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Abstract:

Keywords:

Road traffic noise visualization is vital in three-dimensional (3D) space. De-
signing noise observation points (NOPs) and the developments of spatial inter-
polations are key elements for the visualization of traffic noise in 3D. Moreover,
calculating road traffic noise levels by means of a standard noise model is vital.
This study elaborates on the developments of data and spatial interpolations
in 3D noise visualization. In 3D spatial interpolation, the value is interpolated
in both horizontal and vertical directions. Eliminating flat triangles is vital in
the vertical direction. Inverse distance weighted (IDW), kriging, and triangular
irregular network (TIN) are widely used to interpolate noise levels. Because
these interpolations directly support the interpolation of three parameters, the
developments of spatial interpolations should be applied to interpolate noise
levels in 3D. The TIN noise contours are primed to visualize traffic noise lev-
els while IDW and kriging provide irregular contours. Further, this study has
identified that the TIN noise contours fit exactly with NOPs in 3D. Moreover,
advanced kriging interpolation such as empirical Bayesian kriging (EBK) also
provides irregular shape contours and this study develops a comparison for
such contours. The 3D kriging in EBK provides a significant approach to inter-
polate noise in 3D. The 3D kriging voxels show a higher accurate visualization
than TIN noise contours.
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1. Introduction

Road traffic noise pollution is a serious environmental problem and identifying
road traffic noise pollution through a 3D visualization is vital.

1.1. Road Traffic Noise and Visualization

Not all sound is considered to be noise pollution. The World Health Organi-
zation (WHO) has identified noise above 55 dB as a possible health hazard and has
concluded that people should not be exposed to such levels [1, 2], but this limitation
depends on the country. According to the emission of road traffic noise:, the noise
limitation level in Malaysia is 55 dB during the day time and 50 dB for night time;
Germany has levels of 45 dB during the day and 35 dB for night time; Japan is 45 dB
during the day time and 35 dB for night time; Iran is 55 dB during the day time
and 45 dB for night; and Australia is 45 dB during the day time and 35 dB for night
time [3]. The noise level generated by each vehicle to the noise receivers is a perpen-
dicular propagation from the centerline of the road [4]. Noise propagation frequent-
ly happens through a line source in most urban cities. This assumption fails if the
receiver points are located on the line source. A line traffic noise source is spread as
cylindrical sound waves, and a point source spread spherical spreading from the
particular vehicles [5].

Urbanization is one of the major drivers behind extensive noise pollution [6]. It
is caused by the movement of vehicles such as automobiles, and road traffic noise
pollution is 90% of noise pollution in urban areas [7]. Traffic noise can travel in every
direction and heard from some distance away [8]. The three-dimensional (3D) vi-
sualization of noise provides an accurate representation so that people can identify
the risks of noise pollution [9]. The road traffic noise visualization consists of a traf-
fic noise calculation to noise observation points (NOPs), traffic noise interpolation,
and visualization. Road traffic noise models are mathematical models that are used
to measure and predict the vehicle noise. These models are used to assess the im-
pact of traffic noise and to plan noise mitigation strategies [9, 10]. A suitable noise
model is vital for accurate noise calculations [10]. One of the most common meth-
ods to visualize traffic noise is a combination of traffic noise surfaces and a 3D city
model [11]. However, collecting road traffic noise levels from everywhere is an im-
possible task and thus calculating traffic noise levels to noise observation points by
means of a noise model is crucial, together with spatial interpolation. In addition,
reviewing spatial interpolations and their developments are also important. Unlike
2D visualization, developments of spatial interpolation are essential to interpolate
traffic noise levels in 3D. The noise contours are lines or curves that represent the
same noise level or sound pressure level both 2D and 3D [12]. In addition, raster
cells are small squares or rectangles that are used to create a visual representation of
the intensity of sound in a given area [13] and 3D noise contours and 3D voxels are
primed to visualize traffic noise in 3D.
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Road traffic noise models can be used to calculate noise levels along both verti-
cal and horizontal propagation. The factors of road traffic noise calculation are not
constants even in different cities of the same country. Therefore, several amend-
ments to existing noise models are required for traffic noise calculations [14] and re-
viewing the standard road traffic noise model is vital to road traffic noise mapping.
Sounds from engine noise, tire and road friction, road surface type, and rolling noise
are the main contributors to the generation of traffic noise [15]. Furthermore, road
traffic, human qualities [16], transportation networks, and environmental conditions
all lead to increased traffic noise pollution [17]. Speed, volume, acceleration and de-
celeration, the volume of heavy vehicles, road gradients, noise reflection, and noise
absorption by ground are further important factors in traffic noise pollution [18].

1.2. Road Traffic Noise Model

The Federal Highway Administration (FHWA) model consists of the following;:
vehicle distributions, traffic pattern, types of the surface of the buildings, the heights
of the receiver, barriers, and the type of the pavements are considered as factors of
traffic noise [19, 20]. Meanwhile, the RLS-90 model includes: average hourly traffic
flow, number of vehicles such as motorcycles, light and heavy vehicles, and average
vehicle speed of each group, type, and shape of the roads, barriers, and noise ab-
sorption are considered parameters [21, 22]. The CoRTN model is suitable for rush
and free long line hour traffic situations, and where the vehicle spacing is inter-ve-
hicular spacing is not more related to the distances or uneven. The speed of cars,
the composition of the vehicles, the number of vehicles, the road’s gradient, and the
road surface condition are used to calculate the noise levels [22, 23].

Finally, we have the Henk de Kluijver noise model which considers the physical,
natural, and traffic conditions. Moreover, this model is highly flexible and can be used
for different types of environments. The number of vehicles, type of vehicles, speed of
vehicles, noise reflection, noise absorb by ground, noise barriers, and weather condi-
tions are the parameters of this model [9, 24]. Furthermore, this noise model has pro-
ceeded to calculate road traffic noise levels in a vertical direction around the buildings
near the Hemmat highway in Iran [9]. Vertical propagation of traffic noise along the
facades of buildings has been considered in this study. Moreover, 2D visualization of
road traffic noise has been shown along the vertical direction. Furthermore, this study
demonstrates several significant methods to design NOPs along both vertical and
horizontal directions and methods of traffic noise visualization like noise contours,
and raster visualization. Therefore, the Henk de Kluijver road traffic noise model
has been selected for this study due to its greater number of traffic noise parameters.

1.3. Road Traffic Noise Propagation along Vertical Direction

The heights of the buildings affect road traffic noise differences in the verti-
cal direction. The distance of the traffic noise propagation path between the noise
source and receiver is vital for the noise difference [25]. Decreasing road traffic noise
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levels between two NOPs is smaller in the vertical direction than in the horizontal
direction and variations in traffic noise levels on lower floors are higher than on
higher floors [26]. In road traffic noise propagation over the ground, there will be
energy losses due to ground absorption. The ground effect is weaker for the higher
stories than for the lower stories [25]. Furthermore, the ground effect loses acoustic
energy up to a certain height. In addition, properties of air, such as humidity, tem-
perature, and wind vary with positions of vertical direction. Therefore, inserting
ground effect, noise absorption by air, and weather correction for the vertical prop-
agation of road traffic noise is vital to increase the accuracy [25]. The shape of the
facades of buildings affects changes in traffic noise levels in the vertical direction
but it does not seem to contribute to traffic noise propagation in the horizontal [26].

1.4. Noise Observation Points (NOPs)

The 3D city noise model can be used to display the intensity of noise levels in
a particular area. However, several studies have been conducted for 3D road traffic
noise visualization, and two-dimensional (2D) visualization was widely used [27].
NOPs are used to measure the noise level in a specific location, and interpolation is
used to predict the noise level in the surrounding areas [24]. The purpose of NOPs
is to identify noise levels and their design is an important process [28]. NOPs are
designed as grid patterns [24] and in 2D visualization, the x coordinate, the y coor-
dinate, and the noise level of a NOPs are considered for interpolation. This means
that three parameters of a noise observation point are considered for 2D interpo-
lation [29]. In 3D interpolation, the noise values are interpolated in the vertical
direction. When considering NOP in a 3D space, it has an x coordinate, a i coordi-
nate, a z coordinate, and a noise level (four parameters) [30]. The overlap of NOPs
should be eliminated along the vertical direction. It is denoted as avoiding flat trian-
gles (different z values for the same x and y coordinates) in spatial interpolation [24].
The distance interval of NOPs impacts the accuracy of the interpolation [24]. The
inverse distance weighted (IDW), kriging, and TIN spatial interpolation are widely
used for noise interpolation [31]. The IDW, kriging, and TIN interpolations are di-
rectly supported for 2D noise interpolation [32]. However, developments in spatial
interpolation are required for 3D road traffic noise interpolation [33]. The elements
of spatial interpolation are vital. The weighting factor is 2 of the IDW, the Delaunay
triangulation of the TIN, and the Gaussian variogram of the kriging enhance the ac-
curacy of spatial interpolation [31, 34]. The 3D kriging in empirical Bayesian kriging
is vital to interpolate road traffic noise levels in 3D space [35]. For 3D kriging, there is
no need to design NOP as eliminating flat triangles, meaning that it not necessary to
design NOPs in order to eliminate the same x and y coordinates for different z values
on the same vertical axis [36]. The noise levels are interpolated as horizontal slices
along the vertical direction in 3D kriging. Furthermore, the 3D voxel embedded with
3D kriging shows a significant noise visualization in 3D space [37].
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1.5. Two-Dimensional Spatial Interpolation and Visualisation

The object or phenomenon moving along the vertical axis is not considered
in 2D spatial interpolation. As an example, noise levels are not described on a ver-
tical axis in 2D. The accuracy and comparison of elements of 2D spatial interpola-
tion are vital. The IDW is a deterministic method for spatial interpolation and the
weighted average of known points is considered [38, 39]. However, the correlation
of neighborhood points is not considered [40]. It means that IDW is more effective in
visualizing road traffic noise in undulated and obstacles areas. Because of these vari-
ations, road traffic noise is higher in these areas [31]. Equation (1) [41] shows that:

di”

w(x,y) =Y diwi, hi=~ )

2.4

i=1

where:
w(x, y) — the interpolated value positioned at the point (x, y),

ki — the weight of the known results,

wi — positioned at point (xi, yi),

N — the number of observed (known) points (x, v),

Ai — the weight at the point i,

di — the distance between the observed (known) point (xi, yi) and the

estimate point (x, v),

p — the weighting factor [42].

The influence of the weighting factor is vital for the smoothness and accura-
cy of the interpolated surface [43]. According to Equation (1), IDW can be used to
interpolate three parameters easily. However, a NOP consists of four parameters
(x coordinate, y coordinate, z coordinate, and a noise value) in a 3D space. Therefore,
developments of spatial interpolations should be adopted for IDW to 3D spatial inter-
polation. When increasing the weighting factor, the interpolated value shows greater
similarity to the value of known points [44]. Traffic noise is reduced by approximately
1 dB over a 2 m distance in noise propagation along the horizontal direction [9, 45].
Thus, there is a greater value difference in neighborhood points. Therefore, assigning
a suitable value to the weighting factor is vital for road traffic noise interpolation [46].

Kriging is a geostatistical method [47]. Kriging is applicable for large-size and
clustered data. Thus, if the observation points have a correlation, kriging is pre-
ferred [48] and the correlation of points is measured by semivariance [49]. The func-
tion of kriging is described in Equation (2) [44]:

Z(s,) =Y. hiz(si) @)
where:
s, — the interpolated point,
z(si) — the observed value (known point),
N - the number of observed (known) values,
Ai — the weight of the observed points.
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In kriging, the weight does not only depend on the inverse of distance like IDW
but also the variogram [50]. The Gaussian variogram is vital to increase the accuracy
of the traffic noise interpolation [51]. The studies show the accuracy comparison of
IDW and kriging for 2D road traffic noise mapping [24, 31]. However, the results of
this study can be embedded in 3D road traffic noise mapping since kriging is more
effective in the interpolation of clustered data. This means that if the road trafficnoise
levels have smaller variations in comparison to neighboring noise levels, kriging is
possible to interpolate [24]. The triangular irregular network (TIN) is not widely used
for noise interpolation [52] but it is suitable for highly variable noise levels. TIN pro-
vides a vector-based triangulated surface and Delaunay triangulation is vital to in-
terpolate traffic noise levels [34]. As mentioned above, IDW, kriging, and TIN spatial
interpolations are vital to interpolate three parameters. This means that this interpola-
tion can be easily used for the interpolation of 2D road traffic noise but developments
of spatial interpolation should be adopted to interpolate road traffic noise in 3D.

1.6. Three-dimensional Interpolation and Voxel Visualization

The 3D data show that the value of points changes faster in the vertical direction
than in the horizontal direction [53]. This means that environmental processes move
slowly along the same height and the prediction of a new location of a point can be
sought with respect to vertical and horizontal directions [54]. 3D kriging is effective
for these situations. According to the Henk de Kluijver road traffic noise model,
noise reduces by approximately 2 dB within 2 m during horizontal propagation.
There is the same noise level for the same parallel line to the centerline of the road
if there are no noise barriers, noise reflection, and noise absorption by ground. The
same is true for the vertical direction, as the noise levels are the same for horizontal
levels in the vertical direction. Thus, 3D kriging can be applied to interpolate road
traffic noise levels from the facades of buildings. 3D kriging is a geostatistical in-
terpolation technique that can be used to interpolate values from multiple observa-
tions [55]. 3D kriging is an empirical Bayesian kriging that can be used to interpolate
three-dimensional data, such as noise levels at different heights [56]. The difference
in how we observe changes of values vertically and horizontally is the elevation
factor assigned. However, linear trends should be removed in the vertical direc-
tion (Fig. 1) [2]. The elevation factor is determined according to the stretching of the
elevation of an observed point along the vertical axis while making the same hori-
zontal coordinates [57]. This elevation factor allows us to find a correct variogram
model, neighbors, and suitable weights. If the weighting factor is not applied before
processing, it is automatically calculated in run time using the maximum likelihood
method [58]. While the developments of interpolations do not need 3D kriging such
as IDW, TIN, and kriging for 3D road traffic noise interpolation [59], 3D kriging is
vital for interpolating points consisting of x and y coordinates, a height value, and
an observed value (noise levels) [60]. The output of 3D kriging is a 3D geostatistical
layer but this 3D layer can move along the vertical axis (see Fig. 2) [61].
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Fig. 2. 3D geostatistical layers
Source: [57]

A voxel is a three-dimensional pixel, and it looks like a three-dimensional grid
forming a cube. Since road traffic noise travels in every direction, it has 3D view and
thus 3D pixels are effective in representing road traffic noise in a 3D space. A voxel
model is created for the data, which is interpolated on 2D slices. Selecting a well-
defined 3D volume for the spatial distribution of input data denotes voxelization.
A voxel shows the multidimensional spatial of 3D volumetric visualization [62]. The
3D kriging provides multidimensional voxel layers, including data captured at mul-
tiple depths [63, 64]. The formation of the voxels between the consecutive 3D kriging
geostatistical layers is a significant process [65].

According to Figure 3, the information of the voxel can be filled under the posi-
tional relationship between the voxel and the layers. The type I voxel is completely
removed, because any layer does not belong to the voxel. The type 1l voxel needs
to be split, this type of voxel passed through a layer and, therefore, it needs to be
split [65]. The type III voxel is needed to complete retention, because these voxels
exist between the two layers. Thus, 3D kriging road traffic noise geostatistical layers
along the vertical direction can be embedded in 3D voxels to represent road traffic
noise in a 3D space via 3D kriging.
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Source: [65]

2. Methodology

Calculating road traffic noise, spatial interpolation, and developments are es-
sential for the 3D representation of road traffic noise levels. To further improve the
quality of road traffic noise visualization, the data generation and accuracy compar-
ison of spatial interpolation are vital.

2.1. Study Area

The study area is the Centre for Environmental and Sustainability, located at the
Universiti Teknologi Malaysia (UTM), Johor, Malaysia. The location is 1°33'39.2"N
103°38'13.48"E. There is higher traffic noise in the morning and evening due to high-
er traffic flows. This study was carried out to visualize the traffic noise of six build-
ing facades and around the buildings in 3D. The Henk de Kluijver road traffic noise
model was used to calculate traffic noise levels along a vertical direction. This re-
search was conducted as model research to prepare traffic noise control strategies
for UTM. Moreover, this study shows a comparison of accuracy, IDW, TIN, kriging,
and 3D kriging for interpolating traffic noise via noise contours and raster noise
voxels. Figure 4 illustrates the overview of the study area.

To visualize traffic noise in a 3D space, the visualization of traffic noise should
be embedded with a 3D building model (see Fig. 7). The building model of this study
was created using drone survey and GIS approaches. The level of details (LoD1)
model was used for building information modelling (BIM). There are no curved
facades of buildings, and all the facades are flat. Calculating traffic noise levels to
NOPs is vital and are designed in the horizontal and vertical axes. The Henk de Klu-
ijver traffic noise model was used to calculate traffic noise levels.
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Fig. 4. Overview of the study area

Source: Google Earth

The Henk de Kluijver traffic noise model is shown in Equation (3) [9]:

LAeq =E+ Coptrek + C eftectie ~ afstand Dy~ D bodem D meteo D ®)
where:
L,, — the average noise level,
E — the level of noise emission,
Cpeex — the extra noise emission from braking and accelerating,
C . iiesic — the noise reflection of buildings and barriers,
D ... — the reduction of traffic noise with distance,
D, ., — the absorption of noise from the air,

D, .. — the traffic noise absorption by the ground,
D_...— the mitigation of noise caused by wind conditions,
D, ... — the construction of wall barriers alongside highways to reduce noise

(the obstacles alter the real path of road traffic noise propagation; as
a result, there is a significant loss in noise intensity).

Figure 5 shows the research workflow of the study.

According to the Henk de Kluijver traffic model, traffic noise depends on road
statistical data (speed of vehicles, type of vehicles, and number of vehicles), noise
absorption by ground, noise reflection by buildings, and barriers on the opposite
side of the road. The numbers of vehicles were collected manually from 7.30 a.m.
to 9.30 a.m. There is a higher traffic flow during this time. Furthermore, light, me-
dium, and heavy vehicles were considered to collect the total number of vehicles.
These data were collected for three weeks. The L, is the average road traffic noise
level for a day. In this study, the time duration was limited to 7.30 a.m. to 9.30 a.m.
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Variations in traffic volume were not considered in this study and it was as-
sumed that there was a continuous traffic flow. According to this study area of UTM,
there is a continuous traffic flow during the morning. To increase the accuracy, num-
bers of vehicles were counted for fifteen working days within a three-week period
and then the average number of vehicles were taken. To observe the speed of vehi-
cles, the average speed of vehicles was observed for each type of vehicle. Ten vehi-
cles from each category were used for this purpose. According to road traffic noise
reflection, noise levels can be increased by 1.5 dB when buildings and barriers which
have been located opposite side of the NOPs. C_, . is the noise reflection of wall
barriers and building facades. The traffic noise reflection from building facades and
other hard surfaces affects the mitigation of the noise levels. Correction of noise re-
flection was taken as +1.5 dB [9, 66]. Fub]. is the reflection noise on the other side of the
road from the buildings and barriers, and is between 0 and 1. Only objects located at
a reasonable distance will be taken to calculate noise reflection. Equation (4) shows
the reflection noise from the other side of the road:

Catocre= 1.5F )

reflectie
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The noise reflection from opposite side buildings and barriers is +1.5(0'/0) dB,
where 0O is the sum of angles subtended from buildings and wall barriers. 0’ is the
total angle subtended from road the segments to the receiver point [9, 66]. Figure 6
describes the traffic noise reflection correction with the building facades.

Buildings

Noise barrier

Noise barrier

Reception point
P R P Total segment angle 0

REFLECTION CORRECTION = +1.5% dB(A)

where 0'=6,+60,+6,+6,

and 0 =TOTAL SEGMENT ANGLE

Fig. 6. Noise reflection correction
Source: [66]

According to the UTM building structure, it seems that the sum of angles sub-
tended from the opposite side buildings to a receiver point was continuous. Thus,
it can be determined that the ratio of the sum of the subtended angle and the total
subtended angle is 1. According to this, the noise reflection correction was taken
as +1.5dB. D is the traffic noise absorption by ground impact to mitigate traffic

bodem

noise level [9]. Equation (5) shows the D

bodem®

Dbodem =B[2+ 4(1 _ e—0.04r) . (e—O.GShw + e—0.65(l1weg—0.75))] (5)
where:
h, ., — the height of the road from ground level,
h,, — the height of the traffic noise observation points from the reference
ground level,
B — the traffic noise absorption coefficient and this is considered between
the centerline of the road and the noise observation points,

r — the distance between receiver and noise source.
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The value of B is between 0 and 1. This value B depends on the properties of the
ground surface. For hard ground, the B is 0. The B is 1 for the areas completely cov-
ered with grass [67]. B is between 0 and 1 when the ground is covered with both hard
ground and porous and B is 0.3 for gravel [68]. The ground of the study area consists
of grass and hard ground. Therefore, the noise absorption coefficient of hard ground
and grass was taken, respectively, to be 0 and 1. D_ = represents noise reduction
due to wind conditions, and it shows in Equation (6) [9]:

D = 3.5 —3.5e (004r/(weg +iw +0.75)) (6)

meteo
where e =2.718.

According to the equation for the reference road surface (a normal asphalt
road), the surface road traffic noise correction is zero. This study area consists of
anormal asphalt road. Therefore, this correction was not applied for the calculation.
Furthermore, D,__. is the reduction of noise of wall and building barriers. There are
no building and wall barriers between noise sources and receivers. Noise reduction
of barriers was not considered in this study.

2.2. Developments of Data and Methods

The traffic noise decreases from 10 log » where r is the distance between the noise
source and an observation point. Therefore, traffic noise reduces from approximate-
ly 1 dB within a 1 m distance [9]. Then the distance interval of NOPs was maintained
2 m in both horizontal and vertical directions (see Fig. 7). NOPs were not designed
inside the buildings, due to screening noise not being considered for NOPs [24]. To
avoid the issues (flat triangles) of spatial interpolation, the NOPs were designed as
eliminating z coordinates with the same x and y coordinates on a vertical axis.

* NOPs — Roads Buildings

Fig. 7. Building model and NOPs
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2.3. Development of Spatial Interpolation

All of these spatial interpolations, such as IDW, kriging, and TIN techniques, are
used to predict the values of unknown points in the 3D space, but they have different
strengths and weaknesses. Three parameters (the x coordinate, the y coordinate, and
the vertical axis) can be interpolated one at a time using these interpolations [24].
However, a NOP consists of four parameters, and this means that there are two val-
ues in the vertical axis, the height of the point and the noise level. Thus, interpolat-
ing noise levels is vital along both vertical and horizontal directions. A development
of 2D spatial interpolations is necessary for 3D interpolation as the 2D spatial inter-
polation helps to create a continuous surface in two dimensions [9]. This surface can
then be used to generate a 3D interpolation. IDW, kriging, and TIN are three differ-
ent types of 2D spatial interpolation methods. Designing NOPs and projecting NOPs
from 3D space to 2D space is vital in development [24]. NOPs are designed along the
facade of the buildings in 3D noise interpolation [26]. NOPs in the same vertical axis
coincides with the same point in the 2D space, is an issue of projection. Therefore, the
same x and y coordinates of z coordinates in the same vertical axis should be eliminated
when designing NOPs. The distance interval with a spacing of 2 m between each NOP,
and grids of NOPs, are vital in interpolation. First, interpolating the NOPs in 2D space
(x coordinate, y coordinate, and noise level) is vital to generate 2D raster and vec-
tor surfaces, and 2D noise contours. Then the height values (z coordinates) for these
2D surfaces and noise contours show a 3D visualization of traffic noise mapping [24].

2.4. Development of Spatial Interpolations, Accuracy Validation,
and Visualization

IDW, kriging, empirical Bayesian kriging (EBK), and TIN spatial interpolations
were used to interpolate 3D noise levels. The weighting factor of IDW was select-
ed as 2, with the number of points being 12 and the radius of the search of points
being 5 m. The variogram model of kriging was considered as Gaussian, with the
number of points being 12 and radius of search of points is 5 m for the interpolation.
In empirical Bayesian kriging (EBK), the error of semivariogram is automatically cal-
culated in processing time. The power variogram was used for interpolating in EBK.
When considering TIN interpolation, the Delaunay triangulation method was applied
for TIN interpolation. NOP consists with four parameters such x coordinate, i coordi-
nate, z coordinate, and a noise value in a 3D space. Furthermore, IDW, kriging, EBK,
and TIN do not directly support to interpolate four parameters. Therefore, a signifi-
cant development should be applied to interpolate traffic noise levels in 3D. When in-
terpolating the 3D noise levels, first all NOPs were projected in to a 2D space. It means
that the z coordinate of NOP was considered as zero. The projection of 3D NOPs on
the 2D space is shown in Figure 8. Then, set the TIN, IDW, kriging, and EBK surfaces
to extract the noise contours. The noise contours on projected points are shown in
Figure 9. Then z coordinates were inserted into the noise contours in the 2D space.
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The 3D noise contours of TIN, IDW, kriging, and EBK are shown in Figures 10-13.
But in 3D kriging, the projection of 3D NOPs on to 2D space is not necessary. Espe-
cially in 3D kriging, the four parameters (x, y, and z coordinates with a value) can be
interpolated. In 3D kriging, the interpolated surface in 3D space shows as horizontal
slices (geostatistical layers) along the vertical axis (z axis) (see Fig. 14). The voxel was
created using these slices for visualizing the traffic noise (see Fig. 15). The accuracy
validation of 3D noise contours (Fig. 16) and 3D noise voxels are vital for the final
visualization. The root mean square error (RMSE) was used to validate the accuracy
of visualization. Sound level meters (SLM) were established at corridors of the build-
ings. This means that SLM were established at the margin of the 1% and 2™ floors and
the margin of the 2™ and 3™ floors. A DEKKO SL-130, sound level meter was used.
The accuracy of this noise meter is 0.1 dB and noise levels were observed at twenty
locations. The noise levels were observed when perpendicular propagation from the
centerline of the road to the receiver. Noise levels were observed for fifteen days,
in the morning from 7.30 a.m. to 9.30 a.m., and average noise levels were taken for
the twenty locations. Then, the corresponding noise levels of twenty locations with
3D voxel value and 3D noise contour value was considered for the accuracy vali-
dation. The RMSE value was calculated for 3D noise contours and 3D noise voxels.

Fig. 9. Noise contours and projected NOPs
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Fig. 13. EBK noise contours
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Fig. 16. Model of TIN noise contours

3. Results and Discussion

3D contours and voxels are vital for road traffic noise visualization. In this in-
vestigation, road traffic noise was embedded with a 3D building model. Complex
and simple building models are widely used for the applications of environmental
managements. The simple building model is sufficient to visualize the traffic noise
levels due to the road traffic noise reducing approximately 1 dB for 2 m during the
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propagation. According to this theory of road traffic noise, the 2 m distance was man-
aged while designing NOPs in both horizontal and vertical axis. Road traffic noise
levels change more slowly in the same horizontal levels than in the vertical direction.
According to the Henk de Kluijver noise equation, the noise reflection by buildings of
opposite sides and noise absorption by ground effect to change the traffic noise levels
in same horizontal level. According to the model of 3D voxel road traffic noise visu-
alization and 3D road traffic noise contours, the decreasing road traffic noise levels
is higher from ground level to the 1% floor than from the 1* floor to the 2" floor.
According to the Henk de Kluijver road traffic model, this is because of traffic noise
absorption by the ground and reflection. If the noise source is a point source, the
noise decreases by 6 dB with the doubling of the distance. If the noise source is a line
source, there is no such noise reduction with the doubling of the distance. If there
is a busy (continuous traffic flow), it may be considered as line source. In this study
area, there was a higher continuous traffic flow during 7.30 a.m. to 9.30 a.m. There-
fore, road traffic noise sources are considered as line sources in this study.

The distance between NOPs and vehicles affect changing road traffic noise lev-
els in the vertical direction by means of the above-mentioned absorption and reflec-
tion. The RMSE was considered for the validation of the TIN noise contours and the
3D kriging voxels visualization. Twenty sample of noise observation points were
collected in the corridors of the buildings. This means that the validation of road
traffic noise was only conducted along the facades of the buildings. Two noise me-
ters were used to collect noise observations and thus, all observation samples of the
same vertical direction along building facades were taken at the same time. This
means that, sound level meters were located along same vertical direction at the
margin of 1% floor and 2" floor and 2" floor to 3™ floor, a technique used to improve
the accuracy of sample points. Because the road traffic noise levels were considered
outside of the facades of buildings, the road traffic noise levels inside the buildings
were not considered. If the influence of building materials on road traffic noise prop-
agation were considered, the road traffic noise levels inside the buildings can be
calculated and this will be a main significant development of this study in the future.

The RMSE for TIN noise contours was 1.114, and it was 0.726 for the visualiza-
tion of 3D kriging voxels. The IDW, kriging, and EBK noise contours were not con-
sidered for the accuracy validation, and those contours were the irregular shapes.
The noise contour was 0.2 dB. The noise levels were changed approximately 0.2 dB
at NOPs in the same vertical direction. In that sense, the difference between the val-
ues of NOPs (calculated noise levels) and the values of predictions (interpolated val-
ues) is small. The weighting factor of IDW denotes the significance of the predicted
values and the calculated values. When the weighting factor increases, the similarity
between the calculated and interpolated values also increases. Therefore, the un-
predictable oscillations are in interpolated values. According to the results of these
irregular IDW contours, it can be concluded that the value difference of NOPs was
not matched with the power factor of IDW that was used in this study. However,
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it is not possible to use the weighting factor that is below 2 because the function
of IDW is polynomial. Due to the small difference of NOP values, it seems that there
is correlation between NOPs and thus they are considered as clusters for kriging and
EBK interpolation. Therefore, this may be the reason for irregular noise contours.
Moreover, the value for the prediction is taken from neighboring points in IDW,
kriging, and EBK. However, only one nearest point is considered in the TIN interpo-
lation, serving as a motivation to obtain nonirregular noise contours from TIN. The
visualization of the TIN noise contours is shown in Figure 14. However, there are
irregular shape contours at the ground level. It seems that it is not possible to use the
Henk de Kluijver noise model to calculate noise levels at ground level but the noise
contours have regular shapes at 1 m from ground level.

The 3D kriging provides a significant approach in interpolating traffic noise
levels in a 3D space. The 3D geostatistical layers are created along the vertical axis
in 3D kriging. The sample model of the 3D geostatistical layer of 3D kriging of this
study is illustrated in Figure 15. The distance interval of NOPs at 2 m was used and
the variogram was selected as the power for 3D kriging interpolation. If there is an
accuracy comparison among all the variograms in 3D kriging, it is a better solu-
tion for the final traffic noise visualization. After creating 3D geostatistical layers,
3D voxels were used to visualize traffic noise in raster format. According to varia-
tions in traffic noise levels at NOPs, the height of the voxel was taken as 0.1 m and
the length was 0.5 m, and width was 0.5 m. The road traffic noise visualisation of the
3D voxels is shown in Figure 16.

4. Conclusions

Road traffic noise visualization in 3D is important for both developed and de-
veloping cities and identifying a suitable road traffic noise model is vital to accurate-
ly calculate noise levels. According to the accuracy of the visualization of road traffic
noise levels, the Henk de Kluijver traffic model can be suggested for the calculation
of road traffic noise levels along a vertical direction. When road traffic noise prop-
agates over the ground, noise energy will be lost by absorption. According to the
Henk de Kluijver road traffic noise model, traffic noise absorption by the ground
depends on the noise absorption coefficient of the ground, the height of the noise
source, and the receiver height. Thus, if there are no noise barriers and topography
undulations, the receiver noise levels are not changed. Then, traffic noise levels are
the same for the same horizontal lines from the centerline. However, when con-
sidering road traffic noise propagation along the vertical direction, receiver heights
are changed along the same vertical direction. Therefore, road traffic noise levels
change along the vertical direction. This study was conducted to visualize road traf-
fic noise levels on the outer facades of buildings only. Thus, the acoustic insulation
of building materials was not considered. Therefore, road traffic noise levels were
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not visualized inside the buildings. However, if the acoustic insulation properties
of building materials used in windows, doors, roofs, and walls (bricks, cement, or
wood) can be determined, this research can also be developed to visualize road traf-
fic noise levels inside buildings.

Designing NOPs and spatial interpolation is vital for the visualization of traf-
fic noise. Ideally, flat triangles (different z values for the same x and y coordinates)
should be eliminated along the vertical direction while designing NOPs. The distance
interval of a pair of NOPs depends on the parameters of the traffic noise model. De-
signing NOPs on grids involve improving the accuracy of interpolated surface. The
noise contours and noise voxels are the keys to visualize traffic noise. However, the
developments of the data and spatial interpolation should be applied for traffic noise
visualization. NOP is a 3D space having four parameters such as the x coordinate,
the y coordinate, the z coordinate and the noise level. But IDW, kriging, EBK and
TIN spatial interpolations are not directly supported to interpolate four parameters.
Therefore, the NOPs that are in a 3D space should be projected onto a 2D space. Af-
ter the interpolation has been done, the height value (z coordinates) can be inserted.
However, the noise contours of IDW, kriging, and EBK provide irregular shapes of
the contours. The 3D kriging provides significance approaches to interpolate four
parameters. The processing of 3D kriging geostatistical layers into voxels is of primary
importance for visualizing traffic noise in voxels. Furthermore, the noise visualization
by 3D voxels shows higher accuracy than TIN noise contours. However, this study
could be developed to visualize road traffic noise using voxel contours in the future.
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