Normal speech 60

Based on the above data, a curve (Fig. 6) was
plotted to determine the speech effort index QI SE

based on the teacher’s A sound level at a distance of
1 m. Assuming that for the level of the teacher’s voice
LAeq,1m = 60 dB and below, the value of QI SE = 1
for the speech effort index is adopted, the following
formula can also be used:

QISE = −0.041 {LAeq,1m}+ 3.46, (6)

where LAeq,1m is the numerical value of A-weighted
sound pressure level of the teacher’s voice at a distance
of 1 m.

Fig. 6. Relationship between A-weighted sound pressure
level of teacher’s voice at a distance of 1 m and the speech

effort index QI SE .

Excessive speech effort lasting for an extended pe-
riod of time is a cause of chronic diseases of the voice
organ, but it is largely dependent on the teacher, there-
fore the value of the weight of the speech effort index
ηSE = 0.3 was adopted.

3.4. The sound strength distribution index

An important criterion for assessing the classroom
is the sound (teacher’s voice) level distribution in the
room. The more uniform the distribution, the better
the classroom acoustic quality. For this purpose, the
parameter of relative sound strength was used the due
to a possibility of determining it from the room impulse
response. It is usually determined in octave frequency
bands. In the case of the distribution of sound pressure
in the room, the most informative parameter is the
difference between extreme values of the relative sound
strength ∆Grel.
To determine the values of sound strength distribu-

tion index in a given octave frequency band QI SD,f ,
the following relationship was empirically adopted:

QISD,f = −0.08 {∆Grel,f}+ 1, (7)

where {∆Grel,f} is the numerical value of the difference
between extreme values of the relative sound strength
∆Grel for the frequency band f . The above relationship
is also shown in Fig. 7.

Fig. 7. Relationship between difference in relative sound
strength ∆Grel,f and the value of sound level distribution

index QI SD,f for a given frequency.

To determine the values of sound strength distribu-
tion QI SD, relevant frequency bands and their weights
should be taken into account. It was assumed that fre-
quency bands of 1 kHz, 2 kHz and 4 kHz will be taken
into account because of their importance for verbal
communication (Sato et al., 2008), and the relation-
ship will be expressed by the formula:

QISD = 0.296QISD,1 kHz + 0.37QISD,2 kHz

+0.333QISD,4 kHz , (8)

where QI SD,1 kHz is the sound strength distribution
index in the octave band with a centre frequency of
1 kHz, QI SD,2 kHz is the sound strength distribution
index in the octave band with a centre frequency of
2 kHz, and QI SD,4 kHz is the sound strength distribu-
tion index in the octave band with a centre frequency
of 4 kHz.
The value of the sound strength distribution index

weight is adopted as ηSD = 0.5. The sound strength
distribution in a room is a very important parame-
ter that takes into account the distance of the speaker
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from the listener; however, in the case of the classrooms
under consideration (method assumptions), because of
their volume, it is less important for assessing acoustic
quality.

3.5. The background noise index

In Poland, background noise can be estimated on
the basis of the PN-B02151-02 standard. According to
this standard, the equivalent A-weighted sound pres-
sure level of noise penetrating into classrooms and
school rooms (except school workshop rooms) must not
exceed the following values:
• total noise from all sources LAeq = 40 dB,
• from the building plant and other equipment in-
side or outside the building LAeq = 35 dB.
The value of background noise level permitted in

classrooms acceptable in Poland (LAeq = 40 dB) is
therefore within the limits of values adopted in most
countries. Also the acceptable level of noise penetrat-
ing into school rooms from building equipment corre-
sponds to the levels adopted in other countries.
Based on the above data, a curve (Fig. 8) was plot-

ted to determine the background noise level QIBN

based on A-weighted background noise level in an
empty classroom during classes in other classrooms
(taking into account all sources of noise). Assuming
that for the background noise level LAeq = 40 dB and
below, the background noise level index is QIBN = 1,
and above 60 dB this value is QIBN = 0, the following
formula can be used:

QIBN = 0.002 {LAeq}2 − 0.246{LAeq}+ 7.64, (9)

where {LAeq} is the numerical value of A-weighted
background noise level in an empty classroom.

Fig. 8. Relationship between A-weighted background noise
level in an empty classroom and the background noise index

QIBN .

Background noise has a significant impact on recep-
tion of messages in the process of speech understand-
ing. Furthermore, limit values acceptable for the back-
ground noise level are defined by standards. Therefore,
the value of weight of the background noise level index
was assumed as ηBN = 1.

3.6. The signal-to-noise ratio index

The signal-to-noise ratio (SNR) is a parameter de-
termining the distance of the speech signal from the
background noise level at the place of the recipient
at the time of the actual teaching/learning condi-
tions (during classes/lectures). To measure this param-
eter, a sound meter/analyser is used that can record
sound pressure level over time. Histograms (Fig. 9)
are analysed to determine difference between medians
of the distributions which correspond to the level of
teacher’s/lecturer’s speech and the background noise
level related to students’ activity (Hodgson et al.,
1999). For this purpose, R software can be used with
the Mixtools add-on. A measuring point is determined
in the room based on the relative value of the sound
strength Grel where the difference of this parameter
with respect to the reference value is the greatest.

Component of the
Observation Distribution [dB]

distribution
belonging to
the component Median

Standard
[%] deviation

1
Backround noise dur-
ing classes (in fixed
measurement point)

49 63.1 4.1

2

A-weighted sound pres-
sure level of teacher’s
speech (in fixed mea-
surement point)

51 76.0 5.9

Fig. 9. Example of histogram of the A-weighted sound pres-
sure level in classroom during a lecture.

The optimum SNR value to ensure the proper re-
ception of content should not be less than 15 dB
(Sato, Bradley, 2008). Therefore, to determine the
signal-to-noise ratio index QI SNR, the relationship
shown below was empirically adopted, assuming that
the value of SNR = 15 dB and above, the signal-to-
noise ratio index has a value of QI SNR = 1.

QISNR = 0.058e0.18{SNR}+0.14, (10)

where SNR – is the numerical value of the signal-to-
noise ratio in actual teaching/learning conditions. The
above relationship is also shown in Fig. 10.
The signal-to-noise ratio has a significant impact

on the received content in the process of understand-
ing speech. Low values of this parameter virtually pre-
vent communication. However, the SNR value depends
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Fig. 10. Relationship between the signal-to-noise ratio SNR
and the signal-to-noise ratio index QI SNR.

in part on the teacher and his control over the class,
therefore the value of the weight of the signal-to-noise
ratio was adopted as ηSNR = 0.5.

4. Acoustic quality assessment of selected
classrooms

Nine classrooms were selected (Table 3) to evaluate
the acoustic quality in locations with diverse environ-
mental noise. Selection was based on results of previous
research (Mikulski, Radosz, 2010). The classrooms
concerned had no acoustic adaptation.

Table 3. The tested classrooms.

No
Type

Classroom
Volume Number Traffic noise

of school [m3] of students LDWN [dB]

1

Primary

A 160 24 55–60

2 B 160 22 55–60

3 C 157 28 < 50

4 D 157 32 < 50

5 E 158 30 50–55

6 F 158 32 50–55

7

Secondary

G 157 34 < 50

8 H 157 34 < 50

9. I 157 38 < 50

LDWN – A-weighted long-term average sound pressure level (ref-
erence interval equal to all days of the year).

Table 4. The results of measurements in tested classrooms.

Classroom RT 2 kHz STI C50(1 kHz) LAeq,1m ∆Grel,1 kHz ∆Grel,2 kHz ∆Grel,4 kHz LAeq SNR
[s] [dB]) [dB] [dB] [dB] [dB] [dB] [dB]

A 1.22 0.54 −2.3 66.0 2.8 1.2 1.8 23.9 11.1

B 1.00 0.59 −1.0 63.8 2.2 1.3 1.4 24.0 13.5

C 1.08 0.56 −1.5 62.8 3.3 2.4 2.0 25.9 11.2

D 1.18 0.63 −3.1 69.1 2.5 2.2 1.6 25.7 16.3

E 1.46 0.51 −3.7 68.3 1.4 2.1 2.6 24.6 7.7

F 1.12 0.56 −1.8 62.4 1.9 2.0 2.8 23.6 12.4

G 0.65 0.65 0.8 60.6 3.5 2.9 3.6 27.2 13.2

H 1.18 0.54 −3.3 65.8 3.1 2.5 2.3 27.8 12.4

I 1.14 0.64 −2.4 61.7 3.0 2.2 2.1 26.9 12.1

See text for explanation of symbols.

The following measuring equipment was used for
testing purposes:

• omnidirectional sound source B&K 4296 with an
amplifier meeting the requirements of ISO 3382
and the directional sound source ADAM A5X,

• measuring microphone DPA 4007,
• measuring card RME UFX,
• a portable computer,
• B&K Dirac software,
• class 1 sound meter/analyser SVAN 945.
Measurement results (Table 4) confirmed previous

study (Mikulski, Radosz, 2011) – in most cases
values of parameters obtained from impulse response
(reverberation time RT 2 kHz, speech transmission in-
dex STI, clarity C50(1 kHz) and relative sound strength
∆G(rel,f) are similar between classrooms. It results
from the volume and the shape of classrooms. There
are also similar equipment and furnishing which influ-
ence acoustics.
Measurement of A-weighted sound pressure level

of the teacher’s voice indicates that in most cases the
speech effort correspond to raised voice (according to
EN ISO 9921:2003).
The results of background noise obtained from

measurements in classrooms were the result of:

• traffic noise around the schools not exceeding
60 dB,

• sound insulation of external partitions with win-
dows (R′

A1 from 30 to 36 dB),
• sound insulation of internal partitions (R′

A1 from
49 to 56 dB),

• sound insulation of internal partitions with doors
(R′

A1 from 23 to 29 dB),
• the lack of activity in corridors,
where R′

A1 – sound insulation index (airborne sound
insulation).
Only one classroom meets the requirements for the

SNR parameter. High levels of teachers’ voice and low
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Table 5. Partial indices and the global index of acoustic quality of the tested classrooms.

Classroom QIRT QI SI QI SE QI SD QIBN QI SNR QIG Scale of assessment

A 0.63 0.60 0.75 0.85 1 0.49 0.73 Poor

B 0.77 0.68 0.84 0.87 1 0.76 0.82 Good

C 0.72 0.64 0.89 0.80 1 0.50 0.76 Good

D 0.65 0.62 0.63 0.83 1 1.00 0.79 Good

E 0.50 0.52 0.66 0.84 1 0.27 0.65 Poor

F 0.69 0.63 0.90 0.82 1 0.62 0.77 Good

G 0.97 0.76 0.98 0.74 1 0.72 0.87 Good

H 0.65 0.56 0.76 0.79 1 0.62 0.73 Poor

I 0.68 0.65 0.93 0.81 1 0.59 0.77 Good

See text for explanation of symbols.

levels of background noise in classrooms indicate high
levels of noise coming from the activity of the students
in most of the classrooms.
Based on the results of the measurements, partial

indices were determined and then the global index of
acoustic quality of classrooms taking into account the
weights (Table 5).
Test obtained for 9 selected classrooms have shown

differences both in the individual partial indices and
the global index of acoustic quality. An exception was
the background noise index, because in none of the
tested classroom the value of acceptable A-weighted
sound pressure level of noise penetrating into class-
rooms and school rooms from all sources combined was
exceeded (according to PN-B02151-02). The values of
the global index of acoustic quality ranged between
0.65 and 0.87 (three classrooms with poor quality and
six classrooms with good quality). All classrooms failed
to meet the requirements to qualify as a room with ex-
cellent sound quality.

5. Summary

The paper presents a possibility of using the in-
dex method in the evaluation of acoustic quality of
classrooms. The method is based on a set of objec-
tive acoustic parameters such as reverberation time
RT, speech transmission index STI, clarity C50, rela-
tive sound strength Grel, pressure of a teacher’s voice,
and the background noise. Thanks to the proposed
weights of partial indices, the global index of acoustic
quality includes the assessment of the following: speech
intelligibility, external noise level (background noise),
teacher’s speech effort, and the comfort of teaching and
learning. Values assigned to the weights of the partial
indices are arbitrary, however they correspond to vari-
ous research and requirements in the field of classroom
acoustics.
The proposed method has been verified on a sam-

ple of several selected classrooms. The results showed
that some of the rooms required an appropriate ad-

justment of acoustic conditions. These conditions can
be improved by increasing the acoustic absorption of
rooms (including the appropriate design of wall and
ceiling covered with sound-absorbing materials and the
use of room equipment with high sound absorption).
In particular, this is true for the rooms of the youngest
students where the global index of acoustic quality to
be aimed at should be above 0.9, which corresponds to
excellent acoustic quality.
Due to the complexity of measurements, taking

into account all the factors in the acoustic assess-
ment is a difficult task. For this reason, the author
intends to use the singular value decomposition (SVD)
method to assess the acoustic quality which will al-
low for completing the assessment in the absence of
complete information on all factors affecting this as-
sessment (Kosała, 2011).
Next stage of research concerns experimental stud-

ies with different kind of linguistic material (isolated
words, sequences of numbers and sentences) for de-
veloping subjective intelligibility tests to ensure the
reliability and repeatability of tests. The results of
subjective and objective (index method) assessment of
classrooms will be statistically analyzed to verify both
methods of acoustic quality assessment.
It is assumed that utilisation of unambiguous as-

sessment of acoustic quality of classrooms using the
index method will increase the awareness of architects,
designers, school personnel and occupational health
and safety specialists of the impact of room acous-
tic properties on noise pollution. It is also envisaged
that proposed index method will affect acoustic re-
quirements in the construction of new school buildings
as well as in the expansion and upgrading of the exist-
ing ones.
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The use of ultrasonic energy has created versatile possibilities of their applications in many areas
of life, especially in hydro location and underwater telecommunications, industry and medicine. The
consequence of a widespread use of high intensity ultrasonics in technology is the increased number of
people who are exposed to such ultrasonic noise. Therefore it is important to determine the types of
machines and other devices that are responsible for the emission of ultrasonic noise (10–40 kHz of central
frequencies of one-third octave bands) as harmful and annoying hazard in the work environment. This
paper presents ultrasonic noise sources frequently used in industry and preventive measures reducing the
exposure to ultrasonic noise. Two types of ultrasonic noise sources have been distinguished: machines
and other devices used to carry out or improve production processes, the so-called technological sources
and sources in which ultrasonic noise exists as a non-intentional result of operation of many machines
and systems, the so-called non-technological sources of ultrasonic noise. The emission of SPL has been
determined for each groups of devices based on own measurement results.

Keywords: ultrasonic noise, assessment, exposure, sources.

1. Introduction

Acoustic vibrations of frequency over 16 kHz
(above the audible range) spreading in a form of elas-
tic waves in gas environments, fluids and solids are
defined as ultrasounds or ultrasonics. The practical
use of ultrasonics is very versatile and the upper fre-
quency limit is 10 GHz (Pawlaczyk-Łuszczyńska,
1999; Śliwiński, 2001; Nowicki, 2010). The conse-
quence of the common use of high intensity ultrason-
ics in technology, medicine and everyday life is an in-
crease of the number of people who are exposed to such
ultrasonic noise. In respect of the frequency ranges,
the low frequency ultrasonics (not exceeding 100 kHz)
and high frequency ultrasonics (exceeding 100 kHz) are
classified. The frequency range of ultrasonic noise ac-
cording to the practical agreement definition used in
Poland and other countries (Regulation of the Minister
of Labour and Social Policy of 29 November, 2002) in-
cludes audible high frequency components (10–16 kHz
of central frequencies of one-third octave bands) and
low ultrasonic frequencies (up to 40 kHz band) that has
extended the noise frequency spectrum with regard to
the audible noise measuring range (usually covering
the range from 125 Hz – 8 kHz of central frequencies of
one-third octave bands).

Tests concerning the impact that ultrasonic noise
has on people carried out so far show that this factor
may have a harmful influence on the auditory system,
causing loss of hearing, and may have a negative im-
pact on the ear vestibule resulting in a perturbation
of balance and nausea (Pawlaczyk-Łuszczyńska et
al., 2001). As regards impacts other than those re-
lated to hearing, it turned out that occupational ex-
posure to ultrasonic noise of levels exceeding 80 dB
in the audible frequency range and over 100 dB in
the low ultrasonic frequency range cause vegetative-
vascular changes (Pawlaczyk-Łuszczyńska et al.,
1999; 2001).
Examination of the hearing damage of people ex-

posed to noise in a work environment is carried out
mainly in low frequency ranges, i.e. 125–8000 Hz (as
above mentioned), due to frequencies responsible for
the understanding speech. On the basis of hearing
loss examinations of people exposed to audible indus-
trial noise over 85 dB for over an 8-year period of
working in high frequency ranges (>8 kHz), it was
proven that in the examined group of people quicker
and higher changes of the hearing thresholds occur in
high frequency audiometry (8–20 kHz) (Przeklasa
et al., 2008; Amir et al., 2011). During the operation
of some ultrasonic devices (e.g. during ultrasonic weld-
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ing), the generated noise is similar to an impulse noise,
which has an essential impact on the hearing dam-
age (Pawlaczyk-Łuszczyńska et al., 2007a; 2007b;
Smagowska, 2010). Moreover, the operation of oto-
toxic agents (organic solvents, substances causing suf-
focation and heavy metals) on people occupationally
exposed to noise may accelerate the process of shifting
the hearing threshold (Śliwińska-Kowalska et al.,
2000).
To prevent the consequences of exposure to ultra-

sonic noise and the hearing damage, this factor has
been listed as a health hazard (Regulation of the Minis-
ter of Labour and Social Policy of 29 November, 2002).
As already mentioned the assessment of the exposure
to ultrasonic noise in the work environment in Poland
is carried out within the range of 10 kHz to 40 kHz
central frequencies of third octave bands (Regulation of
the Minister of Labour and Social Policy of 29 Novem-
ber, 2002). Thus, the identification of ultrasonic noise
sources, i.e. machines and other equipment in the sur-
rounding area, which cause the emission of ultrasonic
noise as a harmful or bothersome factor in the work
environment, is essential (Engel et al., 2005; 2009)
for the assessment of the hazard factor.
In this article, we have specified the method of

the assessment of the exposure to ultrasonic noise at
work stations and presented the assessment results for
two kinds of ultrasonic noise sources distinguishing the
so called technology (Smagowska, Mikulski, 2008),
and non-technology sources of the professional expo-
sure to these factors (Smagowska, 2012b) (as per own
testing). On the basis of the long term own testing, we
have provided, in a further section of this article, mea-
surement results of equivalent sound pressure levels for
selected workstations in that operated equipments that
emit ultrasonic noise. Measurements were taken in the
surrounding area of machines or devices during their
operation in places where the worker is stationed and
at a distance of 0.5–1 m (except for the furnace ser-
vicing station in the rolling-mill, which was measured
at a distance of ca. 4 m). Preventive actions are also
specified, regarding the limitation of exposure to this
hazard factor.

2. Assessment of the exposure
to ultrasonic noise

The assessment of the exposure to ultrasonic noise
is carried out by the comparison of the selected val-
ues of the sound pressure level for a given one-third
octave frequency band to the determined admissible
values. For the purpose of assessing the exposure of a
worker at a given work station to a particular type of
noise, the measurement of ultrasonic noise is carried
out at locations typical for the worker at the given
work station considering all operations carried out by
that person and standard conditions of the use of a

tool, machine or device being the source of such noise
(PN-N-18002:2011).
The admissible values of ultrasonic noise in re-

spect of health protection (MAI – Maximum Admis-
sible Intensity values) for workers in general, valid in
Poland, are specified in the Regulation of the Minis-
ter of Labour and Social Policy of 29 November 2002.
On the basis of the measurements, the physical values
characterizing ultrasonic noise are identified as follows:

• equivalent sound pressure levels determined for
the one-third octave frequency bands with the
center frequencies f of: 10 kHz, 12.5 kHz, 16 kHz,
20 kHz, 25 kHz, 31.5 kHz and 40 kHz, in reference
to an 8-hour labour day, Lfeq,8 h (or to a labour
week Lfeq,w – in the case of exposure of a human
body to ultrasonic noise at an irregular manner
over individual days in a week or if a person works
another number of days a week than 5);

• maximum sound pressure levels determined for
the one-third octave frequency bands with the
center frequencies f of: 10 kHz, 12.5 kHz, 16 kHz,
20 kHz, 25 kHz, 31.5 kHz and 40 kHz, Lf max,d

during a labour day (or a labour week Lf max,w).

Tables 1–3 specify the admissible values of ultra-
sonic noise at workstations for workers in general with
the consideration of particular risk groups: pregnant
women and young persons.

Table 1. Admissible values of equivalent sound pressure
levels and maximum sound pressure levels at workstations

for ultrasonic noise for general workers.

Central
frequencies
of terce bands
of frequency

f [kHz]

Admissible
equivalent sound
pressure levels
Lfeq,8 h, dop

or Lfeq,w,dop [dB]

Admissible maximum
equivalent sound
pressure levels
Lf max,d,dop

or Lf max,w,dop [dB]

10; 12.5; 16 80 100

20 90 110

25 105 125

31.5; 40 110 130

Table 2. Admissible values of equivalent sound pressure
levels and maximum sound pressure levels at workstations
for ultrasonic noise in the case of pregnant women being

employed.

Central
frequencies
of terce bands
of frequency

f [kHz]

Admissible
equivalent sound
pressure levels
Lfeq,8 h,dop

or Lfeq,w,dop dB

Admissible maximum
equivalent sound
pressure levels
Lf max,d,dop

or Lf max,w,dop dB

10; 12.5; 16 77 100

20 87 110

25 102 125

31.5; 40 107 130



B. Smagowska – Ultrasonic Noise Sources in a Work Environment 171

Table 3. Admissible values of equivalent sound pressure
levels and maximum sound pressure levels at workstations
for ultrasonic noise in the case of young persons being

employed.

Central
frequencies
of terce bands
of frequency

f [kHz]

Admissible
equivalent sound
pressure levels
Lfeq,8 h,dop,

or Lfeq,w,dop [dB]

Admissible maximum
equivalent sound
pressure levels
Lf max,d,dop,

or Lf max,w,dop [dB]

10; 12.5; 16 75 100

20 85 110

25 100 125

31.5; 40 105 130

3. Technology ultrasonic noise sources

Technologies using ultrasonics are increasingly
widely used, e.g. in typography, electronics, automo-
tive, textile, alimentary, watch-making, jewellers, op-
tical and PVC producing industries (including pack-
aging producing plants), mechanic workshops (includ-
ing automotive workshops), medical centres, dentist
and prosthetics offices, in laboratories and dispensaries
as well as in medicine: diagnostics, physical therapy
and surgery (Pawlaczyk-Łuszczyńska, 1999; Śli-
wiński, 2001;Nowicki, 2010). Densities of ultrasound
power used for industrial purposes are within the range
of 10 mW/cm2 to 10 000 W/cm2.
Apart from industrial production processing, ultra-

sonics are used for: powder pressing, dust removal, pro-
duction of emulsify agents, aerosols, hydrosols etc., or
in such commonly used equipment as: anti-burglary
alarm equipment, dog whistles, bird and rodent deter-
rent equipment, air humidifiers and inhalation units.
Moreover, ultrasonics are generated by medical equip-
ment such as: diagnostic, physical therapy and sur-
gical equipment. For physical therapy purposes, ul-
trasonics within the range of 0.5–1 MHz are used
for deep treatments and 2.5–3 MHz for surface treat-
ments (Pawlaczyk-Łuszczyńska, 1999). For diag-
nostic purposes, low power ultrasounds within the fre-
quency range of 1–10 MHz are used (up to 30 MHz in
ophthalmology). The intensities of ultrasounds gener-
ated by such equipment vary from 0.06 mW/cm2 to
4 W/cm2.
The main sources of ultrasonic noise in the work en-

vironment are technology sources of ultrasonic noise,
i.e. machines and other equipment in which ultrason-
ics are used to execute or improve certain produc-
tion processes. They generate ultrasound vibrations
with a nominal frequency of 16–40 kHz (Pawlaczyk-
Łuszczyńska et al., 2007a; 2007b; Śliwiński, 2001;
Nowicki, 2010). Most of these devices include the
word “ultrasonic” as designation in their names.
Namely, the technology ultrasonic equipment group in-
cludes: ultrasonic washers, ultrasonic welders (for plas-

tic, metal and hardly wieldable materials), ultrasonic
drills, manual soldering units, ultrasonic crucibles, fab-
ric treatment machines (jet machines, lace machines
and quilting machines), dental devices used for tartar
removing – so called scalars, as well as ultrasonic guil-
lotines, ultrasonic knives or ultrasonic curtains.
The basic frequency of operation of ultrasonic

washers is within the range of 20–40 kHz with the ul-
trasonic component levels reaching 135 dB (Pawla-
czyk-Łuszczyńska et al., 2001).
For ultrasonic welders, the basic frequency of oper-

ation is within the range of 18–22 kHz with the ultra-
sonic component levels reaching 140 dB (Pawlaczyk-
Łuszczyńska et al., 2001). For ultrasonic drills the
operation frequency range is typically between 16–
30 kHz. The equivalent sound pressure levels at work-
stations with drills, depending on whether casings are
provided for the equipment or not, varies between 90–
120 dB (Smagowska, Mikulski, 2008).
The following figures present few examples of mea-

surement results characterising ultrasonic noise sources
in the work environment. Figure 1 presents example
values of equivalent sound pressure levels in reference
to 8 hours at technology work stations with the fol-
lowing ultrasonic equipments: a welder, a washer and
a drill. The highest values exceeding those character-
izing ultrasonic noise at these workstations occur in
the one-third octave-bands centre frequencies close to
the nominal frequency of operation (this is most often
the 20 kHz central frequency band).

Fig. 1. Measurements results of equivalent sound pressure
levels at work stations with: a typical welder, a washer and

a drill (Lfeq,8 h,dop = MAI).

Over the last years, a significant group of technol-
ogy ultrasonic equipment of low frequencies has been
composed of ultrasonic machines for the finishing of
fabric products or for decorative finishing of fabrics
(e.g. jet machines, lace machines and quilting ma-
chines). The nominal frequency of operation of such
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equipment is within the range of 20–40 kHz with the
ultrasound component levels reaching 120 dB.
Figure 2 presents the results of measurements

of equivalent sound pressure levels in the one-third
octave-bands at a workstation with a jet machine
(a machine used for welding decorative stones into fab-
ric). The highest value of this parameter occurs in the
one-third octave-band centre frequency of 25 kHz and
reaches the admissible value defined for this frequency
band (105 dB).

Fig. 2. Results of measurements of equivalent sound
pressure levels in one-third octave frequency bands at
a workstation with a jet machine (Lfeq,8 h,dop = MAI).

Increasingly more often automatic units and pro-
duction lines are installed in production plants (e.g. for
the production of disposable head covers of nonwoven
fabric, shoe covers, disposable head covers of plastic
foils or knives for cutting of tags or edible masses) us-
ing ultrasonic converters in their operation processes
within the range of 20–40 kHz. In most cases, such
equipment has covers, but even minuscule gaps may be
a source of the ultrasonic noise component penetrating
outside the cover, where the levels of such noise may
reach up to ca. 110 dB and, depending on the location
of the work station, may have a harmful effect on the
operating person.
Moreover, ultrasonic guillotines and knives are

commonly used in the food industry, the nominal fre-
quency of operation of which is 20 kHz with the ul-
trasound component levels reaching 100 dB. Figure 3

Fig. 3. Equivalent sound pressure levels in one-third
octave frequency bands at a workstation of a document

cutting line (Lfeq,8 h,dop = MAI).

presents the results of measurements of equivalent
sound pressure levels in one-third octave-bands at a
workstation for servicing a document cutting line. The
highest value of this level is 95 dB in the one-third
octave-band centre frequency of 20 kHz and exceeds
the admissible value 90 dB defined for this frequency
band.
The next work environment in which ultrasonic

equipment is used are dentists’ offices, in which units
removing tartar are used, the so called scalers. The
nominal frequency of operation of such equipment is
25 kHz with the ultrasonic component levels reach-
ing 80 dB. Low frequency ultrasonic technology equip-
ment includes also soldering units and ultrasonic cru-
cibles used for soldering and galvanizing of various el-
ements. Their industrial use is, however, significantly
limited in respect of other equipments described above
(Śliwiński, 2001).

4. Non technology sources
of ultrasonic noise

Apart from the equipment listed above in which
ultrasound vibrations are a working factor used in the
technology process, ultrasonic noise is also generated
as a non-intentional result of operation of many ma-
chines and equipment units and are described as non-
technology sources of ultrasonic noise. Such equipment
does not bear the name “ultrasonic device”. Its iden-
tification as sources of potential ultrasonic noise at
a workstation is difficult since the ultrasound com-
ponents are not audible. Such identification I can be
achieved only as a result of measurements. Most of-
ten, the noise spectrum emitted by such equipment
includes significant sound pressure levels in a high
audible frequency range and are recognized by per-
sons exposed to such factors as squeaking, whistling
and whooshing sounds. The small amount of litera-
ture available states that the presence of ultrasound
components of significant sound pressure levels has
been encountered in the surrounding areas of such
equipment units during the operation of which aerody-
namic or mechanic phenomena occur, as well as during
other processes, such as e.g. welding or plasma cut-
ting (Pawlaczyk-Łuszczyńska et al., 2001; 2007a;
Smagowska, Mikulski, 2008; Smagowska, 2012a).
The first group of equipment (during operation of

which aerodynamic phenomena occur) includes among
others: compressors, press units, burners, valves and
pneumatic tools (including e.g. manual pneumatic
tools, pneumatic wrenches and grinding machines).
Figure 4 presents as an example the results of

equivalent sound pressure levels at workstations with
vulcanisation press, washer tearing and cutting ma-
chines. The highest value of the emitted noise level
oscillates around 83 dB in the one-third octave-band
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Fig. 4. Measurement results of equivalent sound pressure
levels at workstations with a vulcanization press as well
as the washer tearing and cutting machines (Lfeq,8 h,dop

= MAI).

centre frequency of 12.5 kHz and exceeds the admis-
sible value (80 dB) defined for this frequency band
(Smagowska, 2010).
At detail cleaning workstations, during the use of

valves with compressed air the equivalent sound pres-
sure level in one-third octave-bands centre frequencies
of 10 kHz; 12.5 kHz and 16 kHz is within the range of
90–98 dB. Figure 5 presents the results of equivalent
sound pressure levels at workstations where detail dry-
ing (screen printing mask) and cleaning (printed plates
and dishes) occur using compressed air. The exceed-
ing of the admissible value of this parameter occurs
at one-third octave-bands centre frequencies: 10 kHz;
12.5 kHz, 16 kHz and 20 kHz during the detail cleaning
(Smagowska, 2010).

Fig. 5. Measurement results of equivalent sound pressure
levels at workstations with detail drying and cleaning
units using compressed air (Lfeq,8 h,dop = MAI).

For the group of such pneumatic tools as: chase
rammers, pneumatic wrenches and grinders, the equiv-

alent sound pressure levels, mainly in the one-third
octave-band of centre frequency of 10 kHz vary be-
tween 85–92 dB. During the work with use of pneu-
matic hammers and compressors, the value of this level
in one-third octave-bands centre frequencies of 10 kHz,
12.5 kHz and 16 kHz occurs within the range of 100–
115 dB.
Another group of equipment generating ultrasonic

noise components (in which the source of ultrasounds
are mechanical processes) includes such units as: high-
speed planers, milling machines, grinders, circular saws
and some textile manufacturing machines (e.g. looms,
throttles, stretching machines, twisters, winders and
cards). For mechanical processing machines, i.e. tim-
ber planers and milling machines, the equivalent sound
pressure level in the one-third octave-bands centre fre-
quencies of 10 kHz and 12.5 kHz reaches 98 dB. For
(angle) grinders and sledgehammers (with weights of
1,500 and 2,000 kG), the equivalent sound pressure
level in the one-third octave band of central frequency
of 10 kHz reaches 91 dB.
For the group of circular saws and cross saws for

timber as well as belt saws for metal, the equivalent
sound pressure level in the one-third octave-bands cen-
tre frequencies of 10 kHz, 12.5 kHz and 16 kHz occurs
within the range of 95–100 dB. Figure 6 presents an ex-
ample of results of the equivalent sound pressure levels
in the one-third octave-bands during metal grinding
using an angle grinder. The admissible values of this
level (80 dB) are exceeded in the one-third octave-band
of centre frequencies of 10 kHz, 12.5 kHz and 16 kHz.

Fig. 6. Results of measurements of equivalent sound
pressure levels in the one-third octave frequency bands
at a workstation with a grinder (Lfeq,8 h,dop = MAI).

For the group of textile manufacturing machines
(e.g. looms, throstles, stretching machines, twisters,
winders and cards) the equivalent sound pressure lev-
els vary within the range of 80–90 dB and the highest
level values are measured in one-third octave-bands
centre frequencies of 10 kHz, 12.5 kHz and 16 kHz
(Smagowska, 2012a).
Figure 7 presents example values of equivalent

sound pressure levels in reference to 8 hours at textile
manufacturing workstations. For such ultrasonic noise
sources, the highest values of levels characterizing ul-
trasonic noise occur in one-third octave-bands centre
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Fig. 7. Measurement results of equivalent sound pressure
levels at textile manufacturing workstations (Lfeq,8 h,dop

= MAI).

frequencies of 10 kHz, 12.5 kHz and 16 kHz. On the ba-
sis of the noise level results at a throstle workstation it
is seen that major differences between the sound pres-
sure levels (10 dB) occur in such bands both with open
and closed doors to the machine.
Moreover, significant sound pressure levels in the

scope of ultrasonic noise occur during welding (72 dB),
cutting a metal sheet by means of an oxy-fuel cutting
torch (75 dB), plasma cutting (87 dB) or rolling pro-
cesses (80 dB).
Figure 8 presents example values of sound pressure

levels in the one-third octave-bands while cutting a
25 mm thick metal sheet by an oxy-fuel cutting torch
and cooling furnace semi-products (in a rolling-mill).
For such operations, the highest values of the sound
pressure levels occur in the one-third octave-band cen-
tre frequencies of 10 kHz, 12.5 kHz and 16 kHz and
vary within the range of 75–80 dB.

Fig. 8. Sound pressure levels during cooling furnace
semi-products (rolling-mill) and cutting a 25 mm metal
sheet by means of an oxy-fuel cutting torch (Lfeq,8 h =

MAI).

5. Summary and conclusions

It should be stated that in reference to the technol-
ogy ultrasonic noise sources, the highest values charac-
terizing this hazard factor occur most often within the
operating frequency of the equipment and in case of
non-technology ultrasonic noise sources, in the three
first one-third octave bands of central frequencies of
10 kHz; 12.5 kHz and 16 kHz. Due to the fact that
these frequency bands overlap clearly with the up-
per range of audible sound frequencies, the risk of
occurrence of hearing damage is assessed as high. In-
formation presented in the article regarding machines
and other equipments being non technology ultrasound
noise sources is important to bring attention to the
problem of exposure to this hazard factor in a work
environment.
The harmful impact of ultrasonic noise may be lim-

ited in the case of exposure to operators in a work
environment by taking the following relevant preven-
tion steps (Regulation of the Minister of Health and
Social Policy of 30 May, 1996; Regulation of the Min-
ister of Economy and Labour of 5 August, 2005; PN-
N-18002:2011; Dobrucki, 2010):

• limiting ultrasonic noise emission by changing the
structure of the ultrasonic equipment,

• training the operating workers to use the ultra-
sonic equipment according to the principles of
proper and safe unit servicing,

• educating the operating workers on the harmful
impact of ultrasounds on the human body,

• use of common protection means (covers, casings
and acoustic screens) limiting noise propagation,

• use of ear protection (properly selected for the
noise spectrum) and head covers (helmets with
transparent visors, e.g. made of Plexiglas),

• limiting the exposure by organizational methods
(e.g. by proper location of workstations, forming
silent centres and the rotation of staff),

• in case of exposure to noise in reference to an 8-
hour work time being above the NDN values a
shorter time of work should be adopted,

• carrying out initial and periodical preventive med-
ical examinations (Engel et al., 2005).

Moreover as a general conclusion one should state
that the problem of assessment of ultrasonic noise in
a work environment as a hazard factor present and is
an important problem to recognize by further research
and measurements. The classification of the ultrasonic
noise sources in two groups the technology and non-
technology ones as presented in the paper is a useful
way in distinction of two kinds of situations existing
in the ultrasonic noise impact on the human body and
especially on hearing losses that seems to be more ev-
ident in the case of the second type of sources.



B. Smagowska – Ultrasonic Noise Sources in a Work Environment 175

Acknowledgments

This publication has been prepared on the basis
of results of the phase II of a long-term programme
called “Improvement of safety and conditions at work”
for the years 2011–2013, co-financed in the scope of
scientific research and development works by funds of
the Ministry of Science and Higher Education. The
programme coordinator: Central Institute of Labour
Protection – National Research Institute.

References

1. Amir H. Mehrparvar, Seyyed J. Mirmoham-
madi, Abbas Ghoreyshi, Abolfazl Mollasadeghi,
Ziba Loukzadeh (2011), High-frequency audiometry:
A means for early diagnosis of noise-induced hearing
loss, Noise & Health, 13, 55, 402–406.

2. Dobrucki A., Żółtogórski B., Pruchnicki P.,
Bolejko R. (2010), Sound-Absorbing and Insulating
Enclosures for Ultrasonic Range, Archives of Acous-
tics, 35, 2, 157–164.

3. Engel Z., Piechowicz J., Pleban D., Strycznie-
wicz L. (2005), Minimization of industrial vibroacous-
tics hazards – guide book [in Polish: Minimalizacja
przemysłowych zagrożeń wibroakustycznych – Porad-
nik ], CIOP-PIB, Warszawa.

4. Engel Z., Engel J., Kosała K. (2009), Vibroa-
coustics processes of source, testing, analyzers [in Pol-
ish: Procesy wibroakustyczne źródła, badania, analiz ],
Monografia AGH 41.

5. Nowicki A. (2010), Ultrasound in Medicine, [in Polish:
Ultradźwięki w medycynie, wprowadzenie do współczes-
nej ultrasonografii ], IPPT PAN, Warszawa.

6. Pawlaczyk-Łuszczyńska M. (1999), Noise, infra-
sonic noise, and ultrasonic noise. Part II Physical
and biological hazards, prevention activities [in Polish:
Hałas słyszalny, infradźwięki i ultradźwięki. Higiena
Pracy ], J.A. Indulski [Ed.], Tom II. Zagrożenia fizyczne
i biologiczne, działania ochronne. Oficyna Wydawnicza
IMP, Łódź.

7. Pawlaczyk-Łuszczyńska M., Koton J., Śliwiń-
ska-Kowalska M. (2001), Ultrasonic noise [in Pol-
ish, with an abstract in English: Hałas ultradźwiękowy
– Dokumentacja proponowanych wartości dopuszczal-
nych poziomów narażenia zawodowego], Podstawy
i Metody Oceny Środowiska Pracy, 2, 28, 55–88.

8. Pawlaczyk-Łuszczyńska M., Dudarewicz A., Śli-
wińska-Kowalska M. (2007a), Sources of occupa-
tional exposure to ultrasonic noise [in Polish, with
an abstract in English: Źródła ekspozycji zawodowej
na hałas ultradźwiękowy – ocena wybranych urządzeń],
Medycyna Pracy, 58, 2, 105–16.

9. Pawlaczyk-Łuszczyńska M., Dudarewicz A., Śli-
wińska-Kowalska M. (2007b), Theoretical Predic-
tions and Actual Hearing Threshold Levels in Workers
Exposed to Ultrasonic Noise of Impulsive Character –
A Pilot Study, JOSE, 13, 4, 409–418.

10. Przeklasa R., Reron E., Wiatr M., Składzień J.
(2008), High-frequency audiometry in evaluation of
hearing impairment in people exposed to industrial
noise [in Polish, with an abstract in English: Rola
audiometrii wysokich częstotliwości w ocenie ubytku
słuchu u osób narażonych na działanie hałasu prze-
mysłowego], Otolaryngologia, 7, 4, 202–206.

11. Smagowska B., Mikulski M. (2008), Ultrasonic
noise at workstations with ultrasonic drills – occupa-
tional risk assessment [in Polish, with an abstract
in English: Hałas ultradźwiękowy na stanowiskach
pracy drążarek ultradźwiękowych – ocena ryzyka za-
wodowego], Bezpieczeństwo Pracy, 10, 18–22.

12. Smagowska B. (2010), Utrasonic noise at worksta-
tions with machinery and devices with air compres-
sion [in Polish, with an abstract in English: Hałas ul-
tradźwiękowy na stanowiskach maszyn i urządzeń ze
sprężonym powietrzem], Bezpieczeństwo Pracy, 7–8,
38–41.

13. Smagowska B. (2012a), Ultrasonic noise at selected
workstations of textile machines – occupational risk as-
sessment [in Polish, with an abstract in English: Hałas
ultradźwiękowy na stanowiskach pracy maszyn włókien-
niczych – ocena ryzyka zawodowego], Przegląd włókien-
niczy – włókno, odzież, skóra, 2, 42–46.

14. Smagowska B. (2012b), Ultrasonic noise sources in
the work environment [in Polish: Źródła hałasu ultra-
dźwiękowego w środowisku pracy ], Proceedings of the
40th Winter School of Vibroacoustical Hazards Sup-
pressions, Gliwice-Szczyrk, Poland, pp. 263–271.

15. Śliwińska-Kowalska M., Zamysłowska-Szmyt-
ke E., Kotyło P., Wesołowski W., Dudare-
wicz A., Fiszer M., Pawlaczyk-Łuszczyńska M.,
Politański P., Kucharska M., Bilski B. (2000),
Assessment of hearing impairment in workers exposed
to mixtures of organic solvents in the paint and lac-
quer industry [in Polish, with an abstract in English:
Ocena uszkodzeń słuchu u pracowników narażonych na
mieszaniny rozpuszczalników organicznych w przemyśle
farb i lakierów ], Medycyna Pracy, 51, 1, 1–10.

16. Śliwiński A. (2001), Ultrasound’s and its applications
[in Polish: Ultradźwięki i ich zastosowania], WNT,
Warszawa.

17. Regulation of the Minister of Health and Social Pol-
icy of 30 May 1996 on conducting the medical ex-
amination of employees, range of medical prevention
and medical decisions given on the purposes specified
in the Labour Code [in Polish: Rozporządzenie MZiOS
z dnia 30 maja 1996 w sprawie przeprowadzania badań
lekarskich pracowników, zakresu profilaktycznej opieki
zdrowotnej nad pracownikami oraz orzeczeń lekars-
kich wydawanych dla celów przewidzianych w Kodek-
sie Pracy ], Journal of Laws of 1996 No 69, item 332
as amended; Journal of Laws of 1997 No 60, item 375;
Journal of Laws of 1998 No 159, item 1057; Journal of
Laws of 2001, No. 37, item 451.

18. Regulation of the Minister of Labour and Social Pol-
icy of 29 November 2002 on the maximum admis-



176 Archives of Acoustics – Volume 38, Number 2, 2013

sible concentration and intensities for agents harm-
ful to health in the working environment [in Pol-
ish: Rozporządzenie Ministra Pracy i Polityki Socjal-
nej z dnia 29 listopada 2002 r. w sprawie najwyższych
dopuszczalnych stężeń i natężeń czynników szkodliwych
dla zdrowia w środowisku pracy ], Journal of Laws No
217, item 1833, as amended; Journal of Laws No 212
item 1769 of 28 October 2005.

19. Regulation of the Minister of Economy and Labour of
5 August 2005 on safety and hygiene at work for works

related with exposure to noise or mechanical vibrations
[in Polish: Rozporządzenie Ministra Gospodarki i Pracy
z dnia 5 sierpnia 2005 r. w sprawie bezpieczeństwa
i higieny pracy przy pracach związanych z narażeniem
na hałas lub drgania mechaniczne], Journal of Laws No
157, item 1318.

20. PN-N-18002:2011 Guide on risk assessment at work
[in Polish: Systemy zarządzania bezpieczeństwem i hi-
gieną pracy – Ogólne wytyczne do oceny ryzyka za-
wodowego].



ARCHIVES OF ACOUSTICS

Vol. 38, No. 2, pp. 177–183 (2013)

Copyright c© 2013 by PAN – IPPT

DOI: 10.2478/aoa-2013-0020

Method of Determining the Sound Absorbing Coefficient of Materials
within the Frequency Range of 5 000–50 000 Hz in a Test Chamber

of a Volume of about 2 m3

Witold MIKULSKI

Central Institute for Labour Protection – National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland; e-mail: wimik@ciop.pl

(received June 27, 2012; accepted January 22, 2013)

Sound absorption coefficient is a commonly used parameter to characterize the acoustic properties of
sound absorbing materials. It is defined within the frequency range of 100–5 000 Hz. In the industrial
conditions, many appliances radiating acoustic energy of the frequency range of above 5000 Hz are used
and at the same time it is known that a noise within the frequency range of 5 000–50 000 Hz can have a
harmful effect on people,hence there is a need to define the coefficient in this frequency range. The article
presents a proposal for a method of measurement of the sound absorption coefficient of materials in the
frequency range from 5 000 Hz to 50 000 Hz. This method is a modification of the reverberation method
with the use of interrupted noise.

Keywords: ultrasonic noise, sound absorption coefficient of materials.

1. Introduction

Sound absorption coefficient is a commonly used
parameter to characterize the acoustic properties of
sound absorbing materials. Its variation called the
sound absorption coefficient (EN ISO 354:2003) is de-
fined by means of a measuring and computational
method in a special reverberation chamber in condi-
tions of diffuse field, with the use of interrupted noise
or the impulse method (Blough et al., 2007). Sizes of
the studied sample of material are 10–12 m2, and the
volume of the test room is about 200 m3.
Another method of defining the sound absorption

coefficient and in particular its variation, the sound
absorption coefficient (dependent on the angle of inci-
dence of acoustic wave), is a measuring and computa-
tional method involving examination of small samples
of material within the field of the standing wave in the
so-called Kundt’s tube. Both methods define this co-
efficient within the frequency range of about 5 000 Hz.
In a range above this frequency the used methods can-
not be applied. In the first case, diffuse field cannot be
created in the examined room (which is an assumption
of the applied method) because of a high level of at-
tenuation of the sound in the air which is considerably
higher than the measurable effect of multiple attenu-
ation of the acoustic wave during its reflecting from
the surface of the material sample being examined in

a room of a volume of 200 m3. In the second case, the
measurements in a Kundt’s tube are not possible for
technical reasons. They are particularly limited by the
diameter of the tube (the upper frequency of the mea-
surements is limited by the condition that the wave
must be twice as long as the diameter of the tube). (It
has to be mentioned, that in some laboratories it has
been attempted to define the coefficient of absorption
in the examined frequency range, in the free field, i.e.
in anechoic rooms, however, so far there have been no
extensive reports on them (Pleban, 1990)). Hence the
author suggests the use of a modification of the first
method in a room (test chamber) of a reduced size
(Dobrucki et al., 2010).

2. The room for measurements of the
reverberation time within the frequency
range of 5 000–50 000 Hz – the test chamber

To define the sound absorption coefficient, the au-
thor suggests the research method applied in the dif-
fuse field with the use of interrupted noise. The reason
for adopting this method is the fact that the sound ab-
sorption coefficient of material should be determined
in conditions similar to their use in practice. The use
of sound-absorbing materials in the sources enclosures
is expected.
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The volume of a standard test room where the
sound absorption coefficient is studied is about 200 m3.
The density of acoustic energy during propagation of
the acoustic wave from the source decreases as a result
of: an increase of the area of the surface wave front
(for the point source – a sphere), losses of the acous-
tic energy during reflecting from the surfaces enclosing
the room, and the attenuation of the acoustic energy
during propagation in the air (ISO 9613-1:1993). All
the three phenomena interact simultaneously and are
taken into account in the method used up to this point.
The influence of the second and third of these phenom-
ena depends strongly on the frequency, however, within
the frequency range investigated so far, 100–5 000 Hz,
it is not too large for the conditions of the diffuse field
not to be maintained (relatively small attenuation of
the acoustic wave energy on the propagation path en-
ables the recording of the acoustic signal above the
acoustic background even after multiple reflections of
the wave from the walls of the room – sufficiently long
path on which the level of the sound pressure of the
acoustic wave radiating from the source is higher than
the acoustic background). The spectrum of the sound
power level of the source is adjustable and can be rel-
atively flat in the frequency range of 5 000–50 000 Hz
(Mikulski, Radosz, 2009; 2010).
This is the basis for extraction of the energy losses

during reflections from the influence of the three phe-
nomena. It consists in setting the so-called decay cur-
ves of the sound pressure level after turning off the
source and, from them, defining the reverberation time
(from which the sound absorption coefficient is calcula-
ted).
In a standard test room (of about 200 m3 volume),

within the frequency range of above 5 000 Hz, sound at-
tenuation by a material and the walls of the room and
on the propagation path in the air is so high that the
level of sound pressure decreases rapidly in the func-
tion of the distance. It makes it impossible to record
the acoustic wave after multiple reflections and the im-
pact of the reflection of a wave from the examined ma-
terial cannot be extracted from the resultant impact of
the three above mentioned phenomena. As a matter of
fact, the distance covered by the acoustic wave whose
density of acoustic energy is higher than the density
of the acoustic field is so short that not only does it
disable the occurrence of diffuse field but also makes it
impossible to record even a few reflections of the wave
from the walls of the room – which is a condition for
measurement of the decay curve and, as a result, mea-
surement of the reverberation time and the sound ab-
sorption coefficient. However, the author believes that
this adverse state of matters can be changed. Since
it is impossible to lengthen the above mentioned dis-
tance that depends, among others, on the attenuation
of sound in the air, the number of reflections of the
acoustic wave from the examined material sample on
this distance should be increased. Then, the influence

of the wave reflection on the attenuation in the air
will be higher and it will be possible to create a quasi-
homogeneous field (if not a diffuse field). Hence, it will
be possible to measure the decay curves that will be
most significantly influenced by the phenomenon of re-
flection of the wave from the examined material. The
author suggests application of this solution by the use
of two modifications of the applied standard method of
defining the sound absorption coefficient in the diffuse
field. The first, through a considerable reduction of the
size of the test room and the second, through covering
all the walls of the test room with the examined mate-
rial (in the standard room 5% of the walls in the room
are covered). This new room with a reduced size will
still be called the test chamber.
The area of the inner surface of the test chamber

has to be of the size of a standard sample of the ex-
amined material, i.e. about 10 m2, it means that the
minimal linear dimension (in meters) of the test cham-
ber l (it was earlier assumed that it is a cube) is:

l ≥
√
Sv/6 = 1.29 m, (1)

where Sv is the area of the inner surface of the cham-
ber, in square meters.
Taking into account the standard thickness of the

material sample, i.e. 0.05 m, the inner linear dimen-
sions of the test chamber are assumed to be 1.4 m.
Figure 1 presents a section of the test chamber, its

photograph, and a photograph of the research equip-
ment.

Fig. 1. Scheme (a scheme of the test chamber, the Pulse
measuring system for the measurements in the examined
frequency range (Mikulski, Radosz, 2009; 2010), a pho-

tograph of the test chamber).
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3. Results of the measurements
of the distribution of the sound pressure

and the reverberation time in the test chamber

In the designed test chamber the research of the
homogeneity of the created acoustic field in a steady
state (of the level of the sound pressure on a spatial net,
64 points) and of the distribution of the reverberation
time was carried out by means of the interrupted noise
method. 64 measured points are in three-dimensional
rectangular net 4× 4× 4, i.e. four heights of 16 points
Fig. 1. The distance from the net to the walls of the
test chamber is 0.3 m). Both parameters were defined
in 1/3 octave frequency bands, of mid-band frequencies
of 5 000–50 000 Hz, in an empty chamber (wood) and
with the examined materials: the polyurethane foam
(Fig. 2) and mineral wool 50 mm.

Fig. 2. Examined materials – the polyurethane foam.

a) b) c)

Fig. 3. Sound pressure levels in 1/3 octave frequency bands in the test chamber in a steady state: a) in an empty chamber,
b) with polyurethane foam (Fig. 2), c) with mineral wool 50 mm, for 64 measurement point.

The results of the tests are presented in:

• Fig. 3 – levels of the sound pressure,
• Fig. 4 – reverberation times.
The measurement results of the distribution of

sound pressure level show that in the test chamber
a homogeneous acoustic field occurs at a distance of
more than about 0.5 m from the speaker, hence, every
test should be carried out at a distance of more than
0.5 m from the speaker (compare Fig. 3 with 5 and 4
with 6). Figures 3 and 4 shows the results of measure-
ments in 64 measurement points in the whole chamber
(the closest measurement point is about 0.2 m from the
speaker), and in Figs. 5 and 6 the results of measure-
ments in 8 measurement points located in the middle of
the test chamber are shown, the closest measurement
point is about 0.6 m from the speaker.
It should also be noted that this condition is not

critical, as in a standard test room creation of reverber-
ant field is necessary because diffuse field is required
due to a small area of the sample in relation to the size
of the room. However, in the suggested test chamber,
where all the walls are covered with the examined ma-
terial, providing a diffuse field is not that significant.
The results of the measurements of the reverbera-

tion times do not vary significantly with respect to the
value of this parameter in the test chamber. Thus, the
choice of the point of measurement inside the cham-
ber does not influence the measurement results of the
reverberation time.
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However, taking into account the maximum reduc-
tion in scatter of the measured values and limit of the
number of measurement points, it is assumed that the
optimal area in which the tests should be carried out

a) b) c)

Fig. 4. Reverberation times in 1/3 octave frequency bands in the test chamber: a) in an empty chamber,
b) with polyurethane foam, c) with mineral wool, for 64 measurement point.

a) b) c)

Fig. 5. Sound pressure levels in 1/3 octave frequency bands in the test chamber in a steady state: a) in an empty chamber,
b) with polyurethane foam, c) with mineral wool, for 4 measurement point in the centre of the test chamber.

is a sphere of the radius of 0.3 m in the centre of the
test chamber (result of the level of the sound pressure
inside the sphere presented in Figs. 5a–c – levels of the
sound pressure, Figs. 6a–c – reverberation times).
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a) b) c)

Fig. 6. Reverberation times in 1/3 octave frequency bands in the test chamber: a) in an empty chamber,
b) with polyurethane foam, c) with mineral wool, for 4 measurement point in the centre of the test

chamber.

4. Method of defining the sound absorption
coefficient in the test chamber

While defining the sound absorption coefficient α
in the test chamber from the results of the measure-
ments of the reverberation time,we used the Knudsen
formula which takes into account the high absorption
properties of the material and the room α > 0.2) and
the sound attenuation in the air (that depends also
on the humidity). Reverberation time (in seconds) in
a room is defined by the use of the following formula:

T=
0.161V

−Sv ln(1− αs) + 4mV
, (2)

where T is the reverberation time in a room, in sec-
onds; V is the volume of the test chamber, in cubic
meters; Sv is the area of the inner surface of the cham-
ber, in square meters; αs is the average sound absorp-
tion coefficient in the room; m is the coefficient taking
into account the attenuation of the sound in the air,
dependent on the frequency and air humidity, in m−1

(for laboratory conditions the assumed values are in
accordance with Table 1).
In the suggested method the sound absorption co-

efficient is defined after a transformation of Eq. (2), in
frequency bands f , from the formula:

αf = 1− e
V
Sv

[
− 0.161

Tf
+4·mf

]
, (3)

where Tf is the reverberation time in the room, in
1/3 octave frequency bands of mid-band frequencies f

(within the range of 5 000–50 000 Hz), in seconds; V is
the volume of the chamber, in cubic meters; Sv is area
of the inner surface of the chamber, in square me-
ters; mf is the coefficient taking into account sound
attenuation in the air, in 1/3 octave frequency bands
of mid-band frequencies f (within the range of 5 000–
50 000 Hz), in m−1.

Table 1. Coefficient m depends on the relative air humidity
and frequency (for laboratory conditions).

Frequency [Hz]
Coefficient taking into
account the attenuation

of the sound in the air m [m−1]

250 0.00009

500 0.00025

1000 0.0008

2000 0.0025

4000 0.007

8000 0.02

The coefficient m taking into account sound atten-
uation in the air depends on the frequency and hu-
midity of the air and it is defined (at this stage of
the research) by the use of the extrapolation method
for the investigated frequency range of the coefficient
given in Table 1. Power curve was used as the extrapo-
lating function (the value of the correlation coefficient
R2 = 0.9996). The coefficient mf (in m−1) for labora-
tory conditions is defined from the formula (the values
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of this coefficient shall be specified by the author by
means of the measurement method in later studies):

mf = 2 · 10−8 · f1.57. (4)

The sound absorption coefficient of the room in 1/3
octave frequency bands αf of mid-band frequencies
within the range of 5 000–50 000 Hz, for laboratory con-
ditions is defined from the formula:

αf = 1− e
V
Sv

[
− 0.161

Tf
+8·10−8·f1.57

]
, (5)

where V is the volume of the test chamber, in cubic
meters; Sv is the area of the inner surface of the test
chamber (or with the examined material, the area of
the material from the inner side of the chamber), in
square meters; Tf is the reverberation time in the test
chamber, in 1/3 octave frequency bands of mid-band
frequencies f , in seconds; f – the mid-band frequency
of 1/3 octave band, in Hz.
In the suggested method, the measurements of very

short reverberation times are limited by the measur-
ing equipment. Because this method is based on the
measurement of sound fading in a room, it is necessary
that the fading is slower than ringing out of the source.
In the investigated measuring system, the established
limiting value – the lower value of the reverberation
time (defined in free field) – is equal to about 0.01 s,
which corresponds in the investigated test chamber to
a sound absorption coefficient α > 0.9. Higher values
of the sound absorption coefficient cannot be defined
by means of this method; however, this limitation can
be accepted taking into account the fact that in prac-
tical conditions there is no need to define the sound
absorption coefficient above 0.9.

5. Measurement results of the reverberation
time and sound absorption coefficient

of a few selected materials

While calculating the sound absorption coefficient
of materials within the frequency range of 5 000–
50 000 Hz, formula (5) is used after measuring the
reverberation time in the test chamber (presented in
Fig. 1). To increase the accuracy of the measurements,
the reverberation time measuring must be performed
in 8 points of measurement on the measurement sur-
face of a sphere of the radius of 0.3 m with its centre in
the centre of the test room. Results should be averaged
(arithmetically).
Verification of the method of determining the sound

absorption coefficient was carried out in the frequency
range in which one can conduct research in both the
test chamber and the standard reverberation cham-
ber. Figure 7 presents the result of the measurement
of the sound absorption coefficient of a material made
of polyurethane foam performed:
• in the reverberation chamber (Laboratory of the
Building Research Institute in Warsaw, room volume

of about 200 m3) with a standard equipment for mea-
suring the sound absorption coefficient of materials
(method defined in the standard EN ISO 354:2003,
derogation from this method: 2 500–10 000 Hz fre-
quency range under consideration, the sound absorp-
tion coefficient is calculated from the formula (5),

• in the test chamber (Noise Laboratory in the Central
Institute for Labour Protection – National Research
Institute, volume of about 2 m3) with the equip-
ment set presented in Fig. 1, in the frequency band
of 5 000–50 000 Hz.
It can be observed, that in the common frequency

range, i.e. 2 000–4 000 Hz, the obtained results were
similar, which proves the adequacy of the suggested
method.
Figure 8 presents the sound absorption coefficient:

of an empty chamber (wood), of a material made of
polyurethane foam (Fig. 2), and mineral wool (50 mm).

Fig. 7. Sound absorption coefficient of a material made of
polyurethane foam in the frequency band 2 500–10 000 Hz:
a – defined in a reverberation chamber in standard labo-
ratory (volume 200 m3), according to the method EN ISO
354:2003, b – defined by means of the suggested method in

the test chamber.

Fig. 8. Sound absorption coefficient of materials in 1/3 oc-
tave frequency bands of the test chamber: a – in an empty
chamber (wood), b – with polyurethane foam, c – with

mineral wool.
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6. Result synthesis

The presented method makes it possible to define,
by means of a measuring and computational method
(with measurement of the reverberation time using the
interrupted noise method), the sound absorption coef-
ficient of a material in the frequency range of 5 000–
50 000 Hz. The suggested method is defined as an as-
sessment method, since further research has to be per-
formed to enable estimation of its accuracy. It will be
a difficult procedure, as in this frequency range prop-
erties of materials were not defined and investigated,
so no data that could be used as reference is known to
exist.

7. Conclusions

The elaborated method can be recognized as a re-
search method which gives approximate results and in
the future, after its validation, will be a method of
defining acoustic properties of materials in the range
of 5 000–50 000 Hz, with respect to their use as sound-
absorbent materials for the surfaces of screens or in-
sides of casings, etc.
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Application of active noise reduction (ANR) systems in hearing protectors requires the use of control
algorithms to ensure stability of the ANR system and at the same time highly effective active noise
reduction. A control algorithm based on NOTCH filters is an example of solutions that meet these criteria.
Their disadvantage is operation over a narrow frequency band and a need for prior determination of
frequencies to be reduced. This paper presents a solution of the ANR system for hearing protectors which
is controlled with the use of modified NOTCH filters with parameters determined by a genetic algorithm.
Application of a genetic algorithm allows to change the NOTCH filter reference signal frequency, and
thus, adapt the filter to the reduced signal frequency.

Keywords: active noise reduction, hearing protectors.

1. Introduction

The commonly used passive hearing protectors, like
most passive noise hearing protection measures, are
characterized by low attenuation in the low-frequency
band (Bismor, 2012). Increased attenuation in the low
frequency range is associated primarily with an in-
crease in the weight and size of the hearing protector,
which is limited to a certain extent. For this reason, the
use of the passive hearing protectors means that em-
ployees are not always adequately protected from low
frequency noise (Kotarbińska, Kozłowski, 2009).
Additionally, non-uniform frequency attenuation of
passive hearing protectors (lower attenuation of low
frequency sounds and higher attenuation of high fre-
quency sounds) has an adverse impact on the intel-
ligibility of speech of people using hearing protection
(Mejia et al., 2008;Canetto, 2009). Sounds of higher
frequencies carrying the main information message of
the speech signal are attenuated very well, while low-
frequency sounds which are the masking signal for the
speech signal are poorly attenuated. These problems
can be solved by application of active noise reduction
systems which allow for a more effective reduction of
low-frequency noise (Oinonen et al., 2006). The use
of lighter hearing protectors with poorer attenuation
in the high-frequency band additionally provided with
active noise reduction systems increasing their atten-

uation in the higher-frequency band often results in
improved intelligibility of speech of individuals using
hearing protectors (Prashanth, 2010; Pawełczyk,
Latoś, 2010).
Active noise reduction (ANR) has been a dynam-

ically developing branch of science since the ‘60s. Ac-
tive noise reduction is based on the phenomenon of
mutual compensation of acoustic waves leading to a
decrease in the sound pressure level at a given point
in space (Engel et al., 2010). A compensating acous-
tic wave is created by means of an additional sound
source. The acoustic compensation wave has to have
in the point of space (point of observation) the same
amplitude as the acoustic noise wave and opposite
phase. The main issue in the application of ANR sys-
tems in hearing protectors is ensuring stability of the
ANR system operation and at the same time a highly
effective active noise reduction (Pawełczyk, 2004).
The ANR system should analyze a noise signal and
generate adequate compensating signal taking into ac-
count transmittances of the electroacoustic path, in-
cluding phase shift results from different distances be-
tween sources and point of observation (Morzyński,
Makarewicz, 2003; Krukowicz, 2010). An example
of solutions that meet these criteria is an ANR sys-
tem which is controlled with the use of NOTCH filters
(Mojiri, Bakhshai, 2004). Their disadvantage is op-
eration over a narrow band and a need for prior de-
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termination of frequencies to be reduced. Despite the
narrow-band nature of operation, these systems can be
used to reduce noise of a number of specific groups of
machines and equipment found in industry. A number
of these sources, such as pumps, ventilation systems,
turbines, and others, produce narrowband stationary
noise (Engel et al., 2010). In the case of such noise,
to achieve the required attenuation performance of an
active hearing protector it is sufficient to reduce noise
in selected frequency bands.

2. Active noise reduction system
with modified NOTCH filters

This paper presents a solution of the ANR sys-
tem for hearing protectors which is controlled with
the use of modified NOTCH filters with parameters
determined by a genetic algorithm (Goldberg, 1989;
Gwiazda, 2007; Makarewicz, 2007). It is assumed
that the active noise reduction system will comprise
a number of modified NOTCH filters, connected in pa-
rallel.
Typical NOTCH filters, in order to operate cor-

rectly, need two sinusoidal reference signals, out of
a phase 90◦ (i.e. sin(θ) and cos(θ)), synchronized with
the noise signal. The compensating signal y(n), de-
scribed by use of the Eq. (1), constitutes a sum of
component signals y1(n) and y2(n)

y(n) = y1(n) + y2(n) = w1(n) sin(ω(n))

+w2(n) cos(ω(n)) = A sin(ω(n) + ϕ). (1)

The signals y1(n) and y2(n) are products of a refer-
ence signal and amplification factors called filter coef-
ficient. Usually values of these factors are settled with
use of the LMS algorithm (Bismor, 2012), according
to the following equations:

w1(n+ 1) = w1(n) + µe(n) sin(ω(n)), (2)

w2(n+ 1) = w2(n) + µe(n) cos(ω(n)), (3)

where µ is the value of adaptation coefficient, n is the
consecutive number of a sample.
The NOTCH filter modification (Górski, Mo-

rzyński, 2012) consists in enabling the change in the
reference signal frequency (and consequently adapta-
tion to the reduced signal frequency) by introducing
an additional coefficient determining the frequency of
the generated reference signal, as shown in Fig. 1.
In the modified NOTCH filter, an additional coef-

ficient w3 is introduced for determining the frequency
of the generated reference signal. This modification al-
lows adaptation of the filter to the frequency of the
reference signal. In the modified NOTCH filter, the
compensating signal y(n), described with use of the

Fig. 1. Block diagram of the modified NOTCH filters.

Eq. (4), constitutes a sum of component signals y1(n)
and y2(n)

y(n) = y1(n) + y2(n) = w1 sin(w3ω(n))

+w2 cos(w3ω(n)) = A sin(w3ω(n) + ϕ). (4)

In this case, it is not possible to apply the LMS
algorithm. Figure 2 shows a block diagram of a hear-
ing protector with an active noise reduction system,
operating with the use of modified NOTCH filters and
a genetic algorithm. The objective of the genetic algo-
rithm is to determine the coefficients of NOTCH filters
that allow for achieving the highest possible efficiency
of the ANR system and minimize noise reaching the
user of the hearing protector; in particular, determin-
ing frequencies to be reduced.

Fig. 2. Active noise reduction system with modified
NOTCH filters.

After establishing a set of NOTCH filter coeffi-
cients, active noise reduction system switches to the
operation mode in which coefficients responsible for
frequency change are not changed, and the coefficients
w1 and w2 are adapted using the LMS algorithm with
a very small adaptation step. The user will be able to
initiate the process of determination of parameters for
the control algorithm using a genetic algorithm when-
ever such a need arises (e.g. after changing the work
room).
Operation of the active noise reduction system con-

trol algorithm starts with a genetic algorithm (Fig. 3)
creating the initial population of individuals (sets of
filter coefficients). Its size is selected experimentally
on the basis of numerical simulations. The number of
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Fig. 3. Block diagram of the genetic algorithm used in an
active noise reduction system.

genes in each individual depends on the number of im-
plemented NOTCH filters. Three coefficients will need
to be determined for each filter. Their values are real
numbers in the range from −1 to 1.
During simulations, calculation of the fitness func-

tion involves determination of the simulated error sig-
nal vector corresponding to the vector of the sample
recorded by the error microphone in a real active noise
reduction system. Values of fitness function are calcu-
lated for each individual in the population. The same
noise signal vector is used to calculate the value of
the fitness function for each individual in the popu-
lation, which is a significant simplification compared
to real conditions. In real conditions, the error signal
vector is recorded one by one for each individual. For
this reason, changes in the (reduced) noise signal can-
not be excluded, which can lead to ambiguity in de-
termination of fitness for individuals of a given popu-
lation.
Selection of the best individual consists in finding

an individual with the best fitness. For this individual,
the NOTCH filter coefficients are read and assigned to
the vector of filter coefficients. After verifying the end
condition, which in the algorithm concerned is a cer-
tain number of generations, the genetic algorithm ends
the operation or enters the stage of the development
of new individuals. At the selection stage, a group of
individuals with the greatest fitness is selected with
the assumed probability. At the stage of crossover of
selected individuals in pairs, particular genes are mod-
ified in order to obtain individuals with intermediate
characteristics. At the stage of mutation of selected

individuals, particular genes are modified in order to
obtain new values of coefficients which are absent in
the selected population. Then, a group of n individu-
als is selected out of the group of individuals under-
going selection, crossover, and mutation operations to
form a new population. After stopping the genetic al-
gorithm and selecting the best individual, the active
noise reduction system switches to the operation mode
in which it operates using the LMS algorithm. The
LMS algorithm is applied due to the fact that the ge-
netic algorithm selects the reduced frequency with a
finite accuracy. The genetic algorithm is a stochastic
algorithm, the errors of a selected frequency can vary
greatly at subsequent runs of the same algorithm. The
results of the numerical simulations show that these
errors are typically in the range of ±15 Hz.
The effect of the non-ideal determination of the re-

duced frequency is a generation of two signals with
slightly different frequencies, and, consequently, a phe-
nomenon known as beat (Fig. 4).

Fig. 4. Sample error signal over time with application of
an active noise reduction system with modified NOTCH

filters.

3. Numerical simulations

The active noise reduction system presented above
was tested using numerical simulations. In order to
carry out these tests, the ANR system in the Matlab
computing environment was developed. During numer-
ical simulations, analyses were carried out of the im-
pact of modifications in the parameters describing the
ANR system. The impact of the size of the initial pop-
ulation, the probability of crossover and mutation and
the number of generations was analysed in the group of
features describing the genetic algorithm. In the group
of describing the ANR system, the number of com-
ponent frequencies, a change in the frequency of noise
signal and the length of the vector of test samples were
taken into account.
The main objective of the numerical simulations

was to determine the possibility of using the LMS al-
gorithm to reduce the error in determining the reduced
signal frequency and estimate the effectiveness of the
proposed solution of the ANR system.
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Figure 5 shows the waveforms of the noise signal
(a tone with a frequency of 400 Hz) before reduction
and the reduced signal for the active noise reduction
system without the aid of the LMS algorithm. In this
case, the genetic algorithm has allowed for signal re-
duction by about 80%.

Fig. 5. Waveforms of the noise signal (dotted line) and error
signal (solid bold line)with application of an ANR system

with modified NOTCH filters.

For the analysed time span, the effectiveness of ac-
tive noise reduction is about 10 dB (Fig. 6). However,
about 0.2% error in determining the reduced signal fre-
quency caused the algorithm to operate correctly only
at an early stage (the beat effect).

Fig. 6. Spectrum of the noise signal (dotted line) and er-
ror signal (solid bold line) with th application of an ANR

system with modified NOTCH filters.

Introduction of the LMS algorithm to compensate
determination of the reduced frequency error signal by
the genetic algorithm eliminated the beat effect and
provided a more accurate compensation of the noise
signal (Fig. 7). This modification improved the effec-
tiveness of the active noise reduction by up to about
50 dB (Fig. 8).
A similar principle of operation of an active noise

reduction system can be applied to multi-tone signals.
Figures 9 and 10 show the noise spectrum of a dual-
tone signal with the frequencies 400 and 600 Hz, and
an error signal. In the first case, the active noise reduc-
tion system operated only with the modified NOTCH
filters, and in the second case the LMS algorithm was
also used.

Fig. 7. Waveforms of the noise signal (dotted line) and error
signal (solid bold line) with application of an ANR system
with modified NOTCH filters and the LMS algorithm.

Fig. 8. Spectrum of the noise signal (dotted line) and error
signal (solid bold line) with application of an ANR system
with modified NOTCH filters and the LMS algorithm.

Fig. 9. Spectrum of the two-tone noise signal (dotted line)
and error signal (solid bold line) with application of an

ANR system with modified NOTCH filters.

Fig. 10. Spectrum of the two-tone noise signal (dotted line)
and error signal (solid bold line) with the application of an
ANR system with modified NOTCH filters and the LMS

algorithm.
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The effectiveness of the active noise reduction with
the use of only modified NOTCH filter is about −2 dB
(Fig. 9). The genetic algorithm error in determining
the reduced signal frequency is about 15–20 Hz. In-
troduction of the LMS algorithm to compensate the
determination error of the reduced frequency signal by
a genetic algorithm improved the effectiveness of active
noise reduction by up to about 30 dB (Fig. 10).
Figure 11 shows the waveforms of the noise sig-

nal (a two-tone with a frequency of 400 and 600 Hz)
before reduction and the reduced signal for the ANR
system with the application of the modified NOTCH
filters and the LMS algorithm. In this case, the ge-
netic algorithm has allowed for signal reduction by
about 90%.

Fig. 11. Waveforms of the two-tone noise signal (dotted
line) and error signal (solid bold line) with application of
an ANR system with modified NOTCH filters and the LMS

algorithm.

4. Summary

A solution of the ANR system for hearing pro-
tectors has been presented. In this solution, modified
NOTCH filters with parameters determined by a ge-
netic algorithm were used. The ANR system was tested
using numerical simulations. The main objective of the
numerical simulations was to determine the possibility
of using the LMS algorithm to reduce the determina-
tion error of the reduced frequency signal and estimate
the effectiveness of the proposed solution of the ANR
system.
Application of the LMS algorithm to compensate

the error in determining the reduced signal frequency
by the genetic algorithm can significantly reduce the
operation time of the genetic algorithm and consider-
ably improve the efficiency of the entire system. Nu-
merical simulations have shown that for errors in deter-
mination of a frequency signal to be reduced by the ge-
netic algorithm of 5 Hz, the maximum design efficiency
of active noise reduction is about 55 dB. Lower maxi-
mum effectiveness of active noise reduction is achieved

for multi-tone signals (about 40 dB). The problem in
this case is the appropriate selection of the adaptation
step, which has a significant effect on the activation of
the ANR system.
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Efficient ultrasonic noise reduction by using enclosures requires the knowledge of absorbing properties
of materials in the frequency range above 4 kHz. However, standardized methods enable determination
of absorption coefficients of materials in the frequency range up to 4 kHz. For this reason, it is proposed
to carry out measurements of the sound absorption properties of materials in the free field by means of
a tone-burst technique in the frequency range from 4 kHz to 40 kHz at angles of incidence varying from
0◦ to 60◦. The absorption coefficient of a material is calculated from the reflection coefficient obtained
by reflecting a tone-burst from both a perfectly reflecting panel and a combination of this panel and the
sample of the tested material. The tests results show that mineral wool and polyurethane open-cell foam
possess very good absorbing properties in this frequency range.

Keywords: ultrasonic noise, sound absorption coefficient, tone burst technique, sound absorbing mate-
rial.

1. Introduction

A trend towards a growth of both the production
efficiency and the quality level has contributed, among
others, to development of technological applications of
ultrasonic devices in which ultrasounds are generated
for the purpose of either execution or acceleration or
facilitation of assumed technological processes. These
devices are characterized by relatively high power and
their nominal frequencies in most cases are between
18 kHz and 40 kHz.
Ultrasonic cleaners are the most common devices.

The ultrasonic cleaning technology applied for both
miniature elements and large structures allows to ob-
tain such a high surface cleanness degree that it is not
possible to be achieved with other methods.
The ultrasonic cleaners are followed by ultrasonic

drilling machines and ultrasonic welding devices. Ul-
trasonic drilling is particularly useful for making pro-
file hollows or holes of any shape and high required
accuracy regardless of the machined material. This
method is used for machining of glass, quartz, natural
and synthetic stones of any kind, porcelain, ceramics,
titanium, as well as hardened steel and other metals
difficult to machine. On the other hand, plastic and
metal ultrasonic welding technologies are applied in

joining plastic elements (eliminating sizing technolo-
gies), in microwelding processes, and in joining fragile
and/or hard-weldable materials.
Besides technological ultrasonic devices, there is

also a large group of industrial machines and devices
which also emit ultrasounds as an unintended accom-
panying additional factor. The sources of the ultra-
sounds are phenomena of aerodynamic nature (flow
or outflow of compressed gases) or mechanical nature
(high rotational speed of machine elements). The pres-
ence of ultrasonic components with significant sound
pressure levels can be found in the noise in the sur-
roundings of compressors, burners, valves, pneumatic
tools and such high-speed machines as planers, millers,
grinders, circular saws and certain textile machines.
Most of the sound energy emitted by these machines
to the environment is within high audible frequencies
and low ultrasonic frequencies.
Working in the environment of the above-

mentioned technological ultrasonic devices and ma-
chines creates hazards not only to the organ of hearing
(Smagowska, Mikulski, 2008; Smagowska, 2011)
but it can be also bothersome and even harmful due
to extra-auditory effects of ultrasounds. It is estimated
that about 25 000 employees in Poland are exposed to
ultrasonic noise emitted by technological ultrasonic de-
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vices and a similar number of employees are exposed to
ultrasonic noise emitted by other machines and pieces
of equipment.
In relation to the above, the permissible values

of ultrasonic noise at work stations were defined in
Poland (Minister of Labour and Social Policy, 2002).
At the same time, the ultrasonic noise was defined as a
noise in the spectrum in which components of high au-
dible frequencies and low ultrasonic frequencies exist
(from 10 kHz to 40 kHz) (Augustyńska, Pośniak,
2010).
Low frequency ultrasounds generated by the above-

mentioned sources (technological ultrasonic devices, in
particular) can penetrate the human body by means of
contact (e.g. contact with an ultrasonic transducer or
ultrasound-excited fluid). However, the sound energy
originating from those sources is always transferred to
the human body by means of air. The three basic meth-
ods or their combinations of lowering transferred ultra-
sonic energy are:

• isolation of the source (encapsulation),
• isolation of the receiver (hearing protectors),
• partitions between the source and the receiver.

Considering these primary ways of ultrasonic en-
ergy transfer to the human body, it is obvious that
the most efficient way of limiting ultrasonic noise haz-
ards are activities taken by device manufacturers con-
sisting in encapsulation of ultrasound sources (in the
case of technological ultrasonic devices) and limitation
of noise source emissions (in the case of other ma-
chines). Due to the specificity of ultrasonic noise (short
ultrasound waves) consisting in the occurrence of ex-
posures mainly in the direct neighbourhood of noise
sources, the most efficient protective means will be en-
closures and acoustic screens which limit noise on its
way of propagation. However, efficient noise reduction
using the above-mentioned technical methods requires,
among others, the knowledge of acoustic properties of
materials (including the values of sound absorption
coefficients for the materials) in the frequency range
above 4 kHz.

2. Methods of determination of sound
absorption coefficient

The impedance tube is typically used to measure
the physical (normal) sound absorption coefficient.
There are many types of impedance tubes. Some tubes
are made of metal; other tubes, of a larger cross-
sectional area, are made of air-tight and smooth con-
crete. The cross section of the tubes is usually circular
and – less frequently – rectangular. The physical sound
absorption coefficient can be determined by two stan-
dard methods: the method using the standing wave
ratio (EN ISO 10534-1, 2001) or the transfer-function

method (EN ISO 10534-2, 2001). Moreover, the phys-
ical sound absorption coefficient for materials can be
determined in the free field conditions using one of the
following three methods (Hirosawa et al., 2009) con-
sisting in:
• measuring acoustic impedance at a single point in
the vicinity of the material,

• estimating impedance based on the transfer func-
tion between sound pressures measured at two
points,

• estimating impedance based on the transfer func-
tion between sound velocities measured at two
points.
However, for a dissipated (or dispersed) sound com-

posed of waves propagating in all directions, the ab-
sorption coefficient has a certain mean value called the
reverberant sound absorption coefficient αs. This pa-
rameter characterizes a sound absorbing material and
is determined on the basis of measurements made in
laboratory conditions – in a reverberation room (EN
ISO 354, 2003).
The above methods allow to determine the values of

sound absorption coefficients for materials in a limited
frequency range from 100 Hz to 5 kHz. The bibliog-
raphy (Sikora, 2011; Tijs, Druyvesteyn, 2012) or
catalogues (Acoustic absorption data (n.d.)) sporadi-
cally present results of determining sound absorption
coefficients in the frequency range up to 6 300 Hz or
8 000 Hz. In principle, there is no data available for
a higher frequency range since the commonly applied
reverberant standard methods can not be used in a
high-frequency range due to strong sound absorption
by air.
A solution to this problem could be the application

of the reverberant standard method in a special minia-
turized test chamber (Dobrucki et al., 2010) or the
use of the impulse method (the tone-burst technique).

3. Impulse method

The tone-burst technique consists in determination
of sound absorption coefficient for a material using
the impulse method as a function of a sound wave
incidence angle in the free field conditions. Figure 1
presents the general principle of this method.
Assuming that:

• free field conditions exist,
• sound sources emit plane wave,
• the dimensions of the tested material are sev-
eral times larger than the incident acoustic wave
length,

• the sound absorption coefficient of the rigid panel
is equal to zero,

• the energy losses between the tested material and
the microphone do not depend on the tested ma-
terial,
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E1p – energy of an impulse incident at a rigid panel of
zero absorption,

E′
1p – energy of an impulse incident at a sample of the

tested material placed on the panel,
E1r – energy of an impulse reflected from the panel,
E′

1r – energy of an impulse reflected from the sample of
the material,

E2r – energy of an impulse reflected from the panel
reaching the microphone,

E′
2r – energy of an impulse reflected from the sample of

the material reaching the microphone,
Θ – sound wave incidence angle.

Fig. 1. Principle of the sound absorption coefficient
measurement using the impulse method.

the sound reflection coefficient can be expressed by the
formula:

r − E′
2r

E2r
=

(
p′2r
p2r

)2

(1)

and the sound absorption coefficient can be determined
from the relation:

α = 1−
(
p′2r
p2r

)
, (2)

where p′2r is the sound pressure of an impulse reflected
from the tested material placed on the rigid panel, and
p2r is the sound pressure of an impulse reflected from
the rigid panel.
Equation (2) implies that measurements of the

sound pressure levels for both the impulse reflected
from the tested material and the impulse reflected from
the rigid panel should be carried out in order to deter-
mine the sound absorption coefficient.
A variable sound wave incidence angle with respect

to the panel/tested material is obtained by a change
of the panel position angle or by a possibility of con-
trolling the position of the microphone and the sound
impulse source. Figure 2 shows a diagram of a designed
and constructed test stand for the measurement of the
directional sound absorption coefficient using the im-
pulse method in the frequency range from 4 kHz to
40 kHz.

1. Computer PC with Matlab software
2. RME Fireface 400 audio interface
3. B&K 2706 power amplifier
4. Sound source
5. 1/4” B&K 4135 measurement microphone
6. Panel assumed as perfectly reflecting acoustic energy
(the assumption is valid for the frequency range of 4 kHz
– 40 kHz)

Θ – sound wave incidence angle.

Fig. 2. Diagram of a test stand for the measurement
of sound absorption coefficients for materials using the
impulse method in the frequency range up to 40 kHz.

4. Test results

The experimental tests included sound absorption
coefficient measurements in the frequency range from
4 kHz to 40 kHz for the following material samples:
• mineral wool with thickness of 60 mm, with a glass
fibre mat (ROCKWOOL ROCKTON 60),

• mineral wool with thickness of 80 mm (ROCK-
WOOL ROCKTON 80),

• mineral wool with thickness of 100 mm (ROCK-
WOOL ROCKTON 100),

• polyurethane open-cell foam, with the corrugated
front surface (APAMA G classic),

• furniture fibreboard with thickness of 4 mm over
a distance of 1 cm from the rigid panel (on the
frame around).
The measurements were performed in the above-

mentioned frequency range in 200 Hz steps for the fol-
lowing sound wave incidence angles: 0◦, 10◦, 20◦, 30◦,
40◦, 50◦, and 60◦. Examples of the measurement re-
sults are presented in Figs. 3, 4, and 5.
No significant effect of the sound wave incidence an-

gle on the absorption coefficient value for mineral wool
with thickness of 60 mm (Fig. 3) was found. The de-
termined values of the coefficient in the examined fre-
quency range and for the analysed angles of incidence
are high, i.e. from 0.79 to 0.99, and the values exceed-
ing 0.9 prevail. It can be noticed that local decreases of
the sound absorption coefficient values generally occur
for the same or neighbouring frequency bands for the
given sound wave incidence angle.
However, an analysis of the results presented in

Fig. 4 for mineral wool shows that there is no sig-
nificant effect of the sample thickness on the sound
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Fig. 3. Values of the directional sound absorption coeffi-
cients for mineral wool with thickness of 60 mm (ROCK-
WOOL ROCKTON 60) for the sound wave incidence an-

gles of 0◦, 10◦, 20◦, 30◦, 40◦, 50◦ and 60◦.

Fig. 4. Values of the directional sound absorption coeffi-
cient for mineral wool (ROCKWOOL ROCKTON) with
thickness of 60 mm, 80 mm, 100 mm for the sound wave

incidence angle of 30◦.

Fig. 5. Values of the directional sound absorption coeffi-
cients for tested materials for the sound wave incidence

angle of 0◦.

absorption coefficient values. Each of the tested min-
eral wool samples was characterized by high values of
the sound absorption coefficient and for the incidence
angle of 30◦, they ranged from 0.88 to 0.99 and for
frequencies above 10 kHz, the following relation can
be observed: the larger thickness of mineral wool, the
higher value of the sound absorption coefficient.
The latter of the above figures (Fig. 5) shows a com-

parison of the sound absorption coefficients of all tested
samples for the sound wave incidence angle of 0◦ also
known as the normal sound absorption coefficient. Ex-
cept for the thin furniture panel which cannot be con-
sidered a good sound absorbing material (the sound
absorption coefficient values for this sample vary from
0.37 to 0.86 and their distribution as a function of fre-
quency reflects a resonance nature of this structure),
the remaining materials possess very similar values of
the sound absorption coefficients. The values are:

• from 0.79 to 0.99 for mineral wool with thickness
of 60 mm (ROCKWOOL ROCKTON 60),

• from 0.82 to 1 for mineral wool with thickness of
80 mm (ROCKWOOL ROCKTON 80),

• from 0.83 to 1 for mineral wool with thickness of
100 mm (ROCKWOOL ROCKTON 100),

• from 0.9 to 1 for polyurethane open cell foam
(APAMA G classic).

5. Conclusions

The knowledge of the sound absorbing material
properties in the frequency range above 4 kHz enables
proper selection of a design of collective equipment pro-
tecting from high-frequency noise (including ultrasonic
noise) emitted by various machines and high speed de-
vices as well as technological ultrasonic devices which
are more and more commonly applied in modern man-
ufacturing processes.
The developed impulse sound absorption coefficient

measurement method for materials as a function of the
sound wave incidence angle allows to determine the
sound absorbing material properties in the frequency
range from 4 kHz to 40 kHz.
The tests performed on mineral wool samples with

different thickness (60 mm, 80 mm, and 100 mm) and
polyurethane open-cell foam samples have shown:

• very good sound absorbing properties of mineral
wool and polyurethane open-cell foam in the fre-
quency range from 4 kHz to 40 kHz – in this fre-
quency range, the sound absorption coefficient for
the tested materials was close or equal to one,

• no significant effect of the mineral wool sample
thickness on the values of the measured sound
absorption coefficient, since thickness was larger
than wave length of the incident signal,
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• no significant relation between the values of the
sound absorption coefficient for the tested mate-
rials and the sound wave incidence angle.

However, the results of the performed tests of the
fibreboard in the rigid frame confirm not only a res-
onance nature of this structure which manifests itself
in a large spread of the sound absorption coefficient
values depending on the frequency and sound wave in-
cidence angle, but the results also confirm worse sound
absorbing properties of this sample in comparison with
mineral wool and polyurethane open-cell foam.
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Active Noise Control (ANC) of noise transmitted through a vibrating plate causes many problems not
observed in classical ANC using loudspeakers. They are mainly due to vibrations of a not ideally clamped
plate and use of nonlinear actuators, like MFC patches. In case of noise transmission though a plate,
nonlinerities exist in both primary and secondary paths.
Existence of nonlinerities in the system may degrade performance of a linear feedforward control

system usually used for ANC. The performance degradation is especially visible for simple deterministic
noise, such as tonal noise, where very high reduction is expected. Linear feedforward systems in such
cases are unable to cope with higher harmonics generated by the nonlinearities. Moreover, nonlinearities,
if not properly tackled with, may cause divergence of an adaptive control system.
In this paper a feedforward ANC system reducing sound transmitted through a vibrating plate is

presented. The ANC system uses nonlinear control filters to suppress negative effects of nonlinearies
in the system. Filtered-error LMS algorithm, found more suitable than usually used Filtered-reference
LMS algorithm, is employed for updating parameters of the nonlinear filters. The control system is
experimentally verified and obtained results are discussed.

Keywords: active noise-vibration control, active structural acoustic control, adaptive algorithm, nonlin-
ear system.

1. Introduction

Vibrating plates are very attractive for noise reduc-
tion systems. They can be used as secondary sources in
ANC systems or as active acoustic barriers (Hansen,
Snyder, 1997; Fahy, Gardonio, 2007). In the lat-
ter application the noise transmitted through a plate
is reduced. Such active barriers can be much thinner
than comparable passive barriers. Double panel sys-
tems with two plates separated by a cavity are even
more beneficial, because they can provide improvement
in transmission loss as compared to the single plate
(Pietrzko, 2009).
The plate itself provides some passive noise reduc-

tion. The reduction can be improved by using shunt
damping systems (Tawfik, Baz, 2006; Pietrzko,
2009). In such systems the vibration energy is con-
verted to electrical energy, usually by piezoelectric
patches, and then it is dissipated in appropriately de-
signed RLC circuits. Noise reduction can be further
improved by using semi-active shunt systems, where

a control system modifies parameters of RLC circuits.
This technique is very attractive because of a very low
energy consumption of the control system.
The reduction of sound transmitted though a plate

can also be improved by using active control. In such
systems the plate vibrations are usually controlled by
electromagnetic or piezoelectric actuators mounted on
a plate. Such actuators can be used to reduce vibra-
tions (active structural acoustic control) or to gener-
ated vibrations in order to reduce the sound pressure
level at selected locations (active noise-vibration con-
trol).
For active control systems, the Filtered-reference

FXLMS algorithm, which is especially popular in Ac-
tive Noise Control systems, is commonly used. This
algorithm, however, exhibits a slow convergence rate.
Recursive Least Squares or other computationally ex-
hausting algorithms are used to speed the system up
(Leniowska, Kos, 2009; Leniowska, 2011).
In this paper reduction of sound pressure level

at a single point, where the error microphone is lo-
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cated is investigated. However, presented algorithms
can be easily extended to reduce sound pressure level or
sound intensity in multiple points, and provide larger
area of reduced sound. Also the location of the area
can be shifted by using Virtual Microphone Control
(Pawełczyk, 2003).

2. Filtered-reference LMS

For systems that should cope with possibly non-
deterministic and wide-band noise, feedforward control
is usually used. In case of noise reduction in rooms,
lack of changes in acoustic paths cannot be usually
assumed. When a vibrating plate is used, also temper-
ature change may lead to changes in electroacoustic
paths (Mazur, Pawełczyk, 2011a). Adaptive con-
trol is then the most appropriate technique. In such
systems a signal correlated with the noise is acquired
and used as the reference signal. The reference sig-
nal is then filtered by an adaptive linear (in terms of
parameters) control filter to obtain the control signal
and drive the secondary source. Filtered-reference LMS
(FXLMS) algorithm is usually used for updating the
control filter (Kuo, Morgan, 1996).
Figure 1 shows the block diagram of typical mul-

tichannel ANC system with the FXLMS algorithm
(Kuo, Morgan, 1996; Elliott, 2001). This system
is presented here in brief to give a reference for the
remainder of the paper.
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Fig. 1. Active Noise Control system diagram.

In Fig. 1 x(i) is the reference signal, P is the pri-
mary path, d(i) is the primary noise at the point of
interest, e(i) is the error signal, S1–SC are the sec-
ondary paths, the symbols with hats stand for models
of respective paths and W1–WC are control filters, one
for each secondary path.
The j-th control signal is obtained according to:

uj(i+ 1) = wj(i)
Txu(i), (1)

where wj(i) = [wj,0(i), wj,1(i), . . . , wj,N−1(i)]
T is

a vector of parameters of the j-th control filter and
xu(i) = [x(i), x(i − 1), . . . , x(i − (N−1))]T is a vector
of recent N reference signal samples.

When Normalized FXLMS algorithm is used con-
trol filter parameters are updated using the following
formula (Elliott, 2001):

wj(i+ 1) = wj(i)− µ
rj(i)

C∑
k=0

rTk (i)rk(i) + ζ

e(i), (2)

where µ is the convergence coefficient, and ζ is a pa-
rameter protecting against division by zero in case
of lack of excitation. In this equation rj(i) = [rj(i),
rj(i − 1), . . . , rj(i − (N−1))]T is a vector of N regres-
sors of the filtered-reference signal, with elements ob-
tained as:

rj(i) = ŝj(i)
Tx(i), (3)

where ŝj(i) = [ŝj,0(i), ŝj,1(i), . . . , ŝj,M−1(i)] is a model
of the j-th secondary path filter impulse response,
x(i) = [x(i), x(i − 1), . . . , x(i − (M−1))]T is a vector
of regressors of the reference signal. Zero initial con-
ditions, wj,k(i) = 0 for k ∈ Z, 0 ≤ k ≤ (N−1), were
used.

3. Nonlinear feedforward control

The FXLMS algorithm works satisfactorily for typ-
ical ANC systems, where primary and secondary paths
are linear. Then, assuming that the primary source
generates a tonal sound, tones of the same frequency,
modified only in amplitude and phase arrive to the
reference and error sensors, respectively. With clas-
sical loudspeakers used as secondary sources, the as-
sumption concerning the secondary path is usually ac-
ceptable. However, in case of vibrating plates used as
secondary sources, the secondary paths are nonlinear.
Additionally, if sound transmission through the plates
is concerned (what is the subject of this paper), the
primary paths are also nonlinear. The nonlinearities
can be caused due to vibrations of clamped plates (El
Kadiri et al., 1999; Saha et al., 2005) and also by
actuators (i.e. d33 effect of MFC patches) (Stuebner
et al., 2009).
Nonlinearity in the primary or/and the secondary

path generates higher harmonics of the original sig-
nal and can degrade performance of such systems, be-
cause a linear control cannot generate frequencies that
are not present in the reference signal. In the simplest
case of reduction of tonal noise the nonlinearity in pri-
mary path will cause presence of additional harmonic
frequencies at the point of interest. Introducing a non-
linearity in the secondary path will cause generation of
additional harmonic frequencies of the control signal.
In both cases, even when the fundamental tone were
successfully reduced by the ANC system its harmonics
would be present at the area, where noise reduction is
demanded. The control system would not be able to
reduce them because the linear control filter with si-
nusoidal input can only change phase and amplitude
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and cannot generate different frequencies. Feed-back
systems have the potential to mitigate the effect of
plant nonlinearity to some extent. However, they can-
not be effectively used for non-deterministic wide-band
disturbances. Also in case of nonlinearities in the sys-
tem, the reduction of unwanted harmonics in linear
feedback systems may be limited and worse than in
nonlinear feedforward systems (Mazur, Pawełczyk,
2011b).
The output of general nonlinear adaptive finite im-

pulse response filter can be written as:

uj(i+ 1) = f(x(i), x(i− 1), . . . , x(x−NB),

wj,0, wj,1, . . . , wj,k, . . . , wj,K−1), (4)

where uj(i+1) is the value of the control signal in the
i+ 1 sample, f is an arbitrary nonlinear function, x is
the reference signal and wj,k is the k-th coefficient for
filter for j-th control signal. In such general form, the
optimal nonlinear function f and filter coefficients are
hard to find.
Because of this, some structured filters, e.g. artifi-

cial neural networks can be used (Hansen, Snyder,
1997). Second large group of filters used in Nonlinear
Active Noise Control (NANC) are filters, which are
linear with respect to parameters:

uj(i+ 1) =
K−1∑
k=0

wj,k

fk(x(i), x(i− 1), . . . , x(x−NB)). (5)

For such filters optimal coefficients can be more
easily obtained. In case of adaptive control simple clas-
sical algorithms, like LMS or RLS, can be employed
for adaptation. For ANC, where the secondary path
is present, the algorithms are extended by filtering the
reference signal through a model of that path. FXLMS
has been found as an efficient algorithm for adaptation
(Fig. 2). The past NB +1 regressors of reference signal
x are processed by a bank of K nonlinear fk functions.
The sum of results of each function multiplied by wk

coefficient gives the control signal.
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Fig. 2. Active Noise Control system with nonlinear filter
linear with respect to parameters using FXLMS algorithm.

There are many possibilities for choosing fk func-
tions. They can be multivariable polynomials of a spec-
ified order with previous samples of reference signal x
as independent variables. Such functions are used in
the Volterra FXLMS algorithm (Tan, Jiang, 2001).
Other common approach is to choose functional-link
Artificial Neural Network (FLANN), what is behind
the Filtered-s LMS algorithm (Das, Panda, 2004).
Also sum of Hammerstein models can be used as

non-linear filter (Mazur, Pawełczyk, 2011b). The
Hammerstein model combines nonlinear static func-
tion with linear dynamics:

uj(i+ 1) =
K−1∑
k=0

Wj,k(z
−1)Fk(x(i)), (6)

where Wj,k(z
−1) is the linear finite response filter for

j-th control signal and k-th nonlinear function, z−1 is
the one sample delay operator and Fk are functions.
Such model leads directly to a simpler and less com-

putationally demanding implementation. This system
can be seen as a linear K-channel ANC system of K
reference inputs, generated by nonlinear Fk functions.
Multichannel FXLMS algorithm (Tu, Fuller, 2000)
can be used for adaptation ofWj,k(z

−1) filters (Fig. 3).
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Fig. 3. ANC system with Hammerstein nonlinear control
filters using FXLMS algorithm.

This model can be also extended by combining val-
ues of reference signal from different samples:

uj(i+ 1) =

K−1∑
k=0

Wj,k(z
−1)

Fk(x(i), x(i− 1), . . . , x(x−R)). (7)

4. Filtered-error LMS

For the application concerned, the FXLMS algo-
rithm involves two significant problems. Firstly, each
reference signal must be filtered by a secondary path
model. Because multiple virtual reference signals gen-
erated from the single reference signal are used, a large
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number of operations is needed. The second problem
is that the FXLMS algorithm assumes linearity of the
secondary path. Nonlinear secondary path model can-
not be simply used in this structure. Both problems
can be solved by using the Filtered-error (FELMS)
structure, which is presented for a linear filter, e.g. in
Kuo, Morgan (1996). The number of filters in the
Filtered-error LMS does not depend on the number of
reference signals.
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Fig. 4. ANC system with Hammerstein nonlinear control
filters using FELMS algorithm.

For adaptation of filter coefficients the Normalized
FELMS algorithm can be applied. Control filter pa-
rameters are updated using the following formula:

wj(i+ 1) = wj(i)− µ
x∗
j (i)

C∑
k=0

x∗
k
T(i)x∗

k(i) + ζ

e∗(i), (8)

where x∗(i) = x(i + (M−1)) is a vector of regressors
of the delayed reference signal and e∗j (i) stands for the
filtered error obtained as:

e∗j (i) = ŝj(i)
Te(i), (9)

where ŝj(i) = [ŝj,M−1(i), ŝj,M−2(i), . . . , ŝj,0(i)] is
a model of the j-th secondary path filter impulse re-
sponse, e(i) = [e(i), e(i − 1), . . . , e(i − (M−1))]T is
a vector of regressors of the error signal.

5. Experimental results

The noise transmitted through a fully clamped alu-
minum plate is considered (Fig. 5). The plate is 1 mm
thick. The noise is generated by a loudspeaker in the
enclosure on one side of the plate, and it is transmitted
to laboratory room. The primary noise is monitored by
a reference microphone. The sound transmitted from
that enclosure through the plate is measured by an er-
ror microphone located 1.2 m away from the plate at
the centre line in the laboratory room. The goal of
the control system is to reduce sound pressure level at
a given area, where the error microphone is located.
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Fig. 5. Laboratory setup (top) and MFC patches
on a plate (bottom).

Two d33-effect Macro-Fiber Composite (MFC)
patches working in bending mode are used as actu-
ators. MFC is a piezoelectric actuator. Such actuators
are recently frequently used for active control of plates
and other structures (Sodano et al., 2004; Górski,
Kozupa, 2012). They provide higher power-to-weight
ratio than PZT patches. The positions of actuators
have been chosen experimentally to maximize sound
radiation from the plate for the selected frequency
band. An alternative approach would be to perform op-
timization using numerical methods to solve the model
as in (Bruant et al., 2010; Górski, Kozupa, 2012;
Kedziora, Muc, 2012) or to guarantee controllabil-
ity of vibration modes by maximizing eigenvalues of
appropriate grammian matrix (Wrona, Pawełczyk,
2013).
For all experiments the sampling frequency has

been set to 4 kHz, and 8th order Butterworth low-pass
analogue filters with 1200 Hz cut-off frequency have
been used as antialiasing and reconstruction filters.
The order of the FIR path models has been M = 256
for all experiments. This value has been chosen based
on impulse response analysis. The order of the FIR
control filters has been N = 256 for all experiments.
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Filtered-error structure has been used. For nonlinear
control, two functions F1 = x and F2 = x3 have been
used.
For tests, two simple deterministic signals 382 Hz

tone and sum of 382 Hz and 504 Hz tones have been
selected due to high possible reduction of such noises
by ANC system without causality problems. The fre-
quencies for tonal signals have been roughly selected
for the secondary path to yield a high gain. The exact
choice has been dictated to have a high least common
multiple with the other frequency and the sampling fre-
quency, to avoid aliasing of harmonic frequencies. The
third signal is a recorded real-world noise originating
from ball-bearing pulverizers.
Figure 6 shows the PSD of A-weighted noise

measured by the error microphone for 382 Hz tonal
noise. The ANC system with linear control filter has
been able to reduce the fundamental frequency to the
noise floor level, however some clearly visible harmonic
frequencies have been generated. The measured sound
pressure level reduction is equal to 22.0 dB. How-
ever, the dominating third harmonic is in the band of
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Fig. 6. PSD of A-weighted error microphone signal for different control strategies for 382 Hz tonal noise.
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Fig. 7. PSD of A-weighted error microphone signal for different control strategies for sum of 382 Hz and 504 Hz tones.

a higher sensitivity of the human hearing system. With
the A-weighting, the reduction level drops to 17.3 dB.
The ANC system with nonlinear control filters has
been able to reduce the third harmonic to the noise
floor level and improve sound pressure level reduc-
tion to 28.7 dB, and to 27.9 dB with the A-weigh-
ting. It is in accordance with the design assumption,
because it has been noticed that the highest noise re-
duction could be achieved by reducing the third har-
monic, and hence the nonlinear function F2 = x3 has
been selected. Further improvements can be obtained
by adding more non-linear functions or, for simple sig-
nals, by using nonlinear functions, which would gener-
ate multiple harmonics.
Figure 7 shows the PSD of A-weighted noise mea-

sured by the error microphone for sum of two tones –
382 Hz and 504 Hz. Similarly to the single tone case,
the third harmonic after reduction by the ANC sys-
tem with linear control filter is dominant. By apply-
ing the ANC system with nonlinear control filters, the
A-weighted noise reduction level was improved from
15.3 dB to 23.9 dB.
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For more complex noise signals such as recorded
noise from ball-bearing pulverizers the improvement
is much lower (see Table 1). In such case nonlinear
distortions have lower power than residue from active
reduction of primary noise.

Table 1. Noise Pressure Levels measured without ac-
tive control and with different control systems operating

(A-weighted).

Noise
without
ANC
[dB]

FXLMS
[dB]

nonlinear
FELMS
[dB]

382 Hz tone 87.0 69.7 59.1

382 Hz + 504 Hz tones 82.8 67.5 58.9

ball-bearing pulverizers 74.7 64.6 64.1

6. Conclusions

In this paper the problem of Active Noise Control
of sound transmitted though a vibrating plate has been
considered. Nonlinearity of the vibrating plate signifi-
cantly degrades performance of the ANC system. The
human hearing system is more sensitive to higher har-
monics than to fundamental frequencies of the noise
usually tackled with by active means.
By using a nonlinear control filter the performance

of ANC can be improved resulting in a high acoustic
comfort. The nonlinear control filter, however, comes
with the cost of huge increase of computational load.
Application of the Filtered-error LMS algorithm in-
stead of the Filtered-reference LMS algorithm is there-
fore beneficial, because the set of generated reference
signals does not need filtering.
Significant improvements have been obtained only

for simple signals where noise reduction level was high
and nonlinear distortions were dominant. The idea
needs further development for wide-band noises.
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The paper presents results of three socio-acoustic surveys conducted in an interval of twelve years,
between 2001 and 2013, in a large Romanian city, Cluj-Napoca. The purpose of the surveys was to assess
the awareness of residents on urban noise and the extent to which the noise environment affects their
everyday life, behavior and health. The surveys were conducted in 2001, 2009 and 2013. The questionnaire
used in the first survey had 16 questions and it was verified prior to study through a pilot survey, being
corrected and improved. For the second and the third study, the questionnaire was enriched with eight
more questions, regarding essentially the description of the residential area, criteria for its selection and
also awareness about the noise map of the city. The analysis of responses defines the main characteristics
of the local pattern of annoyance and reaction of the urban population to the environmental noise.
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1. Introduction

Most studies related to the noise annoyance in ur-
ban environment use two assessment methods, usu-
ally combined, depending on the specific situation and
needs. The first method describes the existing noise
situation by means of noise exposure indicators pro-
vided by a noise map of the area, with the possibility
to model other different noise scenarios, characterizing
the development or re-organization of the urban area
(Sommerhoff et al., 2004; Lee et al., 2008). Noise
maps are developed within specialized software, result-
ing in a computer visual model of the noise situation,
with a precision which depends on the volume and ac-
curacy of input numerical and graphical data. A map
must be validated and corrected based on noise mea-
surements values. With the entry into force of the EU
Noise Directive, noise mapping methods were merged
and unified, action which led to the obtaining of com-
parable results.
The second method aims to find out the popula-

tion response to urban noise through a sociological
study (Klæboe et al., 2004). This approach is im-
portant for the assessment of exposure-effect relation-
ship, described by quantifiable indicators of the pres-
ence and intensity of certain features. It is consider-
ing, in this case, the evaluation and interpretation of
the subjective side of the issue, by taking into account

both acoustic and non-acoustic factors, in their inter-
action, when characterizing the short-term and long–
term effects of noise pollution on the population in
different urban areas. Non-acoustic factors influencing
noise nuisance are numerous and can be grouped into
three main categories: situational factors (induced by
the location of noise source and urban context), indi-
vidual factors (socio-demographic and attitudinal, rel-
atively stable over time but variable from person to
person) and social factors (relevant in the context of
social groups: lifestyle, perception of noise source and
its time evolution, attitude of responsible persons and
others). The purpose is to find what people think and
feel about the noise in their residential area, how an-
noyed they are, how sensitive to noise, how informed
and warned about its negative effect on health.
There are studies which combine measurement and

survey methodology (Skinner, Grimwood, 2005;
Lam et al., 2009) and others developing new meth-
ods, models and theories for predicting effects of envi-
ronmental noise on people and defining exposure-effect
relationship (Batko, Pawlik, 2012; Kryter, 2009;
Miedema, Oudshoorn, 2001; Maris et al., 2007)
or for improvement the urban acoustic environment
(Kompala, 2011)
This paper presents parallel results of two socio-

acoustic surveys undertaken in 2001 and 2009 in the
city of Cluj-Napoca, Romania and partial results of
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a third survey which is in progress during the year
2013. They are related to studies which assess the noise
environment of the city, in the context of noise map-
ping actions.

2. The area of study and the general
noise context

The city of Cluj-Napoca is located in the North-
Western region of Romania, being the capital of Cluj
County and an important cultural, scientific and edu-
cational centre. According to a statistical study made
in August 2000, the stable population of the city con-
sisted of 316001 inhabitants. An estimation from July
2007 indicated 310243 inhabitants with registered res-
idence in Cluj-Napoca and also more that 100000 stu-
dents and 50000 non-resident employers. Population
Census from 2011 showed that the stable population
has decreased to 309136 inhabitants.
For the study in 2001, a distribution of population

in ten districts was considered. In later years, besides
the existing districts have been developed new ones,
mainly due to enlargement of the residential area to-
wards the limits of the city. Some of the new districts
were formed by reorganizing existing ones. Thus the
studies in 2009 and 2013 considered the population
grouped in 19 districts. Ten of them are new districts,
which concentrate in present about 28% of the city
population.
Cluj-Napoca City is the third – in terms of num-

ber of inhabitants – of the nine Romanian cities that
have made the noise map and action plans for re-
ducing ambient noise, as required in the Directive
2002/49/EC and equivalent Romanian legislation GD
nr. 321/14.04.2005. The noise mapping action was
started in the second half of 2006, being coordinated
by the local public administration. Specific informa-
tion related to noise map, noise exposure and action
plans was made available to the public on the website
of the town hall, starting with 2007. According to this
noise assessment, a total percentage of 6.67% of the
stable population in Cluj-Napoca represents the esti-
mated number of people exposed to excessive noise by
road traffic, rail, aircraft and industrial activities.

3. Socialological surveys in 2001, 2009 and 2013

3.1. Methodology 2001

The purpose of the sociological investigation was
to know the opinion of the inhabitants on the noise
levels and sources of noise in Cluj-Napoca city, includ-
ing the situation in districts, and to find if people have
taken actions to reduce noise and to improve the acous-
tic comfort of their dwellings. Also, we aimed to find
out the extent to which the environmental noise af-
fects their daily activities, behavior and health. The

questionnaire was developed after a preliminary study
of the existing situation in the city, which included
the collection of related data necessary to establish
the sample volume and composition. A pilot study was
conducted for field-testing and refinement of the ques-
tionnaire.
The number of questions was set at 16, so that the

questionnaire was not boring and covered all stated
subjects. Since the questionnaire was one of opinion,
following aspects were taken into account: the ques-
tionnaire contained a series of open questions, to let
the respondent to formulate his/her own opinion on
the issue; the respondent had the possibility to moti-
vate a specific answer; pre-coded questions were asked
in order to measure the intensity of subjects’ opinion.
Among other items, the questionnaire asked about cur-
rent occupation, field of activity, education, age, resi-
dential district. A number of 238 questionnaires were
selected form the returned number and their answers
were structured and analyzed in a database program
and then compared with objective data collected on
the preliminary documentation (Popescu, Morariu-
Gligor, 2004).

3.2. Methodology 2009

The aim of the study was to determine the current
reactions and response of residents related to the ur-
ban noise and changes in attitudes compared to 2001.
An improved form of the questionnaire was developed,
adapted to the intended purpose of establish references
for: level of knowledge and awareness of environmen-
tal noise in urban areas, by population; information
of citizens about the noise mapping action and its re-
sults; main negative effects and reaction of inhabitants
to the noise pollution, specific forms of behavioral; hi-
erarchy of different sources of urban noise, depending
on the level of perception and disturbance of residents;
involving of citizens in authorities effort to improve ur-
ban acoustic environment; citizens options on the most
effective way of information that should be used by au-
thorities.
The survey questionnaire contained 24 questions,

being dimensioned to require no more that 20 minute
attention and specifically design to reflect the three
major classes of non-acoustic factors that influence
noise annoyance: situation, individual and social fac-
tors. Questions were grouped in four categories: res-
idential zone description in relation with traffic and
environmental noise; annoyance due to different noise
sources and effects on peoples’ habit; information,
trends and attitudes towards environmental noise;
identification of respondent as occupation, sex, age and
education.
The questionnaire was distributed in 19 districts

of the city, during May-September 2009. A number of
325 questionnaires were processed, from 348 returned,
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after elimination of those containing improbable or in-
consistent answers (Popescu, Moholea, 2010).

3.3. Methodology 2013

The same questionnaire was used for the study in
2013, which has started in February. Only partial re-
sults are available, from the processing of 135 returned
valid questionnaires, grouped according to age, educa-
tion and occupational state, as presented in Table 1.

Table 1. Responses by age, education and occupational
state (2001; 2009; 2013 – partial).

Year of the survey

2001 2009 2013

Age

18–30 98 122 33

31–50 113 128 72

51–70 21 70 25

over 70 6 5 5

Education

≤10 classes 5 6 5

High school 132 114 45

University 101 205 85

Occupational
state

Employed 207 222 94

Retired 12 42 19

Student 10 24 11

Unemployed 4 6 9

Other situation 5 31 2

4. Results and discussions

Results obtained from the two sociological studies
in 2001 and 2009 are presented as follows in combined
charts. They have been released as percentage, taking
as basis the total number of valid responses – Fig. 1 to
Fig. 6. Survey results form 2013 were not included in
these charts, as they are currently only partial results,

Fig. 1. Proportion of responses describing the noise level in the residential area (2001, 2009).

which represents about a quarter of the estimated to-
tal responses. Only the questions common to the both
questionnaires were suited for a parallel presentation of
results. Because there were some changes in the word-
ing of the noise annoyance questions and quantifica-
tion between the surveys, there were some situations
in which it was necessary to re-group the answers on
common criterions.
In describing the noise level of their residential

area (Fig. 1), subjects of the study in 2001 and 2009
had similar opinion. A lot of them (41.6%, respec-
tively 37.2%) characterized their noise environment as
“Medium”, on a five point answer scale and the other
answers are equilibrated on the left and right side of
the scale. Responses recorded in 2013 indicate a de-
crease in the number of people who are disturbed by
noise in their residential area: 6.7% “Very low”, 32.6%
“Low”, 38.5% “Medium”, 19.3% “High”, 2.9% “Very
high”.
At the question: “Indicate the main source of noise

in the vicinity of your home” the percentage of an-
swers: “Light vehicles” increased from 35.4% in 2001
to 42.0% in 2009 and 49.8% in 2013 (Fig. 2). The sit-
uation is explainable, considering the sharp increase
of the road traffic in the last twelve years. Decreased
percentage of responses: “Heavy vehicles” may be due
to the fact that some mandatory routes were estab-
lished for heavy traffic through the city in the recent
years, in the absence of a ring road surrounding the
city. To note that a significant number of responses in-
dicated neighbors as the main noise source in all three
studies. At this question subjects might choose one or
more variants of answer, the reference being the total
number of variants in each study.
The quantification of annoyance induced by the

environmental noise was made on a four point scale
(Fig. 3). In the first study 62.2% of respondents de-
clared to be annoyed and very annoyed by the noise in
their residential area, since in 2009 only 47.7% of the
subjects indicated these two degrees of annoyance, in
2013 the percentage decreased to 35.5%.



208 Archives of Acoustics – Volume 38, Number 2, 2013

Fig. 2. Proportion of responses pointing the main source of noise in home vicinity.

Fig. 3. Proportion of responses describing the annoyance due to the environmental noise.

For the time of the day most affected by the en-
vironmental noise, all three studies indicated mainly
the time interval between the hours: 1500 (300 PM)
and 2200 (1000 PM). An explanation might be that for
most of the subjects this is the afternoon rest time pe-
riod, spent at home. Figure 4 presents responses from
2001 and 2009, grouped by respondents’ age.
In all three studies subjects were asked to indicate

experienced harmful effects produced by the environ-

mental noise. The pre-defined answers measuring these
items were more detailed in the questionnaire used in
the last two studies. For the studies in 2009 (Popescu,
Moholea, 2010) and 2013 (preliminary results) re-
sponses are indicated in Table 2. Fatigue and nervous-
ness were mostly selected by subjects. The missing
percent up to 100% indicates other possible effects.
The answers were re-grouped to compare the studies
in 2001 and 2009 (Fig. 5). Subjects could choose more
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Fig. 4. Proportion of responses, sorted by age of the subjects, pointing the time of the day most affected
by the environmental noise (2001, 2009).

Fig. 5. Proportion of responses describing harmful effects of the environmental noise.

Table 2. Harmful effects of the environmental noise
(2009 and 2013 – partial results).

Noise effects
Year of the survey

2009 2013

Fatigue 26.4% 24.4%

Nervousness 17.6% 24.4%

Anxiety and agitation 12.6% 14.8%

Depression 0.4% 2.4%

Reduction of working capacity 7.9% 2.9%

Focus reduction 16.5% 11.0%

Discomfort by masking other sounds 12.5% 12.4%

Insomnia 5.5% 3.8%

than one pre-defined answer and the percentage was
calculated as report to the total number of answers
selected by respondents.
In the end of the questionnaires subjects were asked

if they have taken any action in order to improve
the acoustic comfort of their dwelling. The number of
“Yes” answers varied from 21% in 2001 to 51.4% in
2009 and 31.9% in 2013. Subjects have been asked then
to indicate the actions they have done. Figure 6 shows
that the mentality of inhabitants has changed between
2001 and 2009, many of them renouncing to write
complains to responsible authorities but deciding to

take measures for reducing the annoying noise in their
home environment. The situation is similar in 2013,
when responses are as follows: 5.3% “complains to au-
thorities”, 24.5% “acoustic isolation of dwelling”, 5.3%
“change of the residential area”, 63.2% “change win-
dows” and 1.7% took other noise reduction measures.
This fact may also explain the decrease of the percent-
age of persons which have declared to be annoyed and
very annoyed by the environmental noise from 62.2%
in 2001 to 47.7% in 2009 (Fig. 3) and 35.5% in 2013.
One of the issues identified by the study in 2009 was

related to the poor information of population about
the noise map of the city and measures undertaken
by local authorities to reduce noise pollution in the
urban area and to frame the noise environment in
admissible limits. The subjects were asked about ur-
ban noise studies performed in the last years and re-
sponses were as follows (Popescu, Moholea, 2010):
4.8% “Noise map of the city”, 3.9% “Noise measure-
ments”, 0.9% “Noise questionnaires”, 36.5% “No stud-
ies”, 53.9% “Don’t know”. More than half of respon-
dents (52.0%) didn’t know if measures have been taken
to reduce noise pollution in the city and 26.8% consid-
ered that no measure has been taken.
After four years the situation was not improved.

The 2013 survey has recorded the following percent-
ages of response to the same question: 2.8% “Noise
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Fig. 6. Proportion of responses related to actions for reduction of annoying noise.

map of the city”, 2.8% “Noise measurements”, 4.2%
“Noise questionnaires”, 32.4% “No studies”, 57.8%
“Don’t know”. In terms of actions to reduce urban
noise, 64.4% of responses were “Don’t know” and
18.5% indicated “No measures”.

5. Conclusions

Over the past twelve years the growing traffic
in the city of Cluj-Napoca has produced important
changes in urban noise situation. At the same time
there has been a growing concern for reducing the
effect of noise on inhabitants. EU Noise Directive
requirements have led to the development of the first
noise map of the city, followed by action plans to
reduce noise. This paper aimed to observe how these
changes were perceived by the citizens and also to
provide a reference for the noise annoyance estimation
for planning purpose in Romania.
The analysis defines the main characteristics of the

local pattern of annoyance, reaction and response of
the urban population to the environmental noise and
gives information on the changes of noise perception
over a time period of twelve years. From the point of
view of noise annoyance the situation has improved
in the last years, but the insufficient dissemination of
information about noise as a hazard is still an issue
and needs more emphasis.
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Noise propagation within ducts is of practical concern in many areas of industrial processes where a
fluid has to be transported in piping systems. The paper presents experimental data and visualization of
flow in the vicinity of an abrupt change in cross-section of a circular duct and on obstacles inside where
the acoustic wave generates nonlinear separated flow and vortex fields.
For noise produced by flow wave of low Mach number, laminar and turbulent flows are studied us-

ing experimental sound intensity (SI) and laser particle image velocimetry (PIV) technique adopted to
acoustics (A-PIV). The emphasis is put on the development and application of these methods for better
understanding of noise generation inside the acoustic ducts with different cross-sections. The intensity
distribution inside duct is produced by the action of the sum of modal pressures on the sum of modal
particle velocities. However, acoustic field is extremely complicated because pressures in non-propagating
(cut-off) modes cooperate with particle velocities in propagating modes, and vice versa. The discrete
frequency sound is strongly influenced by the transmission of higher order modes in the duct. By under-
standing the mechanism of energy in the sound channels and pipes we can find the best solution to noise
abatement technology.
In the paper, numerous methods of visualization illustrate the vortex flow as an acoustic velocity

or sound intensity stream which can be presented graphically. Diffraction and scattering phenomena
occurring inside and around the open-end of the acoustic duct are shown.

Keywords: sound intensity, laser anemometry, acoustics flow, sound visualization.

1. Introduction

Much of theoretical research concerned with acous-
tics provides useful information about pressure fields,
but none currently offers a full mapping of the acous-
tic energy flow (vector effects) in the front and back
of any scattering system working in three-dimensional
space. In real environmental conditions, interference,
diffraction and scattering of waves mode in the real
field are very complex and difficult in comparison with
the theoretical modeling. This is one of the reasons why
the experimental investigations of acoustic field using
sound intensity (SI) (Weyna, 2010b) or acoustic par-
ticle image velocimetry (A-PIV) (Weyna, 2012; Raf-
fel et al., 2007) techniques are such effective and ser-
viceable methods. Besides, SI and A-PIV investigation
techniques are very useful in locating noise sources,
and they also provide the advantage that the measure-
ments can be made in almost any environment.

Visualization of acoustic energy flow in real-life
acoustic three-dimensional space fields can explain
many particular energetic effects (perturbations and
vortex flow, effects of scattering in the direct and near
field, etc.) concerning the areas in which it is difficult
to make numerical modeling and analysis with numeri-
cal simulation methods. The SI and A-PIV image rep-
resents a more accurate and really efficient informa-
tion as compared to the spatial pressure acoustic field
modeled. Both measurement techniques expressing en-
ergetic quantity give a very useful information about
the propagation paths and the amount of energy ra-
diated into the flow field. From experimental point of
view, the time-averaged acoustic intensity (rms val-
ues) is often more interesting than its instantaneous
value.
The article presents mainly the application of SI

and partly A-PIV techniques to graphically show
a spatial distribution the acoustic energy flow over
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obstacles with different geometrical shapes located in
a three-dimensional space inside acoustic waveguides
with different cross-sections. As a results of the re-
search, the graphic analysis of the acoustic wave flux
in two- and three-dimensional space is shown. Visual-
ization of the results is shown in the form of vectors or
streamlines in space and as the shape of a flow wave
or an isosurface in space. Numerous examples illus-
trate the application of the SI measurement for practi-
cal problems useful for vibroacoustical diagnostics and
noise abatement.

2. Sound Intensity

Acoustic intensity is a very useful energetic quan-
tity, since it gives information about the propagation
paths and the amount of energy being transported or
radiated. Sound intensity, as a vector variable, insepa-
rably couples the acoustic particle velocity and acoustic
pressure (Ia = pv) and represents a stream of acous-
tic energy flowing in the field. This vector parameter
of acoustic wave can be measured (as rms value) with
special sound intensity probe and can be easily shown
in different graphical forms.
The acoustic particle velocity v and the mean pres-

sure p satisfy the time-averaged equations of continuity
and momentum. For linear acoustics, in the absence of
external flow, 〈ρv〉 = 〈p′v〉/c20 = Ia/c20, where p

′ is
the acoustic pressure perturbation and Ia is the acous-
tic intensity. Sound intensity can be directly measured
and recorded as an acoustical flow field divided into
normalized octave frequency bands (normalized acous-
tic filters correspond to 1/1, 1/3, 1/12, 1/24 octave
bands). In traditional acoustic metrology, the analy-
sis of acoustic fields mainly focuses on the distribution
of pressure levels (scalar variable). However, in a real
acoustic field both scalar and vector (the acoustic par-
ticle velocity) effects are closely related as far as their
phase and amplitude is concerned. The acoustic field
may also be separately described as a spatial distribu-
tion of pressure and particle velocity, their amplitude
p and v being proportional for plane traveling waves
(p = ρc0v), where ρ is the density and c0 is the sound
speed.
The application of the sound intensity technique to-

gether with numerical methods has improved the qual-
ity of acoustic diagnostics and has made it possible
to visualize energy wave phenomena (vector distribu-
tion) in a vibrating structure or in an acoustic field
around the structure. The visualization of acoustic en-
ergy flow in real-life acoustic 3D space fields can ex-
plain many peculiar energetic effects (scattering, vor-
tex flow, shielding area, etc.) (Weyna, 2010a) con-
cerning the areas in which it is difficult to make nu-
merical modeling and analysis with the commonly used
CFD-FSI-CAA methods.

3. Particle image velocimetry

The development of Particle Image Velocimetry
(PIV), an optical measurement technique, which al-
lows for capturing velocity information of whole flow
fields in fractions of a second, has begun in the eight-
ies of the last century. The time since then was again
characterized by a rapid development of hard- and soft-
ware for the PIV technique. Improved cameras, lasers,
optics and software, led to a significant increase in per-
formance. But also the range of possible applications
increased drastically over the years.
PIV is nowadays used in very different areas from

aerodynamics to biology, from fundamental turbulence
research to applications in the turbo-machinery design,
from combustion to two phase flows, and very inten-
sively in micro devices and systems. Due to the variety
of different applications of PIV and the large number
of different possibilities to illuminate, record, and eval-
uate, many different technical modifications of the PIV
technique have been developed (Raffel et al., 2007;
Tropea et al., 2007; Lorenzoni et al., 2012). More-
over, most publications (Siddiqui, Nabavi, 2008;
Roch, Park, 2003) describe the problems from a spe-
cific point of view (e.g. in fluid mechanics). We there-
fore felt that it was the right time to compile the PIV
knowledge and practice to the implementation in the-
oretical and applied acoustics.
The experimental setup of a PIV system typically

consists of several subsystems (Fig. 1). In most ap-
plications, tracer particles have to be added to the
flow to quantify the velocity field of fluid. These par-
ticles have to be to illuminated in plane of the flow
at least twice within short time interval ∆t between
laser pulses (usually a double pulse Nd:YAG laser).
The light scattered by the particles has to be recorded
either as a single frame or a sequence of frames with
special cross-resolution digital CCD or CMOS modern
cameras.
The digital PIV recording area is divided in small

subareas called “interrogation areas” (e.g. 32 × 32
pixels). The two-component local flow velocity vector
vx and vy for the images of the tracer particles is

Fig. 1. The principle of operation of the PIV measurement.
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determined and projected on the plane of the light
sheet. High-speed recording with several thousand
instantaneous velocity vectors is obtained within
the period of the order of a second with standard
computers. The processing algorithms are defined
using the processing pipeline with a complete range
of image processing tools. Innovative algorithm design
and a comprehensive range of image pre-processing,
processing, analysis, and display options are critical
for accurate velocity measurements in the full range
of potential applications.

4. Experimental research with SI
and PIV techniques

Good understanding of the evolution process of
acoustic wave motion in pipes and ducts is critical to
development of engineering designs with the most at-
tractive operating properties to achieve an optimized
low-noise design of duct systems and low-noise emis-
sion characteristic. The detailed flow acoustic evalua-
tion process of the in-duct flow structure has recently
attracted attention of investigators (Ingard, Ising,
1967; Dalmond et al., 2001).
The research presented in this paper also refers to

studies of acoustic waveguides (denoted as number 1
and 2). In Fig. 2 we show a model of circular acoustic
waveguide no. 1 where investigations with sound inten-
sity measurement were made. The 6-m long open-end
duct with internal radius 0.474 m was used as a model
for an acoustic waveguide. At one end it was connected
to a loudspeaker, a source of broadband acoustic sig-
nals. The duct was excited with acoustic pink noise, so
the sound power along the duct was sent without mean

Fig. 2. Sound incident and scattered at an obstacle acoustic waveguide no. 1 of circular cross-section.

Fig. 3. Acoustic waveguide no. 2 with variable cross-section (partly round and partly square) used
in the studies by SI and A-PIV measurement methods.

flow. Initial measurement were made on a circular duct
without any obstacles present in the duct. Afterwards,
a tested obstacle in the form of conical baffle with a
127-mm hole was placed at a distance of about 2.2 m
from the end of the duct.
The space inside the duct was scanned with sound

intensity probe measuring the x, y and z components
of sound intensity vectors. Measurements were made
in the frequency band 50–6800 Hz and analyzed in
1/3 and 1/12 octave frequency bands. The image of
the dipolar and quadrupolar sound generated by a
flow inside a duct was obtained using a SI three-
dimensional USP Microflown probe and our graphical
post-processing SIWin software.
Another series of tests was carried out on a different

model of the waveguide (number 2). For this model
(Fig. 3), the study was carried out by two techniques –
SI and laser A-PIV. Applying the method of SI, we can
see that this method has one disadvantage: the field
can not be measured very closely to the sound source
(e.g. at a distance of roughly < 1 mm). In this region
called the hydrodynamic acoustics near field the sound
is born and radiated to the environment. Since SI is the
size of vector, to describe the stream intensity we need
to know the value of the particle acoustic velocity v.
The work in this part of the article is concerned

with the measurement of acoustic particle velocity
fields at the open-ended 750-mm long 150 mm ×
150 mm square tube (Fig. 4). This part of the waveg-
uide was connected with a pipe with diameter of
150 mm and length of 730 mm. At the end of this sec-
tion there was the source of acoustic signals. The study
was conducted in the area inside the square waveguide
no. 2 and partly outside at the waveguide outlet.
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5. Sound intensity measurement results

In our investigation using SI technique we can
see that the intensity distribution inside a circular
duct produced by the action of the axial and radial
modes is extremely complicated because this propa-
gating modes influence each other.

Fig. 4. Acoustic flow field close to obstacles – diaphragm and conical baffle – placed inside the circular waveguide no. 1.

Fig. 5. Sound intensity field outside the ring-shaped barrier in a square acoustic waveguide – map of intensity
and sound intensity streamlines (frequency 1/12 octave band).

In Fig. 4 we show some results of this investigations
for 1/12 octave frequency bands where the sound inten-
sity streamlines and the velocity vectors show the dy-
namic shape of the acoustics flow. Direct measurement
of the acoustic power flow around outlet of an obstacle
in the form of perpendicular diaphragm and a con-
ical baffle with a 127 mm hole can explain a diffraction
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and scattering phenomena occurring in the region close
to the obstacles. The space behind the obstacles was
studied in consideration of deformation of the acoustic
field due to presence of the obstacles. Experimental re-
sults show the map of intensity traveling along the duct
no. 1 and distribution of sound intensity streamlines of
the generated flow.
In Fig. 5 we show one of examples of our research

with sound intensity measurement made inside the
square waveguide no. 2. With graphical form we can
see the evolution process of flows in the measurement
plane located 0.44 m from the end of the duct and
partly outside the channel. In Fig. 5 we show some re-
sults of these investigations for 1/12 octave frequency
bands where the sectional streamlines and the velocity
vectors show the topological multi-cell structure of the
flow for high-order modes.

6. Laser method measurement results

Laser methods can also be adapted to provide an
instantaneous flow and acoustic particle velocity with
the minimum disturbance of the source sound field.
The non-invasive nature combined with the small mea-
suring volume of the PIV system makes the technique
ideally suited to measuring the acoustic particle veloc-
ity flow in the boundary layer and wave interactions
on the obstacles placed in the sound field. The parti-
cle image velocimetry (PIV) is obviously used in fluid
mechanics (Raffel et al., 2007). The proposed adap-
tation of the noninvasive laser methods for acoustical
purposes (A-PIV) gives us the opportunity to explain
many vibroacoustical phenomena and allows to com-
plete missing knowledge about disturbed acoustic flows
in real systems (Henning et al., 2008).
Figure 6 shows the experimental acoustic square

waveguide model investigated with the PIV technique.
In our measurement with laser PIV technique a fluid in
square duct is seeded with tiny 1-µm DEHS synthetic
oil particles which faithfully follow the motion of the
flow and are illuminated in plane by a Nd :YAG,
325 mJ double pulsed laser with green light source. The

Fig. 6. Experimental setup – acoustic square waveguide
model investigated with PIV technique.

14 f/s CCD camera (Imager ProX-LaVision) was used
to acquire raw PIV image for the study. This camera
can take separate images at resolution of 2048× 2048
pixels with minimum of 200 ns between images. It pos-
sible to program the delay, relative to an input trig-
ger signal, and the exposure time of the first image.
The second exposure continues for the time depend-
ing on how long the computer processes the first im-
age. In this study, the time was 143 ms. These images
were phase-locked with respect to the acoustic cycle
by using a timing circuit. The interrogation area size
was 32 × 32 pixels with a 50% overlap between adja-
cent interrogation windows. Up to 100 samples were
used to determine the mean velocities of the flow fields
examined. The CCD camera was positioned perpen-
dicularly to the light sheet and focused on the illu-
minated fog particles. The observation window corre-
sponded to a section of the volume with dimensions
120× 120 mm. Figure 6 shows the experimental setup
— acoustic square waveguide model no. 2 investigated
with the PIV technique. A part of measurement re-
sults is shown in Fig. 7. For low Mach-number isother-

Fig. 7. Acoustics wave motion around a ring recorded using laser PIV method: A – acoustic square waveguide
with obstacle to be lighted by laser sheet, B – cloud of seeding particle DEHS around obstacle, C – acoustic

flow effects on the edge of an obstacle.
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mal flow we can see that additional aeroacoustic sound
production by the flow around the ring is entirely due
to mean flow velocity fluctuations, which may be de-
scribed in terms of the underlying vortex dynamics.
The use of PIV technique can allow to see these vector
properties of acoustic wave in a large-scale. Acoustic
flow effects on the edge of an obstacle can be analyzed
with great precision.

7. Conclusions

We can conclude that by the direct measurement
of acoustic power flow and graphical description of the
results, we can explain a diffraction and scattering phe-
nomena occurring in the real acoustic flow field. The
analysis of acoustic field with floating wave in space
show that the sound intensity technique together with
a particle image velocimetry techniques are very useful
in visualization of vector acoustic phenomena.
If the laser methods for assessing the dynamics of

the aero-acoustic fields turn out to be justified, we gain
an effective tool for non-invasive research of acoustic
flows in broad range of acoustic particle velocity. The
big advantage of the research is also the fact that with
PIV measurements all the changes in dynamics of flow
structure can be recorded and visualized as a function
of time. Evaluation of space-time correlation of fluc-
tuating velocity and vorticity fields explain the mech-
anism of formation of turbulence in the wake region
of flow. Studying the interaction of vortices with the
structure of the test may be advisable when modifying
numerical models of the flow acoustics.
The proposed adaptation of the non-invasive laser

method for acoustical purposes offers the opportunity
to explain many vibroacoustical phenomena and allows
to complete missing knowledge about disturbed acous-
tic flows in real systems. We shall attempt to complete
elementary knowledge about acoustic wave flows and
reactions at the obstacles generating nonlinear refrac-
tion, diffraction, and diffusion effects in waves propa-
gating in viscoelastic environment.
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The nonlinear mathematical model of behavior of controllable viscosity fluid (CVF) under applied
external field is presented. A large family of these fluids is commonly used to control responding forces
of dampers in vibration control applications. The responding force of a damper with CVF has two
components. The first one – uncontrollable – is proportional to the viscosity of a base fluid and velocity
of its motion, the second one, which is controllable, depends on the strength of the applied external
field. Both are involved in the process of dissipation of unwanted energy from the vibrating systems. An
equivalent damping factor based on the principle of energy dissipated during one cycle of damper work
under a constant strength external field was calculated. When mass or stiffness is variable the equivalent
damping factor can be set accordingly by adjusting the strength of external field to have vibrating
damped system purposely/continuously working in the critical or other chosen state. This paper also
presents cases of applying periodically changing strengths of an external field synchronized with cycles of
periodical motion of the vibrating system to continuously control the damping force within each cycle.

Keywords: noise control, vibration control, smart materials, rheological fluids.

1. Introduction

Magnetorheological (MR) fluids are suspensions
consisting of ferromagnetic particles in a low perme-
ability base liquid, usually oil (in some cases water)
with surfactants to prevent sedimentation. Electro-
rheological (ER) fluids are suspensions of electro-
statically polarizable particles. Very fast reversible
changes (usually in milliseconds) of rheological prop-
erties, especially apparent viscosity and elasticity are
caused by the polarization induced in the suspended
particles under applied external magnetic flux or elec-
trical field. The particle chain formation and later
changes from chains to columns are observed. This
is known as the rheological effect. Thus MR or ER
fluids behave as a Newtonian liquid (if base fluid has
this property) without the presence of polarizing mag-
netic flux or electrical field and as a semi-solid when
exposed to the field. This phenomenon is associated
with changes of yield stress of the suspension. In ef-
fect, fluid strength changes according to applied exter-
nal field. This fluid (or suspension) under an external
field behaves as a Bingham semi-plastic until the shear
stress becomes equal to the yield stress, which begins

the onset of flow. The ER fluid behaves in the same
manner as the MR fluid when an external electrical
field is applied. The known applications of MR fluids
are in brake/clutch design (Choi et al., 1999), valves
(Yoo, Wereley, 2002), engine mounts (Choi et al.,
2008) and in vibration dampers (Carlson et al., 1996;
Kamath et al., 1999; Pang et al., 1997; Spencer et
al., 1997).
Early investigations of sound transmission loss

(STL) in the stiffness controlled space between two
barriers with electrorheological fluid between them un-
der DC and AC voltage (Szary 2002; 2004) shows,
that due to increased mechanical coupling strength,
the STL decreases. The STL was investigated for var-
ious kinds of ER suspensions in the frequency range
from 100 Hz up to 2 kHz. Laboratory results showed
that the normal stress developed in ER fluid has a sig-
nificant influence on the magnitude of STL. The tan-
gentional (shear) stress had a negligible effect on the
STL.
As an example, in Fig. 5, the vibration of a two

degree of freedom system with a MR damper is used
to illustrate the separation of the vibrating excitation
source from the system to reduce the negative effect
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from the unwanted vibrations. This is a very common
example of an airplane taxiing over a wavy surface of
a runway or a vehicle driving over a wavy road sur-
face. The MRF damper in this suspension design is
used to separate, to some extent, motion of mass m1

which represents wheel with attached masses, from
m2, which is an airplane or vehicle body mass. This
RF damper, with a controlled value for its damping
factor by associated control system, allows optimizing
for minimization of the amplitude of motion or force
transmitted to the airplane or vehicle body. The pas-
sive, the most common design, vibration suspension
works in optimal conditions only when the mass of
the system varies in a narrow range and in a certain
frequency space. To improve/expand suspension per-
formance over a wide range of payloads and frequen-
cies, the active vibration control technique can be used,
however, associated with this design, complexity, cost
and power requirements limits its applications. With
some compromise in control effectiveness, the active
vibration control system can be replaced by a semi-
active vibration control system. In many practical ap-
plications semi-active vibration control systems can be
nearly as effective as active vibration control systems,
for example, the semi-active suspension system used in
some passenger vehicles. The positive characteristics of
this system are: 1. The semi-active system/suspension
still works in a passive regime even when the control
system and/or power supply fails. 2. The power re-
quirements to control the damping force of the damper
with rheological fluid (RF) are relatively low. 3. By us-
ing MR fluid in a damper, a common passenger vehicle
12V DC electrical system is sufficient to create effective
the damping force. The force controlling the electrical
current usually does not exceed a few amperes.
In this paper the nonlinear mathematical model of

the behavior of a MR fluid in a damper under an ap-
plied external magnetic flux density is presented. The
equivalent apparent variable damping factor, related to
the apparent viscosity, based on the equivalent energy
dissipated principle was calculated.

2. Response of rheological fluid
to the external field

The principle of application of a magnetorheologi-
cal fluid in damper design to control the magnitude of
a damping force Fd by applying electromagnetic field
resulted from electrical current i flowing in coils around
piston’s orifices is shown in Fig. 1. The response of the
damper under an applied external field in this exam-
ple results from the changes in apparent viscosity of
the MRF suspension.
The damping force Fd is proportional to the appar-

ent viscosity of the RF in the orifices and its velocity
(ẋ). The viscosity (after I. Newton) is described as a

a)

b)

Fig. 1. The principle to control damping force Fd by ap-
plying variable electrical current i to change the apparent
viscosity of the MRF in the orifices: a) tangential stress

control, b) normal stress control.

relationship between shear stress in a fluid (τ) and ob-
served velocity gradient (∂ẋ/∂h) in a fluid subjected to
motion. Characteristics τRF = f(ẋ) of a typical MRF
are shown in Fig. 2. In the absence of an applied exter-
nal field the RF often exhibits Newtonian-like behavior
associated mostly with the base fluid physical proper-
ties. An applied external field changes this behavior
and the rheological fluid in the piston’s orifices shows
a variable yield stress which depends on the strength of
that field. The apparent shear stress of the RF depends
on two components. One of them is Newtonian, pro-
portional to the viscosity of the base fluid and velocity
gradient. The second is controllable by the applied ex-
ternal field. The controllable external field stress shown
in Fig. 1b is significantly higher in amplitude than in
the design shown in Fig. 1a.
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Fig. 2. The shear stress versus velocity of a MRF under
applied electromagnetic field represented by current i.

Equation (1) describes the property of apparent
shear stress observed in the piston’s orifices when an
external field is applied.

τ(RFi) = τ0(RFi) + η(∂ẋ/∂h), (1)

where yield stress τ0(RFi) as a function of the external
field caused by the magnetic flux density for ẋ = 0 and
Newtonian shear stress η(∂ẋ/∂h) proportional to dy-
namic viscosity of the base fluid η and velocity gradient
∂ẋ/∂h.
In the absence of an external field, the shear stress

τ(RFi) of the rheological fluid behaves viscoelastically.
Figure 2 shows the behavior of the apparent shear
stress of a rheological fluid in a damper under an ap-
plied external electrical or electromagnetic field. The
electromagnetic field can also be represented by the
electrical current i flowing in coils placed around pis-
ton’s orifices.
According to Fig. 2 the shear stress of a RF can be

expressed as:

τ(RFi) = τ0(RFi) +
∂τRFi

∂ẋ
ẋ . (2)

The equivalent damping factor CRFi is:

CRFi =

[{
τ0(RFi) +

∂τRFi

∂ẋi
ẋ

}
A

]
1

ẋ
, (3)

where A is chosen oblique area.
The damping force Fdi at point of work is:

Fdi = τ(RFi)A . (4)

The ratio of:
∂τRFi
∂ẋ

= f [τ0(RFi)] (5)

need to be established experimentally.

3. RF damper model

The balance of internal damper forces in equilib-
rium with an external force (free body diagram) of a
RF damper is shown in Fig. 3. The complex damp-
ing force Fdi (which is also a response force from the
damper in motion) has two components, Fdη, which
depends on a damping constant Cη (related to the pis-
ton’s orifice design and physical properties of the base
fluid) and velocity ẋ, and Fdoi, which depends only
on the external, in this case electromagnetic field, rep-
resented by electrical current i. In the absence of an
external electromagnetic field and/or current i, the in-
ternal force Fdoi becomes zero and the damping force
becomes Fdi = Fdη.

Fig. 3. Model of the rheological fluid damper, where viscous
damping force is Fdη = Cηẋ and damping force controlled
by external field is Fdoi = Fdo(RF)sgn(ẋ). The Cs repre-
sents the apparent damping coefficient of the RF under an
external field and Fdo represents the offset damping force

when ẋ = 0.

The relationship between force, shear stress and ve-
locity is called the Rheological Fluid Model and can be
expressed in the general form as:

Fdi =


τ0(RFi)A+

∂iRF

∂ẋ
Aẋ ẋ > 0,

0 ẋ = 0,

−τ0(RFi)A+
∂iRF

∂ẋ
Aẋ ẋ < 0.

(6)

Considering that:

τ0(RF)A = Fdo(RF) (7)

represents damping force controlled by an external
field and:

∂τRF
∂ẋ

Aẋ = Fdη (8)

which represents damping force proportional to the ve-
locity ẋ (see Fig. 3) and is:

Fdi = Fdoi + Fdη (9)

represents the complex damping force.
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4. Response of the vibrating system
with RF damper

4.1. One degree of freedom system with RF damper

The free body diagram of a one degree of freedom
(1 DOF) vibrating system with a RF damper is shown
in Fig. 4.

Fig. 4. Model of a 1 DOF of vibrating system with a RF
damper, where m is mass and k is stiffness.

In this model the instantaneous equilibrium of
forces is:

mẍ+ Cηẋ+ Fdo(RF)sgn(ẋ) + xk = 0, (10)

where

Cηẋ+ Fdo(RF)sgn(ẋ) = Fd (11)

is the complex damping force.
This can be expressed as a product of equivalent

damping Ceq and velocity ẋ:

Fd = Ceqẋ . (12)

4.2. Two degree of freedom system with base
excitation and RF damper

This model represents two degree of freedom
(2 DOF) with a base excitation system, having stiff-
ness k1 and mass m1 in the first stage and connected
by a spring with stiffness k2 and a parallel attached
controllable MR damper to the second mass m2.

Fig. 5. The model of two degree of freedom vibrating system
with base excitation.

Behavior of this two degree of freedom system can
be described by a set of two equations which are the

instantaneous equilibrium of the acting forces:

m2ẍ2 = (x1 − x2)k2 + (ẋ1 − ẋ2)CRF ,

m1ẍ1 = (x2 − x1)k2 + (ẋ2 − ẋ1)CRF (13)

+(xr − x1)k1 ,

where
(ẋ2 − ẋ1)CRF = Fd (14)

represents the magneto-rheological damping force.
The rheological complex damping coefficient (CRF)

depends on the mechanical and electrical design of the
damper and rheological fluid used.

5. Equivalent damping

The response of the 1 DOF vibrating system with
a RF damper presented in Fig. 4 under harmonic ex-
citation force F0 sin(ωt) applied to mass m is:

mẍ+ Fdo(RF)sgn(ẋ) + Cηẋ+ kx = F0 sin(ωt). (15)

In this equation the damping force has two compo-
nents. One of them is a Newtonian type and is propor-
tional to the velocity ẋ, and a second, a semi Bingham
one, which depends on the strength of the external field
and direction of motion expressed by sgn(ẋ).
The energy dissipated, ∆Eη in the viscously

damped system per one cycle with viscous damping
coefficient Cη is:

∆Eη =

∮
Fdη dx =

2π/ω∫
0

Cηẋ
dx
dt
dt

=

2π/ω∫
0

Cηẋ
2 dt. (16)

Substituting x = X sin(ωt) and ẋ = ωX cos(ωt) into
above equation,

∆Eη = Cη

2π/ω∫
0

[
ω2X2 cos2(ωt)

]
dt (17)

then integrating, results in:

∆Eη = CηπωX
2. (18)

The second damping component represented by
force, Fdo(RF) in Eq. (9) yields the following expres-
sion for dissipated energy:

∆E(RF) = Fdo(RF)

2π/ω∫
0

[sgn(ẋ)ẋ] dt. (19)
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Then dissipated energy in one cycle of the damper
becomes:

∆E(RF) = Fdo(RF)X

 π/2∫
0

cos(ωt) d(ωt)

−
3π/2∫
π/2

cos(ωt)d(ωt) +

2π∫
3π/2

cos(ωt)d(ωt)

. (20)
Solving the integration yields that the energy dis-

sipated by a controllable damping force Fdo(RF) is:

∆E(RF) = 4Fdo(RF)X. (21)

To create a viscously damped system of equivalent
energy loss, we obtain:

πCeqωX
2 = 4Fdo(RF)X + CηπωX

2. (22)

Thus the equivalent damping coefficient Ceq yields:

Ceq =
4Fdo(RF)X + CηπωX

2

πωX2
. (23)

In terms of equivalent damping ratio ξeq:

Ceq = 2ξeqωnm (24)

and

ξeq =
4Fdo(RF)X + CηπωX

2

2πωωnX2
. (25)

The 1 DOF system with equivalent damping Ceq which
will dissipate as much energy as the system described
by Eq. (10) is:

ẍ+ 2ξeqωẋ+ ω2
nx = f0 sin(ωt) (26)

where f0 = F0/m and ωn =
√
k/m.

This is also an approximation of the Eq. (15).

6. Conclusions

In this paper the analytical model of rheological
fluid was formulated and the equivalent coefficient of
damping of the damper with a magneto-rheological
(MR) fluid based on the dissipated energy principle
was calculated. The major parameter in these cal-
culations is apparent viscosity associated with shear
stress of the MR fluid under an applied external field.
This equivalent coefficient of damping allows the per-
formance of vibration calculations and the design of
mechanical systems to control unwanted vibrations
in wider payload and frequency ranges than the sys-
tem with uncontrollable damping. In addition, when
a variable strength external field synchronized with
the period of system’s oscillations is applied an al-
most unlimited characteristic of a damping force can

be obtained. The rheological phenomenon can also be
used to control sound transmission loss of a multi-
barrier system with rheological fluid placed between
them. The increasing mechanical strength of the fluid
between barriers increases apparent/equivalent stiff-
ness of the system, thus the control of sound trans-
mission loss in a stiffness control space is achiev-
able.
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The overall purpose of this study was to assess hearing status in professional orchestral musicians.
Standard pure-tone audiometry (PTA) and transient-evoked otoacoustic emissions (TEOAEs) were per-
formed in 126 orchestral musicians. Occupational and non-occupational risk factors for noise-induced
hearing loss (NIHL) were identified in questionnaire inquiry. Data on sound pressure levels produced by
various groups of instruments were also collected and analyzed. Measured hearing threshold levels (HTLs)
were compared with the theoretical predictions calculated according to ISO 1999 (1990).
Musicians were exposed to excessive sound at weekly noise exposure levels of for 81–100 dB (mean:

86.6±4.0 dB) for 5–48 years (mean: 24.0±10.7 years). Most of them (95%) had hearing corresponds to
grade 0 of hearing impairment (mean hearing threshold level at 500, 1000, 2000 and 4000 Hz lower than
25 dB). However, high frequency notched audiograms typical for noise-induced hearing loss were found in
35% of cases. Simultaneously, about 35% of audiograms showed typical for NIHL high frequency notches
(mainly occurring at 6000 Hz). When analyzing the impact of age, gender and noise exposure on hearing
test results both PTA and TEOAE consistently showed better hearing in females vs. males, younger vs.
older musicians. But higher exposure to orchestral noise was not associated with poorer hearing tests
results.
The musician’s audiometric hearing threshold levels were poorer than equivalent non-noise-exposed

population and better (at 3000 and 4000 Hz) than expected for noise-exposed population according to
ISO 1999 (1990). Thus, music impairs hearing of orchestral musicians, but less than expected from noise
exposure.

Keywords: orchestral musicians, exposure to orchestral noise, hearing, risk of noise-induced hearing loss.

1. Introduction

The associations between exposure to noise and oc-
cupational hearing loss has been recognized for over
150 years. However, studies looking at the effects of
music on hearing began more recently in the 1960.
It has been shown that musicians, in particular

professional orchestral musicians, are often exposed
to sounds at levels exceeding the upper exposure ac-
tion values from Directive 2003/10/EC (Royster et
al., 1991; Obeling, Poulsen, 1999; Laitinen et al.,
2003;O’Brien et al., 2008; Toppila et al., 2011). Fur-
thermore, they can also develop noise-induced hear-
ing loss (NIHL) and suffer from other hearing symp-
toms such as tinnitus, hyperacusis, which can influ-
ence their work abilities more severely than hearing

loss (Royster et al., 1991; Jansson, Karlsson et
al., 1983; Teie, 1998; Kähäri et al., 2001; Laitinen,
2005; Emmerich et al., 2008; Jansen et al., 2009).
However, because of insufficient audiometric evi-

dence of hearing loss caused purely by music exposure,
there is still disagreement and speculation about risk
of hearing loss from music exposure alone (Royster et
al., 1991; Obeling, Poulsen, 1999; Karlsson et al.,
1983; Teie, 1998; Kähäri et al., 2001; Emmerich et
al., 2008; Jansen et al., 2009; Axelsson, Lindgren,
1981; Zhao et al., 2010. There are studies that con-
clude that classical musicians have NIHL due to mu-
sic exposure (Royster et al., 1999; Axelsson, Lind-
gren, 1981; Ostri et al., 1989) and studies that con-
clude just opposite (Karlsson et al., 1983; Obeling,
Poulsen, 1999; Kähäri et al., 2001).
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Nevertheless, when Directive 2003/10/EC was in-
troduced to protect workers from harmful effects of
noise, it recognized the needs of the music and en-
tertainment sectors, including orchestral musicians
(2003/10/EC). All member states were required to de-
velop a code of conduct to provide practical guide-
lines which would help workers and employers in those
sectors to attain the levels of protection established
by that directive. Such regulations are still missing in
Poland.
The purpose of this study was to assess hearing

status in professional orchestral musicians and its re-
lation with self-reported hearing ability as well as to
compare the observed audiometric hearing threshold
levels to the theoretical predictions according to ISO
1999 (1990) (PN-ISO 1999 (2000)).

2. Materials and methods

2.1. Study group

Participants were 126 professional musicians (58 fe-
males and 68 males), aged 24–67 years (mean ±SD:
43.0±10.7 years, median: 43.5 years) from two opera
and four symphony orchestras. The study group com-
prised musicians playing violin (37), viola (13), cello
(10), oboe (10), flute (8), horn (8), trombone (7), bas-
soon (7), clarinet (6), trumpet (5), double bass (4),
percussion (3), tuba (2) and other instruments (4).
They were recruited by advertisement and did not

receive any financial compensation for their participa-
tion in the experiment. The local Ethics Committee
approved the study design.

2.2. Questionnaire inquiries

All musicians filled a questionnaire developed
to enable identification of occupational and non-
occupational risk factors for NIHL. The questionnaire
consisted of items on: a) age and gender; b) edu-
cation; c) professional experience; d) medical history
(past middle-ear diseases, and surgery, etc.); e) phys-
ical features (body weight, height, skin pigmenta-
tion); f) lifestyle (smoking, noisy hobbies, etc.); g) self-
assessment of hearing status and h) use of hearing pro-
tective devices. A special attention was paid to profes-
sional experience, i.e. the time of employment in or-
chestra/musical career or comparable experience, var-
ious work activities and instruments in use, time of
daily and/or weekly practice, including individual re-
hearsals.
In addition, musicians’ hearing ability was assessed

using the (modified) Amsterdam Inventory for Audi-
tory Disability and Handicap ((m)AIADH) (Meijer
et al., 2003). This inventory consists of 30 items and
includes five basic disability factors dealing with a va-
riety of everyday listening situations: a) distinction
of sounds (subscale I), b) auditory localization (sub-

scale II), c) intelligibility in noise (subscale III), d) in-
telligibility in quiet (subscale IV), and e) detection of
sounds (subscale V).
The respondents were asked to report how often

they were able to hear effectively in the mentioned
situation. The four answer categories were as follows:
almost never, occasionally, frequently, and almost al-
ways. Responses to each question were coded on a scale
from 0 to 3; the higher the score, the smaller the per-
ceived hearing difficulties. The total score per subject
was obtained by adding the scores for 28 questions.
Maximum total score of the questionnaire was 84. Ad-
ditionally, the answers for each subscale were summed
up (maximum score for subscale I was 24, while for the
other subscale it was 15).

2.3. Hearing examinations

Conventional pure-tone audiometry (PTA) was
performed in all study subjects (n = 126). In addi-
tion, transient-evoked otoacoustic emission (TEOAE)
determinations were made in 92,9% (n = 117) of mu-
sicians. Before the exact examinations, otoscopy was
performed in order to screen for conditions that would
exclude examined subject from the study.
PTA was performed using an Audio Traveller

Audiometer type 222 (Interacoustics) with TDH 39
headphones. Hearing threshold levels (HTLs) for air
conduction were determined using an ascending–
descending technique in 5-dB steps.
A Scout Otoacoustic Emission System ver. 3.45.00

(Bio-logic System Corp.) was applied for recording and
analyzing of otoacoustic emissions. TEOAE recordings
of 260 averages each were collected for every subject
at stimuli levels of about 80 dB, using standard clicks.
The artefact rejection level was set at 20 mPa. Each
response was windowed from 3.5 to 16.6 ms post stim-
ulus and band-pass filtered from 0 to 6000 Hz. The
total TEOAE amplitude level and the TEOAE ampli-
tude levels for frequency bands with central frequencies
1, 1.5, 2, 3 and 4 kHz were examined.
Hearing examinations were performed in quiet

rooms located in concert halls and opera buildings
where the A-weighted equivalent-continuous sound
pressure level of background noise did not exceed
35 dB.

2.4. Evaluation of exposure to orchestral noise

Musicians’ exposures to orchestral noise were eval-
uated based on data concerning sound pressure levels
produced by various groups of instruments in orches-
tra. These data were collected during measurements
performed with the measuring equipments placed in
various instrument groups during collective and in-
dividual rehearsals, concerts and performances com-
prising diverse repertoire and various venues. Noise
measurements were carried out according to Standards
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No. PN-N-01307 (1994) and ISO 9612 (2009) (for de-
tails see (Pawlaczyk-Łuszczyńska et al., 2011; Du-
darewicz et al., 2013).
For various groups of players the weekly noise expo-

sure levels (LEX,wi) were calculated from the values of
the A-weighted equivalent-continuous sound pressure
levels produced by the respective instrument (e.g. vio-
lins or trumpets) and time of weekly practice gathered
from the questionnaire, using the following equation:

LEX,wi = 10 · log
[
1

T0
(T1 · 100.1·LAeq,T1

+T2 · 100.1·LAeq,T2)

]
, (1)

where: LAeq,T1 – is the A-weighted equivalent-
continuous sound pressure level during group play-
ing (i.e. collective rehearsals, concerts and perfor-
mances), in dB; LAeq,T2 – is the A-weighted equivalent-
continuous sound pressure level during solo rehearsals,
in dB, T1, T2 – is the declared time of group and indi-
vidual practice per week, in hours, T0 – is the reference
duration, T0 = 40 h.
The data on noise exposure levels in college music

students were also collected (Zamojska et al., 2013).
Subsequently, for each study subject weekly noise ex-
posure level averaged over total time of musical career
(including academic music education) was determined
using the following equation:

LEX,w = 10 · log
[
(t1 · 100.1·LEX,w1

+ t2 · 100.1·LEX,w2/(t1 + t2)
]
, (2)

where: LEX,w1/LEX,w2 – is the weekly noise exposure
level assigned to orchestra musicians/ college music
students playing respective instrument, in dB; t1 – is
the duration of music college education (over eighteen
years of age), in years; t2 – is the declared time of
employment in orchestra (musical career), in years.

2.5. Prediction of noise-induced hearing loss

The musicians’ actual hearing threshold levels were
compared with the theoretical predictions calculated
according to ISO 1999 (1990). The aforesaid standard
specifies the method for determining a statistical distri-
bution of hearing threshold levels in adult populations
after given exposure to noise based on four parameters:
age, gender, noise exposure level and duration of noise
exposure (in years).
In order to compare predictions obtained for

musicians of different gender, age, time and expo-
sure, so-called standardized hearing threshold levels
(STHLs) were determined using the following formulas
(Śliwińska-Kowalska et al., 2006):

SHTL = 1.282 · HTL− PHTLQ50

PHTLQ10 − PHTLQ50

for HTL ≥ PHTLQ50, (3)

SHTL = 1.282 · HTL− PHTLQ50

PHTLQ90 − PHTLQ50

for HTL < PHTLQ50, (4)

where HTL – is the actual hearing threshold level,
in dB, PHTLQ50 – is the median value of predicted
hearing threshold level, in dB; PHTLQ10/Q90 – is the
fractile Q10/Q90 of predicted hearing threshold level,
in dB.
These calculations were applied to the audiograms

twice, i.e. the musicians’ hearing was compared to the
hearing of the non-noise-exposed population and noise-
exposed population.

2.6. Statistical analysis

A three-way analysis of variance (ANOVA) for in-
dependent data was performed to analyze the impact
of gender, age and exposure on PTA and TEOAE re-
sults as well as the (m)AIAHD scores. For this purpose,
the study group was divided into subgroups according
to gender (females and males), age (younger and older
subjects) and exposure (lower- and higher-exposed to
noise subjects). Musicians were categorized as higher-
exposed or lower-exposed on the basis of their assigned
values of the weekly noise exposure level (LEX,w). Sub-
jects with the LEX,w levels above median value were
classified as higher-exposed, while the others as lower-
exposed. Similarly, the median value of age was used as
the basis for classification of subjects as younger and
older ones.
Answers to the questionnaire were presented as the

proportions with 95% confidence intervals The rela-
tions between variables, e.g. results of PTA or TEOAE
and musicians’ self-reported hearing ability expressed
in terms of the (m)AIADH scores were evaluated us-
ing Pearson’s correlation coefficient. The standardized
hearing threshold levels were analyzed using t-test.
All statistical tests were done with an assumed level

of significance p < 0.05. The STATISTICA (version
9.0) software package was employed for the statistical
analysis of the data.

3. Results

3.1. Noise exposure evaluation and additional
NIHL risk factors

Table 1 summarizes sound pressure levels measured
in various groups of instruments during group and solo
playing in orchestra (i.e. collective and individual re-
hearsals, concerts and performances) as well as during
academic music education (i.e. solo and group practic-
ing, lessons with teacher, concerts, etc.).
According to the responses to the questionnaire,

musicians under study were employed in orchestras
from 5 to 48 years (mean ±SD: 24.0±10.7 years, me-
dian: 24.5 years). They were playing instruments on
average 30 hours a week, including 7.5 and 22.5 hours
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Table 1. Results of sound pressure levels measurements performed in orchestral musicians and college music students during
solo and group practicing, lessons with teacher, concerts, etc. (Pawlaczyk-Łuszczyńska et al., 2011; Dudarewicz et

al., 2013; Zamojska et al., 2013).

Individual rehearsals in orchestra Group playing in orchestra Academic music education

A-weighted equivalent-continuous SPL [dB] Mean ±SD (10th/50th/90th percentile)
Violin 14∗ 85.1±2.0 [85.5]∗∗ (82/86/87) 77 84.0±2.4 [84.6] (82/84/87) 32 85.5±3.9 [87.0] (80/86/91)
Viola 9 87.0±1.0 [87.1] (86/87/89) 34 83.7±3.3 [84.7] (79/84/88) 6 85.9±2.3 [86.5] (84/85/89)
Cello 14 81.9±4.7 [84.0] (76/82/88) 33 81.5±3.2 [82.6] (77/82/85) 12 81.0±3.7 [82.5] (78/80/86)

Double bass 10 80.4±4.1 [82.7] (76/80/87) 27 82.4±4.7 [84.6] (75/84/87) 5 80.5±3.4 [81.5] (77/80/84)
Clarinet 11 89.1±3.7 [90.6] (85/88/94) 28 86.2±3.4 [87.6] (81/86/90) 8 89.7±1.2 [89.8] (88/90/91)
Oboe 7 87.4±4.5 [89.2] (82/86/92) 23 87.0±3.0 [88.1] (83/87/92) 6 86.9±1.8 [87.3] (85/87/89)
Bassoon 11 87.4±3.9 [88.4] (84/88/91) 39 85.4±3.3 [86.4] (81/86/90) 2 94.9±0.8 [94.9] (94/95/95)
Flute 17 91.0±4.6 [92.9] (83/91/97) 32 86.7±3.1 [87.8] (84/87/91) 14 91.2±5.7 [94.2] (83/91/98)
Horn 8 92.4±2.6 [92.9] (87/93/95) 48 88.0±3.1 [89.3] (85/88/92) 6 93.8±3.0 [94.4] (91/95/96)
Trumpet 11 89.1±8.7 [100.9] (84/86/97) 38 88.1±2.8 [88.9] (84/89/92) 14 97.2±3.2 [98.3] (94/98/101)
Trombone 14 94.8±2.9 [95.7] (90/95/99) 31 88.0±4.0 [90.1] (84/87/94) 14 95.1±4.8 [97.3] (89/95/101)
Tuba 12 91.2±3.7 [92.5] (86/91/95) 17 85.9±5.1 [87.9] (79/87/91) 8 94.3±1.8 [94.7] (93/94/96)

Percussion 3 89.6±3.2 [90.3] (86/90/93) 25 85.2±4.5 [87.1] (80/86/91) 21 95.9±7.6 [105.7] (89/94/104)
Harp 2 81.4±6.5 [83.5] (77/81/86) 12 82.0±3.4 [83.3] (78/82/85) 4 85.5±0.6 [85.5] (85/85/86)
Total 148 88.1±5.7 [93.2] (80/88/95) 465 85.4±4.0 [87.2] (81/86/90) 199 89.9±7.2 [97.9] (81/90/99)

∗ Number of noise samples; ∗∗ An energy average of the number of measured A-weighted equivalent-continuous SPLs.

of solo practicing and group playing. The weekly noise
exposure levels calculated from this data ranged be-
tween 81–95 dB (mean ±SD: 85.7.0±3.2 dB, median:
84.2 dB) (Fig. 1).

Fig. 1. Results of noise exposure evaluation for various
groups of players among orchestral musicians and college
music students together with evaluations based on liter-
ature data (Dudarewicz et al., 2013; Zamojska et al.,
2013). (Weekly noise exposure levels LEX,w are specified

with one-side 95% CI).

Figure 1 illustrates the aforesaid data together
with our noise exposure determination for college

music students and evaluations based on literature
data (Pawlaczyk-Łuszczyńska et al., 2011; Du-
darewicz et al., 2013; Zamojska et al., 2013). As
can be seen there are differences in exposure condition
between professional and college music students; the
highest difference was noted for percussion instruments
players. However, there is a good agreement between
literature data and our assessment of noise exposure
in orchestral musicians. Thus, these results seem to be
a reliable basis for assessing risk of NIHL in orchestral
musician.
Subsequently, weekly noise exposure level averaged

over total time of musical career (including academic
music education) varied from 81–100 dB (mean ± SD:
86.6±4.0 dB, median: 84.3 dB). Please note that nearly
half (47.0%) of study subjects were exposed to the
LEX,w levels exceeding the Polish maximum admis-
sible intensity values (LEX,w = 85 dB), while 47.0% –
the exposure limit value according to the noise direc-
tive (LEX,w = 87 dB) (Fig. 2).
As to other NIHL risk factors, 7.1% (95%CI: 2.5–

11.2%) of musician reported elevated blood pressure.
Moreover, 5.6% (95%CI: 3.6–13.2%) of them were
current smokers, while 17.5% (95%CI: 11.8–25.1%)
smoked in the past. 12.7% (95%CI: 7.9–19.7%) of
musicians had used regularly painkillers. The pres-
ence of white-finger syndrome was reported by only
7.1% (95%CI: 3.6–13.2%) of them, while overweight
(BMI > 25) by 17.5% (95%CI: 11.8–25.1%).
Furthermore, 15.1% (95%CI: 9.8–22.4%) of musi-

cians often used noisy tools and 25.4% (95%CI: 18.6–
33.7%), listened often to music through headphones.
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Fig. 2. Cumulative distribution of the weekly noise expo-
sure level averaged over total time of musical career (in-
cluding academic music education) in study group.

On the other hand, only 11.1% (95%CI: 6.6–17.9%) of
them declared using hearing protective devices (HPDs)
at present or in the past, while 31.0% (95%CI: 23.5–
39.5%) players intended to use HPDs in the future.

3.2. Results of hearing tests

In the majority (95.6%) of cases a mean value of the
hearing threshold level for 500, 1000, 2000 and 4000 Hz
was lower than 25 dB, which corresponds to grade 0
of hearing impairment according to the World Health
Classification (WHO). Only 3.8% and 0,8% of the mea-
sured audiograms corresponded to grade 1 and 2 of
hearing impairment, respectively. Moreover, almost all
of them (88.9%) were found in the older musicians.
Table 2.
Typical NIHL notches at 4000 or 6000 Hz of at least

15 dB depth relative to the best preceding threshold
(from 1000 Hz) were observed in 35.1% of audiograms,
including 61.4% for left ear. Most of them (73,9%) oc-
curring at 6000 Hz. The portion of total population
with bilateral notching at any frequency was 19.2%.
Audiometric hearing threshold levels determined in

126 professional orchestral musicians (251 ears) are

Table 2. Summary results of the three-way ANOVA – influence of gender, age and noise exposure on audiometric hearing
threshold levels in orchestral musicians. Significant main effects or interactions are given in bold (p < 0.05).

Frequency
Main effect Interaction

[Hz]
Age (A) Exposure (E) Gender (G) E × A A × G E × G A × E × G

Statistical significance, p

1000 0.110 0.042 0.664 0.001 0.221 0.488 0.587

2000 0.007 0.096 0.454 0.006 0.435 0.188 0.969

3000 0.000 0.067 0.000 0.177 0.048 0.039 0.773

4000 0.000 0.028 0.000 0.481 0.098 0.368 0.489

6000 0.002 0.083 0.000 0.031 0.074 0.031 0.122

8000 0.000 0.012 0.001 0.023 0.108 0.072 0.049

shown in Fig. 3. A significant main effect of age on
the HTLs was observed in the frequency range from
1000 to 8000 Hz (Fig. 3a, Table 2).

a)

b)

c)

Fig. 3. Audiometric hearing threshold levels (mean
±95% CI) in various subgroups of musicians, i.e. females
and males (a), younger and older subjects (b), and lower-
and higher-exposed subjects (c). Significant differences

(p < 0.05) between subgroups are marked (*).

Generally, older subjects showed higher reduction
of hearing threshold level than younger ones. Simi-
lar relation was observed between males and females
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in the high frequency region from 3000 to 8000 Hz
(Fig. 3b). There was also a significant main effect of
noise exposure on the HTLs at frequencies of 1000,
4000 and 8000 Hz. However, contrary to our expec-
tations, higher-exposed subjects (LEX,w > 84.3 dB)
had lower (better) audiometric hearing levels com-
pared to lower-exposed individuals (LEX,w ≤ 84.3 dB)
(Fig. 3c). Moreover, significant two-way interactions
between noise exposure and age (for the HTLs at 1000,
2000, 6000 and 8000 Hz) as well as between noise expo-
sure and gender (for the HTLs at 3000 Hz) were noted
(Table 2).
As can be seen in Fig. 4a, among older subjects,

those lower-exposed had higher (poorer) hearing level
(at 6000 Hz) compared to higher-exposed individuals,
while in younger musicians there were no differences
due to noise exposure. (Similar, relations were observed
for other frequencies, i.e. 1000, 2000 and 8000 Hz). On
the other hand, when analysing lower-exposed musi-
cians, females had better hearing than males, while
there were no differences in case of higher-exposed sub-
jects.

a)

b)

Fig. 4. A two-way interaction between: a) noise exposure
and age for the HTLs at 6000 Hz (F (1, 225) = 4.732,
p = 0.031), b) noise exposure and gender for the HTLs

at 3000 Hz (F (1, 225) = 4.305, p = 0.039).

In almost all cases (94.4% of ears) the reproducibil-
ity of the TEOAE above 70% for the total response
was noted. On the other hand, higher than 6 dB sig-
nal to noise ratio (SNR) was observed in the 72.1%
of cases. Both higher values of reproducibility and
SNR were more frequently noted in the females than
males.
Results of TEOAE testing are summarized in

Fig. 5. Significant main effects of gender and age on
TEOAE amplitude, SNR as well reproducibility was
noted (Table 3, Figs. 5b, 5e and 5h).

a)

b)

c)

d)

Fig. 5 a–d
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e)

f)

g)

h)

i)

Fig. 5. TEOAEs (mean ±95% CI) in various subgroups
of musicians, i.e. females and males (a, d, g), younger and
older subjects (b, e, h), and lower- and higher-exposed sub-
jects (c, f, i). Significant differences between subgroups were

marked (*) (ANOVA, p < 0.05).

Generally, females showed better results of TEOAE
testing compared to males. Similar relation was ob-
served when analysing younger and older musicians.
On the other hand, noise exposure was only found to
significantly affect the reproducibility of TEOAE in
the frequency bands of 1.5 kHz (Fig. 5i). Similar to
PTA, higher-exposed musicians had better results (i.e.
greater reproducibility) than lower-exposed ones.
Furthermore, a significant two-way interaction be-

tween exposure and gender was observed for the sig-
nal to noise ratio and reproducibility of TEOAE
in the frequency band of 4 kHz (Figs. 6a and 6b,
p < 0.05). Among lower-exposed musicians, females
showed better reproducibility compared to males,
while among higher-exposed subjects there were no
differences caused by gender. On the other hand, the
opposite relations was observed when analyzing SNR
at 4 kHz. Higher-exposed females had better results
than higher-exposed males, while there was no gender-
related difference in the lower-exposed musicians.

a)

b)

Fig. 6. A two-way interaction between noise exposure and
gender for a) the signal to noise ratio (F (1, 207) = 5.501,
p = 0.020), and b) reproducibility of TEOAE in the fre-
quency band of 4 kHz (F (1, 207) = 6.867, p = 0.009).
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Table 3. Summary results of the three-way ANOVA – influence of gender, age and noise exposure on TEOAE in orchestral
musicians. Significant main effects or interactions are given in bold.

Frequency
Main effect Interaction

[Hz]
Age (A) Exposure (E) Gender (G) E × A A × G E × G A × E × G

Statistical significance, p

TEOAE amplitude

1 0.078 0.737 0.000 0.606 0.474 0.705 0.101

1.5 0.034 0.781 0.000 0.802 0.856 0.692 0.072

2 0.109 0.668 0.000 0.944 0.820 0.867 0.069

3 0.126 0.706 0.000 0.101 0.334 0.663 0.426

4 0.009 0.538 0.000 0.324 0.566 0.228 0.342

Total response (1.2–3.4) 0.057 0.810 0.000 0.676 0.869 0.581 0.087

Signal to noise ratio

1 0.073 0.490 0.002 0.885 0.545 0.880 0.184

1.5 0.012 0.493 0.000 0.639 0.779 0.862 0.100

2 0.125 0.500 0.000 0.568 0.948 0.901 0.092

3 0.141 0.593 0.000 0.096 0.312 0.696 0.479

4 0.173 0.872 0.000 0.870 0.028 0.020 0.916

Total response (1.2–3.4) 0.044 0.594 0.000 0.877 0.979 0.735 0.116

TEOAE reproducibility

1 0.029 0.203 0.422 0.254 0.079 0.249 0.604

1.5 0.001 0.021 0.034 0.092 0.014 0.339 0.012

2 0.310 0.200 0.059 0.068 0.023 0.333 0.058

3 0.500 0.407 0.002 0.354 0.184 0.247 0.709

4 0.276 0.796 0.000 0.735 0.027 0.009 0.691

Total response (1.2–3.4) 0.006 0.104 0.040 0.116 0.013 0.266 0.034

3.3. Comparison of actual and predicted hearing
threshold levels

Figure 7 shows standardized hearing threshold lev-
els in musicians under study. It is worth noting that

Fig. 7. Comparison of the musicians’ hearing loss to that
of non-noise-exposed and noise-exposed populations. All
SHTL values, excluding those marked (*) significantly dif-

fer from 0 (t-test, p < 0.05).

the closer to zero value of SHTL, the better the pre-
diction of hearing loss according to ISO 1999 (1990).
On the other hand, the positive values of SHTLs in-
dicate that actual hearing threshold levels are higher
than predicted.
Comparing the musicians to non-noise-exposed

population (database A from ISO 1999 (1990)) re-
vealed that their hearing losses (in the frequency range
1000–8000 Hz) were higher than predicted (p > 0.05).
On the other hand, the actual hearing threshold lev-
els were lower (better) than expected for 3000 and
4000 (p < 0.05) with an expected value at 8000 Hz
(p > 0.05), when compared to equivalent population
exposed to industrial noise. Furthermore, the observed
audiometric hearing losses were higher than predicted
for 1000, 2000 and 6000 Hz.

3.4. Self-assessment of hearing status

Over half of musicians (54.4%, 95%CI: 45.3–63.4%)
assessed their hearing as very good, while 17.5%
(95%CI: 11.8–25.1%) of them noticed hearing impair-
ment. In majority cases (90.9%) hearing deficit de-
veloped gradually. Moreover, it was associated with
difficulty in speech intelligibility in noisy environ-
ment 27.0% (95%CI: 20.0–35.4%) and hearing whis-
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per 12.7% (95%CI: 7.9–19.7%). 20.6% (95%CI: 14.4–
28.6%) of musician complained of hyperacusis, while
11.9% (95%CI: 7.2–18.8%) of them reported tinnitus.
Musicians examined using the (m)AIADH obtained

mean total score of 89.9±11.0% of maximum value,
which suggests no substantial hearing difficulties in
subjects under study (Table 4). Relatively low scores
were frequent only in the subscale (III) evaluating in-
telligibility in noise (23.0% of subjects scored below
70% of maximum value). No significant main effects
of age, gender and noise exposure on the (m)AIAHD

Table 4. Musicians’ self-assessment of hearing ability in the (m)AIAHD scores.

(m)AIAHD scores Mean ±SD (10th/50th/90th percentiles)
Total Subscale I Subscale II Subscale III Subscale IV Subscale V

75.5±9.2 22.8±2.4 13.4±2.0 12.0±2.6 13.3±2.1 13.8±1.8
(64/78/84) (21/24/24) (10/14/15) (8/12/15) (9/14/15) (11/15/15)

Table 5. Relationships between results of hearing tests (PTA and TEOAE) and the (m)AIAHD scores and Pearson’s
correlation coefficient r. Statistically significant Pearson’s correlation coefficient r values are given in bold (p < 0.05).

Pearson’s correlation coefficient r

Total score Subscale I Subscale II Subscale III Subscale IV Subscale V

Audiometric hearing threshold level/Frequency [kHz]

1 −0.19 −0.02 −0.14 −0.31 −0.22 −0.13

1.5 −0.21 −0.04 −0.16 −0.31 −0.28 −0.20
2 −0.23 −0.05 −0.15 −0.32 −0.31 −0.21
3 −0.29 −0.15 −0.21 −0.36 −0.33 −0.24
4 −0.22 −0.13 −0.15 −0.27 −0.16 −0.14

6 −0.22 −0.09 −0.16 −0.33 −0.23 −0.10

Total response −0.24 −0.12 −0.13 −0.33 −0.20 −0.12

Amplitude of TEOAE/Frequency [kHz]

1 −0.08 −0.08 −0.11 −0.04 −0.06 −0.05

1.5 −0.02 −0.07 −0.11 0.06 −0.05 −0.03

2 0.09 0.02 −0.02 0.18 0.10 0.03

3 0.12 0.10 0.00 0.17 0.08 0.07

4 0.22 0.16 0.12 0.28 0.12 0.13

Total response 0.03 −0.02 −0.06 0.12 0.02 0.00

Signal to noise ratio/Frequency [kHz]

1 −0.11 −0.08 −0.12 −0.07 −0.08 −0.06

1.5 −0.05 −0.08 −0.13 0.04 −0.07 −0.05

2 0.08 0.01 −0.01 0.17 0.09 0.03

3 0.12 0.10 0.00 0.17 0.08 0.07

4 0.25 0.21 0.18 0.29 0.15 0.16

Total response 0.02 −0.02 −0.06 0.11 0.00 −0.01

Reproducibility of TEOAE/Frequency [kHz]

1 0.04 0.04 −0.03 0.02 0.03 0.08

1.5 0.06 −0.02 −0.07 0.17 0.05 0.00

2 0.12 0.05 0.02 0.21 0.13 0.01

3 0.19 0.14 0.10 0.22 0.16 0.09

4 0.26 0.23 0.20 0.29 0.15 0.16

Total response 0.10 0.02 0.00 0.19 0.08 0.02

scores were noted. There were no significant inter-
actions between of age, gender and exposure, either
(ANOVA, p < 0.05).
However, weak but statistically significant linear

relationships were noted between PTA results and the
total score of (m)AIAHD and scores of the individual
subscales (Table 5). In particular, relatively high
values of correlation coefficients were observed for
subscale evaluating intelligibility in noise (subscale III)
(up to −0.36, p < 0.05). The linear relationships were
also noted between musicians’ self-assessment of hear-
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ing ability in the (m)AIAHD scores and the TEOAE
results (0.15 ≤ r ≤ 0.29, p < 0.05). In the latter case,
the highest values of correlation coefficient were noted
between score of subscale III and amplitude, SNR and
reproducibility of TEOAE in the frequency band of
4 kHz (up to 0.29, p < 0.05).

4. Discussion

Although hazardous aspects of music have been ex-
tensively studied for several decades, there is still lack
of unanimous opinion on music exposure causing hear-
ing loss. Nevertheless, studies on orchestral musicians
have been relatively consistent that hearing threshold
levels in this staff group are higher (worse) when com-
pared to age-related reference data from otologically
normal persons, that is ISO 7029 (Royster et al.,
1991; Jansson, Karlsson, 1983; Axelsson, Lind-
gren, 1981; Ostri, 1989).
For example, Royster et al., (1991) analyzed

audiometric hearing threshold levels in 59 musicians
from the Chicago Symphony Orchestra exposed to
orchestral noise at A-weighted daily noise exposure
levels of 75–95 dB. Although musicians’ HTLs were
better than those of unscreened non-industrial pop-
ulation, typical NIHL notches were observed in over
half (52.5%) of them.
Recently, Emmerich et al. (2008) measured the

noise exposure and assessed the audiologic status of
109 professional musicians aged 30–69 years from three
major German orchestras. They observed hearing loss
(≥ 15 dB) in over half of musicians. The highest losses
were found among the string and the brass players.
Moreover, among string players a dominant hearing
deficit was observed in the left ear.
On the other hand, Jansen et al. (2009) have per-

formed an audiological test battery (PTA and otoa-
coustic emissions (OAEs)) in 241 professional musi-
cians aged between 23 and 64. Most of them had nor-
mal hearing, but their audiograms showed notches at
6 kHz. They often complained about tinnitus and hy-
peracousis, while diplacusis was generally not reported
as a problem. The OAEs were more intense with bet-
ter PTA thresholds. Moreover, the musicians showed
worse HTLs than it could be expected on the basis of
age and gender.
Our results are in line with the aforesaid findings.

Almost all musicians under study had normal hearing
(mean hearing threshold level for 0.5, 1, 2 and 4 Hz
up to 25 dB) corresponding to grade 0 of hearing im-
pairment according to the classification of the WHO,
while only a few of them had hearing loss correspond-
ing to grade 1 or 2. It is worth noting that according
to the aforesaid classification in the case of grade 0
(“no impairment”) no or very slight hearing problems
can occur, and one is able to hear whispers, while in
grade 1 (“slight impairment”) one is able to hear and

repeat words spoken in normal voice at a distance of
1 meter, but hearing aids may be needed (WHO).
Nevertheless, 35.1% of audiograms showed high fre-

quency notches (mainly at 6 kHz). Furthermore, over
half of them (61.4) were noted in case of left ear. Nearly
every fifth musician had bilateral notching at any fre-
quency (4 or 6 kHz).
Moreover, both PTA and TEOAE consistently

showed better hearing in females vs. males and younger
vs. older subjects. These findings confirmed some ear-
lier observations. For example, Emmerich et al. (2008)
in the quoted above study also observed lower hearing
loss (at 4 and 6 kHz) in younger musicians (aged 30–
39 years) when compared to older ones (aged over 60
years). On the other hand, Kähäri et al. (2001) an-
alyzing audiometric HTLs in 140 classical orchestral
musicians employed at the Gothenburg Symphony Or-
chestra and the Gothenburg Opera, found that female
musicians had significantly better hearing thresholds in
the high-frequency area (above 2 kHz) than did male
musicians.
However, contrary to our expectations higher noise

exposure levels (LEX,w) were not associated with
higher (worse) audiometric HTLs and worse results
of TEOAE. In our study, higher-exposed musicians
(LEX,w > 84.3 dB) had better hearing thresholds (at
1, 4 and 8 kHz) than the lower-exposed individuals
(LEX,w ≤ 84.3 dB). Furthermore, among older sub-
jects, those lower-exposed had higher hearing level (at
1, 2, 6 and 8 kHz) compared to higher-exposed indi-
viduals, while in younger musicians (as expected) there
were no differences due to noise exposure.
The impact of noise exposure on TEOAE was

less pronounced than was in case of PTA. Higher-
exposed musicians had only greater reproducibility (in
the frequency band of 1.5 kHz) than lower-exposed
ones. Furthermore, among lower-exposed musicians,
females showed better results (higher reproducibil-
ity of TEOAE at 4 kHz) compared to males, while
among higher-exposed subjects there were no differ-
ences caused by gender. Among lower-exposed musi-
cians, females showed better reproducibility (at 4 kHz)
compared to males, while among higher-exposed sub-
jects there were no differences caused by gender. On
the other hand, higher-exposed females had higher
SNR (at 4 kHz) than higher-exposed males, while there
was no gender-related difference in the lower-exposed
musicians.
Generally, the latter results might be explained by

high-resistance to NIHL in musicians, in particular
those higher-exposed to orchestral noise. It has been
shown that individual susceptibility to hearing loss is
very diversified (Śliwińska et al., 2006). It is worth to
underline that the study group comprised only volun-
teers. It is obvious that professional musicians which
had any hearing problems did not responded positively
to the invitation to participate in the study. Never-
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theless, the results of hearing tests are consistent with
musicians’ self-reported hearing ability assessed by the
(m)AIAHD showing some hearing difficulties in rela-
tion to intelligibility in noisy environment in 29.0%
players.
Please note that the (m)AIAHD has been used for

various purposes. For example, attempts were made
to apply this questionnaire for measuring the effect of
middle ear surgery with the aim of improving hearing,
as well as for evaluation of the relation between the au-
diometric and psychometric measures of hearing after
tympanoplasty (WHO). The results of the latter in-
vestigation indicated that the (m)AIADH scores were
almost independent of hearing loss for postoperative
hearing levels in the range of 25–40 dB. For the per-
manent threshold shifts (PTS) higher than 40 dB, the
(m)AIAHD scores clearly decreased with an increas-
ing PTS. However, even small residual hearing losses
(less than 25 dB) led, on average, to (m)AIADH scores
which were substantially lower than scores for normal
hearing. Thus, the (modified) Amsterdam Inventory
for Auditory Disability and Handicap seems to be a
useful tool for a hearing conservation programme.
In this study, the observed audiometric hearing

threshold levels were compared with the theoretical
predictions according to ISO 1999 (1990). It is worth to
underline that aforesaid standard specifies the method
for prediction of NIHL after given exposure to noise
based on four parameters: age, gender, noise expo-
sure level and duration of noise exposure (in years).
However, it does not take into consideration risk fac-
tors other than occupational noise, such as expo-
sure to noise beyond workplace (e.g., leisure noise,
noise exposure during compulsory military service),
co-exposure to certain chemicals (organic solvents and
heavy metals), vibrations, and several individual fac-
tors and NIHL, including smoking, elevated blood pres-
sure, cholesterol and skin pigmentation (Toppila et
al., 2001, Pyykko et al., 2007; Dudarewicz et al.,
2010). It does not discuss the protective effects of hear-
ing protective devices, either.
Since in musicians’ working conditions there are

no ototoxic chemicals or vibrations, to assess the in-
cidence of additional NIHL risk factors, the study sub-
jects filled in a questionnaire. According to the re-
sponses, risk factors (such as exposure to noise beyond
workplace, smoking, elevated blood pressure, choles-
terol and white-finger syndrome) were rather seldom.
Moreover, only 11.1% of musicians declared using hear-
ing protective devices at present or in the past. Hence,
their protective effect was negligible.
It has been shown that musicians’ hearing thresh-

old levels were higher (worse) than equivalent (in
terms of age and gender) non-noise-exposed popula-
tion. When compared to the equivalent population ex-
posed to industrial noise, the actual hearing threshold
levels were lower (better) than expected for 3000 and
4000 Hz, while there was no significant difference for

8000 Hz. Furthermore, the observed audiometric hear-
ing losses were higher than predicted for 6000 Hz as
well as for 1000 and 2000 Hz.
The latter results (i.e. a relatively high permanent

threshold shift at lower frequencies) might be depen-
dent on the testing procedure. Relatively low hear-
ing threshold levels were determined with 5 dB ac-
curacy. Moreover, PTA was performed in quiet rooms
(with background noise up to 35 dB) located in concert
halls and opera building instead of sound-proof cabins,
which is especially important when determining HTLs
in the low frequency range. Nevertheless, our findings
confirm earlier observations that orchestral noise dete-
riorate hearing less than expected from noise exposure
(Obeling, Polusen, 1999; Toppila et al., 2011).
Recently, Toppila et al. (2011) compared audio-

grams of 63 musicians from four Helsinki orchestras
with the theoretical predictions calculated according
to ISO 1999 (1990) and analyzed the role of individ-
ual susceptibility factors in the onset of hearing loss
among this staff group. Number of individual NIHL
risk factors was small in their study group. No age de-
pendency was found. The musicians’ hearing loss dis-
tribution corresponded to that of the general popula-
tion. However, the highly-exposed players had greater
(poorer) permanent threshold shift at the frequen-
cies over 3000 Hz than the lower-exposed individuals.
Moreover, the musicians’ hearing loss was smaller than
expected for the frequencies of 2000, 3000 and 4000 Hz,
with an expected value for 6000 Hz, when compared
to an industrial population with the same lifetime ex-
posure (Toppila et al., 2011).
Earlier, Obeling and Poulsen (1999) compared

audiograms of 57 symphony orchestras to expected
(basing on noise exposure) hearing threshold levels
from ISO 1999 (1990). They also found out that musi-
cians’ actual hearing threshold levels were better than
expected from noise exposure and concluded that ex-
posure of musicians cannot be expected to result in
pronounced audiometric hearing losses from playing in
a symphony orchestra.
To sum up, music impairs hearing of orchestral mu-

sicians, but less than expected from noise exposure.
Nevertheless, a special hearing conservation program
should be developed for the professional group of or-
chestral musicians.
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The paper presents functionality and operation results of a system for creating dynamic maps of
acoustic noise employing the PL-Grid infrastructure extended with a distributed sensor network. The
work presented provides a demonstration of the services being prepared within the PLGrid Plus project for
measuring, modeling and rendering data related to noise level distribution in city agglomerations. Specific
computational environments, the so-called domain grids, are developed in the mentioned project. For
particular domain grids, specialized IT solutions are prepared, i.e. software implementation and hardware
(infrastructure adaptation), dedicated for particular researcher groups demands, including acoustics (the
domain grid “Acoustics”). The infrastructure and the software developed can be utilized mainly for
research and education purposes, however it can also help in urban planning. The engineered software
is intended for creating maps of noise threat for road, railways and industrial sources. Integration of
the software services with the distributed sensor network enables automatic updating noise maps for a
specific time period. The unique feature of the developed software is a possibility of evaluating auditory
effects which are caused by the exposure to excessive noise. The estimation of auditory effects is based
on calculated noise levels in a given exposure period. The outcomes of this research study are presented
in a form of the cumulative noise dose and the characteristics of the temporary threshold shift.

Keywords: noise, dynamic noise map, reverse engineering, grid computing.

1. Introduction

Environmental noise that occurs in the urban areas
is known to impose a threat to human health (Engel,
2004; Kompala, Lipowczan, 2007; Kucharski,
2007; Popescu, Moholea, 2010). The effects of this
harmful factor can be observed in various aspects of
human life. In 2002, in order to assess the noise pollu-
tion threat, the European Parliament along with the
Council of the European Union issued the legal foun-
dation for undertaking urban noise monitoring in all
Member States, i.e. “European Directive 2002/49/EC”
(2002) on assessment and management of environmen-
tal noise. The main aim of this Directive is to pro-
vide a common basis for assessing the noise problem
across the EU. It commits the EC-member states to
evaluate the noise impact for all agglomerations, for
all major roads and major railways and for all ma-
jor airports within their territories and to present in
the form of strategic noise maps. Until 30 June 2007

noise maps had to be prepared for all cities, or more
precise, for agglomerations with more than 250,000 in-
habitants. Subsequently, noise maps of municipalities
of over 100 000 inhabitants should have to be drawn
up by 30 June 2012.
The release of the guidelines have raised numerous

initiatives in order to asses an acoustic climate in Eu-
ropean cities. Technical implementations are based on
two main methods, namely noise measurements and
noise pollution prediction. The first approach utilizes
a grid of noise measuring devices which are register-
ing sound pressure level values and associated data.
Such systems have been deployed in several European
cities, for example in Lille, France (Chopard et al.,
2007) where over 80 acoustic monitoring stations cover
the urban area. In the second approach noise distribu-
tion is estimated based on noise source and propaga-
tion model. Systems based on this concept are imple-
mented in most of large European cities. For instance
the city of Gdansk, Poland developed strategic noise
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maps for road traffic, railway, tram and air traffic noise
calculated according to the LDEN and LN noise indexes
(2013). Developed acoustic disturbance maps are uti-
lized to assess the threat citizens are exposed to, and
introduce noise reduction strategies in critical locations
of the urban area.
Computation of noise map for large city areas

would result in high calculation time. To solve that
problem the software for calculating road and railway
noise on supercomputer platform was proposed and de-
veloped (Szczodrak, Czyzewski, 2009; Czyzewski
et al., 2011; 2012). The procedure of preparing the
noise map requires knowledge of source data and prop-
agation environment. Considering source models, we
need to note that road and railway noise are the most
frequent sources of disturbance that people are ex-
posed to. The achievements of European Harmonoise
and Imagine projects, providing a description of road
and railway models (Jonasson, 2007; Salomons et
al., 2011), were utilized during the implementation
of the software devoted to work on supercomputers
(Szczodrak, Czyzewski, 2009; Czyzewski et al.,
2011; 2012; Kotus et al., 2012). The Harmonoise
model was intended to unify all the methods pre-
pared and utilized by European Union state mem-
bers.
In this paper we propose to combine the short-term

noise measurement data together with model-based
calculations in order to provide an accurate up to date
noise map. Recently, an installation of acoustic sensors
which measure noise level was conducted in Gdansk.
These devices provide information that can be pro-
jected to the source model and update it by finding
the inverse transform.

Fig. 1. Experiment localization, numbers denote measurement stations.

The calculations were conducted on the supercom-
puter platform which is a part of the Polish Grid In-
frastructure. The infrastructure was prepared within
the PLGrid Plus project in which the most important
task is to identify and establish specific computing en-
vironments, the so-called domain grids. This includes
solutions, services and extended infrastructure (includ-
ing software), tailored to the needs of various groups
of scientists. The Polish Grid Infrastructure has been
built to provide the Polish scientific community with
an IT platform based on computer clusters, enabling
research in various domains of e-Science. The infras-
tructure supports scientific investigations by integrat-
ing experimental data and results of advanced com-
puter simulations carried out by geographically dis-
tributed research teams.
The work study presented in this paper was real-

ized within the Acoustics domain grid. The aim of this
domain grid is to provide efficient computational tools
for the community of acousticians engaged in the noise
threat reduction. Moreover, knowledge of noise and its
influence on human health is popularized, since the
outcome is presented in the form of noise map in the
Internet accessible for wide spectrum of recipients.

2. Concept and Setup (location of sensors,
map, measured quantities)

2.1. Location

For the experiments we have chosen an area where
practically only road noise occurs as a source. Within
the area of about 4 square kilometers, four sensors are
deployed. Each sensor is continuously measuring sound
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levels in the close vicinity of one road, which has the
predominant influence on the obtained acoustic pres-
sure values. There are three roads of a relatively high
traffic flow (separate lane in each direction) and one
road on which low traffic occurs. The map showing
experimental setup is presented in Fig. 1. Roads en-
compassed by measurement stations are marked with
colors.

2.2. Measurement system

The measurement data originates from the micro-
phone setup built by Gdansk authorities. The network
of acoustic pressure sensors have been deployed in the
city area (Mioduszewski et al., 2011). Sensors are in-
stalled on building facades. The measurement of the
sound level is based on the “Backing Board” method
developed by Fégeant (Fegeant, 1998). The principle
of the method is to position a microphone flush to the
totally reflecting surface. Such an approach allows for
measuring sound pressure at any site with reflecting
conditions similar to those produced by urban build-
ing facades. The measurement station is presented in
Fig. 2.

Fig. 2. Measurement station.

For a source located on the same side of the mi-
crophone, Fégeant considered the total sound pressure
level at the microphone as the sum of the incident, re-
flected and diffracted fields. On the hard surface, the
incident and reflected fields can be considered as equal.
In that case, the sound pressure level is doubled on
the plate. This corresponds to the sound pressure in-
crease of +6 dB (Berengier, 2012). Fégeant in his
theoretical study determined a position of the micro-
phone in the plate in such a way that the effect of
diffraction can be minimized. The detailed discussion
of results of measurements with this type of micro-
phone including diffraction influence can be found in
the literature (Memoli et al., 2008). Due to fact that
in our case the surface of the plate is much smaller
than the surface of the façade we decided to neglect
this effect.
Noise maps were calculated employing the super-

computer optimized software which uses Harmonoise
source model and ray tracing method in propagation
model (Szczodrak, Czyzewski, 2009;Czyzewski et
al., 2011; 2012). The process of creating dynamic noise
map was performed in two stages. First, the propa-
gation paths were obtained and attenuation on each
propagation path was calculated. Assuming that ge-
ometry of the urban infrastructure does not change
such attenuation data can be used for fast calculation
of noise level in the designated city area. In the sec-
ond step, the traffic data were united with the source
model and total noise level in a grid of points was calcu-
lated based on previously obtained attenuation data.
The traffic data were prepared for roads which have
the main influence on the noise level measured by the
monitoring stations.
Attenuations are calculated only once, but the sec-

ond step can be repeated many times. The propagation
model does not include a feature for calculating noise
on building facades. The considered minimum distance
to the building façade is 1 meter. The setup of the mi-
crophone is such that it measures sound level affected
by the “façade” effect. Therefore, in order to main-
tain conformity with the model which calculates sound
level in the free field, we obtain sound level according
to Eq. (1) (Memoli et al., 2008):

Lfree = Lnear − 3 = Lfacade − 6. (1)

2.3. Measurements results

In the presented study the functionality of the dy-
namic noise mapping procedure was shown on the ba-
sis of one day measurement results (25.07.2011). The
update time was set to one hour. For this purpose the
A-weighted equivalent sound pressure levels calculated
in one hour time periods were taking into considera-
tion. The measurements results obtained in selected
points are presented in Fig. 3.
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Fig. 3. Selected noise measurement results obtained by
noise monitoring stations.

Noise levels in points 122, 139 and 143 were con-
gruous. The essential differences were noticed for hours
between 0 – 3 and 9 – 11 AM. Noise levels indicated by
NMS 169 were relatively lower because the traffic flow
on the nearest road was also relatively low. The pre-
sented real measurement data were used in the cal-
culation of the reverse function. This procedure was
described in detail in the next section.

3. Algorithm description

Typically, if we want to calculate the noise map
for a given area, we need the input data for the noise
source model. In the considered case, only road noise
sources were taken into account. In consequence, we
need information about: the number of vehicles per
hour, type of road surface, type of vehicle, vehicle
speed.
The employed noise monitoring stations did not de-

liver data about the road noise parameters. The miss-
ing data are calculated on the basis of the measured
noise level. The reverse engineering technique is ap-
plied for this purpose. We assume that monitoring sta-
tions measure noise the main source which derives from
the nearest road. To get the input data for the noise
source model we need to calculate the number of ve-
hicles on the basis of the measured noise level. Other
factors of road noise source remain constant. The block
diagram of the proposed methodology of the dynamic
noise map calculation is presented in Fig. 4.

Fig. 4. Block diagram and data flow of the proposed
methodology of the dynamic noise map calculation.

First, noise levels as a function of the number of
vehicle per hour were calculated independently for all
measurements points. Next, on the basis of these re-
sults the reverse function (RF) which can be used to
determine the number of vehicles for a given noise level
was calculated. The initial traffic volume on each road
was adopted from the data obtained from the pre-
existing noise map of the city of Gdansk representing
long-term averaged values. For monitoring stations im-
pacted by noise originating from more than one road
(or carriageway), the following methodology of evalua-
tion of RF (reverse function) parameters was applied.
A division of the traffic flow between each road was cal-
culated. An assumption was made, that this division is
generally stable. The noise level was calculated in the
point where the monitoring station was located for di-
verse values of the traffic flow, taking into account the
above given assumption. Consequently, the noise level
measured by the monitoring station can be expressed
as a sum of noise levels generated by each road. Based
on obtained data, parameters of reverse functions were
calculated. The traffic volume value varied maintaining
the proportion of its intensity on each road. For exam-
ple, according to the values shown in Table 1, row 5,
the ratio of the traffic flow between roads 186 and 189
is 1.12.
It is important to emphasize that the noise level

calculated in the first step include all propagation
factors between the noise source and the measure-
ment point, such as: distance, ground reflections, other
buildings, sound attenuation in the atmosphere, type
of the ground. It means that the reverse function also
includes such factors during the computation of num-
ber of vehicles (traffic flow – TF ) derived from the
noise level. The model of the reverse function is given
by Eq. (2):

TF = a · (LAeq,1 h −Kfacade)
b, (2)

where a and b – constants depending on the type
of road and position of the measuring microphone,
LAeq,1 h – A-weighted sound equivalent level for one
hour time period, Kfacade – correction of pressure dou-
bling conditions, in considered cases the measuring mi-
crophones were mounted directly on the facade surface
(equal to 6 dB).
Constants a and b are obtained for all measurement

points. The constants values were determined using the
method of least squares. Figures 5 and 6 present the
process of selection of the RF parameters for a chosen
road. The left charts in Figs. 5 and 6 show the results
of calculation of the noise level in the localization of
the measurement microphone. This result is obtained
by the road noise source model integrated with the
propagation model. A typical relation of the noise level
change as function of the road traffic flow was obtained,
this way. All other parameters of the source model have
the following default values: speed 70 km/h (50 km/h
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Table 1. Constants values of the reverse function for traffic flow calculation computed for all roads.
The number of NMS and the average traffic flow were also presented.

NMS No. 122 139 143 169

Road No. 186 189 676 675 68 73 422

a 9.30E-23 8.25E-23 2.15E-23 2.30E-23 2.73E-24 2.73E-24 4.98E-18

b 1.37E+01 1.37E+01 1.41E+01 1.41E+01 1.45E+01 1.45E+01 1.12E+01

Avg. TF 398 353 731 784 780 780 85

Fig. 5. Reverse function calculation for road no. 186 (Noise Monitoring Station no. 122).

Fig. 6. Reverse function calculation for road no. 189 (Noise Monitoring Station no. 122).

for point 169), percentage of heavy vehicles – 2, 3, 4, 5
respectively for points 169, 122, 139, 143. During the
experiments these values remained constant. Calcula-
tion of the reverse function requires exchange of func-
tion argument and value. The right side of Figs. 5 and 6
shows the resultant reverse function representing traf-
fic flow dependency of the noise level. The use of the
function type given by Eq. (2) and the least squares
method allow for deriving constants a and b. In the
considered case the values are respectively: 9.3·10−23

and 13.7. Blue points in charts presented at the right
side of Figs. 5 and 6 were calculated based on the mea-
sured noise level. Points marked with red circles denote
values extrapolated with the obtained RF. The contin-

uous line represents the graphical form of the function
RF. Determination of model parameters was done for
each monitoring station and all roads that affect mea-
sured noise level. In case of streets that consist of sepa-
rated carriageways, the model parameters were deter-
mined for both carriageways, as both have influence
on the noise measurement result. A series of simula-
tions was done in order to calculate the noise level in
the location of each monitoring station. Initial value
of traffic flow was modified according to the scale fac-
tor α, which varied between 0 and 2. Table 1 presents
calculated constants a and b for particular roads and
carriageways and corresponding monitoring stations.
Traffic flow data for roads not encompassed by noise
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monitoring stations were calculated separately for ev-
ery time period. The calculation method relied on scal-
ing the long-term averaged value of traffic flow for each
road by global scale factor. This factor was obtained by
computing proportions of traffic flow obtained by the
reverse function to the long-term averaged traffic flow,
for each road encompassed by the monitoring station,
and then taking the mean value.

4. Experiments and results

The proposed methodology and the developed algo-
rithm were used to prepare noise maps for the consid-
ered area in one hour time intervals. Maps for the area
of 1650×1610 meters were calculated. The noise level
was calculated in a grid of points spaced equally by
10×10 meters, what resulted in 26982 points. The fol-
lowing main parameters of the propagation model were
set as follows: reflections of the 1st order, search ray
2 000 meters, reflected ray 100m, the distance between
following rays 2 degrees, and the building sound reflec-
tion coefficient 0.8. The ground type for the whole area
was set to 10 000 kNsm−4 (representing hard ground)
(Taraldsen, Jonasson, 2011). In the first stage (see
Sec. 2.2), calculation was performed on 432 cores and
took 2847 seconds. On the basis of the proposed re-
verse function and measured noise levels the workday
traffic flow profile can be calculated. Several character-
istics of the traffic flow for selected roads are presented
in Fig. 7.

Fig. 7. Traffic flow calculated for selected roads.

As shown in Fig. 7, the traffic flow is relatively
high on roads no. 186 and 189 (based on noise lev-
els obtained by NMS 122). The road no. 422 has lower
throughput because it has one lane in each direction
(based on noise levels obtained by NMS 169). This is
the reason of large difference in the traffic flow vol-
ume. The traffic flow data calculated for all considered
roads were used to compute dynamic noise maps. The
update time was one hour. The noise maps calculation
can be time-synchronized with real noise measurement
results. The final maps obtained for a various hours are
presented in Figs. 8, 9 and 10. The range of noise pol-
lution impact can be observed in detail.

F
ig
.
8.
N
oi
se
m
ap
s
fo
r
20
11
.0
7.
25
(M
on
da
y)
,
ho
ur
s:
3
A
M
,
4
A
M
,
5
A
M
(f
ro
m
le
ft
).



M. Szczodrak et al. – Creating Dynamic Maps of Noise Threat Using PL-Grid Infrastructure 241

F
ig
.
9.
N
oi
se
m
ap
s
fo
r
20
11
.0
7.
25
(M
on
da
y)
,
ho
ur
s:
7
A
M
,
9
A
M
,
11
A
M
(f
ro
m
le
ft
).

F
ig
.
10
.
N
oi
se
m
ap
s
fo
r
20
11
.0
7.
25
(M
on
da
y)
,
ho
ur
s:
7
P
M
,
9
P
M
,
11
P
M
(f
ro
m
le
ft
).



242 Archives of Acoustics – Volume 38, Number 2, 2013

5. Conclusions

As a result of the described work, the system for
dynamic noise maps calculation employing supercom-
puting grid and sensor network was practically imple-
mented, and tested. Implementation of the software for
the traffic flow determination on the basis of acoustic
climate measurements was performed. The calculated
traffic flow data were used to automatically update
noise source model. It was optimized towards working
on the computer cluster, and thus accelerating noise
maps generation process. Through a unique approach
to the map generation process, dynamic noise maps
may be presented to the public in a convenient and
attractive manner.
The utilization of measured data allows for

achieving unprecedented accuracy of short-term and
long-term sound level distribution visualization. The
achievement of the proper results of the model is
conditioned by providing exact data of the traffic
parameters, even though it cannot be guaranteed
that computed levels are always reflect the real ones.
Local sound events may have an influence on the total
instantaneous noise level. The verification of sound
levels based on a series of real measurements increases
credibility of the simulation results. Employing the
supercomputer allows for creating such maps in a
reasonable time.
Future work could be aimed at applying sound

recognition algorithms in order to identify sound
events not related to the traffic noise. Moreover, the
use of hardware devices for traffic flow measurements,
which are currently being installed in the city, would
help to achieve precise source model parameters.
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The hazard assessment of ultrasonic noise impact on human body at workplaces presents an open
problem; it is not satisfactorily solved comparing the fund of knowledge and standard regulations estab-
lished for the case of audible noise. Some research carried on in the Central Institute of Labour Protection
– National Research Institute, Poland, are essential for elaboration reliable procedures for the assessment
of ultrasonic noise hazard and they have to bring to modernization and creation the corresponding stan-
dards in this field. In the presentation, some problems related to measurement procedures applied as well
as to the interpretation of results essential for hazard assessment of ultrasonic noise impact on human
body will be considered; in particular such cases where some procedures elaborated for audible noise
assessment are being transferred to apply in the ultrasonic range without taking fully into account some
specific aspects of the high frequency components of the noise.

Keywords: ultrasonic noise hazard assessment, maximal acoustic level values distribution, technological
ultrasonic devices.

1. Introduction

Due to industrial technological progress there ap-
pear more and more of the ultrasonic noise sources
at the workplaces producing high frequency noise in
the range of one third octave bands of central frequen-
cies: 10, 12.5, ..., 40 kHz, conventionally called the
ultrasonic noise, though the components of the two
lowest bands are practically audible. The convention
comes from the fact that usually the hazard assess-
ment for the audible noise, with regard to the speech
intelligibility and hearing losses, is performed up to
the one third octave band of 8 kHz. In spite of rel-
atively wide knowledge on the subject of ultrasonic
noise sources and the ultrasonic noise itself appear-
ing at the workplaces as well as of general conviction
about its harmful interaction on the human body, the
activity in the field of the assessment of the ultra-
sonic noise hazard on the working people is still not
sufficient. The problems of ultrasonic noise are a sub-
ject of scientific and normalization interest in differ-
ent places in the world (Grigoriewa, 1965; Acton,
1974; 1975; Holmberg, Landstrom., 1995; Schust,
1996; Lawton, 2001; Howard et al., 2005; Ashihara
et al., 2006), also in Poland (Puzyna,1981; Puzyna,
Pasterczuk, 1982; Grzesik, Pluta, 1978; 1983;

1986; Koton, 1986; 1988; 1999; 2004) and among oth-
ers, there in CIOP-PIB (Central Institute of Labour
Protection – National Research Institute, Poland) pro-
cedures of hazard assessment and methods for eval-
uation of the ultrasonic noise on human body were
performed (Pawlaczyk-Łuszczyńska et al., 2001a;
2001b) as well as some normative establishments were
elaborated (Polish Norms, 1986); Recently, however,
they were not taken into account in the norm (Pol-
ish & ISO Norms, 2011) and formally they stopped to
be in operation. Further and recent works continued
in CIOP-PIB are important for elaboration of reliable
procedures of ultrasonic noise hazard at workplaces
and they should lead to current interest and to estab-
lish the adequate standards for the matter (Radosz,
2012a; 2012b; Smagowska, 2012).
In the paper some topics are presented in relation

as to measurement procedure as well as to interpre-
tation of results being essential for the assessment of
the effect of ultrasonic noise on working people; par-
ticularly, some problems are discussed relating to cases
when some procedures, usually applied in the case of
audible noise, are used to apply for the ultrasonic noise
and often the very specific aspects of high frequency
components of that noise (different as of audible noise)
are not taken into account.
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Also, some considerations on the approach for de-
termination of maximal acoustic level values of random
noise signals are discussed and a proposal to apply the
Rice statistical distribution for signal peak values us-
ing the Broch’s procedure (originally applied for au-
dible frequency signals, Broch, 1963) for ultrasonic
noise case is presented and exampled.

2. Equivalent noise level Leq and maximal noise
level Lmax as quantities for ultrasonic noise

hazard assessment

2.1. Historical reflection in relation to audible noise

In the procedure applied to the ultrasonic noise
hazard assessment (Pawlaczyk-Łuszczyńska et al.,
2001a, 2001b; Koton, 1986; 1999) described in sim-
ilar way as for audible noise, there are predicted for
workplaces the equivalent noise pressure level Leq re-
lated to the 8-hour day (or to a week) and the maximal
noise pressure level Lmax determined in one third oc-
tave bands.
In Fig. 1, for a comparison few curves are shown

presenting permissible acoustic pressure levels deter-
mined in standards: Leq and Lmax for audible noise
in dB A, maximal values in dB C and in noise rat-
ing numbers N as well as the corresponding curves
for the ultrasonic noise range; the lowest curve is the
total curve used for evaluation when the noise spec-
trum contains both the audible as well as the ultra-
sonic components. In the figure, the “intermediate”
range is marked (Śliwiński, 2010) as the range of
a great part as audible one and 20 kHz corresponds
to the upper hearing threshold frequency. The range
10–20 kHz is often called the high frequency sound
range and presents a special interest of audiometry for

Fig. 1. A comparison of the curves for evaluation of per-
missible values for audible noise and for ultrasonic noise at

work places Leq and Lmax, respectively.

examination of harmfulness and annoyance of noise
in that range of frequency (Przeklasa et al., 2008;
Mehrparvar et al., 2011). In many previous papers
(Smagowska, Mikulski, 2007; 2008; 2009; Mikul-
ski, 2008; Mikulski, Radosz, 2009; Smagowska,
2009) and also in recent ones (Radosz, 2011; 2012a;
2012b; Smagowska, 2012; Kirpluk, 2013) related to
examination of various types of ultrasonic sources one
can notice that in cases when the noise presented a
character very variable in time, the interpretation of
results has been to some extent difficult and uncertain-
ties of measurements have increased. In the discussion
related to the assessment of noise hazard a question
appears whether, how much, and when measured val-
ues of Lmax can deliver additional information about
the noise hazard, particularly, when determined values
of Leq are charged of greater uncertainty for example
in the case of impulsive noise sources. In very radical
opinions some voices appear that there could be pos-
sible to turn over measuring Lmax values and to settle
for Leq as sufficient to assess the professional hazard.
The author’s opinion is that such voices are baseless
and resigning from determination the Lmax and in con-
sequence not using Lmax levels to hazard assessment
would be a situation of reduced circumstances. There-
fore, it seems reasonable to turn back to some histor-
ical elements when some fundamentals later used for
normative purposes were developed. Let us consider
some facts related to maximum values of noise signals
looking for arguments why they are useful for charac-
terization of the noise properties. In particular, how
the matter looks like for the ultrasonic noise.
There have been many examinations performed for

the audible noise related to the influence of noise im-
pulses on the hearing apparatus (Hassall, Zaveri,
1979). In general, for sounds shorter than 200 ms the
loudness decreases versus shortening of the impulse
time duration and a break-point is the value of the
effective averaging time of the ear. The drop of im-
pulse loudness is such that for its compensation one
needs roughly increasing of the acoustic pressure level
by 3 dB (a doubling of impulse intensity) to obtain the
same loudness when the impulse time duration has de-
creased by one half. The product of the intensity and
time it is the energy; so the ear works as an energy
sensitive device (in respect to the loudness detection,
not taking into account other specific human reactions
to the impulse noise). Impulse characteristics of acous-
tic measuring devices are standardized to follow vari-
ations of loudness of single impulses. So, requirements
for acoustic instruments (e.g. precision sound level me-
ters) to evaluate the loudness properly have appeared;
it means that the meter should be able to detect and
keep the peak value of the impulse with the rise time
of less than 50 microseconds. For assessment of hazard
of the impulse noise, the following characteristics are
taken into account: a shape of the pulse, its peak sound
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level, duration time, its rise time, and, in the case of
pulse repetition, the frequency of their repetition; also,
the reverberation field in the place of measurements
should be determined. Impulsive and random variable
variations of noise levels appearing in many practical
cases have been taken into account in norms elaborated
for protection against the audible noise and further on
also adapted in procedures for the case of the ultra-
sonic noise (in one third octave bands 10–40 kHz). The
elaboration of norms and measurement procedures was
preceded by many years of research activities on phys-
ical nature of the noise as the acoustical signal and
results of those examinations have been adopted as a
base for standardization. Therefore, it will be useful to
remind some facts.
A historically important contribution were devel-

opments of the sixties of the last century. Among oth-
ers, Robinson D.W. (1969) has introduced (for rat-
ing a noise of random variable character containing
many extremes) the quantity called the noise pollution
level L(NP),

LNP = Leq +Kσ, (1)

representing two terms, where the first one (Leq) is
a measure corresponding to the equivalent continuous
sound level during the measured period, and the sec-
ond one corresponding to an increase of annoyance
caused by fluctuations of that level proportional to
the standard deviation of the instantaneous level dur-
ing the same period. (The coefficient K appearing in
the formula was originally evaluated by Robinson as
equaling 2.56 based on data at that time available for
a communication noise).
Many other later publications related to the indus-

trial noise have found its reflection in norms, where
conditions for determination of Leq and definition for
noise exposure time of 8 hour day and 5 day week
were introduced, however the second term of the for-
mula (1) was in the norms replaced by the procedure
of maximal level detection with weighting A (in dB A)
and peak level values with weighting C (in dB C) as
well as accepting the standard deviation σ being the
measure of the noise level fluctuations. Also in norms
the procedures of uncertainties evaluation of noise level
measurement results were determined.
For noises of random variable character the sta-

tistical distribution of maximal values was described
using the Rice’s distribution (Rice, 1944). An exam-
ple of application of such distribution to the statis-
tical analysis of real acoustical signals was presented
by Broch J.T. (1963). As Broch noticed, Rice has
shown that signals, which exhibit Gaussian (normal)
instantaneous value distribution can be represented by
a combination of an infinite number of sine compo-
nents with random phases independent on spectrum
shape. However, the peak values to a great extent de-
pend on the shape of the spectrum. Rice has found a

general formula (2) for the distribution of peak val-
ues as a function of the spectrum shape (provided the
main part of the signal instantaneous components is
described by Gaussian distribution). In the Rice distri-
bution there appears a parameter α the values of which
range from 0 to 1. When α = 0, the formula represents
a normal distribution, and when α = 1, the distribu-
tion is a Rayleigh distribution. Intermediate values of
α correspond to mixed distributions which always lie
between the Gaussian and the Rayleigh ones. The de-
parture from a normal distribution, a measure of which
is α parameter, delivers information about a change of
a shape of the spectrum related to participation and
character of signal maxima (also impulse peak values).
Figure 2 presents a set of curves of theoretical statis-
tical peak probability density distributions of random
variable signals with α as a parameter (Broch, 1963)
described by the Rice formula (2) (Rice, 1944):

p(x) =
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(
x
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where x – peak values of a signal, σ – root mean square
value (RMS) of a signal (a standard deviation), α – pa-
rameter of a distribution variation, erf – error function,
p(x) – probability density of variable x.

Fig. 2. Set of curves of probability density function of peak
values of signal p(x) against random variable x/σ; (σ –
standard deviation) for the Rice distribution as variation

of the α parameter from 0 to 1 (Broch, 1963).

Parameter α depends on the shape of a spectrum.
When to assume a theoretical shape of a power density
noise spectrum in a given pass-band as having a regular
slope between two limiting frequencies in the form

w(f) = cfn, (3)
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where c is a constant, f is the frequency, and n is
an exponent which can be positive, zero, or negative,
then one can assign various theoretical noise spectra
to various power spectrum densities versus frequency
as shown in Fig. 3.

Fig. 3. Plots of power spectral density for various “theoret-
ical” noise spectra, (Broch, 1963).

In Fig 3 the two limiting frequencies are marked
as f1 and f2. Also, the 1/1 and 1/3 octave bands (of
the central frequency f0 = 1000 Hz) are shown. This
original figure of Broch refers to an audible range of
frequency and the ratio of the frequencies f2/f1 is
equal to about 8. Broch in his paper has presented
additional plots and discussed in details the relation
between the exponent n and the ratio f2/f1 as a pa-
rameter. In his considerations he concluded that for
the ratios f2/f1 less than 2 (an octave band) and the
more so for narrower bands, the lowest values of α are
obtained between n = 0 and n = 6 and in that range
α is roughly constant having the value a bit less than
1 which corresponds to the Rayleigh distribution of
peak values greater than 1.25σ. That allowed Broch to
conclude (Broch, 1963) that a shape of a filter charac-
teristic narrower than 1/1 octave did not change inside
the band the distribution of the signal peak values im-
portant for its evaluation. It has such consequences in
practice that the filter band is approximated by means
of a “box” containing roughly the same amount of en-
ergy, i.e. having the same RMS value σ as the original
noise. However, if the width of the band considered is
greater than one octave (f2/f1 � 2), the slope of the
spectrum will considerably influence the peak values
distribution; for instance, for f2/f1 = 25 and the slope
– 9 dB/octave (n = 3), the theoretical distribution
appears to be nearly Gaussian one (α = 0).
The two limit cases considered above (α = 1 and

α = 0) physically represent two quite distinctly differ-
ent statistical situation. In the first case of the Rayleigh

distribution of maxima, the signal represents a narrow
band noise, but in the second case of the Gaussian dis-
tribution, the signal is a wide band noise.
According to the Rice’s interpretation (Rice, 1944;

Broch, 1963), α = [z/(2m)]2 where z is the total
number of zero crossings and m is the total number
of noise maxima per second. For the Rayleigh distri-
bution (α = 1) one has exactly two zero crossings per
peak (modulated sine wave) and for the Gaussian one
(α = 0) there fall (theoretically) infinitely many peaks
per zero crossing.
The considerations discussed above brought from

(Broch, 1963) were verified by Broch in experiments
and by analysis of acoustical spectra of signals which
corresponded to analogs of vibration systems with one,
two, and more degrees of freedom. The Broch’s conclu-
sions have been such that in practice Rice distributions
can be in a good approximation modified using calcu-
lations based on the evaluation of energy in spectral
bands (containing resonance maxima) as “boxes” be-
ing a product of the top of a maximum and the width of
the “box” i.e. π/2 times the −3 dB band-width of the
resonance peak (Broch, 1963). If the consecutive max-
ima appearing in a spectrum have frequencies f1, f2, ...
fn and the energies corresponding to them in bands are
ψ1, ψ2, ..., ψn, then one can, for the above determined
quantity α, create a family of curves representing its
dependence on the ratios fn/f1 for various ratios of
ψn/ψ1 as a parameter βn = ψn/ψ1 and finally find the
following formula for calculating α (Broch, 1963):

α =

[
1 +

∑
n

(
fn
f1

)2

βn

]2

(
1 +

∑
n
βn

)[
1 +

∑
n

(
fn
f1

)4

βn

] , (4)

where the parameters βn = ψn/ψ1 expressing the en-
ergy ratios in bands in the above-mentioned “box”
approximation can be calculated as the ratios of
“heights” of boxes cn/c1 times the ratios of band-
widths ∆fn/∆f1; in turn, what was mentioned above,
the energy ratios are equal to the square of the ratios
of RMS signal values σn/σ1, respectively. So, one has
a useful formula for calculating βn:

βn =
ψn

ψ1
=
cn
c1

∆fn
∆f1

=

(
σn
σ1

)2

. (5)

All considerations and dependencies presented
above were determined and verified by Broch in the
range of rather low audible acoustic frequencies; how-
ever, from the theoretical point of view they have been
so general that would be true for the noise of ran-
dom variable character in any range of frequency. So,
it seems reasonable to try to apply the procedure de-
scribed above for the assessment of an ultrasonic noise.
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In the following, some examples of such trial of apply-
ing the Broch’s procedure (calculating α parameters)
are given for assessment of maximal level values dis-
tributions of noise produced by ultrasonic devices (ul-
trasonic washer, ultrasonic driller, ultrasonic welder)
used in industry at workplaces.

2.2. Assessment of maximal level values
in ultrasonic noise spectra

As the first example of application of the proce-
dure described above we can calculate the quantity α
for a spectrum of a typical ultrasonic washing device
(Koton, 1999) presented in Fig. 4.

Fig. 4. The 1/3 octave spectrum of an ultrasonic noise level
of a typical ultrasonic washing device, (Koton, 1999); the
solid lines represent the permissible values for Leq and Lmax

(upper line), respectively.

Let us remark that for 1/3 octave frequency bands
one can write the following relations: fg − fd = f0 ×
23.1%, where fg and fd are the upper and lower limit
frequencies of a band, respectively, and f0 is the central
frequency of the band. So, one can write

βn =
cn
c1

∆fn
∆f1

=
cn
c1

(fg − fd)n
(fg − fd)1

=
cnf0n · 23.1
c1f01 · 23.1

=
cnf0n
c1f01

. (6)

To calculate α from the formula (4), one can read
out the needed values from the spectrum (Fig. 4) find-
ing out energy ratios of the consecutive values of the
maxima (after conversion of level values in dB) in re-
lation to the first chosen reference band f01 and next
from the formula (6) to calculate βn. Starting from
the band f01 = 10 kHz as the reference one and find-
ing out appropriate relative values for the next bands:
f02 = 12.5, ..., f0n = f07 = 40 kHz, one gets values
gathered in Table 1 (40 kHz is the central frequency
of the last 1/3 octave band in which we are interested
according to the arbitrary upper frequency limit of the
ultrasonic noise range).
After calculations one gets from the formula (4) the

value α = 0.06. Comparing the result with an adequate
curve of the Fig. 2, we see that the probability density

Table 1. Acoustical energy ratios cn/c1 of the consecutive
values of maxima read out from the 1/3 octave spectrum
of ultrasonic noise level maxima of a typical ultrasonic
washing device (Fig. 4), relative central frequencies f0n/f01
and calculated βn values for determination of α from for-

mula (6).

c2
c1

c3
c1

c4
c1

c5
c1

c6
c1

c7
c1

2.0 0.63 20 2000 502 1580

100 dB; 95 dB; 110 dB; 132 dB; 124 dB; 129 dB;

97 dB 97 dB 97 dB 97 dB 97 dB 97 dB

f02
f01

f03
f01

f04
f01

f05
f01

f06
f01

f07
f01

1.25 1.60 2.0 2.50 3.15 4.0

β2 β3 β4 β5 β6 β7

2.5 1.0 80 500 1581 6320

distribution of maximal values in the noise of the ul-
trasonic washer is closer to the Gaussian distribution
than to the Rayleigh one. One can conclude that the
maximal values appearing in the noise influence on ran-
dom variable character of the noise generated by the
ultrasonic washer in not a great extent but noticeably.
As a second example we used the noise spectrum of

an ultrasonic drilling device presented in Fig. 5 (for a
type BDB1o – the upper curve). This time the maximal
component of frequency f04 = 20 kHz corresponds to
the working frequency of the device. Again the f01 =
10 kHz is the reference frequency and the consecutive
bands for central frequencies are 12.5 kHz to 40 kHz.
The needed values are collected in Table 2.

Fig. 5. Acoustic pressure emission levels in 1/3 octave
bands of ultrasonic drilling devices (types BDB and BDS)

noise, (Smagowska, Mikulski, 2008).

The value for α calculated on the grounds of data
of Table 2 is α = 0.953. Comparing the result with
the curves in Fig. 2 leads to the conclusion that the
influence of maximal values in the spectrum in the case
of drilling devices is much more evident than in the first
case of the ultrasonic washer and the distribution for
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Table 2. Acoustical energy ratios cn/c1 of the consecutive
values of maxima read out from the 1/3 octave spectrum
of ultrasonic noise level maxima of the ultrasonic drilling
device – type BDB1o (Fig. 5), relative central frequencies
f0n/f01 and calculated βn values for determination of α

from formula (6).

c2
c1

c3
c1

c4
c1

c5
c1

c6
c1

c7
c1

1.0 5.0 1000 100 7.8 0.3

75 dB; 82 dB; 105 dB; 95 dB; 84 dB; 90 dB;

75 dB 75 dB 75 dB 75 dB 75 dB 75 dB

f02
f01

f03
f01

f04
f01

f05
f01

f06
f01

f07
f01

1.25 1.6 2.0 2.5 3.15 4.0

β2 β3 β4 β5 β6 β7

1.25 8.0 2000 2500 24.6 1.2

this noise tends to be almost fully shifted towards the
Rayleigh distribution.
The third example represents results of calculations

for the noise measured at the workplaces of ultrasonic
welding machine. A set of maximal values (selected
from 440 measured samples∗) for 1/3 octave bands in
the range of central frequencies from 10–40 kHz as well
as the data needed to calculate α are given in Table 3.
In this example, the limits of the total range of fre-
quency lie below and above the working frequency of
the welder (20 kHz) and again the band of 10 kHz was
taken as the reference band.
Using the data of Table 3 and formula (4) after

calculations yields α = 0.776. The comparison of the
value with the curves of probability density in Fig. 2
gives us the distribution more close to the Rayleigh dis-

Table 3. Acoustical energy ratios cn/c1 of the consecutive values of maxima for the 1/3 octave spectrum of ultrasonic noise
level maxima of a typical ultrasonic welder, relative central frequencies f0n/f01 and calculated βn values for determination

of α from formula (6).

ultrasonic welder∗) Central frequency of 1/3 octave bands f0 [kHz]

f01 = 10 f02 = 12.5 f03 = 16 f04 = 20 f05 = 25 f06 = 31.5 f07 = 40

Lmax [dB] 94.3 88 87.3 108.7 88.9 89.1 92.9

∗) courtesy of B. Smagowska CIOP – PIB

c2
c1

c3
c1

c4
c1

c5
c1

c6
c1

c7
c1

0.234 0.200 27.6 0.288 0.302 0.725

88; 94.3 dB 87.3; 94.3 dB 108.7; 94.3 dB 88.9; 94.3 dB 89.1; 94.3 dB 92.9; 94.3 dB

f02
f01

f03
f01

f04
f01

f05
f01

f06
f01

f07
f01

β2 β3 β4 β5 β6 β7

1.25 1.6 2 2.5 3.15 4 0.293 0.320 55.1 0.720 0.951 2.90

tribution. It evidently shows a dominant role of max-
imal values contained in the noise generated by ultra-
sonic welding machine resulting in shifting the char-
acter of statistical distribution towards the Rayleigh
one.
All the considerations above and the examples con-

sidered showed that in the case of randomly variable
and impulsive noises, as for audible as well as for ul-
trasonic ones, the role of maxima for statistical distri-
bution shape is essential. One can conclude that mea-
surements and determination of Lmax values and using
them in assessment of noise hazard is well-grounded
and useful. So, it would be not reasonable to abandon
the procedure of determination Lmax levels at work-
places, particularly when in the majority of cases of
industrial conditions, noises have random and impul-
sive character.

3. Impulsive noise and a role of directivity
pattern of ultrasonic noise sources

In the case of the ultrasonic noise at work-
places there are two kinds of sources distinguished
(Smagowska, Mikulski, 2007): the first kind rep-
resents the so-called technological sources which are
machines and devices working at a given ultrasonic
frequency at which a maximum of energy is radiated
(usually above 20 kHz). Examples of such technologi-
cal sources are washing devices (Fig. 4), drilling devices
(Fig. 5), or welding devices (Radosz, 2012A). The sec-
ond kind represents sources (called non-technological
ones) generating noise of a wide spectrum containing
simultaneously audible and ultrasonic (non-audible)
components (for instance, the noise of spindle textile
machines, air compressors, etc. (Smagowska, 2011;
2012) in high-frequency range).
Sources of the first kind can work as continuous

ones (e.g. washing devices) or as impulsive ones (e.g.
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drilling or welding devices). In the case of the second
kind sources which in general work in a continuous way,
the so-called “intermediate” range of frequencies (see
Fig. 1) is of special interest; within that range there
appears the overlapped exposure to both audible and
ultrasonic (non-audible) noise but effects are not the
same in these both cases. In the literature, the matter
of ultrasonic noise hazard for these non-technological
sources is not efficiently described yet and requires
more studies.
A particular kind of a risk is the noise of technolog-

ical sources of impulsive working regime. For a proper
assessment of hazard of such noise, similarly as have
been said above for the case of audible noise, its mea-
surement should deliver information about peak values
and maximal acoustic pressure levels of impulses as
well as about a character of its statistical distributions
(see Subsec. 2.2), about the rise time, duration time,
decay time, and repetition frequency. In measuring
practice, determination of these quantities and eval-
uation of a real hazard at a workplace may cause some
difficulties. They are for instance connected with un-
certainties of evaluation of real (reliable) exposure time
in the procedure of determination of equivalent noise
levels of the ultrasonic noise at workplaces (Radosz,
2012a, 2012b) and also with uncertainties connected
with instrumentation and measuring conditions (e.g.
position of a microphone (Radosz, 2011), and other
factors) or with a character of acoustic field depend-
ing on the source directivity pattern and reverberation
conditions at the measuring site.
In measuring practice of the ultrasonic noise, the

radiation directivity of ultrasonic sources plays a very
essential role in such cases when in enclosures the ex-
isting acoustic field appears far from a diffusive one
required for the proper evaluation of absorption coeffi-
cient often used for projecting and constructing of iso-
lation casings for ultrasonic noise sources. The role of
directivity is also important in a case of acoustic power
determination of ultrasonic sources. Irregularities of
the acoustic field around the ultrasonic source having
sometimes very space varied directivity pattern cause
difficulties in determination of acoustic power with re-
quired accuracy for that kind of sources. For getting
the required accuracy, some methods of determination
of optimal number of measuring points located upon
the measuring surface were elaborated (Mikulski,
2008; Mikulski, Radosz, 2009). The higher the fre-
quency of the ultrasonic noise source, the greater num-
ber of required measuring points. The research activ-
ities in this direction being performed in CIOP-PIB
are important to recognize conditions of the ultrasonic
noise impact on persons working at ultrasonic device
stands.
All factors and physical aspects mentioned above

are taken into account during measurements performed
for assessment of the ultrasonic noise hazard on human

body. Often some procedures used typically for audi-
ble noise are also adapted for noise of the ultrasonic
range. One example for that may be the procedure of
determining and using correction coefficients K1 and
K2 (introduced for audible noise) also to the ultrasonic
noise assessment case. Often in ultrasonic noise mea-
surement practice, determination of those coefficients
leads to obtaining zero values. This fact in the light
of the directivity properties discussed above and due
to the high attenuation properties of ultrasonic waves
is not strange; however, because these zero values re-
sult from the fact that the reverberation acoustic field
distributions for the ultrasonic noise are different than
for audible sound, therefore, perhaps, it would be rea-
sonable to abandon determination of these correction
coefficients in the ultrasonic noise assessment proce-
dure and replace the determination of them by the re-
quirement to measure and to order directivity patterns
of a given ultrasonic device at a given workplace and
to assess the influence of the directivity of radiation
on a working person. It is a matter for discussion, of
course.

4. Assessment of the influence of the ultrasonic
noise on a human body

As it was already said, the matter of assessment
of the real influence of the ultrasonic noise on human
body has been not yet fully investigated. The prob-
lem lies mainly in the fact that within the arbitrary
frequency range (10–40 kHz) there is not possible to
separate two contributions operating simultaneously,
i.e. the direct influence of ultrasonic components on
the hearing apparatus (they act though they are not
detected by the ear, however they cause disturbances
in the inner ear, disorders in the vegetative system
and others (Pawlaczyk-Łuszczyńska et al., 2007;
Koton, 2004)) from the influence of audible compo-
nents accompanying them nearly always. Therefore,
very important are examinations carried on in CIOP-
PIB on laboratory stands (Smagowska, Mikulski,
2009; Smagowska, 2009) and also using psychological
tests for annoyance evaluation of the ultrasonic noise.
It is important to recognize physical conditions deter-
mining acoustical field radiated by ultrasonic sources
of the examinations in details. There is a proposal for
methodology of psychological tests to apply ultrasonic
doses of the ultrasonic noise for observers in each 1/3
octave band and to collect statistical results of ob-
servers’ annoyance assessment. In perspective, the in-
vestigations could lead to a set of ultrasonic noise an-
noyance contours analogous to ones existing for the au-
dible noise (called equal noisiness counters). It would
have essential advantage leading to establishment of ul-
trasonic noise noxiousness acoustic pressure level val-
ues and also making the established ultrasonic noise



250 Archives of Acoustics – Volume 38, Number 2, 2013

permissible values the basis for assessment of hazard
of that noise at workplaces.
It is worth to note that important for recogniz-

ing the harmfulness and hazard of the ultrasonic noise
are papers (Przeklasa et al., 2008; Mehrparvar et
al., 2011) related to the high-frequency audiometry
(which covers frequencies 8–20 kHz). The subject of
interest of that audiometry is determination of hear-
ing losses appearing due to exposure to noise contain-
ing components in this range (such components ex-
ist in non-technological ultrasonic noise sources men-
tioned above). The high-frequency audiometry results
have shown that the hearing losses appearing in per-
sons working in industrial environment with noise con-
taining high frequency components chronologically are
much in advance than those appearing in persons work-
ing only in audible noise.
Coming back to the Fig. 1 and to the author’s sug-

gestion expressed in his lecture presented at the pre-
vious Noise Control Conference in 2010 (Śliwiński,
2010) relating the “intermediate” range marked in the
Fig. 1 as 10–20 kHz (partly overlapping with the high-
frequency audiometry range) to treat that range as
exclusively sectioned off on the whole noise frequency
scale as having its own characteristics and to name as
intermediate audible-ultrasonic range, one can remind
that it would have a practical advantage. Then, for
instance, the results of high-frequency audiometry do-
main could be used to elaborate its own procedure for
assessment of noise in this intermediate range. So, if
such proposal was accepted, then it would be neces-
sary to have different procedures for noise assessment
in three frequency ranges (expressed in 1/3 octave
band central frequencies): audible one (up to 8 kHz),
intermediate audible-ultrasonic one (10–20 kHz), and
purely ultrasonic one (above 20 kHz). Similar sugges-
tion was already stated many years ago (Grzesik,
Pluta, 1978). Of course, to accept such proposal much
more research on noise impact on human body is re-
quired, mainly in these two higher ranges because the
matter is evidently better recognized for the audible
noise range.

5. Summary and conclusions

A possibility of using Rice statistical distribution
of acoustic signal maxima (peak values) appearing in
the spectrum of noise of random variable character for
the purpose of description of the ultrasonic noise case
has been presented. The procedure for calculation of
the parameter α (characterizing variations of the Rice
distribution) applied by Broch (for the case of low fre-
quency noise) was used in the paper as a trial for cal-
culations of α to characterize ultrasonic random vari-
able impulse noise. The calculations were illustrated in
three examples of noise radiated by technological ul-
trasonic devices (ultrasonic washer, ultrasonic driller,
and ultrasonic welder).

The calculated values of α parameter for noise of
ultrasonic devices considered fall within the range from
0 to 1. The values of α characterize a tendency of shift-
ing the noise maxima statistical distributions from the
Gaussian (normal) to the Rayleigh ones. The α could
be treated as a measure of contents of maximal value
components in the noise of the ultrasonic devices and
to some extent its value reflects a role of the maxima in
variability of the noise signal. The results have shown
that the presented approach could be interesting and
it looks promising as an additional way to assess the
nature of variability of ultrasonic noises.
The above considerations allow to conclude that

in the case of impulsive and random variable noises,
determination of Lmax levels is entirely justified and
it would be not wise abandon the procedure of mea-
suring them at workplaces in particular at industrial
conditions where in many cases noises have random
and impulsive nature.
In measuring practice it is important to assess the

real hazard resulting from impulsive character of the
ultrasonic noise and often one encounters some difficul-
ties with doing that. They are for instance connected
with uncertainties of the duration time of exposure
defining when equivalent levels of the 8 h exposure to
ultrasonic noise are determined as well as with uncer-
tainties connected with instrumentation and measur-
ing conditions; like for instance with the microphone
position or with the character of acoustic field created
and being dependent on the directivity characteristic
of a source and reverberation conditions at the mea-
suring place. These reverberation conditions due the
directivity of radiation are different for ultrasonic than
for audible noise and therefore the suggestion has been
presented that it could be possible for the ultrasonic
noise to resign from calculation of correction coeffi-
cients K1 and K2 and replace the requirement of cal-
culation them by a requirement to measure and to use
characteristics of radiation directivity of a given ul-
trasonic device at a given workplace as an additional
factor in the noise hazard assessment for a person op-
erating the device.
In laboratory investigations carried out in paral-

lel with psychological tests performed for evaluation of
annoyance induced by the ultrasonic noise, the noise
doses applied in experiments should present samples of
a given 1/3 octave band acoustic pressure levels. The
data of results collected in such experiments could con-
duce in perspective to create a set of ultrasonic noise
annoyance contours analogous to the equal noisiness
contours existing for audible noises.
A proposal has been suggested to treat the inter-

mediate range of frequencies 10–20 kHz (partly over-
lapped with the range of high-frequency audiometry)
as exclusively sectioned off and to name it the inter-
mediate audible-ultrasonic range. Then, it would be
necessary to differentiate procedures for noise hazard
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assessment in three frequency ranges: audible one (up
to 8 kHz), intermediate audible-ultrasonic one (10–
20 kHz), and purely ultrasonic one (above 20 kHz)
where the figures represent 1/3 octave band central
frequencies.
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During operation, construction machines generate high noise levels which can adversely affect the
health and the job performance of operators. The noise control techniques currently applied to reduce
the noise transmitted into the operator cab are all based on the decrease of the sound pressure level.
Merely reducing this noise parameter may be suitable for the compliance with the legislative requirements
but, unfortunately, it is not sufficient to improve the subjective human response to noise. The absolute
necessity to guarantee comfortable and safe conditions for workers, requires a change of perspective and
the identification of different noise control criteria able to combine the reduction of noise levels with
that of psychophysical descriptors representing those noise attributes related to the subjective acoustical
discomfort.
This paper presents the results of a study concerning the “customization” of a methodology based on

Sound Quality for the noise control of construction machines. The purpose is to define new hearing-related
criteria for the noise control able to guarantee not only reduced noise levels at the operator position but
also a reduced annoyance perception.

Keywords: noise control, acoustic design, sound quality, annoyance, psychoacoustics, construction ma-
chines.

1. Introduction

The noise generated by construction machines is
very high; it has a negative impact on people in the
surrounding areas and, even more, on the machine op-
erators. At present, the sound power levels generated
by these machines range from 93 to 116 dBA, depend-
ing on the engine net installed power. On the other
hand, noise levels at the operator position are gen-
erally in the range 78–85 dBA, even if levels higher
than 85 dBA are not uncommon. Many studies have
shown that long exposures to moderate or high levels
of noise can cause permanent damage to the hearing
mechanisms of the inner ear, resulting in an increase
of the hearing threshold level at certain frequencies.
Prolonged exposure to high noise levels can have other
physiological and psychological effects, including hy-
pertension, heart trouble, fatigue, reduced motor effi-
ciency and annoyance. All these effects greatly increase
the possibility for operators to make mistakes during
their job. In addition, the noise at the operator sta-
tion can also have masking effects on other acoustical
signals which could be very important for the worker
in order to properly operate. For all the above reasons

the noise control at the operator station is a key issue
for these machines.
The noise control methodologies currently applied

to make construction machines quieter and comfort-
able have been addressed to identify the main noise
sources and the related noise transmission paths. As a
result, nowadays the generated sound power levels and
the sound pressure levels at the operator position gen-
erally meet the current legislative requirements. De-
spite this compliance, however, the noise condition at
the operator station is still unsafe.
This paper summarises the main results of a study

aimed at overcoming the above limitation. A method-
ology based on Sound Quality was developed in order
to identify new hearing-related criteria for the noise
control able to guarantee not only reduced noise levels
but also reduced annoyance conditions.

2. Noise control at the operator position:
the current situation

Nowadays, the noise control of construction ma-
chines is usually considered only when these machines
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are already in production rather than at their design
stage. In particular, the noise reduction at the operator
station is obtained by passive noise control strategies,
based on the application of more than one methodol-
ogy to ensure great confidence in the identification of
the major noise sources and the relevant transmission
paths.
Sound intensity technique is often used for this pur-

pose. Figure 1 shows some results of a study performed
by the author with the purpose to reduce the noise
level inside the cab of a loader already in production
(Carletti, 2006).

Fig. 1. Sound intensity tests on grids of points inside and
outside the cab of a loader.

The vector sound intensity method was successfully
used to map the sound path from the engine power

Fig. 2. Vibroacoustic model of a loader cab: comparison between numerical and experimental sound pressure levels
at the operator position (left ear).

group to the operator cab. Tests were performed on
grids of points inside and outside the cab while the
machine was operating in stationary conditions. The
overall sound intensity maps in this figure give a visual
representation of the sound energy flux from the engine
compartment. They clearly show that the noise enters
into the cab mainly from the rear window (window
seals were not effective) and the floor, especially in the
areas around the levers.
Also the order tracking technique is often applied

to these machines in order to identify the major noise
sources and their relative contributions to the over-
all noise inside the cab. Its suitability is due to the
fact that in these machines all the noise components
from the main noise sources (engine cooling system,
hydraulic system) are strictly related to the engine ro-
tational speed value (Willemsena et al., 2009).
Besides the several studies concerning noise control

strategies on machines already in production, method-
ologies and tools integrating vibroacoustic modelling
and experimental analyses are nowadays widely
applied in order to simulate the dynamic behaviour
of different machine components, such as hydraulic
pumps, cooling system fans and air conveyors, exhaust
mufflers (Kim et al., 2007; Mucchi, 2007). The pur-
pose of vibroacoustic modelling is to predict the effects
of each design modification on the emitted noise as well
as to reduce the number of experiments required for
developing the prototype. Figure 2 shows some results
of a study aimed at developing a vibroacoustic model
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of a loader cab for the simulation of the acoustic inner
field and the prediction of the influence of the different
design options on its dynamic behaviour (Bregant et
al., 2006).
The active noise control (ANC) approach seems

particularly suitable to reduce the noise at the operator
position of these machines, as the dominant noise com-
ponents are all included in the middle-low frequency
range and the volume to be controlled is rather lim-
ited. However, only a limited bibliography exists deal-
ing with the use of this technique inside the machine
cabs and most of the available papers describe only the
simulation of the ANC process.
A study was undertaken by the author on the ap-

plication of an ANC device to reduce the noise level
at the operator station of a skid steer loader, with the
constrain that the implemented scheme had to avoid
any significant modification in the standard layout of
the cabin, in order to minimize the economic impact
(Carletti, Pedrielli, 2009).
A commercially-available ANC device, following a

single channel adaptive feed-forward scheme, was then
used for tests. Figure 3 shows the machine object of
this study and the layout of the active noise control
system used for experiments.

Fig. 3. Skid steer loaders and layout of the active noise
control system. L – loudspeakers, Me – error microphone,
Mc – monitoring microphones, FP – photoelectric probe.

Results confirmed the capability of such a cheap
ANC system to significantly reduce the dominant en-
gine periodic noise components and the overall sound
pressure level within the space where the operator’s
head is located during his/her work. On the contrary,
its efficiency in reducing the A-weighted sound pres-
sure level turned out to be quite limited.

3. Noise control at the operator position:
new perspectives

All the above examples show that the reduction
of the energy-oriented noise parameters is the main
target nowadays driving the noise control of construc-
tion machines. Noise control solutions have to lead to
lower A-weighted sound power levels (noise emission
in environment) and lower A-weighted sound pressure
levels (operator ear position) in order to comply with
the current regulations. Unfortunately, the reduction
of these parameters has proved to be the right solu-
tion for the above purpose but absolutely ineffective to
guarantee an improvement of the subjective human re-
sponse to noise, especially for sounds exceeding 60 dB,
which is a common condition inside these machine cabs
(Genuit, 1999).
Consequently, a different noise control perspective

turns out to be necessary to overcome this limitation.
With this purpose, an approach based on Sound Qual-
ity (SQ) was developed in order to improve the noise
conditions at the operator station of loaders. Figure 4
shows the layout of the developed procedure.
The starting point of this SQ-based approach was

the establishment of the target. Taking into account
the peculiarity of this “working environment” (ma-
chine cab), the noise control target included two main
expectations. On the one hand, the simultaneous re-
duction of noise levels and perceived annoyance. On
the other hand, the guarantee that the reduced noise
signal maintained its original inherent function of car-
rier of information about the state of operation of the
machine.
The next key point was the collection of a signifi-

cant amount of noise signals at the working station of
different loaders, all recorded in the same way as they
would be heard by an operator in the same position.
These recordings had to be representative of the noise
at the operator ear position for all the possible oper-
ating conditions. For this purpose, a huge amount of
binaural recordings were taken at the operator station
of many different loaders in stationary and dynamic
conditions. The recordings were performed while the
machine was repeating the same typical work cycle,
with the use of two different usual materials (gravel
and loam) and in stationary conditions, with the en-
gine running at a fixed speed. Figure 5 shows the dif-
ferent setup used for binaural measurements, both in
stationary and dynamic conditions.



256 Archives of Acoustics – Volume 38, Number 2, 2013

Fig. 4. Development process of the SQ approach applied to
loaders.

This hearing-related methodology includes three
main phases (see diagram in Fig. 4).
Phase 1 was aimed at obtaining a deeper knowledge

of the relationship between the multidimensional char-
acteristics of the noise signals at the operator position
(frequency content, time structure, modulations, . . . )
and the relevant auditory perception of annoyance.
The target was the identification of hearing-related pa-
rameters mainly affecting the auditory perception of
annoyance. This purpose required the following two
main tasks.

a. Listening tests, based on the paired-comparison
procedure. These tests were performed in labora-
tory, under stable, controlled boundary conditions
(in order to guarantee a high reproducibility of
the test results) and involved many juries of sub-
jects. The main objective of these investigations
was the assessment of a subjective scale of annoy-
ance values for the several noise recorded signals.
A ranking of subjective judgements of annoyance
related to all the different machines and operating
conditions was so established.

a)

b)

Fig. 5. Binaural recording setup: a) stationary conditions,
b) dynamic conditions.

b. Noise signal objective analyses. Based on the re-
sults of a previous study concerning the sound
quality evaluation of wheel loaders (Khan, Dick-
son, 2002), several acoustic and psychoacoustic
parameters were calculated for the left and the
right signals, separately. This set included: the
overall sound pressure levels Leq and LAeq (in
dB and dBA), the mean values of loudness (in
sone), sharpness (in acum), fluctuation strength
(in vacil) and roughness (in asper). Referring to
the psychoacoustic parameters, they were all cal-
culated according to the models proposed by Fastl
and Zwicker.

On the basis of the Pearson correlation coefficients
obtained between the subjective annoyance ratings and
the objective parameters, the hearing-related parame-
ters mainly affecting the auditory perception of annoy-
ance were finally identified. Loudness and sharpness
are the objective parameters better describing the au-
ditory perception of annoyance at the operator station
of loaders. Moreover, in the case of time-varying noise
signals, the value of the fifth percentile of sharpness
(S5) turns out to be the parameter better describing
the effects of time-variability on annoyance.
Phase 2 was aimed at developing a specific met-

rics for loudness and sharpness. The knowledge of the
parameters best correlated to the annoyance sensation,
indeed, is insufficient to develop a methodology able to
identify the basic criteria for noise control. Tiny vari-
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ations in stimulus magnitude may not lead to a varia-
tion in sensation magnitude. Then, it was necessary to
determine the minimum variation in these parameters
which led to a variation in the sensation (Just No-
ticeable Differences (JNDs)) (Pedrielli, Carletti,
2008). For this investigation a binaural noise signal
recorded at the operator station of the loader in sta-
tionary conditions was used as reference signal. This
signal was post-processed to create two sets of sound
stimuli with different loudness or sharpness values, re-
spectively. Subjective listening tests were performed
following the classical Method of Limits in order to
detect the step size of each psychoacoustic parame-
ter that leads to a difference in the hearing sensa-
tion. In the experiments, a total number of six runs
(three ascending alternated to three descending runs)
were planned for each loudness and sharpness sub-
jective test. Three test sessions, different from each
other as far as the sound pressure levels of the refer-
ence stimulus were undertaken (65 dB, 73 dB, 82 dB).
The step size of these parameters that leads to a dif-
ference in the hearing sensation of a group of peo-
ple was described following a statistical approach. Cu-
mulative distributions rather than unique values of
just noticeable differences, indeed, make it possible to
choose the just noticeable difference value depending
on the specific target. Figure 6 shows the loudness
and sharpness cumulative distributions for the three
loudness/sharpness tests, having the reference stimu-

Fig. 6. Loudness and sharpness cumulative distributions
for the three loudness/sharpness tests.

lus with different sound pressure levels. The 75◦ per-
centile was considered appropriate to guarantee that
the improvement of the operator comfort conditions
was extensively appreciated. For loaders, where the
sound pressure levels at the operator position is around
82 dB, the cumulative distribution for a similar pre-
sentation level must be considered. Therefore, the just
noticeable difference in loudness and sharpness result-
ing from the test with the highest sound pressure level
of the reference stimulus, were assessed as 0.8 sone and
0.04 acum, respectively.
Phase 3, still in progress, is aimed at the exploita-

tion of the above results in new criteria for the noise
control based on the identified parameters which are
well related to the annoyance sensation.
In this respect, a preliminary investigation was un-

dertaken in order to verify whether the simultaneous
reduction of loudness and sharpness could be a promis-
ing target for the noise control of these machines.
A numerical optimisation procedure, based on a multi-
objective genetic algorithm, was applied to some noise
signals recorded at the operator station in stationary
condition in order to analytically identify the noise
spectrum modifications which led to the simultaneous
reduction of these parameters (Carletti, Pedrielli,
2010). Then the same procedure was “adapted” to be
suitable for time-varying noise signals, typical of real
working conditions. New input variables describing the
time variant characteristics of the system were identi-
fied and a numerical module for the correct calculation
of loudness for time-variant sounds was developed ac-
cording to the DIN-45631/A1 procedure. In this case
the target was the simultaneous minimisation of the
loudness and sharpness percentile values N50 and S5

(Carletti, Pedrielli, 2011).
Very interesting results were obtained. Among the

several solutions of the numerical process, some of the
optimized noise spectra showed important reductions
of the noise contributions due to the hydraulic system,
confirming the relevance of this source in producing
bad noise conditions. On the other hand, listening tests
using optimized and original noise signals confirmed
the subjective relevance of the simultaneous reduction
of loudness and sharpness in reducing the annoyance
sensation.

4. Conclusions

Sound quality targets were developed for the noise
control of loaders in order to really combine the re-
quirement of reduced noise levels with that of safe and
comfortable conditions for the operators of these ma-
chines. A hearing-related approach was developed in
order to relate the physical characteristics of the noise
signals in typical working conditions with other noise
features affecting the auditory perception of annoy-
ance. A ranking of subjective judgements of annoyance



258 Archives of Acoustics – Volume 38, Number 2, 2013

related to the different binaural noise signals was as-
sessed by performing jury tests. In parallel, the most
relevant acoustic and psychoacoustic parameters char-
acterising these signals were calculated. On the basis of
the Pearson correlation coefficients obtained between
the subjective ratings and the computed metrics, the
hearing-related parameters mainly affecting the audi-
tory perception of annoyance were finally identified
(loudness and sharpness). The detection of the min-
imum difference in these parameters which leads to a
difference in the hearing sensation were then obtained
by subjective listening tests following the Method of
Limits. The availability of these new hearing-related
parameters and the knowledge of their relevant JNDs
could really open new possibilities to the noise con-
trol of these machines, towards effective and efficient
vibro-acoustic solutions able to guarantee safe condi-
tions and comfort.
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Faculty of Natural and Technical Sciences and Faculty of Medical Sciences starting from December
2012, launched joint study in order to investigate personal noise exposure and associated health effects
in general school teachers population, starting from kindergartens up to high schools in Stip, Macedonia.
In order to determine workplace associated noise exposure and associated health effects in this specific

profession, a full shift noise exposure of 40 teachers from 1 kindergarten, 2 primary and 2 high schools
were measured in real conditions using noise dosimeters.

A-weighted equivalent-continuous sound pressure levels (LAeq) of each teacher were recorded during
single activities (classes). Normalized 8-hours exposure, termed the noise exposure level (Lex,8 h) was also
computed. Daily noise dose is another descriptor for noise exposure that was determined as a measure of
the total sound energy to which workers have been exposed, as a result of working in the varying noise
levels.
Health effects were assessed trough a full scale epidemiological study which included 231 teachers from

the same schools. Specific questionnaire was used to extract information about subject’s perception on
occupational noise exposure, as well as theirs occupational and medical history.

Keywords: teachers, school, noise, exposure, health effects.

1. Introduction

Noise, one of the most widespread occupational
hazardous agents, contributes to 16% mortality and
morbidity due to the global burden of occupational dis-
eases and injuries (Alberti, 1998). Noise in schools is
also a harmful factor that affects the hearing organs of
the pupils and teachers and disturb the speech recep-
tion and comprehension (Bradley, Sato, 2008; EN
ISO 9921 (European Committee for Standardization
[CEN], 2003, p. 18; Kreisman et al., 2010). This may
cause some irritation of both the teachers and pupils,
tiredness, lack of concentration and consequently a
deterioration of the teaching and learning processes
(Augustynska, Radosz, 2009a; 2009b; Koszarny,
1992; Koszarny, Gorynski, 1990).
According to the report of the European Agency for

Safety and Health at Work (2009) a safe and healthy

school, which ensures a secure environment for the
pupils as well as the safety and health of the teach-
ers, is one of the main aims of membership countries of
the European Union. Also the World Health Organiza-
tion [WHO] report, Guidelines for Community Noise,
(WHO,1999, p. 21) clearly indicate that noise-induced
hearing loss (NIHL) is the most prevalent irreversible
occupational hazard.
Exposure to excessive noise is one major cause of

hearing disorders. It has been estimated that world-
wide as many as 500 million individuals might be at
risk of developing noise-induced hearing loss (Nelson
et al., 2005). Prolonged exposure to noise at high in-
tensity is associated with damage to the sensory hear
cells of the inner ear and development of permanent
hearing threshold shift, as well as poor speech in noise
intelligibility (Mikulski, Radosz, 2011; IEC 60268-
16 (International Electrotechnical Commission [IEC],
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2003, p. 15). There is also evidence that noise exposure
frequently leads to tinnitus which might be due to al-
terations in the central auditory function (Nelson et
al., 2005). In the adult population it may significantly
influence quality of life, and constitute a major limita-
tion in relation to hearing-critical jobs, decreasing the
potential worker’s chance of employment. Thus, NIHL
not only affects health, but is also a major social prob-
lem.

2. Aim of the paper

The objective of this study was to determine noise
exposure and associated health effects in school teach-
ers from kindergartens, primary and high schools in
Republic of Macedonia.

3. Methods and materials

This paper presents cross-sectional study con-
ducted from 01 of December 2012 until 31 of January,
2013. Full-day measurements of noise exposure were
performed during 40 working days, in winter period
when most of the children stay inside even on breaks.
Health effects were assessed trough a full scale epi-
demiological study which included 231 teachers from
the same schools.
In order to assess workplace noise exposure and

associated health effects (irreversible hearing damage,
psychological and physiological adverse effects) in this
specific profession, a full shift noise exposure of 40
teachers from 1 kindergarten, 2 primary and 2 high
schools were measured in real condition using, ER-
200D Personal Noise Dosimeter (Fig. 1a) and Extech
Sound Level Dataloger (Fig. 1b).

a) b)

Fig. 1. a) ER-200D Personal Noise Dosimeter,
b) Extech Sound Level Dataloger.

The default settings used by the ER-200D for
calculation of noise dose are consistent with ANSI

S1.25–1991 (R2002), ISO-1999 Specification for Per-
sonal Noise Dosimeters, and NIOSH Criteria for a Rec-
ommended Standard (NIOSH, 1998).
Default settings are:

• Exchange rate: 3 dB,
• Criterion level: 85 dB,
• Threshold level: 75 dB.

Dynamic range of dosimeter is 60 dB (70–130) dB.
Dose values are obtained every 220 msec, summed over
a 3.75 minute interval and saved in non-volatile mem-
ory every 3.75 minutes (16 times during one hour).
At the end of measurement, equivalent noise exposure
level for measurement period in dB(A), dose value in
% and graphical display of dose exposure for the mea-
surement period are received.
The A-weighted equivalent-continuous sound pres-

sure level (LAeq) measured in dB of each teacher
was recorded in classrooms, during various courses
and lessons, in corridors (during pauses) and at the
sports halls. A-weighted equivalent-continuous sound
pressure level was measured following the procedures
stated in the International Standard ISO 9612:2009,
Acoustics – Determination of occupational noise ex-
posure – engineering method (full-day measurement),
sound pressure level was measured continuously over
complete working days.
Normalized 8-hours exposure, termed the noise ex-

posure level (Lex,8 h) was also computed by the equa-
tion according to ISO 9612-2009:

Lex,8 h = LAeq,Te + 10 log10
Te
T0
dB(A), (1)

where LAeq,Te is the A-weighted equivalent continuous
sound pressure level for Te; Te is the effective dura-
tion, in hours, of the working day; T0 is the reference
duration, T0 = 8 h.
Daily noise dose was determined as a measure of

the total sound energy to which a workers have been
exposed, as a result of working in the varying noise
levels.
Health effects were assessed trough a full scale epi-

demiological study which included 231 teachers from
the same schools. Specific questionnaire was used to ex-
tract information about subject’s perception on occu-
pational noise exposure, as well as theirs occupational
and medical history.
The epidemiological study of teachers has been con-

ducted with questionnaires which contained questions
about personal (demographic) data, characteristic of
working conditions (general assessment of the work-
ing conditions, consequences and noticeable ailments
arising from noise, subjective assessment of noise an-
noyance and the general assessment of the healthy
state (subjective feelings and ailments and how often
they appear). The examinations have been performed
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anonymously and in accordance with all the rules con-
cerning the protection of personal data.
Both descriptive and analytical epidemiological

methods were applied in the analysis of the param-
eters.

4. Results and discusion

Table 1 summarize the results of teachers‘ per-
sonal noise exposure in the examined schools (1 kinder-
garten, 2 primary and 2 high schools), recorded by Per-
sonal Noise Dosimeters, providing the mean value of
the measured LAeq, mean value of calculated Lex,8 h,
exposure time of teachers and dose per type of school.
Mean, standard deviation and range were calculated
for the activities of each school. Results in Table 1
shows that the daily personal noise level exposure of
teachers in examined schools does not exceed the lim-
its in accordance with the Macedonian Occupational
Health and Safety Regulations for employees exposed
at noise risk (Official Gazette of Republic of Macedo-
nia, No. 21/08), but still quite close to them (espe-
cially the exposure of teachers in the kindergarten).
Macedonian Occupational Health and Safety Regula-
tions for employees exposed at noise risk specifies that
the maximum daily 8-hour exposure level should not
exceed 85 dB(A) assuming that for the rest of the day
the teacher is not exposed to loud noise (Patricia,
Niquette, 2009). This criterion is also used by the
National Institute for Occupational Safety and Health
[NIOSH], American Conference of Governmental In-
dustrial Hygienists [ACGIH] and the International Or-
ganization for Standardization [ISO].

Table 1. Results of teachers’ Personal Noise Exposure in
examined schools.

Type of Exposure Mean Mean Standard Dose
school time LAeq Lex,8 h deviation Range [%]

(hours) [dB] dB(A)

Kindergarten 7 80.4 78.8 2.5 77–85 23

Primary 6 79.8 78.6 3.1 75–84 22

High 6 78.7 77.5 2.8 74–83 19

Recorded results by Extech Sound Level Dataloger
shows high noise levels present in classrooms during
classes, corridors during pauses, sport halls in primary
and high schools, as much as during almost all activi-
ties in kindergarten. A-weighted equivalent continuous
noise levels are in wide range from 53.5 to 100.3 dB, de-
pending of activities. In primary schools, A-weighted
equivalent continuous noise levels are slightly higher
in integrated teaching classes (grade I–IV) than in
higher grades. A-weighted equivalent continuous noise
levels in classes are defined as equivalent teacher’s
speech level and background noise, i.e. noise transmit-
ted into classrooms from all external sources or interac-
tive teaching (Augustyńska et al., 2010). Two years

noise monitoring and noise measurements outside of
examined school buildings show exterior A-weighted
equivalent continuous noise levels of 58.3 – 62.5 dB(A).
Exterior noise can also affect background noise in class-
rooms with opened windows and therefore teachers
use raised voice (Bronder, 2003). According to EN
ISO 9921 (European Committee for Standardization
[CEN], 2003, p. 20], teacher’s voice effort is considered
normal if the voice A-weighted sound pressure level,
measured from a distance of 1 meter from the mouth
of the speaker, equals 60 dB; voice is considered raised
if that level has a value of 66 dB.
Measurements have shown that corridors in pri-

mary and high schools during pauses and lunch rooms
during the lunch break in kindergartens are the loudest
places. A-weighted equivalent continuous noise levels
are 83.3 dB and 84.7 dB, respectively, and the peak
level is 107.9 dB. Teachers supervising children dur-
ing pauses and in lunch rooms during the lunch break
in kindergartens are especially exposed to such noise
levels. During lessons, the noise in all schools’ corri-
dors is significantly lower. The A-weighted equivalent
continuous noise level ranges from 50.4 to 64.3 dB.
Sports halls during physical education classes are

also considered as loud places. A-weighted equivalent
continuous noise levels measured on these places are
79.2–81.7 dB.
Teachers’ rooms are considered relatively quiet dur-

ing classes. In teachers’ rooms, the A-weighted equiv-
alent continuous noise levels during pauses range from
63.9 to 75.2 dB. During classes, they are adequately
lower at 46.3 dB and 48.9 dB.
In order to estimate presence of subjective and ob-

jective health problems that occur as a consequence
of workplace noise exposure, 231 teachers were sur-
veyed. 29 (N1) of the teachers were from kindergartens,
118 (N2) were from primary schools and 84 (N3) from
high schools. In order to see if there are any statisti-
cally significant differences between the three exam-
ined groups according to numerical variables of in-
terest (age / years, length of service/years and work-
ing hours), it is implemented one-way ANOVA (F ).
If ANOVA shows that there are significant differ-
ences, the differences between the three examined
groups have been tested separately with post hoc –
Tukey HSD Test. For testing the significance of dif-
ferences between the three examined groups according
to the attributive variable of interest (gender, hear-
ing problems, headaches, dizziness, anxiety / tension,
diagnosed hearing impairment and elevated blood
pressure) it is applied Kruskal–Wallis Test (H), and
the differences between the three examined groups
have been tested separately with Mann–Whitney U
Test.
Table 2 shows distribution of the examinees ac-

cording to curtain demographic variables. Regarding
to the gender, there are significant differences be-
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Table 2. Distribution of examinees according to demographic variables.

Variables
Kindergartens Primary schools High schools

ANOVA
(N = 29) (N = 118) (N = 84)

Gender
m = 1 (3.4%) m = 38 (32.2%) m = 14 (16.7%) H = 13.59

f = 28 (96.6%) f = 80 (67.8%) f = 70 (83.3%) p = 0.0011

Age / years 47.1±10.4 55.6±8.9 44.0±10.9 F = 1.22

p = 0.2971

Length of
20.6±14.7 18.7±10.2 170±11.1 F = 1.24

service / years p = 0.2892

Working
6.93±0.75 6.21±1.05 6.05±1.12 F = 8.029

hours p = 0.0004

tween the three examined groups (Kruskal–Wallis Test:
H = 13.59, p = 0.0011). Expectedly, women are con-
siderably more represented compared to men, espe-
cially in kindergartens and in high schools. Teach-
ers in the kindergartens were in an average age of
47.1±10.4 years, in the primary schools the average age
was 55.6±8.9 years, while in the high schools 44±10.9
years. According to the age, there are no significant
differences between the three examined groups (one-
way ANOVA: F = 1.22, p = 0.2971). According to the
average years of work experience there is also insignif-
icant statistical difference between the teachers (one-
way ANOVA: F = 1.24, p = 0.2892). Regarding to
the daily working hours between the three examined
groups were noticed meaningful differences (one-way
ANOVA: F = 8.029, p = 0.0004). Kindergarten teach-
ers are working noticeably longer then primary school
teachers (post hoc – Tukey HSD Test: p = 0.017) and
high school teachers (post hoc – Tukey HSD Test:
p = 0.0002). Primary and high school teachers have
same working time which means they are exposed in a
workplace noise at the same time (p = 0.5851).

Fig. 2. Mean values of working hours per day.

Anamnestically hearing impairment (hearing loss,
tinnitus, clogged ears) was confirmed by 6 (20.7%)
of kindergarten teachers, 22 (18.6%) of primary
school teachers and 9 (10.7%) of teachers from high
schools – the differences are not statistically signifi-
cant (Kruskal–Wallis Test: H = 3.108, p = 0.2113).
According to the appearance of headache, there are
statistically significant differences between the three
examined groups (Kruskal–Wallis Test: H = 7.422,
p = 0.0245). Primary school teachers complain about
headache more often than high school teachers (Mann–
Whitney U Test: Z = 2.195, p = 0.0280). Differ-
ences between kindergarten and primary school teach-
ers (p = 0.3102) and differences between kindergarten
and high school teachers (p = 0.6142) are not mean-
ingful.
Temporary dizziness was confirmed by 9 (31%) of

kindergarten teachers, 26 (22%) of primary and 12
(14.3%) of the high school teachers and the differences
are not significant (Kruskal–Wallis Test: H = 3.737,
p = 0.1543).
The biggest percent of the primary school teachers

(52%) showed anxiety and tension after work. How-
ever, the differences according to this parameter are
not meaningful (H = 5.809, p = 0.0584).
Medical documentation for objective hearing im-

pairment and hearing loss was registered in 10.3% of
the kindergarten teachers, 7.6% primary school teach-
ers and in 3.6% of the high school teachers. The differ-
ences are not statistically significant (H = 3.102, p =
0.2120).
Higher blood pressure was registered in 34,5% of

the kindergarten teachers, 20.3% of the primary school
teachers and 19% of the high school teachers. The dif-
ferences are not significant (H = 2.757, p = 0.2519).
Of the total number of examinees (N = 231), sub-

jective and objective hearing impairment were noticed
in 4 cases among people up to the age of 45 and in
33 cases among people over the age of 45. There is
a strong correlation between the age of the teachers,
i.e. the duration of the workplace noise exposure and
the occurrence of the hearing impairment (Fisher exact
test: p = 0.00001).
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Table 3. Distribution of examinees according to subjective (anamnestic) health problems.

Variables
Kindergartens Primary schools High schools

ANOVA
(N = 29) (N = 118) (N = 84)

Hearing yes = 6 (20.7%) yes = 22 (18.6%) yes = 9 (10.7%) H = 3.108

problems no = 23 (79.3%) no = 96 (81.4%) no = 75 (89.3%) p = 0.2113

Headaches
yes = 8 (27.6%) yes = 50 (42.4%) yes = 22 (26.2%) H = 7.422

no = 21 (72.4%) no = 68 (57.6%) no = 62 (73.8%) p = 0.0245

Dizziness
yes = 9 (31.0%) yes = 26 (22.0%) yes = 12 (14.3%) H = 3.737

no = 20 (69.0%) no = 92 (78.0%) no = 72 (85.7%) p = 0.1543

Anxiety / yes = 12 (41.4%) yes = 64 (54.2%) yes = 33(39.3%) H = 5.809

tension no = 17 (58.6%) no = 54 (45.8%) no = 51 (60.7%) p = 0.0584

Table 4. Distribution of examinees according to objective health problems.

Variables
Kindergartens Primary schools High schools

ANOVA
(N = 29) (N = 118) (N = 84)

Diagnosed hearing yes = 3 (10.3%) yes = 9 (7.6%) yes = 3 (3.6%) H = 3.102

impairment no = 26 (89.7%) no = 109 (92.4%) no = 81 (96.4%) p = 0.2120

Elevated blood yes = 10 (34.5%) yes = 24 (20.3%) yes = 16(19.0%) H = 2.757

pressure no = 19 (65.5%) no = 94 (79.7%) no = 68 (81.0%) p = 0.2519

5. Conclusion

A-weighted equivalent continuous noise levels mea-
sured in classrooms, teacher rooms, corridors and sport
halls are in the range of 58–88 dB and they exceed
guideline values for community noise in specific en-
vironments, Guidelines for Community Noise (WHO,
1999, p. 47). High noise levels caused by the children
activities especially in the corridors during pauses and
in sports halls of primary and high schools often leads
A-weighted equivalent noise level to exceed 80–90 dB.
High exterior noise levels (55–65 dB) in schools sur-

rounding, also contribute to noise level in classrooms
which often exceed 40 dB established as limit of the
environmental noise level in Regulations for limits of
the environmental noise levels (Official Gazette of Re-
public of Macedonia, No. 147/08) for a correct speech
reception, thus forcing teachers to raise their voice. It
can lead to the development of an occupational disease
– chronic voice disorders due to excessive vocal effort
(Bronder, 2003). The noise levels in classrooms dur-
ing classes are within the limits of 53–79 dB, depending
on the type of classes and activities performed.
Health consequences caused by workplace noise ex-

posure between the teachers from the three examined
groups are evidential and serious. Noise actually is
causing not only medical, but socio-economical prob-
lems as well. Hearing impairment / hearing loss, dizzi-
ness, elevated blood pressure, headache and anxiety
affects the social life of the teachers, their families and
the people in their surrounding.
Data collected clearly indicate the need of imme-

diate protective actions, as much as further investiga-
tions of this problem.
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Faculty of Mechanical Engineering, Slovak University of Technology in Bratislava
Nam. slobody 17, 812 31 Bratislava, Slovak Republic; e-mail: stanislav.ziaran@stuba.sk

(received March 15, 2013; accepted May 2, 2013)

The main aim of this paper is to present recent knowledge about the assessment and evaluation of
low frequency noise and infrasound close to the threshold of hearing and the potential effects on human
health. Low frequency noise generated by air flowing over a moving car with the open window is chosen as
a source of noise. The noise within the interior of the car and its effects on a driver’s comfort at different
velocities is analyzed. An open window at high velocity behaves as a source of specifically strong tonal
low frequency noise which is annoying. The interior noise of a passenger car was measured under different
conditions; while driving on normal highway and roadways. First, an octave-band analysis was used to
assess the noise level and its impact on the driver’s comfort. Second, a Fast Fourier Transform (FFT)
analysis was used for the detection of tonal low frequency noise. Finally, the paper suggests possibilities
for scientifically assessing and evaluating low frequency noise but not only for the presented source of the
sound.
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1. Introduction

To be of practical use, any method of description,
measurement and assessment of outdoor and indoor
noise sources acting in enclosed spaces must be related
in some way to what is known about the human re-
sponse to noise. Many adverse consequences of out-
door and indoor noise sources grow with increasing
noise, but the precise dose-response relationships in-
volved continue to be the subject of scientific debate. In
addition, it is important that all methods used should
be practicable within the social, economic and political
climate in which they are used. For these reasons, there
is a very large range of different methods currently in
use around the world for different types of noise, and
this creates considerable difficulties for international
comparison and understanding.
The methods and procedures described in this pa-

per are intended to be applicable to low frequency noise
from various sources, individually or in combination,
which contribute to the total exposure at a site. At
the present stage of technology, the evaluation of low
frequency noise annoyance seems to be best met by
adopting the adjusted Z-weighted equivalent continu-
ous sound pressure level or minimal C-weighted one
as shown the experiments (Darula, Ziaran 2010;
Ziaran et al., 2012, Ziaran, 2012).

The goal of this study is to contribute to the in-
ternational harmonization of methods for the descrip-
tion, measurement, assessment and evaluation of low
frequency noise (sound) from all external and internal
sources in enclosed spaces and to provide some back-
ground for public professional discussion on how to de-
scribe, assess and evaluate low frequency noise in en-
closed spaces. Based on the principles described in this
paper, the background can be set for further research
in this area.
Relatively little research has been carried out in

order to establish which effects are specifically caused
by low frequency noise emitted e.g. from an open
window in a moving car, vibration of pipes, stand-
ing waves which are created by traffic noise (especially
from Diesel engine vehicles such as lorries, buses, and
trains) or by sound which is generated by sources inside
of the enclosed space (vibration of building equipment,
heating and ventilating air-condition – HVAC, music
noise pollution, etc.), and, how to assess and evaluate
this low frequency noise in enclosed spaces. This prob-
lem was discussed in (Broner, Leventhal, 1983;
1985, Gottlob, 1998; Jakobsen, 1998, Piorr, Wi-
etlake, 1990; Vercammen 1992; Mirowska, 1995)
and the standards (ISO 1996-1:2003, ISO 7196:1995)
shows the possibilities correctly to asses and evaluate
the low frequency sound (noise). Sound with a very
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long wavelength may be heard as noise (primary noise),
caused by the rattling of windows, doors or furniture
(secondary noise), and they may be difficult to distin-
guish from structural vibration.
Both forms of noise can cause disturbance, partic-

ularly during mental work, when driving, relaxation,
etc. Low frequency noise can be more noticeable in-
doors, which is why it is often associated with attention
reduction, sleep disturbance, adverse effects on health
etc. Another problem is that low frequency noise trav-
els farther than higher frequencies, so the source is
often difficult to trace. A large proportion of sound is
generated by the mechanical vibration of a solid com-
ponent of the buildings structure and/or by the equip-
ment in the buildings as was experimentally proved
in (Ziaran, 2011). The mechanical energy involved
has often been transmitted from remote mechanical
or acoustical sources by means of audio-frequency vi-
brational waves propagating in connected structures,
which is typical structure-born sound. The subject of
structure-borne sound is far more complex than that
of air-born sound in otherwise quiescent air. Whereas
air can support only longitudinal acoustic waves, two
fundamental forms of vibrational waves can exist in un-
bounded elastic solids because they can support shear
stress. This paper will focus, in detail, on low frequency
noise generated by open windows of a moving car. This
type of noise is very strong and is a good example of
why it is necessary to assess and evaluate by different
methods as was used up-to-now.

2. Investigation and measurement methods

Noise generated by an open window of a moving
car was investigated as a good representative source
of strong low frequency noise. The air circulation in a
car can be influenced by a variety of possibilities. Ei-
ther the built-in air-conditioning can be used, or the
air can be exchanged by opening the windows. Many
drivers prefer the second option, due to some reported
effects of air-conditioning on health. However opening
the windows, and so exchanging the air, leads to a
reduction of acoustic comfort for the driver and pas-
sengers, especially due to the introduction of low fre-
quency noise. This effect was observed especially on
highways, or roads out of the city. In a city the ef-
fect of air flow induced noise is insignificant due to low
car speeds. Under certain conditions, this specific noise
can have a negative impact on the health of the driver
and/or passengers (Ziaran, 2008).
To analyze the noise exposition at the lower fre-

quency limit of sound perception, i.e. around 16 Hz,
which is generated when opening the car windows, the
sound level meter analyser BRUEL & KJAER 2250
was used. To identify the energy dominant tonal noise
more precisely, the FFT analyzed BRUEL & KJAER
PULSE was applied. The methodology presented in

the article can be applied also for other sources of
very low frequency acoustical vibration, such as air-
conditioning systems, boiler systems, large low fre-
quency Diesel engines, etc. and more detail is described
in (Ziaran, 2005).
The noise level was measured inside of the passen-

ger car NISSAN TIIDA. During the measurements the
car was driven on Slovak highways with minimal traf-
fic, i.e. the aim was to minimize the influence of other
sources of noise from passing cars. The measurements
were done at various car speeds ranging from 70 km/h
to 140 km/h. The measurements were done on roads
chosen to be as homogeneous as possible. Another vari-
able parameter in the analysis is the window opening,
where three cases were compared:

• all windows closed;

• window partially open (approximatelly 5 cm);

• window fully open.

It was concluded that neither engine nor rolling
noise from tyres influence the strong low frequency
acoustic vibration (noise) induced by opening the win-
dow. The noise was measured at the head level of the
driver, i.e. the microphone was positioned close to the
head, in order to analyze the effect of the noise on the
driver while driving the car, as shown in Fig. 1.

Fig. 1. Schematic of the measurement setup inside
of a passenger car while driving.

2.1. Repeatability and reproducibility
of measurements

The FFT measurements show that the measured
data are consistent and that the dispersion of peak
values was maximally 3 dB, as presented in Fig. 2. This
difference can be caused by the speed variation of car or
variation of the air flow speed around the car. Similarly
the frequency variation up to 1 Hz, at approximately
the same car speed can be caused especially by the real
conditions of the air stream during measurements.
From the FFT analysis it is obvious that when the

window is open, strong tonal very low frequency acous-
tic vibration is generated in the lower limits of hu-
man sound perception. The non-weighted values (so-
called Z-weighting) exceeded 115 dB, depending on car
speed. These levels of sound pressure are close to the
threshold of pain.
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a)

b)

Fig. 2. FFT analysis of the generated noise in the car in-
terior – three measurements with two different car speeds:

a) 100 km/h; b) 130 km/h.

2.2. Weighting functions

The utilization of Z-weighting (i.e. no weighting)
shows the exposition of the human being directly to
this noise, regardless of the sensitivity of his/her ears.
Currently there is a discussion about the evalua-

tion of low frequency noise at high sound pressure lev-
els, since the A-filters, which are used most often, do
not reflect the correct influences on health and com-
fort of human beings as is introduced in (Broner,
Leventhal, 1983; 1985; Gottlob, 1998; Jakob-
sen, 1998; Piorr, Wietlake, 1990; Vercammen,
1992; Mirowska, 1995). Therefore, in analyzing the
measured spectra in the article, the A-, C- and Z-
weightings are to be presented.
Frequency analysis of the investigated low fre-

quency region with application of these weightings is
presented in Fig. 3, where Fig. 3a shows the results for
constant speed and Fig. 3b for different speeds.
The sensitivity of the human ear at low frequen-

cies is much lower, therefore also the measured results,
weighted using the A- as well as C- or Z-weightings,
differ significantly.
The energy difference between the C- and A-

weighting is approximately 32 000-fold, between Z- and
A-weighting up to 160 000-fold. Even keeping in mind

a)

b)

Fig. 3. Comparison of energies using Z-, C- and A-
weighting of the same acoustic signal at different car speeds:

a) 100 km/h; b) different speeds.

that the acoustic energy is negligible compared to other
sources of energy, the presented differences in acousti-
cal weighting should not be ignored in evaluating the
influence of low frequency acoustic vibration on hu-
man beings. From a health point of view, each type of
energy has the ability to do work – either negative or
positive. However, there exists a limit of the positive
and negative influences on human organisms, and so
this limit should be set exactly or should be estimated
in the most precise way.

2.3. Influence of an open car window

The behaviour of A- and C-weighting of the anal-
ysed, strong, very low frequency acoustic vibration
is presented in Fig. 4a. Again, there are significant
differences between the A- and C-weighting com-
pared to measured cases with fully and partially open
rear (driver’s side) car window (the same window
used) within the frequency band of interest (11.2 Hz –
22.4 Hz).
The reduction of acoustic level, applying C- and

A-weighting, with the same maximal window opening
is up to 46 dB, whereas with a partially open rear
window, the maximal noise levels are shifted to higher
frequency for the A-weighting used. Even though the
low frequency content of acoustic energy is significantly
higher than background noise (i.e. all windows closed),
as shown in Fig. 4b. It is important to notice that the
subjective perception of the driver and operator on the
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a)

b)

Fig. 4. Comparison of energies using A- and C-weighting
of the same acoustic signal with constant car speed

(110 km/h).

noise was significantly higher than the measured A-
weighted sound pressure, and this perception reflected
the acoustic C-weighting more.

2.4. Influence of car speed

A similar behaviour of the frequency spectra was
analyzed at higher car speeds, where the difference be-
tween C- and A-weighting was just 2 dB lower, i.e.
44 dB and also for this set of measurements, with
partial window opening, the characteristic amplitudes
of tonal frequencies were shifted to higher frequencies
(Fig. 5a, b). At higher car speeds, two specific tonal fre-
quencies of a mechanical nature were identified. With
open windows (or window), these tonal frequencies are
masked by the source of strong aerodynamic low fre-
quency noise.
Variation of A-weighted sound pressure level

(SPLA), variation of C-weighted sound pressure level
(SPLC), variation of Z-weighted sound pressure level
(SPLZ), and also frequency variation as a function of
analyzed car speeds is presented in Fig. 6. From this
figure, it is obvious that the highest energy values of
the tonal low frequency acoustic vibration with fully
opened windows occur at car speeds from 80 km/h to

a)

b)

Fig. 5. Comparison of energies using A- and C-weighting of
the same acoustic signal at constant car speed (130 km/h).

130 km/h. The measured levels are close to the thresh-
old of pain. Non-negligible energy values are present
at both lower and higher car speeds. A significant dif-
ference in energy values is observed when an acoustic
weighting is used, i.e. an artificial correction of hu-
man exposure with the exception of different sound
perception at the defined frequency bandwidth. From
this, the question can be raised whether it is not more
correct to use C- or Z-weighting in the evaluation of
energy from powerful acoustic vibration at very low
frequency bands.
In Fig. 6 it can be seen that a variation of the speed

and the corresponding characteristic frequency of the
tonal noise is shifted from the region of infrasound into
the range of audible sound.
Again it needs to be emphasized that the percep-

tion of strong, low frequency noise was much more sig-
nificant than at the A-weighted level. The perception
corresponded more to the C-weighted level, probably
also because of the fact that C-weighting is close to
the threshold of pain. Furthermore, the analyzed low
frequency, energy rich, acoustical vibration is close to
the threshold of pain. Increasing the cars speed above
130 km/h, the specific tonal low frequency acoustic vi-
bration generated by air entering the interior of the
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Fig. 6. The levels of A-, C- and Z-weighted sound pressure and variation of the frequency as a function
of the car speed.

car is decreased and the noise induced from tyre and
aerodynamic effects became dominant as shown the
measurements in (Ziaran, 2012).

3. Assessment and evaluation of noise
with strong low frequency content

The influence of noise on blood pressure is gener-
ally known and the consequent origination or even de-
terioration of hypertension. In the assessment of risk
factors of noise on blood pressure, noise effect blood
pressure at levels higher than LAeq > 85 dB. Based
on the results presented by professor Issing (cited in
Ziaran, 2008) the relative risk of infarct at the sound
level pressure LAeq = (62 – 65) dB is between 1.05 and
1.3 and at the levels LAeq > 66 dB between 1.1 and
1.6, which corresponds to an increased risk of harm
by 10% to 60%. It must be kept in mind that low
frequency noise has essentially higher energy severity
than a noise of middle and higher frequencies. In the
measurements, the investigated strong low frequency
noise on the boundary of hearing is characterized by
an unpleasant, pulsating pressure on the ear drum. The
long-term exposition of the energy rich low frequency
noise can lead to harm to human health, and not only
the hearing organ but also functionality of other or-
gans such as the central nervous system. Therefore it
is important to improve the criteria of energy rich, low
frequency, noise assessment so that the influences of
energy on human health and comfort are assessed cor-
rectly. From the experiment, it can be concluded that
for energy rich, low frequency noise (sound), the fol-
lowing is valid:

a) the frequency range of interest appears to be from
10 Hz to approximately 25 Hz;

b) the strong low frequency content of acoustic vibra-
tion often contains tonal components, and there-
fore it is more suitable to use CPB analysis or

a more suitable FFT analysis in the frequency
range from 10 Hz to 25 Hz;

c) for the assessment of acoustic vibration, with
strong low frequency content, in the frequency
range from 10 Hz to 25 Hz, it is more logical to
use C- or Z-weighting rather than A-weighting;

d) in the assessment criteria of low frequency noise,
it is important to consider measurements inside of
the protected space rather than outside the envi-
ronment, namely due to the presence of standing
waves in that protected space.

In generally, at the assessment and evaluation of
the low frequency noise (sound) the frequency range
can be taken account up to 100 Hz.

4. Conclusion

From the experiments, and even from personal par-
ticipation participating in the experiments, the energy
from strong acoustic vibration of low frequency con-
tent cannot be correctly evaluated using A-weighting.
The main reason is that this filter attenuates the en-
ergy severity of the acoustic vibration acting on human
beings. The strong energy exposition requires more ap-
plication of C- or Z-weighting, in which the sound pres-
sure levels are in closer agreement with the threshold of
pain. The results and analysis show that the executed
experiments are closer to the evaluation methodology
used in other, more developed countries. It can be con-
cluded that energy from weaker, low frequency, acous-
tic waves can also cause the generation of standing
waves and so amplify the energy exposure on human
beings. The presented recommendations for the eval-
uation of low frequency acoustic waves in protected
spaces should be taken as a contribution to the current
knowledge about noise evaluation, as well as a stimulus
for the technical community, since the correct evalua-
tion of this type of noise can help reduce adverse health



270 Archives of Acoustics – Volume 38, Number 2, 2013

effects and reduction the comfort of human beings. Of
course, the aforementioned assessment and evaluation
of strong low frequency noise is up for further scientific
debate and frequency range could be wide-spread up
to approximatelly 100 Hz.
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The NOMAD project was a survey to examine the noise-related content of instructions supplied
with machinery offered for purchase in Europe. The project collected more than 1 500 instructions from
machines covering 40 broad machine-families and from 800 different manufacturing companies. These
instructions were analyzed to determine compliance with the requirements of the Machinery Directive,
and assess the quality of information.
The general state of compliance of machinery instructions with the noise-related requirements of the

Machinery Directive was found to be very poor: 80% of instructions did not meet legal requirements.
Some required numerical values relating to noise emissions were often missing. Where values were given,
they were often not traceable to machine operating conditions or measurement methods, and not credible
either against stated conditions/methods or as warnings of likely risk in real use.
As a consequence, it is considered highly likely that, in making a machinery procurement decision,

employers are prevented from taking noise emissions into account, and understanding what is necessary
to manage the risks from noise relating to equipment that is procured.
Recommendations are made for actions aimed at bringing about a global improvement to the current

situation. Targeted actions are now proposed by “ADCO Machinery Group” aimed at raising awareness of
the legal requirements, responsibilities and actions required among the various groups who have parts to
play in the system – machine manufacturers, machine users, occupational safety and health professionals,
and standards-makers. Recommendations are also made aimed at providing, or improving, tools and
resources for all these actors.

Keywords: noisy machine, machinery directive, legal requirements, survey.

1. Introduction

1.1. Noise control at source and “buy quiet” strategy

Reducing workers noise exposure is, as for the other
risks, ever more efficient when acting at the source.
Acting at the noisy machinery, and at the design stage,
must be the chosen solution as said by the European
so-called “Machinery Directive” (Directive 98, Direc-
tive 2006) in which “essential health and safety require-
ments in relation to design and manufacture in order
to improve the safety of machinery placed on the mar-
ket” are detailed.
Manufacturers (or importers) of machinery sold in

the European Economic Area must provide values of

sound emission of the machinery in the instructions.
Then, users of noisy equipment should be able to com-
pare the different products available for purchase and
really reduce the risks at source by “buying quiet”
(Kurtz, Jacques, 2011).
Furthermore, risk evaluation by the employer, as

required by legislation (Directive 2003) can be based
also on the “information on noise emission provided
by manufacturers of work equipment (. . . )”. Quality
of information on noise emission is then a key element
allowing regulation to work for improving the preven-
tion of risks.
In this context, NOMAD (“Noise Machinery Direc-

tive”) aimed at assessing the quality of information on
noise emission provided in the machinery instructions.
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1.2. Legal requirements relating to noise in the
Machinery Directive

The European Machinery Directive (89/392/EEC,
98/37/EC and 2006/42/EC) was introduced to enable
free trade and consistent standards of safety across
Member States and European Free Trade Agreement
(EFTA) countries. The Directive contains essential
health and safety requirements (EHSR) relating to a
range of health and safety risks arising from the use of
machinery at work.
In relation to noise, the Machinery Directive

(2006/42/EC) places an explicit duty on machine man-
ufacturers and suppliers to:

• design and construct products in such a way that
the “risks resulting from the emission of airborne
noise are reduced to the lowest level taking account
of technical progress and the availability of tech-
niques for reducing noise, particularly at source”
(EHSR 1.5.8);

with further explicit requirements that the instructions
accompanying machinery must contain:

• information on noise emissions (numerical values)
(EHSR 1.7.4.2u); and

• instructions on installation and assembly for re-
ducing noise and vibration (EHSR1.7.4.2j).

The Machinery Directive has other requirements
relating to the content of instructions that apply to all
hazards, including noise. The main requirements that
can be applied to noise in relation to instructions are
that they must contain:

• instructions for safe use and necessary training of
operators (EHSR 1.7.4.2k);

• information on residual risks (EHSR 1.7.4.2l); and
• instructions on protective measures for the user,
including appropriate Personal Protective Equip-
ment to be provided (EHSR 1.7.4.2m).

The main purpose of NOMAD was to assess the in-
formation provided in machinery instructions (relevant
to noise as a hazard) against these legal requirements.
The purpose of providing warnings, risk informa-

tion and noise emission information is to allow man-
ufacturers to demonstrate low-noise designs; and to
allow purchasers and users of machinery to make in-
formed choices regarding the safety of a potential pur-
chase and to understand what measures will be neces-
sary to mitigate the risk in real use.

1.3. NOMAD survey objectives and steering

NOMAD project involved the collection of machin-
ery instructions, extraction and storage of relevant
data from these instructions, and systematic analysis
(qualitative and quantitative) of the data to determine
legal compliance and quality of information. The work

was supported by the Administrative Co-operation
Group for Market Surveillance under the Machinery
Directive (“Machinery ADCO”) and involved contri-
butions from 14 European Union (EU) and European
Free Trade Association (EFTA) Member States.
The project was overseen by a Steering Committee,

with practical contributions being managed by repre-
sentatives of individual Member States. The Steering
Committee included members from Finland, France,
Germany, Poland, Spain, The Netherlands and the
United Kingdom.

2. Survey methodology

2.1. Data collection

Several sources were used for obtaining the machin-
ery instructions. The main sources were:

• Manufacturers/Importers (directly or via web
sites);

• Final users;

• Existing databases built up for other purposes.

Depending on the individual contributing Mem-
ber State, instructions were either collected for specific
types of machine, or without any specific machine-type
in mind. As a matter of policy, only instructions from
machines first put on the market from 2000 onwards
were collected.
The total sample of instructions included in the

final analysis (i.e. excluding those assessed as unus-
able for analysis) was 1 530. This covered 40 broad
categories of machinery, and several hundred different
manufacturers.

2.2. Data analysis

Two types of information were extracted:

• Those allowing the identification of the machin-
ery (type, family, model, manufacturer, country,
does the machinery fall within the scope of An-
nex IV of the Directive? Does the machinery fall
also within the scope of Directive 2000/14/CE?
(Directive 2000), etc.),

• Those connected to noise emission and associated
risks: Table 1 displays the main information which
must be clearly provided in conformity with the
Machinery Directive.

The methodology for deciding whether a piece of in-
structions conformed to legal requirements is described
in the full NOMAD Report (NOMAD Report, 2012).
From replies to a set of key questions, instructions were
categorized as shown in Table 2.
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Table 1. Information on noise mandatory in the instructions.

Information on noise Role in prevention and risk management

1. Emission sound pressure level at workstation (continu-
ous sounds) LpA dB(A) if > 70 dB(A)

Allows assessment of noise exposure of the worker know-
ing work duration and other environmental parameters
(place, other sources, . . . )

2. If emission sound pressure level 6 70 dB(A) this fact
must be indicated

In this case, manufacturer guarantees that the machin-
ery is “not really noisy”

3. Maximal emission sound pressure level (impulsive
sounds) at workstation LpC,peak if > 130 dB(C)

The same as 1 but for impulsive noise (shocks)

4. Emission sound power level LWA if LpA > 80 dB(A)
Previous Directive 98/37/CE – less severe – indicated
> 85 dB(A)
Always mandatory if machinery falls in the scope of
Directive 2000/14/CE (Directive 2000)

In this case, the machinery is rather very noisy. Man-
ufacturer is required to measure all the acoustical en-
ergy emitted (in the total space around and not only to
the workstation). This number allows easy comparison
between the emission levels of different machinery. It
allows also to calculate noise levels in the environment
where the machinery operates

5. Uncertainties in measurement of LpA et LWA

Not mandatory in Directive 98/37/CE
Relative to 1 and 4, they show the measurement quality

6. Type-B standard or manufacturer’s own general
method of measurement

Relative to 1 and 4, this information insures traceability
of noise emission values to general measurement meth-
ods. It shows also quality and credibility of declared
values

7. Noise test code used or manufacturer’s own particular
method of measurement

Relative to 1 and 4, this information insures traceability
of noise emission values to a noise test code specific to
the machinery. It shows also quality and credibility of
declared values and allows:

• the user to know what are the working conditions
of the machinery when the measurements are car-
ried out

• declared values to be verified, if needed
8. Warnings about risks that have not been eliminated and
which the user will need to manage, i.e. residual risks

Qualitative information required for the user who must
operate the machinery with reduced risks

9. Instructions for safe use and necessary training of oper-
ators

10. Information on residual risks

11. Instructions on protective measures for the user, includ-
ing appropriate Personal Protective Equipment to be
provided

12. Description of adjustment, maintenance and preventive
maintenance requirements

Table 2. Categorization of instructions.

Conformity
Final

Meaning
assessment

COMPLIANT WITH THE DIRECTIVE

A
Correct

Correct information, very clear and
useful for final user

B
Good enough

Some correct information, some
lacks or missing information not too
risky for final user

NOT COMPLIANT WITH THE DIRECTIVE

C
Inadequate

Some correct information but one or
several reasons for non compliance

D
Very poor

No information or unusable informa-
tion
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3. Results

Results show that the content of the instructions
analyzed is incomplete or wrong relatively to the es-
sential requirements on noise of the Directive: 80% of
them do not meet these legal requirements (cf. Fig. 1).

Fig. 1. Distribution of instructions in the 4
categories (A – correct; B – good enough;
C – inadequate; D – very poor).

Some of the numerical values, or all of them, can
be missing. Furthermore, when values are given, they
cannot always be linked to operating conditions of the
machinery or to measurement methods.
There is not one reason for non-compliance which

is more important than others: instructions were often
found to be not compliant for a combination of rea-
sons. Lack of traceability and lack of credibility of the
declared numerical values are often present in most of
non-compliances. Lack of information on residual risks
or safe use of the machinery appears very often for the
instructions classified in the worst category (D).
Other results are, among other things:

• 12% of the instructions analyzed do not display
any piece of information on noise.

• 27% display some information about noise but no
required numerical values.

• 4 instructions out of 10 displaying numerical val-
ues are not compliant.

• 75% of instructions displaying numerical values do
not allow the traceability of these values.

• When credibility (relative to operating conditions
and/or measurement methods and/or real con-
ditions of use) of the numerical values could be
assessed, 64% of the non-compliant instructions
were found not to be credible.

• Where instructions for safe use or residual risk in-
formation were assessed, 51% of non-compliant in-
structions lacked information about residual risks.

• 32% of non-compliant instructions where quanti-
tative values were given contained incorrect noise
terminology.

• Instructions were often found to be not compliant
for a combination of reasons. Of the 1 244 non-
compliant instructions, 22% show only one single
reason for failure.

The situation is not significantly better for machin-
ery covered by Annex IV of the Machinery Directive.
This suggests that the involvement of Notified Bodies
in the compliance procedure has negligible effect on
noise declaration.
No significant difference was noticed for ma-

chines also covered by the Outdoor noise directive
2000/14/CE. This result suggests that the requirement
for a manufacturer to consider an additional Directive
specifically relating to noise has negligible effect on his
approach to the provision of information on noise in
relation to the Machinery Directive.

4. Discussion

Reasons that are likely to explain this situation are:
(i) lack of knowledge among machine manufacturers
about legal requirements, machinery safety standards
or noise test codes, technical issues around noise or
technical know-how in applying noise test codes, and
(ii) lack of care among machine manufacturers, caused
by the lack of commercial incentive to comply (quieter
machines or those with better instructions not gaining
market share), no fear of enforcement action and/or
reputational harm, or simply that noise and damage
to hearing is not considered a significant risk.
A large proportion of users/purchasers of machin-

ery are likely to take quantitative noise emission in-
formation at face value; they are unlikely to check the
traceability details, and may not have the knowledge
to judge credibility. Therefore it is considered that the
manufacturer has a significant responsibility to ensure
that the emission values either can be taken at face
value as a means to compare machines and describe
likely risks, or are accompanied by clear warnings if
either of these is not the case.
As a consequence of the survey results, it is consid-

ered highly likely that, in making a machinery procure-
ment decision, employers are prevented from taking
noise emissions into account, and are prevented from
understanding what is necessary to manage the risks
from noise relating to equipment that is procured.

5. How to improve the situation?

To improve the situation, targeted actions (that are
achievable on a large scale, can be carried out within
existing frameworks and are expected to have measure-
able outcomes) are foreseen.
Actions aimed at manufacturers: large cam-

paign of information, promotion and enforcement to
raise manufacturers’ awareness of the noise aspects
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of European regulations (both directives 2006/42/CE
and 2000/14/CE), their responsibilities and the re-
sources that are available to support them.

Actions aimed at final users and purchasers:
large campaign of information to raise final users’
awareness of their responsibilities and the available re-
sources to support them and to promote a “buy quiet”
strategy highlighting the advantages, for employers, to
purchase less noisy machinery.

Actions aimed at public authorities: targeted
market surveillance, in a few sectors, aimed at techni-
cal sales literature. The latter, easier to get than the
instructions, have to display, since December 2009, the
same noise information as instructions.

Actions aimed at standardization organiza-
tions: to make them more aware of the basic role of
noise test codes regarding traceability of noise emission
values.

Actions aimed at Notified Bodies: to clarify
their duties regarding noise and to make sure that com-
petences required are present.

Actions aimed at occupational safety and
health organizations: to ensure that they play ef-
ficiently their key role of technical risk reduction inter-
face between the various actors.

6. Conclusion

NOMAD survey has shown that instructions are,
for the largest part, not in compliance with current
noise legislation. As a consequence, final users and pur-
chasers of machinery do not have the information nec-
essary to manage the noise risk from the data that
should be provided by these instructions.
The improvement of this situation requires a

variety of actions aimed at all major actors who all
bear some responsibility for this situation. NOMAD
survey reveals the knowledge gap between experts in
acoustics and machinery manufacturers. To bring the
two parties together, there are two not mutually exclu-
sive solutions i.e. to increase the knowledge of machine
manufacturers and to simplify the noise risk display.
Joint efforts of those who know too much (acousti-
cians) and those who should know more (all other ac-
tors contributing to noise reduction at the workplace)
are necessary to make the “Buy Quiet” attitude a re-
ality. Progress requires innovative tools to be designed

such as simple and easy-to-understand noise indices,
color scales as it is currently done in the environmental
field (Mietlicki, 2012).
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Selected Issues of Vibroacoustic Protections
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The article presents selected, now available in rail transport
vibroacoustic protections. In the study the relationships between
noise and vibration in certain frequency bands, generated due
to speed of a train were discussed. The analysis of the differ-
ent types of solutions for vibroacoustic protections for railways
was presented, as well as the dynamic effects generated by the
passing train on the commonly used noise protection equipment
were examined.
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The Vibroacoustic Optimization Process
of the Off-Road Machines
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In spite of the manufacturers’ extensive efforts to reduce
noise emission of the off-road machines especially those with in-
tensive operating process noise, they have not succeeded. The
empirical optimization process manufacturers exploit is not re-
sponding to desired limit of noise emission values. Furthermore
the necessary optimization loops increase both time and costs of
acoustic product development.
The effective identification of potential reduction requires

sophisticated knowledge of vibroacoustic system which includes
not only the noise emission but also the sound excitation and
transmission. The vibroacoustic optimization process is based
on three elements: designing the virtual prototypes, validation
of virtual prototypes by extensive measurements, adapting and
transferring the results of simulation into a real model.
The article introduces a hybrid approach developed by the

KFB Polska Sp. z o.o. and IBAF Engineering GmbH, in order
to obtain vibroacoustically optimised product. To illustrate that
approach the article exemplarily describes the acoustic optimi-
sation of some types of off-road machines.
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To build close systems dedicated only for one application
is unfavorable from few point of view. The main of them are
collection of unnecessary (duplicate) equipment and of course
financial cost.
Base on this assumptions, we try to build system based

on easily accessible and inexpensive components. Our system
is dedicated for checking vibration sensors and rather should be
used for education application. The main reason is accuracy. Our
system consist of own production exciter, National Instruments
data acquisition card (DAQ) and PC class computer.
Dedicated software provides us to DAQ card full control. We

just select frequency band width and start test. All next steps are
controlled by software. At the end of test we obtain information
about each of third octave frequency in table or graph.
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Verification of the Calculation Assumptions Applied
to Solutions of the Acoustic Measurements Uncertainty
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Faculty of Mechanical Engineering and Robotics
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Rynek 1, 38-400 Krosno, Poland

The assessment of the uncertainty of measurement results,
an essential problem in environmental acoustic investigations, is
undertaken in the paper. An attention is drawn to the – usually
omitted – problem of the verification of assumptions related to
using the classic methods of the confidence intervals estimation,
for the controlled measuring quantity.
Especially the paper directs attention to the need of the

verification of the assumption of the normal distribution of the
measuring quantity set, being the base for the existing and bind-
ing procedures of the acoustic measurements assessment uncer-
tainty. The essence of the undertaken problem concerns the bind-
ing legal and standard acts related to acoustic measurements
and recommended in: “Guide to the expression of uncertainty in
measurement” (GUM) (OIML, 1993), developed under the aegis
of the International Bureau of Measures (BIPM). The model
legitimacy of the hypothesis of the normal distribution of the
measuring quantity set in acoustic measurements is discussed
and supplemented by testing its likelihood on the environment
acoustic results.
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The Jarque-Bery test based on skewness and flattening (cur-
tosis) distribution measures was used for the analysis of results
verifying the assumption. This test allows for the simultaneous
analysis of the deviation from the normal distribution caused
both by its skewness and flattening.
The performed experiments concerned analyses of the distri-

bution of sound levels: LD, LE , LN , LDEN, being the basic noise
indicators in assessments of the environment acoustic hazards.
Keywords: acoustic monitoring of environment, estimation of
long-term noise indicators, statistical analysis results.
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Improvements of the Uncertainty Determination
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The new method of the uncertainty calculation of the pro-
cess of the noise sources identification, realised according to the
method of disconnecting successive sources, was proposed in the
paper. The situation, in which we are dealing with the diffuse
sound field – formed by the background noise emission and the
noise sources being identified – was assumed in these considera-
tions.
In the identification algorithm were applied the mathemati-

cal formalism of the interval arithmetic, related to the measure-
ment results of the noise level relevant to disconnecting succes-
sive sources of emission Ls−i [dB/A], and the noise level gener-
ated by influences of all sound sources.
The properties of the indicated solution were referred to

the uncertainty calculation methods usually applied in various
metrological solutions. The proposed approach was illustrated
by the example realised under laboratory conditions.
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Type a Standard Uncertainty of Long-Term
Noise Indicators
Batko Wojciech, batko@agh.edu.pl
Stępień Bartłomiej, Bartlomiej.Stepien@agh.edu.pl

AGH University of Science and Technology
Faculty of Mechanical Engineering and Robotics
Departament of Mechanics and Vibroacoustics
al. Mickiewicza 30, 30-059 Kraków, Poland

The problem of estimation of the long-term environmental
noise hazard indicators and their uncertainty is presentedi n the
hereby paper. The type A standard uncertainty is defined by the
standard deviation of the mean. The rules given in the ISO/IEC
Guide 98 are used in the calculations. It is usually determined
by means of the classic variance estimators, under the following
assumptions: the normality of measurements results, adequate
sample size, lack of correlation between elements of the sam-
ple and observation equivalence. However, such assumptions in
relation to the acoustic measurements are rather questionable.
This is the reason why the authors indicated the necessity of im-
plementation of non-classical statistical solutions. There is for-
mulated the estimation idea of seeking density function of long-
term noise indicators distribution by the kernel density estima-
tion, bootstrap method, and Bayesian inference. These methods
do not generate limitations for form and properties of analyzed
statistics. The theoretical basis of the proposed methods is pre-
sented in this paper as well as the example of calculation pro-
cess of expected value and variance of long-term noise indicators
LDEN and LN . The illustration for indicated solutions and use-
fulness analysis were constant monitoring results of traffic noise
recorded in Cracow, Poland.
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Soundscape of Polish National Parks
Bernat Sebastian, sebastian.bernat@poczta.umcs.lublin.pl

Maria Curie-Skłodowska University
Faculty of Earth Sciences and Land Management
Department of Environmental Protection
al. Kraśnicka 2cd, 20-718 Lublin, Poland

The aim of the research, which has been taken up in Polish
national parks is to identify threats connected with noise, rec-
ognize soundscape resources, indicate opportunities of their pro-
tection. Studies were carried out with the use of surveys which
help to diagnose awareness of threats and values of soundscapes
among service of parks. Additionally, method of semantic dif-
ferential was applied, just to learn opinion of students, concern-
ing quality of soundscape in Polish national parks. Except for
empirical studies experience in protection of soundscapes in na-
tional parks of the US were presented. Finally, possibilities of
future research on soundscape in areas of high natural values
were pointed out.
Keywords: landscape perception, soundscape, quiet zone, na-
tional parks.
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Evaluation of Influence of Work Analysis Data
on Determination of Occupational Noise Exposure
in Accordance with Standard PN-EN ISO 9612:2011
for Mechanic – Welder Workstation
Blasiak Krzysztof, k.blasiak@kfb-polska.pl
Chmielewski Bartosz, b.chmielewski@kfb-polska.pl
Baranski Filip, f.baranski@kfb-polska.pl

KFB Polska Sp. z o.o.
Elementarzowa 15a, 51-173 Wrocław, Poland

In article authors present results of determination of oc-
cupational noise exposure (performed in accordance with stan-
dard PN-EN ISO 9612:2011) for mechanics – welders working in
one of manufacturing plant in Poland. Main goal was to verify
previous results obtained using task-based measurements (strat-
egy 1). For this purpose an additional measurement session with
full-day measurement (strategy 3) was performed, extended by
highly detailed recording of work activities and their duration.
Emphasis was placed on matter of determination and identifica-
tion of tasks and tools usage. Analysis of collected results led to
evaluation of influence of work analysis data on determination
of occupational noise indicators. Finally, for both strategies, the
comparison of the contribution from each identified task to daily
noise exposure level was made.

? ? ?

The Use of GIS Data in the Acoustic Models
– Processing of Data Obtained or Prepared
to Adapt Them to the Local Law Requirements
which Performers of an Acoustic Projects
Have to Fill
Byrdy Dawid, Dawid.Byrdy@sgs.com
Polak Wiesław

SGS EKO-PROJEKT Sp. z o.o.
Muchoborska 18, 54-424 Wrocław, Poland

The paper initially describes the purpose of the use of GIS
data used in the models created for the purpose of acoustic noise
maps for cities with a population of over 100 thousand inhabi-
tants performed on the basis of Directive 2002/40/EC and the
most popular data formats.
It then provides necessary format conversion and commonly

used for this purpose methods to the minimum loss of data.
While describing the format conversions most frequently used
computer programs were mentioned.
The first step in describing the work of the GIS data is to

prepare the data obtained to import them into the acoustic soft-
ware, and therefore presents the computational requirements of
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the models as to the scope of GIS data, file formats and struc-
ture of tabular attributes of individual thematic layers together
with a description of the process of data processing. The pa-
per also includes data fusion capabilities of GIS with the results
of acoustic measurement collected in such a way as to permit
the implementation of direct importation into acoustic programs
such as CadnaA or IMMI.
Then the need to verify the data entered was identified and

different ways to carry out the process were suggested. At the
stage of verifying the description of GIS data the most common
mistakes and ways to exclude them were indicated.
The paper also describes ways to export the acoustic data

to the most common file formats and the most common deficien-
cies which can occur during this process in relation to the layer
attributes associated with sources of industrial noise, road and
rail – deficiencies in most commercially available applications for
modeling environmental noise were indicated.
There also have been described frequent requirements asked

by the government about the data both for reporting on the
implementation of noise map for internal use, along with the
methods of processing the results of acoustic analysis in such a
way that all the requirements are met.

? ? ?

The “NOMAD” Project – A Survey of Instructions
Supplied with Machinery with Respect to Noise
Châtillon Jacques(1), jacques.chatillon@inrs.fr
Szyszko Marian(2), marian.szyszko@szczecin.pip.gov.pl
(1) Institut National de Recherche et de Sécurité (INRS)
Rue du Morvan CS 60027
54519 Vandoeuvre-lès-Nancy Cedex, France;
(2)National Labour Inspection
District Labour Inspectorate – Szczecin
Pszczelna 7, 71-663 Szczecin, Poland

The NOMAD project was a survey to examine the noise-
related content of instructions supplied with machinery offered
for purchase in Europe. The project collected more than 1 500
instructions from machines covering 40 broad machine-families
and from 800 different manufacturing companies. These instruc-
tions were analyzed to determine compliance with the require-
ments of the Machinery Directive, and assess the quality of in-
formation.
The general state of compliance of machinery instructions

with the noise-related requirements of the Machinery Directive
was found to be very poor: 80% of instructions did not meet
legal requirements. Some required numerical values relating to
noise emissions were often missing. Where values were given,
they were often not traceable to machine operating conditions
or measurement methods, and not credible either against stated
conditions/methods or as warnings of likely risk in real use.
As a consequence, it is considered highly likely that, in mak-

ing a machinery procurement decision, employers are prevented
from taking noise emissions into account, and understanding
what is necessary to manage the risks from noise relating to
equipment that is procured.
Recommendations are made for actions aimed at bringing

about a global improvement to the current situation. Targeted
actions are now proposed by “ADCO Machinery Group” aimed
at raising awareness of the legal requirements, responsibilities
and actions required among the various groups who have parts
to play in the system – machine manufacturers, machine users,
occupational safety and health professionals, and standards-
makers. Recommendations are also made aimed at providing,
or improving, tools and resources for all these actors.
Keywords: noisy machine, machinery directive, legal require-
ments, survey.
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Selection of Sound Insulating Elements in Hydraulic
Excavators – on the Basis of the Identification
of Vibroacoustic Energy Propagation Paths
Dąbrowski Zbigniew, zdabrow@simr.pw.edu.pl
Dziurdź Jacek, Pakowski Radosław

Warsaw University of Technology
The Institute of Machine Design Fundamentals
Narbutta 84, 02-524 Warsaw, Poland

In spite of the fact that standardising operations and in-
creased awareness of hazards led to a significant improvement
of vibroacoustic climate of operator’s stands of new machines,
their long-term exploitation – often under difficult conditions
– leads to a fast degradation of acoustic qualities of machines.
Temporary operations, performed during surveys and periodical
overhauls are rarely effective, due to the lack of any guidelines.
In this situation the authors propose the algorithm – of selection
of eventual screens or sound absorbing and sound insulating par-
titions – utilizing the measuring procedure of an identification at
the operator’s stand, of main noise components originated from
various sources. On the basis of this procedure the vibroacoustic
energy propagation path in the machine was estimated.
Keywords: noise and vibration, propagation path, coherence
function.
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The Apparatus Intended for Measurement of Ultrasonic
Noise and the Capabilities of Its Traceable Calibration
Dobrowolska Danuta, akustyka@gum.gov.pl

Central Office of Measures
Laboratory of Acoustics and Vibration
Elektoralna 2, 00-139 Warszawa, Poland

Measurements of airborne ultrasounds still encounter a lot of
unsolved problems concerning the apparatus and measurement
traceability. The lack of measurement standards and standard-
ised primary methods of reproduction of sound pressure unit
in ultrasound frequency range is essential. Another important
problem is the lack of the internationally agreed requirements
for the apparatus intended for the measurement of ultrasonic
noise. In this paper the results of the review and analysis of the
characteristics of the instruments available on the market, cru-
cial for ultrasonic noise measurement are presented as well as
the current capabilities of ensuring the measurement traceabil-
ity. Temporary recommendations regarding the apparatus and
the methods and programme of its periodic calibration are also
presented.

? ? ?

The Influence of Apparatus Parameters
on the Uncertainty of Ultrasonic
Noise Measurement
Dobrowolska Danuta(1)

Radosz Jan(2), jarad@ciop.pl
(1)Central Office of Measures
Laboratory of Acoustics and Vibration
Elektoralna 2, 00-139 Warszawa, Poland
(2)Central Institute for Labour Protection
– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland

Ultrasonic noise is a harmful factor to health in a working
environment. For that reason it is necessary to asses risk arising
from ultrasonic noise. However, for the frequency range above
20 kHz, there is no clear and complete information on the factors
influencing the result of a measurement of the sound pressure
level. What is more, there are no current international standards
for performing measurements of ultrasonic noise in working en-
vironment. This paper presents the methodology for estimating
combined uncertainty related to the apparatus used for mea-
surements of ultrasonic noise at work places. The methodology
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comprises the identification of main quantities influencing the
uncertainty, the detailed methods for evaluating standard uncer-
tainties of these quantities, collation of the significant sources of
uncertainty in the form of the uncertainty budget and the cal-
culation of combined standard uncertainties.

? ? ?

Preliminary Study on the Influence of Headphones
for Listening to the Music on Hearing Loss
of Young People
Dobrucki Andrzej B., andrzej.dobrucki@pwr.wroc.pl
Kin Maurycy J., maurycy.kin@pwr.wroc.pl
Kruk Bartłomiej, bartlomiej.kruk@pwr.wroc.pl

Wrocław University of Technology
Faculty of Electronics, Chair of Acoustics
Wybrzeże Wyspiańskiego 27, 50-370 Wrocław, Poland

The paper presents results of hearing loss measurement pro-
vided for over than 80 young people (from 16 to 25 years old).
The main aim of the work was to find an influence of type of used
headphones (closed, semi-open, open and in-ear) on the hearing
losses. The first part of the research was to answer questions of:
time of listening, loudness of the music, the other noise exposures
as well as the type of used headphones. It turned out that all
factors mentioned above influence thresholds of hearing but the
found dependencies are not explicit. The greatest hearing losses
were observed for the people who work as sound reinforcement
engineers and, moreover, no influence of headphones type was
found for them. It turned out that the use of in-ear headphones
causes the greatest hearing losses for some subjects (thresholds
shifted up to about 20 dB at 4 kHz). The daily time of a lis-
tening also affected hearing thresholds and it was found that for
users of in-ear and close headphones, an average time of musi-
cal exposure was of three hours and it causes the hearing loss
of 10–15 dB at higher frequencies. The use of open as well as
semi-open headphones has no influence on hearing damage and
it would be stated that these kinds are safety in use. Almost
15% of investigated young people have their thresholds shifted
up at higher frequencies, particularly at 4 kHz what means that
they have the first symptoms of the permanent hearing damage.
Keywords: hearing threshold, headphones.
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Does Exposure to Sounds During Individual Rehearsals
Increase the Risk of the Hearing Loss
in the Orchestral Musicians?
Dudarewicz Adam, adudar@imp.lodz.pl
Pawlaczyk-Łuszczyńska Małgorzata,
Zamojska Małgorzata, Zaborowski Kamil

Nofer Institute of Occupational Medicine
Department of Physical Hazards
Św. Teresy 8, 91-348 Łódź, Poland

In order to evaluate musicians’ exposure to orchestral noise
during solo and group rehearsals, the field studies were carried
out in three symphony orchestras.
The load of musicians playing instruments was evaluated

using a questionnaire survey. The survey was performed in the
group of 57 musicians to identify a typical playing times of in-
dividual and collective rehearsals or concerts. Weekly time of
playing instruments is divided between performances, team and
individual rehearsals 2.5, 20, and 7.5 hours, respectively.
The noise exposure of various groups of instruments was

measured during preparations to perform diversified repertoire.
The measurements were performed during the individual playing
and collective playing. Equivalent sound pressure levels recorded
during individual practicing were higher than in the case of team
play in the woodwind and brass instruments, while similar levels
were recorded for the string instruments.
Majority musicians, excluding stringed instruments players,

were exposed to excessive sounds exceeding Polish maximum
admissible intensity value (85 dB).

Exposure during both individual and group rehearsals
should be taken into account in the hearing conservation pro-
gram for this staff group.
Keywords: noise measurement, noise exposure, orchestral mu-
sicians.
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Exposure to Excessive Sounds During Orchestra
Rehearsals and Temporary Hearing Changes
in Hearing Among Musicians
Dudarewicz Adam, adudar@imp.lodz.pl
Pawlaczyk-Łuszczyńska Małgorzata
Zamojska Małgorzata, Zaborowski Kamil

Nofer Institute of Occupational Medicine
Department of Physical Hazards
Św. Teresy 8, 91-348 Łódź, Poland

The harmful effects of exposure to orchestral noise may in-
clude the prevalence of temporary changes in hearing.
The temporary changes in hearing after group rehearsals

were determined in musicians using transient-evoked otoacoustic
emissions (TEOAEs). The study group comprised 19 orchestral
musicians, aged 30–58 years (mean 40 years) having from 12 to
40 years (mean 22 years) of professional experience.
Musicians’ hearing threshold levels were higher than ex-

pected for the non-noise-exposed population. Moreover, the high
frequency notched audiograms were observed in some of them.
No significant differences between pre- and post-exposure

reproducibility of TEOAE and signal to noise ratio were found.
However, the significant post-exposure reductions of TEOAE
amplitudes (approx. 0.7 dB) both for the total response and
frequency bands of 2 000 and 3 000 Hz were noted.
Keywords: orchestral musicians, temporary changes in hearing,
transient evoked otoacoustic emission.
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Two Stage Vibration Isolation on Example
of a Vibratory Conveyor
Fiebig Wiesław, wieslaw.fiebig@pwr.wroc.pl

Wrocław University of Technology
Institute of Machine Design
Łukasiewicza 7/9, 51-370 Wrocław, Poland

In this paper the effectivity of two stage vibration on exam-
ple of the vibratory conveyor has been shown. Vibratory con-
veyors are used i.e. for coal transportation in power stations.
In the considered case the conveyor has been supported on the
ceiling in 1st floor of the building and caused vibrations. For
identification of dynamical behavior of the conveyor, vibrations
measurements and simulation have been carried out. To reduce
the transmission from the conveyor to the ceiling two stage vi-
bration isolation has been performed and significant reduction
of vibrations in the building has been achieved.
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Model of Interactive System for Training
in the Proper Use of Hearing Protection Devices
Górski Paweł, pawel@ciop.pl

Central Institute for Labour Protection
– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland

In 2011, over 520 thousand persons worked in hazardous
conditions (according to the GUS). Among hazardous factors
related to working environment, noise was found to be the
most common threat, which threatened 199,6 thousand persons
(52.9% threats-cum-persons related to working environment).
The prevalence of workplace noise and increasing awareness of
effects of its impact on the human body causes increase of the
demand for knowledge of the methods of noise reduction. Due
to the lack of knowledge concerning the proper use of hearing
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protectors, effective noise exposure in the real world may be
about a dozen dB higher than the declared assumed protection
value. For this reason, in Central Institute for Labour Protec-
tion – NRI “The interactive system to learn the correct use of
hearing protectors” had been developed. The system includes
the multimedia guide on hearing protectors supplemented by
video tutorials, training materials with training hearing protec-
tors, and software for evaluation of the activities of the trainee.
Keywords: active noise reduction, hearing protestors.
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Noise Exposure of School Teachers – Exposure Levels
and Health Effects
Hadzi-Nikolova Marija(1), marija.hadzi-nikolova@ugd.edu.mk
Mirakovski Dejan(1), Zdravkovska Milka(2),
Angelovska Bistra(2), Doneva Nikolinka(1)

(1)Goce Delcev University
Faculty of Natural and Technical Sciences
Mail Box 201, 2000 Stip, Republic of Macedonia
(2)Goce Delcev University
Faculty of Medical Sciences
Mail Box 201, 2000 Stip, Republic of Macedonia

Faculty of Natural and Technical Sciences and Faculty of
Medical Sciences starting from December 2012, launched joint
study in order to investigate personal noise exposure and associ-
ated health effects in general school teachers population, starting
from kindergartens up to high schools in Stip, Macedonia.
In order to determine workplace associated noise exposure

and associated health effects in this specific profession, a full shift
noise exposure of 40 teachers from 1 kindergarten, 2 primary
and 2 high schools were measured in real conditions using noise
dosimeters.

A-weighted equivalent-continuous sound pressure levels
(LAeq) of each teacher were recorded during single activities
(classes). Normalized 8-hours exposure, termed the noise expo-
sure level (Lex,8 h) was also computed. Daily noise dose is an-
other descriptor for noise exposure that was determined as a
measure of the total sound energy to which workers have been
exposed, as a result of working in the varying noise levels.
Health effects were assessed trough a full scale epidemiolog-

ical study which included 231 teachers from the same schools.
Specific questionnaire was used to extract information about
subject’s perception on occupational noise exposure, as well as
theirs occupational and medical history.
Keywords: teachers, school, noise, exposure, health effects.
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Influence of Infrasound Noise of Wind Turbines
on EEG Signal
Kasprzak Cezary, cekasp@agh.edu.pl

AGH University of Science and Technology
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Departament of Mechanics and Vibroacoustics
al. Mickiewicza 30, 30-059 Kraków, Poland

The purpose of this paper is to determine the effect of in-
frasound noise of wind turbines (up to 20 Hz) on the changes in
the morphology of the EEG signal. 35 subjects had undergone
20 minute exposure infrasound noise in the cabin pressure. The
acoustic signal recorded at a distance of 750 meters from a wind
turbine, then filtered frequency components above 20 Hz. So pro-
cessed audio signal of the test were presented. The parameters
of the presented signal SPL = 91.6 dB(LIN), SPL = 39.2 dB(A).
The study proceeded in three stages. Step one – five min-

utes without exposure of the acoustic signal. Step two – twenty-
minute exposure of infrasound noise. Step three – ten minutes
without exposure of the acoustic signal. The study was con-
ducted in cabin pressure during the whole study was recorded
EEG signal. Uses 19 electrodes placed on the head of the test
system by 10–20.
The results of the initial EEG was analyzed in order to re-

move artifacts. Then the calculated power spectral density func-

tions, uses 8-second window, overlapping 50%, and the window
Haninge. The results were averaged for subsequent phases of
the study. An analysis of the EEG signal changes in morphology
between the three successive stages of the study.
The obtained results allowed to demonstrate changes in the

morphology of the EEG signal during exposure of infrasound
noise from wind turbines. Found changes in specific frequency
ranges of the EEG signal.
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New Look at Management of Noise
in Natural Environment
Kompała Janusz, j.kompala@gig.eu
Kozerska Katarzyna, Passia Henryk

Central Mining Institute
Department of Technical Acoustics
Laser Technology and Radiometry Technology
pl. Gwarków 1, 40-166 Katowice, Poland

It is recently observed that the sound layer is more and more
polluted with noise, in particular in the urbanized areas. This
hazard is being generated, to a large extent, by road transport.
The investigations currently conducted at the road tests sites
provide a basis for a trial to take actions imortant for a proper
shaping of the acoustic climate in inhabited areas. Making an ef-
fort to meet this hazard, acoustic barriers are constructed to the
greatest extent exposed to road traffic noise. However, it should
be added that this is only a beginning of a certain process in
which urban development, architectural and building methods,
and legal- administrative actions should also be taken into ac-
count. But, in the course of designing acoustic screens, only their
effectveness is considered, omitting the aesthetic attributes and
harmony in the landscape.
Making a reference to the statements of the European Land-

scape Convention on protection of lanscapes, which includes the
protection of views, one should conclude that it is necessary to
take into account such things as their acoustic effectiveness in
the area, and composition and aesthetics in the landscape. These
actions are considered to be found at the border line between
art (when taking care of aesthetic quality of sound environment),
and science (including, among the other things, acoustics, land-
scape architecture, urban development, musicology, and psychol-
ogy).
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Proposals for Noise Control Measures
in Opencast Mineral Mines
Kosała Krzysztof(1), (2)

Zawieska Wiktor M.(2)

(1)AGH University of Science and Technology
Department of Mechanics and Vibroacoustics
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(2)Central Institute for Labour Protection
– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland

Exploitation of open-pit mines of minerals constitutes vi-
broacoustic hazards for their workers and inhabitants living near
such establishments. Noise, being one of the main harmful fac-
tors in work environment, is a threat to the external environ-
ment, particularly when mining works are carried out near resi-
dential areas or reserves.
The quarry industry is connected with many noisy activi-

ties. There are: drilling, blasting works, crushing of rocks and
aggregate screening and transport of mineral materials. The op-
erators of mining and transport machines as well as servicing and
technical inspection workers are the most endangered to noise.
Exceeding level of noise is the reason of occupational diseases,
distortions of speech intelligibility among workers and accidents
at work.
General technical solutions, concern noise level reduction in

open-pit mines of mineral raw materials, are given in the paper.
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Some propositions of conceptions of noise protections, connected
with operating of machines, which are mobile crushers, are also
shown.
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A Dedicated Preamplifier for Vibration Transducer
Made of PVDF Film
Kowalski Piotr(1), pikow@ciop.pl
Makarewicz Grzegorz(2), trioda@trioda.com
(1)Central Institute for Labour Protection
– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland
(2)Trioda

PVDF film transducers belonging to smart materials group
are increasingly applied to the measurement of the mechanical
vibration. The article presents the concepts and sample of lab-
oratory test results of preamplifier intended for measuring of
vibration at workstations using PVDF film. Developed pream-
plifier based on instrumental amplifier and on charge buffer.
Regardless of the value of the transducer’s capacity the charge
buffer provides the constant transmission at lower frequency in
the measuring system. The use of the reference transducer can
effectively minimize the disturbance of the desirable signal. Pre-
liminary laboratory measurements have confirmed the proper
operation of the preamplifier.
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Acoustic Maps Before and After Change
of Levels Permitted Noise
Kozakiewicz Andrzej
Franz Maria, biuro@bmtargoss.pl
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Kościerska 7, 80-328 Gdańsk, Poland

Acoustic maps of towns are developed in accordance with
the Directive 2002/49/EC. The directive says that each Mem-
ber State of the European Union determines limit values of noise
indicators for different noise sources as well as different sur-
roundings. The limit values in Poland for road- and rail-noise
determined in 2007 were relatively low compared to other coun-
tries. These values have been significantly increased in October
2012 for two basic noise indicators, Lden (LDWN) and Lnight

(LN ), by 5–10 dB, depending on the surroundings. The impact
of these changes on estimated town areas and numbers of in-
habitants exposed to the road- and rail-noise in seven Polish
towns (3 towns with more than 250 000 inhabitants and four
towns with more than 100 000 inhabitants) has been investi-
gated based on results of acoustic maps. Non-dimensional re-
sults (standardization with regard to the total town area and
total number of inhabitants) for the former (more restrictive)
and the recent values of limits were compared using the same
methodology. Analysis revealed that on average, the estimated
number of inhabitants exposed to noise levels exceeding the limit
values decreased by 90%.
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Effects of Acoustic Treatment on Music Teachers’
Exposure to Sound
Kozłowski Emil, emkoz@ciop.pl
Młyński Rafał

Central Institute for Labour Protection
– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland

In this study, music teachers’ exposure to sound was tested
by measuring the A-weighted equivalent sound pressure level
(SPL), the A-weighted maximum SPL and the C-weighted peak
SPL. Measurements were taken prior to and after acoustic treat-
ment in four rooms during classes of trumpet, saxophone, French
horn, trombone and percussion instruments. Results showed that

acoustic treatment affects the exposure of music teachers to
sound. Daily noise exposure levels (LEX, 8 h) for all teachers ex-
ceeded a limit of 85 dB while teaching music lessons prior to
room treatment. It was found that the LEX, 8 h values ranged
from 85.8 to 91.6 dB. The highest A-weighted maximum SPL
and C-weighted peak SPL that music teachers were exposed to
were observed with percussion instruments (LAmax = 110.4 dB
and LCpeak = 138.0 dB). After the treatments, daily noise expo-
sure level decreased by an average of 5.8, 3.2, 3.0, 4.2 and 4.5 dB,
respectively, for the classes of trumpet, saxophone, French horn,
trombone and drums, and did not exceed 85 dB in any case.
Keywords: music teachers, sound pressure levels, acoustic
treatment.
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Temporary Threshold Shift and Hearing Loss
for Recording Engineers
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The paper presents results of Temporary threshold shift
measurement provided for over than 30 recording engineers. The
main aim of this article is to provide information and explana-
tion of these phenomena to understand basic principles and to
help understand how to work more effectively and efficiently in
the recording studio.
Noise exposure and intense sounds can cause two main types

of hearing loss, temporary threshold shift and permanent thresh-
old shift. This protection mechanism is responsible for sensitivity
reduction, causing the hearing threshold to shift upward. Perma-
nent threshold shift occurs during regular exposure to excessive
noise for long periods of time.
Listening to loud music, which is an integral part of working

in the recording studio, can cause a temporary loss of hearing
in the mid frequency region. In one study, a group of 30 record-
ing engineers were exposed to near-field sound at LEQ 93.6 dB,
MAX 102.6 dB for 90 minutes. For all the people who attended
in the tests was observed hearing threshold shift. The biggest
changes were measured for frequency 4000 Hz and reached up
to 10–20 dB. More than a half of the people also experienced 5–
10 dB changes for 2000 and 8000 Hz. None showed a loss above
the guideline at 1000 Hz or 8000 Hz, so the shifts are concen-
trated in the maximum sensitivity range of human hearing.
To ensure the comfort of working in a recording studio it

is necessary to take regular breaks and thus avoid continuous
exposure to loud sounds. This is the key to keep fresh ears and
a fresh perspective in your music.
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Active Noise and Vibration Control System
Based on a TMS320C6747 Floating Point
Digital Signal Processor
Krukowicz Tomasz, tokru@ciop.pl
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– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland

In this paper an early stage of the design of an active noise
control system based on the TMS320C6747 is presented. Aim
of the article is to introduce capabilities of the system and its
limitations. Purpose of the system are in-situ situations, where
the system can applied immediately without measurements and
system/signal analysis using PC and special software. Results
of example laboratory tests of active noise control process using
genetic algorithm and neural network are also presented.

? ? ?
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Land-Use Planning Methods in Environmental
Acoustics. Towards to “Quiet zones”
Kucharski Radosław, kuchar@ios.edu.pl
Chacińska Patrycja
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– National Research Institute
Krucza 5/11 D, 00-548 Warszawa, Poland

One of the most effective methods in environmental noise
control is the adequate land-use technique. In fact, this method
comes into effects rather in medium or even long-term perspec-
tive. The results of the noise mitigation activity using land-use
process require the common indexes, classifications, assessment
methods of different impacts (non-acoustic too) etc.
The paper orders the background relations between noise

control and land-use techniques (main, but chosen examples)
with the special emphasis laid down on the basic descrip-
tors (indexes). The relations will be developed in the quanti-
tative form (if possible) as well as in qualitative (descriptive)
forms.
One of the most important issue on the field of environmen-

tal control is the prevention. This activity is indirectly connected
with the so called “quiet areas” (zones). Present definition of
the “Quiet zone” (in agglomeration) is enclosed in the Directive
2002/49/EU (DEN) (art. 3, point “l”):
“quiet area in an agglomeration” shall mean an area, delimited
by the competent authority, for instance which is not exposed
to a value of Lden or of another appropriate noise indicator
greater than a certain value set by the Member State, from any
noise source”.
The paper includes the preliminary short proposition of the

“quiet zone” creation, of course by adoption of the land-use tech-
niques.
At the end the conception of the “quiet zones” recovering

technology is presented.
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Railway Noise Measurements an Assessments
in Poland. The State-of-Art Before Railways
Lines Upgrading
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Railway noise is one of components of the environmental
soundscape of Poland. The field measurements of the railway
noise exposition were carried out during last 10 years. The re-
sults of them (few hundred’s pieces) were used in different studies
and analyses, especially in Environmental Impact Assessments
as well as in noise mapping process.
DEN requirements point out that the appropriate method

for the railway noise assessments is the SRMII (Dutch method).
The methods include the reference library of the acoustic pa-
rameters of different kinds of trains. These data is not suitable
for polish trains vs. polish rail-tracks.
In the paper the state-of art of railway noise exposition arise

from the results of field measurements is presented. The mea-
surements were mostly done around the present railways, aged
few dozen years (tracks and rolling stocks). The results were
compared with the noise calculations (SRMII).
On the base of comparisons the analysis of differences will

be done taking into consideration expected upgrading (fulfill in-
ternational conditions) many of railway’s lines in Poland. Some
examples between noise exposition before and after upgrading
of the tracks added to the presentation.

? ? ?

Active Noise Control Using a Fuzzy Inference System
Without Secondary Path Modeling
Kurczyk Sebastian, Sebastian.Kurczyk@polsl.pl
Pawełczyk Marek, Marek.Pawelczyk@polsl.pl

Silesian University of Technology
Institute of Automatic Control
Akademicka 16, 44-100 Gliwice, Poland

For many adaptive noise control systems the Filtered-
Reference LMS, known as FXLMS algorithm is used to update
parameters of the control filter. Appropriate adjustment of the
step size is then important to guarantee convergence of the al-
gorithm, obtain small excess mean square error, and react with
required rate to variation of plant properties or noise nonsta-
tionarity. There are several recipes presented in the literature,
theoretically derived or of heuristic origin.
This paper focuses on developing a modification of the

FXLMS algorithm, were convergence is guaranteed by changing
sign of the algorithm steps size, instead of using a model of the
secondary path. The Takagi-Sugeno-Kang fuzzy system is used
to evaluate both the sign and the magnitude of the step size.
The proposed approach is compared with the classical FXLMS
algorithm by means of simulation experiments in terms of con-
vergence and noise reduction.
Keywords: index terms, active noise control, adaptive control,
fuzzy inference system, FXLMS, sign-varying step size.
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Latest Developments in International Standardization
of Whole-Body and Hand-Arm Vibration
Liedtke Martin, martin.liedtke@dguv.de
Rissler Jörg, Kaulbars Uwe

Institute for Occupational Safety and Health of the German So-
cial Accident Insurance (IFA) Alte Heerstraße 111, 53757 Sankt
Augustin, Germany

New developments in international standardization of whole-
body and hand-arm vibration are presented.
Two German projects are addressing both subjects at the

same time: one is concerned with the uncertainty in vibration
measurement, the other is dealing with the qualification of per-
sonnel responsible for the exposure measurement and risk as-
sessment at work places.
In the field of whole-body vibration, the measurement stan-

dard ISO 2631-1 is currently under revision. The main activities
are concerned with comfort effects. In addition, ISO/TR 10687
has been published recently which describes posture variables
that should be reported when a combined exposure of whole-
body vibration and awkward posture is investigated. The effect
of shocks as described in ISO 2631-5 is also under revision, where
two procedures are proposed. One of them is already available
as DIN SPEC 45697.
As fas as hand-arm vibration is concerned, one can find

the effect of coupling forces in the recently published CEN/TR
16391. Also DIN 45679 for the same subject has been revised in
2013, including also information available in ISO 15230. In addi-
tion, the frequency weighting for hand-arm vibration regarding
vascular disorders is under discussion in an ISO working group.
Finally, the standards for the assessment of vibrational emission
of handheld power tools has been revised under EN ISO 28927
and replaces ISO 8662.
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Economic Aspects of Using Acoustic Maps
Lipowczan Adam, alipowczan@gig.katowice

Central Mining Institute
pl. Gwarków 1, 40-166 Katowice, Poland

The main project in the domain of environmental acous-
tics, executed over the last decade, were the activities related to
working out the strategic acoustic maps for the cities with pop-
ulation exceeding 100 thousand, as well as those for main roads
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and railways The works conducted for the cities with a number
of inhabitants over 250 thousand, and international-importance
roads and railways have been completed, while the acoustic maps
for the cities with population of 100–250 thousand are still under
preparation. These documents have been gradually sent to the
EU Central Office in Brussels. The expenditures on elaboration
of the maps for the first groups of cities were about 24 million
Polish zloty. It is estimated that a total cost of the entire project,
as a consequence of the provisions of the UE Directive No. 49
and Polish Environmental Act, will be higher than 100 million
zloty. The acoustic maps are considered to provide a basis for
preparing programmes of protection against excessive environ-
mental noise. Do they really serve this, and are they able to do
this? The paper presents the author’s reflection relative to eco-
nomic consequences of programming the actions to reduce the
environmental noise on the background of such actions being
taken in other EU countries.
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Measurements of Ultrasonic and Audiable Noise
During Ultrasonic Welding of Metals
Matusiak Jolanta(1), jolanta.matusiak@is.gliwice.pl
Szłapa Piotr(2), p.szlapa@imp.sosnowiec.pl
Wyciślik Joanna(1), joanna.wycislik@is.gliwice.pl
(1)Welding Institute
Błogosławionego Czesława 16-18, 44-100 Gliwice, Poland
(2) Institute of Occupational Medicine
and Environmental Health
Kościelna 13, 41-200 Sosnowiec, Poland

This article presents the results of measurements of sound
pressure level in 1/3 octave bands of ultrasonic noise and audia-
ble noise during ultrasonic welding of different metals. Research
was carried out on the experimental work station in Welding
Institute during ultrasonic welding of mononomial joints like
copper + copper, aluminium alloy + aluminium alloy and het-
eronymous joints like copper + aluminium alloy. The research
was conducted during ultrasonic welding in 2 options: with and
without housing. The article also presents the results of simula-
tion of 8-hour working day exposure on ultrasonic and audiable
noise at hypothetical work station. Simulation was conducted by
random sampling MonteCarlo method using Crystal Ball 2000
software.
The measurements’ results showed that sound pressure level

in 1/3 octave bands of ultrasonic noise during ultrasonic weld-
ing of metals depends on type of welded materials: the highest
equivalent sound pressure level in dominant 1/3 octave band of
ultrasonic noise with the center frequency 20 kHz occurs during
ultrasonic welding of mononomial joints Al+Al type and the
lowest during ultrasonic welding of heteronymous joints Cu+Al
type. During ultrasonic welding without housing the highest
equivalent sound pressure level in dominant 1/3 octave band
of ultrasonic noise with the center frequency 20 kHz occurs in
the place of operator’s work in front and back of welding device.
Working places located on both sides of welding device were
characterized by lower sound pressure levels.
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Active Noise Control with a Single Nonlinear Control
Filter for a Vibrating Plate with Multiple Actuators
Mazur Krzysztof, Krzysztof.Jan.Mazur@polsl.pl
Pawełczyk Marek, Marek.Pawelczyk@polsl.pl

Silesian University of Technology
Institute of Automatic Control
Akademicka 16, 44-100 Gliwice, Poland

Vibrating plates can be used in Active Noise Control (ANC)
applications as active barriers or as secondary sources replac-
ing classical loudspeakers. The system with vibrating plates, es-
pecially when nonlinear MFC actuators are used, is nonlinear.
The nonlinearity in the system reduces performance of classical

feed-forward ANC with linear control filters systems, because
they cannot cope with harmonics generated by the nonlinearity.
The performance of the ANC system can be improved by using
nonlinear control filters, such as Artificial Neural Networks or
Volterra filters.
However, when multiple actuators are mounted on a single

plate, which is a common practice to provide effective control of
more vibration modes, each actuator should be driven by a ded-
icated nonlinear control filter. This significantly increases com-
putational complexity of the control algorithm, because adap-
tation of nonlinear control filters is much more computationally
demanding than adaptation of linear FIR filters.
This paper presents an ANC system with multiple actuators,

which are driven with a single nonlinear filter. To avoid destruc-
tive interference of vibrations generated by different actuators
the control signal is filtered by appropriate separate linear fil-
ters. The control system is experimentally verified and obtained
results are reported.
Keywords: active noise-vibration control, active structural
acoustic control, adaptive control, nonlinear-control.
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A Two-Layer Adaptive Active Structural
Noise Control System
Mazur Krzysztof, Krzysztof.Jan.Mazur@polsl.pl
Pawełczyk Marek, Marek.Pawelczyk@polsl.pl

Silesian University of Technology
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Akademicka 16, 44-100 Gliwice, Poland

Vibrating plates have been gaining increasing interest for
active noise reduction or isolation systems. Unfortunately, they
are much harder to control than loudspeakers. Plates have mul-
timodal response with high variations of amplitude response. To
effectively excite multiple vibration modes multiple actuators
are usually needed. Using multiple actuators mounted on a sin-
gle plate significantly increases the number of control signals to
be worked out. This could be a severe problem for active con-
trol systems with multiple vibrating plates. Such system would
have a large number of secondary paths and necessity to adapt
many control filters. However, secondary paths for the same vi-
brating plate are not fully independent. In this paper a lower-
layer single-input multiple-output controller is designed first for
the vibrating plate to be seen as a single-input single-output
plant of equalized frequency response. Then, a higher-layer ac-
tive controller is designed to reduce noise. The control system is
experimentally verified and obtained results are reported.
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Influence of Electrical and Magnetic Field at 50 Hz
on Values Indicated by Noise Measure Instruments
Mikulski Witold, wimik@ciop.pl

Central Institute for Labour Protection
– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland

To assess of occupational risk at workplaces as a result of
exposition of noise, it is necessary to perform credible measure-
ments of noise. One of the elements of reassurance reliability of
measure instruments’ indications is using them in specific oper-
ation’s conditions.
In the article shows the results of the effect of 50 Hz electro-

magnetic fields of high intensity on noise measure instruments’
indications. Research was conducted on two noise measure in-
struments: noise dosimeter with microphone in ear canal and
sound level meter. Both instruments were situated in magnetic
and then electric field of 50 Hz frequency. Research was con-
ducted for intensity fields from 0 to value higher than NDN on
workplaces. It was certified in the research’s results that both
instrument were sensitive to both fields. It was also certified
that essential difference of indications A-weighted sound pres-
sure level, from the reliability of the research’s results point of
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view is 3 dB. Electrical field, on which employees could be ex-
posed on workplaces, was not higher than this value. Magnetic
field for sound level meter was also not higher than this value
as well as for noise dosimeter, but only for field value up to
800 A/m. According to regulations employers could abide in
field up to 2000 A/m for short periods of time, because of this
fact in the areas where intensity of magnetic field is between
800 and 2000 A/m the research’s results contain unacceptable
errors. Taking range and form of the experiment into account,
it is advisable to treat obtained results as indication of signifi-
cance heretofore omitted factor, that affects reliability of noise
measure and as foothold for further research in this matter.
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Influence of Classrooms’ Acoustic Treatment
on Background Noise Level and Teachers
Voice Intensity
Mikulski Witold(1), wimik@ciop.pl
Jakubowska Izabela(2)
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Czerniakowska 16, 00-701 Warszawa, Poland
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Noise is one of the indirect reasons of teachers’ voice ill-
nesses. It is the result of unintentional speaker’s tendency to aug-
ment “voice intensity” to improve audibility in noisy surrounds.
This effect is called Étienne Lombard’s effect. It follows that de-
creasing the background noise can indirectly affect to teachers
to reduce voice intensity. Decreasing the background noise can
have positive influence on reducing teacher’s voice occupational
disease. The article verified that thesis. Sound-absorbing mate-
rials have been used as an element to decrease background noise
(coming mostly from students).
Main conclusion from the studies is the fact, that acoustic

treatment of classrooms (ceiling and parts of side walls) can de-
crease background noise and decrease teachers’ voice intensity
at 5-10dB, which consequently contribute to decrease excessive
strain of teachers voices – main cause of most popular occupa-
tional disease in this occupational group.
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Assessment of Impulse Noise Hazard and the Use
of Hearing Protection Devices in Workplaces
where Forging Hammers are Used
Młyński Rafał(1), rmlynski@ciop.pl
Kozłowski Emil(1), emkoz@ciop.pl
Adamczyk Jan(1), (2),
(1)Central Institute for Labour Protection
– National Research Institute
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(2)AGH University of Science and Technology
Departament of Mechanics and Vibroacoustics
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The impulse noise is agent harmful to health not only in
the case of shots from firearms and the explosions of explosive
materials. This kind of noise is also present in many workplaces
in the industry. The paper presents the results of noise param-
eters measurements in workplaces where four different die forg-
ing hammers were used. The measured values of the C-weighted
peak sound pressure level, the A-weighted maximum sound pres-
sure level and A-weighted noise exposure level normalized to an
8 h working day (daily noise exposure level) exceeded the expo-
sure limit values. For example, the highest measured value of the
Cweighted peak sound pressure level was 148.9 dB. Due to the
lack of possibility to use other methods for reduction the impact
of impulse noise, workers present at considered workplaces have
to wear hearing protection devices. In this study possibility of
the protection of hearing with the use of earplugs or earmuffs

was assessed. The measurement method for the measurements
of noise parameters under hearing protection devices using an
acoustical test fixture instead of testing with the participation
of subjects was used. The results of these measurements allows
for assessment which of two tested earplugs and two tested ear-
muffs sufficiently protect hearing of workers in workplaces where
forging hammers are used.
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Internet Service BEZPIECZNIEJ Dedicated to Noise,
Vibration and Other Physical Agents
of Working Environment
Morzyński Leszek, lmorzyns@ciop.pl
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According to statistical data, a few hundred thousand of
workers in Poland works in hazardous conditions caused by
physical agents, like for example noise, vibration, electromag-
netic fields or optical radiation (ultraviolet, visible and infrared).
Working in hazardous conditions can lead to occupational dis-
eases of workers, as well as cause industrial accidents. As one
of the most important method of hazards prevention is educa-
tion, it requires easy accessible educational materials, suitable
for persons of different skills and degrees of education. An inter-
net service BEZPIECZNIEJ (in English: SAFER) was developed
as an system for supporting prevention of occupational hazards
caused by physical agents. Service BEZPIECZNIEJ, available
from main web portal of the Central Institute for Labour Protec-
tion – National Research Institute, consists of information and
educational materials prepared by panel of experts and related
to particular physical agents. In this article the structure and
the contents of the service will be presented based on examples
of noise and vibration hazards.
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Acoustical Quality Assessment of Sports Facilities
Nowicka Elżbieta, E.Nowicka@itb.pl

Building Research Institute, Acoustic Department
Ksawerów 21, 02-793 Warszawa, Poland

The aim of this paper is to present a method for the as-
sessment of the acoustical quality index of sports enclosures in
the design stage, which takes into consideration the selection
of the architectural and acoustical parameters. The paper de-
scribes the proposed method for assessing the acoustical quality
indicator of sports enclosures. The method consists of compiling
and analyzing the proper selection of architectural and acousti-
cal parameters (including reverberation time, and decay regimes
of the absorption or scattering of sound). The result is a single
number – sports facilities sound quality evaluation index, which
can be used during the design of sports facilities. The method
attempts to develop a rapid and simple procedure for estimating
the initial acoustical conditions in such rooms in order to ensure
the sound quality and the intelligibility of speech in the rooms.
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Assessment of Annoyance Due to Wind Turbine Noise
Pawlaczyk-Łuszczyńska Małgorzata, mpawlusz@imp.lodz.pl
Dudarewicz Adam, Zaborowski Kamil
Zamojska Małgorzata, Waszkowska Małgorzata

Nofer Institute of Occupational Medicine
Department of Physical Hazards
Św. Teresy 8, 91-348 Łódź, Poland

The overall aim of this study was to evaluate the perception
and annoyance of noise from wind turbines in populated areas
of Poland.
A questionnaire inquiry on response to wind turbine noise

was carried in 363 subjects living in the vicinity of wind farms.
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In addition, current mental health status of respondents was
assessed using Goldberg General Health Questionnaire GHQ-12.
For areas where respondents lived, A-weighted sound pressure
levels (SPLs) were calculated as the sum of the contributions
from the wind power plants in the specific area. Noise conditions
outside the dwellings were verified by in situ measurements.
It has been shown that the wind turbine noise at the calcu-

lated A-weighted SPL of 27–49 dB was perceived as annoying
outdoors by 32.8% of respondents. while indoors by 20.5% of
them. The odds ratio of being annoyed outdoors by wind tur-
bine noise increased with increasing SPLs (OR = 2.1; 95%CI:
1.22–3.62). Subjects’ attitude to wind turbines in general and
sensitivity to landscape littering was found to have significant
impact on the perceived annoyance. About 52% of variance in
annoyance assessment outdoors might be explained by the afore-
said subjective factors. Further studies are needed before firm
conclusions can be drawn.
Keywords: wind turbines, noise, annoyance
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A Questionnaire for Assessment of Annoyance
Due to Wind Turbines
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Zamojska Małgorzata
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A special questionnaire was developed in order to evaluate
the subjective response to noise from the wind turbines in peo-
ple living in their neighborhood. This questionnaire was aimed
at evaluation of respondents’ living conditions, including preva-
lence of annoyance due to wind turbine noise, and the self-
assessment of physical health and wellbeing.
The questionnaire consists of two parts. The first one com-

prised inquiries concerning: a) housing and satisfaction with the
living environment, including questions on occurrence and the
degree of annoyance experienced outdoors and indoors from vari-
ous nuisances, b) sensitivity to odors and air pollution, landscape
littering, c) general opinion on wind turbine and on the visual
impact of wind turbines, d) different visual and auditory aspects
of wind turbines, such as noise, shadows and reflections from ro-
tor blades, during various subjects’ activities and weather con-
ditions. The second part of the questionnaire was aimed at self-
assessment of subjects’ physical health, including hearing status.
It also comprised questions on chronic illnesses and general well-
being, as well as quality of sleep and normal sleep habits.
Statistical analysis of results of questionnaire inquiry in

study group of 156 subjects living in the vicinity of wind farms
confirmed a high internal consistency of different questions eval-
uating response to wind turbines by Cronbach’s α coefficient
of 0.93.
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Evaluation of Efficiency of Personal Hearing Protective
Devices in Case of Exposure to Ultrasonic Noise
Pawlaczyk-Łuszczyńska Małgorzata, mpawlusz@imp.lodz.pl
Zaborowski Kamil, Zamojska Małgorzata
Dudarewicz Adam

Nofer Institute of Occupational Medicine
Department of Physical Hazards
Św. Teresy 8, 91-348 Łódź, Poland

A special questionnaire was developed in order to evaluate
the subjective response to noise from the wind turbines in peo-
ple living in their neighborhood. This questionnaire was aimed
at evaluation of respondents’ living conditions, including preva-
lence of annoyance due to wind turbine noise, and the self-
assessment of physical health and wellbeing.
The questionnaire consists of two parts. The first one com-

prised inquiries concerning: a) housing and satisfaction with the

living environment, including questions on occurrence and the
degree of annoyance experienced outdoors and indoors from vari-
ous nuisances, b) sensitivity to odors and air pollution, landscape
littering, c) general opinion on wind turbine and on the visual
impact of wind turbines, d) different visual and auditory aspects
of wind turbines, such as noise, shadows and reflections from ro-
tor blades, during various subjects’ activities and weather con-
ditions. The second part of the questionnaire was aimed at self-
assessment of subjects’ physical health, including hearing status.
It also comprised questions on chronic illnesses and general well-
being, as well as quality of sleep and normal sleep habits.
Statistical analysis of results of questionnaire inquiry in

study group of 156 subjects living in the vicinity of wind farms
confirmed a high internal consistency of different questions eval-
uating response to wind turbines by Cronbach’s α coefficient
of 0.93.
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Noise-Induced Hearing Loss in Professional
Orchestral Musicians
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Zamojska Małgorzata, Dudarewicz Adam
Zaborowski Kamil
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The overall purpose of this study was to assess hearing
status in professional orchestral musicians. Standard pure-tone
audiometry (PTA) and transient-evoked otoacoustic emissions
(TEOAEs) were performed in 126 orchestral musicians. Occupa-
tional and non-occupational risk factors for noise-induced hear-
ing loss (NIHL) were identified in questionnaire inquiry. Data on
sound pressure levels produced by various groups of instruments
were also collected and analyzed. Measured hearing threshold
levels (HTLs) were compared with the theoretical predictions
calculated according to ISO 1999 (1990).
Musicians were exposed to excessive sound at weekly noise

exposure levels of for 81–100 dB (mean: 86.6±4.0 dB) for 5–48
years (mean: 24.0±10.7 years). Most of them (95%) had hear-
ing corresponds to grade 0 of hearing impairment (mean hear-
ing threshold level at 500, 1000, 2000 and 4000 Hz lower than
25 dB). However, high frequency notched audiograms typical for
noise-induced hearing loss were found in 35% of cases. Simulta-
neously, about 35% of audiograms showed typical for NIHL high
frequency notches (mainly occurring at 6000 Hz). When analyz-
ing the impact of age, gender and noise exposure on hearing test
results both PTA and TEOAE consistently showed better hear-
ing in females vs. males, younger vs. older musicians. But higher
exposure to orchestral noise was not associated with poorer hear-
ing tests results.
The musician’s audiometric hearing threshold levels were

poorer than equivalent non-noise-exposed population and better
(at 3000 and 4000 Hz) than expected for noise-exposed popula-
tion according to ISO 1999 (1990). Thus, music impairs hearing
of orchestral musicians, but less than expected from noise expo-
sure.
Keywords: orchestral musicians, exposure to orchestral noise,
hearing, risk of noise-induced hearing loss.
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Comparative Study of the Effects of Occupational
Exposure to Infrasound and Low Frequency Noise
with Those of Audible Noise
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Long-term effects of moderate levels generated in working
environment are very scarce. The study aimed to compare effects
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of occupational exposure n low frequency noise (LFN) in com-
parison with those of audible noise (AN). Three groups of 309
workers (I – exposed to LFN, II – exposed to audible noise and
III – controls) were examined. Questionnaire, Blood pressure,
subjective and objective hearing tests (conventional audiome-
try, impedance audiometry, TEOAEs, BERA), posturography,
and biochemical parameters were performed for each subject.
Levels of exposure in dB-A, dB-C, dB-G, octave analysis were
determined.
Daily noise dose of LFN was trice higher in comparison with

those of audible noise. More than 80% of energy was cumulated
in 2–500 Hz range of octaves. In case of audible noise more than
75% of energy was cumulated middle and high frequency range.
Blood pressure and other biochemical parameters were worse in
AN group. LFN group assessed its exposure as irritating and
annoying and An group as tiring and disturbing to hear. All
parameters of hearing were worse in AN group in comparison
with LFN one in whole range of frequency. The same trends
were found in posturography. Contrary to results of Bourdone
test. They were worse in LFN group.
The results of the study showed that audible noise is more

hazardous than LFN, but LFN annoyed more. The results did
not support thesis on vibroacoustic disease.
The study was founded by the National Center of Research

and Development project II.B.09.
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Room Sound Field Analysis Using Integrated
Multichannel Measurement System
Piechowicz Janusz, piechowi@agh.edu.pl
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A number of research or diagnostic problems of the vibroa-
coustics puts requirements for many synchronous acquisition
of measurement data resulting from the distribution of sound
field parameters studied objects around or inside, in the in-
vestigated objects. The authors have built an integrated multi-
channel measuring system that allows synchronous recording of
acoustic signals. Analysis of the sound field was performed from
data recorded by microphone line in order to extract some in-
formation about the parameters of the sound field in the room.
The results were processed further calculations, can be used to
visualize the distribution of sound pressure in a enclosed area.
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Urban Noise Annoyance Between 2001 and 2013
– Study in a Romanian City
Popescu Diana Ioana, Diana.Popescu@mep.utcluj.ro
Moholea Iuliana Fabiola, Morariu-Gligor Radu Mircea

Technical University of Cluj-Napoca
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B-dul Muncii 103-105, 400641 Cluj–Napoca, Romania

The paper presents results of three socio-acoustical surveys
conducted in an interval of twelve years, between 2001 and 2013,
in a large Romanian city, Cluj-Napoca. The purpose of the sur-
veys was to assess the awareness of residents on urban noise and
the extent to which the noise environment affects their every-
day life, behavior and health. The surveys were conducted in
2001, 2009 and 2013. The questionnaire used in the first survey
had 16 questions and it was verified prior to study through a
pilot survey, being corrected and improved. For the second and
the third study, the questionnaire was enriched with eight more
questions, regarding essentially the description of the residential
area, criteria for its selection and also awareness about the noise
map of the city. The analysis of responses defines the main char-
acteristics of the local pattern of annoyance and reaction of the
urban population to the environmental noise.
Keywords: noise annoyance, urban noise, socio-acoustic survey.
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The Calculation Model for Predicting Unknown
Values of Partial Indices in the Index Method
for Acoustic Evaluation of Classrooms
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One of the possibilities to make a comprehensive assessment
of the acoustic quality of classrooms is the index method. It in-
volves the determination of global index based on partial indices,
which take into account in assessing the speech comprehension,
external noise (including background noise during classes), voice
effort of teachers and the comfort of teaching and learning. Due
to the complexity and cost of measurement instrumentation it
is a difficult task to take into account in assessment all the pa-
rameters of the index method. For this reason, it was necessary
to develop methods for assessing the classroom acoustic qual-
ity at incomplete information. The paper presents calculation
model based on the use of the most informative singular values
taken from SVD (Singular Value Decomposition) decomposition
and Repeated Matrix Reconstruction algorithm. Relative pre-
diction errors of global indices do not exceed 4.7% for individual
rooms. The developed calculation model was compared with the
regression model. The simulation results show more accurate
prediction using the presented calculation model.
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Aircraft Noise Evaluation Criteria for Determining
Airborn Sound Insulation of External Walls
of Buildings
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The paper presents the results of research carried out in con-
nection with the revision of standard PN-B-02151-3:1999 “Build-
ing acoustics. Protection against noise in buildings”, in its part
devoted to the way of determining the required sound insula-
tion of the external walls against aircraft noise. A survey of the
standards effective in selected European countries, the legal acts
and regulations being in force in the EU and the state of knowl-
edge concerning the adverse effects of night-time aircraft noise
was carried out. The results of all the studies indicate a need for
the use of a complementary noise index such as maximum noise
level LAmax. The recommended values of LAmax can be found
in the WHO reports. The permissible number of aircrfat events
with permissible LAmax remains an open question.
In order to determine the domestic conditions the data from

the noise monitoring at two domestic airports were analyzed.
The aim of the analysis was to determine the relationship be-
tween aicraft noise events parameters LAE and LAmax, as well
as the the range of the values.
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The paper consists of study results of exposure to high fre-
quency noise at metalworking workplaces. The study was car-
ried out using objective methods (measurements of parameters
characterizing noise) and subjective studies (questionnaire sur-
vey). Metalworking workplaces were located in a steel structure
(e.g. deck gratings) manufacturing plant. The results of equiva-
lent sound pressure level in 1/3 octave frequency bands with the
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center frequencies from 10 kHz to 40 kHz, in reference to an 8-
hour workday equal to approximately 81–105 dB on most of the
tested workplaces and exceed permissible values. Questionnaire
survey of annoyance high frequency noise (i.e. in the audible
frequency range and low ultrasound) was conducted among 52
operators of machines. Most of the workers describe the noise as:
buzzing, insistent, whistling and high-pitched squeaky. Respon-
dents specific the noise levels occurring at workplaces as: loud,
impeding communication, highly strenuous and tiring.

? ? ?

Diminuation of the Reverberation Time
in a Multi-Purpose Hall
Stan Mariana Cristina(1), sonobel ms3@yahoo.co.uk
Anghel Luminita(2), luminitanghel@gmail.com
(1) Spiru Haret University Bucharest
Faculty of Architecture
13, Ion Ghica str, Bucharest, Romania
(2)Technical University of Civil Engineering
122-124, Lacul Tei av., Bucharest, Romania

The hall is part of a residential center for children and ado-
lescents.
Although it was designed for sports, hall is also used for

theater, concerts etc.
Because the architectural design not included acoustic treat-

ments, it was necessary to further the development of measures
to reduce the reverberation time.
Acoustic treatments were chosen so that their sound ab-

sorption coefficients allow obtaining more uniform reverberation
time in the frequency range 125 ... 4000 Hz.
On the other hand, absorbing treatments lead to noise re-

duction through sound absorption.
This paper presents various solutions to reduce the rever-

beration time and results obtained by their application.

? ? ?

The Study of Behavior of Vibrating Systems
Controllable by Devices with Rheological Fluid
Szary Marek L., szary@engr.siu.edu
Weber Peter

Southern Illinois University
Department of Mechanical Engineering and Energy Processes
1230 Lincoln Drive, Carbondale Illinois 62901-6603 USA

The nonlinear mathematical model of behavior of control-
lable viscosity fluid (CVF) under applied external field is pre-
sented. A large family of these fluids is commonly used to control
responding forces of dampers in vibration control applications.
The responding force of a damper with CVF has two compo-
nents. The first one – uncontrollable – is proportional to the vis-
cosity of a base fluid and velocity of its motion, the second one,
which is controllable, depends on the strength of the applied
external field. Both are involved in the process of dissipation
of unwanted energy from the vibrating systems. An equivalent
damping factor based on the principle of energy dissipated dur-
ing one cycle of damper work under a constant strength exter-
nal field was calculated. When mass or stiffness is variable the
equivalent damping factor can be set accordingly by adjusting
the strength of external field to have vibrating damped system
purposely/continuously working in the critical or other chosen
state. This paper also presents cases of applying periodically
changing strengths of an external field synchronized with cycles
of periodical motion of the vibrating system to continuously con-
trol the damping force within each cycle.
Keywords: noise control, vibration control, smart materials,
rheological fluids.
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Creating Dynamic Maps of Noise Threat
Using PL-Grid Infrastructure
Szczodrak Maciej(1), (2), grid@sound.eti.pg.gda.pl
Kotus Józef(1), (2), Kostek Bożena(1), (3)

Czyżewski Andrzej(2)

(1)Academic Computer Center – TASK
Gdansk University of Technology
(2)Multimedia Systems Department
Gdansk University of Technology
(3)Audio Acoustics Laboratory
Gdansk University of Technology
Narutowicza 11/12, 80-233 Gdańsk, Poland

The paper presents functionality and operation results of
a system for creating dynamic maps of acoustic noise employ-
ing the PL-Grid infrastructure extended with a distributed sen-
sor network. The work presented provides a demonstration of
the services being prepared within the PLGrid Plus project for
measuring, modeling and rendering data related to noise level
distribution in city agglomerations. Specific computational envi-
ronments, the so-called domain grids, are developed in the men-
tioned project. For particular domain grids, specialized IT solu-
tions are prepared, i.e. software implementation and hardware
(infrastructure adaptation), dedicated for particular researcher
groups demands, including acoustics (the domain grid “Acous-
tics”). The infrastructure and the software developed can be uti-
lized mainly for research and education purposes, however it can
also help in urban planning. The engineered software is intended
for creating maps of noise threat for road, railways and industrial
sources. Integration of the software services with the distributed
sensor network enables automatic updating noise maps for a spe-
cific time period. The unique feature of the developed software
is a possibility of evaluating auditory effects which are caused
by the exposure to excessive noise. The estimation of auditory
effects is based on calculated noise levels in a given exposure
period. The outcomes of this research study are presented in a
form of the cumulative noise dose and the characteristics of the
temporary threshold shift.
Keywords: noise, dynamic noise map, reverse engineering, grid
computing.
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Road Traffic Noise Attenuation by Vegetation Belts
at Some Sites in the Tarai Region of India
Tyagi Vikrant(1)

Kumar Krishan(2), krishan kumar@mail.jnu.ac.in
Jain Kumar Vinod(2)

(1) Ethiopian Civil Service College
P.Box No. 5648, Addis Ababa, Ethiopia
(2) Jawaharlal Nehru University
School of Environmental Sciences, New Delhi, India

Noise measurements have been carried out at eleven differ-
ent sites located in three prominent cities of the Tarai region of
India to evaluate the effectiveness of vegetation belts in reduc-
ing traffic noise along the roadsides. Attenuation per doubling of
distance has been computed for each site and excess attenuation
at different 1/3 octave frequencies has been estimated. The aver-
age excess attenuation is found to be approximately 15 dB over
the over the low frequencies (200 Hz to 500 Hz) and between
15 dB to 20 dB over high frequencies (8 kHz to 12.5 kHz). Over
the critical middle frequencies (1 kHz–4 kHz), the average excess
attenuation (between 10 dB–15 dB) though not as high, is still
significant with a number of sites showing an excess attenuation
of 15 dB or more at 1 kHz. The results indicate that sufficiently
dense vegetation belts along the roadsides may prove as effective
noise barriers and significant attenuation may be achieved over
the critical middle frequencies (1–4 kHz).
Keywords: noise, attenuation, traffic, frequency, vegetation
belt, Tarai.

? ? ?
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Assessment of Ultrasonic Noise Hazard
in Workplaces Environment
Śliwiński Antoni, fizas@univ.gda.pl
University of Gdańsk, Institute of Experimental Physics
Wita Stwosza 57, 80-952 Gdańsk, Poland

The hazard assessment of ultrasonic noise impact on human
body at workplaces presents an open problem; it is not satis-
factorily solved comparing the fund of knowledge and standard
regulations established for the case of audible noise. Some re-
search carried on in the Central Institute of Labour Protection
– National Research Institute, Poland, are essential for elabo-
ration reliable procedures for the assessment of ultrasonic noise
hazard and they have to bring to modernization and creation the
corresponding standards in this field. In the presentation, some
problems related to measurement procedures applied as well as
to the interpretation of results essential for hazard assessment
of ultrasonic noise impact on human body will be considered;
in particular such cases where some procedures elaborated for
audible noise assessment are being transferred to apply in the
ultrasonic range without taking fully into account some specific
aspects of the high frequency components of the noise.
Keywords: ultrasonic noise hazard assessment, maximal acous-
tic level values distribution, technological ultrasonic devices.

? ? ?

Experimental Acoustic Flow Analysis Inside a Section
of an Acoustic Waveguide
Weyna Stefan, weyna@ps.pl
Mickiewicz Witold, Pyła Michał, Jabłoński Michał
Szczecin University of Technology
Applied Vibroacoustics Department
al. Piastów 41, 71-065 Szczecin, Poland

Noise propagation within ducts is of practical concern in
many areas of industrial processes where a fluid has to be trans-
ported in piping systems. The paper presents experimental data
and visualization of flow in the vicinity of an abrupt change in
cross-section of a circular duct and on obstacles inside where
the acoustic wave generates nonlinear separated flow and vortex
fields.
For noise produced by flow wave of low Mach number, lami-

nar and turbulent flows are studied using experimental sound in-
tensity (SI) and laser particle image velocimetry (PIV) technique
adopted to acoustics (A-PIV). The emphasis is put on the devel-
opment and application of these methods for better understand-
ing of noise generation inside the acoustic ducts with different
cross-sections. The intensity distribution inside duct is produced
by the action of the sum of modal pressures on the sum of modal
particle velocities. However, acoustic field is extremely compli-
cated because pressures in non-propagating (cut-off) modes co-
operate with particle velocities in propagating modes, and vice
versa. The discrete frequency sound is strongly influenced by the
transmission of higher order modes in the duct. By understand-
ing the mechanism of energy in the sound channels and pipes we
can find the best solution to noise abatement technology.
In the paper, numerous methods of visualization illustrate

the vortex flow as an acoustic velocity or sound intensity stream
which can be presented graphically. Diffraction and scattering
phenomena occurring inside and around the open-end of the
acoustic duct are shown.
Keywords: sound intensity, laser anemometry, acoustics flow,
sound visualization.
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The Soundscape Design. Factors Impacting the Spatial
Orientation of Blind and Visually Impaired People
Wiciak Jerzy, jerzy.wiciak@agh.edu.pl
AGH University of Science and Technology
Department of Mechanics and Vibroacoustics
al. Mickiewicza 30, 30-059 Kraków, Poland

The term soundscape was proposed by R. Murray Schafer
in 1977 as an auditory equivalence to landscape. It is defined
as an environment of sounds – actual or abstract. In opposite

to noise control soundscape approach treats sound as a resource
rather than a waste. Its main applications focuses on managing
urban public spaces in order to improve quality of life. Psy-
choacoustic experiments on the soundscapes shows that recog-
nition of particular environments is based on identification of
the physical sources and average recognition time for humans is
about 20 s. According to (Dubois D., Guastavino C., Raim-
bault M., A Cognitive Approach to Urban Soundscapes, Acta
Acustica united with Acustica, 92, 6, 865–874, 2006, semantic
data must be obtained as well as numerical estimators for the
development of the categorization and quality labels.
Sound acting on human body stimulates certain parts of

the brain. It’s usually different for different types of said stimuli
(visual, acoustic, tactile, etc.). But basically thanks to EEG,
PET or/and MRI it can be said that we know which part of
a person’s brain will “lit up”. There are several studies that
incorporate EEG, PET or/and MRI to compare brain functions
in sighted and blind persons during different types of auditory
(or tactile for that matter) tasks.
Soundscape could be connected with visual impaired people

in many ways. Sounds are key in blind people’s spatial orien-
tation. Without sounds blind person feel like normally sighted
person in darkness. The role of sound could be compared with
turning on the light.
Schafer in The Tuning of the World formalized the

soundscape terminology. Background sounds were defined as
“keynotes”, foreground sounds which intended to attract atten-
tion as “sound signals” and sounds that were particularly re-
garded by a community and its visitors are called “soundmarks”.
The paper presented attempt of classification of the acoustic

signals that can be useful for spatial orientation. This classifica-
tion was made based on Shafer’s division. Data from a survey
carried out in group of blind and partially people were used for
analysis. In survey respondents were asked about sounds that
can assist or disturb the spatial orientation and for negative im-
pact of weather conditions on the perception of sounds in an
urban environment.

? ? ?

Controllability-Oriented Placement of Actuators
for Active Noise-Vibration Control of Flexible
Structures Using Memetic Algorithms
Wrona Stanisław, stanislaw.wrona@polsl.pl
Pawełczyk Marek, Marek.Pawelczyk@polsl.pl
Silesian University of Technology
Institute of Automatic Control
Akademicka 16, 44-100 Gliwice, Poland

For successful active control with a vibrating plate it is es-
sential to appropriately place actuators. One of the most impor-
tant criterion is to make the system controllable, so any con-
trol objectives can be achieved. In this paper the controllability-
oriented placement of actuators is undertaken. First, a theo-
retical model of a fully clamped plate is obtained. Influence of
actuator placement on the structure is considered. Optimization
criterion based on maximization of controllability of the system
is developed. Residual modes are taken into account to reduce a
spillover effect. The memetic algorithm is used to find the opti-
mal solution. Obtained results are compared with those obtained
by the genetic algorithm. The configuration is also validated ex-
perimentally.

? ? ?

Uncertainty of Acoustic Measurements Performed
with Audio Analyzers
Wszołek Grażyna, grazyna.wszolek@agh.edu.pl
AGH University of Science and Technology
Department of Mechanics and Vibroacoustics
al. Mickiewicza 30, 30-059 Kraków, Poland

For some time the users of various types of sound mea-
surement devices and speech transmission indicators (STI and
STIPA) express an increased demand for metrological testing of
their devices. In a number of cases the devices are rather cheap
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products that are supposed to substitute for dedicated devices
that are inaccessible for the “economy-class” users, because of
their price range. The calibration of such devices, conformant
to the rules imposed on professional devices, is rather difficult
if not impossible. In order to perform the testing properly it is
necessary to elaborate individual testing methods for each de-
vice. The author of the present paper managed to elaborate a
set of such methods. In the process she has used her knowledge
concerning the essence of normative testing and the knowledge
related to logic of functioning of these devices. She gained the ex-
perience in testing measuring devices during her long-time work
in accredited calibration laboratory (AP 022).
The paper presents the basic technical, metrological and le-

gal information, concerning the requirements imposed on sound
level meters and the methods of their calibration. The paper
also describes specific problems encountered during application
of normalized methods to testing of audio devices. Exemplary
results are also presented for calibration and testing of the follow-
ing devices: ECM800 microphone by Behringer, AZ8921 meter
by AZ Instrument and the NTI Audio XL2 and NTI Acoustilyzer
AL1, audio and acoustic parameter analyzers by NTI Audio AG.

? ? ?

Parameterization and Assessment of Curve and Brake
Squeal from Train Approaching to the Station
Wszołek Tadeusz, tadeusz.wszolek@agh.edu.pl
Koter Marcin, mkoter24@gmail.com
AGH University of Science and Technology
Faculty of Mechanical Engineering and Robotics
al. Mickiewicza 30, 30-059 Kraków, Poland

The most important source of noise from railways at most
speeds is rolling noise caused by wheel and rail vibrations in-
duced at the wheel/rail contact. Rolling noise is fairly broad-
band in nature, the relative importance of higher frequency com-
ponents increasing as the train speed increases. But the curve
squeal is one the loudest and most disturbing noise sources from
railways metros and tramways. It is also caused by interaction
between wheel and rail but has a quite different character. It
is strongly tonal noise occurring in sharp curves, being associ-
ated with vibration of the wheel in one of its resonances. It is
also necessary to distinguish between squeal caused by lateral
creepage, top of rail squeal as well as flange squeal. A similar
phenomenon is brake squeal which is emitted during braking.
When the train commute to the station the two phenom-

ena may be a source of great inconvenience to passengers and
station staff. The experimental investigations of aforementioned
noise squeals were performed when the train approaching into
the platform. The results show increased noise ratios up to over
ten dB, in addition to a high content of the tonal components
with frequencies above 5 kHz. It was shown that the spectral
moments of the noise can be an useful tool in automatic identi-
fication squealing noise in continuous monitoring systems.

? ? ?

Simultaneous Exposure to Hand-Arm and Whole-Body
Vibration at One-Track Vehicles Drivers Workstations
Zając Jacek, jazaj@ciop.pl, Kowalski Piotr, pikow@ciop.pl
Central Institute for Labour Protection
– National Research Institute
Czerniakowska 16, 00-701 Warszawa, Poland

The increasing traffic contributes to a greater interests
in one-track vehicles. They require much less space both on
the road and parking and allow for reach places inaccessible
to other vehicles. The growing number of one-track vehicles
in work environment (e.g. the police, emergency medicine,
courier companies) also affects the increase in the number of
workers exposed to vibration hazards associated with their
use. The methods of measurement and evaluation of vibration
on workers described in the European standards EN 14253
and EN ISO 5349 establish separate treatment of hand-arm
vibration (HAV) and whole-body vibration (WBV). However,
at one-track vehicles the risk of HAV and WBV coincides.

The dose of vibroacoustic energy absorbed by the worker is
greater larger when the impact of both kinds of vibration
occurs simultaneously than when the worker is exposed to
only one kind of vibration. The paper presents evaluation of
simultaneous exposure to hand-arm and whole-body vibration
for selected one-track vehicles drivers. The results show that
the vibration hazards at these workstations may be significant.

? ? ?

Assessment of Exposure to Excessive Sounds
and Hearing Status in Students Enrolled
in Academic Music Education
Zamojska Małgorzata, zamojska@imp.lodz.pl
Pawlaczyk-Łuszczyńska Małgorzata,
Dudarewicz Adam, Zaborowski Kamil
Nofer Institute of Occupational Medicine
Department of Physical Hazards
Św. Teresy 8, 91-348 Łódź, Poland

The overall aim of this study was to evaluate the hearing sta-
tus, exposure to excessive sounds and the risk of noise-induced
hearing loss (NIHL) in college music students.
A pilot study, including questionnaire inquiry and sound

pressure level (SPL) measurements, was carried out in 35 stu-
dents. From these data, the risk of noise-induced hearing loss
(NIHL) was assessed according to ISO 1999:1990.
It was found that college music students were exposed to

excessive sounds at the A-weighted equivalent-continuous SPL
of 81–99 dB for 2.5–44.0 hours per week (mean: 21.3±13.8 hours
per week). The highest SPLs were observed among percussion,
trumpet, trombone, saxophone, horn and flute players.
Such exposures for 5 years of academic education are asso-

ciated with the risk of hearing impairment (expressed as mean
hearing threshold level for 2, 3 and 4 kHz equal to or greater
than 25 dB) in the range of 0–46%. The highest risk is related
to playing percussion section (up to 46%), saxophone (up to
16%), trumpet (up to 15%), trombone (up to 14%) and bassoon
(up to 7%).
About 37% of students noticed hearing impairment, includ-

ing difficulty in speech intelligibility in noisy environment (51%).
Nearly every tenth of respondent complained of tinnitus, while
29% of them reported hyperacusis. Only a few students declared
usage of hearing protectors, while 31% of them – listening to mu-
sic via mp3. Thus, the results confirm the need of further stud-
ies and development of hearing conservation program for college
student musicians.

? ? ?

Low Frequency Noise and Its Assessment
and Evaluation
Žiaran Stanislav, stanislav.ziaran@stuba.sk
Slovak University of Technology in Bratislava
Faculty of Mechanical Engineering
Nam. slobody 17, 812 31 Bratislava, Slovak Republic

The main aim of this paper is to present recent knowledge
about the assessment and evaluation of low frequency noise and
infrasound close to the threshold of hearing and the potential
effects on human health. Low frequency noise generated by air
flowing over a moving car with the open window is chosen as
a source of noise. The noise within the interior of the car and
its effects on a driver’s comfort at different velocities is ana-
lyzed. An open window at high velocity behaves as a source of
specifically strong tonal low frequency noise which is annoying.
The interior noise of a passenger car was measured under differ-
ent conditions; while driving on normal highway and roadways.
First, an octave-band analysis was used to assess the noise level
and its impact on the driver’s comfort. Second, a Fast Fourier
Transform (FFT) analysis was used for the detection of tonal
low frequency noise. Finally, the paper suggests possibilities for
scientifically assessing and evaluating low frequency noise but
not only for the presented source of the sound.
Keywords: low frequency sound, human being, health, evalua-
tion.



ARCHIVES OF ACOUSTICS

Vol. 38, No. 2, pp. 291–294 (2013)

Copyright c© 2013 by PAN – IPPT

DOI: 10.2478/aoa-2013-0035

Chronicle

15th International Symposium on Sound Engineering and Tonmeistering
ISSET 2013

Cracow, Poland, June 27–29, 2013

The 15th International Symposium on Sound Engineering and Tonmeistering will be held on June
27–29 in Cracow. The Symposium is organised by the Department of Mechanics and Vibroacoustics,
AGH University of Science and Technology, under the auspices of the Polish Section of the Audio Engi-
neering Society. The Symposium is held biannually. The organisers invite representatives of the academic
community, sound engineers, music producers and representatives of the audio industry.
The scope of the Symposium covers a broad range of topics related to sound engineering, from audio

production through perception. Twenty five submissions have been accepted.
The programme of the Symposium includes lecture sessions and workshops, two student competitions,

two meetings with founders of Polish companies which gained international success, and a unique theatre
play.

Abstracts

Microphone Crosstalk Cancellation
– the Comparison of Two Original Methods
Barański Robert, robertb@agh.edu.pl
Kleczkowski Piotr, kleczkow@agh.edu.pl

AGH University of Science and Technology
Department of Mechanics and Vibroacoustics
Adama Mickiewicza 30, 30-059 Kraków, Poland

Two original algorithms for cancellation of microphone
crosstalk are presented and compared. Both algorithms are
based on time-frequency signal decomposition. The first method
makes use of selective mixing of sounds. An utmost version of
this technique is used, consisting in removal of any spectro-
temporal overlap between sound sources. The other consists in
filtering with the application of the wavelet transform. The lat-
ter method has been developed specifically for cancellation of
crosstalk in the recording of percussive instruments. With this
method, patterns of individual percussive instruments are gen-
erated and then the recorded signal is compared with the pat-
terns. Both methods were applied to the same excerpt of drums
recording. Subjective evaluation according to several criteria was
carried out.

? ? ?

Using Everyday Objects as Sound Sources
in Live Electronics
Błażejczyk Wojciech, wojciech@blazejczyk.eu

The Fryderyk Chopin University of Music
Okólnik 2, 00-368 Warszawa, Poland

This paper presents the possibilities of using everyday ob-
jects as sound sources processed live in MAX/MSP environment.
In electroacoustic music live electronics is usually regarded as

processing of acoustic instruments sound or controlling synthe-
sizers and samplers. It is proposed to replace them with properly
selected objects, stimulated to vibrate traditionally (tapping,
rubbing) or in a special way (rubbing with bow or super ball),
amplified with contact microphones. Sound processing consist of
granulation, spectral modeling, transposition and time stretch-
ing. The result is the creation of a new musical instrument, con-
sisting of the physical part (object) and virtual part (DSP), with
vast expression possibilities.

? ? ?

The Objectives and Sound Engineering Measures
at the Creation of the Acoustic Speech Balance
of Acting in the Sonic Image of the Radio Play Script.
Selected Issues
Brzoska Andrzej, andrzej.brzoska@polskieradio.pl

Polskie Radio SA
Al. Niepodległości 77/85, 00-977 Warszawa, Poland

One of the most important measures of expression in the
radio play is the human voice. The voice sounds can also carry
some further information necessary to materializing imagination
about special relationships in the sonic image for the listeners.
Creation acoustic speech balance of acting during recording

session with the actors is a very important means of sound en-
gineering referring to specified images and associations in the
imagination of the radio play listeners.
A different strategy of recording the actors voices determines

picture in the audiovisual media work e.g. film. The real message
from picture clearly organizes the spatial relationships between
characters in the scene.
The paper is discussed a range of issues including the cre-

ation of the acoustic speech balance in the radio play with the
use of sound engineering and acting techniques.

? ? ?
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Young People Hearing Losses Affected by Listening
to the Music on Headphones
Dobrucki Andrzej, andrzej.dobrucki@pwr.wroc.pl
Kin Maurycy J., maurycy.kin@pwr.wroc.pl
Kruk Bartłomiej, bartlomiej.kruk@pwr.wroc.pl

Wrocław University of Technology
Faculty of Electronics, Chair of Acoustics
Wybrzeże Wyspiańskiego 27, 50-370 Wrocław, Poland

The main aim of the work was to find an influence of type of
headphones (closed, semi-open, open and in-ear) used by young
people for hearing of music on the threshold of hearing. The
results of hearing loss measurement provided for over that 80
young people (from 16 to 25 yers old). The greatest hearing
losses were observed for the people who work as sound rein-
forcement engineers and, moreover, no influence of headphones
type was found for them. It turned out that the use of in-ear
headphones causes the greatest hearing losses for other people
(thresholds shifted up to about 20 dB at 4 kHz). The daily time
of a listening also affected hearing thresholds and it was found
that for users of in-ear and close headphones, an average time
of musical exposure was of three hours and it causes the hearing
loss of 10–15 dB at higher frequencies. The use of open as well as
semi-open headphones has no influence on hearing damage and
it would be stated that these kinds are safety in use. Almost
15% of investigated young people have their thresholds shifted
up at higher frequencies.

? ? ?

Pitch Perception for Mixtures of Harmonic Complex
Tones Before and After the Operation
of Selective Summing
Dziedzic Tomasz, dziedzic@student.agh.edu.pl
Kleczkowski Piotr, kleczkow@agh.edu.pl

AGH University of Science and Technology
Department of Mechanics and Vibroacoustics
Adama Mickiewicza 30, 30-059 Kraków, Poland

Micheyl et al. (2010) measured pitch perception of spectrally
overlapping harmonic complex tones (HCTs). One of the issues
investigated in that study was the impact of a masker HCT on
the pitch perception of another, target HCT. In this paper the
experiment of Micheyl et al. was replicated in some of their con-
ditions, but both of the HCTs were mixed using the operation
of selective summing, consisting in the removal of any spectro-
temporal overlap between sounds. During the tests the proce-
dures by Micheyl et al. were repeated twice - with and without
the operation of selective summing.

? ? ?

An Approach for Automatic Audio Event Recognition
Using SVM in Terms of Threat Detection
Glowacz Andrzej
Altman Grzegorz, grzesiek-altman@o2.pl

AGH University of Science and Technology
Department of Telecommunications
Adama Mickiewicza 30, 30-059 Kraków, Poland

Audio events analysis, processing and classification is an im-
portant part of modern surveillance and monitoring systems.
The subject of this research is detection and classification of
threatening sounds representing dangerous events that can oc-
cur in real-world, urban environment. These issues differ from
speech-recognition systems mainly because of the signal fre-
quency characteristic, duration, variety and noise content. In
this paper we propose an algorithm based on the Support Vec-
tor Machine and Mel-Frequency Cepstral Coefficients with the
decision-making system and show that it performs well in com-
parison to more computationally complex systems.

? ? ?

Temporary Threshold Shift Phenomenon
vs. Recording Activity
Kamińska Magdalena, magdalena.kaminska@aes.pwr.wroc.pl
Kruk Bartłomiej, bartlomiej.kruk@pwr.wroc.pl
Kin Maurycy J., maurycy.kin@pwr.wroc.pl

Wrocław University of Technology
Institute of Telecommunications and Acoustics
Janiszewskiego 7/9, 50-372 Wrocław, Poland

For the efficient work in recording studios it is to necessary to
avoid continuous exposure to loud sounds and thus take regular
breaks. This is the key to keep fresh ears and a fresh perspec-
tive in created music. The main aim of this paper is to provide
information and explanation of Temporary Threshold Shift phe-
nomena to understand basic principles and to help understand
how to work more effectively and efficiently in the recording stu-
dio. The paper presents results of TTS measurement provided
over than 30 recording engineers.

? ? ?

Britten Culshaw
Kubera Maciej, mackub@interia.pl

The Fryderyk Chopin University of Music
Okólnik 2, 00-368 Warszawa, Poland

The paper concerns a very important issue of music record-
ing history and aesthetics – cooperation of a famous composer
with an ambitious recording producer at the beginning of the
stereophonic era. Benjamin Britten and John Culshaw worked
together on the recordings of War Requiem, The Burning Fiery
Furnace and other Britten compositions. The recordings are bril-
liant examples of how the sound engineer can build a “theater”
between the loudspeakers or even achieve some effects, which
were impossible in a traditional opera house and how he finds
the way from the techniques to the aesthetics.

? ? ?

Time-Domain Analysis of Sigma-Delta Audio DAC
Lewandowski Marcin, Marcin.Lewandowski@ire.pw.edu.pl

Warsaw University of Technology
Institute of Radioelectronics
Nowowiejska 15/19, 00-665 Warszawa, Poland

Nowadays, sigma-delta (Σ∆) audio analog-to-digital and
digital-to-analog converters (ADC and DAC) are commonly used
in both consumer and professional audio equipment. The ADC
and DAC conversion parameters depend mainly on features of
digital Σ∆ modulators. While frequency-domain and statistical-
domain analyses of Σ∆ modulators’ parameters exist in litera-
ture there is a lack of rigorous analysis in time domain especially
when input to the modulator is a real world audio signal. The
paper introduces a new approach to time-domain analysis of
non-stationary audio signals at the output of sigma-delta (Σ∆)
audio DAC.

? ? ?

Efficiency of Automatic Online Music Recognition
on the Internet
Mahboob Mieszko(1), mieszko@mahboob.pl
Żera Jan(2), j.zera@ire.pw.edu.pl
(1)The Fryderyk Chopin University of Music
Okólnik 2, 00-368 Warszawa, Poland
(2)Warsaw University of Technology
Institute of Radioelectronics
Nowowiejska 15/19, 00-665 Warszawa, Poland

Performance of the SoundHound application, designed to
identify songs by singing/humming melody (Query by Hum-
ming, QbH), has been examined in the experiments. Assessment
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was conducted by recognition of 256 music samples represent-
ing 64 tracks of popular music. Tests measured the effects of
selecting of male or female voice, detuning from the original key,
interfering presence of background noise, and the duration of au-
dio sample on the percent correct recognition. Results indicated
that tested QbH application demonstrated the overall 80% cor-
rect music sample recognition, with little influence of voice type
and detuning, which is sufficient for practical use by Internet
users.

? ? ?

Multi-Channel Auralization
Małecki Paweł, pawel.malecki@agh.edu.pl
Wierzbicki Jacek

AGH University of Science and Technology
Department of Mechanics and Vibroacoustics
Adama Mickiewicza 30, 30-059 Kraków, Poland

One of the main problems in both the interior acoustics and
environmental acoustics is determination of the directions of ap-
proach of acoustic waves. That information might be used to
locate the source of sound and to indicate the areas where the
acoustic adaptation should be used. With the development of de-
vices that allow recording of the spatial sound, it is also possible
to reproduce it with use of multi-speaker systems and auditive
analysis of the acoustic field performed in other time and place
than the record. The article presents the comparison of currently
used auralisation methods such as the binaural techniques, am-
bisonic and wave field synthesis. The methods were applied to
define the accuracy of location of the sound source. The main
aim of the performed research is development of the complete
system for recording, processing and reproduction of the spatial
sound.

? ? ?

Perception of Irregularity in the Musical Rhythm
Plaskota Przemysław, przemyslaw.plaskota@pwr.wroc.pl

Wrocław University of Technology
Wybrzeże Wyspiańskiego 27, 50-370 Wrocław, Poland

The perception of musical rhythm is an issue that is relevant
to the sound recordings. Because the rhythm is one of the main
elements of a musical work, for the sound engineer important in-
formation is how much can be irregularity in the musical rhythm,
that they are not perceived by the listener. This is particularly
important for setting the parameters of automatic smoothing
algorithms rhythm.
The paper presents a study of perception threshold of irreg-

ular changes in the musical rhythm. The analysis was performed
using a soundtrack containing sounds with different spectrum.
It was also examined the dependence of the threshold on the
localization of change relative to the rhythmic structure.

? ? ?

Linearization of Ear Transmission Characteristics
with the Usage of Low Level Ultrasonic Noise
Applied to Patients Suffering from Tinnitus
Poremski Tomasz, tomasz.poremski@geers.pl

Gdansk University of Technology
Faculty of Electronics, Telecommunications and Informatics
Multimedia Systems Department
Narutowicza 11/12, 80-233 Gdańsk, Poland

GEERS Hearing Acoustics
Training and Development Department
Narutowicza 130, 90-146 Łódź, Poland

In this work tinnitus, an otological problem, along with hy-
potheses of its causes as well as the methods used in its therapy
are briefly reviewed.

Additionally, one of the theory referring to generation of
tinnitus, based on mechanisms of signal quantization is recalled.
A research study conducted with patients who suffer from tinni-
tus is shortly described. The linearization mechanism employing
low levels ultrasonic noise is used while conducting the patients’
examination. As a result of the study performed, it is concluded
that utilizing ultrasonic noise can be beneficial for some patients
to weaken the tinnitus felt. Also a detailed discussion on ob-
tained results and conclusions are included.

? ? ?

The Application of Sound Synthesis in Determining
the Characteristics of Subjective Tinnitus
Poremski Tomasz(1), (2), tomasz.poremski@geers.pl
Kotus Józef(1), joseph@sound.eti.pg.gda.pl
Odya Piotr(1), piotr.odya@eti.pg.gda.pl
Suchomski Piotr(1), pietka@sound.eti.pg.gda.pl
Kostek Bożena(1), bokostek@audioakustyka.org
Czyżewski Andrzej(1)

(1)Gdansk University of Technology
Narutowicza 11/12, 80-233 Gdańsk, Poland
(1)GEERS Hearing Acoustics
Training and Development Department
Narutowicza 130, 90-146 Łódź, Poland

In this paper the sound synthesizer dedicated to measure-
ment of psychoacoustic parameters of tinnitus is described. First,
definition of tinnitus, a set of procedures and tests, which are
used to estimate it as well as the criteria of evaluating the tin-
nitus are described. Then, a synthesizer developed at the Mul-
timedia Systems Department, Gdansk University of Technology
is shortly presented along with an illustration of the user inter-
face. In a study performed with patients suffering from tinnitus
the effectiveness of the synthesizer is evaluated. A comparison
between results related to duration of the conducted test and
subjective evaluation of resemblance of patient’s tinnitus sound
pattern obtained utilizing the synthesizer and the clinical au-
diometer is given. Resulted from tests it is a conclusion that
employing the synthesizer shortens the duration of tinnitus ex-
amination. Moreover the subjective evaluation of tinnitus sound
type with the synthesizer is reported by patients as more similar
to the tinnitus felt.
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Technical and Artistic Aspects
of Bass Guitar Recordings
Przygodziński Łukasz
Bobiński Piotr

Warsaw University of Technology
Institute of Radioelectronics, Electroacoustic Division
Nowowiejska 15/19, 00-665 Warszawa, Poland

An overview of past and present recording methods and ways
of balancing bass tracks are discussed in context of a role of
bass guitar in various music styles and basic techniques of play-
ing. Experiments included listening tests of bass tracks recorded
with the use of condenser and dynamic microphones of different
directional patterns and listening tests of complete multitrack
alignments obtained with the use of different mixing techniques,
frequency equalization, and dynamic range compression. Out-
comes of this work may be used in recording processes intended
to achieve special artistic effects, and can be helpful in classes
for students of sound engineering.

? ? ?

Recognition of Harmonic Intervals
Rogala Tomira, tomira@chopin.edu.pl

The Fryderyk Chopin University of Music
Okólnik 2, 00-368 Warszawa, Poland

The experiment was carried out to determine the influence of
pitch register and sound duration on the recognition of musical
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intervals composed of two simultaneous pure tones. Sixteen mu-
sicians were asked to recognize 13 within-octave intervals in 18
conditions (3 registers × 6 tone durations). Results showed that
recognition was much worse in the lowest than in the other pitch
registers and decreased when the sounds were shortened in all
registers. The differences in the accuracy of interval recognition
correspond to the changes in the pitch strength.

? ? ?

Audibility of Lossy Compression
in Musical Recordings
Rogowska Agata, a.rogowska@ire.pw.edu.pl
Żera Jan, j.zera@ire.pw.edu.pl

Warsaw University of Technology
Institute of Radioelectronics
Nowowiejska 15/19, 00-665 Warszawa, Poland

Audibility of lossy compression produced by four codecs,
Ogg, WMA, Mp3 (Fraunhofer) and Mp3 (Lame), in samples
of classical and popular music was studied on naive and expe-
rienced subjects in quiet and in the presence of noise. At bit
rates of 32 and 48 kbps compressed signal was easily discrim-
inable with significant intersubject differences. Compression be-
came inaudible at bit rates of 80–96 kbps. Experienced subjects
demonstrated higher ability to discriminate compressed music
than naive subjects, by about 16 kbps. The presence of noise
had limited influence on discrimination at signal-to-noise ratios
within the range of +4 to +16 dB.
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Vowel-Like Quality of Formant Noise
Rościszewska Teresa, tyska@chopin.edu.pl

The Fryderyk Chopin University of Music
Okólnik 2, 00-368 Warszawa, Poland

The purpose of the study was to determine the frequency
ranges within which a single formant imposed over the spectrum
of pink noise produces a quality of sound resembling Polish vow-
els. Fifteen subjects were required to assign a vowel category to
noise bursts with a formant introduced in a band centered at
one of 65 frequencies within a range of 198–8000 Hz. Results
show that the vowel-like quality of sound produced by a single
formant is most pronounced in the case of vowels /u/, /=/, /a/
and /i/, whereas associations with vowels /�/ and /'/ are less
distinct.
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Evaluation of Virtual Bass Performance
in Mobile Device
Sanner Tomasz, sanner@sound.eti.pg.gda.pl
Łopatka Kuba
Czyżewski Andrzej

Gdańsk University of Technology
Gabriela Narutowicza 11/13, 80-233 Gdańsk, Poland

An experiment conducted to validate possibility of use vir-
tual bass synthesis (VBS) algorithm in a portable computer is
presented. The listening tests based on the procedure of pairwise
comparison between VBS and standard bass boost technique are
employed. The evaluation was carried out in two types of con-
ditions: in a professional listening room and employing an ul-
trabook to play back the sounds. As is indicated by the results,
the proposed technique proved the possibility of rendering bass-
related components in audio signals in a better way than the
standard bass boost technique.

? ? ?

Live Electroacoustic Mix Based on
“Combitaper” Application
Wilczyński Tomasz J.(1), twilczyn@agh.edu.pl
Bień Mateusz(2), Kosecka Martyna(2)

Żywiec Michał(1), Kleczkowski Piotr(1)

(1)AGH University of Science and Technology
Department of Mechanics and Vibroacoustics
Adama Mickiewicza 30, 30-059 Kraków, Poland
(1)Academy of Music
Institute of Composition, Conducting and Music Theory
Św. Tomasza 43, 31-027 Kraków, Poland

Combitaper is a software application inspired by classical
tape delay. It was designed to allow simultaneous recording, mix-
ing and reproduction of an acoustic signal. Software consists of
two types of modules. First type – the buffer – is responsible for
recording, optimization and storage of sound samples and short
musical phrases (up to 4 seconds). The other one, called taper,
deals with multiple repetitions of sounds and their processing.
Such a system allows to perform live a musical composition con-
sisting of sound samples which were prepared earlier or recorded
during a performance. An advantage of Combitaper over other
applications is the capability to work in the quadraphonic con-
figuration. Four speakers placed on tops of the deltoid provide a
highly realistic spatial sound, with the precision of localization in
the horizontal plane of 7.5◦. The Combitaper can be controlled
from the PC keyboard or any MIDI controller.
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