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ABSTRACT Environmental noise directly affects well-being and productivity. On the one hand, high sound
levels are related to a variety of health symptoms such as high blood pressure and stress. On the other
hand, acoustic comfort increases concentration, facilitates communication and promotes productivity. The
main objective of this research is to propose a modular and scalable solution for enhanced health and well-
being using Internet of Things and mobile computing technologies and also, to present a real-time moni-
toring system for enhanced acoustic comfort with mobile computing compatibility for data visualization,
analysis and notification. The results indicate the proposed system as an adequate sound supervision for
enhanced acoustic comfort and well-being. The system was tested in a laboratory for two months using
real-time continuous data collection. The average sound levels range from 47.35 to 52.99 dBA and from
46.22 to 51.84 dBA grouped by the day of the week and time of day, respectively. Continuous real-time
monitoring is relevant for enhanced living environments since the analysis of the noise pollution levels of the
ecosystem where the patients live may be related to their health symptoms. Moreover, the proposed method
presents advances in installation and configuration due to the use of wireless communications technology.

INDEX TERMS Acoustic comfort, enhanced livings environments, environmental noise, indoor quality,
Internet of Things.

I. INTRODUCTION

Acoustic comfort can be defined as the occupant’s well-being
and perception regarding environmental noise. ‘Environmen-
tal noise’ can be defined as an unwanted sound produced by
human activities considered harmful or detrimental to health
and quality of life, while ’noise’ was identified as being a
sound that is an ‘out of place’ sound or as a form of acoustic
pollution [1].

Acoustic comfort can be defined as the well-being feeling
of the home inhabitants concerning the acoustic environment
and is closely related to the maintenance of low noise levels
produced by several sources such as transport, home equip-
ment, indoor activities and neighbourhood. Consequently,
to provide acoustic comfort is necessary to minimize the
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environmental noise and support the satisfaction of the inhab-
itants [2]. The building manager should control environmen-
tal noise for enhanced living environments and occupational
health. As people typically spendmore than 90% of their time
indoors, the building’s attributes are closely related to the air-
noise interaction as they affect noise more than air pollution.
Buildings act as a shield for the dispersion of pollution, but
the decreasing effect is much more significant for noise than
for air pollution [3].

The individual sound level is influenced by various factors
such as building infrastructure, the activity being performed,
cultural habits and social activities [4]. Indoor acoustic com-
fort is determined by external noise pollution factors, such as
traffic and neighbours, indoor activities such as conversations
andmusic, impact noise such as footsteps, structural vibration
sounds and equipment such as climatic systems and elevators
[5], [6]. People typically adapt to noise levels in their home
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setting and begin to be unable to detect background noise pol-
lution [7]. Occupants begin to adapt by becoming accustomed
to high noise levels and are no longer aware of its harmful
effects on their well-being.
In this case, real-time noise supervision is relevant to

provide a correct acoustic comfort assessment. A building’s
acoustic comfort depends on the activities carried out indoors.
Therefore, without applying real-time monitoring, it is dif-
ficult to identify and evaluate the existence and pattern of
poor acoustic comfort conditions to plan interventions for
improving the occupant’s well-being [2], [8], [9].
An integrated supervision system for enhanced acoustic

comfort includes ubiquitous access to real-time noise mon-
itoring data using mobile computing technologies, which
aggregate several types of data visualization and analysis
methods for easier acoustic comfort management [10], [11].
Despite the rapid increase in infrastructure and industrial

plants, environmental issues have influenced the need for
real-time monitoring systems [12]. Among the panoply of
applications enabled by the Internet of Things (IoT), smart
and connected healthcare is a particularly important one [13].
With the proliferation of IoT devices and technologies, there
is great potential to exploit their instant communication
capabilities for environmental monitoring [14]. Currently,
Smartphones can provide noise measurement data through
mobile/cell phones in the form of ‘citizen science’ [15].
The Internet of Everything (IoE) concept aims to connect
people, data, things and processes in a global network which,
used intelligently, will provide significant enhancements on
everyday life, particularly in the smart city context [16].
The concept of ‘‘smart city’’ has recently been introduced
as a strategic device to encompass modern urban factors
in a common framework and, in particular, to highlight the
importance of Information and Communication Technologies
(ICTs) in the last 20 years for enhancing the competitive
profile of a city as proposed by [17]. Currently, cities face
critical challenges in achieving socio-economic progress and
people’s quality of life goals [18]. The smart city is directly
associatedwith an emerging approach tomoderating the chal-
lenges generated by the urban population growth and rapid
urbanization [19]. However, smart cities technologies have
some limitations. The most critical issue in smart cities is the
non-interoperability of different technologies [20]–[23]. The
IoT can provide the interoperability to build a unified, urban-
scale ICT platform for smart cities [24].
Ambient Assisted Living (AAL) is an emerging

multi-disciplinary field aiming at providing an ecosystem of
different types of sensors, computers, mobile devices, wire-
less networks and software applications for personal health-
care monitoring technologies [25], [26]. Simple interventions
provided by homeowners, building operators or municipal
authorities can produce significant positive impacts.
The main objective of this research is to propose a modular

and scalable solution for enhanced health and well-being
using Internet of Things and mobile computing technologies.
Therefore, this paper presents a cost-effective and real-time

acoustic comfort monitoring solution. The main contribution
of the proposed solution is the support of multiple notifica-
tion methods, easy configuration and installation, and mobile
computing compatibility for data visualization, and analysis.
A calibrated sound sensor was chosen to provide accurate
data sensing. A hardware prototype composes the solution
for ambient data collection named iSoundIoT. Moreover,
this system includes Web/mobile integration to provide data
access. The iSoundIoT incorporates open-source technolo-
gies and is based onWi-Fi communication. Furthermore, this
solution also incorporates an ESP8266 microcontroller with
built-inWi-Fi technology as a communication and processing
unit.

The main target of the proposed system is indoor environ-
ments ranging from workplaces to residencies. The proposed
method can be easily installed and configured for occupa-
tional and personal use. On the one hand, the notification
feature is relevant to alert the inhabitants when poor acoustic
comfort scenarios are verified. On the other hand, continuous
real-time data collection is essential for a comprehensive
assessment of the indoor sound levels evolution during the
day. Web and mobile software provide hourly, daily, weekly
and monthly reports of sound level values and alerts. In addi-
tion, the proposed software also allows access to the real-time
sound levels and the list of anomalies.

The paper is structured as follows: Section 2 focuses on the
implications of acoustic comfort on health but also presents
the related work; Section 3 is concerned on the methods and
materials used in the implementation of the sensor system;
Section 4 presents the experimental system results; Section 5
presents the discussion, and the conclusion is presented
in Section 6.

II. ACOUSTIC COMFORT FOR ENHANCED

LIVING ENVIRONMENTS

Scientific evidence reveals that enhanced acoustic comfort
in companies or academics increases concentration and pro-
motes better communication [27]–[30]. Not only does the
acoustic comfort promote learning behaviours, but it also
supports good teaching understanding [31]–[33]. In addition,
providing acoustic comfort in hospitals reduces stress and
sleeplessness created by high noise levels, decreases patient’s
recovery time and promotes staff productivity [34]–[36].

Furthermore, acoustic comfort in residencies promotes a
feeling of protection in occupants and increases the sense of
security and privacy [37], [38]. Therefore, acoustic comfort
promotes occupational health, productivity, happiness and
increases well-being.

The effects of noise on health are not only related to annoy-
ance, sleep and cognitive performance of adults and children
but also with increased blood pressure [39]. Environmental
noise pollution may be a novel risk factor for pregnancy-
related hypertension, particularly more severe variants of
preeclampsia [40]. Long-term exposure to railway and road
noise, especially at night, may affect arterial stiffness, a major
determinant of cardiovascular disease. Consequently, noise
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monitoring can be significant to the enhanced understand-
ing of noise-related health symptoms and effects [41]. Poor
sleep causes endocrine and metabolic disturbances, several
cardio-metabolic and psychiatric problems and anti-social
behaviour, both in children and adults. The duration and
quality of sleep are risk factors significantly affected by the
environment but amenable to modification through aware-
ness, counselling and public health measures [42]. Pregnancy
and child exposure to road traffic noise can be associated with
a higher risk for childhood overweight as concluded by [43].
The World Health Organization (WHO) has recently

acknowledged that contrary to the trend of other environ-
mental stressors, noise exposure is increasing in Europe [44].
Therefore, most developed countries support laws to regulate
noise for specific periods [24].
Epidemiological research associates the chance of heart

attack to those who live near to very busy streets is about
20% higher than for occupants who live on quiet streets, and
the risk of obesity increases in the vicinity of airports [45].
Another research by [46] observed a 66% decrease in the
productivity for a ‘memory for prose’ task when participants
were exposed to various types of background noise. Another
research conducted in 2005 by [47] concludes that 99% of
the individuals questioned stated that their concentration was
reduced by office noise such as unanswered telephones and
background conversation. Noise is negatively related to read-
ing and writing; chronic exposure can influence children’s
cognitive development [48].
Furthermore, noise is an explicit distraction that inter-

rupts office staff from working accurately and efficiently
and increases stress levels [49]. In sum, environmental noise
must be assessed as a severe public health issue world-
wide. Overall, the evidence suggests that environmental noise
should be placed at the forefront of national and international
health policies to prevent unnecessary adverse health impacts
on the general population [50].
Several public and private entities associate exposure to

environmental pollution (noise and air) with health. There is
good evidence from extensive population studies that envi-
ronmental noise, regardless of its association with air pol-
lution, has harmful health effects. Therefore, environmental
planning and policy should take both exposures into account
when assessing environmental impacts [51].
Noise levels variation in cities is determined by the cumu-

lative effect of unfavourable or thoughtful elements of the
city design at several scales of the general and neighbourhood
layout of a city. The transportation system, the structures of
the buildings, the population density, the street design and
building facades, the amount of green space, and the qual-
ity of the housing concerning sound and vibration features
determine the environmental noise impact inherent to each
city [52].
In the same city, it is possible to identify high sound levels

at some locations when compared with other quieter places
of the same town. This phenomenon depends on the city’s
design, especially in cities created a long time ago, which

do not take into consideration the current mobility needs of
citizens [52].

Noise at hospitals is a critical source of stress for the
patients. In 1977, noise levels in hospitals were already
studied to encourage the establishment of a set of specifi-
cations which the vendors would agree to abide by when
placing equipment in hospitals [53]. With the implementation
of devices such as computers which produce environmen-
tal noise, it is almost easy to get used to this invasion of
privacy [53]. A study carried at Zeynep Kamil Hospital is
presented in [54]. In this case study, the highest average
noise level measured is 81.25±3.21 dBA, and the lowest
noise level is 52.51 ± 2.37 dBA, which is much higher
than the internationally recommended noise levels. However,
80% of research respondents are unwilling to pay for noise
reduction policies and for implementing noise-control inter-
ventions [55]. Therefore, cost-effective solutions should be
developed to provide real-time noise monitoring.

In summary, based on the health damage caused by
noise pollution, mechanisms for evaluation and control are
needed [56]. However, to detect and avoid unhealthy acoustic
conditions, the first step is to monitor the sound levels.

A. RELATED WORK

Currently, various healthcare projects for enhanced liv-
ing environments and occupational health are reported
in the literature. Several solutions are presented in this
section, which incorporate open-source, low-cost, and mobil-
ity technologies selected according to the improvement and
performance proposed by the authors. Numerous IoT appli-
cations for real-time environmental quality monitoring that
include open-source technologies for collecting, processing
and transmitting data from different places simultaneously
and mobile computing technologies for data consulting are
proposed by [57]–[61].

A new approach on the assessment of noise pollution
involving the general public to turn GPS-equipped mobile
phones into noise sensors that enable citizens to measure their
exposure to noise in their everyday environment has been
proposed by [62].

A method of compressing the noise events of an entire
day (24 hours) into a one-minute summary that can be sent
via SMS text messages and is simple enough to run on an
inexpensive microprocessor was proposed by [63].

A mobile crowdsensing platform to gather noise mea-
surements usingmobile-embeddedmicrophones that perform
opportunistic/participatory measurements, includes a data
warehouse system to manage data (storage, aggregation and
filtering) and aWeb application to provide citymanagers with
multiple views of collected data was proposed by [64].

City Sensing is a new approach to monitoring the region
and the environment using miniaturized cost-effective sen-
sors to provide real-time monitoring along with interaction
with citizens for enhanced smart cities [65].

A real-time IoT noise monitoring system can not only
measure noise levels in different places and provide data
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to the municipal authorities to plan interventions to reduce
environmental noise pollution but also offer a space-time
map of noise pollution in the area and contribute to public
security [66]. Therefore, it is necessary to ensure the moni-
toring of noise pollution and, thus, provide a safe and healthy
environment through enhanced acoustic comfort.
Noise monitoring is an essential requirement for enhanced

well-being and occupational health. Therefore, the develop-
ment of cost-effective monitoring systems using open-source
technologies for sound supervision is a trending topic.
The authors of [67] propose a low-cost prototype which

was installed in public vehicles to monitor real-time traffic
sound levels in a city. The system was developed using the
FRDM-KL25Z microcontroller, a CMA-4544PF-W micro-
phone and a MAX9814 amplifier. Moreover, the proposed
architecture supportsWi-Fi and 3G communication technolo-
gies and incorporates GPS sensing data. Wi-Fi communica-
tion is managed using the ESP8266 module.
A wireless sensing network was designed for noise mon-

itoring purposes by the authors of [68]. The sensor node
was built using the Teensy 3.2 platform as a processing unit,
a POW-1644P-B-R omnidirectional microphone which sup-
ports waterproof features and an Xbee module for data trans-
mission using Zigbee protocol. The gateway was designed
using the Raspberry Pi 3 and incorporates an XBee module
for data communication. Four modules were used during two
weeks of field trials to validate the proposed method with
favourable results for real-time collection of noise level data.
An IoT approach for outdoor noise monitoring is proposed

by [69]. The data acquisition system uses a Raspberry Pi,
an audio codec, a power management board, and mobile con-
nectivity for data communication. This system incorporates
two microphones with different hearing ranges (14-119, and
20-140 dBA). Power is supplied by a battery and uses a solar
panel to charge it. The system hardware cost is around 150
euros. Furthermore, the proposed method incorporates web
compatibility for data access.
The development of an IoT acoustic sensor is presented

in [70]. The authors propose a low-cost system using a Rasp-
berry Pi 2 and a T-Bone GC 100 USB microphone. The
hardware system is powered by ethernet, and the total cost of
the system is 120 USD. The proposed method was validated
and tested in La Viña, Lorca, Spain.
A wireless acoustic sensor network is presented in [71].

Data collection is done using an IoT system developed
by the authors. The developed prototype uses a Raspberry
Pimodel B as amicrocontroller unit, a LogilinkUA0053USB
sound card and a CMA-4544PF-W microphone. The main
objective of the study was to evaluate the functional architec-
ture of the IoT prototype to produce noise maps of the city,
combining geostatistical data in the Valencian Community in
Spain.
The authors of [72] present an AAL platform based on

WSN for acoustic events identification and remote real-
time patient monitoring. This study proposed the use of the
Jetson TK1 board, which incorporates the NVIDIAGraphical

Processing Unit and a CMA-4544PF-W microphone.
The proposed method presents an accuracy of 82%, consid-
ering a set of 14 indoor environment scenarios.

III. MATERIALS AND METHODS

The iSoundIoT is proposed as an essential tool to assure
acoustic comfort for enhanced living environments and occu-
pational health. This system is a wireless solution based on
the ESP8266 module which supports the IEEE 802.11 b/g/n
networking protocol. This module is used both as a process-
ing and communication unit. The collected data is stored
in a SQL Server database using Web Services. For data
access, a Web portal named iSoundWeb and a mobile appli-
cation named iSoundMobilewas created by the authors using
ASP.NET C# and Swift, respectively. The iSoundMobile and
the .NET Web Services are hosted at the same Windows
Server instance. The .NET Web Services are used to share
the data collected by iSoundIoT prototype and to support the
network requests from the iSoundMobile. The iSoundMobile

is directly connected to the SQL Server database using SQL
Server authentication. Figure 1 shows the system architecture
and the software connection diagram.

FIGURE 1. System architecture.

The authors’ goal is to develop a cost-effective and accu-
rate system that not only can be easily configured and
installed by the average user but also provide real-time notifi-
cations to alert the building manager when the acoustic levels
exceed parameterized values. Therefore, the authors selected
a cost-effective but very reliable sound sensor and a micro-
controller with native Wi-Fi support. The proposed system
consists of two major components, a FireBeetle ESP8266
microcontroller developed by DFRobot and an analogue
sound level meter developed by Gravity (Fig. 2). The system
incorporates two LED units for visual alerting of the occu-
pants and a buzzer for hearing alerting.

A brief introduction of each component used is shown
below. The DFRobot FireBeetle ESP8266 is a Wi-Fi chip
with integrated antenna switches, RF balun, power ampli-
fier, low noise amplifier receiver, filters and power man-
agement modules. It supports 802.11 b/g/n protocols, Wi-Fi
2.4 GHz, WPA/WPA2, has a standby power consumption of
<1.0mW (DTIM3) and can operate in the temperature range
of −40 ◦C∼125 ◦C. This microcontroller is one of the most
used ESP8266 development boards that support 4MB of flash
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FIGURE 2. iSound prototype hardware.

memory, 11GPIO pins, and one analogue-to-digital converter
(ADC) pin with 10-bit resolution. It also has a built-in voltage
regulator and a USB for power.
The DFRobot Gravity Analog Sound level meter is a cal-

ibrated noise sensor that can accurately measure the sound
level of the surrounding environment. This sensor incorpo-
rates an instrument circuit and a low noisemicrophone. It sup-
ports 3.3∼5.0V input voltage and provides a 0.6∼2.6V output
voltage. The dBA value is linear with the output voltage. The
voltage output of the sensor is converted to a calibrated sound
level, as described in equation 1.

dBA = Output Voltage× 50 (1)

The sensor has a measurement range of 30dBA ∼ 130dBA
with a measurement error of ±1.5dB. The input current is
22 mA at 3.3V and 14mA at 5.0V. This microphone uses a
frequency weighting A and is according to IEC 61672 stan-
dards [73]. The frequency response is 31.5Hz ∼ 8.5KHz,
and the time characteristic is 125ms. The current consump-
tion is 22mA at 3.3V or 14mA at 5.0V. The sensor size is
60mm ∗ 43mm.
The DFRobot Digital Buzzer module is a buzzer module

that supports an input voltage of 3.3–5.0 V.
Moreover, the proposed system uses two 3V LEDs. The

green LED is used to notify the end-user of healthy acoustic
comfort conditions, and the red LED is used to inform the
end-user of poor acoustic comfort conditions.
Regarding the decision making on the components to be

considered in the proposal system to replicate the exper-
iments presented in this paper, it is relevant to consider
several features. The microcontroller must support Wi-Fi
communication features, particularly the 802.11 b/g/n proto-
cols. The sound sensor must provide a measurement range
of 30 to 130 dBA and an error inferior to ±2dBA. Further-
more, the proposed system must incorporate light and audio
hardware components to provide warnings and system status
information in situ.
The range of human hearing is usually recognized

between 20 Hz and 20 kHz. However, based on the
guidelines proposed by the WHO, noise-induced hearing

impacts occur predominantly in the higher frequency range
of 3 000–6 000 Hz, with the most significant effect at
4 000 Hz [74]–[78]. Therefore, the frequency response of the
selected sound sensor can address the frequency range, which
predominantly affects humans.

The dBA sound levels are continually collected and stored
in the database every 15 seconds. This update timer has been
set to have a detailed evolution of the dBA levels because in
particular scenarios, human activities can significantly affect
the sound levels for a short time. Nevertheless, the update
timer can be updated by the end-user according to the envi-
ronment and application specifications. On startup, the sys-
tem hardware performs network management. If wireless
networks are not available for Internet access, the system will
create a hotspot. This hotspot will enable the user to connect
by inserting the credentials for Internet access.

FIGURE 3. Flowchart of the proposed hardware system.

Moreover, if the user does not enter the credentials, the sys-
tem will continue to work offline using the last configured
threshold values using the visual (LEDs) and audio (buzzer)
alert methods. The system performs variable initialization
and continuous data collecting using the sound sensor. The
voltage sensor output is converted to a calibrated sound
level, and the average value is calculated. Every 15 seconds,
the data is sent to the remote database for enhanced acoustic
quality assessment. The flowchart of the proposed system is
represented in Figure 3.
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TABLE 1. Summary of similar research on noise pollution monitoring (MCU – microcontroller unit).

TABLE 2. Proposed system cost.

The iSoundIoT hardware has an estimated cost of
65.66 USD considering 10 USD for cables and boxing parts
(Table 2).

The proposed method combines several low-cost compo-
nents to provide multiple types of warnings using visual
and hearing physical interfaces. On the one hand, physical
alerts can be seen and heard by people inside the same space
where the system is installed. On the other hand, software
alert methods can notify people in real-time, anytime and
anywhere. Physical alerts are performed using a buzzer and
LEDs that allow the system to alert people locally if no wire-
less networks are available. This system’s advantage plays a
significant role in ensuring acoustic comfort, as people in the
physical space can be alerted, and this functionality does not
depend on the system’s internet connection.

TABLE 3. Noise monitoring equipment available on the market.

Table 3 presents a summary of the solutions available on
the market. The prices were obtained from Castle Group Ltd,
excluding taxes (accessed on 07/04/2020).

Currently, most indoor sound level monitoring solutions
available in the market are more expensive and are based on
random sampling. Nevertheless, these techniques are restric-
tive because they provide only information related to a spe-
cific sampling and are devoid of spatiotemporal data. Some
of these solutions are compact, portable, and support data
logging, but do not allow real-time data to be available for
building managers, enabling rapid and efficient intervention
to improve indoor quality. These solutions do not support
mobile compatibility for data consulting and notifications.

On the one hand, in most available monitoring solutions,
the collected data is stored in the device’s memory and
requires specific procedures for data downloading andmanip-
ulation with dedicated software. On the other hand, these
solutions are extremely accurate and designed for specific
industrial activities.
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FIGURE 4. iSoundWeb last collected data.

However, in living environments, the accuracy of 4 dBA is
adequate to promote occupational health and well-being [79].
In particular, the commercialized system available at [80]
presents an economical price (164.19 USD) and also sup-
ports calibration features with IEC 61672 standards [73].
This system supports a measurement range of 30-130 dBA,
with an accuracy of ±1.4 dB, Microsoft Excel compatibil-
ity, and provides proprietary software for sound data anal-
ysis. However, in a similarity to all the systems presented
in Table 3, the sound data is stored in the device’s memory
with a limitation of 32,700 records. Moreover, for data con-
sulting purposes, this systemmust be connected to a PC using
USB port for detailed analysis using Microsoft Excel or the
included downloadable proprietary software and does not
provide real-time data access anytime and anywhere through
mobile devices or web applications. Therefore, the develop-
ment of novel acoustic comfort monitoring systems based on
state-of-the-art technologies that offer real-time data access,
visualization and analysis is critical for enhanced acoustic
comfort.
The iSoundIoT incorporates open source technology, com-

bining sensitivity, flexibility and accuracy of measurement
in real-time for effective acoustic comfort promotion. This
solution provides a definitive software solution for a practical,
intuitive, fast access analysis of the building noise pollution
as well as alerts in case of poor acoustic comfort to plan inter-
ventions for enhanced living environments and occupational
health.
The Web portal was developed with ASP.NET C#. This

Web software aims to be an integrated acoustic management
system (IAMS) for enhanced living environments (Figure 4).
This IAMS provides analysis and visualization of the

integrated acoustic comfort and incorporates hourly, daily,
weekly andmonthly reports of the alerts as well as the average
values of the collected sound levels. This Web application
allows access to the real-time sound levels and the list of
anomalies.

The iSoundWeb was developed to be used by the building
manager for enhanced data analysis of the sound levels. The
IAMS can be used as a decision-making tool that facilitates
the identification patterns of poor acoustic comfort conditions
according to the WHO guidelines [75], to plan interven-
tions or improve insulation in indoor living environments.
Furthermore, this web application incorporates specific user
profiles to access dashboards and chart views to facilitate
the identification of unhealthy scenarios designed for city
authorities and building managers.

FIGURE 5. iSoundMobile last collected data and alerts history and
configuration.

To provide easy and quick data consulting a native mobile
application was developed by the authors (Figure 5). The
iSoundMobile was developed for iOS 10 and the following
versions using Swift programming language and the Xcode
IDE. The end-user can carry all their acoustic data in their
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pocket to check the sound levels anytime and anywhere using
the mobile app. Moreover, this mobile application supports
several features such as access to real-time data alerts history,
map view to handle various iSoundIoT systems considering
their location, graphical data and a sound analysis feature
using the Smartphone’s microphone.
The mobile application alerts feature was developed with

push notifications using the Apple Push Notification Service
(APNS). The APNS is a notification service designed by
Apple which supports push notification features in the mobile
applications installed on Apple devices. The user can check
the location of the iSoundIoT modules using a map view
to provide geographic information of the spaces monitored.
Furthermore, the iSoundMobile allows the user to check the
last collected data values and the history of the alerts triggered
by the solution to notify the building manager using a table
view mode.
The system is preconfigured using well-studied values

as setpoints for the alerts. The 75dBA level (LAMax) is
used for configuration based on the guidelines provided
by the WHO [75]. Users can parameterize a specific dBA
value as a threshold to trigger the notifications according
to the requirements of the installation. A maximum of one
notification can be triggered every 15 minutes. Moreover,
the warnings are automatically disabled if they are triggered
continuously in 45 minutes. Therefore, the user can receive
a maximum of 3 notifications in continuous mode to avoid
spam.
Mobile notifications provide timely and relevant data when

the sound levels exceed the parameterized values, whether
if the mobile phone is locked or in use. Notifications can
be viewed in the lock screen or at the top of the screen
when the device is in use and has a specific alert sound
to be easily identified by the user. A mobile notification is
composed by the application name, the application icon and a
relevant message. The proposed solution incorporates several
types of alerts to notify the building manager when unhealthy
acoustic comfort situations are verified. Alerts can be sent
using mobile applications via push notifications, e-mail and
SMS (Figure 6).
SMS notification is managed through Twilio, a cloud com-

munication platform. Push notifications are performed using
the Firebase Cloud Messaging, which is a cross-platform
solution for messages and notifications. According to scien-
tific evidence, the SMS alerts were planned to address the
elderly who are more familiarized with this communication
service [81].
On the one hand, these notifications can be used by the

building manager to detect unhealthy situations in real-time
and adopt behavioural changes to promote acoustic comfort
for enhanced productive and healthy environments. On the
other hand, with this real-time feature, the building manager
can comprehend when the repeated harmful situations are
noticed and plan new changes to avoid them. The iSoundIoT
notification architecture is proposed in Figure 7.

FIGURE 6. Push notification, SMS and e-mail alerts.

FIGURE 7. iSound alerts configuration setting.

IV. RESULTS

For testing purposes, an environmental laboratory was moni-
tored. The environment represented in Figure 8 (a) was used
for sound level monitoring tests/experiments using real-time
sound levels of supervision for two months. The sound
data was continually collected from April to June 2019,
for 61 days. As most Portuguese universities’ laborato-
ries, the space is used for both laboratory experiments and
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FIGURE 8. Installation schema of the tests conducted (a), laboratory
monitored space (b).

teaching activities. The room, built in the early 2000s for
environmental science research, is occupied almost 8 hours
a day for teaching activities with around 15 students and
is enclosed by walls, one opening window and continuous
suspended tiled ceiling. The room is approximately 20 square
meters, with a floor-to-ceiling height of 3 meters. The labora-
tory uses natural ventilation and does not have noise isolation
treatment. The laboratory is used for environmental science
classes and experiments. It incorporates the use of industrial
machines for air conditioning experiments, which include
several components such as electric motors and ventilation
systems. These systems are used during teaching activities for
experimental purposes and produce high noise levels. Since
the main objective is to test the functional architecture inside
buildings, an iSoundIoT module was installed (Figure 8).
Moreover, one sensor module is enough to test the local

and remote notification features as well as tomake a complete
evaluation of the environment sound levels. Considering the
IoT approach, all the modules are handled by the backend
application using a unique identifier. Therefore, it was not
necessary to test the system using a high number of modules
since the functional architecture does not depend on that,
which leads to a significant advantage related to the modu-
larity of the system.
Themodule is powered using a 230V-5VAC-DC2Apower

supply. The threshold value used for the notifications features
was configured to 75dBA based on the guidelines provided by
the WHO [75] (LAMax).
Average sound levels grouped by the day of the

week are presented in Figure 9. The values range from
47.35 to 52.99 dBA. The lowest average values are collected
during the weekend, as the building is typically unoccupied
in these days. During the working days, the laboratory values
range from 50.15 to 52.99 dBA on Monday and Friday,
respectively. Wednesdays and Fridays have high average

FIGURE 9. Average sound levels grouped by the day of the week.

FIGURE 10. Average sound levels grouped by hour.

values at 51.16 and 52.99 dBA, this is related to the realization
of air conditioning experiments.

Figure 10 shows the average dBA sound levels grouped
by hour. The analysis shows that the lowest average sound
value is recorded at 4 A.M (46.22 dBA), and the highest value
is registered at 1 P.M (51.84 dBA). The room is used for
teaching activities from 9 A.M. to 2 P.M. and from 3 P.M.
to 6 P.M. with an hour pause for lunchtime from 2 P.M. to
3 P.M.. Therefore, the sound levels start to increase at 9 A.M.,
due to the start of lectures and decreases at 7 P.M. when the
last class finishes. Moreover, the lectures which have more
student attendance rate are typically between 10 A.M and
1 P.M., where the higher dBA sound levels are recorded.

The distribution of the number of notifications according
to the day of the week is shown in Figure 11. During the
weekend, as the laboratory is typically not used, there is no
registration of any notification. The average number of notifi-
cations per day ranges from 9 to 18 onMonday and Thursday,
respectively. The twomost significant days are Thursdays and
Fridays, which is relevant as it leads the authors to conclude
that the use of air conditioning testing machines has a high
impact on acoustic comfort.

Figure 12 shows the distribution of the average triggered
number of notifications grouped by hour. The alerts are
triggered from 10 A.M. to 9 P.M. The period that shows
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FIGURE 11. Average number of notifications grouped by the day of the
week.

FIGURE 12. Average number of notifications grouped by hour.

more notifications is at 1 P.M. with 15 notifications triggered.
Moreover, the periods from 11 A.M. to 1 P.M. and 3 P.M. to
6 P.M. show the most critical times to be analyzed and studied
for enhanced acoustic comfort.
In total, 545 alerts were triggered during the two months

of continuous monitoring. The notification feature presents
an efficient and effective method to act in real-time and
promote acoustic quality. The number of alerts triggered
has shown that under certain conditions, dBA sound levels
are significantly higher than those considered for healthy
standards [75]. However, the average noise levels meet
the requirements of the standard value of 75 dBA pro-
posed by the WHO and are in accordance with several
studies [82]–[87].
The iSoundIoT provides data consulting in graphical and

numerical form using both mobile and Web applications.
A sample of the data collected by iSoundIoT is shown
in Figure 13 that represents the sound level data measured
in dBA.

The average packet success rate, according to the day of
the week, is shown in Figure 14. The authors have counted the
number of collected samples grouped by day of the week. The
packet success rate ranges from 93.58% (Sunday) to 97.41%
(Saturday). The ideal number of packets successfully stored
by day is 5760, considering 15 seconds update time. The best
results are verified during the weekend since during these
days there is no activity in the environment. Therefore, the

FIGURE 13. Noise monitoring data (dBA).

FIGURE 14. Average packet success rate grouped by the day of the week.

system is less subject to interference from other industrial
equipment.

The authors can correlate the average packet success rate
with the activities that are conducted in the environment dur-
ing the working days. The use of industrial machines for air
conditioning experiments, which include several components
such as electric motors and ventilation systems during the
working days lead to high sound levels but also to electro-
magnetic interferences in the environment that can affect the
system functionality. Consequently, the success packet rate is
higher when the sound levels are lower.

V. DISCUSSION

One the one hand, the graphic display is easier to interpret
than a numerical format. The visual information available
in Figures 15 and 16 provides an agile and effective method
to analyze the collected data when compared to a numeric
table where the user needs to apply filters to extract knowl-
edge [88]–[91]. The graphics provided by the proposed solu-
tion aim to deliver a temporal evolution of the collected data
in conjunction with mobile and web applications. On the
other hand, the web portal also allows the user to access the
data quickly to provide a more precise analysis of the detailed
temporal evolution. Thus, the system is a powerful tool for
noise analysis.

An integrated management system increases efficiency,
leading to reduced costs, providing a centralized method
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FIGURE 15. iSoundMobile map view and chart view.

FIGURE 16. iSoundMobile crowdsourcing feature.

for viewing and analyzing data [91], [92]. The iSoundWeb
supports the commitment to increase the acoustic comfort to
improve the occupants’ well-being. The Web portal incorpo-
rates hourly, daily, and monthly reports, which easier inform
the building manager regarding the acoustic behaviour. The
reported features provide a clear, uniform image of the noise
pollution to associate the problems with hours of the day
to create patterns. Therefore, is assumed that the proposed
system offers an integrated approach for enhanced acoustic
comfort which provides real-time noise monitoring and can
be used as an essential tool for the building manager to
achieve the acoustic objectives and avoid unhealthy acoustic
conditions. Using the iSoundWeb, the building manager can
also export all acoustic data history in an Excel file for further
analysis using third-party software. It is imperative to con-
trol noise pollution effectively, and the authors believe that
the first step is to provide real-time monitoring to perceive
its variation in real-time and detect unhealthy situations for
enhanced living environments.

Figure 15 shows the map view and chart view mode fea-
tures of iSoundMobile. Using the map view, the building
manager can access the last recorded sound value for each
iSoundIoTmodule used. Firstly, this can be a significant fea-
ture when the user has several modules in different locations.
Thus, it is a quick and effectivemethod to analyze the acoustic
comfort of several areas simultaneously. Secondly, this is a
practical approach to select the iSoundIoTmodule to use the
rest of the application’s features. Moreover, the chart view
feature, shown in Figure 15, provides an efficient visual of
the noise values evolution to identify unhealthy noise values
variation throughout the day.

Crowdsourcing is a concept where the information is col-
lected by a large group of people who submit their data via the
Internet, social media and mobile applications. These people
can be paid or volunteer. Crowdsourcing allows not only
avoiding costs but also speeding and providing the ability to
work with people with different skills. On the one hand, this
methodology enables building a database of data where peo-
ple can add new information that, otherwise, would be impos-
sible. On the other hand, using mobile applications to provide
quick and flexible data collection through crowdsourcing
allowed everyone with a Smartphone app to contribute. Due
to the well-studied health effects of environmental noise and
combining the resources present in a Smartphone with par-
ticipatory sensing, a crowdsourcing feature was developed in
the iSoundMobile application for noise monitoring without
using the iSoundIoT hardware.
The iSoundMobile allows collecting environmental

sound data in real-time using the Smartphone microphone
(Figure 16). Firstly, this mobile crowdsourcing approach can
provide spatiotemporal sound data which is particularly rele-
vant for comparing noise values in the user location without
the iSoundIoT hardware. Secondly, the mobile app offers
the possibility to study the necessity of real-time noise
supervision in their living environments. This way, the user
can evaluate his living environment sound levels using his
Smartphone. If necessary, the user can acquire the iSoundIoT
hardware to provide continuous real-time monitoring for
planning interventions for enhanced indoor quality.

Due to the quality and relevant contribution of sev-
eral existing solutions [67]–[72], a summarized comparison
review is shown in Table 1.

The iSoundIoT is more cost-effective when comparedwith
the proposed solution presented by the authors of [67], which
uses an FRDM-KL25Z as processing unit plus an ESP8266 as
a communication unit. Furthermore, the ESP8266 has
160 MHz CPU, and 16MB flash memory and the FRDM-
KL25Z has a 48MHz CPU and a 128KB flash memory.
Compared to the wireless sensor networks (WSN) architec-
tures, proposed by the authors of [68], the IoT approach
of the iSoundIoT provides a significant advantage regard-
ing the scalability and installation as it is only required to
configure the Wi-Fi internet connection and it is not nec-
essary to configure the sensor nodes and coordinators. The
solutions presented in [69]–[71] use the Raspberry Pi as the
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processing unit. The Raspberry Pi has superior performance
in comparison with ESP8266 in terms of its storage and
clock speed. However, the Raspberry Pi is more expensive
and needs higher energy consumption. Neither one of the
solutions shown in Table 1 provides alerts, easy installation
and mobile application for data consulting.
Furthermore, when compared to low-cost open-source ini-

tiatives available in [93], [94], the proposed system provides
physical hearing alerts, a web application for improved anal-
ysis of the variation in acoustic comfort quality in real-time,
a remote notification using the mobile application and incor-
porates easy installation and configuration methods. Only the
methods proposed by [69] and [71] support remote real-time
data access.
Moreover, these solutions are not compatible with mobile

devices. The incorporation of the ESP8266 module leads to
several benefits. On the one hand, the ESP8266 is a cost-
effective microcontroller which can be used for processing
and communication. On the other hand, the ESP8266 pro-
vides easy Wi-Fi network configuration.
The iSoundIoT provides Wi-Fi network discovery process

at startup. First, the system tries to connect to aWi-Fi network
which is previously saved. When the system cannot find a
previously saved Wi-Fi network, it turns to a hotspot. At this
moment, the user can connect to the hotspot and config-
ure the SSID (service set identifier) and password for the
network, which will be used by the iSoundIoT. Therefore,
the iSoundIoT prevents installation costs, which for the
majority of similar applications, must be done by qualified
people. In addition, the system also prevents the ‘‘invasion’’
of privacy related to the entry of unknown people into the
home of the end-user.

Another essential advantage of the proposed system is the
scalability associated with the modularity of the system. The
building can bemonitored by using only one iSoundIoTmod-
ule, but other additional units can be added. The sound sensor
was selected considering the cost but also the calibrated
output and accuracy as the principal aim is to test the func-
tional architecture of the proposed system. As the system is
intended to be used indoors where electricity is accessible,
energy efficiency was not a significant concern in the pro-
posed solution. Furthermore, the research was focused on the
real-time data collection and alert features.

Noise monitoring is relevant not only to support planned
interventions for enhanced acoustic conditions but also to
support medical diagnostics. Due to the well-studied impacts
of environmental noise on human health, the system can
provide a viable monitoring solution which offers historical
data on the acoustic comfort allowing the medical team to
correlate patients’ symptoms with their living environment.

Indoor living environments will progress to follow the
evolution of the external environment and its inhabitants.
The smart home concept incorporates the most efficient
technologies to achieve significant features to provide pro-
ductivity and well-being for enhanced occupational health.
The smart home should promote acoustic comfort and good

state of mind by controlling noise to avoid, among other
diseases, depressive states. The interconnection between the
civil engineering, computer science and health sectors has yet
to be explored both at the national level and in the European
Community.

The results show and confirm the ability of the proposed
system as an essential tool in the detection of unhealthy
behaviours. The proposed notification methods allow the
building manager to promote real-time interventions for
the maintenance of health conditions. The Web application,
in turn, allows a correct analysis of acoustic comfort to iden-
tify patterns of occurrence of unhealthy situations.

There are multiple devices in the market that incorpo-
rate sound monitoring features. Currently, smartphones and
smartwatches can monitor dBA sound levels. However, these
systems do not incorporate easy to install methods for noise
supervision that work continuality in a pervasive manner
without the intervention of the user and can be accessed in
real-time anywhere and anytime. Furthermore, these methods
do not have continuous notification features when abnor-
mal situations happen and also do not incorporate enhanced
methods for noise monitoring and assessment in a specific
environment. Therefore, the innovative and intellectual con-
tribution of the proposed method is to present a solution
that incorporates notifications, easy-installation, remote data
access to the monitored data in real-time and an enhanced
web portal for noise monitoring and assessment. The iSound
solution can be divided into three main components, such
as the hardware for data collection, the web portal and the
mobile application for data consulting. In summary, the main
contribution of the proposed method is not achieved by the
separated functionalities of the different components but in
the combination of all its parts and features.

VI. CONCLUSION

This paper presents an IoT architecture for real-time moni-
toring of noise pollution composed of a hardware prototype
for ambient data collection and mobile computing technolo-
gies for data consulting. The results obtained are promising,
representing a significant contribution to noise monitoring
systems based on IoT. On the one hand, the monitored data
inside buildings can be particularly valuable to offer support
to amedical diagnosis by clinical professionals as themedical
team can analyze the history of noise pollution parameters
of the ecosystem wherever the patient lives and relate these
records with his health complications. On the other hand,
it is possible to supervise noise pollution in real-time, to plan
interventions and to control the sound level for enhanced
smart cities.

The system has advantages both in installation and config-
uration, due to the use of wireless technology for communica-
tions, but also because it was developed to be compatible with
all domestic house devices and not only for smart or high-
tech houses. The existing commercial solutions are costly
and do not provide advanced forms of data analysis and
visualization. The proposed solution is cost-effective, which
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allows a correct evaluation of the acoustic comfort. Through
real-time monitoring of acoustic comfort, it is possible to
identify non-healthy behaviours and to plan ways to avoid
them. However, the presented system has specific limitations
as it needs additional experimental validation, particularly in
outdoor environments.
Several improvements to the system’s hardware and soft-

ware are planned to make it much more appropriate for
specific purposes, such as schoolrooms, seniors’ homes and
hospitals, as future work. Moreover, the implementation of
enhanced methods of noise data mining using artificial intel-
ligence and machine learning approach is planned for poor
acoustic comfort prediction.
IoT systems are expected to not only contribute to

enhanced living environments but are also an integral part
of the daily routine [95]. Methods such as the proposed by
the authors should be regulated and required at least in the
public buildings to promote productivity and occupational
health.

REFERENCES

[1] E. Murphy and E. A. King, ‘‘Principles of environmental noise,’’ in Envi-
ronmental Noise Pollution. Amsterdam, The Netherlands: Elsevier, 2014,
pp. 9–49.

[2] V. Nikolaos-Georgios and D. Bard, ‘‘On the definition of acoustic comfort
in residential buildings,’’ J. Acoust. Soc. Amer., vol. 141, no. 5, p. 3540,
May 2017, doi: 10.1121/1.4987481.

[3] J. Khan, M. Ketzel, K. Kakosimos, M. Sørensen, and S. S. Jensen, ‘‘Road
traffic air and noise pollution exposure assessment—A review of tools and
techniques,’’ Sci. Total Environ., vol. 634, pp. 661–676, Sep. 2018, doi:
10.1016/j.scitotenv.2018.03.374.

[4] F. B. Kocyigit and N. N. Yildirim, ‘‘Analysis of the effect on the indoor
acoustic comfort with the living surfaces in the design studio,’’ J. Acoust.
Soc. Amer., vol. 144, no. 3, p. 1738, Sep. 2018, doi: 10.1121/1.5067708.

[5] W. Yang and H. J. Moon, ‘‘Combined effects of acoustic, thermal, and
illumination conditions on the comfort of discrete senses and overall indoor
environment,’’ Building Environ., vol. 148, pp. 623–633, Jan. 2019, doi:
10.1016/j.buildenv.2018.11.040.

[6] J. Xiao and F. Aletta, ‘‘A soundscape approach to exploring design strate-
gies for acoustic comfort in modern public libraries: A case study of the
library of birmingham,’’ Noise Mapping, vol. 3, no. 1, Jan. 2016, doi:
10.1515/noise-2016-0018.

[7] L. Jalali, P. Bigelow, M.-R. Nezhad-Ahmadi, M. Gohari, D. Williams,
and S. McColl, ‘‘Before-after field study of effects of wind turbine noise
on polysomnographic sleep parameters,’’ Noise Health, vol. 18, no. 83,
pp. 194–205, Aug. 2016, doi: 10.4103/1463-1741.189242.

[8] T. Parkinson, A. Parkinson, and R. de Dear, ‘‘Continuous IEQ monitoring
system: Context and development,’’Building Environ., vol. 149, pp. 15–25,
Feb. 2019, doi: 10.1016/j.buildenv.2018.12.010.

[9] T. Parkinson, A. Parkinson, and R. de Dear, ‘‘Continuous IEQ mon-
itoring system: Performance specifications and thermal comfort clas-
sification,’’ Building Environ., vol. 149, pp. 241–252, Feb. 2019, doi:
10.1016/j.buildenv.2018.12.016.

[10] D. Leaffer, C.Wolfe, S. Doroff, D. Gute, G.Wang, and P. Ryan, ‘‘Wearable
ultrafine particle and noisemonitoring sensors jointlymeasure personal co-
exposures in a pediatric population,’’ Int. J. Environ. Res. Public Health,
vol. 16, no. 3, p. 308, Jan. 2019, doi: 10.3390/ijerph16030308.

[11] H. Cho, ‘‘An air quality and event detection system with life logging for
monitoring household environments,’’ in Smart Sensors at the IoT Frontier,
H. Yasuura, C.-M. Kyung, Y. Liu, and Y.-L. Lin, Eds. Cham, Switzerland:
Springer, 2017, pp. 251–270.

[12] A. K. Saha, S. Sircar, P. Chatterjee, S. Dutta, A. Mitra, A. Chatterjee,
S. P. Chattopadhyay, and H. N. Saha, ‘‘A raspberry pi controlled cloud
based air and sound pollution monitoring system with temperature and
humidity sensing,’’ in Proc. IEEE 8th Annu. Comput. Commun. Work-

shop Conf. (CCWC), Jan. 2018, pp. 607–611, doi: 10.1109/CCWC.2018.
8301660.

[13] M. Hassanalieragh, A. Page, T. Soyata, G. Sharma, M. Aktas, G. Mateos,
B. Kantarci, and S. Andreescu, ‘‘Health monitoring andmanagement using
Internet-of-Things (IoT) sensing with cloud-based processing: Opportuni-
ties and challenges,’’ in Proc. IEEE Int. Conf. Services Comput., Jun. 2015,
pp. 285–292, doi: 10.1109/SCC.2015.47.

[14] K. Akkaya, I. Guvenc, R. Aygun, N. Pala, and A. Kadri, ‘‘IoT-based
occupancy monitoring techniques for energy-efficient smart buildings,’’
in Proc. IEEE Wireless Commun. Netw. Conf. Workshops (WCNCW),
Mar. 2015, pp. 58–63, doi: 10.1109/WCNCW.2015.7122529.

[15] E. Murphy and E. A. King, ‘‘Conclusions and future directions,’’ in Envi-
ronmental Noise Pollution. Amsterdam, The Netherlands: Elsevier, 2014,
pp. 247–260.

[16] P. J. S. Cardoso, J. Monteiro, J. Semião, and J. M. F. Rodrigues, Eds.,
Harnessing the Internet of Everything (IoE) for Accelerated Innovation

Opportunities. Hershey, PA, USA: IGI Global, 2019.
[17] A. Caragliu, C. Del Bo, and P. Nijkamp, ‘‘Smart cities in europe,’’ J. Urban

Technol., vol. 18, no. 2, pp. 65–82, Apr. 2011, doi: 10.1080/10630732.
2011.601117.

[18] H. Schaffers, N. Komninos, M. Pallot, B. Trousse, M. Nilsson, and
A. Oliveira, ‘‘Smart cities and the future Internet: Towards cooperation
frameworks for open innovation,’’ in The Future Internet, vol. 6656,
J. Domingue, A. Galis, A. Gavras, T. Zahariadis, D. Lambert, F. Cleary,
P. Daras, S. Krco, H. Müller, M.-S. Li, H. Schaffers, V. Lotz, F. Alvarez,
B. Stiller, S. Karnouskos, S. Avessta, and M. Nilsson, Eds. Berlin, Ger-
many: Springer, 2011, pp. 431–446.

[19] H. Chourabi, T. Nam, S. Walker, J. R. Gil-Garcia, S. Mellouli, K. Nahon,
T. A. Pardo, and H. J. Scholl, ‘‘Understanding smart cities: An integra-
tive framework,’’ in Proc. 45th Hawaii Int. Conf. Syst. Sci., Jan. 2012,
pp. 2289–2297, doi: 10.1109/HICSS.2012.615.

[20] E. Avelar, L. Marques, D. dos Passos, R. Macedo, K. Dias, and
M. Nogueira, ‘‘Interoperability issues on heterogeneous wireless commu-
nication for smart cities,’’Comput. Commun., vol. 58, pp. 4–15,Mar. 2015,
doi: 10.1016/j.comcom.2014.07.005.

[21] M. Pradhan, N. Suri, C. Fuchs, T. H. Bloebaum, and M. Marks, ‘‘Toward
an architecture and data model to enable interoperability between feder-
ated mission networks and IoT-enabled smart city environments,’’ IEEE
Commun. Mag., vol. 56, no. 10, pp. 163–169, Oct. 2018, doi: 10.1109/
MCOM.2018.1800305.

[22] A. Brutti, P. De Sabbata, A. Frascella, N. Gessa, R. Ianniello, C. Novelli,
S. Pizzuti, and G. Ponti, ‘‘Smart city platform specification: A modu-
lar approach to achieve interoperability in smart cities,’’ in The Inter-

net Things for Smart Urban Ecosystems, F. Cicirelli, A. Guerrieri,
C. Mastroianni, G. Spezzano, A. Vinci, Eds. Cham, Switzerland: Springer,
2019, pp. 25–50.

[23] K. Chaturvedi and T. Kolbe, ‘‘Towards establishing cross-platform inter-
operability for sensors in smart cities,’’ Sensors, vol. 19, no. 3, p. 562,
Jan. 2019, doi: 10.3390/s19030562.

[24] A. Zanella, N. Bui, A. Castellani, L. Vangelista, and M. Zorzi, ‘‘Internet of
Things for smart cities,’’ IEEE Internet Things J., vol. 1, no. 1, pp. 22–32,
Feb. 2014, doi: 10.1109/JIOT.2014.2306328.

[25] G. Marques, ‘‘Ambient assisted living and Internet of Things,’’ inHarness-
ing the Internet of Everything (IoE) for Accelerated Innovation Opportu-

nities, P. J. S. Cardoso, J. Monteiro, J. Semião, J. M. F. Rodrigues, Eds.
Hershey, PA, USA: IGI Global, 2019, pp. 100–115.

[26] S. Merilampi and A. Sirkka, ‘‘Acoustic-based technologies for ambient
assisted living,’’ in Introduction to Smart eHealth and eCare Technologies.
Abingdon, U.K.: Taylor & Francis, 2016.

[27] M. Roskams, B. Haynes, P.-J. Lee, and S.-H. Park, ‘‘Acoustic comfort
in open-plan offices: The role of employee characteristics,’’ J. Corporate
Real Estate, vol. 21, no. 3, pp. 254–270, Sep. 2019, doi: 10.1108/JCRE-
02-2019-0011.

[28] R. Golmohammadi, M. Aliabadi, and T. Nezami, ‘‘An experimental study
of acoustic comfort in open space banks based on speech intelligibility and
noise annoyance measures,’’ Arch. Acoust., vol. 42, no. 2, pp. 333–345,
Jun. 2017, doi: 10.1515/aoa-2017-0035.

[29] S. Medved, S. Domjan, and C. Arkar, ‘‘Indoor comfort requirements,’’
in Sustainable Technologies for Nearly Zero Energy Buildings. Cham,
Switzerland: Springer, 2019, pp. 1–27.

[30] J. M. Pinter and M. L. Kiss, ‘‘Determination and measurement of parame-
ters affecting indoor comfort,’’ in Proc. 20th Int. Carpathian Control Conf.
(ICCC), May 2019, pp. 1–6, doi: 10.1109/CarpathianCC.2019.8766035.

[31] T. Saraiva, M. de Almeida, L. Bragança, and M. Barbosa, ‘‘Environmental
comfort indicators for school buildings in sustainability assessment tools,’’
Sustainability, vol. 10, no. 6, p. 1849, Jun. 2018, doi: 10.3390/su10061849.

VOLUME 8, 2020 139753

http://dx.doi.org/10.1121/1.4987481
http://dx.doi.org/10.1016/j.scitotenv.2018.03.374
http://dx.doi.org/10.1121/1.5067708
http://dx.doi.org/10.1016/j.buildenv.2018.11.040
http://dx.doi.org/10.1515/noise-2016-0018
http://dx.doi.org/10.4103/1463-1741.189242
http://dx.doi.org/10.1016/j.buildenv.2018.12.010
http://dx.doi.org/10.1016/j.buildenv.2018.12.016
http://dx.doi.org/10.3390/ijerph16030308
http://dx.doi.org/10.1109/CCWC.2018.8301660
http://dx.doi.org/10.1109/CCWC.2018.8301660
http://dx.doi.org/10.1109/SCC.2015.47
http://dx.doi.org/10.1109/WCNCW.2015.7122529
http://dx.doi.org/10.1080/10630732.2011.601117
http://dx.doi.org/10.1080/10630732.2011.601117
http://dx.doi.org/10.1109/HICSS.2012.615
http://dx.doi.org/10.1016/j.comcom.2014.07.005
http://dx.doi.org/10.1109/MCOM.2018.1800305
http://dx.doi.org/10.1109/MCOM.2018.1800305
http://dx.doi.org/10.3390/s19030562
http://dx.doi.org/10.1109/JIOT.2014.2306328
http://dx.doi.org/10.1108/JCRE-02-2019-0011
http://dx.doi.org/10.1108/JCRE-02-2019-0011
http://dx.doi.org/10.1515/aoa-2017-0035
http://dx.doi.org/10.1109/CarpathianCC.2019.8766035
http://dx.doi.org/10.3390/su10061849


G. Marques, R. Pitarma: Real-Time Noise Monitoring System Based on Internet of Things

[32] M. S. Motlagh, R. Golmohammadi, M. Aliabadi, J. Faradmal, and
A. Ranjbar, ‘‘Acoustic problems and their solutions in a typical open-plan
bank office,’’ Ergonom. Design: Quart. Hum. Factors Appl., vol. 28, no. 1,
pp. 24–32, Jan. 2020, doi: 10.1177/1064804618824897.

[33] I. Montiel, A. M. Mayoral, J. Navarro Pedreño, and S. Maiques, ‘‘Acous-
tic comfort in learning spaces: Moving towards sustainable development
goals,’’ Sustainability, vol. 11, no. 13, p. 3573, Jun. 2019, doi: 10.3390/
su11133573.

[34] K. P. Roy, ‘‘Acoustic comfort in healthcare facilities—What is it? andWhat
does it mean to both patients and medical staff?’’ J. Acoust. Soc. Amer.,
vol. 134, no. 5, p. 4041, Nov. 2013, doi: 10.1121/1.4830750.

[35] V. De Giuli, R. Zecchin, L. Salmaso, L. Corain, and M. De Carli, ‘‘Mea-
sured and perceived indoor environmental quality: Padua hospital case
study,’’ Building Environ., vol. 59, pp. 211–226, Jan. 2013, doi: 10.1016/j.
buildenv.2012.08.021.

[36] E. G. Dascalaki, A. G. Gaglia, C. A. Balaras, and A. Lagoudi, ‘‘Indoor
environmental quality in hellenic hospital operating rooms,’’Energy Build-
ings, vol. 41, no. 5, pp. 551–560, May 2009, doi: 10.1016/j.enbuild.
2008.11.023.

[37] J. C. Vischer, ‘‘Building-in-use assessment of planning and design of
interior space: Spatial comfort, privacy, and office noise control,’’ in
Workspace Strategies. Boston, MA, USA: Springer, 1996, pp. 112–135.

[38] M. Frontczak and P. Wargocki, ‘‘Literature survey on how different fac-
tors influence human comfort in indoor environments,’’ Building Env-

iron., vol. 46, no. 4, pp. 922–937, Apr. 2011, doi: 10.1016/j.buildenv.
2010.10.021.

[39] S. A. Stansfeld andM. P.Matheson, ‘‘Noise pollution: Non-auditory effects
on health,’’ Brit. Med. Bull., vol. 68, no. 1, pp. 243–257, Dec. 2003, doi:
10.1093/bmb/ldg033.

[40] N. Auger, M. Duplaix, M. Bilodeau-Bertrand, E. Lo, and A. Smargiassi,
‘‘Environmental noise pollution and risk of preeclampsia,’’ Environ. Pol-
lut., vol. 239, pp. 599–606, Aug. 2018, doi: 10.1016/j.envpol.2018.04.060.

[41] M. Foraster, I. C. Eze, E. Schaffner, D. Vienneau, H. Héritier, S. Endes,
F. Rudzik, L. Thiesse, R. Pieren, C. Schindler, A. Schmidt-Trucksäss,
M. Brink, C. Cajochen, J. M. Wunderli, M. Röösli, and N. Probst-Hensch,
‘‘Exposure to road, railway, and aircraft noise and arterial stiffness in
the SAPALDIA study: Annual average noise levels and temporal noise
characteristics,’’ Environ. Health Perspect., vol. 125, no. 9, Sep. 2017,
Art. no. 097004, doi: 10.1289/EHP1136.

[42] A. Gupta, A. Gupta, K. Jain, and S. Gupta, ‘‘Noise pollution and impact
on children health,’’ Indian J. Pediatrics, vol. 85, no. 4, pp. 300–306,
Apr. 2018, doi: 10.1007/s12098-017-2579-7.

[43] J. S. Christensen, D. Hjortebjerg, O. Raaschou-Nielsen, M. Ketzel,
T. I. A. Sørensen, and M. Sørensen, ‘‘Pregnancy and childhood exposure
to residential traffic noise and overweight at 7 years of age,’’ Environ. Int.,
vol. 94, pp. 170–176, Sep. 2016, doi: 10.1016/j.envint.2016.05.016.

[44] E. Murphy and E. A. King, ‘‘An assessment of residential exposure to envi-
ronmental noise at a shipping port,’’ Environ. Int., vol. 63, pp. 207–215,
Feb. 2014, doi: 10.1016/j.envint.2013.11.001.

[45] World Health Organization, Burden of Disease From Environmental

Noise—Quantification of Healthy Life Years Lost in Europe, WHO
Regional Office for Europe, Copenhagen, Denmark, 2011.

[46] S. Banbury and D. C. Berry, ‘‘Disruption of office-related tasks by speech
and office noise,’’ Brit. J. Psychol., vol. 89, no. 3, pp. 499–517, Aug. 1998,
doi: 10.1111/j.2044-8295.1998.tb02699.x.

[47] S. Banbury and D. Berry, ‘‘Office noise and employee concentra-
tion: Identifying causes of disruption and potential improvements,’’
Ergonomics, vol. 48, no. 1, pp. 25–37, Jan. 2005, doi: 10.1080/
00140130412331311390.

[48] M. Klatte, K. Bergström, and T. Lachmann, ‘‘Does noise affect learning?
A short review on noise effects on cognitive performance in children,’’
Frontiers Psychol., vol. 4, p. 578, Aug. 2013, doi: 10.3389/fpsyg.2013.
00578.

[49] D. Shepherd, D. Welch, K. Dirks, and D. McBride, ‘‘Do quiet areas
afford greater health-related quality of life than noisy areas?’’ Int. J.
Environ. Res. Public Health, vol. 10, no. 4, pp. 1284–1303, Mar. 2013,
doi: 10.3390/ijerph10041284.

[50] E. Murphy and E. A. King, ‘‘Environmental Noise and Health,’’ in Envi-
ronmental Noise Pollution. Amsterdam, The Netherlands: Elsevier, 2014,
pp. 51–80.

[51] S. Stansfeld, ‘‘Noise effects on health in the context of air pollution expo-
sure,’’ Int. J. Environ. Res. Public Health, vol. 12, no. 10, pp. 12735–12760,
Oct. 2015, doi: 10.3390/ijerph121012735.

[52] P. Lercher, ‘‘Noise in cities: Urban and transport planning determinants
and health in cities,’’ in Integrating Human Health into Urban and Trans-
port Planning, M. Nieuwenhuijsen H. Khreis, Eds. Cham, Switzerland:
Springer, 2019, pp. 443–481.

[53] D. E. Sellers, R. R. Grams, and T. Horty, ‘‘Documentation of hospital
communication noise levels,’’ J. Med. Syst., vol. 1, no. 1, pp. 87–97,
Mar. 1977, doi: 10.1007/BF02222880.

[54] O. Yarar, E. Temizsoy, and O. Günay, ‘‘Noise pollution level in a pediatric
hospital,’’ Int. J. Environ. Sci. Technol., vol. 16, no. 9, pp. 5107–5112,
Sep. 2019, doi: 10.1007/s13762-018-1831-7.

[55] S.-Y. Huh and J. Shin, ‘‘Economic valuation of noise pollution con-
trol policy: Does the type of noise matter?’’ Environ. Sci. Pollut. Res.,
vol. 25, no. 30, pp. 30647–30658, Oct. 2018, doi: 10.1007/s11356-018-
3061-4.

[56] J. M. B. Morillas, G. R. Gozalo, D. M. González, P. A. Moraga, and
R. Vílchez-Gómez, ‘‘Noise pollution and urban planning,’’ Current Pollut.
Rep., vol. 4, no. 3, pp. 208–219, Sep. 2018, doi: 10.1007/s40726-018-
0095-7.

[57] R. Pitarma, G. Marques, and B. R. Ferreira, ‘‘Monitoring indoor air quality
for enhanced occupational health,’’ J. Med. Syst., vol. 41, no. 2, p. 23,
Feb. 2017, doi: 10.1007/s10916-016-0667-2.

[58] G. Marques and R. Pitarma, ‘‘An indoor monitoring system for ambient
assisted living based on Internet of Things architecture,’’ Int. J. Environ.
Res. Public Health, vol. 13, no. 11, p. 1152, Nov. 2016, doi: 10.3390/
ijerph13111152.

[59] G. Marques, C. Roque Ferreira, and R. Pitarma, ‘‘A system based on the
Internet of Things for real-time particle monitoring in buildings,’’ Int.
J. Environ. Res. Public Health, vol. 15, no. 4, p. 821, Apr. 2018, doi:
10.3390/ijerph15040821.

[60] G. Marques and R. Pitarma, ‘‘A cost-effective air quality supervision
solution for enhanced living environments through the Internet of Things,’’
Electronics, vol. 8, no. 2, p. 170, Feb. 2019, doi: 10.3390/electron-
ics8020170.

[61] G. Marques, C. R. Ferreira, and R. Pitarma, ‘‘Indoor air quality assessment
using a CO2 monitoring system based on Internet of Things,’’ J. Med. Syst.,
vol. 43, no. 3, Mar. 2019, doi: 10.1007/s10916-019-1184-x.

[62] N. Maisonneuve, M. Stevens, M. E. Niessen, and L. Steels, ‘‘NoiseTube:
Measuring and mapping noise pollution with mobile phones,’’ in Infor-
mation Technologies in Environmental Engineering, I. N. Athanasiadis,
A. E. Rizzoli, P. A. Mitkas, J. M. Gómez, Eds. Berlin, Germany: Springer,
2009, pp. 215–228.

[63] T. Zimmerman and C. Robson, ‘‘Monitoring residential noise for prospec-
tive home owners and renters,’’ in Pervasive Computing, vol. 6696,
K. Lyons, J. Hightower, and E. M. Huang, Eds. Berlin, Germany: Springer,
2011, pp. 34–49.

[64] M. Zappatore, A. Longo, M. A. Bochicchio, D. Zappatore, A. A. Morrone,
and G. De Mitri, ‘‘Improving urban noise monitoring opportunities via
mobile crowd-sensing,’’ in Smart City 360◦, vol. 166, A. Leon-Garcia,
R. Lenort, D. Holman, D. Staš, V. Krutilova, P. Wicher, D. Cagáňová,
D. Špirková, J. Golej, and K. Nguyen, Eds. Cham, Switzerland: Springer,
2016, pp. 885–897.

[65] R. Camporese, G. Borga, N. Iandelli, and A. Ragnoli, ‘‘New Technologies
and Statistics: Partners for Environmental Monitoring and City Sens-
ing,’’ in Statistical Methods and Applications from a Historical Perspec-

tive, F. Crescenzi S. Mignani, Eds. Cham, Switzerland: Springer, 2014,
pp. 347–358.

[66] S. Talari, M. Shafie-khah, P. Siano, V. Loia, A. Tommasetti, and J. Catalão,
‘‘A review of smart cities based on the Internet of Things concept,’’
Energies, vol. 10, no. 4, p. 421, Mar. 2017, doi: 10.3390/en10040421.

[67] R. Alsina-Pagès, U. Hernandez-Jayo, F. Alías, and I. Angulo, ‘‘Design
of a mobile low-cost sensor network using urban buses for real-time
ubiquitous noise monitoring,’’ Sensors, vol. 17, no. 12, p. 57, Dec. 2016,
doi: 10.3390/s17010057.

[68] C. Peckens, C. Porter, and T. Rink, ‘‘Wireless sensor networks for
long-term monitoring of urban noise,’’ Sensors, vol. 18, no. 9, p. 3161,
Sep. 2018, doi: 10.3390/s18093161.

[69] P. Maijala, Z. Shuyang, T. Heittola, and T. Virtanen, ‘‘Environmental noise
monitoring using source classification in sensors,’’ Appl. Acoust., vol. 129,
pp. 258–267, Jan. 2018, doi: 10.1016/j.apacoust.2017.08.006.

[70] J. Noriega-Linares and J. Navarro Ruiz, ‘‘On the application of the
raspberry pi as an advanced acoustic sensor network for noise monitor-
ing,’’ Electronics, vol. 5, no. 4, p. 74, Oct. 2016, doi: 10.3390/electron-
ics5040074.

139754 VOLUME 8, 2020

http://dx.doi.org/10.1177/1064804618824897
http://dx.doi.org/10.3390/su11133573
http://dx.doi.org/10.3390/su11133573
http://dx.doi.org/10.1121/1.4830750
http://dx.doi.org/10.1016/j.buildenv.2012.08.021
http://dx.doi.org/10.1016/j.buildenv.2012.08.021
http://dx.doi.org/10.1016/j.enbuild.2008.11.023
http://dx.doi.org/10.1016/j.enbuild.2008.11.023
http://dx.doi.org/10.1016/j.buildenv.2010.10.021
http://dx.doi.org/10.1016/j.buildenv.2010.10.021
http://dx.doi.org/10.1093/bmb/ldg033
http://dx.doi.org/10.1016/j.envpol.2018.04.060
http://dx.doi.org/10.1289/EHP1136
http://dx.doi.org/10.1007/s12098-017-2579-7
http://dx.doi.org/10.1016/j.envint.2016.05.016
http://dx.doi.org/10.1016/j.envint.2013.11.001
http://dx.doi.org/10.1111/j.2044-8295.1998.tb02699.x
http://dx.doi.org/10.1080/00140130412331311390
http://dx.doi.org/10.1080/00140130412331311390
http://dx.doi.org/10.3389/fpsyg.2013.00578
http://dx.doi.org/10.3389/fpsyg.2013.00578
http://dx.doi.org/10.3390/ijerph10041284
http://dx.doi.org/10.3390/ijerph121012735
http://dx.doi.org/10.1007/BF02222880
http://dx.doi.org/10.1007/s13762-018-1831-7
http://dx.doi.org/10.1007/s11356-018-3061-4
http://dx.doi.org/10.1007/s11356-018-3061-4
http://dx.doi.org/10.1007/s40726-018-0095-7
http://dx.doi.org/10.1007/s40726-018-0095-7
http://dx.doi.org/10.1007/s10916-016-0667-2
http://dx.doi.org/10.3390/ijerph13111152
http://dx.doi.org/10.3390/ijerph13111152
http://dx.doi.org/10.3390/ijerph15040821
http://dx.doi.org/10.3390/electronics8020170
http://dx.doi.org/10.3390/electronics8020170
http://dx.doi.org/10.1007/s10916-019-1184-x
http://dx.doi.org/10.3390/en10040421
http://dx.doi.org/10.3390/s17010057
http://dx.doi.org/10.3390/s18093161
http://dx.doi.org/10.1016/j.apacoust.2017.08.006
http://dx.doi.org/10.3390/electronics5040074
http://dx.doi.org/10.3390/electronics5040074


G. Marques, R. Pitarma: Real-Time Noise Monitoring System Based on Internet of Things

[71] J. S. Garcia, J. P. Solano, M. C. Serrano, E. N. Camba, S. F. Castell,
A. S. Asensi, and F. M. Suay, ‘‘Spatial statistical analysis of urban noise
data from aWASN gathered by an IoT system: Application to a small city,’’
Appl. Sci., vol. 6, no. 12, p. 380, Nov. 2016, doi: 10.3390/app6120380.

[72] R. Alsina-Pagès, J. Navarro, F. Alías, and M. Hervás, ‘‘HomeSound: Real-
time audio event detection based on high performance computing for
behaviour and surveillance remote monitoring,’’ Sensors, vol. 17, no. 4,
p. 854, Apr. 2017, doi: 10.3390/s17040854.

[73] Electroacoustics-Sound level meters—Part 1: Specifications, docu-
ment IEC 61672-1, International Electrotechnical Commission, Geneva,
Switzerland, 2013.

[74] S.W. Smith, The Scientist and Engineer’s Guide to Digital Signal Process-
ing. San Diego, CA, USA: California Technical Publishing, 1997.

[75] WHO. Guidelines for Community Noise. Accessed: Dec. 12, 2019.
[Online]. Available: https://www.who.int/docstore/peh/noise/
ComnoiseExec.htm

[76] F.-G. Zeng, Q.-J. Fu, and R. Morse, ‘‘Human hearing enhanced by noise,’’
Brain Res., vol. 869, nos. 1–2, pp. 251–255, 2000, doi: 10.1016/S0006-
8993(00)02475-6.

[77] D. W. Robinson, ‘‘Threshold of hearing as a function of age and sex for the
typical unscreened population,’’ Brit. J. Audiology, vol. 22, no. 1, pp. 5–20,
Jan. 1988, doi: 10.3109/03005368809077793.

[78] M. Burén, B. S. Solem, and E. Laukli, ‘‘Threshold of hearing (0.125–
20 kHz) in children and youngsters,’’ Brit. J. Audiology, vol. 26, no. 1,
pp. 23–31, Jan. 1992, doi: 10.3109/03005369209077868.

[79] B. Rasmussen, M. Machimbarrena, and P. Fausti, ‘‘COST action TU0901-
building acoustics throughout Europe,’’ in Housing and Construction

Types Country by Country, vol. 2. Madrid, Spain: DiScript Preimpre-
sion, SL, 2014. [Online]. Available: http://www.costtu0901.eu/tu0901-e-
books.html

[80] Data Logging Sound Level Meter PCE-322A. Accessed: Dec. 12, 2019.
[Online]. Available: https://www.pce-instruments.com/ and
https://www.pce-instruments.com/english/measuring-instruments/test-
meters/sound-level-meter-noise-level-meter-pce-instruments-data-
logging-sound-level-meter-pce-322a-det_60903.htm

[81] J. Pan, N. Bryan-Kinns, and H. Dong, ‘‘Mobile technology adoption
among older people—An exploratory study in the UK,’’ inHuman Aspects
of IT for the Aged Population. Aging, Design and User Experience,
vol. 10297, J. Zhou and G. Salvendy, Eds. Cham, Switzerland: Springer,
2017, pp. 14–24.

[82] X. Wen, G. Lu, K. Lv, M. Jin, X. Shi, F. Lu, and D. Zhao, ‘‘Impacts of
traffic noise on roadside secondary schools in a prototype large chinese
city,’’ Appl. Acoust., vol. 151, pp. 153–163, Aug. 2019, doi: 10.1016/
j.apacoust.2019.02.024.

[83] M. Awang, A. F. A. Latif, F. M. Yusop, M. A. A. Rahman, N. Hamidon,
K. Musa, and F. Ahmad, ‘‘Noise study of air-conditioning system at
UTHM Pagoh: A facility management approach,’’ J. Ind., Eng. Innov.,
vol. 1, no. 2, pp. 1–4, Nov. 2019, Accessed: Dec. 13, 2019. [Online].
Available: http://fazpublishing.com/jiei/index.php/jiei/article/view/32

[84] G.Moradi, L. Omidi, S. Vosoughi, H. Ebrahimi, A. Alizadeh, and I. Alimo-
hammadi, ‘‘Effects of noise on selective attention: The role of introversion
and extraversion,’’ Appl. Acoust., vol. 146, pp. 213–217, Mar. 2019, doi:
10.1016/j.apacoust.2018.11.029.

[85] D. Connolly, J. Dockrell, B. Shield, R. Conetta, C. Mydlarz, and T. Cox,
‘‘The effects of classroom noise on the reading comprehension of adoles-
cents,’’ J. Acoust. Soc. Amer., vol. 145, no. 1, pp. 372–381, Jan. 2019, doi:
10.1121/1.5087126.

[86] S. Di Blasio, G. Vannelli, L. Shtrepi, G. E. Puglisi, G. Calosso,
G. Minelli, S. Murgia, A. Astolfi, and S. Corbellini. (Sep. 30, 2019).
Long-Term Monitoring Campaigns in Primary School: The Effects of

Noise Monitoring System With Lighting Feedback on Noise Levels Gen-

erated by Pupils in Classrooms. Accessed: Dec. 13, 2019. [Online].
Available: https://www.ingentaconnect.com/contentone/ince/incecp/2019/
00000259/00000005/art00033

[87] K. PerssonWaye, S. Fredriksson, L. Hussain-Alkhateeb, J. Gustafsson, and
I. van Kamp, ‘‘Preschool teachers’ perspective on how high noise levels at
preschool affect children’s behavior,’’PLoSONE, vol. 14, no. 3,Mar. 2019,
Art. no. e0214464, doi: 10.1371/journal.pone.0214464.

[88] D. A. Keim, ‘‘Visual exploration of large data sets,’’ Commun. ACM,
vol. 44, no. 8, pp. 38–44, Aug. 2001, doi: 10.1145/381641.381656.

[89] A. Edwards, ‘‘Explaining risks: Turning numerical data into meaningful
pictures,’’ BMJ, vol. 324, no. 7341, pp. 827–830, Apr. 2002, doi: 10.1136/
bmj.324.7341.827.

[90] D. A. Keim, ‘‘Information visualization and visual data mining,’’ IEEE
Trans. Vis. Comput. Graphics, vol. 8, no. 1, pp. 1–8, Jan. 2002, doi: 10.
1109/2945.981847.
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