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Abstract: The problem of noise pollution in Baghdad, the
capital city of Iraq, is getting worse every day as a result of
the increased volume of traffic. This presents a consider-
able risk, particularly on the main roads that connect
densely populated neighborhoods such as the Al-Sadr City dis-
trict with the central neighborhoods of the capital. In order
to inform decision-makers in urban development and
environmental policy about the high values of noise pollu-
tion that require remediation and regulation, noise maps
are produced. However, two fundamental problems are
generally faced in creating a more reliable noise map in
the shortest possible time: the excessive time requirements
for measuring noise and determining the method of map
creation. Therefore, the role of geographic information
system (GIS) software in producing noise maps is evident
due to the difficulty of increasing the spatial density of mea-
surements and integrating them with spatial information.
Hence, an appropriate interpolation method is required.
In this article, Moran’s I index was calculated to assess the
spatial autocorrelation of measured traffic noise points.
A comparison was made between the Smart Map Plugin
ordinary kriging (OK) and the inverse distance weighting
(IDW) deterministic interpolation method to determine the
best method for producing noise maps for the main entrance
and exit roads of Al-Sadr City. The noise values were modeled
using the best-performing method. Furthermore, the predic-
tive raster data are displayed in the spatial context as a
starting point and reference for identifying and understanding
the levels of traffic noise in the selected study area. The loca-
tions of selected points for measuring traffic noise values
were determined in an organized and homogeneous
manner, where noise points for the main entrance and

exit roads were opposite each other, and the distance
between consecutive noise points on each road was
100 m. Traffic noise measurements were carried out at
each selected point using the SVAN977 sound and vibra-
tion analyzer. At each measurement point, three noise
values (LAeq, Max, Min) were obtained during the three
peak times, 7–9 AM, 12–2 PM, and 4–6 PM. QGIS software
was used to compare the two interpolationmethods, with its
strength lying in the use of plugins that facilitate spatial
analysis, processing tools, and algorithms. The Smart Map
Plugin provided facilities to choose the appropriate semi-
variogram in the OK interpolation method. The root mean
square error was used to compare the two interpolation
methods in order to determine the most suitable method
for producing traffic noise maps in the study area. The
results indicated that the Smart Map Plugin using OK out-
performed the IDW method, as spatial distribution pattern
and homogeneity affect the accuracy of interpolation.
Moreover, based on the analysis of the three noise attri-
butes (LAeq, Max, Min), the performance of the Smart
Map Plugin (OK) was found to be better than IDW when
the Moran’s I value was high.

Keywords: traffic noise, QGIS, Smart Map Plugin, ordinary
kriging, IDW

1 Introduction

Traffic on roads is considered one of the most common
sources of noise pollution, representing 80% of noise in
urban cities [1,2]. Noise pollution has detrimental physiolo-
gical and psychological effects on human health and well-
being [3]. Its effects are often latent but highly harmful, with
long-term impacts [4]. Environmental noise pollution is
associated with a range of diseases, including tinnitus, cog-
nitive impairment, sleep disturbances, annoyance, as well
as cardiovascular diseases that largely result from traffic
noise [5–7].

Predicting traffic noise levels on roads is of utmost
importance. However, it is a challenging task due to the
spatial and temporal correlations of measurement times,
and it is critical to accurately determine the spatial interpo-
lation method used to compute high-precision predictions of
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the phenomenon under study [8]. Spatial analysts and map-
makers conduct field surveys to measure noise values [9],
which are then used to display current traffic noise status
and predictors, often using spatial interpolation methods,
which means “mapping noise” [10]. In spatial interpolation,
the control points are the measured points in the field,
which are the representative samples used in interpolation,
where the quality of these samples, their spatial distribu-
tion, arrangement, and spatial correlation between them, as
well as their use for the suitable spatial interpolation, sig-
nificantly affect the accuracy of the surface produced using
prediction tools [11]. For example, noise values are mea-
sured at points located on both sides of the main road
entering and exiting the city, and researchers are interested
in predicting noise levels at each point along this road,
where measured noise values depend on several factors,
including proximity to the noise-affected area and spatial
autocorrelation between measured point values. One of the
key steps in modeling traffic noise is to visually represent
noise levels using a spatial interpolation method. However,
there is still a lack of consensus on the most appropriate
interpolation method to match the type and pattern of data
distribution under investigation [12]. The most common spa-
tial interpolation techniques are inverse distance weighting
(IDW) and ordinary kriging (OK) [13,14]. One widely used
approach is kriging, which not only allows for interpolation
of unsampled locations but also provides standard errors
for the resulting predictions [15]. The geostatistical method
of kriging encompasses various types, with one of the most
commonly used being OK, which is used in numerous appli-
cations including environmental applications, and yields
better results when distances along road networks are
used [16], especially when the sampling network is evenly
distributed [17]. There are two key considerations in the
method of kriging: spatial autocorrelation between the mea-
sured points and appropriate model selection and fitting for
the points. These are fundamental requirements and the
main tasks when applying spatial statistics [18]. The kriging
technique is suitable for spatial interpolation when the dis-
tance between the measured points is spatially related, for
example, to explain and determine the spatial variance of
traffic noise using kriging. The distance between the mea-
sured samples is used to reflect the spatial correlation [19].
The IDW method is one of the most commonly used spatial
interpolation techniques which is used as a tool for spatial
analysis [20]. The values of unknown points are calculated
from the average of known points [21], where the measured
noise points are inversely proportional to the distance to the

unknown point [22]. IDW is considered most suitable for flat
terrain [23] and is primarily used for mapping noise and
demonstrating and explaining the reality of noise pollution
in the study area [24]. IDW is a powerful and reliable tool for
interpolating noise using data obtained from noise sources
and the distances between them [25]. When IDW transforms
the available spatial data into a continuous spatial surface
[26], it provides a visual representation of the areas that are
relatively noisy, moderate, and low for the phenomenon
under study [27], for evaluating and measuring the spatial
and temporal influence of the distribution of traffic noise
levels along a major road as an example [28]. In recent
years, QGIS has gained numerous users and an active com-
munity of developers due to its free and open-source nature,
as well as its mastery of functionality [29]. As a result, it has
become a serious alternative to commercial geographic infor-
mation system (GIS) software such as ESRI, with the advan-
tage of being able to access and improve the code. The IDW
interpolation tool is available in QGIS software, which is
based on GIS [30,31]. Furthermore, QGIS has the advantage
of providing us with a plugin that implements specific algo-
rithms using the main program [32]. A plugin called Smart
Map has been developed, which is integrated into QGIS ver-
sion 3.10 or higher, to draw digital maps using interpolation
techniques such as OK andmachine learning (ML). Python 3.7
was used to develop the software [33]. The graphical user
interface (GUI) was designed using PyQt5 and features an
easy-to-use interface. As a result, Smart Map has been down-
loaded more than 15,000 times according to the QGIS plugin
repository [33]. The latest version of Smart Map can be found
on GitHub and is also available online at https://plugins.qgis.
org/plugins/Smart_Map/(accessed on 20 June 2023). A case
study was conducted to validate the methodology of OK
and ML used in the Smart Map Plugin, where the accuracy
of soil attribute interpolation was compared using two dif-
ferent approaches and different sample grids, allowing for
the creation of soil attribute interpolation maps [14]. Cross-
validation can also be performed by users in the Smart Map
Plugin using statistical indicators such as R2 and root mean
square error (RMSE) [34]. The aim of this study is to measure
and analyze the spatial and temporal variation of traffic noise
values measured at selected points on both sides of the main
entry and exit roads of the city of Al-Sadr in the Iraqi capital,
Baghdad, using Moran’s I spatial autocorrelation index. The
study also aims to determine the best method for modeling
and producing traffic noise maps, by comparing the Smart
Map Plugin’s OK approach and the deterministic IDWmethod
using the QGIS software.
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2 Methodology and material

2.1 Study area

The city of Al-Sadr is located in the northeast of the Iraqi
capital, Baghdad, and is a densely populated area with a
population of 1,276,249 according to the latest statistics
from the Iraqi Ministry of Planning for the year 2020.
Al-Sadr city is connected to the center of Baghdad province
by four main roads. To study traffic noise in Al-Sadr city, the
most important of these main roads was selected. The study
area included the two main roads for entering and leaving
Al-Sadr city, which extend from Al-Muthaffar Square to
Market Maridi, round-trip during the morning and after-
noon periods. The study area included Al-Muthaffar street
and Al-Jawader street as shown in Figure 1. As for the eve-
ning period, the study area included the two main roads

from Al-Muthaffar Square to the intersection of Zayn al
Qaws Street and Al-Jawader Street, because the road leading
to Maridi market is closed at night and only allows pedes-
trian traffic. The two main roads selected for the study for
entering and exiting Al-Sadr are busy and vibrant roads bor-
dered by residential areas, parks, commercial and service
areas, as well as government and industrial institutions. The
transportation system in Al-Sadr relies on small buses, private
transport vehicles, motorcycles, as well as tik tok (three-
wheeled vehicles) that are widely spread throughout the city.

2.2 Noise survey, processing data, and
creating spatial database

First, the methodology of the study included a field survey
of noise levels. After conducting a field reconnaissance of

Figure 1: The study area’s geographical location and the measured noise point distribution for the main road to enter and exit from Al-Sadr city,
Baghdad, Iraq.
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the main road leading in and out of the city of Al-Sadr,
selected points were identified for measuring traffic noise
levels. The measured traffic noise points on both entry and
exit roads were opposite each other, and the distance
between every two successive noise points on each road
was 100 m, measured using a measuring tape. The spatial
coordinates of each measured noise point were deter-
mined using Garmin GPS Map 64s. The noise levels were
measured using a SVAN977 sound and vibration analyzer
with an A-type filter, and the measurement duration at
each point was 5 min. The device was installed at a distance
of 1 m from the sidewalk, with a height of 1.5 m above the
ground and a detector precision of 0.1 dB. Eighty points of
traffic noise were measured for both the entry and exit
roads of Al-Sadr city. Measurements were taken for each
point during three periods: morning (7–9 am), midday
(12–2 pm), and evening (4–6 pm). At each measurement
point, three noise values (LAeq, Max, Min) were obtained.
The statistical results, including the mean, standard devia-
tion, minimum value, and maximum value, for the mea-
sured noise points for both the entry and exit roads of
Al-Sadr city and for the three measurement periods, are
presented in Tables 1 and 2. The environmental conditions
for noise measurements were represented by a dry road
surface, with the ambient air temperature within the mod-
erate continental range, where the temperature did not fall
below 5°C or exceed 35°C, and the wind speed did not
exceed an average of 10 m/s. Second, the methodology of
the study involved downloading field measured data and
processing it using the software platform SvanPC++, where
the extracted data included noise values (LAeq, Max, Min)
for each measured traffic noise point. The data were
exported from platform SvanPC++ to an Excel file that
included the spatial coordinates of each measured noise
point. Third, a spatial geodatabase was created using ver-
sion 3.22 of the QGIS software, and processing was per-
formed within the program to create feature class layers

for the measured noise points for the main entry and exit
roads, as well as for the three measurement periods.

2.3 Smart Map Plugin (OK)

The Smart Map Plugin is a software component developed
and integrated with QGIS version 3.10 or higher [33]. The
interpolation is performed using the Smart Map Plugin
(OK) through an open-source Python library called PyK-
rige, which supports the 2D OK technique and includes
variogram models [35]. The Smart Map Plugin simplifies
the process of digital map drawing using OK interpola-
tion without the need for programming knowledge [33].
Furthermore, it facilitates the examination of variations
and the implementation of interpolation using the signifi-
cant parameters of the OK method, such as the number of
neighbors, search radius, semi-variogram, and its factors
(range, sill, nugget, and fitting the mathematical models)
[33,36]. The developed Smart Map Plugin (OK) was used to
configure a suitable statistical semi-variogram for per-
forming the interpolation, where the plugin allows the
user to fit five models of the theoretical semi-variogram:
exponential, spherical, Gaussian, linear, and linear with
sill. The cross-validation method was used to choose the
semi-variogram model. The search radius for kriging was
set equal to the range obtained by the semi-variogram. The
number of neighbors for the main entrances and exits
during morning and afternoon periods were determined
as 25 points, while for the evening period, the number of
neighbors was set to 20 points. The maps produced by the
plugin are exported to QGIS in raster format. In addition to
that, Figure 2a represents the interface of the Smart Map
plugin for selecting and entering the measured layers and
Figure 2b includes the facilities provided by the plugin for
selecting the appropriate semi-variogram.

Table 1: Descriptive statistics for the measured noise points of the main road of entry to Al-Sadr City (for the period from January 30 to February
3, 2022)

Measurement time Noise value (dB) Mean Standard deviation Minimum value Maximum value

Morning LAeq 73.3642 2.31442 70 78.536
Noon LAeq 75.1641 2.20762 70.598 79.308
Evening LAeq 75.3193 2.20906 68.874 78.66
Morning Max 87.3968 2.6043 82.756 93.478
Noon Max 89.4801 2.3202 84.46 93.647
Evening Max 88.7003 2.80681 79.06 92.624
Morning Min 63.1884 3.39804 53.306 68.944
Noon Min 65.2585 2.95761 58.24 69.602
Evening Min 66.9153 2.3573 62.19 71.472
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2.4 Moran’s I (index)

Moran’s I is a commonly used measure for assessing spatial
autocorrelation and is also a useful indicator for analyzing
spatial association of environmental variables [14]. It is
available in the Smart Map Plugin of the QGIS software,
where the spatial weight matrix (W) for Moran’s I is calcu-
lated in Smart Map using the PySAL Python library. The
PySAL library provides a kernel function that determines
weights for neighbors based on distances between sample
points in the grid. The univariate Moran’s I is used to
measure, compare, and test the degree of autocorrelation
of the same variable that is interpolated at different dis-
tances. Therefore, the spatial autocorrelation degree was
calculated for traffic noise attributes (LAeq, Max, Min) for
three measurement periods in the morning, afternoon, and
evening using Moran’s I, as shown in Figure 3. The math-
ematical formula for calculating the value of Moran’s I
(Legendre & Fortin, 1989) is as follows:
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where N is the number of observations, x̅ is the mean of
the variable, Xi is the variable value at a particular loca-
tion, Xj is the variable value at another location, Wij is a
weight indexing location of i relative to j, in the smart map
plugin, and (W) represents the spatial weight matrix, the
sum of all wij.

When the value of univariate Moran’s I is zero, it indi-
cates that the variable under study shows no spatial corre-
lation and that the pattern is random. When the value
of Moran’s I is closer to −1, it indicates that the variable
tends to have more contrasting values, and as its value
approaches 1, it indicates that the variable tends to have
higher similarity values and that the pattern is clustered
rather than random.

2.5 Generation scenarios for evaluating the
interpolation methods

A comparison was conducted between the Smart Map
Plugin (OK) and the IDW method to determine which
method is better for producing traffic noise maps for the
study area. The noise level value of LAeq was used as the
interpolation attribute, representing the equivalent sound
pressure level in decibels, and yielding a high level of
Moran’s I during the three measurement periods. The com-
parison was performed by drawing an equal number of
measured traffic noise points, located in the same spatial
location for each interpolation method, with 18 points for
both the main entry and exit roads of Al-Sadr city consid-
ered as check points. These points were represented as
a feature class in the project’s geodatabase. While the
remaining traffic noise points, which are also represented
as a feature class in the project’s Geodatabase, have the
same spatial location in both of the interpolation methods
and consist of 62 points for the two main entry and exit
roads of Al-Sadr city, they are used to perform interpola-
tion in both comparison methods. Regarding the traffic
noise points selected to check the interpolation methods,
they were identified using the random selection algorithm
that deals with vector data. The number of selected fea-
tures method within the random selection algorithm was
chosen to select the number of points to be drawn for the
purpose of checking, and this method helped identify the
nature of the check sample distribution. To have complete
control over the checking process, some adjustments were
made manually by the user in the point selection process.
The noise points selected for check and evaluating the
noise models were located in opposite directions of each
other. The points for the entry road were located in the
opposite direction of the exit road, and vice versa.
Additionally, the check points were chosen in an organized

Table 2: Descriptive statistics for the measured noise points of the main road of exit from Al-Sadr City (for the period from January 30 to February
3, 2022)

Measurement time Noise value (dB) Mean Standard deviation Minimum value Maximum value

Morning LAeq 72.8247 2.0646 68.24 76.688
Noon LAeq 73.4312 1.9831 69.146 77.484
Evening LAeq 75.2294 1.93787 70.326 79.002
Morning Max 86.4943 2.08927 81.984 90.444
Noon Max 87.286 2.43432 82.86 91.936
Evening Max 89.1617 2.21231 83.922 93.41
Morning Min 63.3783 3.02103 56.544 68.63
Noon Min 61.8386 4.87014 54.042 70.826
Evening Min 66.5087 2.31909 60.91 70.978
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Figure 2: Graphical User Interface for Smart Map. (a) Selection the traffic noise data value to be interpolated. (b) Determine the parameters and
configuration semi-variograms for the Ordinary kriging interpolation method.

6  Zahraa M. Nasser et al.



manner, as illustrated in Figure 4. The identified traffic
noise points for the examination process were exported
to a new feature class within the project’s Geodatabase
for use in comparing two interpolation methods. The
remaining traffic noise points were utilized for the inter-
polation process using both the Smart Map Plugin (OK) and
IDW methods, with each method producing a raster with
the same number of points and for three measurement
periods as shown in Figures 5 and 6. During the compar-
ison between the two interpolation methods, the funda-
mental parameters for each method were determined.
For the Smart Map Plugin (OK) method, the primary para-
meters were identified, represented by the search radius
equal to the range, as well as the number of neighbors
and the semi-variogram configuration. In the IDWmethod,
the main parameters are represented by the distance
coefficient P, in addition to defining the extent of the pre-
dicted raster layer. The resulting raster is then clipped
along the boundaries of the study area. In both methods,
the pixel size of the resulting raster is set to 1 m × 1 m. To
evaluate and validate the spatial interpolation quality in
the Smart Map Plugin (OK) and IDW methods, selected
check points are used, in addition to the raster resulting

from the interpolation of the remaining noisy points. First,
it is verified whether the predictive raster resulting from
the interpolation using both methods has been properly
generated. This is done by using the raster pixel to point
algorithm to convert the predictive raster to points, to
ensure that individual pixel units within the raster do
not contain null values in the output results. Then, the
check points and raster resulting from the remaining
traffic noise points are entered into the sample raster value
logarithm to extract the values of the selected check points
within the predictive raster and create a new vector layer.
The new vector layer created by the sample raster value
algorithm has the same properties as the input data, with
knowledge of the corresponding raster values for the loca-
tion of the specified check point. The logarithmic field cal-
culator and its associated expression are used to create an
error field and calculate its value by subtracting the inter-
polated value from the measured value of the specified
check points. The mean prediction error is then calculated
through the statistics panel available in the QGIS software.
Finally, the logarithmic field calculator and its associated
expression are used again to square the error value to find
the RMSE value, which is calculated according to Eq. (2).

Figure 3: GUI of Smart Map. Moran’s I calculation of the spatial autocorrelation between noise points measured, for the entre main road at morning
in Al-Sadr City using LAeq noise value.
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Using this value, the best method for producing traffic
noise maps for the entry and exit roads of Sadr City can
be determined.

( )∑= −
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x xRMSE
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ˆ ,

i

n

i i

1

2 (2)

where x̂i represents the interpolated value of the noise
attribute at point i, xi is the observed value of the traffic
noise attribute at point i, and n is the number of points.

In addition, Figure 7 briefly illustrates the metho-
dology used in this study.

3 Interpolation methods used in
noise mapping

One of the key considerations in producing noise maps is
the use of spatial interpolation techniques to interpolate

spatial data for unsampled points based on their proximity
to sampled points [1]. In these methods, a continuous
raster surface of estimated values is produced using the
information at the sampled point locations [37]. There are
two main types of interpolation methods: deterministic
methods that produce estimations without evaluating
interpolation errors [38] and statistical methods that pro-
duce estimations with evaluated interpolation errors, i.e.,
uncertainty, which are represented as estimated var-
iances and are associated with the interpolated values
[39,40]. The IDW and OK methods are among the uni-
variate interpolation methods, where only the primary
variable samples are used in the interpolation process
[41]. Additionally, interpolated values are displayed in a
regular grid pattern, which is smoother than the area
used for sampling [42,43]. Interpolation methods are used
to produce raster surfaces at a spatial resolution determined
by the user [44].

Figure 4: The interface of the QGIS program and the algorithms used for the purpose of performing the validation to compare the raster generated
by both methods, IDW and Smart Map Plugin (OK), using check points.
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Figure 5: Comparison between the Smart Map Plugin (OK) and the IDW method, using the LAeq noise value, for three periods, morning, noon, and
evening, for the main entry road to Al-Sadr City. (a) IDW method morning, (b) Smart Map (OK) method morning, (c) IDW method noon, (d) Smart Map
(OK) method noon, (e) IDW method evening, and (f) Smart Map (OK) method evening.
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Figure 6: Comparison between the Smart Map Plugin (OK) and the IDW method, using the (LAeq) noise value, for three periods, morning, noon, and
evening, for the main exit road to Al-Sadr City. (a) IDW method morning, (b) Smart Map (OK) method morning, (c) IDW method noon, (d) Smart Map
(OK) method noon, (e) IDW method evening, and (f) Smart Map (OK) method evening.
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Figure 7: Study methodology.
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3.1 Interpolation by IDW method

IDW is a spatial interpolation method used to generate an
overlay raster surface using the Z value of point attributes
with known spatial coordinates [43]. Each cell derived
using this method takes into account a distance factor,
connecting the closest measured points, and estimates
values between them [42,45]. This method is referred to
as “inverse distance weighted” because the unknown
point is influenced by all measured points, but the impact
is greater when the distance between the unknown and
known point is small, and decreases as the distance
increases [46,47]. When the distance between the unknown
point and each known point is weighted, the average weight
of the measuring point is calculated, but this is not a direct
increase in weight, rather an inverse increase, i.e., the weight is
inverse [48]. In its simplest form, IDW is referred to as “linear
interpolation,” where weights are calculated using the linear
function of the distance between measured points and the
interpolate point [43]. It is one of the deterministic methods
based on the following mathematical law [38]:

( ) ( )∑=
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Z s λ Z sˆ
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where ( )Z sˆ

0

is the predictive value, N is the number of sam-
ples points measured and will be used in prediction, λi is the
measured point weight, and ( )Z si is the observed value.
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where the weight is reduced by the p coefficient when the
distance is large and di0 represents the distance between
each measured point s_i and the prediction site s_o.

Interpolation is performed using the IDW method
in the QGIS software by inputting the measured noise
point layer and selecting the interpolation attribute field,
which represents noise values (Min, Max, LAeq). The para-
meter of the distance coefficient weight was set to 2, and the
pixel size of the resulting raster was adjusted to 1 × 1. The
raster is created on the extent of the study area, and then a
clip is made to create the raster on the boundaries of the
main road for entry and exit from the city of Sadr. The
raster is then classified and the interpolated noise values
are displayed within the selected study area boundaries.

3.2 Interpolation by OK method

It is an advanced spatial statistical method [49]. It is a well
interpolator that produces an estimator surface (raster)

from a set of discrete measured points with Z values
and uses kriging to verify the spatial behavior of the stu-
died phenomenon [42]. The Kriging method is similar
to the IDW method, where non-measured locations are
interpolated by weighting the distance to surrounding
measured points. However, the difference is that Kriging
method not only relies on distance, but also on the
arrangement of measured points and spatial autocorrela-
tion [14,43,49]. In the Kriging method, there are statistical
and mathematical steps, where the kriging algorithm
requires a positivity spatial autocorrelation model, and
the semi-variogram plot describes this relationship
between measured samples of the studied phenomenon
[49,46,43,42]. This statistical model is used to find mathe-
matical functions of variables and an interpolation sur-
face that is sought after [42,49]. However, appropriate
mathematical models for the data must be selected, and
there must be positivity during modeling to show and
describe spatial continuity [43,49]. Among many unbiased
estimates, Kriging is considered the “best linear unbiased
estimator” (used in statistics to estimate random effects in
linear mixed models) [46]. Kriging results indicate that
interpolation takes into account gradual spatial changes,
and predictions do not pass through known measured
points but rather predict higher and lower values than
the original measured values [43,44]. The most common
and widely used method belonging to the Kriging family is
OK, a flexible and simple univariate local method [42,46].
It estimates the local mean, i.e., the sample mean within
the search window, and requires homogeneity and spatial
autocorrelation among the measured samples [46]. OK
uses the appropriate semi-variogram program to calcu-
late interpolation weights, and the semi-variance is linked
to the distance between measured sample points [49]. OK
allows for transformations, removal of external direc-
tional bias from resulting statistical layers, and measure-
ment of prediction errors [38]. The general equation for
OK is as follows [38]:

( ) ( )= +Z s μ ε s , (5)

where s is a location (X, Y), Z(s) is the measured value at
that location, μ is the mean for data (no trend) on which the
model is based, and ε(s) is random errors. The predictor is
formed as a weighted sum of the data.

( ) ( )∑=
=

Z s λ Z sˆ

,

i
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where ( )Z sˆ

is the predicted value at that location,

0

s
0

is the
prediction location, and λi is an unknown weight for the
measured value.
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4 Results and discussions

4.1 Spatial autocorrelation with Moran’s I

The spatial autocorrelation of traffic noise values (LAeq,
Max, Min) measured along the two main roads entering and
leaving the city of Al-Sadr was examined using Moran’s I for
three measurement periods: morning, afternoon, and eve-
ning. The correlation analysis was conducted on a sample of
traffic noise points measured along the main entrance and
exit roads of the city, ranging from 5 to 40 points. Moran’s I
was used to assess the degree to which traffic noise values
were spatially clustered along the main roads. It was observed
that Moran’s I tend to increase as the number of measured
traffic noise points along the main roads increases. The
average value of Moran’s I for the measured traffic noise
values was calculated for the two main roads entering and
exiting the city, and is depicted in black for the three measure-
ment periods in Figure 8.

Figure 8a and b depicts the spatial autocorrelation
between traffic noise points measured on the main entrance
and exit roads of Al-Sadr city during the morning rush
hour. A weak autocorrelation was observed at a sample
size of 5, which increases with an increasing number of
points until it stabilizes at a high level. The values of Moran’s
I for the traffic noise values (LAeq, Max, Min) on the main
entrance road were 0.9, 0.893, and 0.828, respectively, while
those for the main exit road were 0.888, 0.835, and 0.920,
respectively. The Moran’s I value for the Min values on the
entrance road in the morning was slightly lower than that
for the LAeq and Max noise values. On the other hand, the
Moran’s I value for the Max noise values on the exit road in
the morning was slightly lower than that for the LAeq and
Min noise values. It should also be noted that the Moran’s I
values for the Max and LAeq noise values for the main
entrance road in the morning and for the Min noise value
for the main exit road in the morning were higher than the
average Moran’s I.

In Figure 8c and d, which represents the spatial auto-
correlation between traffic noise points measured for the
main entrance and exit roads of Sadr city at noon, strong
spatial autocorrelation was observed from the beginning
for the LAeq and Min noise values, where Moran’s I was
constant and stable for both roads, with values of 0.898 and
0.918 for the entrance road, and 0.883 and 0.947 for the exit
road, respectively. However, the Moran’s I value for the
max noise value decreased at the sample size of 5, then
gradually increased to reach a stable value of 0.733 for the
entrance road and 0.838 for the exit road, which is lower
compared to the Moran’s I value for the LAeq and Min

noise values. In addition, Moran’s I for noise values LAeq
and Min appears to be higher than the average Moran’s I.

In addition, in Figure 8e and f, which represents the
spatial autocorrelation between traffic noise measurements
for the main entrance and exit roads of Al-Sadr city in the
evening, Moran’s I values for LAeq noise levels show high
correlation values until reaching a stable value of 0.886 for
the entrance road, while showing initially moderate values
for the exit road before increasing and continuing in this
upward trend until reaching a stable value of 0.879. The
values of Max traffic noise in the evening exhibit a high
and stable spatial autocorrelation, which stabilizes with a
Moran’s I value of 0.860 for the entrance road and 0.883 for
the exit road. Additionally, the Min traffic noise values in the
evening exhibit a low Moran’s I value at a sample size of 5,
then begin to increase and stabilize at a value of 0.874 for
the main entrance road and a value of 0.903 for the main
exit road, which is higher than its value for LAeq and Max
noise levels for the exit road in the evening. It is also note-
worthy that the Moran’s I value for LAeq noise values for
the entrance road in the evening was higher and very close
to the average Moran’s I, while the Moran’s I value for the
Min noise values for the exit road in the evening was higher
than the average Moran’s I.

The decrease in Moran’s I is attributed to the variation
among some of the measured traffic noise points value,
which slightly reduces the spatial correlation between
the samples. According to the spatial analysis of the areas
surrounding the main entrance and exit roads of Al-Sadr
City, the variation in some values of the traffic noise is a
result of differences in traffic congestion in some parts of
the studied main roads (Table 3).

4.2 Comparison between IDW and Smart
Map (OK) methods

A comparison was made between the Smart Map Plugin
(OK) method and the IDWmethod using the LAeq value for
measured traffic noise points during three measurement
periods in the morning, afternoon, and evening. Several
processing steps were performed within the QGIS software
to evaluate the interpolation methods. The comparison
between the interpolation methods was conducted under
similar conditions, using parameters that provided the best
results for each method. The results of the comparison and
check between the two interpolation methods showed that
the Smart Map Plugin (OK) method outperformed the IDW
method, as it gave the lowest standard deviation and
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Figure 8: Computing Moran’s I for the spatial autocorrelation, between the measured traffic noise points, for the (LAeq), (Max), and (Min) values and
measuring the average Moran’s I. (a) Morning enter, (b) Morning exit, (c) Noon enter, (d) Noon exit, (e) Evening enter, and (f) Evening exit.
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RMSE. Additionally, the statistical results of the compar-
ison and check showed that the mean prediction error
obtained using the Smart Map Plugin (OK) method was
lower than that obtained using the IDW method for the
main entrance and exit roads of Al-Sadr city and for the

three measurement periods. Except for the evening exit
road, the mean prediction error resulting from using
IDW was lower due to the decrease in Moran’s I value
resulting from the decrease in spatial correlation between
traffic noise points. When using the Smart Map Plugin (OK)
and inputting all measured traffic noise points, the value of
Moran’s I is high. However, it is noted that this value
decreases after selecting a portion of the points for exam-
ination, as shown in Table 3. The statistical results of com-
paring the Smart Map Plugin (OK) method and the IDW
method were displayed using Data Plotly (a plugin in QGIS
that allows for creating graphs using Plotly library and
Python API), as illustrated in Figures 9 and 10.

4.3 Interpolated maps

The three noise attributes (LAeq, Max, Min) were interpo-
lated for all measured traffic noise points on the main
entry and exit roads of Al-Sadr City. The Smart Map
Plugin (OK) was used for interpolating the traffic noise
attributes, as shown in Figures 11–13, because it gave the
lowest RMSE values for the three measurement periods,
namely, morning, afternoon, and evening after comparing
it with the IDW method. Grids with cell sizes of 1 m × 1 m
were used. After the spatial interpolation process, areas of
high and low noise levels were found along the surface of
the main entry and exit roads of Al-Sadr City. Regarding
the predictive maps that were created for the purpose of
comparison and validation between the Smart Map plugin
(OK) method and the IDW method, using the noise level
value (LAeq) as the Z value, there was a noticeable differ-
ence between the spatial patterns of the maps produced by
each interpolation method. The spatial distribution and
arrangement of the data, as well as the spatial correlation
between them, along with the quality of the data, can affect
the performance of the spatial interpolation method and
the accuracy of the resulting surface. This may be the reason
why the OK method advanced with caution. Furthermore,
the transitions between LAeq values were smoother in the
prediction maps produced using OK.

5 Conclusions

The land surrounding the main entry and exit roads of
Al-Sadr city included residential, commercial, and service
areas, industrial zones, public buildings, and recreational
areas. According to the Iraqi Noise Control Law of 2015, the

Table 3: Values of Moran’s I and pseudo p-value calculated for each set
of samples chosen before and after the check procedure, for the two
main roads to enter and exit AL-Sadr City, for three measurement per-
iods, and three traffic noise attributes

Attribute 39 samples for the road
to enter in the morning

30 samples for the road to
enter in the morning

Moran’s I p-value Moran’s I p-value

LAeq 0.9 0.001 0.814 0.001
Max 0.893 0.001 0.797 0.001
Min 0.828 0.001 0.654 0.011

Attribute 39 samples for the road
to enter in the noon

30 samples for the road to
enter in the noon

Moran’s I p-value Moran’s I p-value

LAeq 0.898 0.001 0.820 0.001
Max 0.733 0.001 0.588 0.036
Min 0.918 0.001 0.886 0.001

Attribute 29 samples for the road
to enter in the evening

22 samples for the road to
enter in the evening

Moran’s I p-value Moran’s I p-value

LAeq 0.886 0.001 0.726 0.009
Max 0.860 0.001 0.725 0.002
Min 0.874 0.001 0.728 0.003

Attribute 39 samples for the road
to exit in the morning

30 samples for the road to
exit in the morning

Moran’s I p-value Moran’s I p-value

LAeq 0.888 0.001 0.777 0.001
Max 0.835 0.001 0.682 0.005
Min 0.920 0.001 0.841 0.001

Attribute 39 samples for the road
to exit in the noon

30 samples for the road to
exit in the noon

Moran’s I p-value Moran’s I p-value

LAeq 0.883 0.001 0.738 0.001
Max 0.838 0.001 0.590 0.036
Min 0.947 0.001 0.877 0.001

Attribute 29 samples for the road
to exit in the evening

22 samples for the road to
exit in the evening

Moran’s I p-value Moran’s I p-value

LAeq 0.879 0.001 0.708 0.002
Max 0.883 0.001 0.711 0.003
Min 0.903 0.001 0.766 0.001
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Figure 9: The statistical results of the check process using the Smart Map Plugin (OK) method and the IDWmethod, for the main road to enter Al-Sadr
City, and for three measurement periods, morning, noon, and evening. (a) Check IDW morning, (b) Check Smart Map (OK) morning, (c) Check IDW
noon, (d) Check Smart Map (OK) noon, (e) Check IDW evening, and (f) Check Smart Map (OK) evening.
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Figure 10: The statistical results of the check process using the Smart Map Plugin (OK) method and the IDW method, for the main road to exit Al-Sadr
City, and for three measurement periods, morning, noon and evening. (a) Check IDW morning, (b) Check Smart Map (OK) morning, (c) Check IDW
noon, (d) Check Smart Map (OK) noon, (e) Check IDW evening, and (f) Check Smart Map (OK) evening.
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Figure 11: The resulting interpolation maps using Smart Map Plugin (OK) for the noise values of LAeq, Max, Min for the main road to enter and exit
from Al-Sadr City at the morning. (a) Enter Main Road Smart Map Morning LAeq, (b) Exit Main Road Smart Map Morning LAeq, (c) Enter Main Road
Smart Map Morning Max, (d) Exit Main Road Smart Map Morning Max, (e) Enter Main Road Smart Map Morning Min, and (f) Exit Main Road Smart
Map Morning Min.
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Figure 12: The resulting interpolation maps using Smart Map Plugin (OK) for the noise values of LAeq, Max, Min for the main road to enter and exit
from Al-Sadr City at the noon. (a) Enter Main Road Smart Map Noon LAeq, (b) Exit Main Road Smart Map Noon LAeq, (c) Enter Main Road Smart Map
Noon Max, (d) Exit Main Road Smart Map Noon Max, (e) Enter Main Road Smart Map Noon Min, and (f) Exit Main Road Smart Map Noon Min.
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Figure 13: The resulting interpolation maps using Smart Map Plugin (OK) for the noise values of LAeq, Max, Min for the main road to enter and exit
from Al-Sadr City at the evening. (a) Enter Main Road Smart Map Evening LAeq, (b) Exit Main Road Smart Map Evening LAeq, (c) Enter Main Road Smart
Map Evening Max, (d) Exit Main Road Smart Map Evening Max, (e) Enter Main Road Smart Map Evening Min, and (f) Exit Main Road Smart Map
Evening Min.
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noise levels in these areas should not exceed 50–70 dB
during the daytime and 40–65 dB at night. However, the
results showed that the actual noise levels measured along
the main entry and exit roads of Al-Sadr city passing
through these areas exceeded the allowable national limits.
The highest noise values of LAeq and Max and the lowest
noise values of Min for the three measurement periods in
the morning, afternoon, and evening are presented in
Table 4.

The study concludes that the Smart Map Plugin (OK)
provides flexibility and ease of use in the initialization
and modification of the appropriate semi-variogram model,
which is used in the surface interpolation process to conduct
an interactive investigation of the spatial behavior of noise
phenomenon. Furthermore, this article highlights that the
user is not restricted to using the OK method, which is
available within GIS or QGIS software and lacks the capabil-
ities of the Smart Map Plugin (OK). Additionally, the Smart
Map Plugin provides the Moran’s I spatial correlation index,
facilitating the verification of spatial correlation among
measured noise points. When Moran’s I is high, OK per-
forms better than IDW, as evidenced by the test results.
Furthermore, after conducting a test using the measured
LAeq noise values for the entry and exit roads of Sadr
City, it was concluded that the Smart Map Plugin (OK) had
the best performance and gave a lower RMSE than IDW for
the three measurement periods. Additionally, the Plugin is
also flexible, allowing the user to make modifications to its
code. For example, the Plugin’s code was modified to change
the color gradient of the map indicator from red to green to
logically match high and low noise level values.
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