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Abstract: The improvement of the quality of life in the framework of the smart city paradigm cannot
be limited to measuring objective environmental factors, but should also consider the assessment of
the citizens’ health. Road traffic noise has been widely studied in terms of citizens’ annoyance and its
impact on health, but other types of urban noise are usually outside of those analyses. Each node of a
wireless acoustic sensor network can pick up street noise and can even record specific sounds that
reach a higher equivalent level for study, but the most important thing for administration is whether
certain types of noise annoy the citizen. In this work, we present the analysis and the selection of
several audio samples collected by a wireless acoustic sensor network in an urban environment in
order to conduct perceptive tests by several users. This a first approximation to the evaluation of the
real perception of citizens’ annoyance with respect to the urban noise collected by a low-cost wireless
acoustic sensor network.
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1. Introduction

Noise is one of the main environmental health concerns [1,2], and its impact on social and
economic aspects has been proven [3]. For this reason, during the last few years, many studies have
analyzed the causes and consequences of this matter, such as the quantification of healthy life-years lost
in Europe due to environmental noise [4], the analysis of health impacts related to urban environments
and transport planning [5], and the new environmental noise guidelines in Europe [6]. Besides, several
approaches followed by the administration are trying to monitor environmental noise and finding
methods to solve this issue at different levels, e.g., in a city such as Barcelona (Catalonia) [7] and in a
whole country such as the United States [8].

Most of the studies conducted have focused on defining the relation between objective acoustic
measurements and the annoyance they cause [9], without taking into consideration that due to the
human characteristics and habits, there might exist other acoustical characteristics that represent
human perception, e.g., loudness. To attend to this fact, this work has been defined with the purpose
of finding new ways of evaluating the impact of acoustic pollution on people in urban environments,
which has been widely attributed to traffic noise by several authors [10,11]. To achieve this goal, a
perceptive test will be designed to measure the degree of people’s annoyance with respect to different
urban sounds and heir characteristics, using recorded anomalous noise events like sirens, people
talking, dogs barking, etc. For this purpose, a first study consisting of both analysis and selection
of the audio has been conducted using the LIFE DYNAMAP project (http://www.life-dynamap.eu)
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data [12,13]. The most relevant anomalous noise events’ acoustic pieces have been selected and their
parameters evaluated, maintaining the requirements of recording location and sensor calibration.
The final goal of the present study is to evaluate the relationship between measurable metrics of the
anomalous noise events and the perception of those by the citizens, in terms of annoyance. To establish
which are the best variables under test, a wide literature search was done, and finally, it was decided
to focus on two of the baseline parameters defined by Zwicker: loudness and sharpness [14], taking
into account the duration of the signal.

The paper is structured as follows. Section 2 describes the procedure followed in this work: the
database is described in Section 2.1; the audio characterization and measurements are defined in
Section 2.2; and the design of the perceptive tests is explained in Section 2.3. In Section 3, the results
obtained by the perceptive tests are presented and discussed.

2. Methods

In this section, an analysis of the audio samples is conducted in order to select those used in the
tests. The anomalous noise events that define the database of this project came from a set of recordings
obtained by 24 low-cost sensors that the LIFE DYNAMAP project has installed in several locations of
District 9 in the city of Milan [12,15]. The information recorded by these sensors has previously been
listened to and manually labeled by experts, taking into account the several types of noise identified in
each section of the recordings [16]. A summary document is available for each sensor, detailing the
number of sounds of each type and the duration.

2.1. Database Definition

The first step in this research is to choose the types of noise under study. Based on the available
information about the labels of each sensor, a first selection is applied consisting of deleting all complex
sounds, i.e., all those containing a mix of different noise types. The presence of several noise typologies
in the same audio does not allow a proper discrimination. The second step consisted of selecting the
noise events that have a relevant presence in an urban environment, but taking into account the types
of noise with enough representation in the dataset. The final types of noise selected were: horns, people
talking, sirens, truck towing sounds, doors, dog barks, roadworkplease check that the correction did
not change your meaning , airplanes, birds, and brakes.

The analysis of the data can only be done in an intrasensorial way, that is to say, the sounds
were compared to the other sounds collected in the same sensor. This restriction has been applied to
maintain the acoustic characteristics of the surroundings of each sensor, which had a clear influence
on the final recorded piece of audio. If the comparison were done with audio belonging to different
sensors, the results could be conditioned by the acoustics of each particular sensor, and that fact could
invalidate the results. Taking this into account and that the number of sensors is quite extensive,
a detailed analysis was carried for each type of noise and sensor. The choice of the noise events and
sensors to be included in each test has been done based on the total duration of each noise type; thus,
the acoustic environment of each sensor location was respected.

After analyzing the recording seconds, four sensors were selected of the twenty-four sensors
available, as summarized in Table 1. The events captured in these four recording locations, which have
been named hb115, hb124, hb127, and hb133, offer enough samples from each type and the widest
variety of loudness measurements. See more details about the distribution of the sensors in District 9
of the city of Milan in [17].



Proceedings 2019, 6, 1 3 of 6

Table 1. Recording seconds for each sensor according to the definitions of the DYNAMAP project and
classified by sound typology.

hb115 hb124 hb127 hb133

horn 96.7 26.0 47.4 33.3
people 323.1 670.5 755.1 407.5
siren 203.0 193.9 234.6 84.6
door 282.6 165.6 182.1 128.5
dog 1.4 109.5 35.2 47.1

roadwork 658.3 0.0 261.7 360.0
airplane 17.6 765.8 21.7 400.9

bird 5.4 562.3 27.8 504.9
braking 101.9 33.9 296.8 34.8

Once the event database has been defined and before analyzing the samples in detail, the files
have been shortened in duration to make them suitable for the perceptive tests. Thus, all files presented
a duration of four seconds or less, short enough to avoid fatigue in the test users and long enough to
identify the sound clearly. In order to perform this operation, a sliding window of four seconds has
been applied with steps of one second, in order to increase the number of available audio samples.

2.2. Measurement of Sound Characteristics

Once the database was correctly defined, the next step consisted of calculating the results of the
sound attributes mentioned before, loudness and sharpness, apart from other useful measurements,
i.e., duration, energy, power, and bandwidth.

According to Zwicker et al. (2013) [14], loudness belongs to the category of intensity sensations,
but it is not only a sensation value, it belongs somewhere between sensation and physical values.
The unit to measure this loudness sensation is called sone, and it is considered that 1 sone corresponds
to a 1-kHz tone with a level of 40 dB. To calculate this parameter, we searched for a MATLAB toolbox
that contained the implementation. After an exhaustive search, we decided to calculate the loudness
with a toolbox based on a Zwicker’s proposal (http://genesis-acoustics.com/en/loudness_online-32.
html). The main function of this toolbox receives as parameters the signal, the sampling frequency, and
the type of field; in our case, it will be a free-field. In order to check that the loudness measure obtained
from the chosen toolbox was reliable, several reference values were tested. According to Kinsler et
al. (1999) [18], a tone of 1 kHz and with a level of intensity of 60 dB has a loudness of 4.7 sone and 60
phon; thus, this tone was created with MATLAB, and the result was 4.12 sone and 60.42 phon, proving
it was a reliable code.

Besides, the sharpness is a measure of the high frequency content of a sound; the greater the
proportion of high frequencies, the sharper the sound is. It is worth mentioning that sharpness is
a sensation that can be considered separately from loudness, so both parameters can be analyzed
independently [14]. The unit used for its measurement is called acum, and the reference sound
producing 1 acum is a narrow-band noise assuming only one critical-band wide at a center frequency
of 1 kHz having a level of 60 dB [14]. To calculate the sharpness of each sound, a MATLAB code
has also been used; in this case, it was obtained from the website of the University of Salford (https:
//www.salford.ac.uk/research/sirc/research-groups/acoustics/psychoacoustics). As in the previous
case, in order to verify its reliability, tests were performed to confirm that the code worked correctly.
In this case, the function that will allow us to perform the calculation requires as a parameter the
specific loudness, a value that is obtained from the function that has been previously used to calculate
the loudness; thus, no extra information is needed. With the same tone created before, we obtained
its specific loudness by applying the code, and the value returned by the sharpness function was
1020 acum, which is similar to the required value.

http://genesis-acoustics.com/en/loudness_online-32.html
http://genesis-acoustics.com/en/loudness_online-32.html
https://www.salford.ac.uk/research/sirc/research-groups/acoustics/psychoacoustics
https://www.salford.ac.uk/research/sirc/research-groups/acoustics/psychoacoustics
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2.3. Perceptive Test Design

In order to analyze the existence of a relation between the sharpness and annoyance of the sounds,
a perceptive test was designed. In order to achieve this, it was considered that defining binary tests,
i.e., with only two possible answers, was the best option. Thus, the users had to answer this question
“Indicate which one of these two sounds causes you more annoyance” by selecting Audio A or B.

The decision of which sounds from our database should be used to design this test was conducted
so that the other sound features measured remained stable and could not affect the results. That is to
say, each pair of audio files that was within the same part of the test would have the same loudness,
be the same type of sound, and come from the same sensor, minimizing in this way any external
variation. Having this limitation in mind and that this type of test can be done briefly, a total of sixteen
questions were designed, that is 32 audio samples were selected from the previously-defined database.

Once the audio samples were selected, the test was designed with a tool that let us implement
the type of test defined [19]. This is an open-code tool, so some changes were applied to make the
interface as intuitive as possible.

In order to collect the results of the test later, this was uploaded on a server of la Salle-University
Ramon Llull and sent to a great variety of contacts from different ages and lifestyles. The results
collected from the server showed that a total amount of 79 people had answered the whole test.

3. Results and Discussion

In this section, we will detail a first approach to the perceptive test conducted, paying special
attention to the distribution of the loudness and sharpness in each sensor used.

3.1. Loudness and Sharpness Distribution of the Data Used

The measurement of sharpness and loudness at the different sensors led to the results displayed
in Figure 1. These results show that loudness values oscillate, mainly, between 6 and 18 sone, and
sharpness results are not that scattered, the first and second quartile results going from 0.9–1.3 acum.

Figure 1. Boxplot for the loudness distribution (left) and sharpness distribution (right).

3.2. Preliminary Sharpness Results

In a first rough analysis of the test results, a set of circular graphs, shown in Figure 2, were made
to evaluate the aggregated results. We can observe there a binary comparison, with the results of
higher annoyance in blue if they correspond to the higher sharpness, and in orange if they correspond
to the lower sharpness. A first conclusion can be drawn about the relationship between sharpness and
annoyance, which is that there is not a direct relation since in some cases, the most frequently-selected
answer was the one referring to the sound with more sharpness, ad in others, the opposite was
observed; there also were cases in which the answers were divided almost equally (around 50% for
each answer).
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Once having determined the preliminary non-existence of a direct relation between sharpness
and annoyance, a second analysis was done. This consisted of studying if the fact that a sound is of a
certain typology annoys the user more when it has a higher sharpness or when it is lower. This second
analysis would only be made in those sound typologies for which we have at least two different tests,
and in order to confirm the theories that will be set, it would be necessary to perform a study focused
on this goal. In Figure 2, we can appreciate that for the parts of the test with brakes, birds, and horns,
the sound of the pair that had higher sharpness resulted in being more annoying for the test users. On
the other side, airplanes and roadwork results tended to be the opposite, i.e., lower sharpness seemed
to be more annoying. In the next step, we will analyze the relation between loudness and annoyance
in depth.

Figure 2. Sharpness distribution.

4. Conclusions

The analysis of the preliminary results gives us a first conclusion: the test answers show that
there is not a direct relation between sharpness and annoyance. Nevertheless, it seems that the sound
typology can have a relation with the annoyance and sharpness, but to obtain a clear conclusion, it
will be necessary to define new tests taking into account the distinct typologies found in the taxonomy.
The next step in future studies will consist of analyzing them separately, differentiating them by gender,
age, and type of residential zone where the survey respondents live, to evaluate if these variables have
an influence on the results. Other studies including both loudness and sharpness may be considered
in wider annoyance tests.
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