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Abstract: Visualisation of road traffic noise is vital for
traffic noise planning policies. Several factors affect the
noise from road traffic with physical and environmental
conditions. Collecting noise levels around the world is not a
possible task. Therefore, calculating noise levels by a valid
noise model, and spatial interpolations, is prime to traffic
noise visualisation. In this study, the Henk de Klujijver
noise model is used. Designing noise observation points
(Nops) embedding with a three-dimensional (3D) building
model and identifying the best suitable spatial interpola-
tion are important to visualise the traffic noise accurately.
However, interpolating noise in 3D space (vertical direc-
tion) is a more complex process than interpolating in two-
dimensional (2D) space. Flat triangles should be eliminated
in the vertical direction. Therefore, the structure of Nop
has a major influence on spatial interpolation. Triangular
Irregular Network (TIN) interpolation is more accurate for
visualising traffic noise as 3D noise contours than Inverse
Distance Weighted and kriging. Although kriging is vital to
visualise noise as raster formats in 2D space. The 3D kri-
ging in Empirical Bayesian shows a 3D voxel visualisation
with higher accuracy than 3D TIN noise contours.
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1 Introduction

Compared to other environmental and urban noise, such
as industry, airplanes, railroads, or recreational activities,
the problem of exposure to road traffic noise has been
worse recently [1- 3]. Identifying factors for road traffic
noise [4- 6], selecting a suitable road traffic noise equation
to calculate road traffic noise levels [7], spatial interpola-
tion of road traffic noise levels [8,9], validation of interpo-
lated road traffic noise levels [9,10], and colour notifications
for visualisation [11] are the main issues in road traffic noise
visualisation in three dimensional (3D) space [12]. Different
factors affect road traffic noise levels [13]. Recently, different
types of road traffic models have been associated with cal-
culate road traffic noise levels [14]. Road traffic noise zones
are vital for identifying noise-risky areas [13]. Urban road
traffic produces noise primarily through the interaction of
tires and the road surface [15,16]. Additionally, speed and
traffic flow conditions impact road traffic noise [14,17,18].
Moreover, the noise of tyres, construction of road, road sur-
face conditions [18], noise generation mechanism, measure-
ment methods, and accuracy of the validation affect road
traffic noise levels [19].

Furthermore, distance between noise vehicles to obser-
vation points, ground coverage, and reflectance from building
facades are various factors for road traffic noise pollution
[20]. Furthermore, the acoustic performance of a pavement
[21] plays an important role. Recently, most studies have
focused on identifying pavement performance for road traffic
noise pollution [3]. For these studies, the Statistical Pass-By
(SPB-ISO) method and Close Proximity Index (CPX) method
have been embedded [17]. However, the current study
focusses on identifying road traffic noise levels in two-
dimensional (2D) and 3D space. Therefore, additional road
traffic noise conditions should be considered rather than
SPB-1SO.

Various types of road traffic noise calculation methods
have been used to calculate noise levels in 3D. The United
Federal Highway Administration traffic noise model (FHWA),
the road traffic noise model (CoRTN) in the United Kingdom,
the RLS-90 model of Germany, and the Henk de Klujijver

1 This work is licensed under the Creative Commons Attribution 4.0 International License.
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model [20,22] are prominent for 3D road traffic noise visuali-
sation. The CNOSSOS-EU model of the European Union can be
one of the latest road traffic noise models. Recently, several
studies have used the calculation of CNOSSOS-EU model for
the road traffic noise. Tyre and road interaction, diffraction
during propagation, traffic flow, average speed, and ground
effects are the parameters of this model. However, noise
reflection from the buildings and the barriers, impact of bar-
riers, and weather conditions are not considered in the
CNOSSOS-EU model [23]. This model implies a closer connec-
tion to reality. However, the propagation of road traffic noise
along the vertical direction is not considered here. There is a
lack of 3D road traffic noise mapping through the CNOSSOS-
EU model. To avoid these issues, the Henk de Klujijver road
traffic noise model is used in this current study. Traffic flow,
different categories of vehicles, ground absorption, noise
absorption by air, noise reflection from the barriers, weather
conditions, and impact of noise barriers are considered in the
Henk de Klujijver road traffic noise model. Furthermore, sev-
eral studies have used this model for the 3D road traffic noise
mapping in urban cities [20].

Collecting noise levels everywhere is not a possible pro-
cess [24]. Calculating the noise levels where the designed
noise observation points (Nops) on the 2D and 3D space
via the noise equation is an effective method. Applying spa-
tial interpolation on noise levels is possible to create a con-
tinuous noise surface [8]. There are two main components in
traffic noise interpolation: designing Nops in 3D space and
applying a proper spatial interpolation technique [8]. The
energy of the noise levels decreases from the noise source to
the receiver while propagating [21]. This means that the
distance between the noise source and the receiver affects
inversely on road traffic noise levels [23,25]. Determining the
interval between Nops, what is the maximum distance that
needs to be maintained between the receiver and the noise
source, and designing Nops along uphill and downhill areas
(90° slope) are still issues in road traffic noise mapping [26].
However, identifying the impact of the interval of Nops along
the horizontal and vertical directions (3D space) is prime for
noise interpolations [27].

Embedding well-structured Nops with a noise equation
enhances the accuracy of noise interpolation. Inverse Distance
Weighted (IDW), kriging, and Triangular Irregular Network
(TIN) are the spatial interpolation techniques that are used
in traffic noise mapping widely [8,28]. The attributes of a
Nop (x-coordinate, jy-coordinate, z-coordinate, and noise level)
are exposed to the interpolation, algorithm, and it seems to be
a four-dimensional (4D) spatial interpolation [29,30]. There-
fore, the interpolation of road traffic noise in a 3D space is a
complex process because every height value (z) consists of a
noise value [31]. Noise contours and raster noise surfaces are
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prime for visualising road traffic noise in 3D space [32- 34]. TIN
is generally used to interpolate traffic noise levels along the
vertical direction, and IDW and kriging are vital for interpo-
lating on the horizontal surface. The design structure of noise
points along the vertical direction is important for removing
flat triangles (different (z) values for the same (x) and (y)
coordinates) for the interpolated surface [35]. Especially, 3D
kriging using empirical Bayesian kriging allows us to interpo-
late four parameters in 3D space [30]. It creates 3D multidi-
mensional geostatistical layers along the vertical direction.
Therefore, 3D kriging can be adopted to identify vertical pro-
pagation of road traffic noise levels via 3D visualisation. More-
over, 3D kriging can be embedded with 3D voxels [36- 38]. In
this current study, it shows the development of IDW, kriging,
and TIN spatial interpolations to interpolate road traffic noise
levels in 3D space via 3D road traffic noise contours. Further-
more, 3D kriging is embedded with 3D voxels to visualise road
traffic noise via raster format. Furthermore, the existing Henk
de Klujijver road traffic model is formulated with other sig-
nificant equations to consider road traffic noise factors. In
addition, this study aims to demonstrate such 3D road traffic
noise visualisation errors, accuracy comparison of different
interpolation techniques, and accuracy comparisons of dif-
ferent types of 3D visualisation.

To address the aforementioned issues, Univeristi Teknologi
Malaysia (UTM) was selected as the study area, and UTM is
located in Johor City, Malaysia. Noise pollution from road traffic
is increasing in UTM premises day by day due to developments
[39]. Recently, there is latest commercial software for 3D road
traffic noise mapping. However, ArcGIS Pro software provides
several significant tools for 3D interpolation and 3D visualisa-
tion. Even for 3D interpolation and 3D voxelisation, ArcGIS Pro
provides significant facilities. Furthermore, ArcGIS Pro provides
capabilities to integrate a 3D building model and a 3D road
traffic noise visualisation. Therefore, the current study uses
ArcGIS Pro for the 3D visualisation of road traffic noise. Mainly,
Geographic Information System (GIS) approaches are shown
for road traffic noise visualisation.

2 Methodology

2.1 Study area

The location of the study area is 1°33'37.6"N 103°38'16.4"E,
and it is located at UTM, Johor, Malaysia. This study is
carried out to determine the noise levels of the UTM.
According to previous studies, average noise levels have
been identified to be about 70 dB(A) around the faculty
building areas in the morning and evening. When considering
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Figure 1: Research study area (source: Google Earth).

the inner circle area ofthe university, the average traffic noise
levels range from 65 to 70 dB(A) [39]. Figure 1 illustrates the
overview of the study area.

The flow chart of the study is shown in Figure 2, and
the study is conducted in phase 1, phase 2a, phase 2b, and
phase 3 to meet the objectives and requirements.

2.2 Data preparation

2.2.1 Number of vehicles, vehicle speed, and noise levels
The number of vehicles, the speed of vehicles, and the type
of vehicles (light, medium, and heavy vehicles) were consid-

ered. According to the capacity of the engine, the vehicles
were classified as light, medium, and heavy. Engine capacity

Figure 2: Research workflow.
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less than 2,000 cc (cc is the unit to measure engine capacity)
was considered for light vehicles. The cars were taken as
light vehicles. Engine capacity between 2,000 and 3,000 cc
was considered for medium vehicles. Vans, jeeps, and cabs
were considered medium vehicles. If the engine capacity is
greater than 3,000 cc, vehicles such as a lorry, bus, and canter
were considered heavy vehicles. Vehicles have been counted
manually for about 10 (20) days from 7.30 a.m. to 9.30 am.
(during peak traffic times in UTM). The road network is
divided into 13 road segments to easily count vehicles. Road
segments are shown in Figure 3, and the number of vehicles
in the corresponding road segments is illustrated in Table 1.
The speed of vehicles is vital to calculate road traffic noise
levels, and it is very difficult to find the speed for each vehicle
separately [40]. Therefore, the average speed of the vehicle
was considered, after examining ten vehicles in each class. To
observe noise levels, the DEKKO SL-130, sound level meter,
was used. The accuracy of this noise meter is +0.3dB(A)
(decibel). A handheld global position system (GPS) instru-
ment (x1-3 m) was used to observe the noise points of the
location of the validation sample noise points.

2.3 Formulate an equation for traffic noise

calculation

The Henk de Klujijver noise model was adopted to visualise
traffic noise. According to previous studies, this equation
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Figure 3: Numbered road segments according to the flow oftraffic in the

morning.

has been used in the Hemmat highway in Iran to traffic
noise embedded with the 3D building model. This model
considers different factors for road traffic noise, such as
the number of vehicles, speed of vehicles, noise reflectance
of building facades, noise absorption by air and ground,
wind effect, and noise absorption by road surface. However,
it does not consider changes in noise levels with tempera-
ture [41] and pressure [42], and noise absorption by building
facades [43]. Therefore, the study was carried out without
the aforementioned parameters. Furthermore, this equation
assumes that noise comes from the road’s centreline, and
the receiver point will be exposed to the highest noise levels
when it makes the shortest distance between the receiver
point and the noise source. Eq. (1) describes the Henk de
Klujijver noise model [20].

L Aeqe + Coptrek + Creflectie D afstand D lucht D bodem

@

Drm D ba

LAeq is the noise level of the calculation point, and E is the
noise emission level. E can be calculated as the following

Table 1: Number of light, medium,

Road segment 1 2 3 4 5 6

L 125 127 166 671 277 321
M 10 n 7 24 n 17
H 34 21 19 18 0 0

L: light vehicles, M: medium vehicles, H: heavy vehicle.
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Eq. (2), Elv is the noise of light vehicles, Env is the noise of
medium vehicles, and Ezv is the noise of heavy vehicles,
which can be seen in Egs. (3)-(5). Mv, \irv, and Vav are the
average speeds of light, medium, and heavy vehicles. Qlv,
Qmv, and Qzv light, medium, and heavy vehicles.

E - 10 x log{(10E./10) + (10M 10) + (10£./1Q)}, (2)

Elv=69.4 + 276 x log{W ,} + 10log{QJViv}

©)
+ Cwegdek,Iv,
E 73.2 + 19.0 x log{VmvN\o} + 10log{Qmv/Vmv} @
+ Cwegdek,myv,
E.v = 76.0 + 17.9 x log{Vzv/\o} + 10log {Qz V2 } ©)

+ GNegdek,zv,

where Onegdek is the noise emission from the road surface
due to friction between the tire and the road surface. Alm
and bm are the constant values for different road’s sur-
faces. Eq. (6) shows the following:

Gwegdek = Alm + bmlog(vm/vom), (6)

where Coprek is the extra noise emission from vehicle
braking and accelerating. Creflectie is the noise reflexion of
building facades and wall barriers. Fobj is the reflection
noise on the other side of the road and is between 0 and 1
Only the object is situated at a reasonable distance, and it
will be considered reflective noise. Eq. (7) describes the
reflectance noise from the other side of the road.

Geeflectie = 1.5 X fObJ (7)

The traffic reflexion of traffic noise from building facades
and other hard surfaces affects the mitigation of the noise
levels [44]. The noise reflection from opposite side facades
and rigid surfaces of the opposite side is +1.5 x (0'/0) dB(A),
where ff is the sum of angles subtended from facades and
surfaces. ff is the total angle subtended from road the seg-
ments to the receiver point [20,45]. This basic theory can be
embedded to find the value of fobj (7). Figure 4 illustrates the
traffic noise reflection correction with building facades.

According to the UTM building structure, many build-
ings are located on both sides of the road. Therefore, it

and heavy vehicles on the corresponding road segments in the morning

7 8 9 10 1 12 13 14
241 56 433 230 459 99 51 17
17 9 21 8 8 9 3 2
31 0 53 15 14 0 0 0



DE GRUYTER

seems that the sum of angles subtended from opposite side
facades to a receiver point is laid as the continuous angle.
Thus, it can be concluded that the ratio between thesum of
the subtended angle and the total subtendedangle is one.
According to this verification, the noise reflection correc-
tion was determined as +1.5 dB(A). Dafstand is the reduction
of noise with distance. Dlucht is the reduction of the noise
due to absorption from the air. r is the displacement
between the noise source and the observation point. Egs.
(8) and (9) show how to calculate reduction noise and
absorption noise.

A ucht = 0.01 ~ r09, (8)

Datstana “ 1O|Og(r) (9)

Dbodem is the traffic noise absorption from the ground,
where B is the part between the centreline of the road
and the Nops. The value of B is between 0 and 1. The hw
is the height of the traffic Nop from the reference ground
level. The hweg defines the height of the road from ground
level. Eq. (10) shows that

Dbodem = B[2 + 4(1 - e---04r) X (€-°s5fw
+ £ o0-65(tweg- °.75))]

The impact of ground attenuation is a result of noise
absorption [20]. Ground attenuation on traffic noise levels
does not affect the size of the region (size of the part
between the noise source and the receiver) and depends
on the properties of the ground surface. For hard ground
(dense asphalt, concrete), the B is 0. The B is 1, when the
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ground is completely covered by grass (porous ground)
[46]. B is between 0 and 1 when the ground is covered
with both porous and hard ground. B is 0.7 for compacted
lawns, and it is 0.3 for the gravel areas [47]. Therefore, the
aforementioned value of B was attached to the research
with the field verification of ground surfaces in the UTM
area. Dreteo represents the reduction in noise due to wind
conditions, and it is shown in Eqg. (11) [20].

Drreteo = 3.5 - 3.5e(-004r/(hvghw075)). 1)

2.4 3D City model

The traffic network is essential for the sustainable devel-
opment of urban cities [48]. Traditionally, road traffic noise
was visualised in a 2D space with embedding geographical
information science (GIS) [49]. Recently, 3D GIS has emerged
for road traffic noise visualisation [50,51]. The simple building
model and the complex building model are the two types of
models inserted with traffic noise visualisation. Due to the
travel of noise in every direction, a 3D building model is vital
[52]. However, a simple building model of a city is enough for
visualisation of traffic noise [53]. A simple building model of
the UTM area was captured from a drone survey. Buildings,
road centreline, and digital elevation models are extracted
after the classification of drone point clouds [64]. Figures 5
and 6 show point clouds and the 3D model of UTM. Pix4d
Mapper, ArcGIS Pro, and Civil 3D software were used for 3D
modelling.

Figure 4: Noise reflection correction which happens from buildings and barriers on opposite sides of roads [45].
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Figure 5: Drone point clouds to design 3D buildings of study area.

2.5 Design of traffic Nops and spatial
interpolation

2.5.1 Nops design

Nops are designed in 2D and 3D space as grid patterns [55].
It is vital for continuous surface during spatial interpola-
tion [56]. The Nops were designed along the shortest dis-
tance between the vehicle and the centreline of the road
[9]. According to the Henk de Klujijver noise model, the
noise mitigated from 10log(r); r is the shortest distance
between the vehicle and Nop. Therefore, the distance
interval between Nop was 2 m. If the study area is approxi-
mately flat, it is not a complex process to establish Nop
compared to the undulated areas. Noise travels in all direc-
tions, including upward and downward. If the slope of the

Figure 6: 3D building model of study area including terrain variation.
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terrain is straight down and straight up (90°), it is a reason
to mitigate noise levels from the terrain barriers [57]. The
area of UTM is large and undulated, and there are up and
down slopes. Therefore, the Nops were not designed beyond
the up and straight down slopes, as shown in Figure 7. Still,
there is no method to identify the maximum distance that
the noise can travel. In the pilot survey, the mean noise
levels were 63.6 dB(A) to the nearest road edge, and the
average traffic noise levels were 41.4 dB(A) without any
vehicles. It is about 22 dB(A) noise reduction. Therefore,
under the verification of 10log(r), the distance of 100 m
was not exceeded to design Nop. There was no special
reason to select the distance interval of Nop along the par-
allel direction with the road [9]. To maintain accuracy, 10 m
was manipulated for Nop. Nop in 2D space is illustrated in
Figure 7. Flat triangles (same x andy coordinates for dif-
ferent z coordinates) were eliminated when designing Nop
along the vertical axis [9]. If the Nops have the same x andy
coordinates for different z values along the same vertical
direction, this is an issue for spatial interpolation. The first
Nop was designed 1 m away from the building facade, then
the other Nop was designed 10 cm away from the previous
position. The points’ intervals of the 3D space (along the
vertical axis) were the same as those of the 2D space.
Figure 7 illustrates Nop in 3D space.

2.5.2 Spatial interpolation and traffic noise visualisation

TIN, IDW, and kriging spatial interpolation techniques
were used to interpolate noise levels. Furthermore, the
3D kriging spatial interpolation technique was adopted in
this study for interpolation. The distance-weighted factor
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Figure 7: Designed Nops along facades of buildings and horizontal

direction in 3D space.

was taken as two for IDW interpolation. It means that a
second-order polynomial function was attached to IDW.
Variogram and the Gaussian method were applied for kri-
ging [8,9]. Cell size was taken as 1 m to visualise the noise
level in raster format on 2D space. The TIN interpolation
technique was more applicable for noise interpolation in
the vertical direction (3D space) than IDW and kriging [9].
However, itwas not easy to interpolate on the vertical axis.
A Nop in 3D space has four parameters, such as the x
coordinate, they coordinate, z coordinate (heights along
the building, facades), and the dB(A) value [57]. TIN, IDW,
and kriging are applicable to work with three parameters
in spatial interpolation. Because Nops were designed on
the vertical axis to eliminate flat triangles (the same x
andy coordinates for different z coordinates on the same
vertical axis), it was the reason to project Nops to 2D space
without overlapping. Using x andy coordinates with dB(A)
values, Nop was interpolated in 2D space using TIN. Thus,
the TIN surface was converted into noise contours (contour
interval 0.2 dB(A)), and then, z values (heights along building
the facade) were inserted using ArcGIS Pro software. To
improve the visual quality of the noise visualisation, the
3D voxel-based method was adopted to represent the traffic
noise levels in the 3D space. The 3D kriging used in
Empirical Bayesian Kriging allows one to assign four
parameters (including dB(A), values), and it shows the
noise levels as horizontal slices along the vertical axis
(Figure 8). The collection of these 3D kriging layers is vital
for voxel cube representation [58].
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Figure 8: 3D Kriging horizontal slices for road traffic noise levels in 3D

space.

2.6 Validation of interpolated traffic noise
levels

Validation of interpolated road traffic noise levels with
sample Nops is vital in both 2D and 3D space using a sta-
tistical method. Root mean square error (RMSE) and mean
error (ME) were used to validate road traffic noise in 2D
and 3D [9]. The sample points were observed in 2D and 3D.
The number of sample points, the distribution, and the
density of the sample points were considered. To observe
2D road traffic sample noise levels, the noise level metres
were kept 1.5 m high from the ground level. To observe the
noise levels of the 3D road traffic sample, the noise level
metres were kept along the facades of the buildings, and
the distance interval between the noise level metres is
45m along the vertical direction. The lower RMSE and
ME were kriging surfaces rather than IDW and TIN sur-
faces. Therefore, interpolated noise surfaces from kriging
were used to visualise traffic noise levels in 2D. Visualisa-
tion of kriging noise is illustrated in Figure 9. Colour noti-
fications are vital for noise visualisation: purple was used
to represent higher noise levels, and light blue was used to
represent lower noise levels [11]. According to the rules
and regulations of the World Health Organisation, 55 dB(A)
is not exceeded [59]. Therefore, the 2D noise visualisation
was reclassified as <55 dB(A) and >55 dB(A). The reclassified
2D noise visualisation is shown in Figure 10. Moreover, the
3D kriging voxel, visualisation, and the 3D noise contour
visualisation are shown in Figures 11 and 12. The reclassified
noise contours are shown in Figure 13.
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Figure 9: 2D road traffic noise map.

Figure 10: 2D reclassified road traffic noise map with concerning lower

than and greater than 55dB(A).

3 Results and discussion

Traffic noise levels are higher on roads than in other areas.
However, the number of heavy vehicles has a significant
influence on increasing traffic noise levels. According to
Figure 9, when considering road segments 6 and 7, there
is a considerable difference in the number of heavy vehi-
cles. It seems that the noise levels around segment 7 of the
road are higher than those around segment 6. According to
Figure 10, the noise levels are greater than 55 dB(A) in
many buildings. However, few buildings are within an
area of less than 55 dB(A). The area (less than 55 dB(A)) is
36,512 m2, and the area (more than 55 dB(A)) is 331,873 m2
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Figure 11: 3D voxel road traffic noise visualisation by combining 3D

kriging noise layers.

Traffic noise decreases with distance, but the rate increases
as the ground consists of grass. Noise validation in 2D kri-
ging is as follows: ME is -0.301 and RMSE is 1.628. IDW
shows that ME is -0.405 and RMSE is 2.316. TIN results
show that ME is -0.418 and RMSE is 2.915. Ninety-seven
sample noise points were used to validate 2D noise visua-
lisation. The kriging is a geostatistical spatial interpolation
technique. The correlation among Nops is considered.
Therefore, kriging is vital to interpolate clusters and large
sizes of data. Moreover, according to the variance of the
Nops (decreasing the similarity between Nops with the
distance), the mathematical model is fitted to semi-var-
iance points. This model can be called a variogram. The
Gaussian variogram was used in kriging. The IDW is a
deterministic method. The main influencing factor for IDW
is its weighting factor. If the weighting factor is increased,
the interpolated surface is smoothed. The weighting factor
describes the significance between an interpolated value
and an observed value. However, when this weighting factor
is used, the interpolated value is the same as the observed
value. Then, it is a reason for a less accurate interpolated sur-
face. Therefore, the weighting factor of the IDW was selected
as 2. When considering traffic noise levels, there is no higher
value difference between Nops, and it is about 1 dB(A) for 1m.
Thus, there is a correlation between the Nop values. Therefore,
kriging shows better accuracy than IDW and kriging in the 2D
traffic noise mapping.

The distance interval of the Nop depends on the traffic
noise model. Traffic noise reduces from 10log(r) with the
distance in the Henk de Klujijver noise model. If the dis-
tance interval is 1 m between two Nops, according to that
equation there is no noise reduction. Therefore, the
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Figure 12: 3D road traffic noise contours visualisation along the facades of buildings.

Figure 13: 3D reclassified road traffic noise contours with concerning
lower than and greater than 55dB(A).

distance interval between Nop is vital, 2m. Designing Nop
as eliminating flat triangles (the same x andy coordinates
for different z coordinates) is important to interpolate
noise levels in the vertical axis. However, according to
the results in the 3D interpolation, there is no more differ-
ence between the values of Nops along the vertical axis; it
is about 0.2 dB. However, the IDW and kriging noise contours
are inaccurate on the vertical axis, and there are some irre-
gular and unpredictable structures (such as the sin wave). It
means that IDW and kriging noise contours do not exactly fit
with the Nop on building facades (Figure 14(a)-(c)). The TIN
contours were directly extracted from a TIN interpolation.
The kriging and IDW noise contours were designed after
converting the TIN surface to the IDW and raster surfaces.
But the TIN contours are exactly fit with Nops. Therefore,
adopting TIN spatial interpolation techniques is vital for noise
interpolation in the vertical axis rather than IDW and kriging.

Figure 14: (a) TIN road traffic noise contour extract fit with Nops; (b) IDW road traffic noise contours that are in irregular shapes; (c) kriging road

traffic noise contours that are in irregular shapes in 3D space.
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Figure 15: Irregular-shape voxel edges of 3D road traffic noise

visualisation.

However, the 3D noise contours have irregular and
unexpected shapes between the ground level and 1 m level
of facades. This means that the Henk de Klujijver model
does not show a more accurate value when the observation
points are closer to ground level. However, it is not an
issue; the 2D noise mapping assumes that the noise levels
propagate above 1.5m from ground level. The 3D noise
contour visualisation and the 3D kriging voxel visualisa-
tion were used to validate the 3D noise visualisation. In 3D
noise visualisation, 3D contours show that ME is -0.337 and
RMSE is 0.658. 3D Kriging voxel shows that ME is -0.293
and RMSE is 0.425. Twenty-one sample noise points were
taken on building facades for 3D validation. Changing
noise levels is limited along the building facades in a ver-
tical direction. The facades of only a few buildings are less
than 55 dB(A). The shape of the building has a valid influ-
ence on road traffic noise levels [60]. However, in the
results of this study, it can be concluded that the shape
of the UTM buildings is not a valid influence for changes
in noise levels in 3D space than in 2D. If the study area is
flat, it is not a complex process to design Nop. Moreover, in
that case, the terrain height does not affect the receiver’s
height from the reference road level. Otherwise, the study
area is undulated, and the terrain has a high impact on the
receiver heights from the reference road level.

4 Conclusions

Road traffic noise levels vary with different types of fac-
tors. Physical and environmental conditions are the main
factors that influence traffic noise levels. Many of those

DE GRUYTER

conditions, reflectance noise from building facades, noise miti-
gation from noise barriers, and weather conditions do not
remain uniform. Therefore, the existing noise model requires
modifications relevant to environmental conditions [4,61].
Furthermore, calculating the number of vehicles in a dynamic
traffic flow is a difficult task. In this study, a manual vehicle
calculation method was used. However, the study has devel-
oped a machine learning method to detect traffic flow using
camera images. Thus, this method can be integrated into this
current study to calculate the number of vehicles [23]. Road
traffic noise propagates in all directions. Therefore, identifying
the noise propagation path between the vehicle and the Nop is
a difficult task, in a complex building environment. The dif-
fraction occurs on the noise propagation path due to facades
and horizontal and vertical edges of buildings. This means
that buildings act as noise barriers between the noise source
and the receiver [55]. However, there is no method for finding
noise mitigation from building barriers. However, studies by
Dudiev and Tupov [62] have shown an equation to find noise
reduction from wall noise barriers. The width of the wall is
not considered a factor in reducing noise. If there are straight-
up slopes and straight-down slopes, the terrain may be noise
barriers for propagation. Therefore, designing Nop beyond
these slopes is not possible for noise calculations. There is
no maximum distance to which traffic noise can travel. The
maximum distance from Nop to the centreline of the road
should be considered when designing Nop, and the maximum
distance can be taken after field verification. However,
according to the RMSE and ME of 2D noise interpolation,
the kriging has the lowest RMSE and ME; in this case, kriging
is vital to interpolate noise levels in 2D space (x andy). The
TIN is vital for 3D noise visualisation. The inaccurate distri-
bution of locations (Nops) impacts the final noise visualisa-
tion. Therefore, the number of sample noise points, the
distribution, and the density of sample noise points should
be considered. Still, it is a challenge to validate noise con-
tours in 2D and 3D spaces. However, it is possible to validate
noise contours after converting them onto raster surfaces.
According to the 3D noise validation, the 3D kriging voxel
was more accurate than the visualisation of 3D noise contours.
But visualising traffic 3D kriging voxel is a more complex pro-
cess than 3D contour visualisation. However, a 3D kriging voxel
is more effective and accurate for 3D traffic noise visualisation.
However, cartographical simplification is essential for voxel
edges to eliminate irregular square shapes (Figure 15).
Uncertainty errors occur when the output cell sizes may
not match the accuracy of the noise levels. Furthermore, if
the resolution of 2D and 3D buildings (building dimension) is
not related to the size of noise visualisation, it is a reason
for inaccurate traffic noise visualisation [63]. Noise pollution
is a phenomenon, and colour is a visual variable that
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represents a phenomenon. In traffic noise visualisation, the
intensity of warm colour decreased, and cool colour was
used to represent higher noise levels. In that case, purple
is used for higher noise levels, and light blue is used to
represent lower noise levels. It may be the reason why the
red and green colour cannot be easily identified by 0.5% of
female and 8% of male persons [64]. Therefore, enhancing
the green to light blue and the red to purple is a solution to
avoid that matter.
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