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Preface

Several research works on noise and noise control are currently available for the 
scientific, technical, and general public. Figure 1 shows a graph of published papers 
on noise control from 2001 to 2021. As shown, the number of publications increased 
from about 3000 to about 9000 in the last 20 years. Is it necessary to publish more? 
Our answer is yes. We believe there will always be a need for more publications on 
this topic because noise control is constantly evolving along with human activities, 
technologies, and environments. The more these things change, the more noise will be 
present and need to be controlled.

This book discusses different topics related to noise control, including noise control 
methods and techniques, noise pollution and solutions, and noise mapping.

Marco Caniato
Free University of Bolzano,

Bolzano, Italy

Federica Bettarello
University of Trieste,

Trieste, Italy

Figure 1. 
Publication trends retrieved from Scopus for the years 2001 – 2021 using the keywords “noise control”.
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Chapter 1

Introductory Chapter: Is Noise 
Really Important? Should It Be 
Controlled?
Marco Caniato and Federica Bettarello

1. Introduction

Is noise really important? This is a very challenging scientific question. There are 
several literature works dealing with noise and its control. Anyway, why this physic 
phenomenon is so important for humans and specifically for scientists?

In years, researchers all over the word explored the entire acoustics field. If one 
writes “noise” on Google Scholar, almost 6 million results appear. This means that this 
parameter, this presence in our lives is of paramount interest and clearly occupies our 
minds and our thoughts.

Everybody knows that sound is a wave propagation in a dense mean. However, this 
is the academic definition. Aside of it, the perception is what makes the difference. 
And clearly what changes between sound and noise. The physics is the same, but sound 
is something positive such as music one likes or the voice of a beloved person. Noise is 
something disturbing such as industrial noise and traffic noise.

For these reasons, perception is what drives the research, rather than the physic 
phenomenon per se. Human perception varies from individual to individual. It is 
rather different, but some common trends are possible to find in literature. Thus, in 
the noise history, standards, scientific proposals, and law requirements were pub-
lished, discussed, and imposed with the sole aim to control noise emission.

From what above reported, it is clear that the control of noise is needed for human 
purposes, for comfort reasons, and finally (and more importantly), for health issues 
and safety.

2. Noise control in literature

Literature is full of excellent works related to noise control. When one looks more 
in depth, some useful pieces of information can be derived. In order to do so, it is use-
ful to picture the connection between the several different topics related to the “noise 
control” one.

When referring to Figure 1, it is possible to see that seven principal areas are 
related to the keyword “noise control,” namely (in order of numerical importance 
given by literature papers:

1. noise related to electronic devices
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2. noise relate to outdoor environment

3. noise related to networks and connections

4. noise related to telecommunications

5. noise related to perception and impairment

6. noise related to simulations and numerical models

However, it is clear how many treated topics are not cross-linked together. As 
example, materials and metamaterials are only linked with vibrations and mechanics 
and not to the other fields. In the same way, speech perception and hearing impair-
ment are related only one to each other but not for example with quality control, 
control systems, etc.

From Figure 2, it is interesting to notice how, when using a density analysis, the 
most important parameter related to noise control is related to human (yellow spot at 
the right), then to quality control (center), and then to controllers and how to con-
trol noise (left). When specifically focusing on noise as keywords, this cross-linked 
relation between “noise” and “human” topic becomes the most relevant (Figure 3). 
Here, the connection between noise, human, quality, and the psychological effect is 
assessed, confirming the initial hypothesis.

This demonstrates how more science is needed, especially cross-disciplinary 
research studies that make it possible to solve problems, to formulate new hypotheses, 
and to confirm or negate the ones that are still open.

The vision of this book is then to continue on the path of innovation in science 
considering different issues, apparently diverse one from another, but with a common 
idea: implement the knowledge on noise control and spread it.

With this in mind, different topics are here handled:

a. control techniques and methods [1]

Figure 1. 
VoS Viewer picture of the first 2000 records available in Scopus, using the keyword “noise control”.
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b. EVAC [2]

c. Pollution during COVID pandemic [3]

d. Outdoor Barriers [4]

e. Mapping [5]

3. Conclusions

It is here briefly demonstrated how noise is part of everybody’s life and that its 
control is manly necessary because of human perception. Many fields of noise control 
are present in literature, but they are not well interconnected. This book proposes 
further food for thought in relation to this paramount issue, which is impacting our 
everyday life.

Figure 2. 
VoS Viewer picture of the first 2000 records available in Scopus, using the keyword “noise control” – density 
visualization.

Figure 3. 
VoS Viewer picture of the first 2000 records available in Scopus, using the keyword “noise control” – specific 
connections.
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Chapter 2

Overview of Noise Control
Techniques and Methods
Alice Elizabeth González

Abstract

Noise control refers to a set of methods, techniques, and technologies that allows
obtaining acceptable noise levels in a given place, according to economic and opera-
tional considerations. The question of “acceptance” is for what or for whom. Gener-
ally, there is no single answer to this question, nor is there a single solution to any
given problem, as long as regulatory compliance is achieved. Noise control does not
necessarily imply the reduction of noise emissions—it refers to making acceptable
sound pressure levels of immission (i.e., the signal reaching the receiver). This chapter
aims to present the basis of noise control techniques, both in emission and propaga-
tion, to finally achieve the most current protection techniques for the receivers, when
there are no more alternatives in the previous steps.

Keywords: noise control, silencers, acoustic barriers, green barriers, active noise
control

1. Introduction

When faced with a situation in which the sound pressure levels (SPL) are too high
according to the intended use of a certain place, there are several options for enhanc-
ing its acoustic quality. Noise control solutions can be passive or active. Passive control
is the most used solution; it aims to dissipate the excess acoustic energy through
absorption, transmission, or diffusion. On the other hand, active noise control (ANC)
solutions imply introducing a specific acoustic signal to counteract the sound waves to
be controlled. As in most environmental issues, the possible measures must be ana-
lyzed seeking first to improve the performance of the source, that is, to reduce its
emissions; then the possibilities of acting on the propagation path are to be studied;
taking protection measures at the potentially affected receivers will be considered
only as a last option for noise control.

Even with the latest technology to meet a requirement or to satisfy an objective,
noise emissions can occur due to friction, impact, turbulence, imbalance of moving
parts, and cavitation in fluids, among many other causes. In addition, the lack of
maintenance or operating in an incorrect manner can increase noise emissions. Mea-
sures in the propagation pathway become necessary in many cases, for example, when
working with high-power or high-speed machinery. The most common options are
silencers, either reactive or dissipative; plenum chambers; acoustic coatings; enclo-
sures; noise barriers; vibration dumping or insulation. When reducing the sound
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pressure levels at the receiver is still needed, the use of personal hearing protection is
considered, although sometimes control booths or cabins can be very good options.

First, having an accurate diagnosis of the problem is essential. Some issues that
should be considered before making a decision are ventilation requirements of the
equipment; characteristics of location; availability of space; energy requirements;
operation and maintenance; and costs.

This chapter presents the main features of passive control systems, which are
usually the most common; and then, ANC solutions, which have various applications,
especially for low-frequency noise.

2. Passive noise control

Passive noise control includes a wide set of techniques aimed to make the
immission sound pressure level admissible to the receivers.

There are some general measures that can make a difference. They are low cost and
based on common sense. It is rather common to find these improvement opportuni-
ties, for example, rearranging the work process to avoid unnecessary exposure to high
noise levels to the public, changing the direction of loudspeakers at music venues, or
encouraging the public to disperse at the end of recreation activities.

There is a wide spectrum of control measures to be considered, depending on the
type of source. The sooner control measures are taken, the faster the results.

2.1 Engines noise control

Periodic preventive maintenance of devices, engine mobile parts, and machinery is
essential—checking the condition of gears, bearings, and proper lubrication.

Noise emitted from internal combustion engines is the result of airflow processes
into the engine (aerodynamic noise), from the mechanical movement of the engine
(mechanical noise), and from pressure increases associated with the combustion
process (combustion noise). Combustion noise is normally the predominant source in
diesel engines, due to the rapid rise of pressure inside the cylinders. The noise emitted
by a combustion engine is related to the efficiency of conversion of chemical energy
into mechanical energy; the acoustic energy related to the roar of the engine is usually
between 10�8 and 10�5 of its power. For two devices of the same power, the noise
emitted by a diesel generator is greater than the one emitted by a natural gas one [1].

The acoustic power of engines is related to their maintenance—acoustic emissions
are an indicator of waste of energy. For continuous combustion systems, the combus-
tion noise can be expressed in terms of the thermo-acoustic efficiency, which is the
ratio between the total energy of a sound pulse and the heat release rate. An engine in
good operating conditions should normally emit between 10�6 and 10�5 of its power
through acoustic energy; if the system is in improper condition, the acoustic emissions
could rise to 10�4 of its thermal power [2]. The maximum thermo-acoustic efficiency
expected for unconfined hydrocarbon flames is 10�6. When a combustion engine is
not in proper operating conditions, the frequencies that denote higher sound pressure
levels are the harmonics of the rotational frequency. This also happens in other
rotating or reciprocating machines. Malfunctions in electric motors are usually related
to excessive noise in harmonics of the synchronous frequency. In other electrical
devices, the noise appears in harmonics of the line frequency. A catalog of engine
problems and the frequencies where they appear is presented in Ref. [3].
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Heat recovery boilers are recommended as noise control devices for large engines.
They act as passive silencers, but when installed, of course, they can provide other
services too (e.g., heating for decreasing the fuel viscosity).

A heat recovery steam generator performs “a secondary function as an in-line
silencer for combustion turbine noise emissions” [4]. The recovery boiler can be consid-
ered part of the noise emission control system to comply with the immission level
regulations. Hence, it must be specified as such.

Sometimes dedicated passive silencers can be avoided by the installation of
recovery boilers with a secondary function as exhaust silencers. Table 1 presents the
reduction in SPL measured between up-flow and down-flow of a recovery boiler.
The reduction is from 10 dB (at 125 Hz) to 35 dB (at 8000 Hz). The reduction in
A-weighted SPL is also high: 25 dB [5].

2.2 Passive silencers

Passive systems, whose generic designation is silencers, can act either through
their geometric characteristics or through the incorporation of acoustic absorbent
materials. According to their principle of action, silencers can be classified into two
families: reactive or reflective silencers and dissipative or resistive silencers.

2.2.1 Reactive or reflective silencers

The principle operation of reactive silencers is based on generating sound reflec-
tions from geometric properties of the propagation medium, for example, section
changes. They are usually solved with coupled tubes. Figure 1 shows a sketch of a
reactive silencer; how to calculate its transmission loss (TL) is also presented.

For a discontinuous area reactive silencer as sketched:
When an acoustic wave of amplitude Ai propagates with velocity v1 in a tube of

section S1 and it changes abruptly to a section S2, a reflected wave of amplitude Ar

goes back to the source and a transmitted wave of amplitude At continues propagating
with velocity v2. According to Snell’s Law, the amplitudes of these waves (Ar and At)
can be written as [6]:

At ¼ 2 v2
v1 þ v2

Ai;Ar ¼ v2 � v1
v1 þ v2

Ai (1)

f (Hz) 63 125 250 500 1000 2000 4000 8000 A-weighted

Reduction (dB) 11 10 18 25 28 26 31 35 25

Table 1.
SPL reduction achieved by a recovery boiler in a paper mill (from Ref. [5]).

Figure 1.
Sketch of operation principles of reactive silencers (adapted from Ref. [7]).
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The greater the difference between S1 and S2, the better attenuation is obtained;
the shorter the transition between S1 and S2, the better attenuation is also obtained.
According to Ref. [6], the SPL reduction in an abrupt expansion as sketched in
Figure 1 could be between 2 dB (for S2/S1 = 4) to more than 8 dB (for S2/S1 = 25).

These silencers do not require absorbent materials. Their best application is to
control narrow band noise or tones at discrete frequencies, especially low frequencies.
The most common designs are sketched in Table 2. The highest frequency of plane (or
bidimensional) waves to be controlled by this type of silencer can be estimated as [6]:
f < c/2a, where c is the velocity of sound and a is the diameter of the tube, or the
minor dimension of its section if it is rectangular. It is important to consider that the
wavelength λ of the waves to be controlled should also satisfy: λ ≪ a.

Also, the well-known Helmholtz resonator can be designed to serve as a silencer,
for example, mounting a Helmholtz device designed according to the frequencies to
control one side of the tube/duct, where the noise control is needed. A reduction up to
8 dB can be obtained [7]. The volume V of the cavity and the radio r and length l of the
neck are to be determined according to the frequency f to control, using the equation
of the resonance frequency of a Helmholtz presented in Figure 2.

2.2.2 Resistive or dissipative silencers

These are the most suitable silencers to control medium and high frequencies
sectors of the broadband noise spectrum. These consist of devices coated with a
porous acoustic absorbing material, in contact with the airflow where noise control is
needed. The most usual acoustic absorbing materials for the coats are mineral wool or
fiberglass. Their effectiveness is based on dissipating the acoustic energy of sound
waves as heat, by forcing the flow to lose its energy through friction.

The performance of acoustic dissipative silencers depends on the features of the
coating, the thickness and length of the acoustic absorbing materials, the features of

Expansion chamber:

TL ¼ 10 log 1þ S21�S22
2S1S2

� �2
� sen2 2πl

λ

� �� �

Side branch reactive silencer:

TL ¼ 10 log S1 �S2 � S1þS2ð Þ
4

h i

Table 2.
Sketch and TL of two designs of reactive silencers (adapted from Ref. [7]).

Figure 2.
Sketch of a side Helmholtz silencer (adapted from Ref. [6]).
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the flow passage section, and the pressure drop in the system (remember that the
pressure drop is proportional to the squared velocity of the flow u2).

2.3 Encapsulations

Encapsulations can be suitable options for noise control for many types of equip-
ment. The most used enclosures are small buildings where the noisy machines are
enclosed. They must be designed by taking into account not only the acoustic charac-
teristics but the ventilation needed for proper operation. Even when each machine
complies with noise emission standards, the need of reducing SPL in areas close to
public or private works is a major concern. Giraldo Arango states that “Empresas
Públicas de Medellín E.S.P.” (Public Companies of Medellín, Colombia) successfully
incorporated some environmental management requirements in its work specifica-
tion, especially for Public Works [8]:

… the use of modern machinery and equipment with soundproofed engines; preventive
and corrective maintenance measures must be taken to keep equipment in proper
working conditions; if not possible to insulate the sound emission of, that is, jackham-
mers or disc cutters, then a maximum of two continued hours of noisy equipment
operation should be taken, with breaks of the same duration; coordinating and sched-
uling with authorities of schools and health institutions, in order to conduct noisy
operations during class breaks or shift changes…

He also states: “… people from public and private sectors mention it is not possible to
control noise. … it has been proven that it is possible in practice by using other methods as
those normally used, and which are environmentally and economically more attractive.”
In his opinion, stricter control of environmental management is needed; control
activities should be handled by the contractor [8].

Some machines have the possibility of building a customized enclosure, either
removable or fixed. They must have both good acoustic insulation and absorption
properties. Table 3 presents the comparison of the SPL measured at 1 m from two
twin well-point pumps [9]. One of them was enclosed in a customized acoustic
removable capsule. Both measurements were done with a class 1 sound level meter
during the same morning when the pumps were working in similar conditions in the
same area of the city. Drastic reduction in the values of some parameters was
experienced for A-weighted sound pressure levels.

2.4 Traffic noise control: special pavements

The noise of road vehicles is generated from three main sources—engine acoustic
emissions, which represent the main source at low velocity; tire-pavement noise,
which is dominant from 60 to 100 km/h (approximately); and aerodynamic noise,
which is more significant at high speeds (greater than 100 km/h).

Acoustic pavements are designed for reducing noise due to contact with the tires.
They have a high sound absorption coefficient in the frequency range where rolling
emissions are greater. Thus, the acoustic energy is dissipated as heat, rather than
reflected on the ground. Smooth pavements will be less noisy at high speeds if they are
dry; in wet conditions, an increase of about 4 dB can occur.

There are different responses of pavements according to the frequency. The results
depend on the mass percentage of the asphalt, the air pockets in mineral aggregates, and
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the aggregates grading curve [10]. The most silent pavements are the so-called draining
or porous pavements. They can reduce up to 5 dB, especially in high frequencies. They
have a very high percentage of holes in their structure, which absorb part of the sound
energy emitted by vehicles (both by the tires and by the engine) and drain rainwater as
well. The high porosity is obtained by using uniform-sized aggregates.

Acoustic pavements are not only expensive but also they age as their pores clog;
then, they lose their acoustic properties. Highways and high-speed roads are less
vulnerable to aging, due to a self-cleaning effect caused by the movement of vehicles
at high speeds. In urban areas where circulation speeds are slower, permeability is
quickly lost. The cleaning procedures are expensive, difficult and of limited efficiency,
so the construction of these special pavements is restricted to high-speed traffic lanes.

There are currently promising developments in acoustic pavements that use
reclaimed materials. The aging phenomenon was studied at three pavement sections of
rubberized asphalt (i.e., asphalt containing crumb rubber from tires) [11]. The best
analytic relation to link acoustic properties and aging is not linear but logarithmic. The
main variables that correlate in a direct sense are the temperature of air and pavement,
and the hardness of the rubber of the tires; an inverse relation was found with other
variables, such as heavy traffic flow, age of the pavement, and climate variables [11].

Non-
enclosed
machine

Enclosed
machine

Difference Observations

LAFmax 87.2 77.1 �10.1 Significant attenuation

LAFmin 82.6 74.3 �8.3 Significant attenuation

LAIeq 86.4 76.4 �10.0 Significant attenuation

LAFeq 84.8 75.5 �9.3 Significant attenuation

LCFeq 91.1 90.2 �0.9 As expected, the enclosure is not effective at low
frequencies

LAF10 85.4 75.9 �9.5 Significant attenuation

LAF50 84.8 75.5 �9.3 Significant attenuation

LAF90 84.1 75.1 �9.0 Significant attenuation

LAIeq – LAFeq 1.6 1.0 �0.6 As LAFeq and LAIeq present similar decreases,
significant changes none were found

LCFeq – LAFeq 6.3 14.8 +8.5 Due to the ineffectiveness of the enclosure at low
frequencies, LCFeq does not change significantly,

while LAFeq does. Hence, the difference LCFeq � LAFeq
raises

LAF10 – LAF90 1.3 0.8 �0.5 As LAF10 and LAF90 present similar decreases,
significant changes none were found

LAFmax = A‐weighted maximum sound pressure level, measured in fast time weighting; LAFmin = A‐weighted minimum
sound pressure level, measured in fast time weighting; LAIeq = A‐weighted equivalent sound pressure level, measured in
impulse time weighting; LAFeq = A‐weighted equivalent sound pressure level, measured in fast time weighting; LCFeq = C‐
weighted equivalent sound pressure level, measured in fast time weighting; LAF10 = A‐weighted 10% exceedance sound
pressure level, measured in fast time weighting; LAF50 = A‐weighted 50% exceedance sound pressure level, measured in
fast time weighting; LAF90 = A‐weighted 90% exceedance sound pressure level, measured in fast time weighting.

Table 3.
Comparison of the acoustic performances of two well-point pumps, one of them into a customized acoustic
enclosure (from Ref. [9]).
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2.5 Aerodynamic noise

The interaction between wind and constructions can produce acoustic emissions.
Sometimes they are caused by the detachment of the boundary layer developed on a
surface, for example, the blades of a wind turbine, the hood of a vehicle, or the wings
of an aircraft. The use of a slitted-sawtooth serrated trailing edge to control the trailing
edge noise in large wind turbines reduces SPL by about 5 dB [13]. When the noise is
related to the airflow through holes or slots, the noise spectrum usually presents
strong pure tones, as shown in Figure 3.

The emission of noise can be related to a constriction in the flow that causes an
increase in the velocity of the airflow; it is the case of the passage of air through holes,
slots, or openings that are part of the design of a building. Analyzing the geometry of
the problem and the statistics of wind velocity and direction, the most suitable solu-
tions for preventing the phenomenon are—modifying the dimensions of holes and
slots; selectively blocking or covering the openings [14]; or modifying the geometry of
the wind passage to act on the degree of turbulence of the incoming flow [12].

3. Passive noise control along the propagation path

The intensity of a sound wave is the acoustic energy carried by the wave per unit of
area and per unit of time. It can be computed as the relation between the squared
sound pressure and the acoustic impedance of the propagation medium. Thus, two
possible ways to reduce the sound intensity are acting directly on the sound pressure
or acting on the acoustic impedance along the propagation path.

3.1 Changes in acoustic impedance along noise path

A change in the acoustic impedance Z along the sound path imposes a modification
on the sound wave amplitude. When a sound wave intends to pass from a propagation
medium 1 with acoustic impedance Z1 to another medium 2 with acoustic impedance

Figure 3.
Measured sound pressure level spectrum of a wind-induced annoying noise caused by airflow through small holes
(from Ref. [12]).
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Z2, the fraction of its intensity transmitted from 1 to 2 is determined by the transmis-
sion factor Ft. The non-transmitted energy goes back to medium 1, according to the
reflection factor Fr. These factors can be written as relations between Z1 and Z2 [6]:

Ft ¼ 4 Z1Z2

Z1 þ Z2ð Þ2 ; Fr ¼ Z1 � Z2

Z1 þ Z2

� �2

with Ft þ Fr ¼ 1 (2)

If Z1 and Z2 have close values, Fr will approach to zero and most of the acoustic
energy will be transmitted. If Z1 and Z2 are very different, most of the acoustic energy
will be reflected. Generalizing, a large difference between the impedances of the two
media reduces the transmitted acoustic energy. Then, when passing from 1 to 2, most
of the acoustic energy will not be transmitted and the same will occur when passing
back from 2 to 1. This principle is used for the design of composite materials for
acoustic insulation, but it is also suitable for controlling solid-induced noise and
vibrations. In the first case, the best materials for acoustic insulation of airborne noise
are those with very high acoustic impedance, because the acoustic impedance of the
air has a low value (around 415 rayl).

When vibrations and/or solid-induced noise are to be controlled, one of the pre-
ferred solutions is “cutting” the propagation path and filling the joint with a soft
material whose acoustic impedance value is as far as possible from that of the trans-
mission medium. It is a common solution when building double walls to have inde-
pendent foundations, but also the principle of floating floors and a good option for
damping/insulating floor- or wall-transmitted vibrations.

Table 4 presents the value of longitudinal sound velocity, density, and acoustic
impedance for some materials, including some types of common polymers.

3.2 Acoustic barriers or screens

The main parameter to describe the performance of acoustic barriers is the inser-
tion loss (IL), which represents the difference between the SPL at a receiver without
and with the barrier. The maximum value of IL that can be theoretically achieved is
20 dBA for thin screens and 23 dBA for earth embankments [15].

3.2.1 How does an acoustic barrier work?

An acoustic barrier or screen consists of an obstacle—usually, similar to a wall—
that stands between a sound source and a receiver, and whose characteristics are
defined to acoustically protect the receiver. The length of the screen normal to the
source-receiver line may be greater than the wavelength for which the barrier is
designed. Acoustic barriers aim to create a relatively calm and silent space behind it, in
the so-called “acoustic shadow area,” even at a short distance from any relevant sound
source. The most frequent applications of acoustic barriers are concentrated around
highways and railways, in construction sites and mining areas, in the vicinities of
airports and industrial zones. They may be placed as close to the source as possible, to
maximize their performance. Even though, sometimes it is necessary to put them
close to the neighborhoods to protect them against the noise from different sources.

Four types of phenomena occur in an acoustic barrier: reflection, absorption,
refraction, and diffraction (Figure 4).
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Medium Sound velocity c
[m/s]

Density ρ
[kg/m3]

Acoustic impedance Z
[rayl]

Aluminum 6300 2700 16.8 � 106

Bone 4080 1900 7.7 � 106

Brick 4300 1700 7.3 � 106

Cellulose butyrate 2140 1190 2.55 � 106

Clay 3400 2600 8.84 � 106

Concrete 3500 2600 8.9 � 106

Dry sand 1700 1610 2.74 � 106

Ethyl vinyl acetate (EVA) 1800 94 0.17 � 106

HDPE plate 2570 950 2.4 � 106

Iron 5900 7690 46 � 106

Iron cast 4600 7220 33.2 � 106

LDPE plate black 2180 915 1.9 � 106

Lead 1190 11,300 13.5 � 106

Marble 3810 2800 10.5 � 106

Neoprene 1600 1310 2.1 � 106

Nylon (polyamide) 2710 1150 3.1 � 106

Paraffin 1940 910 1.76 � 106

Polymethylmethacrylate
(PMMA)

2724 1180 3.2 � 106

Polycarbonate 2250 1210 2.77 � 106

Polyester casting resin 2290 1070 2.5 � 106

Polyoxymethylene (POM) 2430 1420 3.45 � 106

Polypropylene 2470 880 2.2 � 106

Polystyrene rexolite 2346 1040 2.3 � 106

Polyurethane elastomers 1700 1040 1.80 � 106

Polytetrafluoroethylene (PTFE) 1530 2200 3.4 � 106

(PVC) 2380 1380 2.9 � 106

Recycled plastic 857 940 0.8 � 106

Rubber-like material 1300–1700 900–1300 (1.2–2.2) � 106

Stainless steel 5800 7930 46 � 106

Tin 3300 7300 24.2 � 106

Vinyl rigid 2230 1330 2.96 � 106

Wood 4000 700 2.8 � 106

Wood cork 500 250 0.12 � 106

Zinc 4200 7000 29.4 � 106

Table 4.
Acoustic properties of some materials (values from various sources).
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Reflection and refraction follow Snell’s law; the fraction of the acoustic energy that
will be refracted and reflected can be estimated with the coefficients Fr and Ft
presented in the previous section. Please consider that the refracted energy involves
both the transmitted and the absorbed at the surface of the screen, that is, the
refracted energy is all the energy that is not reflected.

The requirements for the materials for building acoustic barriers are not acousti-
cally challenging: a minimum surface density of 10 kg/m2 is sufficient to obtain an
adequate transmission loss (TL) value. Tightness is important: a percentage of
openings of more than 1.5% in the screen surface causes a reduction of 3 dB in its
transmission loss TL.

The most important feature to consider for designing a noise barrier is diffraction.
Both the upper and the side edges of a noise barrier become diffracted noise sources.
Hence, for calculating the SPL at a receiver without the direct vision of the main noise
source, the contributions of each one of these new sources are to be added. If the
barrier has a special heading, its reduction may be also considered.

A barrier can be considered thin or thick. A thin barrier can be thought of as a flat
surface with mass but without thickness; thus, its edges would act as lines where
diffraction can occur. An acoustic barrier is said to be thick when it has more than one
point where diffraction can occur. The most frequent case is that of embankments,
although the buildings of a city are very important to control noise pollution, as they
have many edges for diffraction.

When the wavelength to be controlled is less than 20% of the top width (λ < e/5),
the barrier will be considered thick. If the top width exceeds 3 m, the barrier will
behave as thick for all frequencies. Otherwise, the barrier will behave as it is thin and
it should be designed in such a way. In the case of thick screens, the thickness emay be
added to the smallest distance a or b (Figure 5) to get the new values a0 or b0. All
calculations may be computed using the new values a0 or b0.

A thin barrier can turn into a thick one simply by adding a proper header for
having multi-edge diffraction and enhancing its performance and effectiveness. Using
absorbing materials on the surface exposed to the noise source is not mandatory;
nevertheless, it can be useful for reducing noise reflections, that is, when there are
screens on both sides of a highway or railway.

The best geometry for using absorbing materials is when the height H of the
screen is greater than 20% of its length L (H > L/5). In addition, the best solution for
avoiding reflections when L/10 >H > L/20, is by positioning one of the two screens at a
minimum angle of 15° vertical. When L/5 > H > L/10, cases should be studied individ-
ually. If H < L/20, no simple action will significantly improve its performance [18].

Figure 4.
Acoustic phenomena that occur in a barrier (adapted from Ref. [16]).
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Many natural fibers can contribute to acoustic absorption; the best performance was
achieved by fibers, such as kapok, pineapple-leaf, and hemp [19].

Substituting a reflective barrier placed 1 m far from a railway with an absorptive
one could improve IL up to 6–10 dB [20]. Placing a Schroeder diffuser on the surface
of an extruded-PVC acoustic barrier could improve the IL in almost all frequencies
between 315 Hz and 8000 Hz [21].

When a transparent or a reflective material is selected for a noise barrier, the birds
will not be able to visually recognize it. Thus, to minimize bird collisions onto barriers,
the use of opaque stripes or dots should be taken into account in the terms of reference
[22]. The old usage of painting raptors onto transparent barriers [20] can also be
substituted with an ultraviolet “A” reflecting coating (UV-A), that is visible only to birds.

3.2.2 Types of acoustic barriers

When selecting the type of acoustic barrier to construct, not only the acoustic
performance must be taken into account, but also the available space, characteristics
of topsoil and subsoil conditions, the possibilities of landscaping integration, and the
cost per m or per km, both for construction/mounting and maintenance.

The most common types of barriers are thin screens, soil embankments, partitions
or enclosures, and green curtains:

• Thin screens: They are relatively thin constructions for controlling noise in the
vicinity of roads or railways. Their IL strongly depends on their height, length,
and materials. Thin screens can be built of concrete, absorbent bricks, galvanized
steel, wood, wood panels, aluminum, methacrylate, and polycarbonate, among
others.

• Soil embankments: They are mounds that are usually covered with grass. They
usually have a good acceptance. Their main disadvantages are the need for huge
space for their construction and constant maintenance. Nevertheless, when there
is enough space and proper materials for its construction, it is a rather economical
solution. The IL should be calculated as a multiple-diffraction screen (thick
barrier). It should be noted that the height of a ground embankment used as an
acoustic barrier should be higher than a thin barrier to achieve the same results.

• Partitions or enclosures: They are partial or total covers of a route or street
section, to avoid noise propagation. They are very effective, but their
construction and maintenance can be very costly.

Figure 5.
Cross section of a thick screen (adapted from Ref. [17]).
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• Green barriers: They produce the best esthetic result. On the other hand, their
acoustic performance is poor and they need constant maintenance.

Both thin and green barriers can be designed as modular infrastructure, to build
different configurations [23]. The “A-frames” built out of Corten steel facilitate plants
growth, protection, irrigation, and maintenance [20].

The costs of different materials of noise barriers by life-cycle cost analysis are
compared in Ref. [24]. The present net worth is considered by adding the initial
construction cost and the annual cost of maintenance and replacement during a life of
n years, with an interest rate i of 5.5%. The service life of embankments and concrete
is considered of n = 50 years, and of n = 25 years for steel-, wood- and aluminum-
based materials. In this framework, the most cost-efficient option was earth embank-
ments; the least cost-efficient was the aluminum-based materials (four times more
expensive than earth embankments).

3.2.3 Basic acoustic design of an infinite acoustic barrier

Although there are several explicit calculation methods, they are only approxima-
tions. If an accurate value is needed, applying numerical modeling techniques is manda-
tory. Possibly, one of the earliest methods to calculate the IL of an acoustic barrier is
Maekawa’s [20]. It considers frequencies between 100 Hz and 5000 Hz. The depletion of
SPL due to diffraction on the top edge can be calculated as IL = 10 log(20 N).

N is the Fresnel number and it can be obtained with basis on the wavelength λ and
the difference between the direct path d (the geometric distance between source and
receiver) and the path over the barrier, or diffracted path (a + b), as indicated in
Figure 4:

N ¼ 2
λ

aþ b� dð Þ ¼ 2δ
λ

(3)

Best results of Maekawa’s expression are obtained when the height of the barrier is
significantly less than its length, a is less than 5 m, the height of the source is greater
than a and the height of the receiver is greater than b.

Other expressions for estimating IL are in use, aiming to improve the accuracy of
the results [20, 25]:

• For point sources: IL = 10 log(3 + 20 N) with N > 1.

• For linear sources and traffic noise: IL = 10 log(2 + 5.5 N) with N > 1.

Kurze-Anderson [20]:

ΔL ¼ IL ¼ 20 log

ffiffiffiffiffiffiffiffiffi
2πN

p

tanh
ffiffiffiffiffiffiffiffiffi
2πN

p þ 5 for� 0:2<N < 12:5 (4)

or ΔL = IL = 24 dB for N > 12.5 (only for point source).
Taking into account that tanhX ¼ senh X

coshX ¼ eX�e�X

eXþe�X.
When ground absorption is to be considered, please use the next expression, either

for thin or thick barriers:
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IL ¼ 10 log 3þ 10 N Kð Þ–Aground (5)

The ground absorption Aground can be computed by any proper method.
The value of K is related to meteorological conditions, according to:

When 100 m< aþ b< 300 m : K ¼ e�0:0005
ffiffiffiffi
abd
Nλ

p
; otherwise, K = 1

Pita Olalla [26] proposes the following expression for a linear source:

IL ¼ ΔL ¼ 15 log

ffiffiffiffiffiffiffiffiffi
2πN

p

tanh
ffiffiffiffiffiffiffiffiffi
2πN

p þ 5� 10 log 2e�h=2λ þ 1
� �

(6)

where h = height of the acoustic barrier.

3.2.4 Minimum length of a noise barrier

To calculate the minimum length of a barrier, the most important variable is the
angle of view of the receiver (Figure 6). If the angles of view of the receiver are α and
β, the acoustic energy that can reach it will be proportional to the ratio between (α + β)
and the straight angle of which they are part. Thus, if the receiver is located at a
distance d from the road, the expected sound pressure level at its location will be [18]:

Lp,d ¼ Ld � ILþ 10 log
180°� αþ βð Þ

180°
(7)

where Lp,d is the SPL at distance d from the source, with the screen; Ld is the SPL at the
same point, without the screen; IL insertion loss of the noise barrier, if infinite; and α, β
are the angles of direct view of the source from the receiver, at both sides of the screen.

The relation between the IL and the shielding angle from the receiver does not
depend on the distance from the receiver to the barrier, as stated by Ross et al. [27] after
analyzing a set of 300 sites with barriers from 90 to 1100 m in length. When studying
the behavior of barriers of the same length and different heights, the shielding angle
should be at least 165° to reach a good IL value. The effectiveness of the barrier will have
an abrupt depletion if the shielding angle is less than 140°. These results backup the
usual recommendation of having a shielding angle of at least 160°, which is rather the
same as having a barrier length of at least four times the distance d on each side of the
receiver to be protected. (Strictly, the value should be closer to / between 6–7.5d).

3.2.5 Headers or cappings

While the basic design of a noise barrier involves defining the location, height, and
materials of a wall with a horizontal top edge, there are many possible designs for
capping the wall. Headers or cappings are very important in the acoustic performance
of barriers. Although they also have an esthetic function, headers seek to improve

Figure 6.
Sketch for calculating the length of an acoustic screen (adapted from Ref. [18]).
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noise reduction achieved by diffraction at the upper edge of the screen. There are
cantilevered cappings, multi-diffraction, tubular, Y-shaped, absorptive or reflective
ones, designs for promoting destructive interference, sound diffusion or scattering.
There are even patented acoustic header designs for acoustic barriers. A broad catalog
of tested header designs can be found in Ref. [26]. The excess attenuation is near 2 dB,
but an extra attenuation of up to 6 dB can be achieved. When comparing the perfor-
mance of two thin barriers of the same height in the same construction site, one of
them having a straight edge cantilever and the other one, a slanted flat-tip jagged
cantilever, the last one achieved an additional attenuation of up to 5 dBA [28]. Last but
not least, there are many designs of cappings that includes ANC technologies.

3.3 Green barriers

A green barrier designed to have an acoustic function should not be confused with
an esthetic one. In fact, guidelines for greening acoustic barriers can be found, for
example [29].

A study carried out in Virginia (US) concluded that “there was minimal noise attenu-
ation that could be attributed to the coniferous trees at the 15 study sites examined. Attenua-
tion was not correlated with tree stand age, height, species, or density for these sites.” [30]

Shrubs and trees should meet certain characteristics to take part in a noise barrier.
The depth of the green curtain may be at least 15–40 m. Even if its best performance is
between 250 and 1000 Hz, an attenuation greater than 3 dB in LAeq should not be
expected. The best attenuation performance of a green barrier occurs at a wavelength
twice the size of the leaves of the tree species [20].

The expression for estimating the attenuation of a dense green barrier, proposed
by Kurze, Beranek and Hoover, as presented in Ref. [31]:

ΔL dB½ � ¼ d m½ �
100

f
1
3 (8)

Even if direct relations between the IL and the length, depth and diameter of the
branches of urban green curtains have been reported and drawn [32], analytic
expressions for predictive purposes are not easy to develop.

It is usually assumed that the attenuation of green barriers is almost negligible for
frequencies below 400 Hz and that they may be useful only for frequencies above
1000 Hz, provided that the curtain is dense and its thickness is several tens of meters
in depth. The improvement in the attenuation in low-frequencies is mostly related to
fallen leaves and branches, which increases the surface porosity and thus, the ground
absorption. Martens’ work shows the best performance is reached when the leaf
dimension is similar to half of the wavelength to absorb [20].

In a study analyzed in Ref. [31], the acoustic attenuation of two green barriers of
cedar trees 4–4.5 m in height is compared. In the first case, the trees were aligned by
rows and columns, in an area of 30 m � 5 m, very close to one another, with branches
overlapping; in the other case, The trees were planted in a diagonal pattern, on the
vertices of equilater triangles of 1.20 m side (quincunx pattern)., occupying an area of
25 � 9.20 m. The results are shown in Table 5.

The absorption coefficient of leaves and plants seems to be low. Low absorption
coefficients were found up to 1600 Hz, most of them no greater than 0.30. The best
performance was that of Winter Primula vulgaris, with values between 0.6 and 0.7 for
frequencies of 500–1600 Hz; and the worst, Hedera Helix’s, with all values below 0.20.
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The study states that “the leaf area density and dominant angle of leaf orientation are two
key morphological characteristics that can be used to predict accurately the effective flow
resistivity and tortuosity of plants” [33]. Two other studies obtained similar results
[34, 35]. The main conclusion of Asdrubali et al. [34] was that “the main absorber is the
substrate soil (… ). The presence of the plants becomes useful only when a large number of
them is installed on the sample, otherwise is even pejorative within some frequency ranges.”
Just the opposite, Azkorra et al. [36] obtained a weighted sound absorption coefficient
of 0.40, but the best absorption coefficients were at frequencies of 125 and 4000 Hz,
and the worst ones, were at 500 and 1000 Hz.

3.4 Sonic crystal (acoustic open barriers)

Sonic crystals (SC) are periodic structures that have been studied in recent decades
to learn about their possibilities of behaving as “acoustic open barriers”. They have
been also been studied for using them for sound diffusion [37].

The idea of an open barrier seems incompatible with the tightness and continuity
of the surface of a “conventional” barrier. A SC is a periodic structure that can be
triangular, squared, rectangular, or hexagonal; the best geometry is triangular [16].
The essential point is that the structure is the same regardless of the orientation of the
material. Depending on the number of dimensions in which the pattern is repeated,
the SC will be one-dimensional, two-dimensional, or three-dimensional. The most
useful structure for acoustic barriers is two-dimensional with Cermet’s topology (i.e.,
there is no contact between one scatterer to the other, each scatterer is totally
surrounded by the external fluid—the air in this case) [38]. Thus, the key is that the
operation principle is different in nature—the SC does not attenuate noise by diffrac-
tion, but by Bragg interference, widely used in optics—when a wave reaches a crystal
structure surrounded by a fluid, the energy of some frequencies cannot be transmit-
ted. These frequencies are the so-called “Bragg frequencies.” This occurs due to a
destructive interference caused by a multiple scattering process [16, 37–39]. If a is the
distance between two scatterers, the main controlled frequency will be f = c/2a (c is
the sound velocity and a is the so-called constant of the lattice). Due to the destructive
interference caused by the SC structure, all the acoustic energy at that frequency is
reflected. This frequency itself is a bandgap; the width of the bandgaps is linked to the
filling factor, which represents the fraction of the lattice area that is occupied by
scatterers. The greater the filling factor—without losing the crystal structure—the
best IL is achieved; but if the filling factor is close to 1, the SC will become a contin-
uous barrier [38]. It is worth mentioning that the height of the barrier is not a critical
factor in the design [16].

Rows and columns Diagonal

630 Hz 1.2 0.4

2000 Hz 2.6 5.2

5000 Hz 5.5 —

10,000 Hz 8.3 11.3

Table 5.
Attenuation of a green barrier of cedar trees in dB/m of curtain depthness in two different arrangements (from
Ref. [31]).
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The main advantages of acoustic open barriers are that they are lighter, easier to
install and they do not need to have a significant additional height above the source.
Research on this technology in the last years has allowed the development of new
metamaterials, for example, a scatterer consisting of an absorbent split ring resonator,
which has the structure of a SC with a cavity to act as a Helmholtz resonator and an
absorbing material to reduce the acoustic energy at high frequencies [38].

4. Passive control at the receivers

It refers to actions aimed at improving acoustic insulation in recipients’ homes,
through constructive solutions, materials with better acoustic performance, windows
sealers, special openings, or with double glass. When none of these options seems to
be a solution, the use of personal protection equipment (PPE) is the last option. PPE
are not only used by workers: many people who are very sensitive to noise have to
wear these devices to sleep, or at least to fall asleep.

Even though, there is another way to improve sound quality for the recipients: it
consists of masking the undesirable signal. Even if it is closer to an active method for
noise control—it consists of adding acoustic energy to the system—it may not be
considered as an ANC technique. Masking is a natural human auditive function: some
signals can lift the hearing threshold levels at certain frequencies. With basis on this
concept, the common idea of masking solutions attempts to mask high frequencies for
making speech incomprehensible to adjacent rooms, for example, between a waiting
room and a doctor’s office, or between a meeting room and a reception area. In all
these cases, the most common technique is music masking. Other options and appli-
cations are available as well, for example, the use of white noise or a water fountain
sound for enhancing acoustic quality to the receivers [40], which has been studied for
a long time to make soundscapes healthier [41].

5. Active noise control (ANC)

ANC refers to a technique that aims to reduce the SPL through the emission of
sound signals in the counter phase with those that occur in the system to control.
Then, destructive interference is generated between both signals. This method
involves adding acoustic energy to a system that already has an excess of acoustic
energy; thus, it should be applied very carefully. On the other hand, active silencers
are more accurate and versatile than passive ones. ANC can be used in the source,
during sound propagation or at the receiver. Best results should be expected when the
signal is periodic, low frequency, and narrow band.

In a similar way to ANC techniques, there are active vibration control techniques.
They act with analogous principles, but in this case, they introduce oscillations to
counteract the original vibrations.

5.1 Main components of an active noise control system

An ANC system consists of the following components:

• A primary acoustic field, which is the acoustic field to be controlled.
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• Detection sensors or transducers, which allow characterizing the signal to be
controlled and provide the information to the system controller.

• Error sensors, which take information after the cancelation (that is, the sum of
the primary signal plus the secondary signal -or control signal-), to inform the
controller to perform the necessary corrections so that the result is as close as
possible to zero.

• Actuators, which are electroacoustic devices (commonly, an amplifier and a
loudspeaker) that receive the controller’s instructions to emit a certain
cancelation signal to modify the primary acoustic field (“anti-noise” or
“counterwave”, a sound with the same amplitude and frequency of the signal to
control, but in opposite phase).

• A controller, on which the success of the system depends on. It is the electronic
system that processes the signals from the error detection and control sensors,
generates the signal to be emitted, and defines the delay with which it must be
emitted; lastly, it sends the order to the actuators to emit it. The delay between
the primary and secondary signal must be adjusted taking into account the
primary detection sensors and the error sensors. The controller optimizes the
attenuation of the error signal provided by an adaptive algorithm that varies the
filter operating coefficients in real-time.

The system works as follows:

• A detection sensor (e.g., a microphone) receives the signal to be controlled and
sends this information to the controller.

• The controller generates an equal wave (secondary field) but in the opposite
phase and sends it to the actuator with a certain delay, which is the time that the
controller calculates for the wave to reach the designated point.

• The actuator emits the signal indicated by the controller.

• Another sensor (an error sensor or error microphone) is located after the actuator
receives the two added signals, primary and secondary, whose result should be as
close as possible to zero, and sends it to the controller.

• As in practice, the result is not usually exactly null, the controller will make an
adjustment to minimize the error.

5.2 Applicability of active noise control systems

The main rules of thumb for applying an ANC system are the following:

• The system should be as robust and powerful as possible.

• The minimum sampling frequency required by the controller must satisfy the
Nyquist theorem: fmin,sampling ≥ 2fMax of the frequencies to control. In other
words, the minimum sampling frequency necessary to describe a signal of 500 Hz
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is at least 2 � 500, that is, 1000 samples per second. Hence, the lower the
frequency of the signal to be treated, the less demanding this aspect becomes.
Please, note that the Nyquist theorem is a necessary condition but not a sufficient
one to achieve a good description of the signal through sampling. At first, this
was a major limitation for the use of the ANC systems. Advances in
communications technologies have broken down this barrier.

• The abovementioned condition implies that the processing time by the controller
should be less than the time between two samples. The maximum available time
between the income signal sent by the reference sensor and the emission of the
cancelation signal by the actuator is usually a few milliseconds. For example, for
500 Hz, the minimum sampling rate is 1000 samples per second; thus, the
processing time should be less than 1/1000 = 1 ms.

• The causality condition establishes the minimum length that the noise-canceling
systemmust be above a certain frequency, to guarantee that the acoustic delay δA
is being considered. To ensure that the adaptive filter has a causal response, it is
necessary that δA > δE, δE is the total electrical delay (sum of the delays of the
entire analog-digital system, including the controller, the digital filter, the
loudspeaker, the processing time and so on. δA is the time taken by the flow to
pass through the input microphone.

• The closer the two sources are (primary and secondary), the greater the
reduction in the total sound power of the ensemble.

• The greatest efficiency of the solution occurs when the separation between
sources is not greater than 0.1 λ: reductions of 10 dB or more can be achieved.

• If the separation between sources becomes greater than 0.3 λ, the attenuation will
be negative, that is, the net acoustic power of the ensemble will increase.

• From the previous conditions, it turns out that ANC is more favorable the greater
the wavelength of the signal to be controlled. These systems are generally applied
for frequencies up to 500 Hz (λ500 Hz ≈ 0.68 m).

• If the cancelation signal is emitted by more than one source, the greater the
number of secondary sources, the better the result.

• To control a signal with significant amounts of energy in low and high
frequencies, mixed solutions (active and passive) should be considered.

5.3 Control strategies in active noise control systems

There are two basic control strategies in ANC systems: anticipatory or feedforward
control and feedback control.

The applicability of feedforward control relates to cases whether the propagation
time between the reference microphone (the primary sensor) and the cancelation
loudspeaker (the secondary source) is sufficient—in electrical terms—so that the
canceling signal could be reintroduced downstream when the primary noise signal
“passes” the loudspeaker. This is why active control was originally reserved for low-
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frequency sounds since at lower frequencies there was more time (or distance trav-
eled) to insert the secondary signal. The objective of the system is to minimize the
error signal so that the residual acoustic noise error (i.e., the sum of the original and
input signals) results as low as possible.

The feedback system is simpler than the feedforward one, but it can only be applied
if the signal to be controlled is well known and very stable, that is, with very few
variations. Thus, the need to know the signal to be controlled at all times is avoided
since the system assumes it is a fixed and known input.

A single microphone is used as an error microphone, which registers the sum of the
signal to be canceled plus the cancelation signal. The information is sent to a simpler
control system, which sends the signal to be emitted to the actuator aiming to
minimize the error between the current signal and the predefined one.

A combination of both systems is also possible to be used (“hybrid control”).
Hybrid control (FF/FB) refers to a two-degree-of-freedom controller, which enables
robust performance over a larger range of frequencies. The design of each controller
depends on the design of the other, for example, DEUS control structure output (two
inputs, one output). In 2020, another structure for ANC systems was proposed [42]; it
modifies the path for measuring the error.

Adaptive controllers may be mentioned as well. They allow good performance to
be achieved even when the information of the signal to be processed is incomplete.
When working under stationary conditions, an adaptive controller quickly converges
to Wiener’s optimal solution; when working in nonstationary conditions, the algo-
rithm allows tracking time variations in the input data, as long as these variations are
slow enough to track. Controllers can apply many possible algorithms, including the
classic “least mean squares.”

5.4 Some applications of active control

Possibly the most successful case in using ANC is that of active hearing protectors,
which generate a counterwave to protect workers exposed to high SPL. ANC-ear
protectors were one of the first applications of massive use of ANC; they met great
commercial interest. Its use for the protection of workers is not the only application:
not considering its dangers, it may be said that there are also motorcycle helmets with
ANC, due to the occupational exposure of those who work on motorcycles (delivery-
men, police officers [43]). Other nonpassive protectors are those that allow selective
filtering of some frequency bands, such as those which are especially of interest to
musicians; and those that allow masking the source by emitting a different signal (e.g.,
white noise, or even turning a radio on).

The applications of active control in the propagation medium are diverse and some
of them are novel. A modern system for indoor urban noise control is through ANC. A
10 dB reduction in traffic and railway noise was achieved on frequencies from 100 Hz
to 1000 Hz for canceling the incoming signals in a real window of 1 m � 1 m [44].
There are ANC systems for controlling SPL in the interior of a vehicle [45], a “noise-
canceling office chair” [46] and a “capsule” for home devices, to control both noise
and vibrations [47].

An interesting application of ANC is that proposed for a real case of
thermoacoustic instabilities in large combustion engines. Shortly explained,
thermoacoustic instabilities appear when working with machinery and equipment on
such a scale that the main phenomena, such as mixing or ignition, cannot be consid-
ered punctual neither instantaneous nor homogeneous throughout the combustion
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chamber. Thus, the system can frequently enter into resonance if there is coupling
with some geometric dimension.

When preparing this entry into resonance, a process of “loss of chaos” is observed
[48], which reaches the condition of thermoacoustic instability from which, after
some time that is not fixed or preestablished, the system recovers and returns to
normal.

In this case study, a detailed analysis of the problem showed that fluctuations in
the pressure of the fuel inlet line were occurring, leading to the occurrence of the
abovementioned instabilities. One of the three ways in which these were manifested
was by the loss of chaos in sound emissions, as described in Ref. [48]. The phenome-
non appears especially in the 25 Hz third-octave band (blue line in Figure 7). The
transition lasts several minutes, and it can be seen that the loss of chaos is the
preamble for the emission in that band to present an abrupt increase of SPL about
5 min later. The suggested solution was a typical feedforward ANC system since there
was a reaction gap of several minutes.

6. Final remarks

An overview of techniques for noise control has been presented. The most com-
mon passive solutions and their applications have been described; generalities and
actuality of ANC have been reported as well.

This chapter will fulfill its objective if it serves only as a guide for selecting options
for solving practical situations, but of course, a more in-depth approach is needed for
their acoustic design.
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Figure 7.
Installation of thermoacoustic instability in the 25 Hz third-band octave from a large engine (from Ref. [49]).
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Chapter 3

Approaches for Noise Barrier 
Effectiveness Evaluation Based 
on In Situ “Insertion Loss” 
Determination
Antonio Barba and Juan M. Martinez-Orozco

Abstract

In situ evaluation of the effectiveness of noise barriers may be based on the assessment 
of their intrinsic or extrinsic characteristics. The evaluation of intrinsic characteristics is 
based on acoustic properties, such as noise barrier absorption or insulation. The evalu-
ation of the extrinsic characteristics is based on the calculation of the barrier Insertion 
Loss, which is defined as the difference in the noise level before and after the installation 
of the barrier. Insertion Loss is calculated using two different approaches: the direct and 
indirect methods. The direct method is used when the barrier has not been installed yet 
or can be removed, while the indirect method is used when the barrier is already installed 
and cannot be easily removed. This chapter describes the different approaches used in 
the scientific literature for in situ evaluation of the effectiveness of noise barriers and 
discusses the noise attenuation levels obtained with each approach.

Keywords: diffraction, effectiveness, Insertion Loss, noise barriers, traffic noise

1. Introduction

1.1 Noise barriers: the ubiquitous solution to the road noise problem

Chronic exposure to environmental noise is a widespread problem around the 
world, causing significant impacts on human health and well-being. Road traffic 
is the predominant source of noise in urban areas and represents the second most 
important health risk factor after air pollution [1]. In Europe, it is estimated that 
about 20% of the total population is exposed to road traffic noise levels considered 
harmful to health [2]. Moreover, the problem is expected to become more severe in 
the next decades. In the European Union, the population exposed to high road noise 
levels is projected to rise both inside and outside urban areas over the next years due 
to urban growth and increased demand for mobility [3].

In the last decades, the introduction of more stringent environmental 
noise legislation has resulted in a series of noise abatement measures of varied 
nature. These included urban planning measures (such as the designation of 
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noise-sensitive areas, or regulations on vehicle speed limits or traffic restrictions), 
measures to improve the acoustic performance of vehicles, pavements and build-
ings, and the construction of noise barriers. Currently, noise barriers have become 
frequent features along many roads and railways.

The history of noise barriers precedes the appearance of the first generation of 
environmental regulations in the World. The first documented noise barrier installed 
on a road was built in 1963 [4]. In the following years, several new design criteria and 
new materials for barriers were rapidly introduced. And so, the first lightweight barri-
ers with an absorptive treatment on the panel surface date back to the early 1970s [5]. 
By 1975, Japan had already built noise barriers along 79 km of new highways [6], and 
the USA had installed about 57 km of barriers at certain types of highway projects [4].

In the 1960s and 1970s, the first research studies were initiated to analyze the 
acoustic properties of barriers and calculate noise attenuation levels. Probably the 
most famous of these studies was the Maekawa empirical chart of 1968 [7], as well as 
the formulations developed by other authors based on Maekawa’s original proposal 
[8–12]. It was also during this period that the first regulations for noise management 
and abatement were adopted in countries such as the USA (1972), Canada (1973), 
Germany (1974) and Japan (1974).

Since the 1980s, many countries have adopted Environmental Impact Assessment 
(EIA) legislation that requires the evaluation of, among others, proposed road 
projects that are likely to have significant environmental impacts. As part of the EIA 
process, the project developer is required to evaluate road traffic noise and must 
determine appropriate mitigation measures to minimize its effects. Constructing a 
noise barrier is probably the most mentioned mitigation measure in EIAs conducted 
around the world [13]. As an example of the extensive use of these devices, it was 
estimated that the global production of noise barriers reached approximately 370 mil-
lion m2 in 2014 [14]. In the European Union, these devices have become the most 
prominent noise mitigation measure applied to major roads located outside residen-
tial areas [15]; in the USA, about 5700 km of barriers have been built to date [4].

Noise barriers have been made of many different materials and have taken many dif-
ferent forms over time. In the past, simple reflecting barriers made of concrete, masonry 
blocks, or earth berms were often used, but modern barriers tend to have absorptive 
treatments which minimize the level of reflected noise. In recent years, a number of 
innovative barriers are being developed, such as combined noise and safety barriers, low-
height barriers, photovoltaic barriers, noise walls with titanium dioxide (TiO2) coating, 
inox/corten steel barriers, or acoustic devices based on sonic crystals [16].

The growth in the use of noise barriers has also been coupled with a growing 
interest in their effectiveness as a tool to reduce noise pollution. The evaluation of this 
effectiveness is, however, a difficult task, given that these devices are placed outdoors 
under very varied conditions, with diverse barrier designs and locations, fluctuating 
noise sources, and changing environmental conditions. This chapter outlines the 
fundamentals of the acoustic performance of barriers, describes the main approaches 
for the evaluation of their effectiveness, as well as the main findings obtained in the 
studies conducted on the attenuation levels measured.

1.2 Acoustic performance of noise barriers

A noise barrier is a structure that obstructs the direct transmission of airborne 
noise produced by a source, such as road traffic, and redistributes the sound energy 
into several paths (Figure 1):
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• A reflected path, so that the noise wave reaching the exposed side of the barrier 
partly reflects on it. The barrier can also absorb other parts of the sound energy. 
Based on these acoustic properties, noise barriers are usually divided into two 
main groups: absorptive barriers, which are specifically designed to absorb 
part of the acoustic energy, and reflective barriers, from which noise is largely 
reflected (a special group consists of reactive barriers, which are devices that 
contain cavities or resonators).

• A transmitted path, so that the noise reaching the exposed side of the barrier 
transmits through the device itself. Therefore, the transmitted energy must be as 
low as possible.

• A diffracted path, over the top and around the ends of the barrier, so that the 
barrier acts as an obstacle to the noise propagation, diffracts noise waves, and then 
propagates to the protected side of the barrier with less energy. Noise diffraction 
is largely determined by the difference between the source-receiver direct path 
length and the extended path length due to the presence of the barrier.

Noise barriers cause an area of decreased sound energy behind the barrier (also 
called shadow zone) which is a combination of reflection, diffraction, and transmis-
sion losses. Due to the nature of sound, diffraction does not bend all frequencies 
uniformly: higher frequencies are diffracted to a lesser degree; lower frequencies are, 
by contrast, diffracted deeper into the shadow zone behind the barrier. As a result, 
noise barriers are generally more effective in attenuating the higher frequencies.

The acoustic performance of a noise barrier depends on a set of intrinsic and 
extrinsic characteristics [18]. Intrinsic characteristics refer to the properties of 
individual components of the barrier, such as the type, thickness, and design of the 
materials used. Extrinsic characteristics consider the attenuation of the barrier once 
it has been installed. These characteristics are mainly determined by a set of context-
specific conditions, such as:

• The position of the barrier relative to the source and the receiver, and its effective 
height and length to block propagation paths.

Figure 1. 
The acoustic performance of a noise barrier (based on [17]).



Noise Control

34

• The nature of the noise source in terms of traffic volume, traffic speed, types of 
vehicles, and road pavement.

• The characteristics of the propagation medium, i.e., wind conditions,  
air temperature, and relative humidity.

• The nature of the terrain between the road and the receiver, i.e., interfering 
obstacles and the acoustic impedance of the ground surface.

These contextual properties largely determine the diffraction characteristics of 
the barrier and the global noise attenuation that can be achieved. The noise diffracted 
on the top and around the ends of the barrier is the most important factor limiting its 
acoustic performance [18].

1.3 Approaches for determining noise barrier effectiveness

Determining the effectiveness of noise barriers has attracted the attention of 
researchers for the past 40 years, and a wide variety of both mathematical and experi-
mental approaches have been developed. Mathematical methods have been widely 
used to determine the diffraction properties of the barriers. These methods can be 
based on the boundary element method [19, 20], the finite element method [21, 22], 
and the finite difference method [23].

Experimental studies have been based on diverse approaches relating to (i) the 
assessment of perceived annoyance reduction efficiency of noise barriers [24, 25], 
(ii) the effects of noise barriers on the perception of urban soundscape quality 
[26], (iii) the measurement of noise attenuation based on scale model experiments 
[27, 28], and (iv) the measurement of the acoustic properties of full-scale barri-
ers. The latter experiments have been the most reported in the literature, and have 
addressed the analysis of the effectiveness of barriers based on their various acoustic 
characteristics:

• Some research studies have addressed the intrinsic characteristics of barriers, 
such as sound absorption and insulation. Two types of measurement methods 
are commonly used to evaluate these properties: laboratory methods, using a 
diffuse sound field in a reverberation room, and in situ methods.

• Other studies assessed barrier performance by measuring its “Insertion Loss”, 
which is defined as the difference in sound pressure level before and after the 
barrier is constructed.

The methods for in situ evaluation of barrier effectiveness are described below, 
with a particular emphasis on those based on the determination of Insertion Loss.

2. In situ tests for evaluating intrinsic characteristics of noise barriers

A substantial part of the scientific literature on the evaluation of the acoustic 
properties of noise barriers has been based on the in situ evaluation of their intrinsic 
characteristics.
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In Europe, in situ tests for measuring intrinsic characteristics have been based 
on standardized methods such as AFNOR 31089 [29], the European projects 
“Adrienne” [30] and “QUIESST” [31], and more recently the EN 1793-4, 5 and 6 
standards [32–34].

The measurement system consists of a fixed source (loudspeaker) reproducing a 
maximum length sequence (MLS) signal [30, 31] or a gunshot [29]. With these kinds 
of signals, the impulse response of an acoustic system can be obtained. In addition, 
background noise is eliminated [35]. Then a microphone is located behind the barrier 
to measure noise transmission or/and in front of the screen to measure noise reflec-
tion (Figure 2).

These methods are focused on the measurement at the near field (placing the 
microphones close to the surface to be measured) since, according to the standards, 
the lower power of the waves reflected, the difficulty of discerning between emitted 
and reflected sound, and the influence of background noise, make it really difficult 
to obtain meaningful results more distance [30, 31]. For this reason, some researchers 
prefer to extrapolate reflectivity data measured in the near field toward the effect in 
the far-field.

However, other researchers based on the standard EN 1793-4 [32], where receiver 
microphones are placed 2 m behind the barrier (see Figure 3), have situated the 
receiver microphones at greater distances from the screen (from 10 to 40 m) [36] 
considering these distances better to estimate the real IL.

Figure 2. 
Measurement according to the “Adrienne” method (left) [30] and “QUIESST” method (right) [31].

Figure 3. 
Standard 1793-4 microphone location (based on [32]).
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In addition, according to Kim et al. [36], since the European test methods are 
based on an impulsive signal, they could be eliminating the influences of reflected 
sounds by ground and any other objects around the test area. So that, methods such as 
conventional Japanese and Kim et al. use traffic signal for their measurements.

3. In situ tests for determining noise barrier Insertion Loss

Part of the research studies conducted to date has been based on the evaluation of 
the effectiveness of barriers on the calculation of Insertion Loss (IL), which is defined as 
the difference in the noise level before and after the installation of the barrier [37]. The 
IL is an extrinsic characteristic of noise barriers, depending mostly on the site geometry, 
meteorological conditions, ground impedance, and the relative positions of the noise 
source and the receiver [17]. These factors are in general not independent of each other, 
so the total IL cannot be calculated by the addition of partial insertion losses [17].

The international standard ISO 10847:1997 [37] establishes two methods of in situ 
IL measurement and calculation; direct and indirect measurement methods:

• The direct method is used when the barrier has not been installed yet or can be 
removed. The noise level is measured before and after the installation of the  
barrier to determine the IL. In this method, it must be ensured that measure-
ments before and after the installation of the barrier are performed under 
equivalent weather and traffic conditions.

• The indirect method is used when the barrier is already installed and cannot 
be removed. In this case, an estimated “before” noise level is obtained by the 
measurement at a site that is considered equivalent to the study site.

The American standard ANSI/ASA S12.8-1998 [38] describes an additional 
“indirect predicted” method, which uses measurements at the site with a barrier to 
determine “after” noise levels, and a traffic noise prediction model to predict “before” 
levels at the same site without the barrier.

The ISO standard specifies general criteria for in-situ measurement of barrier 
IL including microphone positions, noise source conditions, and acoustic environ-
ments of the measurement sites. It also suggests generic principles for ensuring that 
sufficiently equivalent conditions are maintained between “before” and “after” 
measurements to permit reliable determination of barrier IL. The noise descriptor 
recommended is A-weighted equivalent sound pressure level. The materialization of 
the general criteria suggested by ISO has been resolved in different ways in studies 
based on both the direct and indirect methods.

3.1 Direct measurement method

The direct method described in the ISO 10847 standard is the approach to be used 
when the barrier has not been installed yet or can be removed. The method requires 
measurements before the barrier has been constructed to determine “before” levels and 
measurements at the same site after construction to determine “after” levels. According 
to US Federal Highway Administration (FHWA) [17, 39] this method ensures identical 
site geometric characteristics but also requires equivalent “before” and “after” meteo-
rological and traffic conditions that may be difficult to reproduce. These meteorological 
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equivalence conditions include wind, temperature, humidity, and cloud cover. In case 
of strong winds, “before” and “after” measurements should be avoided.

The factors to be considered in the determination of the measurement sites and 
procedures are briefly described below:

3.1.1 Noise emission source

The ISO standard recommends the traffic itself as the sound source for the “before” 
and “after” measurements. Using traffic noise signal has the advantage of measuring the 
signal which is wanted to evaluate. However, the fluctuations in traffic may affect the 
accuracy of the results, so that the measurement period must be taken into consideration.

3.1.2 Microphone locations

The standard recommends the use of a reference microphone, which allows for 
calibration of “before” and “after” measured levels and helps to consider variations in 
the characteristics of the noise source [17, 39].

When the reference microphone is used, it is placed in most cases according to the 
ISO standard, i.e., at a point on a vertical plane including the barrier, and at a height, at 
least, 1.5 m above the barrier edge. When the barrier is located less than 15 m from the 
near road lane, the microphone may be placed at 15 m from the center of the road lane, 
and at a height such that the line-of-sight angle between the microphone and barrier 
top, as measured from the center of the near road lane, is at least 10° (Figure 4) [17].

Microphone location at receiver positions depends on the study objectives since 
the location of the microphones (distance from the barrier, height above the ground) 
are determinants to establish diffraction effects. In some studies, a single microphone 
is located at a height of 1.5 m above the ground. The most common situation is, how-
ever, to place microphones at different distances and heights [17, 39–41] for a better 
understanding of the performance of the shadow zone (Figure 5).

3.1.3 Measurement period

A range from 2 to 30 min is the usual sampling period for measurements. When 
weather conditions are fluctuating, longer sampling periods, such as 1 or 24 h, could 
be more accurate [17]. It has been suggested [40] that 2-min measurements, as 
specified in the standard, are too short for a stable and reliable evaluation of sound 
pressure levels. The optimal measurement periods are 15–30 min, as longer periods 

Figure 4. 
Alternative positions for reference microphones—blue circle—(based on [17]).
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would possibly introduce atmospheric changes [40]. However, other researchers [41] 
established a 10 min measurement period.

The FHWA suggests avoiding measurements when wind speed exceeds 17 km/h or 
while raining since raindrops generate noise and tire noise increases on wet pavements. 
The Agency also recommends avoiding measurements when traffic flow is congested 
since the traffic noise level will be lowered, making it more difficult to evaluate the IL.

3.1.4 Main findings

There is a lack of evidence on the effectiveness of barriers based on the direct method. 
In the study conducted by Anfosso-Lédée et al. [40], the authors suggest that it could be 
due to the poor applicability of the method since it took 3 years for his team to complete 
the measurements due to the time waited for the installation of the barrier and the dif-
ficulty to find the equivalence of traffic, weather conditions, and ground impedance.

The experiment was based on measurements at 30 m and 100 m from the barrier 
(or where the barrier was supposed to be installed) (Figure 5). The measurements 
“before” took place in 1996, and the measurements “after” (when the barrier was 
already installed) were implemented from June 1998 to August 1999. Results showed 
IL values range from 4 to 8 dB(A) at 100 and 30 m from the road.

Parnell et al. [41] constructed a new barrier 80 m long and 2.4 m high and mea-
sured, with and without the barrier, at a distance of 2.4 m in front of the barrier and 
2.4 and 4.8 m behind the barrier (Figure 5). Results of the experiment showed a 
6–8 dB(A) difference in measurements “before” and “after” the barrier installation.

3.2 Indirect measurement method

The indirect method is, according to ISO 10847:1997, the approach to be used when 
the noise barrier has already been installed and cannot be removed for measurements. 

Figure 5. 
Measurement microphones in the study of Anfosso-Lédée et al. [40] (above) and Parnell et al. [41] (below).
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In this case, an estimated “before” noise level is obtained by the measurement at a site 
that is considered equivalent to the study site. To ensure consistency of results, the 
“before” and “after” measurements should be performed simultaneously.

The indirect method is the only practicable approach in the case of most new roads, 
where the noise barriers have been installed during road construction, and therefore 
it is not possible to obtain a “before” measurement under normal traffic conditions. 
The primary advantage of using this method is that it ensures the same environmental 
conditions (meteorological and traffic conditions), so this method, as highlighted by 
some authors [17, 42], would be preferred over the direct measurement method.

The use of the indirect method involves the identification of another measure-
ment site that is deemed to be equivalent. For these equivalent sites, a close match is 
required in emission characteristics, relative positions of source, barrier and receiver, 
acoustic performance of ground surface, terrain profile, interfering obstacles, reflect-
ing surfaces, and meteorological conditions. The factors to be considered in the 
determination of the measurement sites and procedures are briefly described below.

3.2.1 Selection of equivalent sites

According to ISO 10847:1997, the “before” site must have a terrain profile, interfer-
ing obstacles, and reflecting surfaces equivalent to those of the real barrier site within 
a sector extending 60° on either side of the line connecting the receiver positions 
towards the source position, so that similar noise propagation can be achieved.

It is also necessary to ensure the equivalence of ground surface, which refers to 
the acoustic impedance of the ground along the source-receiver propagation path 
(i.e., acoustic characteristics of soil coverage, such as paved soil, vegetation on loose 
or packed soil, gravel, etc.) (Figure 6). The standard ISO additionally requires that 

Figure 6. 
An example of “after” and equivalent “before” locations at one of the sites studied by the authors in Spain (aerial 
photograph from Iberpix, OrtoPNOA 2020 CC-BY 4.0 scne.es).
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the environment in the region within 30 m behind and to the side of the receiver 
positions shall be similar.

The main difficulty of the method is that an adjacent equivalent site may not 
always be available, especially in dense urban areas [17, 40]. As an example, a study 
conducted in Spain [42], which was based on an initial sample of 84 measurement 
sites, had to reject 54 potential locations due to various causes; the main cause was the 
different acoustic environment at the “before” and “after” positions due to significant 
differences in terrain profile and the presence of other noise sources.

3.2.2 Noise source

Most of the indirect method-based studies use road traffic as a noise source. The 
ISO standard proposes that naturally occurring road noise should be used as the 
sound source equivalence for the “before” and “after” measurements. The use of 
traffic noise has the obvious advantage of representing the natural source, but also 
the disadvantage of describing fluctuations in traffic volume, speed, and composition 
that may affect the accuracy of the results.

The use of artificial noise sources is infrequent and is used only when it is not 
possible to use traffic noise in equivalent conditions. This artificial point source may 
be based on a loudspeaker that reproduces traffic noise [20] or a regulated artificial 
signal such as pink noise [43].

3.2.3 Microphone locations

One of the key factors in the use of the indirect method is that the locations of the 
microphones relative to the noise source at the “before” and “after” positions should 
be identical, in terms of distance from the road and height above the road [39]. Some 
authors suggest the use of a reference microphone [17, 39], which, as mentioned 
before (Section 3.1.2) takes into account the effect of possible fluctuations of the noise 
source.

Only a few studies have considered the use of the reference microphone [39, 44], 
so it is understood that the rest of the studies assume that possible traffic fluctuations 
during the measurements are not expected to significantly affect the results.

The location of the receiver microphones varies according to the purpose of the 
study. The choice of these locations is sometimes determined by the possibility of 
finding equivalent locations at the “before” site.

In most studies, microphones are placed at regular distances from the barrier  
(5, 10, 15 m), or corresponding to incremental doublings of the distance (e.g., 7.5, 15, 
30 m) [42, 44]. Some studies determine IL levels by placing a single microphone in the 
near field behind the barrier, at distances of 1–5 m [20, 43, 45, 46]. The most common 
height for the microphone is 1.5 m, although there are studies that consider additional 
heights, which are similar to or higher than the barrier height (e.g., 2, 4, 6 m). Both the 
distances and incremental heights of the microphone positions are intended to better 
understand the performance of diffraction shadow zones (Figure 7).

There is no general standard for receiver locations. The ISO standard proposes 
general criteria that are a very general characterization of the open space behind the 
barrier [47]. In recent years, the European Committee for Standardization adopted 
the CEN/TS 16272-7:2015 standard for railway noise barriers [48], which recom-
mends nine locations for receiver microphones. These microphones are located at a 
distance of 7.5, 12.5, and 25 m away from the lines, and at a height of 3.5, 6, and 9 m 
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above the ground. However, this standard does not appear to be in use in studies relat-
ing to the measurement of Insertion Loss at railway noise barriers [47].

3.2.4 Measurement period

The selection of the measurement period should first consider when to measure 
along the daily time. One of the factors to be taken into consideration concerns 
favorable weather conditions, in particular wind speed and direction. The preferred 
conditions are for daily periods when low wind or calm is expected. Some studies 
[42] have conducted measurements in the period after peak traffic time in order to 
find dense but fluid traffic conditions, where traffic fluctuations are less prominent. 
In most of the studies, the “before” and “after” measurements have been undertaken 
simultaneously to ensure the same environmental conditions (i.e., background noise, 
traffic, and meteorological conditions).

The duration of the measurements in studies based on the indirect method 
depends on the nature of the noise source. In the case of studies using an equivalent 
artificial noise source, the duration of measurements is usually short (such as 2 min) 
in accordance with the ISO standard [43]. In the case of road traffic noise, the period 
is usually long enough to ensure the representativeness of the spectrum of the traffic 
noise. In practice, measurement duration in most studies ranges from 10 to 30 min, 

Figure 7. 
The experimental design of studies based on the indirect method depends on the purpose of the study. Above, a 
microphone distribution is intended to better understand the pattern of the shadow zone [44]. Below, microphone 
distribution to measure IL levels at a distance at which real receivers are located (near the building facade) [42].
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and the most common value is 15 min. Some studies [17] have suggested using longer 
periods (such as 1 h, or a day) when noise variations are expected to be substantial, 
but these longer periods do not seem to be used in practice.

In other studies [39, 49] the procedure consists of measuring noise levels, wind 
speed and direction, and temperature lapse rate for a 4-h block of time in 1-min 
increments. Thus, the results are broken down into short periods and continuous 
equivalent levels and meteorological conditions are individually determined for each 
short period. This procedure anticipates the problem of a priori considering possible 
fluctuations in the meteorological conditions of the site.

Occasionally [42], the choice of the measurement duration was based on traffic 
variations at the time of sampling. Thus, measurements were prolonged until the 
observed variation in the sound level meter did not vary more than a certain value 
(such as 0.1 dB(A)) over a certain time period (at least 1–2 min).

3.2.5 Main findings

The results obtained in the different research studies conducted revealed moderate 
Insertion Loss values of the noise barriers. Attenuation values obtained in the near 
field, at distances from the barrier of 5–7 m, and heights above ground of 1.2–1.5 m, 
range between 7 and 10 dB(A) [20, 42, 44–46, 50]. Insertion Loss levels are higher 
at shorter distances from the barrier, such as 1 m [43]. The IL values at comparable 
greater distances from the barrier (20–30 m) tend to decrease to values of 3–5 dB(A) 
[40, 42, 44], although one study reports much higher attenuation levels of up to 
10 dB(A) at intermediate distances (15 m) [51]. Attenuation levels measured at 
greater distances (up to 100 m) tend to decrease slightly [40].

These results seem to indicate that the barrier attenuation levels are, above a 
certain distance, clearly lower than expected. It is, however, generally assumed that 
an effective noise barrier typically reduces noise levels by about 5–10 dB(A) [16, 44]. 
Effectiveness usually depends on its dimensions, material type, and location relative 
to the source and receiver positions. In the dimensioning of the barrier, the contribu-
tion to the total sound field of the components diffracted around the top and side 
edges are the key elements to determine the minimum barrier height/length for which 
the influence of the side edges diffraction may be neglected.

The best noise reduction effect is in the frequency range of 250–4000 Hz, at 
which the traffic noise is dominant. The average value of Insertion Loss for the octave 
bands between 250 Hz and 4 kHz ranges from 4 to 9 dB(A) [42, 50]. Noise abatement 
reaches a maximum at 4000 Hz, and the smallest reductions are encountered for the 
lowest frequencies (Figure 8) [42, 50, 53].

The type of barrier material does not appear to have a significant effect on attenu-
ation levels [42, 51]. The differences found are rather related to locational factors, 
such as the distance from the barrier to the source (or receiver). Thus, the Insertion 
Loss measured at earth berms is lower than at noise walls because the top edge of the 
barrier is usually further away from the source and/or receiver positions.

3.3 Equivalence of direct and indirect methods

There is little evidence of equivalence of the results obtained with the direct and 
indirect methods. In the only study conducted to date evaluating the IL of the same 
site (the same noise barrier) using both methods [40], the results reveal that the 
direct and indirect methods are not equivalent. The observed differences range from 
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−2 dB(A) to +4 dB(A). The causes of these differences were attributed in the study to 
variations in wind conditions (wind speed and direction) and vertical temperature 
gradient. The effect of microphone positions and other environmental factors on 
noise levels measurements also needs to be better known.

4. Conclusions

The amount of literature on the effectiveness of noise barriers has not provided 
sufficient evidence on the actual attenuation achieved by these devices, and there is 
uncertainty over the noise reduction capabilities of existing barriers. The methods 
described in the ISO 10847:1997 standard have drawbacks that make it difficult to 
obtain reliable attenuation measurements.

The direct method ensures identical propagation characteristics since the source 
of noise, the barrier, and the receiver are at the same positions, but the equivalence of 
source and meteorological conditions may not be fully satisfied. The indirect method 
ensures that the same local weather and traffic conditions are maintained, but the 
equivalence of terrain profiles, obstacles, and ground surface conditions may not be 
fully achieved. In addition, the usage of provisions of the ISO standard sometimes is 
complicated when at the site point exists a relatively high background noise level, or 
adverse meteorological conditions [54].

According to the ISO standard, the recommended method is the direct method, 
although most studies have been based on the indirect method because the barriers 
were installed during road construction, and therefore it was not possible to obtain 
equivalent “before” measurements.

The ISO standard provides generic methods for determining Insertion Loss at 
receiver locations. However, there are no universally acknowledged receiver positions 
for measurements. It is important to note that barriers are relatively ineffective at 
some distance from the road. The effective distance range is limited to a few tens of 
meters, so it is unclear that many receivers can benefit from barrier attenuation. Many 

Figure 8. 
An example of Insertion Loss levels in the range of frequencies of the octave bands at two distances (5 and 25 m) 
from the noise barrier [52].
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of the studies conducted have calculated Insertion Loss levels at barrier near-field dis-
tances, so the noise reduction capabilities of barriers were only partially assessed. The 
IL levels measured at comparable greater distances from the barrier (20–30 m) were, 
in most cases, very moderate. This supports the argument that the barrier attenuation 
levels are, above a certain distance, clearly lower than expected.

Additionally, the ISO standard specifies measurements of equivalent continuous 
A-weighted sound pressure levels to calculate the attenuation of the barrier. However, 
A-weighting tends to underestimate the effects of low-frequency noise [47]. Several 
studies have highlighted that A-weighting does not adequately consider the perceived 
annoyance produced by predominantly low-frequency noise. This is the case of road 
traffic noise, which is characterized by the wide variability in the relative level of low-
frequency noise [25, 55]. Noise barriers increase the relative level of low-frequency of 
noise on the shielded side of the barrier. Thus, the attenuation in A-weighted mea-
sured levels level may overestimate the estimated reduction in perceived annoyance 
due to the increase in the relative level of low-frequency sound [47].

In summary, the literature has described some critical points about the applicabil-
ity and reliability of ISO methods. These points were dealing with (i) the reliability 
of results (i.e., direct IL measurements obtained at different moments, and indirect 
IL measurements obtained at equivalent locations), (ii) the equivalence of results of 
direct and indirect methods, (iii) the nature of the indicator used (A-weighted lev-
els), and (vi) the relevance of operational factors such as weather conditions, traffic 
fluctuations, ground impedance, and background noise.

The effect of these factors on noise levels measurements needs to be better known. 
More research studies in this domain are required to bring improvements in measure-
ment methods.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Impact of Noise Pollution during 
Covid-19: A Case Study of Balasore, 
Odisha
Bijay Kumar Swain, Chidananda Prasad Das  
and Shreerup Goswami

Abstract

Activities such as development of industrialisation, urbanisation is a part of our 
life in the present scenario. During this phase we face a lot of health issues due to noise 
pollution. Growing of vehicle traffic is one of the major causes towards noise pollu-
tion and it affects significantly on the environment. The impact of such pollution had 
been assessed in 20 major squares (Commercial, residential and silence area) of the 
Balasore town during and after lockdown imposition of Covid-19. During lockdown 
period, the noise level of the town was within the permissible limit set by CPCB while 
before and after lockdown period it was beyond the permissible limit. The demo-
graphics and psychophysiological (annoyance, sleeping problem, tiredness, head-
ache, and depression) responses of the participants were collected using standard 
questionnaires. It was also observed that there were better health conditions among 
the public (150 participated in the questionnaire) during the lockdown period, then 
before and after the lockdown phase. It was revealed that socio-demographic factors 
have no effects on the annoyance level.

Keywords: noise pollution, health issues, Covid-19, equivalent noise level, Balasore

1. Introduction

One of the most common job-related occupational risks is noise and is a global 
problem. In urban areas it affects the health of people and also the environment. In 
many reports it has been reported how the people from different part of world are 
exposed and affected by noise pollution [1–4]. Many studies also reported that there 
is a corelation between noise and health problems like headache, irritability etc. [5–7]. 
The main source of noise pollution is vehicular traffic noise or road traffic noise, as 
reported by many studies [3, 8–12]. Increased noise exposure is known to produce 
annoyance [5, 13, 14], headaches [15–18], diabetes [19], irritability [20], sleep distur-
bances [21–26], hypertension [27–30], and problem in blood pressure [31]. Presently, 
it is a global problem [32].

Again, in many studies, it was also reported about the noise pollution level and its 
impact on public in world-wide [33–36]. Similarly, in many parts of India, research 
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has been going-on on noise pollution and its impact on human health. In most of the 
study, it also been reported that the noise levels on Indian road conditions was more 
than the prescribed noise level set by CPCB [37]. The noise levels of many towns of 
Odisha are also more than the prescribed limit [38–52]. Silence zones were the most 
affected by noise pollution, according to Kalawapudi et al. [53], followed by resi-
dential, business, and industrial zones. They went on to say that proper city design 
could help people avoid being exposed to growing noise pollution levels, in Mumbai 
Metropolitan region. Thakre et al. [54] also discovered a 4.4 and 5.2 dB increase in the 
morning and evening sessions, respectively, in Nagpur from 2012 to 2019 [54]. The 
impact noise on bus driver [9], public coming to the park for refreshment [10], Office 
[55], Bank [56, 57], festivals [11, 41], Industrial areas [58, 59] and workers working 
in the stone crusher industry [60, 61] has also been reported. Zambon et al. [62] 
reported about the comparison to the same period in 2019, noise levels in terms of 
both absolute noise levels (Lden) and hourly noise profiles (median across lockdown 
period) showed a substantial drop of nearly 6 dB [62], while it was 1–3 dB in Boston 
metropolitan areas of USA [63] and reduction of 5.1 dB in Ruhr area of Germany [64]. 
The highest sound levels were found along major roadways, with a logarithmic reduc-
tion as distance from the roads increased [63]. Significant outdoor noise fluctuations 
were discovered, and participants clearly perceived noise variations both in urban and 
indoor settings, claimed by Caniato et al. [65]. Alias and Alsina-Pages reported that 
there was a significant reduction in the harmful impact of noise on the population of 
Milan urban and Rome suburban areas [66].

Now, most of the Indian cities are going to face major threats in the form of noise 
pollution on public’s health. It can affect both physically and mentally on the public’s 
health. But the life changed after the spreading of COVID-19 in whole world. After its 
existence, first Janata Curfew was coming in to existence followed by the lock-down 
system. During this period the vehicular traffic noise has been reduced drastically 
in world-wide. But how much it was reduced is a concern. In this study, an attempt 
has been made to access the noise levels of the Balasore town before, during and after 
lockdown phase in different areas. The impact of such noise levels on public’s health 
was also accessed through questionnaire. Suggestive reduction procedures are also 
given in the present study.

2. Methodology

2.1 Study area

Balasore is one of the famous districts in the state Odisha and situated in the 
eastern part of the state. It is famous for its cultural heritage, vast sea-beach 
and many more. It is also famous for Chandipur Sea Beach. The study area is the 
district head-quarter. As per 2011 census of India, Balasore District has a popula-
tion of 2,320,529 in 2011 but estimates as per aadhar uidai.gov.in Dec 2020 data as 
2,645,403. But the population of the municipality/metropolitan areas was 1,77,751 
and city had 1,18,162. The latitude and longitude of the district is 21 29 39 North, 86 
55 54 East respectively (Figure 1). The monitoring town has elevation of 16 m. the 
maximum and minimum temperatures are observed to be 31.8 and 21.9 respectively, 
with an average rainfall of 1706.1 mm, average relative humidity of 71% and speed 
of 11 km/h. The research area is about 194 km away from the state capital. Different 
rural roads are connected to this town. Thousands of vehicles along-with number 
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of heavy vehicles are flowing on different roads of the town. The town has a very 
wide commercial areas and lot of people from different regions were depending on 
this market for their daily needs. The major road of the town also connected with 
the Chandipur beach, and other religious areas of the district. Thus, heavy rush in 
vehicle flow has been shown on the town. Every day, thousands of different cars 
enter and exit the city. The metropolitan environment has a diverse traffic flow. It 
is one of the busiest municipalities/towns of the state, with a variety of land-use 
patterns.

Nationwide lockdown (21 days) imposition in India was implemented between 25th 
March 2020 and 14th April 2020 as Phase 1 and between 15th April and 3rd May 2020 
as Phase 2, Phase 3 from 4th May 2020 and 17th May 2020 and last phase (Phase 4) 
18th May 2020 to 31st May 2020. Before this nation-wide voluntary public curfew was 
implemented on 22nd March 2020 for a time period of 14-hour. The same process of 
lockdown was also implemented in the Balasore town accordingly. Only essential good 
services are provided to the public. The Unlock phases was came into exist. The first 
unlock 1.0 came in to exist between 1st June to 30th June 2020. After the month of June 
2020, the unlock phases was going on from unlock phase 1 to unlock 21 (1 February 
2022 to 28 February 2022). In the present study, the noise levels recorded during 
unlock phase 1.0 and 2.0, i.e. 1st June 2020 to 30th June 2020 and 1st July 2021 to 31st 
July 2021. Similarly, the noise level also monitored during December 2019, January 

Figure 1. 
Map of India showing the location area of the study area.
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2020 and February 2020 before imposition of the lockdown. During lockdown phase, 
the noise level had been accessed in the month of May 2020.

2.2 Monitoring sites

At 20 separate locations throughout the town, the acoustic level was measured. All 
these monitoring stations are divided into three sections such as commercial zone, 
residential and silence zone. Seven locations from both commercial and residential 
zones are selected and six stations were selected for silence zone. Some of these 
locations are belong to the commercial zone, such as Cinema square, Fandi square, 
Motiganj Bazar, Station square, ITI square, Padhuanpada square, and Policeline 
square, while others are in silence areas, such as Hospital gate, Durganurshing home, 
FM college, Zilla school, Near Kendriya Vidyalay (KV), and Police High School 
and others are in residential areas, such as Mandal bagicha, Near ACPL apartment, 
Khaparapada New Colony, Rajabagicha, Angargadia, Santikanana and Swastik tower.

2.3 Sampling and data acquisition

The sound level metre Model HD2110L was used to collect acoustic data at each of 
the 20 sample stations in and around Balasore town. The calibration of the equipment 
was carried out according to the manufacturer’s instructions. The measurements 
were conducted on working days at street level in and around the chosen locations’ 
major road connections. The instrument was comfortably set in road sides, with the 
microphone aimed at the source of noise. The equipment was placed 2 m distant from 
the reflecting object, and the data was gathered while standing 1.5 m above ground 
level on the roadside. Within 10–20 m gaps, noise levels were measured based on road 
width. Each station’s noise levels were measured in the morning (8–10 a.m.), after-
noon (3 p.m.–5 p.m.), and evening (7 p.m.–9 p.m.). The noise levels were measured in 
four different directions at each station, and one reading was taken every 2 min, for a 
total of five readings within a 10-minute time frame [67–70]. All of the information is 
saved on a computer for further study.

For noise level data analysis, noise indices such as Lmin, Lmax, and Leq were cal-
culated. The maximum, minimum, and equivalent noise levels were calculated using 
all of the recorded data on an excel sheet. The minimal sound pressure level is Lmin, 
the maximum sound pressure level is Lmax, and the equivalent continuous sound 
level during that time period is Leq. Again, L10 and L90 refer to sound intensities that 
are greater than 10% and 90%, respectively.

2.4 Community response

The community reaction was gathered through the use of questionnaires distrib-
uted to members of the public going along the various route segments. During the 
month of March 2020, the public’s replies were gathered and recorded on a computer. 
The questionnaire sent to the participants through whatsapp and in some cases hard 
copies are also shared and the process was completed during the month of November 
2020. One hundred fifty participants have been responded to the questionnaire. This 
questionnaire was filled out by individuals (those who agreed) who were 18 years 
old or older. There were two sections to the questionnaire. The first section of the 
questionnaire is about demographics, while the second section is about various 
health issues related to the town’s acoustic noise. The questionnaire in this study was 
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designed in accordance with Vianna et al. [71], and the questionnaire was constructed 
appropriately. A total of 150 people from various age groups replied to the question-
naire in this study. The first section contains demographic data such as name, gender, 
age, educational attainment, and marital status. After minor adjustments by Vianna 
et al. [71], the second half of the questionnaire was separated into the following sec-
tions. The respondents completed the noise sensitivity scale created by Weinstein [72] 
and Eysenc’s personality Inventory (EPI) in this study [73]. Two items given under 
perception of noise such as aware of noise pollution and environmental noise asked 
the participants to answer in 5-point Likert scale. The question based on annoyance 
level and anxiety are also in 5-point Likert scale. Questions are given on hearing 
condition, sound quality of the environment, personality traits such as aggression, 
depression, stability, working ability, tiredness and drowsy, sensitivity, relaxation, 
developing symptoms, and on health risk. This part asks about how people perceive 
noise from things like road traffic and other sources, and the answer is either Yes or 
No. High, Moderate, and Little annoyance in regard to noise sources; Noise exposure 
effects (hearing loss, sleep disturbances, headaches, fatigue, drowsiness, and other 
illnesses); Hearing condition (Excellent, Good, Moderate, and Poor); environmental 
sound quality (Normal, Moderate, and Noisy); and environmental perception (Yes, 
No, and Undecided) [9, 71, 73]. The Chi-square test in SPSS 20.0 was used to look 
into the correlations between demographic characteristics and annoyance, and other 
environmental factors and the ANNOVA test was used to look into the association 
between noise exposure and the probable impacts of that noise on this community. At 
a significance threshold of 0.05, the relationship between individual and combination 
socio-demographic characteristics was examined. The datasets were analysed using 
SPSS software (20.0).

3. Results and discussion

3.1 Studies related to zone specific noise

The average noise levels of the 20 stations of different categories have been 
accessed and presented in Table 1 (Before Lockdown), Table 2 (during lockdown) 
and Table 3 (Unlock phases). The data collected during the month December 2019 
and January and February 2020 are considered as pre-lockdown phase. 17th March 
2020 to 31st May 2020 considered as lockdown period. After 1st June 2020 it is 
considered as unlock phases or after lockdown period. The comparative monthly 
variation of equivalent noise levels of these areas having different land use type is 
presented in Figure 2. The figure clearly depicts that there is a sharp trend of noise 
levels of the town during three phases of the lockdown. It also demonstrates that the 
noise level during the lock down phases is very low than unlock and before lockdown 
phases. The monthly noise variation of all the stations is depicted in the Figures 2–10. 
In each figure, first three belongs to the monthly noise level before lockdown period, 
while the fourth one belongs to the lockdown period and the last portions belong to 
the unlock phases.

The Table 1 clearly depicts that the noise levels for commercial zone ranged 
from 57.7 to 91.6 dB, 57.3 to 91.6 dB and 56.8 to 93.7 dB for morning, afternoon and 
evening hour respectively. Similarly, the noise level for silence zone ranged from 57.4 
to 90.3 dB; 58.8 to 91.7 dB and 53.5 to 91.6 dB during the morning, afternoon and 
evening hour respectively and from 55.9 to 85.6 dB; 56.8 to 89.8 dB and 50.2 to 91.6 dB 
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Figure 2. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the morning hour of commercial zone.

Figure 3. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the afternoon hour of commercial zone.

Figure 4. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the evening hour of commercial zone.
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Figure 5. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the morning hour of silence zone.

Figure 6. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the afternoon hour of silence zone.

Figure 7. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the evening hour of silence zone.
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during the morning, afternoon and evening hour respectively for residential zone. It 
can be summarised that the noise for all zones before lockdown period had a ranged 
from 55.9 to 91.6 dB; 56.8 to 91.7 dB and 50.2 to 93.7 dB during the morning, after-
noon and evening hour respectively. Table 1 also clearly depicted that for all time the 
noise level ranged from 50.2 to 91.7 dB during before lock-down phase (Table 1).

Similarly, Table 2 clearly demonstrated that all zones lie in the range of 38.3 to 
81.4 dB during lockdown period (Table 2) and then the range gradually increased 
to 45.7 to 92.5 dB during unlock period (Table 3). The equivalent noise levels of all 
zones lie in the range of 65.8 to 81.7 dB (Table 1); reduced to 43.2 to 60.7 dB during 
lock-down period (Table 2) and the range then gradually increased from 56.8 to 
73.1 dB during unlock period (Table 3). The permitted limit for the said locations, as 
defined by the CPCB for Indian road conditions, is 65 dB during the day and 55 dB at 
night [37]. During the day time, the noise level exceeded the permitted limit [74–78]. 
The noise level during unlock phase and before imposing lockdown was beyond the 

Figure 9. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the afternoon hour of residential zone.

Figure 8. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the morning hour of residential zone.
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permissible limit in the present study. It was reported that, if the exposure of noise 
level is more than 80 dB (A), then risk of hypertension will increase [34]. More 
research is needed to investigate the effect of such noise level on the public’s health in 
future study.

From the monthly variation it was demonstrated that the noise levels of residential 
areas during the morning hour are decreased by a noise level of 24.8 dB and then it 
increased up to 15.1 dB during unlock phase in Mandal Bagicha area. Similarly, the 
noise levels in other monitoring areas decreased by a noise level of 23.5, 23, 26.8, 23.3, 
24.5 and 24 dB and then it was increased up to 14.7, 14, 15.5, 13, 14.7 and 19.95 dB 
for ACPL, Khaparapada, Rajabagicha, Angargadia, Santikanan and Swastik tower, 
respectively (Table 1). During afternoon hour, the maximum reduction of noise level 
was noticed at Rajabagicha area (30.2 dB) and then it increased up to 17 dB during 
the unlock phase. From the Table 1, it clearly depicts that maximum noise reduction 
between before lock-down phase and during unlock phase was observed at com-
mercial zone (more than 25.5 dB) followed by residential zone (more than 25 dB) and 
silence zone (more than 22 dB). All these data are mentioned here are in an average 
data. Similarly, the maximum growing noise level between during lock-down and 
unlock phase was also noticed at commercial zone (more than 17.8 dB) and followed 
by silence zone (16.7 dB) and residential zone (14.1 dB). During evening hour and at 
Padhuanpada square maximum noise reduction i.e., 28.6 dB was noticed, while the 
lowest reduction was at 16.3 dB during morning hour at Durga Nursing home. Again, 
maximum increase of noise level was noticed at Cinema square (21.9 dB) during the 
evening hour, while the minimum increase noise was noticed at Hospital gate (8.7 dB) 
during the evening hour also.

Table 1 also clearly depicted that the equivalent noise level during before lock 
down phase ranged from 77.2 to 80.5 dB; 75.7 dB to 81.7 dB and 75.5 to 81.5 dB for 
morning, afternoon and evening hour respectively. But the noise level during the 
lock-down phase ranged from 53.9 to 56.2 dB; 52.8 to 54.4 dB and 51.1 to 53.4 dB 
during the morning, afternoon and evening hour respectively (Table 2). Similarly, 
the noise level during the unlock phase ranged from 69.2 to 71.2 dB; 70.3 to 71.5 dB 
and 70.5 to 73.1 dB during the morning, afternoon and evening hour respectively 
(Table 3). The noise level at silence zone ranged from 72.6 dB to 76.3 dB; 74 to 

Figure 10. 
Comparative equivalent noise level (first three are before lock-down, middle on during lock-down and the last 
twos are during unlock phase) for the evening hour of residential zone.
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78.2 dB; 73.4 to 78.4 dB during before lock down phase; 51 to 58.3 dB; 49.6 to 56.7 dB 
and 50 to 60.7 dB during lock-down phases at morning, afternoon and evening hour 
and 65.7 to 72.9 dB; 66.9 to 72.7 dB and 68 to 69.5 dB during morning, afternoon and 
evening hour respectively. In the residential areas it ranged from 69.5 to 73.2 dB; 68.2 
to 74.7 dB and 65.8 to 72.5 dB during before lock down phase; in lock-down phase 
the noise level ranged from 45.9 to 48.4 dB; 43.2 to 45.4 dB and 43.4 to 45.1 dB and in 
unlock phase it ranged from 60.5 to 61.9 dB; 57.3 to 61.5 dB and 56.8 to 58.5 dB in the 
morning, afternoon and evening hour respectively.

In location wise, Tables 1–3 clearly depicts the noise variation in all the monitor-
ing stations. These Tables demonstrated that there is a reduction of 25.9 dB, 26.7 dB; 
30.3 dB in three different monitoring hours for site 1 of commercial zone. Conversely, 
the reduction is almost 26, 26.8 and 27.2 dB for site 2, 23.4, 28.2, 26 dB for Site-3 and 
a similar trend was found in all other monitoring sites belong to commercial zone. In 
the commercial zone the minimum noise reduction ranged from 22.9 to 28.2 dB and 
23.9 to 30.3 dB during afternoon and evening hour of the commercial zone. Again, 
the reduction of noise level ranged from 16.4 to 23.3 dB; 19.2 to 26.2 dB and 17.7 to 
26.8 dB of silence zone and from 23 to 26.8 dB; 23.3 to 30.2 dB and 22.4 to 28.4 dB of 
residential zone during morning, afternoon and evening hour respectively. This result 
clearly depicted that there is almost same trend in the noise level reduction, both in 
commercial and residential zone of the town. The minimum noise level reduction 
was more than 15 dB and found at silence zone of the town and clearly depicted that 
due to the nationwide lock-down imposition, there was a sharp reduction in the noise 
level. It will impact the environment in a positive manner.

In comparison between Leq values of a particular sites during the lock-down period 
with unlock phase, there was sharp increase in the noise levels of each location. Noise 
levels from 13.9 to 17.7 dB was increased during the morning hour in between lockdown 
and unlock phases. Similarly, the noise levels increased by 17.1 to 18.1 dB and 19 to 
21.9 dB in afternoon and evening hour of commercial zone. Again, the increased noise 
level ranged from 9.9 to 15.5 dB, 12.3 to 17.3 dB and 8.7 to 19 dB of silence zone and 
ranged from 13 to 15.5 dB, 13.3 to 17 dB and 13.3 to 13.6 dB of the residential zone dur-
ing morning, afternoon and evening hour, respectively. Due to slight relaxation pro-
vided by the local administration, there was a sharp increase in noise level of the town. 
This trend was more commercial zone. In the present study it is also reported that there 
is no relation between the different monitoring hours and the situation i.e., before 
imposing lockdown and after imposing and lifting the lockdown phase of the town. 
But there is a good association between different areas such as residential, commercial 
and silence zone with unlock and before lock down phase of the town (Table 4). In 
case of monthly noise level variation with different phases of the lockdown situation 
there is also good association between them and is presented in the Table 5.

In the present study, it was found that the noise level in the residential areas is 
growing on due to imposition of lockdown in the town. Due to lockdown, the com-
mercial areas of the town and for such the people are selling different grocery items in 
the different parts of the residential areas. The open shops are instantly made on the 
roadside and there is slight gathering around such place. These shops are opened from 
7 am to 7 pm during the unlock phase while it was opened from 7 am to 2 pm during 
the lockdown phase. Around the market or shop area there was gathering and due to 
which, the noise level during the unlock phase was raising. Again, during the unlock 
phase, the noise level suddenly increased due to immediate rush in different parts 
of the town, due to purchase of goods for their house. They creating a such situation 
unnecessarily by gathering around the temporary shops.
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In case of silence zone, schools and hospitals were taken in the present study. All 
the monitoring stations were located along the main road. College and school squares 
are also along the road of different hospitals. Many private clinics and hospitals are 
also very close to the schools and colleges of the town. During lockdown, many shops, 
schools and colleges and other establishments were closed. All medicinal shops are 
opened throughout the day time. But vehicles are flowing on the road due to health 

Source Type III sum of squares df Mean square F Sig.

Corrected model 34.837a 2 17.419 138.614 0.001

Intercept 13.532 1 13.532 107.684 0.001

Unlock 3.144 1 3.144 25.020 0.001

BeforeLockdown 1.186 1 1.186 9.441 0.003

Error 7.163 57 0.126

Total 282.000 60

Corrected Total 42.000 59
aR squared = 0.829 (Adjusted R squared = 0.823).

Table 4. 
Two way ANNOVA analysis for equivalent noise levels during unlock and before lockdown phases with different 
areas.

Sum of squares df Mean square F Sig.

December Between groups 738.064 2 369.032 92.802 .001

Within groups 226.663 57 3.977

Total 964.727 59

January Between groups 755.856 2 377.928 87.198 .001

Within groups 247.046 57 4.334

Total 1002.902 59

February Between groups 780.520 2 390.260 68.810 .001

Within groups 323.277 57 5.672

Total 1103.797 59

May Between groups 868.172 2 434.086 98.290 .001

Within groups 251.732 57 4.416

Total 1119.904 59

June Between groups 1655.407 2 827.704 232.770 .001

Within groups 202.686 57 3.556

Total 1858.093 59

July Between groups 1464.398 2 732.199 209.703 .001

Within groups 199.022 57 3.492

Total 1663.419 59

Table 5. 
One way ANNOVA analysis for monthly equivalent noise levels with different areas.
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matter. Continuous flowing of many vehicles including heavy vehicles on the road are 
controlled, but running of the two wheelers, ambulances and responsible for the noise 
levels of the town.

3.2 Community responses

During the month of March 2020, the public’s replies were gathered and recorded 
on a computer. The questionnaire was supplied to the participants both in online 
and offline mode. Those are expertise in the android mobile phones or in their PC or 
laptop they are responded to the questionnaire through online mode. Those are not 
comfortable in using these devices, asked the researcher to provide the such through 
offline mode and also provided to them as such. After getting their responses, it was 
then transferred in to MS Excel for its further analysis.

The questionnaire was completed by 150 people, as mentioned in the content and 
methods section. The average age of the responders was 37.8 years old, with a standard 
deviation of 9.4 years. Table 6 lists the various personal characteristics of the individu-
als. Table 6 clearly depicts that the majority of the participants are male respondent 
(59.3%), with 68.7% of the total completing their education at the graduation level. In 
the present study, majority of the participants are employed. Majority of the participants 
(78.7%) participated in this survey work are married. In the present study most of the 
young generation (48%) between the age of 18 to 30, responded to this questionnaire.

The Pearson Chi-square of noise discomfort to different demographic characters 
is shown in Table 7. Table 7 clearly depicts that there is a good association between 
annoyance and gender of the present work. Again, there is no direct relationship 
between annoyance and other demographic characteristics, according to the data.

In this study it was found that 36.7% individuals were extremely irritated, while 
39.5% remain silent. In a study conducted by Alimohammadi et al. [73] on White-collar 

Sl. No. Characteristics Variables Response in %

1 Gender Male 59.3%

Female 40.7%

2 Age 18–30 48%

31–45 36.7%

More than 45 15.3%

3 Marital status Unmarried 21.3%

Married 78.7%

4 Qualification Under matric 7.3%

Matric 5.3%

Intermediate 18.6%

Graduation 68.7%

5 Occupation Employed 51.3%

Self-Employed 28%

Un-employed 20.7%

Table 6. 
Personal characteristics of respondents (in percentage).
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employees in Teharan, it was discovered that married people were more irritated than 
unmarried people. But in the present study it was contradicted that result (p = 0.217).

The participants’ perceptions on noise, health issues, hearing conditions, sound 
quality of the environment, environmental problems, opinion of participants on noise 
preventability, sensitivity to noise, annoyance, and the importance of controlling the 
town’s noise were all examined in the current study and presented in the Table 8.

On awareness towards road traffic noise pollution, majority of the participants 
(59.3%) were aware of it. More than 30% respondents were strongly aware about 
the noise pollution, which is also a good sign for the society. Regarding health issues 
majority respondents (36.7%) opined about a little impact of noise pollution on 
their health, while 24.6% respondents remain silent and only 18% viewed that they 
suffered moderately by the noise pollution. On hearing condition most of the partici-
pants (38%) were in moderate condition, while 30% responded as good in condition. 
Only 27.3% opined that their hearing condition was not so good or in bad condition. 
How much the hearing problem is affected is not studied in the present study. The 
researcher aimed to conduct the audiometry study of these respondents very soon to 
know their actual level of hearing in the next study. Noise induced hearing loss is also 
the most frequently recognised occupational disease in many countries [79–81].

The sound quality of the town was not so good as per the response of the par-
ticipants. Due to such issues, they face a lot of problems (56.7%) in their day-to-day 
life. According to the findings, 40.7% of the participants suffered illness, while most 
of them faced headache (54.7%) due to road traffic noise. How much it affects the 
public health and what are the possible symptoms are developed is to be investigated 
in the next phase of study. Majority of the respondents (57.3%) responded that they 
annoyed often. Running of vehicles (89.3%) is the major source of pollution, followed 
by railway (76.7%), two wheelers (75%), honking (70.7%) (Table 8).

The acoustic quality of the area was described as noisy by the majority of the 
participants (60%). According to the study, majority of the of interviewees felt that 
road traffic noise was polluting the environment. When the participants’ knowledge 
was assessed, most of them said that road traffic noise poses a significant health risk. 
Noise pollution upset 67.3% of the participants, while 58.7% were sensitive to noise 
and 60% found it difficult to relax in these situations. More than 48% felt depressed, 
82% were felt tired, 48.7% were not working in a stability manner. It may be due to 
the effect of the noise pollution.

The chi-square test was used to determine the relationship between age and 
 annoyance in this study, and no link was found at p = 0.01. However, there is a strong 
association between annoyance and gender (p = 0.004). There was also a link between 
work place noise levels and annoyance, according to Allomohammadi et al. [73].  

Demographic characters X2 df Asymp. Sig. (2-sided)

Gender 15.622 4 0.004

Age 7.384 8 0.496

Marital status 6.968 4 0.138

Qualification 11.698 12 0.470

Occupation 8.679 8 0.370

Table 7. 
Relation between demographic character and annoyance.
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Personality traits Number Percentage

Perception of noise (aware of noise pollution) Strongly agree 46 30.7

Agree 89 59.3

Neutral 6 4

Disagree 9 6

Strongly disagree — —

Health issues High 10 6.7

Moderate 27 18

A little 55 36.7

No feeling 21 14

Neutral 37 24.6

Hearing condition Excellent 1 0.7

Good 51 34

Moderate 57 38

Bad 41 27.3

Worst — —

Sound quality of the environment Normal 6 4

Moderate 54 36

Noisy 90 60

Environmental problems Strongly agree 29 19.3

Agree 85 56.7

Neutral 10 6.7

Disagree 26 17.3

Strongly disagree — —

Developing symptoms Feeling ill 61 40.7

Headache 82 54.7

Respiratory problems 7 4.7

Eye irritation — —

Annoyance Never 14 9.3

Occasionally 5 3.3

Sometimes 10 6.7

Often 86 57.3

Always 35 23.3

Source of noise pollution Mobile phones 35 23.3

Running of vehicles 134 89.3

Honking 106 70.7

Railway 115 76.7

Two wheelers 117 75

Table 8. 
Participant’s perception towards different aspects of noise pollution.
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But this result is similar to the present study. It can be said that occupation is not a good 
characteristic towards annoyance. According to reports, there is no correlation between 
age, education, or marital status and the town’s level of annoyance. The current study’s 
findings are comparable to those of Ohrstrom et al. [82], who found that age, sex, and 
other characteristics do not explain differences in annoyance between people and is 
very similar to the results of the present study. However, it has been reported in many 
research that annoyance is the most vulnerable consequence of traffic noise exposure 
[83, 84], which contradicts the findings of the current study in many circumstances.

There is good association between gender and drowsiness of the public (p = 0.015) 
(Table 9). Table 9 also demonstrates that there is an association between drowsy 
and qualification. Table 10 depicts that there is an association between relaxation 
and gender (p = 0.001) and age (p = 0.006). Most of the demographic characters 
have a good association with noise sensitivity (Table 11). Noise sensitivity has a good 
association with gender (p = 0.001), age (p = 0.005), marital status (p = 0.001) and 
qualification (p = 0.038) of the present study (Table 11). Table 12 reveals that both 
gender (p = 0.001) and marital status (p = 0.001) has an association with anxiety of 
the noise pollution (Table 12). Gender is not a significant element in the influence of 
noise concern, according to certain studies [5, 85]. Similar results also depicted in the 
present study. There was also a link between the individuals’ age and sleep problems 
(p = 0.046). It was also said that age is not a significant factor when it comes to the 
effects of noise exposure [5, 80]. Increased parent-reported sleep issues were identi-
fied in the few studies that looked at the link between noise and child/adolescent sleep 
[23, 82]. Sleep fragmentation, sleep continuity, and total sleep time have all been 
linked to noise [24, 25]. There was no association between sleep duration and hourly 
minimum noise levels [86]. Again, it was also reported that there was no relation 
between sleep efficiency and mean noise levels, according to Missildine et al. [87]. 

Demographic characters X2 df Asymp. Sig. (two-sided)

Gender 19.507 4 0.001

Age 21.261 8 0.006

Marital status 7.570 4 0.109

Qualification 7.787 12 0.802

Occupation 10.700 8 0.219

Table 10. 
Relation between demographic character and relax.

Demographic characters X2 df Asymp. Sig. (two-sided)

Gender 10.432 3 0.015

Age 10.889 6 0.092

Marital status 5.992 3 0.112

Qualification 28.342 9 0.001

Occupation 7.476 6 0.279

Table 9. 
Relation between demographic character and drowsy.
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But, the result of the present study contradicts it and it shows that there is an associa-
tion between sleep problems and noise level of the town (p = 0.016).

Table 13 depicts the results of ANNOVA analysis between noise annoyance and 
demographic characteristics. The table clearly depicts that there is an association 
between annoyance and gender of the study. However, there is no statistically significant 
link between other demographic factors and annoyance. There is a link between sex and 
anxiety (p = 0.033) as seen in Table 14. There is no direct relation between sensitivity 
with the demographic characters except marital status (Table 15). Table 16 reveals that 

Demographic characters X2 df Asymp. Sig. (two-sided)

Gender 20.517 4 0.000

Age 9.797 8 0.280

Marital status 23.082 4 0.000

Qualification 13.892 12 0.308

Occupation 5.683 8 0.683

Table 12. 
Relation between demographic character and Anexiety.

Demographic characters X2 df Asymp. Sig. (two-sided)

Gender 17.837 4 0.001

Age 21.817 8 0.005

Marital status 19.403 4 0.001

Qualification 21.981 12 0.038

Occupation 12.233 8 0.141

Table 11. 
Relation between demographic character and sensitive.

Source Type III sum of squares Df Mean square F Sig.

Corrected model 9.770a 5 1.954 2.289 0.049

Intercept 33.806 1 33.806 39.603 0.000

Age 0.111 1 0.111 0.130 0.719

Sex 6.623 1 6.623 7.759 0.006

Qualification 0.104 1 0.104 0.121 0.728

Marital status 0.107 1 0.107 0.126 0.724

Occupation 2.998 1 2.998 3.512 0.063

Error 122.923 144 0.854

Total 2422.000 150

Corrected total 132.693 149
aR squared = 0.074 (Adjusted R squared = 0.041).

Table 13. 
Analysis of ANNOVA between demographic characteristics and annoyance.
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there is an association between relaxation and age (p = 0.008) and sex (p = 0.001) of the 
participants of the present study. Table 17 shows the relation between annoyance and 
different environmental issues. This table clearly depicts that there is a strong associa-
tion between relaxation, sensitivity, environmental noise, anxiety, irritation. Different 
vehicles are running on the main road of the town. During lock-down and unlock 
phases, ambulances are flowing from different areas of the town to the district hospital 
centre and also to the other clinics of the town. it has been reported that noise sensitiv-
ity—internal states that increase the chance of noise annoyance [88]—could alter the 
relationship between noise and health. Noise sensitivity has been linked to the beginning 
of depressed and psychological symptoms in adulthood. Higher morning saliva cortisol 
levels were linked to significant noise irritation and residing in high-noise locations in 
adolescents [89]. We did not have a way to gauge noise sensitivity or annoyance, so we 
could not assess its impact [90].

Source Type III sum of squares Df Mean square F Sig.

Corrected model 11.910a 5 2.382 1.870 0.103

Intercept 27.567 1 27.567 21.642 0.000

Age 0.053 1 0.053 0.042 0.839

Sex 7.565 1 7.565 5.939 0.016

Qualification 1.247 1 1.247 0.979 0.324

Marital status 1.301 1 1.301 1.021 0.314

Occupation 1.171 1 1.171 0.919 0.339

Error 183.430 144 1.274

Total 1909.000 150

Corrected total 195.340 149
aR squared = 0.061 (Adjusted R squared = 0.028).

Table 14. 
Analysis of ANNOVA between demographic characteristics and anxiety.

Source Type III sum of squares df Mean square F Sig.

Corrected model 32.004a 5 6.401 4.229 0.001

Intercept 5.506 1 5.506 3.638 0.058

Age 1.008 1 1.008 0.666 0.416

Sex 3.096 1 3.096 2.045 0.155

Qualification 0.891 1 0.891 0.589 0.444

Marital status 24.006 1 24.006 15.859 0.000

Occupation 0.787 1 0.787 0.520 0.472

Error 217.969 144 1.514

Total 1930.000 150

Corrected total 249.973 149
aR squared = 0.128 (Adjusted R squared = 0.098).

Table 15. 
Analysis of ANNOVA between demographic characteristics and sensitivity.
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The current research clearly shows that persons in the study locations are sensitive 
to noise levels based on their age. Respondents are employed in a variety of sub-urban 
work sites. They are subjected to various types of noise. They are irritated by the noise 
levels in the vicinity as a result of this. It is impossible to say that the level of noise in 
their workplace is the sole source of their annoyance, although it could be one of them.

During unlock phases, different offices are also opened in a regular and controlled 
manner. The running of vehicles on the road also growing accordingly and that may 

Source Type III sum of squares df Mean square F Sig.

Corrected model 18.485a 5 3.697 3.841 0.003

Intercept 9.228 1 9.228 9.588 0.002

Age 6.870 1 6.870 7.138 0.008

Sex 10.157 1 10.157 10.553 0.001

Qualification 2.278 1 2.278 2.367 0.126

Marital status .062 1 0.062 0.064 0.800

Occupation 1.534 1 1.534 1.594 0.209

Error 138.588 144 0.962

Total 1055.000 150

Corrected total 157.073 149
aR squared = 0.118 (Adjusted R squared = 0.087).

Table 16. 
Analysis of ANNOVA between demographic characteristics and relax.

Source Type III sum of squares df Mean square F Sig.

Corrected model 67.409a 9 7.490 16.062 0.000

Intercept 0.906 1 0.906 1.942 0.166

Relax 6.410 1 6.410 13.746 0.000

Sensitive 8.560 1 8.560 18.356 0.000

Aware of noise pollution 0.010 1 0.010 0.021 0.884

Environmental noise 6.235 1 6.235 13.371 0.000

Hearing condition 0.643 1 0.643 1.379 0.242

Anexiety 4.360 1 4.360 9.350 0.003

Irritation 3.798 1 3.798 8.145 0.005

Depression 0.000 1 0.000 0.001 0.981

Health risk 8.296 1 8.296 17.790 0.000

Error 65.284 140 0.466

Total 2422.000 150

Corrected total 132.693 149
aR squared = 0.508 (Adjusted R squared = 0.476).

Table 17. 
Analysis of ANNOVA between annoyance and environmental factors.
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affect the public health in anyway. Different construction works also going on in 
many parts of the town and it may cause problem to the public of the town. Heavy 
vehicles carrying various raw materials are also moving on this road due to road 
building in various portions of the road. Vehicles are driven at all hours of the day and 
night. People of all ages are directly exposed to these levels of noise. This activity may 
exacerbate their sleeping problems.

4. Conclusion

Our findings may have been influenced by the fact that the noise level decreased 
due to the imposition of the nationwide lockdown and it then increase sharply due to 
the incoming of unlock phases. Still, the reported noise level of the town was beyond 
the permissible limit except lockdown phases in residential and silence zone. It was 
reported in the present study that there is a good association between different areas 
such as residential, commercial and silence zone with unlock and before lock down 
phase of the town. In case of monthly noise level variation with different phases of 
the lockdown situation there is also good association between them and is presented 
in the Table 5. Finally, studies have demonstrated that the relationship between noise 
and health differs depending on sex, health status, and other factors but we lacked the 
sample size to evaluate the relationship by subgroup. Longitudinal designs, enhanced 
exposure assessment, and objective sleep assessments of whether particular sub-
groups of teenagers are more susceptible to the potential negative effects of environ-
mental noise, should be prioritised in future investigations. Direct regulation of noise 
sources as well as changes to the built environment are two public health techniques 
for reducing noise exposure [21, 91]. We were unable to demonstrate a temporal rela-
tionship between exposure and outcome since the study was cross-sectional. Future 
research may want to utilise objective of audiometry test to test the exactness of the 
hearing quality of the respondents of the town.
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Chapter 5

Evacuation Guidance Assistance 
System Using Emitting Sound
Tetsuya Miyoshi

Abstract

The goal of our research is developing an evacuation guidance system that emits 
sounds on a set of loudspeakers in a spatial sequence to achieve rapid evacuation in 
emergency situations. For this goal, we evaluate the auditory recognition properties 
of emitting sounds and their ability to make evacuees follow the movement of sound 
stimuli in this chapter. We conduct three experiments to assess the proposed evacua-
tion guidance method. The first and the second ones are done to investigate the rec-
ognition properties of the positions and directions of the emitting sound stimuli. The 
third one is done to evaluate the ability to guide evacuees to exit using the emitting 
sound in the spatial sequence. In the first experiment, we consider whether the four 
factors related to the sound-emitting method affect the identification of the emitting 
sound stimuli. Additionally, we investigate the patterns of emitted sounds that can 
easily recognize their position and direction. In the third experiment, we consider 
whether the evacuee can follow the emitting sound on a set of loudspeakers in spatial 
sequence. Moreover, it is discussed that the proposed guidance system provided a 
more detailed evacuation route for evacuees.

Keywords: evacuation guidance system, sound localization, auditory recognition, 
human behavior for acoustic stimuli, spatial sequence of sound

1. Introduction

In the event of a disaster, such as fire outbreak or earthquake, prompt evacua-
tion to a safe zone is important and essential for ensuring the safety of evacuees. 
Facility managers are obliged to install fire extinguishing equipment, sufficient 
emergency exit and guide lights to make evacuee find proper path to the exit by the 
Japanese Fire Service Law, even if they are not familiar with the layout of the area 
[1]. Recently, several urban commercial premises have become huge and complex in 
order to provide efficiency and convenience. Evacuees are not able to intuitively find 
out evacuation routes in these buildings and structures without proper guidance 
to exits due to their spatial complexity. Active evacuation guidance systems have 
been developed to control different light and acoustic stimuli that provide evacu-
ation guidance information to evacuees to construct a safe and secure evacuation 
 environment [2–6].

Conventional evacuation guidance systems in buildings and structures are not 
designed to react to changes in situations, such as collapses or other disturbances. 
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Evacuation guidance systems must be able to autonomously determine which 
evacuation routes have not been damaged by the disaster to achieve rapid evacu-
ation in emergency situations. An autonomous route-detection system, in which 
several smoke and heat sensors could be placed at key points in the objective area to 
determine the evacuation route based on the overall condition, was proposed [7]. 
An evacuation route guidance system that considers evacuees’ current location and 
building safety using a smart building-sensor network and is able to recommend the 
best evacuation route for each localized evacuee through their mobile terminals was 
proposed and evaluated [8]. A method for determining evacuation routes has been 
proposed that uses location information from mobile devices to determine effective 
routes [9, 10].

It is crucial to guide the evacuees along the determined evacuation route to 
effectively use route-detection systems in disasters. However, the evacuation and 
pathway guide lights in the conventional evacuation guidance were not sufficient 
to lead the evacuees to the relevant routes adapted to the situation. Therefore, a 
system is required to guide evacuees flexibly in disasters. Several systems that help 
evacuees select the route to appropriately exit using light and sound stimuli have been 
proposed.

Several previous studies have researched active evacuation guidance systems 
that utilize the precedence effect (Haas effect) to help evacuee realize evacuation 
direction. It is a psychological feature in hearing acrostic stimuli. When two identical 
sounds are presented in close succession, the spatial location of the auditory stimulus 
is dominated by the first arriving sound [11]. Additionally, the implementation of 
sound equipment (such as loudspeakers and signal processors) and sound-stimuli 
presentations in evacuation guidance systems have been standardized by the Japan 
Lighting Manufactures Association (JLMA), such that evacuees can correctly 
identify evacuation routes [2]. Furthermore, an improved evacuation system 
utilizing the precedence effect, in which loudspeakers were set beside a wall in a 
passageway to avoid the disappearance of the precedence effect of an audio signal, 
was proposed [12, 13].

The evacuation guidance systems using the precedence effect able to lead evacuees 
to one or two exits predefined as an emergency exit, however, they provide only the 
direction to the exit and not a detailed evacuation path to the exit using acoustic 
stimulus. Therefore, the evacuee must discover an evacuation route to the exit using 
acoustic stimulus even if the guidance using the precedence effect to the exit were 
provided. If there were several obstacles in the current place, it might not be easy to 
avoid damaged passageways and a fire outbreak caused by a disaster.

Passengers and crew may quickly lose situational awareness in a smoke-filled 
cabin of an aircraft. The European Union Aviation Safety Agency (EASA) and 
Federal Aviation Administration (FAA) regulations stipulate requirements for 
emergency floor-path illumination in all aircraft to achieve faster evacuation. Thus, 
guiding pathways to exits makes sense in situations where vision does not work 
well. However, there are few studies that provide a pathway to exits using emitting 
acoustic stimuli sequentially. Therefore, in this study, we propose a new active 
evacuation guidance system using acoustic cues, in which guidance-sound stimuli 
are sequentially emitted along an evacuation path instead of relying on the prece-
dence effect [6].

This study’s objective is to develop an active evacuation guidance system to direct 
evacuees along an evacuation route by sequentially emitting sound stimuli. In the 
first stage of the study, we analyzed participants’ capacity to identify sound stimuli 
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emitted through a set of loudspeakers. We conducted experiments to investigate the 
recognition properties of the position and direction of the emitting sound, in which 
four factors, such as the stimulus type and emission-time interval might affect their 
capacity to identify the stimuli. Additionally, the identification performance of the 
evacuee for the emitting sequences along the straight and bent lines was considered. 
Subsequently, we considered whether the evacuee could follow the emitting sound on 
a set of loudspeakers in sequence. Furthermore, we demonstrated that the proposed 
guidance system using the sound provided a more detailed evacuation route for 
evacuees.

The remainder of this paper is organized as follows. Section 2 presents the advan-
tages of the proposed evacuation guidance system that emits sound stimuli sequen-
tially. Section 3 summarizes properties of auditory recognition for the emitting sound 
stimuli based on our previous research [6]. Section 4 describes the subjects’ ability 
to follow the sequence of the emitting sound based on experiments and discusses the 
practicality and feasibility of the proposed evacuation guidance systems. Finally, the 
usefulness of a sound-based guidance system proposed in this paper is summarized in 
Section 5.

2. Evacuation guidance systems using emitting sound stimuli

First, an overview and advantages of evacuation guidance systems using  
emitting sound sources on a set of loudspeakers are described. Conventional guidance 
systems assume that evacuees can determine their evacuation route based on guide 
lights in an emergency situation. However, it might be difficult for them to find the 
relevant or correct route if they are not familiar with the spatial location. Therefore, 
there are two types of evacuation guidance systems that use acoustic stimuli to 
indicate the evacuation direction. In this study, we propose a method that uses an 
emitting sound source on a loudspeaker along routes to guide evacuees. If several 
loudspeakers are placed in the objective area, the sound sources could be sequentially 
emitted from one loudspeaker to another. People would be able to recognize them as 
the stream of sound in the evacuation direction. The recognition of the direction of 
the sound stream is generalized by the sequence of sound localization for a single-
sound source.

In shopping centers, a wide floor is occupied by display cases of goods, which can 
be an obstacle to evacuation in the event of a disaster. The proposed new evacuation 
guidance system would be able to provide a pathway to avoid these obstacles because 
it shows the sequence of the route to exit by emitting sound. This study describes 
the feasibility and performance of the new evacuation guidance system using the 
 emitting acoustic sound stimuli.

3. Identification of emitting sound patterns in sequences

In this section, as a first step towards developing the guidance system utilizing a 
sound sequence emitting a sound stimulus to induce people to exit, two experiments 
to test whether people can identify the sound sequence is described with reference to 
our previous research [6]. The actual evacuation routes include a variety of patterns, 
so the two sequence patterns of sounds, straight-line and right-angle patterns were 
evaluated in the following subsection.
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3.1 Identification of emitting sound in straight-line sequences

3.1.1 Factors considered in experiments

First, this study assesses individuals’ capacity to identify a spatial sequence of 
sound stimuli and examines the factors that influence individuals’ identification  
performance. Therefore, two experiments were conducted for ten healthy male 
students (20–21 years old) of Hannan University with no abnormal hearing diagnosed 
during their annual medical examination. They participated in this experiment 
without remuneration. Experimenter and all participants provided informed consent 
before these experiments.

The identification procedure of sound sequence requires the participants to 
continuously recognize sound localization for sequentially emitting sound through 
the loudspeakers. The sound localization is a listener’s ability to identify the location 
of a detected sound in direction and distance. Various factors that cause changes 
in the pressure and sound wave frequency affect individuals’ sound localization 
performance. Therefore, it is expedient to consider the influence of emission speed 
(emission-time interval) and the distance between loudspeakers to assess the sub-
jects’ identification performance. Furthermore, considering the preceding effect, 
the position of the subject relative to the loudspeaker should be considered a factor 
affecting the identification of the sound stimulus. Thus, the stimulus type, emission-
time interval, distance between loudspeakers, and subject’s position were considered 
as experimental factors in the first experiment.

Previous studies on emergency-alert sounds reported that stimuli containing a 
wide range of frequencies are more likely to be recognized than those with a single 
frequency [12]. Furthermore, swept-sound stimuli from low to high frequencies 
can be recognized more easily during evacuation guidance procedures. Therefore, 
in this experiment, the phrase “Here is an emergency exit,” spoken by a female voice 
in Japanese because the human voice is an acoustic stimulus with many frequencies 
superimposed on it. It also was used in previous studies on evacuation guidance 
procedures using the preceding effect [4, 5].

As a result of the above considerations, the two types of acoustic stimulus were 
set to experimental factor, the female voice and a sound that linearly changed from 
500 to 1000 Hz in 1 s (swept-sound). The distance between the loudspeakers was set 
to two levels, 3 and 5 m, while the emission-time intervals were set to 1 and 0.5 s. The 
longer the time interval, the faster the sound moved. The subjects were instructed to 
stand in one of two fixed places—just below a loudspeaker in the center of the grid or 
between loudspeakers.

3.1.2 Methodology of experiment 1

Our proposed evacuation guidance system help evacuee realize the path to the 
exit using sequence of acoustic stimuli emitted thought several loudspeakers which 
were arranged on the ceiling of buildings. In the first experiment loudspeakers 
were arranged in a 5 × 5 grid 4 m above from floor level in the gymnasium of Hanna 
University. The experimental environment and the arrangement of the loudspeakers 
are illustrated in Figures 1 and 2. The numbers rounded with squares in Figure 2 are 
the index of loudspeakers.

During the experiment, the subjects stood in one of two possible positions, just 
below loudspeaker 13 or between loudspeakers 13 and 17. The loudspeakers were a 
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capacitor-type flat speakers with stronger directionality than conventional dynamic 
speakers. We used a switching device with a small controller (Arduino Uno) that 
could be controlled by the software to emit the sound stimulus on all 25 loudspeak-
ers in a sequence for specific time intervals. The sound stimulus level was set for 
each stimulus type (voice or swept-sound), such that the A-weighted noise level was 

Figure 1. 
Experimental environment and the arrangement of the loudspeakers.

Figure 2. 
Arrangement of the loudspeakers, subjects’ position, and sequential pattern of sound stimuli in the first 
experiment.
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80 dB at a position 1 m from the loudspeaker. The noise level was measured using an 
integrated average-type sound-level meter (LA-1441, Ono Sokki Co., Ltd.).

In the first experiment, the sound stimulus (the voice or swept-sound) was 
emitted sequentially through five loudspeakers. For example, it is the sequence from 
loudspeakers 1–21 in the order of 1, 6, 11, 16, 21 in a straight line shown by an arrow 
in Figure 2. All 12 distinct sequence patterns of the sound stimuli (including five 
row-wise ones (left-to-right or right-to-left), five column-wise ones (front-to-back 
or back-to-front), and two diagonal ones (front-to-back or back-to-front) are shown 
by an arrow in Figure 2. Considering that the sequences were emitted in both ascend-
ing and descending order, there were totally 24 sequence patterns. For example, the 
emitting sequence in ascending order was set to five straight line patterns: numbers 
1–5, 6–10, 11–15, 16–20, and 21–25.

The subjects were instructed to listen to the sequence at a specific position  
(as mentioned earlier, position just below loudspeaker 13 or the other) and identify 
the sequence pattern as quickly as possible. We conducted a trial for each subject to 
listen to the sound stimuli and answer which patterns were emitted before conducting 
the first experiment. The first experiment, in which the 24 sequence patterns were 
emitted randomly in each trial under different conditions (combining the four fac-
tors) was then conducted. The sound stimulus continued until the subjects returned 
their answer. Sixteen trials under each experimental condition combining the four 
factors were conducted for each subject repeatedly because four two-level experimen-
tal factors were considered in this experiment. An experimenter recorded the partici-
pants’ response time and the accuracy of their answers (accuracy rate).

3.1.3 Experimental results and discussion for experiment 1

3.1.3.1 Experimental results regarding each factor

Figure 3 shows the mean accuracy rates and response times of identification of 
emitting sequence regarding four experimental factors. We conducted a three-way 
analysis of variance (ANOVA) to compare the mean-accuracy rates and response 
times, considering three within-subject factors: stimulus type, emission-time inter-
val, and the distance between loudspeakers.

In the ANOVA results for accuracy rate, significant differences were observed 
for both stimulus type (p = 0.01) and emission interval (p < 0.01). Similarly, in the 
ANOVA for the response time, a significant difference was observed in the stimuli 
type (p < 0.001). Furthermore, an interaction was observed between the emission 
interval and the distance between the loudspeakers (p < 0.001). Thus, the results 
of ANOVA for accuracy rate and response time indicate that the sequence of voice 
stimuli emitted at 1.0 s interval is better than the other sequence.

The influence of four factors on the identification of sequence pattern of sound 
stimuli was evaluated through the experiment. The overall identification rate was 
over 80% across 24 sequence patterns. Comparing four factors affecting the accuracy 
and response time, the significant effects with respect to the type of sound source and 
the emission-time interval was confirmed. The type of sound source had a particu-
larly strong effect for the results. The accuracy rate of identification was higher, and 
the response time was shorter when the voice sound emitted as acoustic stimuli than 
the swept-sound. These results suggest that the use of voice rather than swept-sound 
as a sound source enables the correct recognition of the direction of guidance.
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Aoki conducted the sound localization experiments for middle-aged and elderly 
subjects using multiple sound sources including voice as acoustic stimuli. As the 
results it was reported that the incorrect response rate was lowest, and the reaction 

Figure 3. 
Mean accuracy rates and response times regarding experimental factors. (From Miyoshi [6]). (a) Mean accuracy 
rates and response times regarding stimulus type. (b) Mean accuracy rates and response times regarding the distance 
between loudspeakers. (c) accuracy rates and response times regarding interval between sound stimuli. (d) Mean 
accuracy rates and response times regarding subject’s standing point. p < 0.001: ***, p < 0.01: **, p < 0.05: *.
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time was shortest when vocal stimuli were used [13]. Thus, we could easily perceive 
the vocal phrase and identify its localization. Our experiment task was the identifica-
tion of the sequence of emitting sound source, and the performance of task become 
higher for voice stimuli due to the ease of sound location for it.

The differences in the accuracy rates and response times classed according to the 
different emission-time intervals (1 and 0.5 s) are summarized in Figure 3b). The 
mean-accuracy rate for both sound stimuli emitted in the interval 1 s was higher 
than in interval 0.5 s, although there was not a significant difference in response 
time between both intervals. These results indicate that the stimulus sequence can be 
identified more easily when the emission-time interval is 1 s.

3.1.3.2 Experimental results with respect to identification of sequence patterns

The accuracy rates and response times of the subjects were compared among 
sequence patterns, such as row-wise and column-wise sequences. Figure 4a and b  
illustrate the mean accuracy rates and response times for the row-wise sequence 
patterns and the left-right direction, respectively. A two-way ANOVA was conducted 
to detect whether there were statistically significant differences in the mean scores 
regarding the five row-wise sequence patterns and the left-right directions, considering 
within-subject factors. It was confirmed that there were the significant differences in 
the main factor (row-wise sequential pattern) for both the accuracy rate (p < 0.001) 
and response time (p < 0.001), but there was no significant difference in the main 
effect regarding the direction and the interaction of two factors.

Bonferroni’s multiple comparison (comparison count: 10 times) of the accuracy 
rate and response time among the 5 stimulus sequences was conducted and its results 
were shown in Table 1a. The accuracy rate for the row-wise sequence from 11 to 15 
was the highest and response time is shortest among the row-wise ones. This result 
suggests that it is easier to identify the sequence that pass the subject standing point, 
the loudspeaker 13 and the identification performance became higher as the distance 
to the sound sequence from subject decreases.

In the same way as row-wise patterns, Figure 4c and d illustrate the mean accu-
racy rates and response times for the column-wise patterns and the direction from 
front/behind, respectively. The two-way ANOVA also were conducted for the mean 
scores regarding the sequence patterns and the direction. It was confirmed that the 
significant differences regarding main effect of sequence pattern were detected in 
both the accuracy rate (p < 0.001) and response time (p < 0.001) for the column-wise 
sequence. Additionally, there were the weak significant effect regarding the direction 
on the accuracy rate (p = 0.078) and the strong significant effect on the response time 
(p = 0.0068), but the interaction was not detected. Results of Bonferroni’s multiple 
comparison (comparison count: ten times) of the accuracy rate and response time 
regarding the column-wise sequences pattern is shown in Table 1b.

The accuracy rate for the sequence from 3 to 23 was the highest and the response 
time is shortest among the column-wise ones. In the same as results regarding the 
row-wise sequence, it is easier to identify the sequence that pass the subject standing 
point, the loudspeaker 13 and the identification performance became higher as the 
distance to the sound sequence from subject decreases. However, the performances 
(accuracy rate and response time) for the sequences in the second and fourth line 
were as well as the third centered line. These results suggest that there may be a range 
in which people could properly identify the location and the direction of the sound 
sequence.
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Figure 4. 
Mean accuracy rates and response times for horizontal and vertical patterns in a straight line. (a) Mean accuracy 
rates regarding row-wise pattern from left and right. (b) Mean response times regarding row-wise pattern on the 
left and right hand sides. (c) Mean accuracy rates regarding column-wise pattern from left and right. (d) Mean 
response times regarding column-wise pattern from left and right. (From Miyoshi [6]).
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3.2 Identification of sound emitting in right-angle sequences

The first experiment investigated the identification performance of the subjects 
for the straight sequence of the emitted sound. The actual evacuation paths to exit 
include the straight and right-angle paths. For example, an evacuee evacuates from 
the inside of a building to the outside by going straight and turning. The identification 
performance for the emitting sound in right-angle sequences must be evaluated to 
ensure that the proposed guidance system works effectively in the event of a disaster. 
In this section, we summarized the second experiment to evaluate the performance of 
identification for right-angle sequences based on a reference [6].

3.2.1 Methodology of experiment 2

In the second experiment, the sequence of sound stimuli was generated in the same 
experimental environment with the first experiment as shown in Figure 1. Twenty-five 
loudspeakers were arranged in a 5 × 5 grid 4 m above from floor level. For this experi-
ment, the distance between the loudspeakers was fixed at 3 m to compare the emission 
patterns of the straight and right-angle lines. Considering the three experimental 
factors: sequence shape (two levels of straight and right-angle sequences), stimulus 
type (voice and swept-sound), and emission-time interval (0.5 and 1 s), the experi-
ment was conducted to assess whether or how these factors affect identification of 
the sound sequence. The second experiment was conducted under eight experimental 
conditions, including all combinations of the above three factors. In each trial, sound 
stimuli were emitted in four right-angle and two straight-line sequences. In addition, 
the both directionalities of all the sequences, front-to-back one and back-to-front one, 
were considered, as illustrated by green and bidirectional arrows in Figure 5.

Accuracy rate Response time

(a) p values for pair-wise comparisons in row-wise pattern

Patterns 1–5 6–10 11–15 16–20 Patterns 1–5 6–10 11–15 16–20

1–5 — — — — 1-5 — — — —

6–10 0.035 — — — 6-10 0.002 — — —

11–15 <0.001 0.652 — — 11-15 <0.001 <0.001 — —

16–20 0.008 1.00 1.00 — 16-20 0.006 1.00 <0.001 —

21–25 1.00 0.001 <0.001 <0.001 21-25 1.00 <0.001 <0.001 <0.001

(b) p values for pair-wise comparisons in column-wise pattern

Patterns 1-21 2-22 3-23 4-24 Patterns 1-21 2-22 3-23 4-24

1–21 — — — — 1-21 — — — —

2–22 0.007 — — — 2-22 0.076 — — —

3–23 <0.001 1.00 — — 3—23 <0.001 0.275 — —

4–24 0.97 0.716 1.00 — 4-24 1.00 0.088 <0.001 —

5—25 1.00 0.057 0.18 1.00 5–25 0.032 <0.001 <0.001 <0.001

Table 1. 
Results of Bonferroni’s multiple comparison for accuracy rates and response times in cases of row-wise and 
column-wise patterns.
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The subjects were instructed to stand at a specific position near by the loudspeaker 
23 and listened to and identified the sequence pattern as quickly as possible. The 
sound sequences were randomly selected from 12 possible sequential patterns and 
start position of sound sequence was determined randomly. The sound stimulus 
continued until the subjects returned their answer. An experimenter recorded the 
participants’ response time and the accuracy of their answers (accuracy rate). The 
subjects of the second experiment were seven male students (20–21 years old) who 
had participated in the first experiment.

3.2.2 Experimental results and discussion of experiment 2

Firstly, the mean accuracy rates and response times for each stimulus type and 
emission-time interval in the second experiment were illustrated in Figure 6. It was 
confirmed that there were the significant differences in accuracy rates for two factors: 
stimulus type (p < 0.01), emission-time interval (p < 0.001), and their interaction 
(p < 0.01), as the result of a two-way ANOVA considering the within-subject factors. 
Furthermore, there were significant differences in the response times for stimulus 
type (p < 0.05) and emission-time interval (p < 0.05).

Comparing the identification performance between sound types, the accuracy rate of 
identification for sound sequence using voice with emission-time interval 0.5 s was less 
than other cases, but the one for the other conditions was almost 100% because the task 
was performed completely. The identification of the emitting patterns of voice became 
difficult when the emitting voice stimulus switched to another speaker in the middle of 
the phrase. The performance in these emitting conditions became lower than in the other 
conditions.

Figure 5. 
Arrangement of audio loudspeakers, subject position, and sequential pattern of sound stimuli in the second 
experiment.
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Comparing the results for the sequences emitting along the right-angle pattern 
to the one emitting along the straight-pattern (Figures 3 and 7), the mean-accuracy 
rates were higher for the emitting pattern at the right angle than in the straight line. In 
the second experiment, the subjects stood nearby the loudspeaker 23 and identified 
the sound sequences emitting in front of them. This is because identification perfor-
mance for the sequence emitting in front of subjects was better than the backward 
ones as evaluated in the first experiment.

Next, the results regarding the sequence patterns are described. The mean accuracy 
rates and the response times, classed according to the sequence pattern and the spatial 
proximity to the stimulus from subject standing position were illustrated in Figure 7. 
The 12 sound sequences were classed into two level in the spatial proximity, “near” and 
“far” that were indicated with yellow and green lines in Figure 5 respectively.

Figure 6. 
Mean accuracy rates and response times regarding two experimental factors. (From Miyoshi [6]). (a) Mean accuracy rates 
and response times regarding stimulus type. (b) Mean accuracy rates and response times regarding the delay of stimuli.

Figure 7. 
Mean accuracy rates and response times regarding the spatial proximity to sequence. (From Miyoshi [6]).
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A two-way ANOVA was used to estimate how the means of the accuracy rates 
and the response times changed according to the levels of two factors, the sequence 
patterns and spatial proximity of stimuli from subjects. It was not confirmed that 
there was neither significant difference in the main factors nor in their interactions. 
The accuracy rate was almost 100% in all the cases. These results mean that there was 
no difference in the accuracy rates and response times depending on the sequence 
pattern, and that the subjects could perceive the sequences of acoustic stimuli emitted 
in front of them and identify the sequence pattern almost completely in cases where 
the emission pattern is a straight or right-angle. Therefore, the subjects might be able 
to follow the acoustic sequence of the emitting stimulus to the emergency exit more 
quickly even if the evacuation path is more complicate route including straight and 
right-angle paths. In discussing the practicality of evacuation guidance systems, the 
results are preferable for realizing a guidance system that emits acoustic stimuli along 
a predetermined evacuation path.

However, we observed no difference between the sequence shapes, which could 
be because there was a consistent distance between the loudspeakers. During an 
actual emergency, the evacuation path may contain a series of short paths to the exit. 
Therefore, in future, we will verify the subjects’ performance with a smaller distance 
between the loudspeakers.

4. Ability to guide evacuees by emitting sound along predetermined paths

4.1 Experimental condition of experiment 3

We conducted the third experiment to investigate whether the subjects were able 
to follow the sound emitted along the evacuation paths. Additionally, we investigated 
whether it is possible for people to follow complex routes that have a lot of turning 
points on it. In this experiment, the complexity of the guidance is defined by the 
number of turning points on itself. As the number of turning points included in a 
guidance patten increases, it gets more complicated. In case of moving along the more 
complex path on which subjects turn to the right and left repeatedly in a short time, 
more accurate and quick sound localization is required to identify the sound stream. 
Therefore, we defined the complexity of the evacuation path by the number of turn-
ing points on it as the difficulty to identify and follow the acoustic stimuli.

In this experiment, the configurations about the locations of loudspeakers and 
sound sources were the same as those in the previous experiments. Figure 8 shows 
the experimental configuration and subjects following the sequence. The distance 
between the loudspeakers and their heights were set to 3 and 4 m, respectively.

The three factors considered important to the performance of the experimental 
task were the type of sound source, the type of loudspeaker, and the patterns of emit-
ting sound sequences in the third experiment. Two levels, voice and swept-sound, 
were set with respect to the type of sound source. In the same way with previous 
experiments, the phrase in female voice, “Here is an emergency exit” was used as 
voice sound and the acoustic stimuli whose frequency changed from 500 to 1000 Hz 
continuously was used as the swept-sound.

The two levels, a capacitor-type speaker and a dynamic range one, were set with 
respect to the type of loudspeaker on which the sound stimuli were emitted. The 
capacitor-type flat and the conventional dynamic rage speakers have different specifi-
cations for directionality, which is the property to focus audio and deliver clear sound 
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precisely where it is needed. In other words, the reduction in sound level through the 
capacitor-type speaker is smaller even when the reach is farther away because sound 
spread is smaller than the dynamic one. The capacitor-type one has higher perfor-
mance than the dynamic range one in the specification of directionality. This factor 
was designed to evaluate whether the directionality of the loudspeaker affects the 
sound localization performance for a moving sound source.

The third factor in this experiment is the pattern of emitting sequences. Figure 9 shows 
the emitting sequence patterns of sound, which are drawn as connections of consecutive 
column-wise and row-wise line segments. “S” and “G” in Figure 9 indicate the start and 
goal points of each sound sequence. The sequence patterns are classified into five catego-
ries based on the number of turning points in themselves. There were 20 sequences (two 
sequences in conditions of the number of turning points and start-goal places), as shown 
in Figure 9. A sequence with one turning point means that the subjects turn for direction 
once during following it. The third experiment was finally designed under all the combi-
nation conditions of three factors (2 levels × 2 levels × 20 patterns) as described above.

4.2 Experimental procedure of experiment 3

The sound source level of voice and swept-sound were set to 80 dB (A-weighted 
loudness level) at 1 m from the loudspeaker. The noise level was measured using an inte-
grating average-type sound-level meter (LA-1441, Ono Sokki). The sequences of sound 
were emitted from the lower left (loudspeaker 21) or lower right (loudspeaker 25) to the 
upper right (loudspeaker 5) or upper left (loudspeaker 1) which were indicated by circle 
“G” are shown in Figure 9. The evacuation routes with one to five turning points are 
also illustrated by the solid and dotted lines in Figure 9, which were formed symmetri-
cally with respect to the diagonal.

The subjects were seven students (six males and one female, 20–21 years old) with 
no hearing abnormalities during their annual medical examination. The subjects were 
instructed to follow the sound sequence at walking speed. The sequences of emitting 

Figure 8. 
Experimental configuration and a subject following the sound sequence.
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sound were randomly presented to them. In each trial the first point of the sequence 
was randomly chosen so as not to infer the emitting sequence pattern based on it. The 
subject stood up at the point under the loudspeaker 23, and identified the sequence of 
emitting sound and followed it.

The experiment using voice as the sound source was conducted first, and one 
using swept-sound was conducted two months later. In each experiment the subject 
performed the trial to identify and follow the sequence of sound that was emitting on 
two types of loudspeakers, the capacitor-type and the conventional dynamic range 
speakers. The half of subjects (five subjects) performed the trial using the capacitor-
type speakers at first and the one using the conventional dynamic range one after 
it. The remaining subjects (three subjects) performed the trial in reverse order with 
respect to the type of loudspeakers.

4.3 Experimental results of experiment 3

4.3.1 Results of the ability to follow the emitting sound

In the third experiment, we recorded the success or failure of following the 
sequences of the emitting sound and time required to follow the sound from the start 
and end points. The following three experimental factors were considered in this 
experiment: the type of sound source (voice and swept-sound), type of loudspeaker 
(capacitor-flat and dynamic ones), and complexity of the sequence that was defined 
from one to five by the number of turning points.

The mean values of the time required to follow a sequence and the success rate for 
each factor are shown in the Figures 10–12. A three-way ANOVA within-subject was 
used to estimate how the means of the success rates and the required times changed 
according to the levels of three factors as mentioned above. No significant differences 
were observed in the success rates for all main factors and their interaction. In the 
result with respect to the required time, there was no significant difference in the 
type of sound source (p = 0.457), but there was a significant difference in the type of 

Figure 9. 
Sound-spatial sequences provided to subjects.
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loudspeaker (p = 0.0415) and the complexity of the emitting pattern (p = 0.0013). 
Figure 12 shows that, a five-level Bonferroni’s multiple comparison of the complexity 
of the emitting pattern showed a significant difference.

Figure 12. 
Five-level Bonferroni’s multiple comparison of the complexity of the emitting patterns.

Figure 11. 
Mean values of the time required to follow a sequence and the success rate for loudspeaker types.

Figure 10. 
Mean values of the time required to follow a sequence and the success rate for sound sources.
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The average of success rate was 0.970 for all experimental condition, which shows 
that people were able to identify and follow the sequence of sound in almost all cases. 
Therefore, there were no significant differences among the sound source, loudspeaker 
type, and sequence patterns. Even though the success rate of the following is high, the 
required time is considered as the measure for the difficulty to identify and follow the 
emitting sound source. In the third experiment, we compared the time required to 
follow the emitting sound source because the success rate of following the sequences 
of sound sources was extremely high and no significant difference was observed 
between the factors.

4.3.2 Experimental results with respect to sound sources

Figure 10 shows that there was the difference in the required following time 
between types of sound source and it is slightly longer for swept-sounds than voice. 
However, the analysis of variance showed no significant difference between them 
in contrast to the results of the first experiment. The task in experimental trial is 
identifying and following the sequence of emitting sound. The subject is required to 
repeatedly perform the sound localization for moving sound on the loudspeaker near 
own current location in the task. The experimental results that the success rates were 
extremely high illustrate that the subjects were able to perform the continuous sound 
localization precisely even though the complexity of the guiding routes were relatively 
high. Therefore, this result suggests that the proposed guidance system using the 
emitting sound is effective and feasible to lead the predetermined evacuating route 
even if the voice was used instead of the swept-sound as the acoustic source.

4.3.3 Experimental results with respect to loudspeakers

Figure 11 shows the mean of the required time for following the sequence of the 
emitting sound on two type loudspeakers, the capacitor flat one and the conventional 
dynamic range one. The required time is shorter in using the dynamic speaker than the 
capacitor flat speaker. This result suggests that subjects are able to perform sound localiza-
tion for a sequence of the sounds emitting on the dynamic range speakers more easily than 
on capacitor flat one, also were able to follow them. Some subjects commented that they 
could listen to sounds on the dynamic speaker more clearly than the capacitor one. This 
tendency is obvious for the sounds emitting on speaker far from their current position. In 
the task of the third experiment subjects were required to repeatedly perform sound local-
ization for the sound source in spatially wide area. The capacitor flat speaker has stronger 
directionality than the dynamic range one, then the sound emitting on the dynamic range 
speaker acoustic stimuli spread more widely and was easier to catch up than on the capaci-
tor one. It is reasonable to assume that the difference of the acoustic property between two 
types of speakers results the difference of the required time to follow.

4.3.4 Experimental results of sequence patterns

Figure 12 shows a comparison of the required time and the success rates accord-
ing to the complexity of sequence patterns. There is a little difference in success rates 
but significant difference (p = 0.0013) in the time required to follow the sequences 
among the complexity levels by the ANOVA considering the within-subject fac-
tors. It was confirmed that the required time increased as the number of turning 
points increased, i.e., as the complexity of the emitting pattern became higher. 
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The Bonferroni’s multiple comparison (comparison count: 10 times) were conducted 
for the five complex level of sequences after confirming the significant difference. 
According to the result, there was no significant difference in the required time 
between the cases of three and four turning points and between four and five turning 
points. This result suggests that the difficulty of following the pattern increases as the 
number of turning points increases.

As the number of turning points in the emitting pattern increases, the success rate 
slightly decreases, and the required time increases as shown in Figure 12. This result 
suggests that the evacuation performance decreases as the pattern becomes more 
complicated in the proposed evacuation system.

5. Conclusion and future works

In this study, the subjects’ ability to identify the location and direction of acoustic 
spatial sequences and follow it was evaluated through three experiments to discuss the 
practicality and feasibility of the proposed evacuation guidance systems.

In the first and second experiments, the accuracy rate and response time of 
subjects for identification the different sequences of sound stimuli were compared 
among several experimental conditions combining factors: the stimulus the type, 
emission interval, the distance between loudspeakers, and the sequence patterns. In 
the first experiment, the accuracy rates improved when the voice stimulus was used 
and when the emission-time interval was extended. Additionally, it was confirmed 
that the identification performance becomes better as the distance from the position 
of subject gets shorter.

In the second experiment, we observed no significant difference in the accuracy 
rates and response times for different sequence patterns (straight line and right-
angle) under the experimental conditions.

In the third experiment the ability of people to follow the sequences of the emit-
ting sound was evaluated based on the success rate and the required time to do so. The 
three experimental factors were considered, which were the stimulus type, the type of 
loudspeaker, and complexity of the sequence measured by number of turning points 
on it. In the third experiment, people took more time but could follow the sequences 
of emitting sound, which included five turning points. The required time is shorter 
in using the dynamic speaker than the capacitor flat speaker. This result suggests that 
subjects can perform sound localization for a sequence of the sounds emitting on 
dynamic speakers more easily than the capacitor flat one.

The results of this study demonstrate the practicality of an evacuation guidance 
system using a sound sequence that emits specific sounds on a set of loudspeakers. 
The factors affecting the performance of subject’s identification of the acoustic 
stimuli were examined and analyzed, but the level of factors dealt with was limited 
such as the frequency change region of the swept-sound. Therefore, a more detailed 
analysis of the degree of influence of each factor is needed in the practical application 
of the proposed guidance stem for further studies.
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Chapter 6

Noise Profile Categorization for
Noise Mapping in Cities: The Case
of Cuenca (Spain)
José A. Ballesteros, María Jesús Ballesteros,
Samuel Quintana and Marcos D. Fernandez

Abstract

According to the European Law, noise maps in cities have to be worked out and
updated every 5 years. Because of this, it is interesting to establish new methodologies
to develop and update the noise maps in a more efficient way. Although there are
specific standards to carry out noise maps and a good practice guide was defined,
there is not a common procedure in the definition of the noise map. In each research, a
specific methodology is defined based on the experience of the researchers and the
characteristics of the town. In this work, a methodology based on a street typology
classification is proposed to be applied to noise maps. This methodology allows allo-
cation of the mean power and the temporal behavior to each street from its charac-
teristics and the time profiles measured with semi-permanent noise monitoring
systems. The methodology was developed, tested, and validated in the city of Cuenca
(Spain) and the results obtained are shown in this chapter.

Keywords: urban noise, noise mapping, noise profiles, street typologies, monitoring
system

1. Introduction

The European Law [1], developed in Spain by the Royal Decrees [2, 3], states that
noise maps in cities with a population in excess of 100,000 individuals need to be
developed and updated every 5 years.

A noise map can be done just based on a prediction model, that is, without any
kind of empirical measurement; but to achieve a minimum accuracy level, a calibra-
tion of the model is required through a selected number of in-situ measurement
points, which increases the budget to carry out the noise map. Moreover, although
specific standards and a good practice guide [4] have been defined to be used in noise
maps, each research group defines its own methodology based on its experience and
the characteristics of the town. Therefore, a proper balance must be found among the
cost of the noise map, its accuracy, and the number of measurement points; that
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balance can be improved with the use of a road categorization system to achieve
representative measurements of all the types of roads to minimize the cost without
losing accuracy in the model.

Classically, four sampling methods have been considered: to select the sampling
points by laying a grid over a map of the target zone, to define a source-oriented
sampling where measurement locations are selected arbitrarily to represent different
road and traffic conditions, to define a receptor-oriented sampling in which the noise
exposure of a particular class of receptors is investigated, and to select the sampling
points using a prior classification of the urban noise [5].

In [6] sampling points were selected, covering all of the representative locations
and all of the streets in the area. The sampling points were always in the middle of the
street or location-specific. This methodology for selecting sampling points and loca-
tions allows performing a detailed study of the area and it is not based on a previous
categorization of the streets, but neither is similar to the commonly used grid method.

Preliminary studies of three towns [7–9] served to adapt and optimize the defini-
tion of the categories established in [10]. This definition consisted of six categories:

• Class 1: national roads

• Class 2: streets that provide access to the major distribution nodes of the town

• Class 3: streets that lead to regional roads

• Class 4: streets that allow clear communication among the previous types of
streets

• Class 5: the rest of the streets of the town except walking streets

• Class 6: walking streets

The categorization method was later applied in [11] to five medium-sized Spanish
towns with populations ranging from 218,000 down to 50,000, and later in [12] to 20
towns with sizes ranging from 2200 to 700,000 inhabitants, and with areas between
0.57 and 59 km2.

In this work, a methodology based on a street typology classification is proposed to
carry out noise maps. This methodology, recently validated in [13, 14] allows allocat-
ing the mean power and the temporal behavior to each street from its characteristics
and the time profiles measured with semi-permanent noise monitoring systems.
Because of this, as the streets are classified a priori in different typologies, the number
of measurement points is reduced maintaining the accuracy of the noise map and
reducing the measurement cost. The proposed methodology has been applied to the
noise map of Cuenca.

2. Methodology

2.1 The town of Cuenca

Cuenca is a Spanish town in the Castilla-La Mancha region, capital of the province
of the same name. The town’s mean altitude is 946 m above sea level (a.s.l.). The area

100

Noise Control



of the municipality is 911.06 km2, and the total population of the city is 54,898
inhabitants (year 2018) [15].

The town has two different areas: the old town and the new one. The first one is
located in the high part of the town, bordered by rivers Júcar in the north and Huécar
in the south. The new part of the town is located at the west-south of the old town
towards north-south.

Cuenca has an important historical and architectural heritage and many museums
in the old town, been considered World Heritage City since 1996.

2.2 Road type definition

To define the street typologies in the town of Cuenca, the following road and urban
characteristics (all of them with influence from the acoustic point of view) were taken
into account:

• Road characteristics:

◦ Number of lanes of the street.

◦ Average daily traffic (ADT)

◦ Average daily speed (ADS)

• Urban characteristics:

◦ Road width

◦ Pavements

◦ Main use of the street.

Based on the aforementioned characteristics, seven street typologies were
established in this research:

• Type 1 (class 1): Motorway.

• Type 2 (class 2): Main distribution streets in the town.

• Type 3 (class 4): Secondary distribution streets in the town.

• Type 4 (class 3): Main distribution streets in a neighborhood. These streets are
used for traffic distribution in a neighborhood and are connected with bigger
streets.

• Type 5 (class 4): Residential distribution streets. These streets are used by people
to arrive in a completely residential street (types 6 and 7).

• Type 6 (class 5): Residential streets in the town and residential distribution
streets in new neighborhoods.
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• Type 7 (class 5): Completely residential streets. Only the people who live in these
areas use these streets.

This street classification allows performing a categorization of the streets in a town
based on their acoustics characteristics. Thus, measurements only in some streets of
each category are needed, being possible to apply the noise profile obtained for each
category to the rest of the streets in the same category during the noise map simula-
tion phase. According to [16] these procedures only generate little deviations from
strictly using only real measurement data for all the sampling points.

2.3 Long time measurements

To carry out long measurements, three noise monitoring equipment have been
placed in fixed locations during 11 months, and another one has been moved among
different locations. This hybrid procedure is quite common to increase the temporal
and spatial resolution [17].

The location of two of these fixed equipments has been chosen to take into account
the main areas of the town: Old town and Carretería Street. The third has been located
to characterize the residential noise of the town (Acacia Uceta Street).

The moving equipment has been located in different places in order to characterize
the noise in different kinds of streets in the town. The locations of this equipment
were: República Argentina Avenue, 16 (3 months), Mediterráneo Avenue (4 months),
Hermanos Valdés Street, 4 (2 months).

The location of each monitoring equipment can be observed in Figure 1, and their
accurate location is in Table 1.

Figure 1.
Monitoring equipment locations.
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The equipment has been installed at 4 m height and 2 m from the facade
according to the regulations [18]. For that, a bracket fixed to the facade has been used
with an outdoor microphone. In Figure 2 the microphone installation can be observed.

The microphone calibration was checked manually when the equipment was
installed when it was removed, and at least once a week. If there was an error, the
equipment was repaired or replaced. Moreover, four automatic CIC calibrations per
day were configured at 00, 10, 14, and 19 h, which were permanently monitored and
checked.

The main acoustic parameters that have been measured were:

• LAeq: A-weighed equivalent level.

• Ld: Day equivalent level.

Equipment label X coord. [m] Y coord. [m]

Old Town 574,163.64 4,436,764.68

Carretería Street 573,634.63 4,436,174.01

República Argentina Avenue 573,414.85 4,436,005.10

Acacia Uceta Street 572,681.20 4,436,180.54

Mediterráneo Avenue 574,127.48 4,435,221.37

Hermanos Valdés Street 573,619.63 4,436,365.07

Table 1.
Monitoring equipment locations.

Figure 2.
Microphone installation.
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• Le: Evening equivalent level.

• Ln: Night equivalent level.

• Lden: Day-evening-night equivalent level.

• LN: Percentile levels.

After taking the measurements for a whole month, a validation process was
carried out. First of all the automatic calibrations were checked. If there was
any error, data between the last correct calibration and the first one (the
wrong calibration would be in the middle) were removed because it is not
possible to know when the equipment failed. For instance, if calibrations at 10 h
and at 19 h were right, and calibration at 14 h was wrong, data from 10 to 19 h were
removed.

Then, the meteorological conditions were checked [18]. If it was raining, data for
this period of time were removed. Moreover, if the average speed of the wind during a
certain day was higher than 4 m/s (it is more restrictive than the regulations �5 m/s-),
data for this day were also removed.

After these validations, a more detailed analysis of the LAeq parameter was done.
Analyzing the time profile and the audio files, anomalous events have also been
removed, for instance, if events in the street that are not representative of the typical
behavior of the area took place (parades, parties, etc.).

With this, all the data considered for the studio could be assessed as correct.
Once the data have been validated, three different hour profiles have been

obtained each month, the whole month profile, the working day profile, and the
non-working day profile. To obtain these profiles, data for each hour have been
averaged. The profiles obtained for all the months during the period of time when the
equipment was in a certain location were similar. With this, all the hour profiles were
also averaged to obtain the typical hour profile of the area.

2.4 Road simulation process

The aim of the noise map simulation is to make up a digital model of the town to
obtain the noise propagation levels due to the traffic. The digital model is composed
of: a ground digital model with the level curves (Figure 3a); obstacles, mainly build-
ings (Figure 3b); roads (Figure 3c), and receivers (Figure 3d) to evaluate the noise
parameters.

When the digital model has been carried out, the next step consists of defining the
characteristics of each one of the layers stated. Concerning roads, the data to define in
the model are the ADT and ADS for light and heavy vehicles during the 3 day periods
(day, evening, night).

To make this process easier, all the roads in the town have been classified
according to the typologies defined in Section 2.2. The map in Figure 4 shows the
classification carried out. Then, the simulation results are obtained and compared with
those from long time measurements and short-time measurements, and the noise map
is adjusted.
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Figure 3.
Noise map process. (a) Ground layer. (b) Building layer. (c) Road layer. (d) Receivers.

Figure 4.
Road classification.
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3. Results

In this section, results obtained for the measurements carried out with the noise
monitoring systems in each one of the chosen locations are shown, together with the
discussion of the whole results.

The street typologies defined in Section 2.2 have been checked out with short time
measurements before the installation of the monitoring systems in the proposed
locations (type 1 roads are not set, as there were no people living near a motorway).
Accordingly, the measurement points can be classified as follows:

• República Argentina Avenue: Type 2.

• Carretería Street: Type 3.

• Old Town: Type 4.

• Mediterráneo Avenue: Type 5.

• Hermanos Valdés Street: Type 6.

• Acacia Uceta Street: Type 7.

As there are very few differences among the measurements for every month, only
the averages for the whole measurement time are shown. Figures 5 and 6 illustrate,
respectively, the weighed equivalent levels for day and night periods (results for the
evening period are almost identical to those of the day period). Figure 7 shows the
mean LAeq level in dB(A) for each one of the measurements points. Figures 8 and 9
show the mean LAeq levels during working days (Monday to Friday) and non-working
days (weekends and festivities), respectively. Finally, Figure 10 represents the noise
climate (L10–L90) and Figure 11 the singular noise events (L1).

According to all these results, general and specific statements can be done that
prove and justify the approach of using road typologies to simplify noise maps.

Figure 5.
Lday results.
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Firstly, specific noise profiles can be derived for each road typology, that can be
described as follows:

• In roads of type 2, the LAeq is almost constant around 72 dB(A) during the day.
At 22 h this level starts to decrease, being minimum from 3 to 4 h with 62 dB(A). At
this time the noise level starts to increase up to 8 h. Observing the LAeq
during working days, a similar trend with levels around 73 dB(A) during the day and
a minimum of 60 dB(A) at 3 h can be found out. On non-working days, the level is
around 72 dB(A) during the day and the minimum of 64 dB(A) is reached at 4 h.

Figure 6.
Lnight results.

Figure 7.
LAeq results.
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• In type 3 roads, the LAeq is again almost constant close to 70 dB(A) during the
day. At 22 h the level starts to go down with the minimum LAeq (60 dB(A)) at 5 h
when the level starts to increase. During working days, the same trend can be

Figure 8.
LAeq results during working days.

Figure 9.
LAeq results during non-working days.
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observed, with levels around 70 dB(A) during the day and a minimum of 58 dB
(A) from 3 to 4 h. Concerning non-working days, a more constant profile is
obtained, with levels around 67 dB(A) during the day and a minimum of 62 dB
(A) at 5 h.

Figure 10.
Noise climate (L10–L90) results.

Figure 11.
Singular noise events (L1) results.
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• In roads of type 4, the LAeq is around 65 dB(A) from 9 to 21 h. At this time the
level decreases to 54 dB(A) at 4 h, increasing from this time to 9 h. On working
days, the day levels are around 66 dB(A) from 9 to 17 h, being 50 dB(A) the
minimum LAeq at 4 h. Non-working days have an LAeq around 64 dB(A) during
the day and a minimum of 56 dB(A) at 5 h.

• Type 5 roads show a LAeq between 62 and 64 dB(A) from 8 to 22 h with a
minimum during this period from 15 to 16 h. From 22 to 4 h the level diminishes
to 51 dB(A), moment when it starts to go up to 8 h. Concerning working days,
similar levels are observed from 8 to 22 h, being the minimum of 49 dB(A) at 3 h.
Levels during non-working days are lower during the day, with a LAeq from 60 to
63 dB(A) from 9 to 22 h, and higher during the night with a minimum of 54 dB
(A) from 3 to 5 h.

• The level in type 6 roads is almost constant during the whole day with a LAeq
around 61 dB(A). The level decrement is observed from 5 to 6 h with 57 dB(A).
Working days have more differences between day and night with a level around
62 dB(A) in the morning (from 7 to 13 h) and around 60 dB(A) in the evening
(from 13 to 21 h). At night the LAeq decreases to 49 dB(A) at 4 h. Non-working
days have higher levels during the night, around 63 dB(A) than during the day,
with levels from 58 to 62 dB(A). This behavior is due to the leisure activities
during the night on non-working days.

• The level during the day in the 7th type of road is almost constant around 50 dB
(A). The maximum level is at 8 h (53 dB(A)) because it is the moment when
people go out to work. At night the levels decrease down to 35 dB(A) from 3 to
4 h. Working days have a similar profile, being the minimum LAeq of 34 dB(A) at
4 h. About non-working days, the level decreases during the day and it is more
variable (from 43 to 49 dB(A)). At night, the level is higher than during working
days with a minimum of 37 dB(A) from 3 to 5 h.

Globally speaking, it is possible to see that the higher the typology of the road, the
lower the noise level is, with almost non-existent overlaps among them. In all the
types, noise levels are almost constant during the day and start to decrease around
22:00 h, being the quietest hour between 3:00 and 4:00 h. The level at 8:00 and 9:00 h
(entrance to works and schools) is almost constant for the whole day and evening.

Therefore, according to the results of Cuenca, its day period embraces from 8:00 to
21:00 h and night period from 21:00 to 8:00 h. Furthermore, it can be stated that the
more residential the street is, the higher the noise reduction during the night is. This
behavior is due to the fact that in residential areas the traffic during the night is almost
non-existent, whereas in other streets there is some more traffic during the night. This
fact is also reinforced by the differences in the noise climate between day and night
periods.

If working and non-working days are compared, it is possible to state that during
the day the LAeq is generally lower during non-working days. At night the noise level
in non-working days is increased. This increase in level is due to the increment in
traffic because of leisure activities, which many times take place directly in the street.

Noise climate, shows a higher variability during the night period, being quite
homogeneous for the day period. This fact, together with the higher noise levels
during the day, indicates that there may be a significant number of similar noise
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sources that contribute to the noise pollution; meanwhile, during the night the num-
ber of noise sources is lower but more heterogeneous. Some differences also stand out
if the road typology is considered, as those with a heavier traffic intensity (types 2–5)
present values for the noise climate higher during the night period than during the day
period; on the other hand, the trend is the opposite for the residential road types
(6 and 7).

The singular noise events indicator (L1) shows that in the surroundings of Cuenca
there are no noise sources with emissions of high noise intensity within a short period
of time (aircraft overflights, high-speed trains, booming sources, etc.). Nevertheless,
it is stated that for the measurement points with lower LAeq and lower traffic intensity
(for instance Acacia Uceta Street—type 7) there is a very significant variation of L1
during the quietest hour (3:00–4:00 h); it means that in residential areas a single noise
source can appear as extremely noisy, whereas for areas with more traffic intensity a
single noise source is masked among all the noise sources.

Correlating the life in the city of Cuenca with the results, it can be set that the main
cause of environmental noise is traffic [19]. The intensity of the traffic and its com-
position depends on the road typology. Taking into account the proposed road typol-
ogy, the review of principal traffic noise models of [20] and the traffic intensity
massively measured in Cuenca, a finite set of traffic intensity categories could be
defined to refine, even more, the prediction model by assigning to each road not only
its typology but also its traffic category.

4. Conclusions

In this paper, a road type classification has been developed taking into account
road and urban characteristics. With this, seven types of roads have been defined:
motorway, main distribution streets in the town, secondary distribution streets in the
town, main distribution streets in a neighborhood, residential distribution streets,
residential streets, and completely residential streets.

The long-time measurement results showed an almost constant level during the
day, which decreases during the night. The more residential the road is, the more the
level decrease during the night. Moreover, it can be observed higher level differences
between day and night during working days than during non-working days.

This classification has been applied to the noise map of the World Heritage City of
Cuenca. For that, a digital model was performed and adjusted with long time
measurements carried out in roads classified inside different categories and with
short-time measurements.

The methodology proposed allows allocating mean power and temporal behavior
to each street from semi-permanent noise monitoring systems, and with this, the
measurement cost of the noise map could be lowered, while maintaining a high level
of accuracy.

This strategic tool may help to derive action plans to fight against the noise and
reduce the number of people exposed to heavy noise.
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