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Abstract
In the following article, a method of modeling urban environment exposed to road noise pollution for the purpose of
noise nuisance assessment has been proposed. In order to accomplish it, GIS technology has been applied to divide the
area under study into hexagonal fields. The presented case shows an area of urban environment exposed to noise
pollution by means of object feature mapping, in each of the adopted elements. An acoustic and non-acoustic analysis
of spatial distribution of the researched object features with the application of the adopted assessment indicators has been
conducted. In particular, as assessment indicators, the following have been used: landscape entropy (H), LAeq (noise_sr),
Simpson’s diversity index (SIDI), area and length of transportation network (Ra, Rl), buildings (GSI) and number of
stories (FSI), predominance of land cover (LIPI), equality of class distribution (SIEI), and geodiversity index (Gd). The
statistical analysis of the validity of the aforementioned indices has also been carried out. For the purpose of noise
annoyance assessment modeling, the application of statistically relevant assessment indicators has been proposed with
the special use of the neural network method.
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1 Introduction

The problem of noise pollution in urban environment is par-
ticularly troublesome in the place of residence. The subjective
aspect of sound perception, as well as changeability of multi-
ple factors which accompany the process of perception, causes
that no universal model for noise annoyance assessment has
hitherto been developed [1–3]. The commonly used approach
to the noise pollution assessment in the place of residence is
limited to determining the quantitative indicator by means of
reflective modeling and mapping: environment sites as well as
distribution of the sound level [4]. For example, [5] features of
objects occurring in the environment can be considered from

the point of view of their properties and characteristics [6].
Objects occurring in the urban environment can bear a close
resemblance to one another in terms of their features and are
typical in terms of repetitiveness of spatial structures. They
can be described in terms of the properties and characteristics
of the features corresponding to a given surface. In terms of
acoustic variables, for the purpose of mapping the properties
and characteristics of the features in the set of objects belong-
ing to urban infrastructure, objects of natural origin frequently
occur. Sources of noise are treated as objects belonging to the
urban environment, whose sound emission and immission pa-
rameters are represented by physical acoustic parameters. The
research conducted on the objective assessment of the sound
perception process in the environment includes not only basic
physical parameters such as sound level and its spectrum, but
also psychoacoustic features, impulsiveness, duration, and
time structure of sound [7]. The aim of the following article
is to present a method of modeling traffic noise emergencies in
the urban environment by applying selected measures of spa-
tial distribution of object features and noise annoyance assess-
ment. The proposed method can be applied in the tasks
concerning supporting the evaluating and forecasting noise
pollution in the urban environment, taking particularly into
account noise annoyance.
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2 Description and Presentation of Indicators
of Object Feature Assessment
from the Acoustic Point of View

Assessing links between object feature variables and the
acoustic parameters of noise sources allows us to create a
classification of urban areas in terms of their acoustic criteria.
At the same time, the assessment of the impact of noise
sources using the frequently applied noise maps technology
is based on identifying factors expressed by sound physical
measurements, i.e., LAeq, LDWN, LN, Lden, Lnight [4, 8]. On the
one hand, this approach causes certain limitation in assessing
noise pollution hazard only to physical features of sound,
whereas on the other hand, it overlooks the meaning and sig-
nificance of the psychoacoustic aspects of noise, including
noise annoyance. Research conducted in this area is justified
by applying advanced modeling methods in evaluating the
environment endangered by noise [9]. It is assumed that the
solutions applied will be based not only on taking into con-
sideration physical parameters of acoustic signal assessment,
but also on the evaluation of spatial distribution of selected
measurements of objects in the urban environment.

3 Description of Selected Methods of Spatial
Analysis

Digital accessibility to data sets of spatial objects as well as the
possibility of using tools supporting spatial information man-
agement enables us to effectively perform the most sophisti-
cated tasks ranging from the environmental hazard assessment
to noise management. The results of research conducted in
this area indicate that urban morphology has a considerable
impact on noise distribution level. The research includes de-
pendencies between urban landscape morphology, represent-
ed by a specific pattern of land development and streets, and
spatial distribution in the urban environment [9, 10]. In large
urban areas, work is being undertaken concerning the assess-
ment of the correlation between huge emitters of acoustic
energy, for example, airports and approach airways to run-
ways, and urban areas directly affected by them [11, 12].
Within the framework of the applied methods of assessing
and forecasting road traffic noise exposure in residential areas,
statistical models are used [13] determining the correlation
between spatial distribution of noise level and building geom-
etry and the position of their facades in relation to the emitter
[14]. With reference to the urban area or the whole city, re-
search on the assessment of the correlation between the type of
land use and noise level distribution as a method of decision-
making process optimization concerning spatial planning
tasks is carried out [6, 15]. The crucial role of urban green
areas as zones reducing the negative impact of road traffic
noise is also indicated [16].

4 Description of the Obtained Data
and Information Concerning Object Features

Urban environment considerably differs from natural land-
scape. Obtaining a current and spatially continuous informa-
tion concerning land use in the urban areas is particularly vital
in the context of the acoustic assessment of urban environ-
ment. Regarding the purpose of the research, data at scale of
1/10000 or greater are crucial in terms of suitability and spatial
resolution (level of accuracy).

Researchers carrying out their studies on the territory of
Poland take advantage of an updated body of relevant data,
i.e., the Topographic Database (BDOT10k) with the accuracy
of topographic information at scale of 1/10000. The data col-
lected in the Topographic Database can provide a source of
information about basic topographic data concerning the use
of spatial information systems. BDOT10k constitutes a certain
model of geographical space which stands for selected natural
landmarks as well as social and cultural facilities [12]. The
database contains information about the physical features of
the terrain, but not the type of specific land use or its legal
status.

For the purpose of this article, the Topographic Database
(BDOT10k) has been obtained from the Central Surveying
and Cartographic Documentation Centre (CODGiK) in the
shapefile format. This database does not constitute a complete
source of information and has been supplemented by detailed
information on surface topography (light detection and rang-
ing (LiDAR)) as well as by the data describing land use.
Detailed information concerning land cover and surface to-
pography constitutes the data obtained by means of airborne
laser scanning from the Central Surveying and Cartographic
Documentation Centre (CODGiK). This database constitutes
a current and standardized source of information from which
three types of land cover have been identified. Within the
research carried out, the data concerning land cover coming
from BDOT10k and LiDAR have been processed. The types
of land cover have been assigned to eight thematic classes
(Table 1), which will undergo the process of modeling. The
adopted division of land cover into classes, as presented in the
Table 1 below, is universal for the entire area of the country.
The high resolution of the source data of at least 1 × 1 m
enables an accurate representation of the actual land cover.

5 Model of Object Feature Representation

The urban area under consideration covers the area of 1 ×
1 km and it is situated in the Upper Silesian urban area, within
the administrative borders of Świętochłowice. Within the area
under study, the terrain exposed to road traffic noise has been
designated (Fig. 1). Within the area under examination, a grid
of adjacent primary fields, i.e., hexagons of the area of 400 m2
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comprising 2558 elements in total, has been generated. It has
been assumed that the area of primary fields of the elements

corresponds to the area of rectangular fields of the grid applied
in acoustic mapping methodology [8]. In the study of
assessing the diversification of spatial structures of different
phenomena, when there is no possibility of referring the ob-
tained results to natural units, geometric reference fields (for
example, squares, equilateral triangles, or regular hexagons)
are applied. In this case study, it has been decided to apply
hexagons, from which the grid covering the whole area under
consideration has been formed. With such a choice of the
geometric field, a greater number of edges adjacent with the
neighboring fields enable us to perform more accurate analy-
ses of relations and dependencies between particular fields of
assessment than in the case of two remaining types of fields.

Basing on the participation of particular types of land cover
in every field of assessment, spatial distribution of

Fig. 1 Themodel of land cover of
the studied area along with the
adopted grid of assessment fields

Table 1 The adopted division of land cover into classes

Class Type of land cover

C1 Ground

C2 Buildings and technical constructions

C3 Roads

C4 Low vegetation

C5 Surface waters

C6 Squares and parking parks

C7 High vegetation

C8 Medium vegetation
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measurement values, which is presented in the subsequent part
of the article, has been calculated. Depending on the necessity,
data implemented in terms of absolute value, i.e., area or as
percentage in relation to the entire area of the assessment field,
have been used.

Characteristic elements of land use in the studied area are
compact tree strips, building complexes separated by commu-
nication routes of Intercity Road Network (DW 902) as well
as water reservoirs. The process of modeling features of the
urban environment is characterized by certain specificity
resulting from the necessity of taking into consideration a third
dimension. The information concerning the height of objects
has been extracted from the LiDAR data for the purpose of
determining the actual height of buildings and technical con-
structions. Buildings take priority in the context of acoustic
research into urban fabric in terms of people’s presence or
residence in them. The verification of these values has been
based on the results of airborne laser scanning and light de-
tection and ranging (LiDAR), with the average height error
contained within the range of 0.2 m. On the basis of the class
code, it was possible to determine the type of surfaces regis-
tered by the sensors of the scanner. Relying on the laser scan-
ning data, we succeeded in dividing vegetation into high veg-
etation of the height above 2 m and medium and low
vegetation.

A vital piece of information is the identification of the type
of material which was used to build walls of specific buildings
due to their sound reflecting and sound absorbing properties.
This information is not directly available in any commonly
accessible databases or sets of data. A source of data can be
found in advanced methods of reflection intensity assessment

in three regions of visible portions of electromagnetic radia-
tion (RGB values) obtained from aerial photographs. In this
study, current aerial photographs and street views (accessible
from the Google Maps service) as well as diagonal images
have been used.

6 Description and Analysis of Environment
Assessment Indicators

The acoustic assessment of the research field has been carried
out taking into account the recommended indicators including
diverse features of environment objects. It has been accepted
that specific indicators will make allowances for spatial distri-
bution assessment of selected environment features and rela-
tions occurring between them. The features under study have
been divided into five classes bymeans of the quantile method
[17]. The technique of mapping object features allows
performing the spatial distribution assessment of the applied
indicators. Every class has been described in terms of quanti-
tative value, where the number 1 has been ascribed to the
lowest and number 5 to the highest class. The total number
of points from a particular parameter in every field of assess-
ment has been used to create a resulting map of urban envi-
ronment diversification.

7 Landscape Entropy (H)

Unit entropy enables the assessment of the degree of hetero-
geneity of fields. An indicator applied determines the

Fig. 2 Spatial distribution of unit entropy (H)
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likelihood of object class occurrence in the field of assess-
ment. Shannon’s diversity factor depicts the degree of surface
feature diversification resulting from the information theory
[18]. Landscape entropy assumes the rise in value in relation
to the degree of even coverage of the researched area with
different land cover classes (Fig. 2). An indicator responds
to the occurrence of partial divisions of a small number of
elements [19, 20].

8 Simpson’s Diversity Index (SIDI)

Simpson’s diversity index determines the likelihood of occur-
ring two partial divisions of the same type within one assess-
ment field. In the case of the indicator’s value reaching zero,
the diversity is regarded as infinite, whereas if the value equals
1, no diversity is observed (Fig. 3).

9 Area and Length of Transportation Network
(Ra, Rl)

The Ra and Rl indicators refer to the assessment of transporta-
tion network occurrence in the urban environment. In the case
of Ra measure, the area covered with passageways in relation
to the entire area of the assessment field is taken into consid-
eration. In the case of the Rl, the length of the road axis within
every assessment field is analyzed [13]. In the case of Ra,
values approaching “1” indicate the entire occupation of the
assessment field by the street or road surface. In the case of Rl,

the indicator values determine the participation of the length
of the transportation network expressed in kilometers (Fig. 4).

10 Buildings (GSI) and Number of Stories (FSI)

The GSI and FSI indicators refer to building occurring in the
area under study (Fig. 5). The GSI is described as the horizon-
tal projection area of the buildings occurring in the assessment
field in relation to the entire surface of the area. In the case of
the FSI, the stories of the buildings are additionally taken into
account, the total of the areas of which is referred to the entire
area of the assessment [13].

11 Predominance of Land Cover (LIPI)

The LIPI indicator describes the participation of one of
the land cover classes characterized by the largest area in
relation to the assessment field area. The spatial distribu-
tion of the LIPI indicates its highest values in the area
under study within homogenous wooded areas and water
surfaces (Fig. 6).

12 Equality of Class Distribution (SIEI)

The SIEI indicator depicts the degree of equal participation of
particular classes of land cover within the assessment field.
When the value of the parameter is approximate to zero, the

Fig. 3 Spatial distribution of SIDI
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predominance of one of the classes is observed. In the case of
the value coming closer to one, the participation of particular
types is balanced (Fig. 7, Table 2).

13 Noise_sr Indicator

According to the existing directive [4] in the long-term
assessment of the environment exposed to noise pollution,
physical parameters of noise assessment, i.e., LDWN and
LN long-term indicators are applied. A simulated distribu-
tion of the values of the LDWN and LN indicators has been
obtained owing to the methodology of acoustic mapping
and Cadna A software [21]. The input data for the simu-
lation of noise indicator distribution constituted the values
of high intensity of vehicle traffic during 1 h for daytime.
For the purpose of acoustic map calibration, environmen-
tal acoustic measurements of the LAeq indicator using the
SVAN 971 m have been carried out in three representative
reference points, corresponding in time to the measure-
ments of the intensity of vehicle traffic. The information
concerning the distribution of the LAeg indicator has been
converted in the raster form into a snapshot. On the basis
of the obtained values, the average value of the LAeq

(noise_sr) indicator has been determined for every assess-
ment field. Figure 8 presents the spatial distribution of the
average value of the LAeq indicator.

14 Assessment of the Environment Exposed
to Noise Pollution Using the Geodiversity
Index (Gd)

For the purpose of determining an overall assessment of
the urban environment in the area under study taking into
consideration partial marks of the analyzed measures, the
geodiversity index has been proposed (Fig. 9). A theoret-
ical field with the highest geodiversity can receive 40
points, whereas with the lowest geodiversity 0 points.
None of the assessment fields has received extreme values
and the total of values has ranged from the lowest value
of 7 points to the highest value of 32 points.

Eg—the number of environmental elements in the basic
field,
R—roughness (scabrousness) coefficient in the basic
field,
S—the area of the basic field (km2).
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Fig. 4 Spatial distribution of the Ra (a) and Rl (b)



Fig. 5 Spatial distribution of the GSI (a) and the FSI (b)

Fig. 6 Spatial distribution of the LIPI
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15 Statistical Evaluation of the Analyzed
Indicators

The applied indicators of assessment have undergone a
statistical analysis of relevance for the purpose of con-
structing an acoustic model of the environment. For this
purpose a correlation analysis has been conducted. As a
criterion for the input of the independent variable, the

value of the index has been adopted. In the model, an
additional variable has been taken into consideration, as a
distance between the road axis and the midpoint of a field
with a building. According to the adopted criterion, four
variables have been selected for the construction of the
assessment model, i.e., noise_sr, H; Rl, Ra. The correlation
values of the statistically significant variables, if the con-
dition (p < 0.05) is maintained, are presented in Table 3.

Fig. 7 Spatial distribution of the SIEI

Table 2 Description of applied indicators of feature occurrence assessment [19]

Number Indicator Formula

1. H H Xð Þ ¼ ∑n
i¼1p xið Þlogr 1

p xið Þ ¼ −∑n
i¼1p xið Þlogrp xið Þ,

where p(xi)—probability of event occurrence, r—the base of the logarithm

2. SIDI SIDI ¼ 1−∑N
i¼1p

2
i ,

where Pi describes the percentage of landscape units assigned to i class

3. Ra Ra ¼ R
A,

where R—area covered with roads, A—area of the assessment field

4. Rl Rl ¼ L
A,

where L—length of road axis, A—area of the assessment field

5. GSI GSI ¼ Pb
A ,

where Pb—horizontal projection area of the buildings, A—area of the assessment field

6. FSI FSI ¼ Pb1k1ð Þþ Pb2k2ð Þþ Pbnknð Þ
A ,

where Pb—area of horizontal projection of the building, k—number of stories, A—area of the assessment field

7. LIPI LIPI ¼ maxij aijð Þ
A 100ð Þ,

where aij area of the largest land cover class, A—area of all land cover classes

8. SIEI SIEI ¼ 1−∑m
i¼1P

2
i

1− 1
mð Þ ,

where Pi percentage occupied by a particular type of land cover, M—number of land cover types
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The assessment of the analyzed measures for 104 selected
hexagonal fields of the researched area, taking into account
the C2 class of object, i.e., buildings has been conducted. On
the basis of the index value formulation (Table 4), it can be
concluded that with the applied attempt at 104 observations,
correlation plays a significant part. Due to the complexity of
the research problem and diversity of applied indicators, neu-
ral network has been selected as a method of assessment mod-
el construction and acoustic environment forecasting.

16 Modeling of the Acoustic Environment
Assessment Using Neural Network

According to the results obtained from the correlation analy-
sis, the following inputs and outputs have been adopted in the
construction of the neural network model:

– four input variables, i.e., noise_sr; H; Rl, Ra,
– one output variable, i.e., the assessment of noise annoy-

ance obtained in laboratory conditions.

As a laboratory experiment, the assessment of noise annoy-
ance and road traffic noise exposure in the studied urban en-
vironment has been carried out. During the experiment, acous-
tic signals of the researched road traffic noise from 30 regis-
tered samples were randomly emitted. The stereo signals were
emitted from two loudspeakers. The scaling method of assess-
ment for noise annoyance of every single signal was applied in
the range from 1 to 5. The experiment involved the participa-
tion of 80 residents aged between 22 and 60. As a criterion of

network structure selection, the learning quality and learning
error were selected (Fig. 10).

Table 4 contains output values for network learning. The
basis for the network selection was the learning quality index,
which ranges in value from 0 to 1.

The obtained model describes the phenomenon under
study more accurately if the index value approaches 1. Root
mean square value of the index can be treated as the adjust-
ment measure of theoretical values to empirical values in
terms of learning (in our case study 90% of randomly selected
observations). In the hidden network layer, the hyperbolic
tangent has been applied as activation function whereas in
the output layer activation function has been performed by
the linear function (Fig. 11).

In the analyzed case study consisting of 4 input variables,
the learning quality has hovered around 0.985 in relation to
the learning error at the level of 0.014—Table 4. The learning
parameter in the Table 4 shows a correlation between theoret-
ical values of the dependent variable (noise annoyance assess-
ment) and values obtained by means of the network. The
network error has been calculated as the total of square differ-
ence between theoretical and empirical values for 90% cases
of values.

17 Research Results’ Discussion

The adopted method of acoustic environment assessment in
the study takes into consideration the selected indicators in-
cluding spatial distribution of diverse object features
(Table 3). The obtained values of particular assessment

Fig. 8 Spatial distribution of the average value of the LAeq
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indicators give important information about the environment.
The geodiversity index applied in the study takes into account
spatial distribution indicator, and therefore, it can constitute
the integration of the features of the urban environment. In
particular, the highest index values are characteristic for fields

located in the vicinity of passageways along with residential
areas. The designated correlation factor noise_sr together with
the Gd index is at the level of 0.36. It is assumed that the
combination of the Gd index distribution with the noise_sr
values will be the subject of further research into the actual
acoustic representation of the environment exposed to road
traffic noise. The obtained results from the applied neural
network model indicate correspondence to the obtained eval-
uation of noise annoyance from the residents.

Fig. 9 Spatial distribution of the
geodiversity index in the
researched area

Table 3 Correlation
analysis results of the
analyzed indicators

Variable r

Rl − 0.50
Ra − 0.76
noise_sr − 0.95
H 0.43

LIPI − 0.33
SIDI 0.05

GSI − 0.21
FSI − 0.27
SIEI 0.37

Gd 0.36

Table 4 Selected output values of the applied neural network

Parameters of network output

Learning (90%) Test (5%) Validation (5%)

0.985303 0.572523 0.986583
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Fig. 10 Model of the applied
structure of neural network (own
elaboration)

Fig. 11 Juxtaposition of noise annoyance assessment values with network result values (own elaboration)
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18 Conclusions

An original approach to acoustic research in the urban envi-
ronment based on identification, separation, and assessment of
object features within the basic (hexagonal) fields of the stud-
ied area has been proposed. The presented method of model-
ing noise annoyance assessment uses information concerning
spatial distribution of object features of the environment mak-
ing allowances for the resident exposure to noise annoyance.
Selected indicators of environment spatial assessment have
been applied taking into consideration participation and rela-
tion of features within and between particular fields in the
adopted division network of the studied area.

The application of neural network as a method of modeling
noise annoyance assessment has been proposed on the basis
the obtained results of spatial distribution of indicators and
noise annoyance. Relying on the obtained results of the rele-
vance of the analyzed indicators, it has been concluded that for
the model of neural network under analysis, indicators: noise
sr; H; Ri, and Ra as well as the noise annoyance assessment
will be considered. The proposedmethod of featuresmodeling
along with the adopted model of neural network enables the
successful accomplishment of the tasks concerning the assess-
ment and forecasting exposure to noise pollution in the urban
environment. One of the advantages of the network model is
the possibility of forecasting the acoustic condition of the
environment for different variants of feature changeability of
environment objects.
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