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Featured Application: Noise simulation and prediction algorithm prioritising ease of
use and standard integration to encourage adherence to safety practices.

Abstract: The Malaysian Department of Occupational Safety and Health (DOSH) reported
that noise-induced hearing loss (NIHL) accounted for 92% of occupational diseases in 2019.
To address this, accurate risk assessment is crucial. The current noise evaluation methods
are complex and time-consuming, relying on manual calculations and field measurements.
An easy-to-use, open-source noise simulator that directly compares the output with national
standards would help mitigate this issue. This research aims to develop an advanced noise
evaluation tool to assess and predict unregulated workplace noise, providing tailored safety
recommendations. Using a representative plant layout, the Sound Pressure Level (SPL)
is calculated using MATLAB’s ray tracing propagation model. The model simulates all
possible transmission paths from the source to the receiver to derive the resultant SPL. A
noise simulation application featuring a graphical user interface (GUI) built with MATLAB’s
App Designer (version: R2024a) automates these computations. The simulation results are
validated against the DOSH's safety standards in Malaysia. Additional safety metrics, such
as the recommended maximum exposure time and the required Noise Reduction Rating
(NRR) for hearing protection, are calculated based on the SPLs for hazardous locations.
The simulation algorithm’s functionality is validated against manual calculations, with
an average deviation of just 3.06 dB, demonstrating the model’s precision. This tool can
assess and predict indoor noise levels, provide information on optimal exposure limits,
and recommend necessary protective measures, ultimately reducing the risk of NIHL in
factory environments. It can potentially optimise plant floor operations for existing and
new facilities, ensuring safer shift operations and reducing worker noise hazard exposure.

Keywords: occupational safety; hazards; hearing disorder; noise prediction; ray tracing;
manufacturing industry

1. Introduction

The Occupational Safety and Health (OSH) standard and adopting proper practices
can ensure a safe and conducive work environment [1]. The other advantages of adopting
proper OSH practices are a reduction in the disruption to operating hours and an increase
in cost optimisations, employee moral values, and the creation of a positive work culture
by lowering the frequency of accidents in the workplace [2].
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Based on the statistics on occupational poisoning and diseases reported by the De-
partment of Occupational Safety and Health (DOSH) in a report in 2019 [3], 92% of these
cases were occupational noise-induced hearing disorders. Noise-induced hearing loss is
not given enough attention because it is a concealed hazard that affects workers over time.
Tahir et al. [4] stated that most workers in the manufacturing industry were subjected to
high-risk occupational noise, and an efficient solution must be created as a preventive
measure [4].

The word “noise” originates from the Latin word “nausea” and refers to an unpleasant
sound that can negatively impact one’s health or communication [5]. Bridger [6] defines
noise as a sound or sounds of sufficient loudness to create irritation or interference with
conversation. Many people have been exposed to noise at work, which is the second
leading cause of hearing loss, followed by the ageing process [7]. Manufacturing operations
create noise as an unwelcome byproduct of their output [8], with manufacturing industries
accounting for more than 70% of noise exposure [9]. For example, noise measurements
have recorded levels as high as 95.3 dB during CNC machine operations, exceeding legal
exposure limits [10]. The highest environmental noise level and individual noise inten-
sity were found to occur in sandblasting and grinding positions, with individual noise
intensities of 115.5 dB(A) and 108.4 dB(A), respectively [11].

Noise exposure is typically assessed in terms of the ears of the employee without con-
sidering any protective measures, and prolonged exposure to 85 decibels (dB) is deemed to
present excessive danger to a person’s hearing [12]. The National Institute of Occupational
Safety and Health estimates that 14% of employees experience noise levels over the legal
limit [13]. Hearing loss may be transient or irreversible, contingent upon the degree and
severity of the exposure. The consequences are typically progressive and may remain
unrecognised for several years until damage has transpired and symptoms manifest as a
concern for the individual [14]. Similarly, brief exposure to extremely high noise levels,
such as impulsive noise from hammering, explosions, and similar activities, can quickly
be detrimental. As a result, it is imperative to mitigate harmful noise exposure to prevent
noise-induced hearing loss proactively [15].

Traditionally, a noise floor is created through manual measurement and mapping
of the environment. This method is only applicable for the stages after workers have
been exposed to noise-related risks. As for noise prediction, the methods available are
minimal and resource-intensive. Therefore, a simple simulation algorithm would help
predict noise levels and mitigate risk. Currently, researchers utilise several noise simulation
techniques, but these methods have their limitations. There have been studies conducted
using the SCANAM method (Simple Cheap Accurate Noise Assessment Method) [16],
the Building Information Modelling (BIM) method [17], and the 4D acoustic simulation
approach [18]. The SCANAM method provides a cost-effective and precise means of
measuring sound exposure; however, it is not suitable for simulation purposes. The BIM
method and the 4D acoustic simulation approach are capable of performing simulations
and predicting outcomes, but these methods are not readily applicable. Each of the current
techniques have common disadvantages, which include the lack of a user-friendly GUI, no
customizability for specific scenarios, and an inability to integrate occupational safety and
health regulations into the analysis code.

Ray tracing is a method of computing all the direct and reflected paths from a transmit-
ter to a receiver and computing the distance between them using points in the reflections
by summing up these values to arrive at the resultant value. Therefore, implementing ray
tracing in a sound simulation would make the process much less resource-intensive and
more robust. This is due to the geometry-based approach, which calculates the Transmis-
sion Loss (TL) pattern in its three components: geometrical [19] loss (the space between the
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sender and recipient), dissipation loss (the atmosphere’s characteristics), and reflection loss
(the reflection surfaces) [20].

In a ray tracing simulation, acoustic energy is modelled to propagate from the source
to the receiver, similarly to the behaviour of light beams or rays. Additionally, specular
reflections are considered for all surfaces [21]. When a ray observes a barrier, a reflected
ray is created and tracked until it reaches the receiver. Different forms and orientations
can be tested by adjusting the reflecting surfaces until the rays are uniformly dispersed
among the audience. The source’s beams are perpendicular to the wavefronts, which are a
spherical surface transmitted by the source [20]. The surface orientation is now allowed
for one source site [21]. The method is repeated for each conceivable source site until the
design is complete. Even when performed manually, two-dimensional ray tracing can be a
highly effective approach for simulating the acoustics of a small room [21].

Currently, the ray tracing method is widely used in simulating mmWave Bands [22],
ultrasonic array imaging [23], and light rays in digital animation [24]. While the focus has
been on other applications, recently, there have been a few new studies on acoustic ray
tracing. Lixandru et al. [25] investigated acoustic modelling for indoor spaces using the
ray tracing method. However, this study was theoretical, and limited research focuses on
real-world applications. There are also studies on underwater sound propagation [26] and
underwater positioning [27]. Many studies are conducted in 2D, neglecting the floor and
ceiling, which significantly impacts the acoustics of small enclosed buildings [28]. However,
the 3D ray tracing method is not common for simulating and assessing factory noise. The
application and testing of this method in simulating factory noise floors integrated with
ISO standards and safety recommendations are minimal.

Therefore, this study aims to develop a user-friendly noise evaluation tool for factories
using the 3D ray tracing method with ISO standards integration and safety recommenda-
tions. It focuses on remodelling and developing the ray tracing engine in MATLAB for
acoustic applications. It is then verified with manual calculations. The tool is equipped
with an intuitive graphical user interface (GUI). This easy-to-use tool would be the first line
of defence for those small manufacturing factories to evaluate and predict their noise floors.

2. Materials and Methods

The algorithm framework is divided into three main sections: inputs, processes, and
outputs. Figure 1 outlines the proposed algorithm framework for acoustic ray tracing. The
algorithm requires inputs, such as the factory’s 3D model, the location of noise sources,
their respective Sound Pressure Levels (SPLs), and the receiver’s location. The maximum
exposure limits and the Noise Reduction Rating (NRR) variables are established according
to the Occupational Safety and Health (Noise Exposure) Regulations 2019 [29] from the
Department of Safety and Health, Malaysia. The algorithm is initiated by plotting the floor
plan, positioning the source and receiver on the floor plan, and executing the ray tracing
engine based on the simulation model.

The ray tracing method can be integrated into MATLAB, allowing users to customise it
for specific scenarios. However, the ray tracing engine in MATLAB is primarily optimised
for radio signal processing rather than noise calculation [30]. Since the ray tracing engine in
MATLAB is not for acoustic purposes, additional computations must be implemented in the
code to determine the resultant SPL. Consequently, the data must be converted to be suitable
for acoustic purposes. This process involves calculating the distance and identifying the
reflecting surfaces for each generated ray. Subsequently, the integration with the Safety and
Health Act can be incorporated into the program, creating a comprehensive simulation that
identifies issues and provides solutions. Based on the resultant SPL, the program calculates
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the maximum allowable exposure time and the minimum Noise Reduction Rating (NRR)
required for an ear protection device to be adequate over an 8-hour shift.

“
Factory Information . “
Plotting fl [
[ 3D Floorplan (stl) ’ [ otting floorplan ]
Noise Sources Positioning the location of Resultant Sound Pressure
Location and SPL (dB) receiver and source Level at receiver
Workers (Receiver) Setting up Simulation Model Severity of the hazard on the
Location worker
. . . Maximum allowable time at the
Running Raytracing Engine o .
Standards specific location
ISO 9612:2009 Intergrating FSPL formula to Minimum NRR rating for ear
Noise Exposure Limits extract the needed variables protection device
Noise Reduction Rating (8hr) [ Calculating resulltantl sound ]
Ear Protection device rating pressure leve

Figure 1. Acoustic ray tracing algorithm framework [31].

The ray tracing uses the Shooting and Bouncing Rays (SBR) method. The SBR method
launches rays from a geodesic sphere centred at the noise source. The geodesic sphere
enables the model to launch approximately uniformly spaced rays. Then, the method
traces every ray from the source and can model different interactions between the rays
and surrounding objects, such as reflections and edge diffractions. When a ray hits a flat
surface, the ray reflects based on the law of reflection. When a ray hits an edge, it spawns
many diffracted rays based on the law of diffraction. Each diffracted ray has the same
angle with the diffracting edge as the incident ray. The diffraction point then becomes a
new launching point, and the SBR method traces the diffracted rays in the same way as the
rays launched from the source.

The initial phase of this research involves designing the simulation algorithm. This
includes planning, designing, and integrating the MATLAB ray tracing method. Subse-
quently, various variables are tested and selected to ensure the algorithm functions as
intended, necessitating multiple simulations. The third phase involves manual testing,
where the algorithm’s functionality is compared with a manual calculation approach. Fi-
nally, the algorithm is tested and validated by comparing its results with real-world data,
and its performance is thoroughly evaluated.

2.1. Design of Simulation

The Sound Pressure Level (SPL) formulas used in the algorithm are initially gathered
and compiled. Subsequently, a flowchart of the algorithm is developed, dividing it into
pre-processing and post-processing sections. Finally, a graphical user interface (GUI) and
additional features are designed to enhance the algorithm’s usability.

2.1.1. The Formulas for Calculating SPL

Noise hazards can be measured, calculated, and interpreted using sound pressure
formulas. Using these formulas and calculations, the algorithm can estimate the resulting
noise levels or predict the outcome of any modifications [32]. Pressure is a fundamental
element in acoustics, with its general formulation presented in Equation (1). The human



Appl. Sci. 2025, 15, 1009

50f 20

ear can detect a wide range of sound pressures, with the threshold of hearing at 0.0002 Pa
and 200 Pa being considered a loud sound [33].

Force(N)
Area (m?)

Pressure(Pa) = (1)
The dB scale used to quantify sound is log-based and can be calculated according
to Equation (2). It starts at zero when sound pressure equals the threshold of human

hearing [33].
acoustic energy

Sre ference energy

decibel(dB) = 10lo )

Reference energy is the threshold of human hearing. Acoustic energy cannot be readily
measured, but it is proportional to the square of the sound pressure. p represents the sound
pressure in Pascal (Pa), and p, represents the reference sound pressure at the threshold of
human hearing, which is the Root-Mean-Square (RMS) sound pressure of 0.00002 Pa [33].

2
Sound Pressure Level (dB) = 10 logp—z2 = 1010g<p> = 2010g£ 3)
Po Po Po

SPL over distance is calculated using the inverse square method. In terms of the prop-

agation and attenuation of sound, the inverse square law is a principle in physics, whereby

a point source emits a sound wave uniformly in all directions (essentially spherically),

where the intensity of the sound wave energy at any given point away from the source is

diminished as a function of the total surface area of the sphere coincident with that point.

This method can be simplified into Equation (3). SPLy;sy is the difference in SPL in dB,

while r; and r; are the distance of the resultant SPL from the source in meters, as shown
in Equation (4).

Dif ference of Sound Pressure Level, SPLg;ss = 20log (:1) 4)
2
Therefore, the resultant Sound Pressure Level (SPL,s,11an¢) OVer a certain distance ()
in meters from the SPL at the source (SPLsyc.) can be calculated using Equation (5) [34].

1
Resultant Sound Pressure Level, SPL, 101t = SPLsource(dB) — 20l0g (r) (5)
Since SPLs are based on a log scale, they cannot be added directly. They must be
converted back to pressure (Pa), added together, and converted back to log scale (dB), as
shown in Equation (6) [34].

n .
Total Sound Pressure Level, SPLt = 1010g<z 10(5%1)> (6)
i=1

where the SPLr is the total SPL and the SPL; is the ith SPL to be summed. The resultant of
two sound sources with an equal value will always result in a 3 dB increase. Loud sounds
are dangerous only when exposed to a person for a specific amount of time. This is known
as the daily noise exposure limit. DOSH, Malaysia, has set allowable SPL for an 8-hour
shift, and a 3 dB change will half or double the time. Therefore, the daily noise exposure
limit is calculated using Equation (7) [35].

8

Daily exposure limit (hrs) = S(—85)/3 @
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If a person is exposed to different sources for a different amount of time, the exposure
limit is calculated using the percentage of noise dose formula, as shown in Equation (8) [34].

o (G G Cy
/oDose—(Tl+T2+...+Tn>*100 (8)
where C is the exposure time, and T is the time allowed to be exposed at each dB level. To
combat high sound exposure levels, ear protection devices such as earplugs and earmuffs
are used. These have their Noise Reduction Rating (NRR) based on the situation, the NRR
rating on earplugs must be used in conjunction with its specific equations to calculate
its effectiveness in reducing the risk. The estimated exposure calculation based on Noise
Reduction Rating (NRR) is given below in Equation (9) [34].

For single protection (only earmuffs or earplugs are used), use the following formula
shown in Equation (10) [34] to obtain the actual Noise Reduction Rating, which can be used
minus the average SPL across 8 h shifts, Lgx gj.

(NRRmting - 7)

Noise Reduction Rating (NRR) 5

dB(A) = 9)

actual”’

Estimated exposure, dB(A) = Ly gy — (10)

(NRRmting - 7) ]
2

For dual protection (earmuffs and plugs are used simultaneously), use the following
formula in Equation (11) [34]. Compared to single protection, dual protection is estimated
to add 5 dB to the overall protection.

(NRRmting - 7)

> +5

Estimated exposure, dB(A) = Lpx gy — [ (11)

2.1.2. Simulation Flowchart

The methodology for evaluating indoor noise levels through ray tracing is outlined
in Figure 2. The initial step involves selecting an appropriate platform that supports
distinct front-end and back-end functionalities to ensure a streamlined process. An ideal
platform should be cost-effective, widely used, and accessible, with an extensive user base.
A representative test floor plan is created, detailing the placement of sound sources and
receivers. Before coding in MATLAB, the test layout is designed in SolidWorks and exported
as a Stereolithography (.stl) file for MATLAB compatibility. The floor plan dimensions
mimic an average factory setting, with noise-emitting machines strategically placed, each
having specific sound output levels. Receiver locations are mapped using a Cartesian
coordinate system, providing input data for the simulation.

Following the setup, the simulation model is configured. Key inputs include the floor
plan, the Cartesian coordinates of both receivers and sound sources, and each source’s
Sound Pressure Level (SPL). Once inputs are defined, the ray tracing algorithm is executed,
incorporating parameters such as the transmission and receiver sites, the propagation
model, and the layout. The results are visually represented to display simulated sound
propagation paths upon completion. The final step is analysing the simulation output,
specifically the SPL at each receiver. Additional commands allow for extracting rele-
vant data, including overall signal strength and path loss, facilitating comprehensive
noise evaluation.
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Figure 2. Overall process of noise assessment and safety recommendations.
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2.1.3. Pre-Processing Section

Before initiating the coding process, all necessary formulas are encapsulated as distinct
functions, simplifying and clarifying subsequent coding steps. The backend code begins
with plotting of sound sources (transmitters) and receiver points onto the floor plan. Fol-
lowing this, the propagation model is configured, enabling the execution of the ray tracing
algorithm. Each generated ray is calculated individually, accounting for distance travelled
and interactions with reflective surfaces. Subsequently, the SPL for each ray is computed,
and these values are integrated to yield a cumulative SPL at the receiver location.

Before practical implementation, it is essential to validate the simulation’s assump-
tions and integrity. This validation process includes comparative analyses involving
multiple simulation runs, theoretical formulas, and external data sources, including real-
world measurements. This step is critical for assessing the reliability of the simulation
outputs for real-world applications. Initially, simulation variables are rigorously tested,
followed by comparing simulation results against manual calculations to confirm accuracy
and applicability.

The MATLAB ray tracing engine generates all possible ray paths between the trans-
mitter and receiver, incorporating reflections from surfaces and applying the inverse square
law to determine the resultant Sound Pressure Level (SPL). A sound source and receiver are
positioned within the same floor plan for initial testing, with a fixed separation of 20 m. All
parameters are set as previously specified, except for the maximum number of reflections.
The reflection count is initially set to zero to facilitate direct comparison, allowing only a
single direct ray path for the verification stage. Once the direct transmission is validated, re-
flections are incrementally introduced, and the results are compared to manual calculations
to ensure consistency and accuracy in the model.

The number of reflections significantly impacts the resultant SPL. Reflections con-
tinue indefinitely until the sound energy dissipates; however, after a certain number of
reflections, the energy becomes too minimal to affect the outcome meaningfully. Increasing
the reflection count also demands more computational power, which can slow down pro-
cessing. Therefore, identifying an optimal reflection count, where additional reflections
produce negligible changes in SPL, is essential. This is achieved by conducting simulations
with fixed variables, incrementally increasing the reflection count from zero until further
increases have an insignificant effect. For this analysis, two sound sources and one receiver
are used, with results tabulated and graphed to illustrate the influence of reflections on SPL.

Surface material properties are also integral to the simulation, with material types
specified as “plasterboard’, “perfect reflector’, ‘ceiling board’, ‘chipboard’, ‘floorboard’,
‘concrete’, ‘brick’, ‘wood’, ‘glass’, ‘metal’, ‘water’, ‘vegetation’, ‘loam’, or ‘custom’. The
material type affects reflection loss calculations where rays intersect surfaces. When set
to ‘custom’, properties like permittivity and conductivity are defined in the ‘Surface Ma-
terial Permittivity” and ‘Surface Material Conductivity’ fields. Materials such as water,
vegetation, and loam are excluded, as they are beyond the scope of this industrial setting.
Table 1 provides an overview of all materials included in the simulation, alongside their
respective properties.

A controlled test is conducted to evaluate the impact of varying surface materials
on the resultant Sound Pressure Level (SPL). In this experiment, all variables are held
constant, with the sole exception being the surface material. This approach systematically
compares SPL outcomes, providing insights into how different materials influence sound
propagation. The test involves using two sound sources positioned with a single receiver
within the designated floor plan, enabling a thorough assessment of the material effects on
the SPL. The results are analysed side by side to elucidate the relationship between surface
material properties and sound levels in the simulated environment.
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Table 1. Materials with their respective properties.

Material Sound Absorption Coefficient
Perfect reflector 0

Plasterboard 0.29
Ceiling Board 0.25
Chipboard 0.20
Floorboard 0.25
Concrete 0.02
Brick 0.08
Wood 0.35
Glass 0.03
Metal 0.01

2.1.4. Post-Processing Section

Further user interface development and coding efforts were undertaken to incor-
porate safety recommendations into the simulation tool. This enhancement results in a
user-friendly interface to assist users in understanding noise levels and implementing ap-
propriate remedies based on the resultant Sound Pressure Level (SPL). The post-simulation
algorithm and graphical user interface (GUI) workflow commence with the resultant SPL
calculation. The simulation code is executed for the initial sound source, and the result-
ing SPL is stored as a global variable. After introducing additional sound sources, the
global SPL value is updated by integrating the current simulation results using established
sound propagation formulas. This operation is conducted within a dedicated function to
streamline the process.

The maximum allowable exposure time in the assessed area is calculated as part of the
safety recommendations, enabling users to plan work shifts effectively. This integration
eliminates the need for users to perform additional calculations or predictions, simplifying
their workflow. The formula employed has been modified to enhance clarity and usability.
In scenarios where the receiver must remain in a fixed location for the duration of the
shift, the algorithm also provides solutions to mitigate potential risks. While the standard
recommendation is to use ear protection, it is critical to recognise that ear protection devices
have varying Noise Reduction Ratings (NRRs). Utilising a lower-rated device may not
adequately mitigate risk to safe levels. Consequently, this algorithm also calculates the
minimum NRR required for an 8 h exposure period, ensuring that users are equipped with
the necessary information to protect their hearing effectively.

2.1.5. Graphical User Interphase (GUI)

A graphical user interface (GUI) was developed to enhance the usability of the sim-
ulation tool. This interface integrates pre-processing and post-processing code into a
user-friendly platform. This interface simplifies the simulation process, making it more
accessible for users. Before the GUI construction, a preliminary layout design was created
to delineate input and output components, serving as a reference for the final design.

The input section includes components for file import, receiver location specification,
and sound source configuration. The output section provides safety recommendations, the
resultant Sound Pressure Level (SPL), and a clear indication of whether the SPL exceeds
established safety limits.

The GUI is organised into five sections, as illustrated in Figure 3: floor plan, receiver,
sound source, safety recommendations, and output. The floor plan section features a button
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for users to upload the factory layout intended for evaluation. The GUI Section 2 allows for
the definition of the receiver’s location within the layout. The GUI Section 3 is dedicated to
inputting the sound sources, where users can specify the location and SPL of each source.
GUI Section 4 presents safety recommendations if the resultant SPL surpasses the allowable
limits, while GUI Section 5 displays all pertinent output data, ensuring users can easily
interpret the simulation results.

Floorplan (.stl)
( Choose file ) | | Wails [option 1 v |
| Choose file | I |Floor [FF_ 1
hl
| Choose file | | | Ceiling [ Option 1 v |
( Choose file | | | [ option 1 v |
Receiver Location / 2
| o)
v 0|
- D 3
Safety Recomendations SPL 0|ae

0 min.
Hours | ‘ 4
Maximum Exposure time Ear Protection for
8 hour exposure (NRR)

Number of Sources | 0
®  SPLeq 0 =e—5

by, Precin Kalisalvan

Figure 3. Sections in the graphical user interface (1—file upload, 2—receiver information, 3—source
information, 4—safety recommendations, and 5—resultant SPL).

With the GUI design completed, the final step involves integrating the pre-processing
and post-processing components with the interface to create a fully functional application.
The resultant Sound Pressure Level (SPL) is displayed on the GUI using a gauge, giving
users a visual representation of the noise levels. This resultant SPL is then utilised in
calculations for the maximum allowable exposure time and the minimum Noise Reduction
Rating (NRR) for ear protection, with these values also presented on the GUIL A reset button
was also implemented to restore all values to their initial settings, allowing users to restart
the simulation process seamlessly. Figure 4 illustrates a scenario where the resultant SPL
exceeds the permissible limit.

In the yellow section of Figure 4, safety recommendations are automatically generated
based on the resultant SPL, which is compared against Malaysian safety standards. The
application provides suggestions for managing noise exposure, including calculating the
maximum allowable exposure time and the minimum NRR required for ear protection
over an 8-hour work shift. The maximum exposure time indicates a worker’s duration
in a specific location during a single workday, emphasising the need to consider other
daily noise exposures. Conversely, the minimum NRR rating indicates the least adequate
ear protection a worker must utilise to mitigate risk while working in that location for an
8-hour shift. This integration of safety features enhances the application’s functionality,
promoting a safer working environment.
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Safety Recomendations SPL
min.
2502 or 17
Hours
Maximum Exposure time Ear Protection for

8 hour exposure (NRR)

Number of Sources
RAaainazaseanss T T T T T T ]
70 75 80 85 90 95 100 105 110 115 120
SPLeq | 90.03

by, Precin Kalisalvan

Reset

Figure 4. GUI simulates safety recommendations when the resultant SPL is above the limits.

2.2. Virtual Verification

Once all variables have been determined, the algorithm is prepared for testing and
validation against external data. The initial comparison utilises virtual data derived from
manual calculations. A consistent scenario is constructed in the simulation algorithm and
the manual calculations to ensure a precise comparison. Initially, reflections are disregarded
in the manual calculations, and the reflection count is set to zero in the algorithm to establish
a baseline for comparison. The differences in outcomes between the analysed methods are
subsequently examined and discussed in detail. Then, it is simulated with reflection to see
the difference.

The testing scenario employs two sound sources positioned alongside a receiver
within the designated floor plan, as illustrated in Figure 5. This configuration facilitates
a comprehensive evaluation of the algorithm’s performance of established methods, al-
lowing for an assessment of its accuracy and reliability in predicting sound levels within a
controlled environment.

’ \
<) <)
40.00 N

Figure 5. Test floor plan with sources and receiver in meters.

2.2.1. Simulation for Virtual Verification

To utilise the simulation algorithm, the user begins by specifying the floor plan and the
receiver’s location within the graphical user interface (GUI). Subsequently, sound sources
are added one at a time. The algorithm executes the ray tracing program for each sound
source and compiles the results thereafter. This process generates a ray diagram for each
source, yielding the final resultant Sound Pressure Level (SPL).
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2.2.2. Manual Calculation

For verification purposes, the resultant Sound Pressure Level (SPL) at the receiver’s
location can also be calculated using established formulas through manual computations.
However, it is essential to note that this method does not account for the contributions of
reflected rays, which may lead to an incomplete assessment of the SPL.

The verification process begins with sketching the floor plan, including the positions
of the receiver and sound sources, to accurately determine the distances between them. The
essential variables for the manual calculations include the SPL of each sound source and the
calculated distances. As illustrated in Figure 5, the distances can be obtained from the CAD
modelling software (SOLIDWORKS 2023) based on the floor plan layout. The calculations
are then performed using Formula (31) to derive the resultant SPL at the receiver.

2.3. Real-World Verification

A field study was conducted at a local factory, specifically a Furniture Painting and
Assembly factory in Klang, Malaysia. The Sound Pressure Levels (SPLs) around the factory
and near the various sound sources were recorded. The positioning of workers within the
factory environment was also considered during the data collection process.

Subsequently, the same test site was replicated virtually and analysed using the
MATLAB algorithm. The results obtained from the field measurements and the algorithmic
simulations were compared to assess discrepancies between the real-world data and the
algorithm’s output. This comparison provides valuable insights into the accuracy and
reliability of the simulation algorithm in predicting sound levels in industrial settings.

2.3.1. Simulation for Real-World Verification

The algorithm can simulate the factory environment and analyse its output by utilising
the floor plan of the selected factory, the locations of the sound sources, and their respective
Sound Pressure Levels (SPLs). Since there is no designated receiver position within the
factory, the simulation is conducted with the receiver placed at the centre of each grid
across the layout.

The algorithm is executed 22 times, corresponding to each receiver location, with the
designated sound sources. The resultant data from these simulations are meticulously
recorded in accordance with the building’s floor plan. This comprehensive approach allows
for a thorough comparison of the simulated outputs across various receiver positions,
providing insights into the acoustic characteristics of the factory environment.

2.3.2. Real-World Data

During the site visit, two primary types of Sound Pressure Levels (SPLs) were mea-
sured: the ambient SPL throughout the factory and the SPL generated by specific sound
sources. These measurements were recorded and plotted onto a sound level map to provide
a comprehensive overview of the factory’s noise environment.

The factory layout was systematically reviewed and divided into a coordinate grid.
Readings were taken at each designated point, with each measurement involving holding
the measuring device at the location for a duration of 30 s. The measuring device employed
for this assessment was the NIOSH Sound Level Meter (SLM) application, utilised with
an 1436 external microphone, a calibrated measurement microphone adhering to the IEC
61672 [36] Class 2 sound level meter standard. The microphone was positioned around
the tester’s head and angled directly at the noise source at 30 to 45 degrees to ensure
accurate readings.

Figure 6a—c illustrate the factory’s floor plan with noise sources, the grid layout for data
collection, and the 3D model of the factory floor plan used in the simulation. Additionally,
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the percentage of noise dosage was calculated by timing the average operational and non-
operational periods of machinery within a 5-min window. These data were subsequently
used to average the noise levels for the simulation, enhancing the model’s accuracy.

Figure 6. (a) Floor plan of the factory (Furniture Painting and Assembly factory in Klang Malaysia)
with pictures (A1/A2—Painting booth, B1/B2—Sanding booth, C1—Assembly booth); (b) drawing
of floor plan divided into grids; (c) 3D model of the floor plan’s outline.

3. Results

Section 3 is organised into three primary segments. First, the algorithm setup is verified
by adjusting the input variables and comparing the resulting outputs. This process ensures
the algorithm operates as intended and accurately reflects the changes in the parameters.

Second, the algorithm’s performance is evaluated against data from manual calcu-
lations. This comparison aims to assess the accuracy and reliability of the algorithm in
simulating sound levels under controlled conditions. Finally, the results from the algorithm
are compared with real-world data collected from the factory site. This comprehensive
analysis discusses any discrepancies observed, providing insights into the algorithm’s
effectiveness in predicting acoustic environments and its potential implications for noise
assessment in industrial settings.

3.1. Verification of Algorithm Set-Up

The algorithm setup encompasses several key parameters, including the maximum
number of reflections and the types of reflective surfaces. These parameters are system-
atically verified to ensure the functionality and reliability of the algorithm. By testing
various configurations and observing the corresponding outputs, the settings that enhance
the accuracy of the noise simulations are optimised, thereby confirming the algorithm’s
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robustness in predicting sound propagation within the defined environment. The noise
outside the building is not considered here and is assumed to be an enclosed space.

(A) Max number of reflections

As outlined in the Section 2, the number of reflections was incrementally increased
from zero to assess the impact on the resultant Sound Pressure Level (SPL). Figure 7
illustrates the ray diagrams corresponding to each number of reflections utilised in this
verification process. Figure 8 presents a line graph depicting the collected data, which
indicates that the results stabilise at two reflections. The testing revealed that the resultant
SPL remains consistent across three iterations, from two to four maximum reflections.
Consequently, it can be concluded that any additional reflections beyond four contribute
negligibly to the results. Therefore, the maximum number of reflections is established at
four for subsequent simulations.

Pt Lows 46}

Figure 7. Three-dimensional version of ray diagram of the simulation when reflection is changed
from 0, 1, 2, 3 and 4.

The resultant SPL vs the max number of reflections

60.6
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59.8
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0 1 2 3 4
Max number of reflections

Figure 8. Resultant SPL vs. max number of reflections graph.

Figure 7 further visualises the ray diagrams for each number of reflections, while
Figure 8 illustrates the relationship between the resultant SPL and the number of reflections.
(B) Reflection surface

The simulation was conducted using various surface types in MATLAB to evaluate
their effects on the resultant Sound Pressure Levels (SPLs). Figure 9 presents a bar graph
comparing SPL 1, SPL 2, and the resultant SPL obtained from the verification phase for
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each material used. The results demonstrate slight variations in SPL based on the sound
absorption coefficients of the materials. The materials utilised for the floors, ceilings, and
walls can be adjusted accordingly within the algorithm. Furthermore, should additional
sound-absorbing materials be implemented in the factory, the algorithm can be modified to
incorporate these materials, enhancing its adaptability.

Resultant SPL vs Surface Material

75

Resultant SPL

Surface Material

EMSPL1 HKISPL2 [JResultant SPL

Figure 9. Resultant SPLs vs. surface materials.

In conclusion, the type of surface material significantly influences sound absorption
properties. Therefore, factories can effectively reduce noise levels by optimising material
choices, contributing to a safer work environment. The algorithm’s capacity to predict noise
levels in the presence of sound-absorbing materials allows for proactive noise management
strategies within industrial settings.

3.2. Verification of Proposed Algorithms with Virtual Data

Using the simulation algorithm, the initial step involves specifying the floor plan
and the receiver’s location within the graphical user interface (GUI). Subsequently, sound
sources are added sequentially. The algorithm executes the ray tracing program for each
sound source, generating a corresponding ray diagram. Upon adding the first sound source,
the resultant Sound Pressure Level (SPL) measured was 36.0 dB, which aligns with the SPL
of the sound source, given that it is the only source present.

The second sound source is then incorporated, prompting the ray tracing engine to run
again and produce the ray diagram for this additional source, which has an SPL of 26 dB.
Combining both sound sources at the receiver’s location, the resultant SPL is calculated to
be 36.41 dB. This is the same with the manually calculated SPL. Figure 10 illustrates the
three-dimensional ray diagram generated during the simulation verification process.
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30

Path Loss (dB)

Figure 10. Three-dimensional version of ray diagram during simulation verification (with reflection).

With the distance and SPL established, a manual calculation using the appropriate
formula yields a resultant SPL of 36.41 dB. The simulations with and without reflections
were 36.41 and 38.1, respectively. The collected data are systematically tabulated in Table 2,
and a comparison of the results is presented in Table 3.

Table 2. Manually calculated SPLs.

Sound Source Distance, r (m) SPL (dB) SPL at Receiver (dB)
1 14.14 59.0 36.0
2 14.14 49.0 26.0
36.41

Table 3. Comparison between the algorithm and manual calculation.

Method Resultant SPL (dB)
Manual Calculation 36.41
MATLAB Algorithm (no reflection) 36.41
MATLAB Algorithm (with reflection) 38.1

The analysis indicates a difference of 1.69 dB between the simulation with and without
reflection, highlighting the importance of a 3D simulation compared to a 2D approach.

3.3. Verification of Proposed Algorithms with Real-World Data

The measurements obtained throughout the factory are tabulated and represented in
a sound-level map, as illustrated in Figure 11. Notably, the sound levels are significantly
higher in the lower section of the factory compared to other areas, attributable to the facility
operating at only 50% of its capacity, with only one production line. Subsequently, the
positions of the sound sources are identified, and their respective Sound Pressure Levels
(SPLs) are measured. These locations are documented based on estimated distances from
the nearest walls to facilitate accurate plotting on the floor plan. The sound sources are
associated with specific workstations, which collectively encompass a substantial area;
consequently, the SPL is recorded at the midpoint of each workstation area. Measurements
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are conducted at a height of 2 m from the ground to ensure consistency. The locations and
SPLs of the sound sources are summarised in Table 4.

49.3 50 499 | 473 | 415 ‘

m65-70
521 | 52.1 | 519 | 488 E0ES
55-60
604 | 572 | 537 | 529 s
W 45-50
572 | 596 | 567 | 565 weieifees

525 | 514 | 62.7 | 60.8 | 66.9 ‘

Figure 11. Recorded SPLs from collected real-world data in dB.

Table 4. Sound sources at the site with their SPLs and location (Cartesian coordinate).

Locations (Noise Source) X z Max SPL (dB) Dosage (%)
A Sanding station 33 1 2 80.6 80

B Spraying station 5 15 2 75.2 100

C Auto disc station 15 1 2 74.0 50

The scenario is simulated using the developed algorithm by utilising the source data
presented in Table 4 and the factory’s floor plan. The resulting simulated Sound Pressure
Levels (SPLs) are plotted on a grid and represented on a sound level map, as illustrated in
Figure 12. Given that only one side of the factory was operational during measurements,
this is depicted in the sound level map. A comparative analysis of both datasets focuses on
the differences in dB values and the percentage differences. Figure 13 presents a line graph
illustrating a comparison between the SPLs measured on site and those obtained from the
simulation. The graph demonstrates that the simulation closely follows the trend of the
real-world data, validating the algorithm’s functionality.

54.5|50.9|54.7|54.7 |45.7
56.8| 57 |56.4|56.4
64.359.2|58.3|58.5
61.4/61.7|61.3|61.6
60.267.7|65.1|66.4|69.2

H65-70
60-65
55-60
50-55

m45-50

W 40-45

Figure 12. Simulated SPLs plotted on a grid and heatmap in dB.

The average difference between the simulated and measured SPLs is noted to be
3.06 dB, with the simulation indicating higher values than those recorded in the field.
This discrepancy is attributed to the lack of consideration for environmental openings,
such as windows and doors, in the simulation model. To enhance accuracy, future model
iterations should incorporate a more detailed floor plan that includes the specific locations
of machines and openings in the environment.
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Sound Pressure Level (Site vs Simulation vs Simulation
with Dosage)
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Figure 13. Comparison between SPLs from site and simulation.

4. Conclusions

This research presents a comprehensive model for determining noise levels for evalua-
tion in manufacturing environments. The proposed framework employs the ray tracing
method and integrates a user interface application developed in MATLAB, which has
been validated against real-world data. The configuration of noise levels and their spatial
distribution is directly associated with identified noise sources, as outlined in the factory
floor plans. Additionally, the user interface facilitates the display of predicted safety rec-
ommendations, enabling effective guidance for workers regarding exposure to varying
noise levels. This approach not only enhances the understanding of noise dynamics within
manufacturing settings but also serves as a crucial tool for promoting occupational safety.

The simulation algorithm yields significant insights regarding noise levels within the
factory floor plan, identifying both hazardous zones and areas deemed safe for worker
occupancy. However, an average discrepancy of 3.06 dB was observed compared to actual
measurements, attributed to the irregularities of noise sources and limitations in dosage
estimation. To enhance the accuracy of this model, it is recommended to conduct longer-
duration recordings of noise levels. The simulated values represent a worst-case scenario,
presuming that all machinery operates at full capacity (100%), an occurrence that is unlikely
but plausible. The fidelity of the simulation is further demonstrated by the alignment of
data trends with real-world measurements, as illustrated in the line graph.

Notably, the MATLAB ray tracing engine has not been previously utilised by re-
searchers for noise analysis in industrial settings. This is largely due to the engine’s
initial design focus on higher-frequency waves. However, by extracting individual rays
and applying Sound Pressure Level (SPL) formulas to them, the engine was effectively
adapted for sound wave analysis. This enhancement broadens the versatility of the ray
tracing engine, enabling its application in various scenarios, including noise simulation
and predictive modelling.

Moreover, applying this method to forecast future noise levels following changes to
the factory layout would be advantageous. This capability would allow the factory to
maintain compliance with allowable noise limits, thereby reducing hazard exposure and
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potentially decreasing the incidence of noise-induced hearing loss among workers. By
enabling noise prediction, factories can optimize their floor plans and strategically plan for
the integration of additional machinery within existing operations. Users would be able
to visualise predicted noise levels, facilitating informed decision making regarding layout
adjustments. However, a primary limitation of the proposed model lies in estimating
machinery dosage, which can vary significantly from factory to factory. The accurate
assessment of this dosage requires a detailed recording of machinery usage over time,
highlighting the need for comprehensive data collection to enhance model precision.
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