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This research deals with the development of an optimization system to minimize employee noise exposure
in the work environment. It is known from the literature that continuous exposure to high noise levels can
cause heart overload, stress, fatigue, and increase accident numbers at a production line. Thus, it is necessary
to develop acoustic solutions at an industrial level that could minimize failures and accident occurrences. The
rules that regulate occupational noise exposures allow an assessment of the degrees of exposure and subse-
quent corrections of working conditions. It is observed that the exposure is necessary for further evaluation
and correction. Therefore, this research proposes to simulate occupational noise exposure conditions through
mathematical models implemented in C++, using the GUROBI linear optimization package and to act previ-
ously to minimize ONIHL (Occupational Noise-Induced Hearing Loss). One of this work results is based on
Doses Values, TWA (Time Weighted Average) and Distances Covered, using these three factors simultaneously
through the optimization, it obtains a route that minimizes exposure and avoids ONIHL. Although there is
a need for balanced doses between employees, to this end, the Designation Problem was implemented. Thus,
with the routes obtained by optimization, an efficient allocation task was made for the maintenance crew,
resulting in minimized and balanced doses. This model was applied to a real industrial plant that will not be
identified, only methodology and results obtained will be presented.
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1. Introduction

The lack of industrial noise control should lead
to more adverse consequences to companies, e.g. fi-
nancial or/and investments in worker’s healthcare sys-
tem. NIOSH (n.d.) indicates that Occupational Noise-
Induced Hearing Loss (ONIHL) is one of the most
frequent occupational injuries in the United States.
It affects approximately 22 million workers, who are
exposed to dangerous noise levels during their work-
ing hours, and is responsible for an estimated $242
million in annual expenses on labor claims. Thus, the
ONIHL causes the worker’s life quality deterioration,
with a high social and economic cost in labor liabilities.

Wszołek (2017) points out the problem of the lack
of detailed regulations regarding the formal approach
and the methodology for assessing noise levels. The au-
thor reports basic legal conditions for calculating cu-
mulative noise levels in the environment. An analysis
of the case studies in the industry is presented.

Current solutions to problems of continuous expo-
sure and its harmful effects on human health do not
currently exist. As reported above, companies choose
to pay large amounts of severance pay to workers. Af-
ter the exposure that caused an injury, the worker is
investigated, diagnosed and removed. Thus, an earlier
assessment is not made to predict where overexposure
may occur and how to avoid it. This research aims to
fill this gap in the control of industrial noise. Through
the developed optimization procedure, it is possible to
simulate various inspection routes and choose routes
that minimize noise exposure. If, after the optimiza-
tion procedure, the doses are still above the appropria-
te legal value, an additional acoustic treatment proce-
dure is performed on the sources that most contribute
to the exposure to mitigate the noise exposure. After
performing these two procedures, a route is obtained
with adequate exposure doses in accordance with the
values of regulatory standards and preventing the oc-
currence of hearing loss.
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The simulation was performed with the modeling
system named Vehicle Routing Problem (VRP) using
the real plant data. At this first stage, only routing
was considered, to minimize exposure dose. At another
stage, the optimization was also added to the acous-
tic treatment procedure, since the exposure doses were
still above the permitted values. After the acoustic
treatment, the exposure doses were within the permit-
ted values.

With the LAeq (level of continuous noise equivalent
to the sound produced over a period measured with
the frequency filter at “A” weighting) maps, equivalent
sound level, the probabilities of time on the route, and
variability of the sound power levels of the sources are
identified, the virtual dosimetry procedure consists of:

1) Initialize the dose of the homogeneous group equal
to zero.

2) A position in the plant is randomly generated for
each minute of the day labor, and the corrected
LAeq value at that position, by the statistical va-
riations in the sound power levels of the sources.

3) Calculate the exposure time for that point. If the
route time at that point is greater than 1 minute,
the time is one minute, otherwise, the time will be
the current route time for that point.

4) Update the route time map, i.e., subtract the
value of the time used in the route time from the
point.

5) Calculate the dose and accumulate.
6) Repeat steps 2–5 until the homogeneous group’s

workday is complete.
7) Repeat steps 1–6 until 2000 doses are completed.

By the statistical Monte Carlo Method, a high
number of doses is used to improve the quality of
the result obtained.

8) Calculate average sample dose and confidence in-
tervals.

Figure 1 shows an example of a virtual dose, where
you can see the contribution of the various regions of

Fig. 1. Example of virtual dose map.

the route in the total dose value of the homogeneous
group.

Nowakowski et al. (2019) report experimental
research carried out to minimize noise generated by
trams in urban areas. Some design strategies affect-
ing tram noise quality were presented. The main noise
sources were discovered and characterized. As the re-
sult, the wagon acoustic properties and its side cov-
ers were reconstructed to minimize noise propagation,
which constitutes a new adopted application.

Korbiel et al. (2017) point out the influence of
noise on people’s lives, which impacts on the quality
of life and health. The authors present the laws on
noise exposure and investigate the influence of noise
exposure on people’s daily lives.

Dudarewicz et al. (2017) assess the auditory
threshold of employees exposed to noise generated by
low-frequency ultrasonic welding devices. It can be
concluded that differences in the auditory threshold for
the groups of employees studied may occur due to dif-
ferences in the spectral composition of the noise. Thus,
there is a need to continue the studies carried out to
assess the impacts of noise exposure.

Abbasi et al. (2019) conducted a study of the cor-
relation between blood pressure and noise exposure in
a group of employees in the textile industry with ex-
posures to high noise levels. As a result, it can be said
that exposure to occupational noise alone combined
with other factors of work and individual characteris-
tics are associated with increased blood pressure.

According to (Morais et al., 2004) continuous ex-
posure to high-level noises can generate physical and
psychological stress, pulse acceleration, increase blood
pressure, heart overload, narrowing blood vessels, and
abnormal secretions of hormones that cause mus-
cle tension and hearing damage. Argalasova et al.
(2016) present a study of sound exposure impacts due
to different noise sources on human health. The study
shows a need for prevention and intervention to avoid
permanent hearing loss.

Noise reduces attention and maximizes reaction
time of an individual concerning stimuli, which can
cause an increase of failures numbers, accidents that
impact the quality of life and productivity at work ac-
cording to the National Institute of Safety and Hygiene
in Work (2006).

Costa et al. (2018) assess noise impact on public
school teachers. Thus, noise, above limits established
by legislation, in classrooms can cause psychological
and behavioral problems to teachers.

Cordeiro (2005) investigates whether exposure to
noise is a significant risk factor for occupational ac-
cidents. The method used was the population-based
case-control study, totaling 94 cases. A multiple lo-
gistic regression model was used, whose independent
variable is noise exposure, controlled by covariates of
interest. It can be concluded that exposure to noise is
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a significant risk factor for accidents at work and the
investment in research to minimize exposure to occu-
pational noise is justified.

Fagundes Neto (2017) points out in his thesis the
harmful effects of continuous exposure to noise. The
author reports that the exposure causes the organism
to be in a constant state of alert, in a stressful situ-
ation, to protect itself from an alleged “attack”. The
brain of the affected people accelerates and the mus-
cles work is agitated. As a result, these people have in-
creased blood pressure, disruption of the stomach and
intestine, problems with skin irritation and sexual im-
potence.

Mikos (2003) states that more than 12 million peo-
ple have hearing loss in Brazil. However, the majo-
rity of this group is made up of workers who acquired
ONIHL due to inadequate working conditions.

Silva (2018) carried out a study of exposure to
noise among employees in food and nutrition units lo-
cated in a food court. From the results obtained, it
was inferred that for all the units analyzed, the em-
ployee’s exposure was above law recommendations for
an 8-hour labour day. Another aggravating factor in
this situation is the fact that none of the study employ-
ees used PPE (Personal Protective Equipment) despite
the high exposure to noise.

Oliveira et al. (2015) point out the impact of
exposure to high-level noises for workers. A case
study was carried out with workers from mobile sup-
port units. Results show that there are auditory and
non-auditory symptoms presented by these workers.
Among the auditory symptoms, the occurrence of tin-
nitus was 38.9% and the intolerance to loud sounds –
27.8%. As for non-auditory symptoms, irritation was
shown in 47.2% of employees, followed by headaches
with 38.9%.

MEDSEG (2018) reports that in Europe more than
33% of workers are exposed to high noise levels dur-
ing at least a quarter of their working hours. The au-
thor points out that exposure to high noise levels can
cause accidents at work, due to the difficulty of hear-
ing the workers and consequent lack of understanding
of the work instructions, and the possibility of non-
audibility of warning/emergency signs. With exposure
to loud noises, the workers may present other symp-
toms, such as sexual impotence, cardiovascular prob-
lems, psychological problems, and gastritis.

Façanha and Azevedo (2018) conducted a study
on employee’s knowledge about the importance of us-
ing PPE. The case study was carried out with 70 em-
ployees in the operational area of a beverage company.
From the results obtained, it is observed that 57.1%
of the employees do not use the PPE and only 21.4%
underwent hearing tests. The study points out that
78.5% do not realize noise’s impact on human health.
Thus, it can be concluded with the study, that most
research workers do not use PPE and do not under-

stand what noise is and its consequences for the human
health.

The Regulatory Standard No. 15 (1978) presents
the limits of exposure to noise for workers in or-
der to protect them from hearing damage. In Regu-
latory Standard No. 15 (1978) the causes of ONIHL
are described as prolonged exposure to noise above
85 dB for 8 hours per day. The symptoms presented
by the employees are hearing difficulties. As a pre-
ventive measure, the Ordinance provides for the use
of collective and/or individual hearing protection, re-
duction of working hours, creation of regular breaks,
change of function, and use of less noisy equipment.
The Regulatory Standard No. 15 (1978) provides the
concepts of continuous or intermittent noise (85 dB)
and impact noise (120 dB). In the event of these occur-
rences, the law provides for an unhealthy allowance of
20% of the minimum wage to be paid to the employee,
as this unhealthy work is characterized as medium.

The work (Giampaoli et al., 2001) from FUNDA-
CENTRO consists of procedures for assessing occupa-
tional noise exposure. FUNDACENTRO is a research
institute that conducts studies on safety, hygiene, and
occupational medicine, linked to the Ministry of La-
bor. In this standard, the concept of exposure level is
presented, to quantify and characterize occupational
exposure, called dose, to continuous or intermittent
noise. Also, there is the alternative of using integrating
meters and instant readings.

The Regulatory Standard No. 9 (1978) mentions
that every company must have an Environmental Risk
Prevention Program (ERPP) and a Hearing Conser-
vation Program (HCP). Thus, the legislation obliges
companies and professionals in the area of Occupa-
tional Health and Safety to carry out the implementa-
tion and control of hearing loss prevention programs.

Tavares (n.d.) describes as the main consequences
of ONIHL, the decrease in productivity, loss of abili-
ty to concentrate and communicate, physical and psy-
chological stress, and a greater possibility of accidents
with the decrease in the worker’s attention. The author
also presents eight measures for the implementation of
a hearing loss prevention program, as described below:

• Conduct an HCP consisting of an audit to verify
what is appropriate or not regarding the compli-
ance of the legislation.

• Monitoring noise exposure and identifying workers
exposed to noise levels equal to or greater than
85 dB on average during 8 hours of work.

• Implementation of safety engineering controls, so
that there is no exposure to noise levels equal to
or greater than 85 dB on average during 8 hours
of working hours. To achieve this, the rotation of
employees and noise control devices are needed.

• Education and training of employees, so that the
employee can identify when additional protection
is needed and inform the responsible area.



18 Archives of Acoustics – Volume 47, Number 1, 2022

• Maintenance of system records for at least two
years. Evaluation of the hearing conservation pro-
gram for eventual corrections of the parts that do
not work properly and maintenance of the activi-
ties that presented good results.

2. Material and methods

This work is a continuation of a research line of
the Laboratory of Acoustics and Vibrations (LAV)
of the Faculty of Mechanical Engineering (FEMEC) of
the Federal University of Uberlândia (UFU), which
aims to develop acoustic methods and solutions at an
industrial level for ONIHL. In his thesis, Oliveira Filho
(2011) developed a methodology that uses prior map-
ping and identification of noise sources in the work-
place, and the route of the employee to predict the
dose of exposure to occupational noise. This work pro-
poses to develop an optimization system to minimize
the exposure of employees to occupational noise, that
is, to simulate the conditions of exposure to occupa-
tional noise previously in order to avoid the occurrence
of ONIHL. In the first phase of the work, the objec-
tive was to find the optimal routes for employees. The
routing problem was modelled as Traveling Salesman
Problem (TSP), and as VRP.

Oliveira Filho (2011) reports the use of an ave-
rage speed of 0.8 m/s on the route between inspection
points. However, the author explains that this speed
value can be changed due to who performs the inspec-
tion route at the factory, which alters employee’s expo-
sure. This fact increases the relevance of the developed
optimization system.

At first, modeling was used for one factor at a time.
In the second phase of the work, an optimization model
was developed that considered the three factors simul-
taneously: doses, Time Weighted Average (TWA) data,
and distances covered for optimization. For the execu-
tion of this work, it was necessary to develop concepts
of acoustics and fundamentals. After obtaining the op-
timal routes, there was a need for a balance between
the doses of the employees. As the routing problems
do not deal with the doses separately, but with the op-
timization of the total dose of the employees, a new
approach was necessary to continue this work.

After a bibliographic review of Operational Re-
search, Linear Programming, the adequacy of the prob-
lem of efficient allocation of employees to mainte-
nance tasks with the Designation Problem was veri-
fied. With the optimized routes obtained by the VRP
modeling, the Designation Problem was implemented
which, allowed the balance between doses.

For the created optimization system validation,
a real plant was used, which will not be identified for
reasons of industrial secrecy. The methodology used in
the plant and the results obtained will be presented.

2.1. Mathematical modeling – designation problem

For Hillier and Lieberman (2006), the Designa-
tion Problem can be defined as a special type of Linear
Programming problem, in which those designated are
indicated for the execution of tasks. Thus, the Desig-
nation Problem applies to employees responsible for
performing maintenance tasks on machines in an in-
dustrial plant, that is, each machine must be assigned
to an employee. Implementations of the Designation
Problem must respect the five assumptions described
below.

The first hypothesis is that the number of assignees
and the number of tasks must be the same. It is worth
noting that this hypothesis can be adapted with the
creation of virtual “ghost” employees for the alloca-
tion of maintenance tasks. The second hypothesis con-
cerns the assignment of each assignee to a task. The
third hypothesis ensures that each task is performed
by exactly one designated person. The fourth hypothe-
sis works with the idea of the cost associated with
the designated i (i = 1,2, ..., n) for the execution of
task j (j = 1,2, ..., n). The goal of the fifth hypothesis
is to determine how to make the n assignments in or-
der to minimize the total cost. System 1 presents the
mathematical model for the Designation Problem:

minimize
m

∑
i=1

n

∑
j=1

xij ,

n

∑
j=1

xij = 1 ∀i,

m

∑
i=1

aijxij maximum dose ∀j,

xij ∈ 0,1 ∀i, j.

(1)

System 1 is composed of four equations. Equa-
tion (2) represents the objective function of the prob-
lem, in which x is the problem decision variable, that is,
0 is assigned if the employee does not execute any servi-
ce on the equipment or 1 when the employee does ser-
vice on the equipment to perform maintenance:

minimize
m

∑
i=1

n

∑
j=1

xij . (2)

The restriction in Eq. (3) ensures that a single em-
ployee enters the operating station where the equip-
ment is located, performs maintenance, and leaves the
operating station:

n

∑
j=1

xij = 1 ∀i. (3)

Equation (4) is a constraint that establishes a maxi-
mum dose for each employee. This restriction allows
the balance between the doses of the employees:

m

∑
i=1

aijxij maximum dose ∀j. (4)
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The constraint (5) guarantees that the problem de-
cision variable is binary, that is, it receives 0 if the
employee does not go to the equipment or receives 1
when the employee goes to the equipment to perform
maintenance:

xij ∈ 0,1 ∀i, j. (5)

2.2. Mathematical modeling – vehicle routing problem

According to (Lima et al., 2015), the VRP solution
must contain a set of routes to be used by a fleet of
homogeneous vehicles. In this article, a certain num-
ber of employees must attend a set of customers (the
equipment). Thus, it seeks to minimize operations time
costs (noise exposure). VRP is based on some premises:
first, the routes must start and end at the same point
in the operation, that is, in the same operating envi-
ronment. The second premise is that each equipment
piece must be inspected once and solved entirely by
a single employee. The sum of demands of a route can-
not exceed the capacity of each employee. It is known
from the literature that problems of this magnitude
are classified as NP-hard since the order of complexity
is non-polynomial.

Laporte (1992) points out that in VRP the equip-
ment’s demands must be previously defined and that
it must be fully met by a single employee. The capacity
of the employees is homogeneous and must be defined
in advance as well. The employees always start from
the same marker (operating environment). There is
a restriction at the vehicle capability which determines
that the sum of equipment’s demands at a unique route
cannot exceed the employee’s capacity.

In this article, the following modeling was proposed
for the industrial power generation plant. Two emplo-
yees were used, the capacity of each employee was de-
fined as five pieces for each equipment. A total of ten
pieces of equipment from the industrial plant must be
inspected. Equation (6) represents the objective func-
tion to be minimized. In this equation, there are the
dose values that each employee will be exposed to when
moving between equipment i to equipment j. There is
a binary decision variable that receives the value “1”
if the employee moves between equipment i to equip-
ment j or “0” otherwise. The act of the employee mov-
ing between various equipment will be considered the
route to be taken. To facilitate the understanding of
the formulas, the abbreviation “equip” was used to rep-
resent the set of available equipment:

minimize ∑
i ∈ equip

∑
j ∈ equip

dijxij . (6)

The restriction in Eq. (7) requires that a single em-
ployee leaves equipment i only once on each route:

∑
j ∈ equip

xij = 1 ∀i ∈ equip ∣ i ≠ 1. (7)

The restriction imposed by Eq. (8) ensures that a sin-
gle employee goes to the equipment only once on each
route travelled:

∑
i ∈ equip

xij = 1 ∀j ∈ equip ∣ j ≠ 1. (8)

The restrictions in Eqs (9) and (10) work together
to avoid the formation of sub-routes. A sub-route
would be a route on which an employee does not in-
spect all factory equipment assigned to him before re-
turning to the starting marker. Flow represents the act
or effect of flowing, of moving continuously, and con-
tinuous traffic of employees. The decision variable rep-
resents the flow between equipment i and j, the flow
that enters a node j (equipment j) must be a larger
unit than the flow that leaves the same node j.

This way, an employee must leave a flow unit in
each visited equipment, allowing the mathematical
model to differentiate the inspected equipment from
the non-inspected. The maximum flow is limited to the
maximum number of nodes to prevent employees from
being able to travel any sub-route using the excess flow.
The demand represents the need for the equipment to
be inspected in time, that is, a demand equal to 6
means that a machine needs 6 minutes to be inspected.
In this simulation, the time equal to 1 dimensionless
unit was used:

∑
i ∈ equip

fij − ∑
i ∈ equip

fji = demandj ∀j ∈ equip ∣ j ≠ 1, (9)

fij xij capacity ∀i, j ∈ equip. (10)

The term capacity that appears in Eq. (10) represents
the time available to inspect all machines.

In Eq. (11), it is observed that the number of em-
ployees leaving the maintenance, should be the same as
that entering for equipment inspection, that is, 6 em-
ployees enter, 6 employees leave, i = 1 and j = 1:

∑
j ∈ equip

x1j = ∑
j ∈ equip

xj1. (11)

Besides, it is a binary decision variable that receives
the value 1 if the employee moves between equipment i
and equipment j or 0 otherwise, and the flow is a non-
negative integer according to Eq. (12):

xij ∈ 0,1 ∀i, j ∈ equip,

fij0 ∀i, j ∈ equip.
(12)

2.3. Industrial plant

The optimization system developed in a real plant
was implemented, which will not be presented due
to industrial secrecy reasons. The methods used, the
implementation, and the results obtained will be dis-
cussed. The real plant consists of thirteen floors and
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fifty-five pieces of equipment. The first floor consists of
the briefing room, in which the maintenance team
of only two employees for the whole plant work. They
are designated for daily instructions and information
before starting their maintenance routine that con-
sists of 3 pieces of equipment per day. An 8-hour day
was considered for the two employees, with one-hour
break.

Due to the existence of multiple floors in the real
plant, it was necessary to implement the VRP instead
of the Designation Problem since there is a displace-
ment between floors, which there was not for the vir-
tual power generation plant with a single floor. This
VRP model includes distance factor, balance factor
between employee doses, and the factor variation of
employee’s service capacity regarding dose exposure.

Through the usage of SAFETYNOISE software,
the acoustic treatment optimization for the real indus-
trial plant was developed. SAFETYNOISE is a soft-
ware developed by Laboratory of Acoustics and Vi-
brations from Faculty of Mechanical Engineering from
the Federal University of Uberlândia. Using the vir-
tual dosimetry module, SAFETYNOISE calculates the
doses. In this concept, SAFETYNOISE considers Vir-
tual Dosimetry to computationally estimate an interval
and confidence for the dose of exposure value to occu-
pational noise for a given homogeneous group, con-
sidering not only the work routine but also the pos-
sible deviations from it, such as attendance to stops,
clearance of area and service, changes in the route due
to renovations or maintenance, differences in the work
pace of each worker belonging to the analyzed group,
among other possible altered variables.

Seven steps were performed to acquire acoustics op-
timization. In the first step, 10 dBA attenuation was
acquired for one machine. The second step concerns the
optimization of 10 dBA for two machines, and so on
until the last step includes the optimization of 10 dBA
for ten machines. Thus, the number of machines, to
be optimized in this problem, was varied. The initial
value of the capacity factor value considered in the
simulations was 0.093. This value must be considered
to prevent the program from responding to an unvi-
able solution since a minimum starting value is re-
quired to solve the problem. In order to reduce the
search region in the space of viable solutions, the step
size of 0.001, also known as increment, was used. This
scan of the search space for viable solutions continues
up to the maximum dose limit of one (1). The capa-
city factor refers to an employee who received a dose
when he stops walking and starts performing machine
inspection.

Figure 2 shows a map of the industrial plant with
the LAeq map, generated by SAFETYNOISE, show-
ing the estimated LAeq levels for the area in the current
situation before the optimization and acoustic treat-
ment procedure.

Fig. 2. Map of the current industrial plant situation before
treatment procedures.

As shown in Fig. 2 analysis, most of the graph area
with the equipment to be inspected, the central area has
an exposure of approximately 93 to 104 dB.

3. Results and discussion

This section presents results obtained from the real
plant with the modeling of the problem, using Vehi-
cle Routing Problem. VRP considers employee’s ba-
lance of doses, besides minimizing them it also uses
distance factors, based on an automatic balance factor
dose. The algorithm starts from a starting marker of
the capacity value, which was defined as a minimum
value. It searches for the solution in the neighborhood
space, it was set up an increment step size of 0.001,
for scanning. Therefore, if a minimum value calculated
based on the doses of the real plant were not set up,
the program would return an unviable solution. This
implementation was based on the optimization theory
presented by Lobato and Steffen Jr. (2008) in or-
der to use a more efficient methodology to reduce the
search space.

The algorithm was implemented on a workstation
computer with a professional processor and also in
a personal computer (PC) to compare its processing
time. The technical configurations of each computer
can be seen in Table 1. In addition, the real plant pro-
cessing time of both computers and its acquisition costs
are shown.

It can be seen from Table 1 that the worksta-
tion has a processing time of 76% faster compared to
the processing time of the PC, i.e. the workstation can
process the whole problem and solve it in 76% of the
time spent by the PC performing the same action. On
the other hand, the cost of purchasing a workstation
is five times the cost of purchasing the PC for home
use. Because of this, the workstation features a 40 GB
memory, that is, 5.7 times bigger than the PC memo-
ry. Besides, the workstation processor has 8 cores of
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Table 1. Workstation and PC configurations.

Equipment Workstation Desktop
Type Professional Domestic use

Processor Intel Xeon E5-1620 v2 @ 8x 3.9 GHz Intel Core i5 650 @ 4x 3.333 GHz
Threads 8 of 3.9 GHz 4 of 3.3 GHz
Memory 40 GB 7 GB

Processing time 10 hours 13 hours
Purchase cost US$ 1 164.47 US$ 230.59

3.9 GHz compared to 4 cores of 3.3 GHz in the PC.
Thus, the workstation allows a performance gain by
the company.

Table 2 presents the results obtained for VRP with
an automatic capacity factor of 0.4 for two employees.
The time to resolve the problem was approximately
300 seconds. The doses for employee “A” and “B” were
1.2 and 1.2, respectively.

Table 2. Automatic VRP results of the real plant
for two employees.

Capacity factor 0.4

Number
of employees

2

Worker “A” route 1 → 12 → 44 → 28 → 7 → 8 → 14 →
32 → 20 → 40 → 4 → 29 → 5 → 46
→ 51 → 42 → 17 → 9 → 16 → 38 →
30 → 53 → 18 → 2 → 11 → 19 → 1

Worker “B” route 1 → 15 → 36 → 52 →34 → 33 → 3 →
27 → 31 → 25 → 24 → 43 → 13 →
39 → 26 → 37 → 6 → 41 → 22 → 45
→ 10 → 55 → 23 → 47 → 21 → 54 →
50 → 48 → 49 → 35 → 1

Worker “A” dose 1.2
Worker “B” dose 1.2

According to the obtained doses from optimization,
the presented values were above the allowed value,
thus the second stage of the method of this work was
carried out, that is, the acoustic treatment. Simula-
tions were developed for acoustic treatment of one ma-
chine, two machines, and so on, up to ten machines.
With this last treatment, an adequate dose was ob-
tained for both employees, according to Table 3.

The LAeq map, generated by SAFETYNOISE,
shows the estimated LAeq levels for the area after the
treatments (Fig. 3).

It can be seen from Fig. 2 analysis that most
of the graph area is acoustically compromised and
has the equipment to be inspected, the central area
has an exposure of approximately 93 to 104 dB. On
the other hand, it can be seen in Fig. 3 that the expo-
sure after the Procedure of Routes of Inspection and
Acoustic Treatment is approximately 82 dB.

Table 3. VRP results with acoustic treatment
for two employees.

Capacity factor 1.0

Number
of employees

2

Worker “A” route 1 → 14 → 12 → 38 → 37 → 44 → 31
→ 39 → 27 → 36 → 29 → 46 → 35 →
42 → 30 → 40 → 33 → 43 → 26 →
34 → 47 → 11 → 23 → 8 → 9 → 7

Worker “B” route 1 → 45 → 28 → 41 → 32 → 49 → 48
→ 53 → 51 → 54 → 50 → 52 → 24 →
25 → 15 → 22 → 19 → 21 → 10 →
18 → 16 → 17 → 13 → 20 → 7

Worker “A” dose 0.9
Worker “B” dose 1.0

Fig. 3. Map of the industrial plant situation after acoustic
treatment.

According to obtained data by the Routing Inspec-
tion and Acoustic Treatment Procedure through the al-
gorithms, an exposure dose reduction of approximately
67% was acquired. This new dosage enabled the rout-
ing of the industrial plant by two employees with an ad-
equate dose. Therefore, the analysis of the LAeq maps
generated by SAFETYNOISE and the generated re-
sults by the optimization system allows us to conclude
that there was a significant minimization of noise ex-
posure, making the work environment adequate and
healthy for the worker.
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4. Conclusions

This section presents the main conclusions of this
work:

1) It can be concluded that the SAFETYNOISE soft-
ware generates the sound pressure level values for
all points of the plant in order to simulate the
exposure to industrial noise. This data-set allows
the assessment of the contribution of each machine
to occupational exposure, intending to verify the
overall effect.

2) From this data, a spreadsheet is generated to ob-
tain the best route through the optimization sys-
tem. It is possible to obtain the best route for the
inspector/lubricator. This optimization procedure
presents full usability for companies. If the indus-
trial plant has just one floor, an efficient routing
must be developed followed by Designated Prob-
lem (DP) implementation.

3) Although, in an industrial plant that has more
than one floor, it is necessary to consider the dis-
placement between plant floors and implement the
VRP directly. From the data set generated, it is
possible to obtain the best route for the employee.
Thus, the optimization system developed in this
research is fully usable for companies that need to
optimize the dose of occupational exposure.

4) After changing from one to five noise sources, it
did not imply a significant dose reduction (back-
ground noise). So it stopped optimization with
ten iterations of acoustic treatment. There are two
LAeq maps, generated by SAFETYNOISE, in this
article, one showing the estimated LAeq levels for
the area in the current situation, and the other
after treatments that shows the optimization effi-
ciency of the acoustic treatment. Thus, the acous-
tic treatment proves to be an excellent tool for
cases in which, after the optimization procedure,
the dose is still high. After routes optimization,
and doses still being above the permitted values,
it is possible to optimize the choice of noise sources
to be treated and obtain adequate doses. The
optimization of the acoustic treatment of noise
sources, that were most impacting the dose, was
performed.

5) By analyzing the generated maps from SAFE-
TYNOISE with the equipment to be inspected,
the central area had an exposure of approximately
93 to 104 dB. On the other hand, it appears that
after the Procedure of Routes of Inspection and
Acoustic Treatment the exposure is approximately
82 dB. Due to the results obtained by the Inspec-
tion Routes and Acoustic Treatment Procedure,
there was a reduction of approximately 67% of
the two employees’ exposure dose values, which
enabled the routing of the industrial plant by two

employees with adequate doses. Thus, it can be
concluded that there was a mitigation of noise ex-
posure, making the work environment adequate
and healthy for the worker.

6) The optimization procedure has great applicabi-
lity. Code adaptations can be made according to
the number of sources, equipment, and the num-
ber of floors that the industrial plant has.

It is possible to list some possibilities of continuity
for this research at the master’s and/or doctorate level.
Among these, we can mention:

a) The optimization system applicability developed
in this article could be applied to other compa-
nies and adaptations of the codes according to the
number of machines, equipment, and the number
of floors that the company has.

b) After the implementation of the Inspection Routes
Optimization Procedure in an industrial plant,
a survey with the employees should be taken. So,
it could verify the effect of the mitigation proce-
dure of the noisiest sources on the perception and
quality of life of the worker.

c) This article suggests that measurements should be
taken after industrial plant implementation of the
Inspection Routes Optimization Procedure, to as-
certain the actual exposure values to minimize the
possibility of measurement inconsistencies. This
action must be provided for in the Hearing Con-
servation Program (HCP).

d) In future works, it is possible to develop a survey
of auditory and non-auditory symptoms resulting
from exposure. Thus, differentiate them and verify
their correlation with the workers’ acoustic psy-
chological perception.
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