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INTRODUCTION 

Environmental problems are associated with a condition of the law and order that collapsed 
owing to the intervention of human activities. The frequent occurrence of this problem can 
degrade the quality of human life. Additionally, with current development, it can induce more 
impact on the environment and, because of this, it is getting more attention globally in order 
to address this problem. Pollution events such as noise and air pollution are examples. This 
issue requires the implementation of a monitoring and observation strategy to control and 
reduce its impact. With the advancement of computer technology, monitoring can be performed 
through the modelling of this event digitally, whether in a two-dimensional (2D) or three-
dimensional (3D) perspective. However, the applicability of 3D modelling is preferable due to 
the incorporation of a z-axis that can represent the height of the study area, which can include 
the impact from different height perspectives and replicate the real-world environment. Because 
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Monitoring and managing environmental problems, particularly those impacting human health 
such as noise and air pollution, are essential. However, the current implementation has cer-
tain limitations that need improvement. In the case of noise pollution, accurately computing 
noise levels requires considering traffic noise propagating in all directions, necessitating the 
involvement of a 3D building model. Existing methods using raster cells and noise contours are 
insufficient in achieving high accuracy. To overcome this, we propose integrating a voxelisation 
approach and 3D kriging, enabling the depiction of traffic noise values for each voxel. In the 
context of air pollution, wind movement plays a significant role in the dispersion of contami-
nants. The current practice involves a random selection procedure for wind simulation within the 
model discretisation. However, we suggest replacing this randomness with a voxel-based model, 
which not only improves accuracy but also reduces computing time. Thus, the voxel-based mod-
el represents the building model in a wind computation environment, facilitating more realistic 
wind simulation results. This study demonstrates the applicability of the voxelisation technique 
in two different environmental modeling contexts using the building model of the city building 
modeling standard. The level of detail (LoD) in the represented building model differs between 
these approaches. For traffic noise, a low LoD (LoD1) is sufficient to depict exterior buildings 
accurately. However, for wind simulation, a higher LoD (LoD2) is necessary to accommodate 
the complexity of buildings and determine appropriate voxel sizes. In conclusion, the proposed 
improvements in the form of voxel-based modeling techniques offer enhanced accuracy and effi-
ciency in environmental monitoring. The findings of this study have implications for improving 
the management and reduction of environmental problems, ultimately benefiting human health 
and well-being.
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noise and air travel in every direction, 2D raster cells cannot visualise a 3D space. Hence, 3D 
cells (3D pixels) are useful for visualising traffic noise and wind flow. Thus, a 3D voxel is vital 
to increase the accuracy and cartographic quality of visualisation (Kurakula and Kaffer, 2008; 
Konde and Saran, 2017) and improve the implemented technique.

Traffic noise and visualisation 
Road traffic noise is the absolute greatest influence on increased noise pollution in urban 

cities (Huang et al., 2018; Laxmi et al., 2019; Gilani and Mir, 2021). Physical and environmental 
factors affect traffic noise pollution. Therefore, calculating road traffic noise levels is a complex 
process. Therefore, to describe the behavior of noise propagation, standard mathematical models 
are used (Gilani and Mir, 2021). The Henk de Kluijver road traffic noise model is vital to 
calculate traffic noise (Kurakula and Kaffer, 2008; Ranjbar et al., 2012). The model can be used 
to predict noise levels in a variety of settings, such as residential neighborhoods, commercial 
areas, and transportation corridors (Masum et al., 2021; Jasim et al., 2022). However, road 
traffic noise modeling is a significant tool to assess noise from a large number of sources 
(Bruguier et al., 2019). Furthermore, road traffic noise modeling is associated with assessing 
and predicting noise levels through the attributes measured on the ground (Dubey et al., 2022). 
Traffic noise can travel in all directions, depending on the environment and the magnitude of 
the noise. In that case, three-dimensional (3D) road traffic noise visualisation embedded with 
a 3D building model is vital to simulate noise levels where the highest and the measurements 
that can be observed to mitigate them (Ranjbar et al., 2012; Lee et al., 2022). Noise contours 
and raster cells are widely used to visualise traffic noise (Kurakula and Kaffer, 2008). However, 
3D voxel visualisation of noise is vital to increase the accuracy of visualisation (Kurakula and 
Kaffer, 2008; Konde and Saran, 2017). Designing noise observation points (Nops) in 3D space, 
calculating noise levels to Nops, spatial interpolation, and visualisation are prime in road traffic 
noise voxel modelling (Kurakula and Kaffer, 2008; Li and Heap, 2014). 

3D kriging and voxels
A Nop consists of four elements, x-coordinate, y-coordinate, z-coordinate, and a noise 

value in 3D space (Kurakula and Kaffer, 2008; Jiang et al., 2019). Spatial interpolation such as 
Inverse Distance Weighted (IDW), Kriging, and Triangular Irregular Networks (TIN) does not 
support directly interpolating four elements (Chen et al., 2015). However, 3D Kriging provides 
a significant approach for interpolating four parameters. Furthermore, 3D Kriging is embedded 
with 3D voxels to visualise road traffic noise (Sukkuea and Heednacram, 2022). Designing 
Nops in 3D space is vital. In particular, Nops is designed as a grid pattern with the distance 
between Nops being two metres. Additionally, the same x and y coordinates of Nops should 
be avoided for z coordinates in the same vertical direction when using IDW, Kriging, and TIN 
for 3D spatial interpolation. It means that spatial development should be adopted for 3D spatial 
interpolation (Grunwald et al., 2001). However, in 3D Kriging, these processes should not be 
applied. Furthermore, 3D Kriging creates geostatistical layers along vertical axes as slices. In 
addition, the size of the voxels should be small or equal to the resolution of 3D kriging layers 
(cell sizes). This is the main requirement to produce voxels by 3D kriging layers accurately.

The layers call multidimensional voxel layers and represent multidimensional spatial and 
temporal data for the 3D volumetric visualisation (Grunwald and Barak, 2003; Lv et al., 2022). 
Then, these slices and the voxels are designed (Wu et al., 2022). The smaller size of a voxel 
enhances the accuracy of noise visualisation. The voxel is filled with road traffic noise values 
of 3D Kriging geostatistical layers (Li et al., 2022). The positional relationship between voxels 
and the geostatistical layer is vital for this (Madsen et al., 2021). When the voxel is traversed 
by a geostatistical layer, the positions of cutting points on the voxel edges are computed with 
respect to the center coordinates of the voxel (Li et al., 2022). Then attributes of these cutting 
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points can be detected. Based on the attribute values of cutting points and voxel corners, the 
texture (color) is inserted for the voxel through neighbour interpolation (Mileff and Dudra, 
2019). Furthermore, several voxels can be removed or retained when four edges of the voxels 
are not traversed by a geostatistical layer (Li et al., 2022).

Wind flow simulation
In the study of air pollution, the wind is the element that influences the movement of 

pollutants (Yang et al., 2020); hence, one of the modelling that can be performed is 3D wind 
modelling. Wind flow modeling technique utilising Computational Fluid Dynamics (CFD) 
approach (Moonen et al., 2012; Chatzimichailidis et al., 2019; Gimenez and Bre, 2019; Kaseb 
et al., 2020; Zheng and Yang, 2021). When dealing with a building-based area, the existence of 
the building has the ability to manipulate the wind flow, where the building structure becomes 
the blockage of the flow (Lee and Mak, 2021) and stimulate the flow separation of the wind 
(Sattar et al., 2018; Rajasekarababu et al., 2019; Juan et al., 2021). The flow separation allows 
for the production of different wind velocities and patterns. The computation that results in the 
parameter, such as the velocity, is performed by involving of the Navier-Stokes equation. This 
equation works along with the turbulence modelling in the simulation domain. Due to irregular 
molecular fluctuation and mixing, fluids frequently move in turbulent flow in both natural and 
industrial settings and require the inclusion of turbulence models. One of the models is the 
Reynolds-Averaged Navier-Stokes (RANS). RANS is preferable for fluid flow simulation since 
it has lower computational costs and data storage than LES models (Shirzadi et al., 2020). 
Additionally, another method, the Finite Volume Method (FVM), is used in this simulation 
(Zhang et al., 2019; Ali et al., 2023). This method solves the Partial Differential Equation (PDE) 
from the RANS by applying the volume-based concept on domain discretisation. Therefore, all 
these related computations are conducted within the discretized CFD environment.

Simulation and voxels
A decent wind simulation outcome depends on the model discretisation in the CFD 

environment. The model discretisation covers all the simulation environment, including the 
domain with the building model involved, and produces smaller faces for computation purposes. 
Existing research in this field employs a vector model and performs the discretisation based on 
the CFD environment itself (Zhang et al., 2020; Zheng et al., 2020; Gaur and Raj, 2022) where 
it uses the grid independence test (GIT) for the evaluation (Lee et al., 2020; Zhang et al., 2020; 
Sun et al., 2021). It lacks the specification based on the building modelling concept and aspect. 
Hence, the voxel approach in generating the building model is introduced to provide the ability 
of the building model to exist in a voxelised form where the voxel size is used to be represented 
as the discretisation size of the building model in the wind CFD simulation environment. 
This voxel size selection depends on the building model representation and detailing. To our 
knowledge, no implementation of a ready-discretised model is embedded in the CFD domain. 
Hence, this paper, along with the application of voxel in traffic noise modelling, presents the 3D 
voxelised structure of a building model to be amalgamated in the CFD environment.

METHODS

This study is carried out to visualise traffic noise in 3D voxels embedded with 3D Kriging 
and simulate the wind flow using a vectorised building model. The inner circle area of Universiti 
Teknologi Malaysia (UTM) was selected for these two applications. Additionally, for the noise 
visualisation application, traffic flow has been identified around several buildings to examine 
traffic noise levels on building facades. According to a previous study, average noise levels in 
the study area are 65 dB (A) to 70 dB (A) (Haron et al., 2015). 
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Regarding wind simulation, the study area provides the reference for generating the building 
model in the simulation environment in the form of a voxelised model. The location coordinates 
of the study area are at 1°33’37.6”N 103°38’16.4”E and are located at UTM, Johor, Malaysia. 
Fig. 1 illustrates the overview of the study area. 

Noise pollution visualisation
The workflow of the noise pollution study is shown in Fig. 2 below.
Phase 1: Data Acquisition - The 3D building model was designed embedded with the drone 

points cloud and Geographic Information System (GIS) (see Fig.6). The level of detail (LoD1) 
is vital to represent 3D buildings in 3D road traffic noise visualisation (Saran et al., 2018). The 
exterior details of buildings are sufficient, and the walls and roof of a building together design 
a building. Furthermore, a simplified exterior 3D volume with a flat roof of a building is widely 
used in 3D traffic noise visualisation (Kumar et al., 2017). Drone point clouds were used to 
create a 3D building model. When considering statistical data of road, the number of vehicles 

 

                                                 
Fig. 1. Overview of the study area

 

  

 

Fig. 2. Workflow of the noise pollution study 
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such as light, medium, and heave vehicles were counted from 7.30 am to 9.30 am. The speed 
of vehicles for each category was observed using a vehicle speed meter. The sample of the road 
traffic noise observations were taken by DEKKO SL-130, sound level meter.

Phase 2a: Data Preparation - The Nops were designed in 3D space along the facades of 
buildings. The distance interval between Nops is 2 m (Kurakula and Kaffer, 2008). The Nops in 
3D space are shown in Fig. 6. The footprints of the buildings and Nops are shown in Fig. 7. For 
convenience, the buildings were numbered 1-10 (Fig. 9). The Nops were designed on the road 
segments. Moreover, Nops were not designed along several building facades because opposite 
facades of same building or other buildings act as noise barriers. Data were prepared according 
to the Henk de Kluijver road traffic noise model. Equation 1 shows the Henk de Kluijver road 
traffic noise model (Ranjbar et al., 2012). The model was used to calculate noise levels to Nops. 
The number of vehicles, types of vehicles, speed of vehicles, noise absorption by ground, noise 
reflection, weather conditions, and noise barriers are the main factors for road traffic noise 
pollution (Ranjbar et al., 2012; Mishra et al., 2019).

( ) optrek reflectie afstand lucht bodem meteo barrierdBL E C C D D D D D= + + − − − − −                 (1)

Where ( )dBL  is the traffic noise level. E  is the level of traffic noise emission. To calculate 
the value of the E  speed of vehicles, the type of vehicle (light, medium, and heavy) and the 
number of vehicles in the flow of heavy traffic should be observed. optrekC  is the extra noise 
emission from accelerating and braking. reflectieC  is the noise reflection of barriers and buildings. 
Moreover, noise reflection can be calculated by Equation 2.

1.5reflectieC Fobj= ×                                                                                                                        (2)

Fobj  is between 0 and 1, and can be calculated from (θ′ /θ). The θ′ is the sum of the angles 
subtended from buildings and barriers, and θ is the total angle subtended angle (see Fig. 3) 
(Hood, 1987; Ranjbar, 2012). The reason is, that the buildings are located continuously in the 
selected area, and the ratio θ and θ′ was assumed to equal 1. Therefore, the noise reflection was 
taken as 1.5 dB (A).

afstandD  is the reduction of noise with distance during propagation. The afstandD  can be 
calculated by Equation 3. Additionally, luchtD  is the mitigation of traffic noise due to absorption 
from the air. Equation 4 is shown to calculate the luchtD . Besides, bodemD  is the traffic noise 
absorption by ground, and the coefficient of noise absorption by ground (B) is between 0 and 1, 
presented by Equation 5. 

 

 
Fig. 3. Noise reflection (Hood, 1987) 

 
 

  

Fig. 3. Noise reflection (Hood, 1987)
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( )10 logafstandD r=                                                                                                                                            (3)

0.9 0.01luchtD r= ×                                                                                                                          (4)

( ) ( )( 0.750.04 0.65 0.652 4 1  
hh wegwr

bodemD B e e e
−− − − = + + − × +  

                                            (5)

Where r is the source of distance between the traffic noise and the receiver (Nop), wh  is 
the height of the noise observation point from ground level. The wegh  is the height of the road 
from the ground level. The ground is completely covered by grass, the B  is 1, and for the hard 
ground, the B  is 0 (ISO, 1996). When considering the study area of UTM, there is hard ground. 
Therefore, B  was assumed as 0. Traffic noise mitigation by noise barriers was not considered 
because there being any wall barriers between buildings and roads. The meteoD  is the mitigation 
of noise by wind conditions. Furthermore, Equation 6 is shown to calculate meteoD , where e  is 
equal to 2.718 (Ranjbar et al., 2012). The  barrierD is reduction of road traffic noise due to wall 
and building barriers along the roads. When considering this study area there are no noise 
barriers along roads. 

( )0.04 /( 0.75 )3.5 3.5 weg wr h h
meteoD e − + += −                                                                                     (6)                                        

Phase 2b: Data Processing and Generation - The 3D Kriging spatial interpolation was 
applied on Nops to interpolate noise levels. The power variogram was inserted for processing. 
The 3D Kriging geostatistical layers in 3D space were embedded with voxels to visualise traffic 
noise pollution on building facades. The size of the voxels was taken as 0.1 m. According to 
Equation 3, noise reduces approximately 1 dB (A) during 2 m propagation along the horizontal 
direction and there is no 1 dB (A) noise reduction between two Nops along the vertical direction. 
However, Nops were designed as a 2 m distance interval along the vertical direction. In this 
case, a 1 m resolution of 3D kriging geostatistical layers can be combined to 3D voxels which 
size is 1 m. If the voxel size is 1m, the combined voxel has an irregular appearance. Therefore, 
to improve the cartographical visualisation quality, 0.1 m 3D kriging geostatistical layers were 
combined into 0.1 m voxels to visualise road traffic noise pollution in this study. Fig. 9 shows 
the 3D noise voxel visualisation of the 3D building model and Fig. 10 illustrates the 3D traffic 
noise voxel visualisation in separate buildings with decibel (dB).

Phase 3: Data Validation and Result - The root mean square error (RMSE) was used to 
validate the noise levels of the road traffic in 3D space. This study was not focused on visualising 
road traffic noise inside buildings. Therefore, noise was visualised along the exterior facades 
of buildings. Nine noise observation points were used to validate the traffic noise visualisation. 
Sound levels meters were established at corridor of the buildings to observe the actual levels of 
road traffic noise along facades of the buildings.

Wind CFD simulation
The workflow of the wind simulation study is as shown in Fig. 4. In this wind simulation 

part, two distinct investigations are often conducted. Different arrow colors are used to indicate 
it, with blue arrows representing for the LoD1-wind simulation and orange arrows representing 
LoD2 wind simulation. Additionally, this study uses the same building data and model, the 
LoD1 building model, as the noise pollution study. However, the difference between these 
two studies is that an additional model is constructed in the wind simulation study, LoD2. 
The black arrow denotes the application of both studies’ use of wind input into the simulation 
procedure. The vector LoD1 building model is directly incorporated into the CFD simulation 
process in the LoD 1 wind simulation study, and it goes through a grid independence test to 
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determine the optimal grid numbering for wind computation (Zhang et al., 2020). In addition, 
a 3D voxelisation technique is used to convert the model into a voxel-based form (raster form) 
for the LoD2-wind simulation study. This procedure enables selection of the ideal voxel size 
for model representation in the simulation domain. The voxelised model later emerges in the 
simulation environment of the wind calculation process.

Data collection, which includes wind data and building model, is the initial stage. Wind data is 
the wind velocity of 3 m/s that is fed to the input of the wind simulation domain, and the building 
model, as previously indicated, is the data gathered by the drone data collection technology. 
The processing and generation phase involves the LoD1 and LoD2 models. The LoD1 model 
has a different detailing representation than LoD2 (Kutzner et al., 2020). LoD1 is a building 
block representation of the study area; while LoD2 adds structures such as roofs and smaller 
building shapes (Biljecki et al., 2016). Therefore, LoD2 is able to portray a better quality of the 
building representation. Only the LoD2 model is introduced into the voxelisation process. This 
is because LoD1 presents a general representation of the building model that cannot provide 
the suitable sizing reference and deny its ability to be discretised using voxelisation process, 
while LoD2, with a more detailed structure, allows for voxel size reference in generating the 
voxel model. The voxel model is constructed using a newly developed integration technique 
between octree discretisation and duality implementation. The octree introduces the ability for 
the model to be split into eight nodes, where the higher the depth of the octree, the more nodes 
exist. However, empty nodes will not be further processed, which can reduce the computation 
process (Miltiadou et al., 2021). The duality next allows the new voxel model to be generated 
based on the discretised environment.

In addition, the simulation process is executed by following several standard and 
implementation. The wind simulation domain (Fig. 5) size is set to 5H for upstream length 
(lu) and sides (s), 15H for the downstream length (ld), and 6H for the height of the domain (h), 

 

Fig. 4. Workflow of the wind simulation study 

  

Phase 1: Data �c�uisi�on 

Phase 2: Data Processing  
and Genera�on 

Phase �: Data �i�ula�on 

Phase 4: Result 

LoD2 Models 

�D Voxelisa�on 

LoD1 Models 

Wind Data 

��D �i�ula�on 

Grid Independence Test 

 Resul�ng Wind �i�ula�on 

Building Models 

Voxelised Building 
Model

Fig. 4. Workflow of the wind simulation study



Ridzuan et al.158

where H is the height of the building (Franke et al., 2007), H = 16.0 m. 
Moreover, this CFD study used the Reynolds Average Navier Stokes (RANS) turbulence 

model. The RANS equations used the Navier-Stokes equations with applied Reynolds 
decomposition and separated the parameter values into a sum of the mean and fluctuating 
components (Blocken, 2018) . The equations (Zhang et al., 2020) are as follows.

0i

i
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=
∂  

(7)
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based on the discretised environment. 

In addition, the simulation process is executed by following several standard and 

implementation. The wind simulation domain (Fig. 5) size is set to 5H for upstream length (lu) 

and sides (s), 15H for the downstream length (ld), and 6H for the height of the domain (h), where 

H is the height of the building (Franke et al., 2007), H = 16.0 m.  
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Furthermore, three distinct CFD environments with various meshing numbers are examined 

for the grid independence test, which is solely applicable to the LoD1-wind simulation 
investigation. This is because the vector model is not discretised as in the voxel form. In this 
study, it is represented by coarse, basic, and fine grids, with the coarse grid having the fewest 
grids, the basic grid having a medium number, and the fine grid having the most grids. This 
sensitivity of the grid is assessed by measuring the vertical profile of the wind velocity (u), 
and z at two different locations: near the closest building from the wind inlet and the center 
of the study area, 10m and 150m from the domain origin, respectively. The test outcome is 
displayed as the wind velocity, expressed as u/uref for the x-axis and height, z/H for the y-axis. 
The generation of the ensuing wind simulation for both simulation environments using the 
LoD1 and LoD2 building models brings the investigation to a close. 

RESULTS AND DISCUSSIONS

3D noise pollution visualisation
The designed LOD 1 buildings from drone points clouds and noise observation points (Nops) 

along the facades of the buildings are shown in Fig. 6. The distance interval between Nops is 
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2m for both vertical and horizontal directions.
In Fig. 7, the footprint of the buildings is represented. Furthermore, the z values of Nops 

were taken as zero to project the Nops onto 2D. Fig. 8 shows 3D voxels of road traffic noise 
pollution and 3D kriging road traffic noise geostatistical layers were combined with 3D voxels. 
The size of the voxel is 0.1 m. Moreover, the 3D voxel road traffic noise visualisation of separate 
buildings is shown in Fig. 9.

The Henk de Kluijver noise model has been used in this study with modifications. The 
impact of noise barriers was not considered. Previous studies have formulated an equation to 
identify noise mitigation by wall barriers. However, there are no wall barriers in this study area. 
However, several buildings act as noise barriers in this study. As an example, Building 4 acts 
as a barrier for the front façade of building 5. Thus, Nops were not designed front façade of 
building 5. The same procedures were adopted if the location of buildings is like that. Moreover, 
the front facades of buildings act as noise barrier for the back façade of the building. Therefore 
the, Nops were not designed along the back façade in the same building. To represent the noise 
traffic noise levels, 3D noise contours, and raster cells are widely used. However, embedding of 
3D Kriging with voxels provide higher accurate 3D traffic noise visualisation. The 3D kriging 
provides infinite multidimensional layers along the vertical direction. After combing these 
layers, the voxels can be prepared to visualise traffic noise levels. Sample noise observation 
points were used to calculate the accuracy of voxel the visualisation. The root mean square 
error (RMSE) was used to validate the visualisation of traffic noise. The RMSE error was 1.081. 
The size of the voxels was taken as 0.1 m for traffic noise visualisation. The small size of the 
voxels increases the accuracy of the visualisation. According to the traffic noise model (Henk de 
Kluijver), the traffic noise levels decrease approximately 1dB for 2-metre propagation in a 2D 

 
 
 

Fig. 6. LOD 1 building models and Nops 
 

  

 
 

Fig. 7. Footprint of buildings and Nops 
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space (horizontal direction). However, it reduces approximately 0.4 dB for 2-meter propagation 
in vertical direction. Therefore, the small size of the voxels (less than 1 metre) is vital for 
visualizing traffic noise. The 3D kriging is an Empirical Bayesian Kriging, it means that the 
error of spatial interpolation is computed automatically during the processing. Nop consists of 

 
 

 
 
 
 
 
 
 

 
Fig. 8. 3D traffic noise voxels visualisation model 
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Fig. 9. 3D traffic noise voxels of 3D buildings

Fig. 8. 3D traffic noise voxels visualisation model

Fig. 9. 3D traffic noise voxels of 3D buildings
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x, y, and z coordinates and a noise value. However, 3D kriging provides facilities to interpolate 
4 parameters in 3D space. Thus, embedding 3D kriging multidimensional layers into voxels 
is vital to increase the accuracy. Other spatial interpolations like Inverse Distance Weighted 
(IDW), Kriging, and Triangular Irregular Network (TIN) do not provide an accurate spatial 
interpolation in 3D space, and several developments are needed. The 3D voxel visualisation of 
traffic noise not only for the noise on the facades, it can be adopted to identify the traffic noise 
propagation inside the buildings.

3D wind CFD simulation
In addition, several results are included in this wind simulation study. Compared to the 

wind simulation with the LoD2 model (Fig. 12), the LoD1 study goes through a few distinct 
processes. The LoD1 model, which is embedded in the simulation domain, is discretised to 
several different meshing as in the grid independence test. The comparison of the coarse, basic, 
and fine grids used to choose the best meshing type is shown in Fig. 11(a) and (b). Compared 
to the vertical profile for the coarse grid, the basic and fine grids exhibit comparable vertical 
profiles and velocity values. 

This displays that there is no discernible change in the recorded values. It is feasible to 
choose a specific type of mesh based on parameter values when fewer meshes than the highest 
have already reached optimal value (Kummitha et al., 2021). Therefore, the basic grid is chosen 
as the suitable simulation environment for the integrated wind simulation integrated with LoD1, 
and the selected wind simulation environment is shown in Fig. 10(a).

In addition to that, the additional building models instead of the LoD1 model, the LoD2 
model is shown in Fig. 12(a), which is used in the wind simulation of the LoD2 building model. 
This LoD2 model is fed as the reference model to generate the voxel-based building model (Fig. 
12(b)). The voxel-form representation allows the model to be discretised into smaller volumes 
in the building generation process. This second simulation environment produces the result of 
the CFD simulation, as displayed in Fig. 10(b).

The wind simulation outputs from Fig. 10(a) and (b) show the different wind velocity contours, 
which vary in wind velocity values. It is also associated with the difference in pressure and 
kinematic energy (Fig. 13 and 14). This is due to the different complexity of the building model 
(García-Sánchez et al., 2021; Ridzuan et al., 2023), allowing for the formation of recirculation, 
flow separation, etc., that influence the computed parameter. 

According to the workflow in Fig. 4, in the implementation of the process without the 
voxel technique, the flow requires the execution of the grid independence study. This grid 
analysis involves the execution of several CFD simulations, where in this study, three different 
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Fig. 10. Wind velocity presented (a) LoD1 model and (b) voxelised LoD2 model 
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simulations need to be run. These three simulations used various meshing numbers to represent 
different discretisation complexity: coarse, basic, and fine. However, each of these settings 
incorporates the same RANS turbulence model, as well as the identical inlet, outlet, and building 
wall boundary conditions: 3 m/s for the inlet, 0 Pa for the outlet, and nonslip for the building 
wall boundary. However, this workflow offers random grid selection and requires analysis that 
can prolong the entire process of producing the wind simulation environment. 

Therefore, the simplified procedure can be done with the embedding of the voxel process. 
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Fig. 11. Grid independence study for LoD1-wind simulation study (a) x=10m and (b) x=150m 
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Fig. 12. LoD2 building models (a) Vector form and (b) Raster form 
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Fig. 13. Wind simulation outputs for pressure representation (a) LoD1 and (b) LoD2 
  

Fig. 13. Wind simulation outputs for pressure representation (a) LoD1 and (b) LoD2
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The detailed criterion led to the voxel size of 0.53m being used to discretize the model for wind 
calculation. The selected sizing allows for a good representation of the building model with 
complete detailing as from the referred LoD2 model. It is essential to include all the details 
because the wind simulation process is highly correlated with the shape of the building. Thus, 
the simulation process with the inclusion of the LoD1 building model requires the grid analysis 
to get a suitable discretised model, and from the building generation perspective, it can only 
represent a too general building model. However, implementing the voxelised building model 
does not require the analysis process where it is already discretised to suit the best building 
representation and can represent a higher replication of the building model for use in the wind 
simulation model.

CONCLUSIONS

Environmental monitoring and control help mitigate the environmental impact on the 
surrounding. Traffic and air pollution are events that can degrade the quality of the environment. 
For traffic pollution, focusing on traffic noise mitigation is important for developed and developing 
cities. To apply precautions to mitigate noise levels, traffic visualisation is vital. Using a proper 
standard traffic noise model provides an accuracy noise calculation. Embedding 3D Kriging 
with voxels enhances the accuracy and visual quality of the traffic noise visualisation. The 
size of the voxels depends on the variation in noise propagation in the horizontal and vertical 
direction. Understanding the voxel filling process and inserting spatial interpolations for valuing 
faces of voxel with respect to the centre coordinate is prime to increase the accuracy of voxel 
visualisation. Generally, nearest-neighbour interpolation is used for voxel filling. Due to 3D 
kriging provides infinite voxel layers along the vertical axis. Therefore, this spatial interpolation 
is vital for voxelisation. The visualisation methods and techniques of road traffic noise 3D voxel 
visualisation can be substituted to visualise air pollution along the facades of buildings in a 3D 
space. According to the results of road traffic noise visualisation, voxel visualisation can be 
embedded to elaborate the results of the volumetric information such as geological data model, 
underground features, and geological features like soil layers and mineral layers. Moreover, 
to visualise water-related problems like underground water detection and underground water 
quality management, 3D voxels can be used. In addition, when the value is changed along the 
vertical direction from the ground surface to underground, 3D kriging spatial interpolation can 
be accommodated for the voxels. Further, voxel filling through 3D kriging geostatistical layers 
is needed to be utilised.

Meanwhile, for wind simulation, CFD numerical computation is used to run this simulation. 
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Fig. 14. Wind simulation outputs for turbulence kinetic energy representation (a) LoD1 and (b) 
LoD2 
 

Fig. 14. Wind simulation outputs for turbulence kinetic energy representation (a) LoD1 and (b) LoD2
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The current implementation makes use of the grid independence analysis and the vector 
building concept. However, this elongates the overall process of presenting a suitable simulation 
environment. The voxelisation approach of constructing a voxel-based model, which exists in 
discretised form, helps to simplify the whole process without the need to execute the analysis. 
This was proven by different computed results of LoD1 and voxel-LoD2 environments shown 
from the representation of velocity, pressure and turbulence kinetic energy value, which mainly 
influenced by the presented building shape. Hence, the selection of building LoD favors the 
voxel-LoD2 implementation in the wind simulation environment due to the high correlation 
of building representation in addition to its capability to support the simplification process 
of executing the wind simulation. In order to address a variety of applications, this paper 
introduces the implementation of voxelisation in two distinct environment-related problems. 
It is concluded that the utilisation of voxelisation in traffic visualisation is to categorize the 
traffic noise values, and in wind simulation is to produce a building model in voxel form that 
can support the generation of discretised model for the wind computation purpose. Nonetheless, 
the execution of wind simulation in relation to the voxelised model can be further studied 
in terms of the automatic process, where this study only uses a semi-automated approach to 
generate the voxelised model. In summary, 3D voxels are crucial in these two environmental 
occurrences. These voxels can be implemented to visualise these incidents and enhance the 
presented technique. However, the application of the voxelized method is not limited to 
these two environmental occurrences. The thorough study of this technique can benefit other 
environmental problems involving 3D space, such as water-related problem and etc.
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